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Ab stract: The cave of Smocza Jama lo cated in the cen tre of Kraków is de vel oped in the Wawel Horst built of
Up per Ju ras sic lime stone and sur rounded by gra bens with Mio cene clays. The cave is com posed of two se ries: the
old one has been known for ages and the new one was dis cov ered when an ar ti fi cial shaft was mined in 1974. The
new se ries com prises small cham bers sepa rated by in ter ven ing thin walls while the old se ries con sists of three
con nected to gether spa tial cham bers. The cave abounds in ex ten sively de vel oped so lu tion cavi ties – cu po las and
ceil ing pock ets. The in ter nal fine- grained de pos its, pre domi nantly rep re sent ing clay frac tion are built of il lite,
mixed layer illite- smectite, kao lin ite and iron ox ides. They are proba bly the re sid uum af ter dis so lu tion of Ju ras sic
lime stone. The cave origi nated in phreatic con di tion due to wa ter in put from be low. The new se ries rep re sents
ju ve nile stage of cave evo lu tion. The wa ter rose through fissure- rifts lo cated in cham ber bot toms, cir cu lated
con vec tion ally within par ticu lar cham bers, fi nally led to bleach ing of in ter ven ing walls, and hence to con nec tion
of the neigh bour ing cham bers. The evo lu tion of the old se ries is far more ad vanced. The rounded so lu tion cavi ties
im ply that the cave was formed by wa ter of ele vated tem pera ture. The lack of coarse- grained flu vial de pos its,
Pleis to cene mam mal re mains and Pa laeo lithic ar te facts prove that the cave was iso lated since its in cep tion till
Holo cene time. The cave origi nated due to ar te sian cir cu la tion, when the Wawel Horst was cov ered by im per -
me able Mio cene clays. A fore land ba sin with car bon ate base ment, filled with fine- grained molasse- type de pos its
seems to be par ticu larly fa vour able for the de vel op ment of ar te sian caves.
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IN TRO DUC TION

The caves origi nated due to ba sal in put of wa ter are
known from dif fer ent set tings. Re cently, Ford and Wil liams 
(2007) have clearly dis tin guished be tween caves formed by
me te oric wa ter de vel oped in con fined cir cu la tion and hy po -
genic caves. The lat ter cate gory is lim ited to caves ge neti -
cally con nected with deep cir cu la tion of wa ter usu ally of
higher tem pera ture and en riched in dis solved gases which
gov ern its ag gres sive ness. Pal mer (2007) hold a simi lar
view and claimed that caves of this type rep re sent around
10–15% of known caves. Con versely, Klimchouk (2009)
stressed the hydro geo logi cal con di tion in which caves are
formed. There fore, he used the term hy po genic caves to all
the caves cre ated by flu ids mi grat ing from the depth, dis re -
gard ing the chem is try and tem pera ture of the flu ids.

Ba sal in put of wa ter is usu ally con nected with ar te sian
con di tions and de mands spe cial geo logi cal/hy dro logi cal
set ting. Hence, such caves are called in the pres ent pa per as
ar te sian caves. The un usual chem is try – con tent of sub stan -
tial amount of CO2 or H2S and ele vated tem pera ture of up -
ward mi grat ing wa ter – de cide upon its cor ro sive prop er ties
and de ter mine the cave pat tern and mor phol ogy of cave pas -
sages. The mix ing of deep and shal low wa ters also can in -
flu ence for ma tion of such caves (Pal mer, 2007, p. 215).

Rec og ni tion of ar te sian caves over comes some dif fi cul -
ties since ma jor ity of caves are in ac tive now, and moreo ver
some of them are pres ently lo cated in dif fer ent hy dro logi cal
con di tion than dur ing their crea tion. Un rav el ling the tem -
pera ture un der which a par ticu lar cave was formed and



chem is try of flu ids which cre ate the cave is even more com -
pli cated. Hence, the re con struc tion of par ticu lar cave ori gin
should be based on a set of cri te ria, that is on: spa tial ar -
range ment of cave pas sages, cor ro sion forms, re la tion ship
be tween a cave and pres ent to pog ra phy and hy drol ogy, as
well as in ter nal sedi ments (cf. Dubly an ski, 2000; Ford &
Wil liams, 2007; Pal mer, 2007; Klimchouk 2009). The ar te -
sian caves are com monly in vaded by de scend ing va dose
wa ter dur ing sub se quent stages of their evo lu tion. It caused
the strong re shap ing and oblit era tion of their pri mary fea -
tures (Au dra et al., 2006).

