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Pe cu liar cal cite speleothems de vel oped in fis sures in the Cergowa Sand stones were found in the Klęczany Quarry (Pol ish West ern
Carpathians). They rep re sent flowstone and sta lac tites, rafts and var i ous sparry crusts. Such speleothems, es pe cially phreatic ones, are
un com mon in the Outer Carpathians that are com posed mainly of siliciclastic rocks of flysch type, with only lim ited cal cium car bon ate
con tent. The speleothems ana lysed grew in vadose and phreatic con di tions as well as at the air-wa ter in ter face. Phreatic speleothems and
thin rafts com prise cal cite crys tals of ec cen tric mor phol ogy. Based on their sta ble iso tope com po si tion the ma jor ity of the speleothems
form two clus ters. The first is char ac ter ized by d18O val ues be tween –9.8 and –8.5‰ and of d13C val ues be tween –5.7 and –0.6‰ whereas 
the sec ond clus ter of sam ples yields d18O val ues be tween –9.4 and –7.3‰ and d13C val ues from –11.5 to –9.7‰. Speleothems grew be -
tween 230 13

14
-
+  ka and Ho lo cene time. Phreatic speleothems, in clud ing mas sive rafts, pre cip i tated from as cend ing wa ter of deep cir cu la tion

whereas vadose and wa ter ta ble speleothems crystallized from lo cal in fil tra tion wa ter charged with soil CO2. Mix ing of both wa ters in the 
shal low phreatic zone is plau si ble.
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INTRODUCTION

Var i ous subsurface cav i ties, ei ther of karst or grav i ta tional
or i gin, that formed in car bon ate rocks, are filled with sec ond ary 
car bon ates. They dis play a wide spec trum of mor pho log i cal
forms from com mon such as dripstones or flowstones to more
un usual forms such as, for in stance, helictites (Hill and Forti,
1997). They are col lec tively named speleothems. Those orig i -
nat ing in a vadose zone, that is over the wa ter ta ble, are fed by
seep age wa ter. There also other speleothems ex ist the growth
of which takes place in phreatic con di tions or is strictly lim ited
to the wa ter ta ble. Cal cite spar is a typ i cal phreatic speleothem
grow ing be low the wa ter ta ble. It con sists of rel a tively large
cal cite crys tals lin ing walls of subsurface cav i ties. Cal cite rafts,

lilypads, and shelfstones – called also ledges – rep re sent
speleothems grow ing at, or just be neath the wa ter ta ble (Jones,
1989; Hill and Forti, 1997; Tay lor and Chafetz, 2004). Sim i lar
forms are also known from springs, mainly those is su ing min -
eral wa ters (Folk et al., 1985; Chafetz et al., 1991; Chafetz and
Law rence, 1994; Guo and Rid ing, 1998; Renaut et al., 1999;
Fouke et al., 2000) as well as from some trop i cal streams (Tay -
lor et al., 2004). Rafts fill ing fis sures have also been rec og nized 
within a trav er tine mound (Kostecka, 1992).

Caves or fis sures hosted by sand stones usu ally lack car bon -
ate speleothems. If speleothems oc cur within sand stone caves,
they are mostly lim ited to thin flowstones cov er ing cave walls,
and to small sta lac tites (Ur ban et al., 2007a, b; Bruthans et al.,
2012). Phreatic and wa ter ta ble speleothems hardly ever oc cur
within sand stones. Drusy cal cites de scribed by Kostecka and



Węcławik (1987), Kostecka (1993) and Duliński et al. (1995)
may serve as an ex am ple. How ever, they orig i nated in unique
con di tions. They were formed within frac tures act ing as dis -
charge pas sages for highly gasified min eral wa ters. 

The un usual speleothems de scribed here were found dur ing 
ex ploi ta tion of cal car e ous sand stones in the Klęczany Quarry
(Beskid Wyspowy Mts., Pol ish Carpathians). They rep re sent
flowstones and sta lac tites, rafts and cal cite spar. Some of them
are com posed of bi zarre types of cal cite crys tals. To the best of
the au thors’ knowl edge, anal o gous speleothems have not so far 
been de scribed from cav i ties within sand stone rocks. The main
aim of the pa per is: (1) to analyse their struc tures, age and sta -
ble iso tope com po si tion, (2) to ex plain their for ma tion, and (3)
to un ravel fac tors con trol ling their growth.

GEOLOGICAL SETTING

The Pol ish seg ment of the Outer Carpathians com prises sev -
eral north wards thrusted nappes. The nappes are un der lain by
Mio cene de pos its of the Carpathian Foredeep which in turn
over lie the Me so zoic rocks of North Eu ro pean Plat form
(Oszczypko, 2008). The Outer Carpathian nappes are com posed
of var i ous Up per Ju ras sic to Lower Mio cene rocks. They are
com prise pre dom i nantly siliciclastics, mainly of flysch type. The 
flysch type rocks com prise interbedded suc ces sions of sand -
stone-dom i nated and rel a tively fine-grained units. Rocks con -
tain ing car bon ates – cal car e ous sand stones and marlstones – oc -
cur subordinately while pure car bon ates are ex cep tional
(Leszczyński and Malik, 1996). How ever, some marls con tain
up to 56% of CaCO3 (Leszczyński and Malata, 2002).

The Klęczany Quarry is lo cated in the area of the
Klęczany–Limanowa Tec tonic Win dow where folded rocks of
the Fore-Magura Group crop out from be neath the Magura
Nappe (Fig. 1; Cieszkowski, 1992; Cieszkowski and Ślączka,
2001). The rocks in the quarry rep re sent mainly me dium to
thick-bed ded Cergowa Sand stones, which are up to 500 m thick
(Kowal, 2009). They are of Oligocene age. The beds of Cergowa 
Sand stones beds dip north-eastwards at an an gle of 10–20°.
Some pack ages within the Cergowa Sand stones are com posed
of amal gam ated cal car e ous sand stone beds, of thick ness ex ceed -
ing a few metres whereas oth ers are dom i nated by thin-bed ded
mudstones interbedded with fine-grained cal car e ous sand stones. 
The for mer are in ter preted as sub ma rine chan nel fa cies and the
lat ter as levee and interchannel fa cies (Stadnik, 2009). The
Cergowa Sand stones are com posed of quartz, micas, car bon ate
grains and mudstone lithoclasts. Feld spar and glauconite grains
oc cur subordinately (Cieszkowski, 1992; Kowal, 2009). The
sand stones are ce mented by cal cite. The mean car bon ate con tent
in the Cergowa Sand stones is 24.9 wt.%, whereas its max i mum
con tent reaches 35.6 wt.% (Florek, 2009), which was con firmed
by ex plor atory calcimetric anal y ses. Two dark mudstone beds
oc cur within the up per part of the sec tion ex posed in the quarry.
They are lam i nated and lack sub stan tial amounts of car bon ates
(Kowal, 2009).

Speleothems were rec og nized in the au tumn of 2004 in the
east ern part of the quarry on ex ploi ta tion level 1, lo cated at an al -
ti tude of around 390 m (Fig. 2). Speleothems filled frac ture and
brec cia type po ros ity in one mas sive cal car e ous sand stone bed.
They were iden ti fied along a dis tance of ap prox i mately 120 m.

The cal car e ous sand stone bed host ing speleothems was cut by
frac tures, prob a bly faults with a small throw. The strike of frac -
tures was ap prox i mately 25–205° and their dip was ver ti cal or
subvertical which was west wards ori ented. The frac tures formed 
three zones within which cal car e ous sand stones were dis in te -
grated into blocks from a few centi metres to >1.8 m across.
Some of the blocks were ro tated, con sti tut ing megabreccia. The
cav i ties be tween in di vid ual blocks are partly filled with
speleothems, and part re main as open spaces.