Ar te sian caves were rec og nized in Hun gary, in the
Trans da nu bian Range, where their ori gin is con nected with
ther mal so lu tions mi grated up ward be neath im per me able
Neo gene sedi ments fill ing the Pan nonian ba sin (Mül ler,
1989; Dubly an ski, 1995 and ref er ences quoted herein). The
most spec tacu lar ex am ples are known from the Buda Hills
and Pil isz Moun tains. Since the 1970s such caves have been 
iden ti fied in sev eral karst re gions all over the world. It is
worth men tion ing that many ex ten sive caves have an ar te -
sian ori gin, com monly con nected with ther mal wa ter rich in
deep CO2 and H2S. Wind Cave and Jewel Cave – the Black
Hills, South Da kota (Pal mer & Pal mer, 2000), Carls bad
Cav erns and Lechu guilla Cave – the Gua de lupe Moun tains,

New Mex ico (Hill, 2000), as well as huge caves de vel oped
in Mio cene gyp sum in Po do lia (Klimchouk, 2000) may
serve as ex am ples.

Rud nicki (1978) put for ward an idea about ar te sian ori -
gin of Ber kowa Cave (Jaski nia Ber kowa) lo cated near Pod -
lesice in the Kraków- Wieluñ Up land based on mor phol ogy
of its ceil ing cu po las. Simi lar ori gin has been later pos tu -
lated to other caves of the Kraków- Wieluñ Up land (Pulina
et al., 2005; Pura et al., 2005; Tyc, 2009), as well as to some 
Ta tra caves (Bac- Moszaszwili & Rud nicki, 1978; Gradziñ-
ski et al., 2007). In the opin ion of the pres ent authors
Smocza Jama origi nated in a simi lar way. This pa per is
aimed to ex plain the ori gin of Smocza Jama and to re con -
struct the pa laeo hy dro logi cal con di tions ena bling its for ma -
tion.

GEO LOG I CAL AND SPELEOLOGICAL
SET TING

Smocza Jama (Dragon’s Den) cave is lo cated in the
south ern most part of the Kraków- Wieluñ Up land within the 
city of Kraków in Wawel Hill (Figs 1, 2; Szelere wicz &
Górny, 1986). The Wawel Royal Cas tle perches on the top
of this hill. Smocza Jama is fa mous ow ing to such a lo ca -
tion, hav ing been men tioned in lit era ture since the Mid dle
Ages (Fir let, 1996).

Wawel Hill is built of the Up per Ju ras sic mas sive
microbial- spongy lime stone, which is called ‘wapieñ ska-
listy’ in Pol ish re gional ter mi nol ogy (cf. D¿u³yñski, 1952;
Ma tysz kiewicz, 1989). The lime stone builds a small tec -
tonic horst which is sur rounded by Mio cene fine- grained
clas tic sedi ments, com monly called Mio cene clays, oc cur -
ring in the neigh bour ing gra bens (Figs 1, 3; Gradzi ñski,
1972, p. 234). The horst and gra ben sys tem be longs to the
fore land of the Car pa thi ans be ing af fected dur ing the thrust -
ing of this orogen and in cluded into the Car pa thian Fore land 
Ba sin. The horst is partly iso lated, but its north- eastern part
is at tached to the other horst which is situ ated some how
lower. The his toric city cen tre of Kraków is lo cated on the
lat ter horst. The horst con sti tut ing Wawel Hill was also cov -
ered with the Mio cene clays; how ever, the post- Miocene
ero sion re moved them thor oughly. The patches of Mio cene
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Fig. 1. Lo ca tion of Smocza Jama cave, ge ol ogy af ter Gra-
dziñski (1993)

Fig. 2. Ae rial pho to graph of Wawel Hill, lo ca tion of Smocza
Jama is ar rowed; photo by Micha³ Gradziñski



oys ter lime stone found in the cel lars of the Wawel Cas tle
men tioned by Fried berg (1933) indicate that the ero sion
stopped while reach ing more re sis tant Ju ras sic lime stone
which builds the horst. Hence, the pres ent sur face of the hill
re flects ap proxi mately the pre- Miocene sur face. Af ter the
re mov ing of Mio cene clastics, the top of the hill was fea -
tured by karst pro cesses form ing small dolinas, which were
rec og nized dur ing ar chaeo logi cal ex ca va tions (Sawicki,
1955). The doli nas reach a depth of 1.5 m and are filled with 
weath ered ma te rial, quartz sands de rived from Cre ta ceous
sandy lime stone and proba bly loess- like sedi ment (Kow al -
ski et al., 1970).

Smocza Jama is 276 m long (Gradzi ñski & Szelere -
wicz, 2004). It con sists of two pri mar ily sepa rated parts
linked by an ar ti fi cial shaft mined in 1974 dur ing the works
aimed at sta bi li za tion of the hill (Figs 4, 5; Szelerewicz &
Górny, 1986). In this pa per they are called old and new se -
ries, re spec tively. The old se ries of the cave is spa cious and
ac ces si ble for tour ists. In con trast, the new se ries com prises
some small cham bers linked by ex tremely nar row squeezes
(Fig. 5). The pools oc cur in these cham bers. The sur face of
the pools is lo cated at the al ti tude about 199 m a.s.l., that is
at the simi lar level as the Vis tula (Wis³a) River which flows
in the prox im ity of about 50 m from the cave pools. The hy -
dro chemi cal study by Mo tyka et al. (2005) shows that the
wa ter is a mix ture of, at least, two com po nents. One of
them, be ing strongly de graded by hu man ac tiv ity, rep re -
sents the wa ter of down ward in fil tra tion from the sur face of
Wawel Hill or lat eral mi gra tion from the north- east. The
wa ter of this kind mixes with the other one com ing due to
as cen sion from be low or seep ing from the Vis tula River
ow ing to bank fil tra tion mecha nism. The cave al most lacks
speleothems.
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Fig. 3. Cross sec tion com piled af ter Rutkowski (1986) and Kleczkowski (2003), lo ca tion of Smocza Jama is ar rowed

Fig. 4. Sim pli fied map of Smocza Jama af ter Szelerewicz and
Górny (1986)

Fig. 5. Sim pli fied cross-sec tion of Smocza Jama af ter Szelerewicz and Górny (1986); old se ries per pen dic u lar cross-sec tion, new se ries 
lon gi tu di nal cross-sec tion



MA TE RIAL AND METH ODS

The ob ser va tion of spa tial pat tern and rocky re lief of
the cave were car ried out both in the old and new se ries of
Smocza Jama. The authors used the pub lished map of the
cave (Szelere wicz & Górny, 1986). The cave wall and ceil -
ing re lief was docu mented in the field by care fully meas ur -
ing a se ries of cross- sections with fi bre glass type and a geo -
logi cal com pass with cli nome ter.

The min eral and chem i cal com po si tion of three sam ples 
of fine-grained cave de pos its col lected in the new se ries of

the cave was an a lysed. Pow der X-ray diffractometry (XRD) 
was per formed on this ma te rial with a Philips diffrac-
tometer. Cu-Ka ra di a tion (Ni-fil trated) was used. The bulk
sam ples for IR ab sorp tion anal y sis were pressed with KBr.
The anal y sis was done with a sin gle beam spec trom e ter FTS 
135 (BioRad) op er ated with Win-IR Foun da tion soft ware.
Si and S con tents were de ter mined by weight method, Al,
Fe and Ca by complexometric ti tra tion, while K and Na by
flume pho tom e ter. Con tents of other el e ments were stud ied
by atomic ab sorp tion anal y sis (AAS) with a Perkin-Elmer
spec trom e ter. The par ti cle size anal y sis was done in the
same sam ples by a la ser par ti cle sizer Analysette 22 C Ver -
sion (a Fritsch prod uct).

RE SULTS AND IN TER PRE TA TION

Cave pat tern

The new se ries of Smocza Jama com prises small cham -
bers sepa rated by in ter ven ing thin walls (Fig. 5). Lo cally,
the wall thick ness is less than 10 cm. The neigh bour ing
cham bers are in ter con nected by ran domly dis trib uted open -
ings. Only some of them al low trav ers ing from cham ber to
cham ber, others are of to small di men sions. The cham bers
are from <1 m to 3.5 m in lat eral ex tent and up to 8 m in
height. The elon ga tion of the cham bers also re flects the ori -
en ta tion of ver ti cal or steeply dip ping joints. There are nar -
row rift- fissures filled with wa ter in cham ber bot toms. The
wa ter depth reaches 4.5 m (Szelere wicz & Górny, 1986).
The ma jor ity of the rifts are guided by 40°–50° trend ing
joints, which is one of the domi nant joint sets in Ju ras sic
lime stone build ing the Wawel Hill (He flik & Matl, 1991).