The lithological vari a tion of rocks in the Outer Carpathians
de ter mines the hydrogeological char ac ter is tics of this re gion.
Gen er ally, sand stone-dom i nated units act as wa ter-bear ing lev -
els whereas fine-grained se ries are less per me able (Chowaniec,
2009). How ever, due to gen er ally low ma trix po ros ity of flysch
sand stones, the frac tured zones are par tic u larly per me able
(Oszczypko et al., 1981). Ex plor atory anal y ses show that the in -
ter con nected po ros ity of the Cergowa Sand stones is 1.9%
(S. Borczak, 2012, per sonal in for ma tion). The po si tion of the
wa ter ta ble had been checked be fore ex ploi ta tion in the quarry
started. In a bore hole lo cated around 100 m north-west ward
from the speleothems, it was de ter mined at an at ti tude of 418 m:
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Fig. 1. Lo ca tion of the Klęczany Quarry (as ter isk), 
ge ol ogy af ter Cieszkowski (1992)

Fig. 2. Gen eral view of the Klęczany Quarry: 
zone of speleothem oc cur rence is in di cated (photo taken in 2004)



that is, ap prox i mately 25 m higher than the speleothems. Con sid -
er ing the di rec tion and an gle of the slope this sug gests that the
speleothems oc cur roughly near the for mer wa ter ta ble.

MATERIALS AND METHODS

Cal cite-fill fis sures were found dur ing the quar ry ing of cal -
car e ous sand stones. Loose spec i mens were col lected and de liv -
ered to the Geo log i cal Mu seum of the Fac ulty of Ge ol ogy,
Geo phys ics and En vi ron ment Pro tec tion, AGH Uni ver sity of
Sci ence and Tech nol ogy (Kraków). Thus, the ori en ta tion of
spec i mens and their de tailed lo ca tion are not known. The field
sit u a tion could be stud ied dur ing one trip when cal cite-filled
fis sures had been al most com pletely quar ried away. Dur ing this 
trip the sam pling was nearly im pos si ble mainly for the sake of
safety. None the less, some ori ented sam ples were taken. In ter -
nal struc tures of the speleothems were stud ied us ing a
petrographic mi cro scope and by SEM. Two SEM mi cro scopes
were used: a JEOL 5410, cou pled with a microprobe (EDS)
Voy ager 3100 (Noran prod uct) and a Hitachi S-4700 cou pled
with a microprobe Van tage (Noran prod uct).

Sam ples con tain ing 2–10 g of clean, com pact cal cite with
no vis i ble traces of de tri tal ad mix tures were se lected for U-Th
dat ing which was per formed at the Ura nium-Se ries Lab o ra tory
at the In sti tute of Geo log i cal Sci ences, Pol ish Acad emy of Sci -
ences. The stan dard chem i cal pro ce dure for ura nium and tho -
rium sep a ra tion from car bon ate sam ples was used (Ivanovich
and Harmon, 1992). A 228Th-232U mix ture (UDP10030 tracer
so lu tion by Isotrac, AEA Tech nol ogy) was used as an ef fi -
ciency tracer of the chem i cal pro ce dure. U and Th were sep a -

rated by ion ex change us ing DOWEX 1´8 resin. Af ter fi nal pu -
ri fi ca tion, U and Th were elec tro-de pos ited on steel disks. En -
ergy spec tra of al pha par ti cles were col lected us ing an
DUO-ANSAMBLE spec trom e ter made by EG&G ORTEC.
Spec tral anal y ses and age cal cu la tions were made us ing
“URANOTHOR 2.6” soft ware, which is stan dard soft ware de -
vel oped in the Ura nium-Se ries Lab o ra tory in War saw (Gorka
and Hercman, 2002). Each spec trum was cor rected for back -
ground and de lay time be tween chem i cal sep a ra tion and mea -
sure ment. The ura nium con tent in all sam ples was high enough
for pre cise mea sure ment (0.143–0.67 ppm).