The old se ries of the cave com prises three rounded spa -
tial cham bers which form NNW–SSE trend ing pas sage
(Fig. 4). Par ticu lar cham bers reach 8 m in width while their
length is be tween 10 and 25 m. Hence, their length/width ra -
tio equals be tween 2 and 3.1. They maxi mal height is more
than 10 m, how ever, the origi nal height is big ger be cause
the rocky bot tom is cov ered with clas tic de pos its around 1.5 
m in thick ness (Kleczkowski, 1976). The cham bers origi -
nated along joints and bed ding planes, which is es pe cially
visi ble in the north ern most cham ber, named Alth’s cham -
ber. Its ceil ing, from which the so lu tion cavi ties raised up, is 
al most flat and re flects the po si tion of a bed ding plane. It is
pos si ble that the ceil ing was partly modi fied by col lapses
along this bed ding plane. A big so lu tion cav ity in the ceil ing 
of Gra bowski’s cham ber led to the sur face and acted as a
cave en trance in the 19th cen tury. At pres ent, it is blocked
with a brick cu pola.

So lu tion cav i ties

The cham ber ceil ing in the old se ries is tre men dously
rug ged (Figs 6a, b, 7a–c). The dome-shaped rounded so lu -
tion cav i ties rise up from the ceil ing. They are hi er ar chi cally 
ar ranged, that is within one big form sev eral smaller forms
oc cur. Ow ing to their di men sion the big ger forms ful fil the
def i ni tion of cu pola sensu Osborne (2004) and Palmer
(2007, p. 150–151). The for mer au thor as sumed 1.5 m as a
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Fig. 6. Ceil ing so lu tion cav i ties; a – cu pola with so lu tion pock -
ets de vel oped in side, photo width ~1.5 m, Alth’s cham ber; b – so -
lu tion pock ets in Alth’s cham ber, photo width ~0.7 m, c – partly
dis sected so lu tion pock ets in new se ries, photo width ~1.8 m; pho -
tos a and b taken by Micha³ Gradziñski, photo c by Mariusz
Szelerewicz



lower limit of cu pola di am e ter. The smaller so lu tion cav i ties 
may be called so lu tion pock ets. Some neigh bour ing cu po las 
in te grate ow ing to breach ing of in ter ven ing lime stone walls
(cf. Osborne, 2009). Most of the pock ets are rounded in
shape, and their height equals or ex ceeds their di am e ter
(Fig. 6b). Only the mi nor ity of the cu po las and pock ets,
which are elon gated in plan, are guided by joints. The elon -
ga tion re flects the 140°–320° trending joints. Vermiculation 
struc tures are vis i ble on walls in some places of the old
series. They are located up to 1.5 m above the present cave
bottom.

The ceil ing so lu tion cav i ties of small cu pola or ceil ing
pock ets size also com monly oc cur in cham bers of the
Smocza Jama new se ries. They are also cir cu lar in plan view 
and rarely guided by joints. Some of them joined and the in -
ter ven ing walls are pre served as curved rock blades (Fig.
6c, 7d).

Cave de pos its

Fine-grained clastic de pos its are wide spread in the new
se ries of Smocza Jama. They coat cave walls and ceil ings,
how ever, up per parts of some so lu tion cav i ties are de void of 
them. Their thick ness var ies from a few centi metres on the
walls to more than 40 cm on the cave bot tom, where the de -
pos its fill the rug ged rocky re lief. They are in ten sively red
or red dish-brown while their up per most part dis plays grey -
ish-black col our. In spite of dif fer ent colours, their min eral
com po si tion, as well as tex tural prop er ties are al most uni -
form. They con sist pre dom i nantly of clay-sized par ti cles,
which con sti tute more than ~98% of the analysed sam ples
(Fig. 8). The sam ples com prise illite (main peak 10 �), a
kaolinite-group min eral (main peak 7.2 �), and mixed layer

illite-smectite min er als (~12 � peak). The pres ence of
kaolinite-group min eral is ad di tion ally con firmed by in fra -
red spec tros copy (ab sorp tion bands 3620 and 3693 cm–1).
Si, Al, Fe and in one sam ple Ca are the dom i nant el e ments
(Ta ble 1).