Mea sure ments of car bon and ox y gen iso tope com po si tion
were per formed on gas eous car bon di ox ide evolved in the re ac -
tion of car bon ates with 100% orthophosphoric acid at 25°C.
Anal y ses were made us ing a Finnigan Delta S mass spec trom e -
ter at the Mass Spec trom e try Lab o ra tory, Fac ulty of Phys ics
and Ap plied Com puter Sci ence, AGH Uni ver sity of Sci ence
and Tech nol ogy, Kraków.

Geo chem i cal anal y ses were car ried out in ACMELabs (Van -
cou ver, Can ada). ICP-emis sion spec trom e try for ma jor ox ides
was used, whereas other el e ments are de ter mined by ICP Mass
Spec trom e try; to tal car bon and sul phur were ana lysed by Leco.

RESULTS AND INTERPRETATION

PETROGRAPHY

Three main types of speleothem were rec og nized in the
Klęczany Quarry: (1) vadose speleothems, (2) rafts, and (3)
phreatic crusts. Cal cite is the only autochthonous min eral phase 
com pos ing the speleothems, which was dem on strated by X-ray 
diffractometry and in fra red ab sorp tion spec tros copy.

FLOWSTONES AND STALACTITES

Vadose speleothems are rep re sented by flowstones and sta -
lac tites. They have a per fectly smooth, shiny sur face which is
yel low ish-gray in col our. Flowstones de vel oped on over hangs
form small ver ti cal ribs which con tinue down and tran sit into
small sta lac tites up to 1 cm across and up to 6 cm long
(Fig. 3A). Flowstone thick ness ranges from a few milli metres
up to 5 cm (Fig. 3B, C).

Both flowstones and sta lac tites dis play lay er ing vis i ble with 
the na ked eye. Brown ish layers interfinger with lighter and
more trans lu cent ones. The thick ness of the for mer ex ceeds
2 cm, whereas the thick ness of the lat ter var ies from 0.02 to
0.3 mm. The bound aries be tween laminae are sharp.

The vadose speleothems are com posed pre dom i nantly of
elon gated, co lum nar crys tals, more than 10 mm across (see
Kend all and Broughton, 1978). Their length ex ceeds 2 mm
whereas their max i mum width is al most 1 mm. Gen er ally, the
crys tals widen up wards, that is out of the nu cle ation sur face.
The crys tals are densely packed. Empty spaces be tween them
oc cur only in the subsurface part of a speleothem, that is just
be neath the grow ing faces of the crys tals. Most of the crys tals
dis play flat ter mi na tion, which is vis i ble both in thin sec tion
and un der SEM (Fig. 3D). Flat ter mi na tions are tri an gu lar in
shape. Small holes, some of them also tri an gu lar in cross-sec -
tion, are pres ent in some of them (Fig. 3E).

Some of the speleothems are com posed of a sin gle layer of
crys tals, the thick ness of which equals the length of crys tals. In this 
case only one nu cle ation sur face oc curs; it is lo cated on the cal car -
e ous sand stone/speleothem bound ary. In other speleothems a few
ad di tional nu cle ation sur faces ex ist (Fig. 3F). Such nu cle ation sur -
faces are the re sult of ac cu mu la tion of de tri tal im pu ri ties form ing
dis tinct bands. The di men sions and op tic ori en ta tion of co lum nar
crys tals change with dis tance away from nu cle ation sur faces
(Fig. 3G). As the width of crys tals in creases, their op tic ori en ta tion 
be comes more uni form. The amount of crys tals clearly de creases
away from nu cle ation sur faces. Thus, they dis play com pet i tive
growth (sensu González et al., 1992) or an im pinge ment crys tal li -
za tion pat tern (sensu Dick son, 1993).

Some laminae, dark brown in plane po lar ized light, oc cur
within the speleothems, which is a typ i cal fea ture of vadose
flowstones. Most of these are hor i zon tal with some ir reg u lar i -
ties near bound aries of ad ja cent crys tals. Only a few of them
dis play ser rated pat terns (Fig. 3H).
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Fig. 3. Vadose speleothems

A – flowstone and small sta lac tite; B – lam i nated flowstone, cross-sec tion; C – lam i nated flowstone (F) cov ered with sparry crusts (SC), dat ing re sult is in -
di cated, cross-sec tion; D – bro ken sec tion and sur face of flowstone, note co lum nar cal cite crys tals with flat ter mi na tions (SEM im age); E – flowstone sur -
face view from the top, note small holes in some crys tals (SEM im age); F – three lay ers of crys tals com pos ing flowstone, two nu cle ation sur faces are
vis i ble (ar rows), trans mit ted light (crossed polars); G – sin gle layer of co lum nar crys tals, note their in creas ing width and more uni form op tic ori en ta tion
towards the top, nu cle ation sur face is ar rowed, trans mit ted light (crossed polars); H – lam i na tion within co lum nar crys tals, laminae mark for mer po si tion
of crys tal ter mi na tions, trans mit ted light; po si tion of dated sam ples and their ages are shown in B and C



The mor phol ogy of vadose speleothems, that is of
flowstones and sta lac tites, shows that they were fed by seep age
wa ter. Their most char ac ter is tic fea ture is ex tremely smooth,
even lus trous sur faces, the or i gin of which can be ex plained in
two dif fer ent ways. Kend all and Broughton (1978) sug gested
that the thin film of par ent wa ter re sulted in the smooth sur face
of the grow ing speleothems. This idea was ex tended to cal cite
crys tals pres ent out side of speleothems also (Binkley et al.,
1980; Kostecka, 1993; Gradziński et al., 1997; Turgeon and
Lundberg, 2001). Con versely, Frisia et al. (2000) ex plained the 
flat faces of crys tals lo cated at the tips of ac tive sta lag mites by
in vok ing a spi ral growth mech a nism. In the case stud ied, how -
ever, the for mer cause seems to be more prob a ble. This is sug -
gested by the oc cur rence of such sur faces ex clu sively in
speleothems of vadose mor phol ogy, that is in flowstones and
sta lac tites. The clear bound ary be tween smooth flowstones de -
pos ited over, and cal cite spar formed be neath, a wa ter ta ble is
clearly vis i ble in some spec i mens (Fig. 4).

The pres ence of holes lo cated in the cen tral part of some flat 
crys tal faces also sup ports the above view (Fig. 3E). The holes
most prob a bly were formed when a crys tal reached the par ent
wa ter–air bound ary and its cen tral part started to suf fer from
wa ter de fi ciency.  This caused more ef fi cient growth of the pe -

riph ery of the crys tal, which led to cre ation of a hole in its cen -
tral part. Hence, this sug gests the pres ence of ex tremely thin
film of par ent wa ter. A sim i lar mech a nism was de scribed by
Wells (1971, fig. 53) in re la tion to hop per-type crys tals formed
in cave pools that reached the air-wa ter in ter face.

THIN RAFTS

Thin rafts con sti tute plate-like tab lets com posed of var i ous
cal cite crys tals. They are found as loose, sin gle ob jects lit ter ing
the fis sure floors. They are partly bro ken; how ever, the pri mary 
edges are still pre served in some cases (Fig. 5A, B). Their col -
our is milky white; some larger crys tals are semitranslucent.
They are a few centi metres in lat eral ex tent whereas their thick -
ness ranges from less than a milli metre to al most 3 mm; how -
ever, in the lat ter case the raft is not a ro bust tab let but has a ser -
rated ap pear ance. The rafts are con sid er ably thicker than most
of those de scribed so far from caves and hot springs. The thick -
ness of cave rafts usu ally do not ex ceed 1 mm (Hill and Forti,
1997, p. 88), and com monly they are con sid er ably thin ner. For
ex am ple, the av er age thick ness of rafts from Gorman Cave
(Texas) was 30 mm whereas their max i mum thick ness reached
130 mm (Tay lor and Chafetz, 2004).