The ma jor ity of cave de pos its in the old se ries most
prob a bly have been de stroyed dur ing long last ing use of the
cave since the Mid dle Ages (see Firlet, 1996). More over,
they are in ac ces si ble be cause of ad ap ta tion of this part for
tour ists. How ever, the pre served vermiculation in some
places on cave walls sug gest that fine-grained clastics also
oc curred there (cf. Bini et al., 1978). Alth (1877), who car -
ried out ex ca va tion in the cave, char ac ter ized these de pos its
as ‘red, greasy clay’ with lime stone de bris. He also noted
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Fig. 7. De tailed cross-sec tions through so lu tion cav i ties, a–c – cu po las with so lu tion pock ets de vel oped in side, old se ries, d – small
cham ber in new se ries with so lu tion pock ets in its ceil ing

Fig. 8. His to gram and cu mu la tive fre quency curve of grain size 
dis tri bu tion in fine-grained de pos its from new se ries, sam ple SJ2



the pres ence of some an i mal bones be long ing only to the
spe cies pres ently in hab it ing the vi cin ity of Kraków and
stressed the lack of any Pleis to cene mam mal bones. Heflik
and Matl (1991) men tioned thin gyp sum crusts on the walls
in the middle part of the old series.

OR I GIN OF SMOCZA JAMA

The rounded so lu tion cav i ties are the most char ac ter is -
tic fea tures of Smocza Jama. The great body of lit er a ture ex -
ists dis cuss ing the or i gin of such forms (e.g., Osborne,
2004; Palmer, 2007; Ford & Wil liams, 2007). The pre vail -
ing opin ions have in clined to wards phreatic con di tions of
their for ma tion. The con den sa tion cor ro sion above the ag -
gres sive wa ter bod ies is also pos tu lated (Audra et al., 2007
and references quoted herein). How ever, it is not a case of
Smocza Jama, since any traces of for mer wa ter level – as for 
ex am ple cor ro sion notches – are seen in this cave. Thus, the
dis cussed so lu tion cav i ties orig i nated due to cor ro sion be -
low the wa ter ta ble, while the whole cave per sisted within a
phreatic zone. Bögli (1980, p. 160) pointed to mix ing cor ro -
sion as an agent re spon si ble for cre ation a ceil ing cu po las.
How ever, from the mass bal ance point of view this mech a -
nism seems to be im prob a ble (Ford & Wil liams, 2007, p.
252). More over, the ceil ing so lu tion cav i ties in Smocza
Jama are hardly ever guided by joint frac tures. It proves that 
no wa ter ef fec tively seeped down from the epikarst zone to
the cave and mixed with phreatic wa ter, to pro duce ag gres -
sive so lu tion. Hence, one may rule out the mech a nism of
mix ing so lu tion as a fac tor re spon si ble for for ma tion of ceil -
ing so lu tion cav i ties in Smocza Jama. The slow con vec tion
in phreatic con di tions is put for ward as an agent in flu enc ing 
the cre ation of ceil ing so lu tion cav i ties. The con vec tion can
be trig gered off by chem i cal gra di ent within the so lu tion
(Curl, 1966) or ther mal gra di ent be tween the warmer so lu -
tion and colder rock (Rudnicki, 1978). It is im pos si ble to as -
cer tain which of the two above pro cesses pre dom i nated in
Smocza Jama. Most prob a bly they co ex isted and their ef -
fects over lapped each other.

In the new se ries, there is no ev i dence of uni di rec tional
wa ter flow. The only one ac cept able ex pla na tion for its for -
ma tion is basal in put of wa ter ris ing from be low through the 
fis sure-rifts lo cated in the bot toms of cham bers. The wa ter
cir cu lated convectionally within par tic u lar cham bers. Thus,
ev ery cham ber acted as one con vec tion cell (Fig. 9a). The
wa ter cir cu la tion caused cre ation of ceil ing so lu tion cav i ties 
and thin ning of rocky walls in ter ven ing neigh bour ing

chambers. Fi nally the walls were bleached, which connec-
ted the cham bers (Fig. 9b, see Osborne, 2009). The pro -
ceed ing cor ro sion also dis sected rock sep a rated ad ja cent so -
lu tion cav i ties. The for ma tion of the new se ries of the cave
was stopped at this stage. Hence, this se ries rep re sents ju ve -
nile stage of evo lu tion of ar te sian cave. Slightly more ad -
vanced stage was de scribed by Audra et al. (2009). In their
ex am ple walls, which still sep a rate many neigh bour ing
chambers in Smocza Jama, are pre served only as blades
rising from the bottom, ceiling pendants or biconcave
pillars.

Def i nitely, the old se ries of Smocza Jama rep re sents a
more ad vanced stage of cave evo lu tion. The ceil ing cu po las
have larger di men sions; some of them in ter sected each
other (Fig. 7b). The cham bers are more spa cious. It may
sug gest that the wa ter cir cu la tion in this part of the cave was 
more ef fec tive or more pro longed. More over, the con nec -
tion of ad ja cent cham bers may be fa cil i tated by the pres ence 
of bed ding planes which are vis i ble in the old se ries. Their
lack in the new se ries prob a bly mir rors the lat eral dis ap pear -
ance of bed ding planes, which is known from the out crops
in the Kraków region (Matyszkiewicz, 1989).

The pres ence of only fine-grained de pos its dom i nated
by clay frac tion sup ports the above view, that wa ter flow in
the cave was ex tremely slow. Any coarse-grained ma te rial
con sti tutes autochthonous de bris fall ing from the ceil ing
(Alth, 1877). The lack of quartz sands, be ing the com mon
de posit of the Vistula River, indicates that the river never
in vaded the cave, al though it flows in a very close vi cin ity.
Only small wa ter in sects mi grate through wa ter filled fis -
sures from the Vistula River (Dumnicka, 2000).

The red col oured clay in Smocza Jama is sim i lar to ‘red
phreatic clay’ de scribed by Bretz (1942) in his sem i nal pa -
per. The ma te rial con sti tut ing the de pos its may have de rived 
from the residua af ter the dis so lu tion of Oxfordian lime -
stone. Their min eral com po si tion bears a re sem blance to in -
sol u ble residua of Oxfordian lime stone from the neigh bour -
ing Zakrzówek Horst de scribed by Krajewski and Bajda
(2002). Both red clays and residua con tain illite, mixed
layer illite/smectite and kaolinite. The clay in Smocza Jama
is strongly en riched in Fe2O3 com pared to the in sol u ble
residua of Oxfordian lime stone. It sug gests that the amor -
phous look ing iron ox ides pre cip i tated from so lu tion within
the cave, most prob a bly at the re dox bound ary, and they
mixed with small particles of clay minerals carried by water.

The stud ied red clay con tains scarce si lici fied Ju ras sic
microfossils, for in stance foraminifers and sponge spicules
(I. Felisiak, per sonal com mu ni ca tion, 2009). The lack of
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Ta ble 1

Chem i cal com po si tion of fine-grained de pos its from new se ries of Smocza Jama

Sample
number

Colour
Sia

%
Alb

%
Feb

%
Tic

%
Cab

%
Mgc

%
Kd

%
Nad

%
Se

%
Mnc

ppm

SJ 1 greyish-black 16.53 7.46 11.32 0.21 7.46 0.72 2.5 0.22 0.1 1800

SJ 2 red 12.84 5.87 24.6 0.09 3.28 0.78 1.95 0.21 0.2 1810

SJ 3 reddish-brown 17.9 8.73 17.0 0.33 0.9 0.96 4.0 0.17 0.1 1300

an a lyt i cal er ror: a ±0.2%, b ±0.05%, c ±0.1 ppm, d ±0.02%, e ±0.01%



Cretaceous and Mio cene microfossils as well as quartz and
glaucony grains dif fer en ti ates the dis cussed clays from
other cave and palaeokarst fill ings in the Kraków re gion
(Gradziñski, 1962; Felisiak, 1988, 1992). It also de notes the 
iso la tion of the cave from wa ter seep ing ver ti cally down
from the top of Wawell Hill, where quartz sand de rived
from weath ered Cre ta ceous de pos its fills some small
dolinas (Sawicki, 1955; Kowalski et al., 1970). The lat ter
con clu sion is ad di tion ally con firmed by the scar city of spe-
leothems in Smocza Jama. More over, the ab sence of any
Pleis to cene mam mal bones and Palaeo lithic artefacts, which 
are very com mon in neigh bour ing caves, is sig nif i cant. All
the above facts prove that the cave was iso lated since its in -
cep tion till Ho lo cene time. The open ing of the old se ries
was caused most prob a bly by col lapse of cave wall or ceil -
ing as well as sur face ero sion. The new series was comple-
tely isolated till the artificial shaft was dug.