Al though crys tals are lo cated on both the top and bot tom
sur faces of the rafts, one sur face is cov ered by sig nif i cantly
larger crys tals, which is vis i ble even with the na ked eye
(Fig. 5A, B). The sur face in ques tion has a spiky, ser rated ap -
pear ance, whereas the op po site side cre ates an im pres sion of
be ing more flat. This re sults in the asym met ri cal ap pear ance of
the rafts. In spite of un known ori en ta tion of the rafts dur ing
their growth, one can sup pose that the spiky side was on the un -
der side at that time.

The rafts with crys tals on both their sides are dif fer ent from
the ma jor ity of the ex am ples de scribed to date. How ever, some
sim i lar ex am ples ex ist. Folk et al. (1985, p. 360) men tioned
rafts “lined by cal cite crys tals on both sides”. Sim i lar rafts,
called dou ble-sided rafts, were de scribed from the Cayman Is -
lands (Jones, 1989). Kostecka (1992) rec og nized rafts fill ing
fis sures in a trav er tine mound at Bešeňová (Slovakia) which
were en crusted on their top and bot tom surface.

Some rafts are com posed of a few com po nents ce mented
to gether and ar ranged subparallel (Fig. 5C). The com po nent
rafts do not ad here closely to each other. Sim i lar but strongly
ce mented com pos ite rafts were found in a palaeocave on
Cayman Brac (Jones, 1989).

Sheets formed by microcrystalline cal cite con sti tute flat
cores of thin rafts (Fig. 5C–E). The de tailed mor phol ogy of this
microcrystalline cal cite is not vis i ble ei ther in plane light or un -
der SEM. The flat cores dis play dark colouration in plane light
and reach up to 30 mm in thick ness. Their up per and lower sur -
faces are over grown with cal cite crys tals. The long axes of the
crys tals are ori ented mainly per pen dic u lar to the flat core of the
rafts. Only near the grow ing edges of the rafts do crys tal ori en -
ta tions vary from per pen dic u lar to al most par al lel to the core. 
This con cerns mainly the crys tals de vel oped on the bot tom sur -
faces. The con cen tra tion of crys tals along the grow ing edges of
the rafts re sults in their sub stan tial thick en ing in these zones.
There, the crys tal di men sions are larger, which is vis i ble on
both top and bot tom sur faces (Fig. 5A, B). The larg est elon -
gated crys tals ex ceed 3 mm in length.
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to a sparry crust, sub tle changes in po si tion of wa ter ta ble 

are vis i ble due to a se ries of well-de vel oped shelfstones
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Fig. 5. Thin rafts

A – bot tom sur face, note the con cen tra tion of larger crys tals along the pri mary edge, top of pho to graph (the same raft as in B); B – top sur face cov ered with
smaller crys tals than bot tom sur face (the same raft as in A); C – cross-sec tion through a thin raft com posed of two com po nent rafts with vis i ble asym me try
of crys tal sizes, trans mit ted light (crossed polars); D – cross-sec tion of a raft with vis i ble micritic core, zone of co ales cence of two rafts is vis i ble on the
left-hand side, trans mit ted light (crossed polars); E – side view of a thin raft show ing dis tinct asym me try of crys tal sizes (SEM im age); F – gothic-arch cal -
cite crys tal with uni form ex tinc tion, top sur face of a raft, trans mit ted light (crossed polars); G – high re lief top sur face of a raft com posed of gothic-arch
cal cite crys tals (SEM im age); H – curved faces and edges of gothic-arch cal cite crys tals (SEM im age)



The crys tals over grow ing microcrystalline cores of the rafts 
dis play vari able mor phol ogy. Four types have been rec og -
nized: (1) smooth-faced rhom bo he dra, (2) sin gle-stepped
rhom bo he dra, (3) multistepped rhom bo he dra, and (4) macro -
trilete crys tals. They dis play uniform extinction.