PALAEOHYDROLOGICAL CON DI TIONS
CON TROL LING THE OR I GIN OF

SMOCZA JAMA

The above pre sented in ter pre ta tion shows that Smocza
Jama orig i nated due to the basal in put of as cend ing wa ter,
which de manded spe cial hy dro log i cal and mor pho log i cal
con di tions. At pres ent, in the city of Kraków, sev eral nat u ral 
ar te sian out flows from ar ti fi cial wells ex ist (Kleczkowski et 
al., 1994; Kleczkowski, 2003). The wa ter mi gra tion paths
and re charge area of this ar te sian cir cu la tion were rec og -
nized by means of multidisciplinary study in volv ing a no ble 
gas method (Zuber et al., 2004). The cir cu la tion is re -
charged north of Kraków, where nat u ral out crops of Ju ras -
sic lime stones oc cur. The cover of Mio cene clays acts as a
con fin ing bed. Sim i lar hy dro log i cal sit u a tion is in Bu da pest, 
where clas sic ar te sian hy dro ther mal caves were rec og nized
(Müller, 1989). One may pre sume that in the Kraków area
dur ing the for ma tion of Smocza Jama the gen eral scheme of 
the wa ter cir cu la tion was sim i lar to the pres ent one. Bear ing
in mind a gen eral palaeotopographic scheme with re charge
area sit u ated higher than 100 m above the po ten tial dis -
charge zone one may con clude that the speleogenesis took
place in ar te sian con di tions. It means that the wa ter had at
least a po ten tial ca pac ity to flow out at the sur face. The cave 
was formed be fore the ero sion of con fined Mio cene clays
from the top of the lime stone horst, which is evinced by
cave iso la tion from the sur face en vi ron ment and be fore
downcutting of the Vistula River to its pres ent level. The
Vistula River flew at the level sev eral metres above its pres -
ent riverbed since the whole cave, pres ently lo cated a few
metres above the wa ter ta ble, was in the phreatic zone.

Con cen tra tion of flow, which en abled the for ma tion of
spa cious cave, was pos si ble due to (i) prox im ity of po ten tial 
dis charge zone which had been cre ated due to Vistula
downcutting, and (ii) pos si ble hydrologic con nec tion across 
the con fin ing bed just over the cave. The faults bounded the
lime stone horst and cut ting the over ly ing Mio cene clays
may have served as a mi gra tion path for as cend ing wa ter
(cf. Cook et al., 2006). Bear ing in mind a gen eral palaeo-
top o graphic scheme with re charge ar eas sit u ated higher

than 200 m above the po ten tial dis charge zone one may con -
clude that the speleogenesis took place in ar te sian con di -
tion. It pro ceeded be fore the ero sion of con fined Mio cene
clays from the top of the lime stone horst, which is evinced
by cave iso la tion from the sur face en vi ron ment and be fore
downcutting of the Vistula River to its present level.

The cave cham bers were formed near the pre-Mio cene
top of Oxfordian lime stone. It sug gests that mix ing of dif -
fer ent wa ters fa cil i tated the dis so lu tion of lime stone and in -
flu enced the cave for ma tion (Palmer, 2007, p. 215). The
chem i cal agent which could boost the ag gres sive ness was
the pres ence of dis solved chlo rides. The chlo rides de rived
prob a bly from ha lite con cen tra tion within the Mio cene
clays known from the close vi cin ity of Kraków. The mix ing
of chlo ride-rich deeply cir cu lat ing wa ter with chlo ride-poor 
de scend ing me te oric wa ter may sub stan tially en hance the
ag gres sive ness of wa ter in an anal o gous man ner as it oc curs
in a sea-coast karst zone. How ever, the con cen tra tion of
chlo rides is far more lower than in sea wa ter. At pres ent, it
reaches 101.3 mg/L in the ar te sian wa ter in Kraków (Klecz-
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Fig. 9. De vel op ment of cham bers in new se ries, a – con vec tion
cir cu la tion within par tic u lar cham bers, b – con nec tion of neigh -
bour ing cham bers due to bleach ing of in ter ven ing walls; big ar -
rows in di cate rais ing in flow of wa ter through rift-fis sures, small
ar rows convection circulation



kowski et al., 1994). On the other hand, the pres ence of
gyp sum crusts on the Smocza Jama walls (Heflik & Matl,
1991) may sug gest the im por tance of H2S ox i da tion pro -
cesses. How ever, the H2S con cen tra tion in the pres ent ar te -
sian wa ter in Kraków re gion does not ex ceed 4.5 mg/L
(Kleczkowski et al., 1994). More over, the gyp sum may be
con nected with in fil trat ing of de graded wa ter from the
Wawel Cas tle area into the cave. The in fil tra tion wa ter in
Smocza Jama con tains at pres ent up to 1,013.8 mg/L of SO4