Smooth-faced rhom bo he dra are a dom i nant form among
crys tals com pos ing the rafts. They are lo cated on both sides of
the rafts; how ever, those lo cated on the bot tom sur face are sub -
stan tially larger (Fig. 5C, E). The rhom bo he dra dis play
well-de vel oped ter mi na tions. The in ter fa cial an gle in some
smooth-faced rhom bo he dra, es pe cially in those that are more
elon gated, abruptly changes near ter mi na tions. Such rhom bo -
he dra are ter mi nated by an ob tuse form.

Many of smooth-faced rhom bo he dra ex hibit curved, con vex
up faces and edges (Fig. 5F–H). Those rep re sent a va ri ety of so
called gothic-arch cal cite. This term has been used in the lit er a -
ture to de scribe dif fer ent type of crys tals. It was orig i nally coined 
by Folk et al. (1985) de scrib ing the bi zarre types of cal cites from
Ital ian travertines. They stressed the cur va ture of faces in a
gothic-arch pat tern and the pres ence of a “mother” crys tal with
ex ter nally added slabs. Forms sim i lar in shape were de scribed
un der the name of gothic-arch cal cite, for in stance, by Janssen et
al. (1999) from fos sil Bel gian tufa as well as by Rainey and
Jones (2009) from stromatolites grow ing around hot springs on
the east ern slope of the Rocky Moun tains (Can ada). Con versely, 
when de scrib ing cal cite rafts from Bešeňová (Slovakia) and car -
bon ates de pos ited from spring wa ters at Tylicz (Pol ish Outer
Carpathians) Kostecka (1992, 1993) con sid ered crys tals ful fill -
ing only the first cri te rion of Folk et al. (1985), that is with
curved faces, as gothic-arch cal cite. Sim i larly, gothic-arch cal -
cites dis cussed by Chafetz and Guidry (2003) from Yel low stone
trav er tine and by Gary and Sharp (2006) con sti tut ing sub aque -
ous spar from La Pilita sink hole (Mex ico), lack ad di tion ally
stack ing slabs. The crys tals de scribed in the pres ent pa per are
char ac ter ized only by curved faces and they lack ad di tional
slabs. Hence, they are sim i lar to crys tals from Bešeňová, Tylicz,
La Pilita and Yel low stone. How ever, they dif fer from Tylicz
crys tals in ex tinc tion. The for mer dis play uni form ex tinc tion
whereas the lat ter shows an undulose one.

Dis tinct macrosteps on faces dis tin guish sin gle-stepped
rhom bo he dra. They form hor i zon tal ledges run ning across
three crys tal faces, hence en gulf ing crys tals (Fig. 6A, B). The
macrosteps are 2–3 mm wide (Fig. 6B). They are ori ented ap -
prox i mately nor mal to crys tal elon ga tion, that is more or less
par al lel to the raft elon ga tion. In ter est ingly, they are formed at
the same el e va tion on the ad ja cent rhom bo he dra. Each crys tal
has only one macrostep on its walls. The parts of crys tal faces
lo cated be tween ter mi na tions and macrosteps are smooth,
whereas re main ing parts, that is lo cated be low or over the steps, 
which de pends on the lo ca tion of a par tic u lar crys tal on the bot -
tom or top sur face of rafts, dis play rough en ing. The rough sur -
face is cov ered with ran domly dis trib uted con vex ir reg u lar i ties, 
with the height reach ing up to 1–2 mm (Fig. 6B). The ter mi na -
tions of sin gle-stepped rhom bo he dra are com monly blunt.
Most of them are tri an gu lar in shape but some dis play a
three-point star shape (Fig. 6A).