(Motyka et al., 2005). None the less, the con cen tra tion of
iron ox ides in the cave sediments also implies the existence
of paleoredox boundary within the cave (cf. Palmer, 2007,
p. 214, 294).

The ex ten sively de vel oped ceil ing so lu tion cav i ties, as -
sum ing the Rudnicki’s (1978) the ory of their or i gin, show
el e vated tem per a ture of wa ter dur ing the for ma tion of
Smocza Jama. At pres ent, the tem per a ture of outflowing ar -
te sian wa ter in Kraków ranges from 10.6 °C to 11.5 °C
(Kleczkowski et al., 1994), and is ap prox i mately 2–3 °C
higher than the mean an nual tem per a ture in this area. The
tem per a ture of wa ter ponded in Smocza Jama pools falls be -
tween 11.0 °C and 13.0 °C (Motyka et al., 2005). It is
doubt ful that such small ther mal gra di ent be tween wa ter
and rock can trig ger off ther mal con vec tion ef fect. In com -
par i son in Bu da pest, where many hypogenic caves with
ceil ing cu po las oc cur, the ar te sian wa ter reaches the tem per -
a ture be tween 20 °C and 60 °C (Müller, 1989). How ever,
the pres ent sit u a tion in Kraków may rep re sent a se nile stage
of ar te sian circulation, while Smocza Jama may have been
formed in its earlier stages.

The rate of cave for ma tion pro cess may be es ti mated to
sev eral hun dred thou sand years, since the ex per i men tal
work by An dre and Rajaram (2005) shows that en large ment 
of ini tial fis sures dur ing ther mal con vec tion is a long last ing 
pro cess. Their model im plies that un der ideal con di tions a
fis sure is wid ened around 1 cm per 10 thou sand years.
Hence, the hy dro log i cal sit u a tion fa vour ing the or i gin of
Smocza Jama must have been stable throughout a prolonged 
period.

The lo ca tion of Smocza Jama in an iso lated horst sit u -
ated within a fore land ba sin seems to be par tic u larly fa vour -
able for the de vel op ment of ar te sian caves. The base ment of 
such bas ins is faulted into horst and graben sys tems, which
are cov ered with mo las ses-type sed i ments (Einsele, 2000, p. 
610–612). The for mer are com monly built by car bon ate
rocks whereas the lat ter have fine-grained com po si tion and
can act as con fin ing beds. Thus, one can ex pect find ing ar te -
sian caves or their remnants in other foreland basins.

CON CLU SIONS

1. Smocza Jama (Dragon’s Den) de vel oped in the
phreatic con di tions, which is proved by ex ten sively de vel -
oped ceil ing so lu tion cav i ties. They sug gest that the wa ter
form ing the cave was of el e vated tem per a ture. The wa ter
cir cu la tion was slow and long lasting.

2. Cave de pos its rep re sent red clay orig i nated as re sid -
uum af ter dis so lu tion of Ju ras sic lime stone. The lack of
quartz sand, Pleis to cene mam mal bones and Palaeo lithic

artefacts prove that the cave was iso lated since its in cep tion
till Holocene time.

3. The cave orig i nated due to the basal in put of as cend -
ing wa ter. The lime stone horst was then con fined by over ly -
ing Mio cene clays. The ar te sian cir cu la tion within Oxfor-
dian lime stone was pos si ble ow ing to a top o graphic gra di -
ent be tween re charge zone lo cated north ward of Kraków
and po ten tial dis charge zone in the for mer Vistula River
valley over the cave.

4. Smocza Jama was de vel oped in the iso lated lime -
stone horst lo cated within a fore land ba sin. Such fore land
bas ins, where faulted car bon ate base ment is cov ered with
fine-grained molasse-type de pos its and be ing sur rounded
by el e vated re charge zones, seem to be re gions es pe cially
ad van ta geous to for ma tion of artesian caves.
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