Multi-stepped rhom bo he dra are char ac ter ized by sev eral
steps be ing ar ranged par al lel to each other (Fig. 6C). They are
ori ented oblique to crys tal elon ga tion and form an ob tuse an gle
with the part of crys tal edges which leads to the ter mi na tion.

The oc cur rence of the steps re sults in a ser rated ap pear ance of
crys tal faces and edges. Some of the multi-stepped rhom bo he -
dra, be sides oblique ori ented steps, dis play a sub tle hor i zon tal
step, sim i lar to those typ i cal of sin gle-stepped rhom bo he dra
(Fig. 6C). How ever, the lat ter is al ways less dis cern ible. The
ter mi na tions of multi-stepped rhom bo he dra are al ways blunt.
They ex hibit a tri an gu lar or three-point star shape.

Macrotrilete crys tals are mor pho log i cally sim i lar to trilete 
crys tals de scribed by Jones et al. (2005) from hot-spring de pos -
its at Lýsuhóll (Ice land) and by Jones and Peng (2012) from
Yunnan (China); how ever, they are two or ders of mag ni tude
larger. Hence, they are named macrotrilete crys tals. The
macro-trilete crys tals are up to 3 mm high. They are lo cated
mostly near the edges of the rafts and ori ented at dif fer ent an -
gles to raft elon ga tion. Due to their con cen tra tion, the raft edge
has a thorny ap pear ance (Fig. 5A, B). They also formed on fis -
sure walls just be neath the wa ter ta ble (Fig. 4).

Each macrotrilete crys tal is com posed of three arms ra di at -
ing from a cen tral axis. The arms are reg u larly ar ranged at an
an gle of 120° and have al most sim i lar di men sions. The arms
thin from the cen tral axis to wards their flanks. Thus, in
cross-sec tion nor mal to the axis the macrotrilete crys tal forms a
reg u lar three-point star (Fig. 6D). In a view oblique to the cen -
tral axis, two arms dis play clear steps ar ranged at an an gle of
around 30° with the cen tral axis (Fig. 6E, F). The steps as cend -
ing from the axis re sem ble tree-branches as cend ing from a
trunk. The steps have a slightly con cave-down shape and di -
vide each arm into subcrystals ar ranged one over an other. Gen -
er ally, the whole crys tal thins up wards; how ever, its edges are
ser rated, which re sults from the oc cur rence of subcrystals
(Fig. 6E). More over, in some cases subcrystals have a spiky ter -
mi na tion pro trud ing up wards. Most of the macrotrilete crys tals
have blunt ter mi na tions in the shape of tree-point star.

Macrotrilete crys tals can be re garded as crys tals with in -
com plete faces.  This im plies that their edges grew faster than
their faces. Thus, they rep re sent a cat e gory of skel e tal crys tals
(sensu Gornitz and Schreiber, 1981; Southgate, 1982). Sim i lar
skel e tal crys tals with partly de vel oped faces were de tected in
re cent travertines near Durango (Chafetz et al., 1991, fig. 12A).

Thin rafts orig i nally formed at the air–wa ter in ter face (Hill and 
Forti, 1997). There, the ini tial form of rafts is a thin film of cal cite
crys tals float ing on the wa ter sur face. These forms are in cor po -
rated within the thin rafts stud ied and are still vis i ble as their cores
(Fig. 5C, D). Calm wa ter and ide ally a still air–wa ter in ter face cre -
ate a fa vour able en vi ron ment for cre ation of the ini tial form of the
rafts. Thus, the wa ter ta ble in the fis sures, where the rafts de scribed 
were formed, must have been com pletely stag nant and, hence, the
sup ply of drip ping or seep ing wa ter, if any, must have been strictly 
lim ited. It seems prob a ble that rel a tively nar row fis sures pro vide a
low en ergy en vi ron ment where rafts do not sink im me di ately by
drips or dry ing up of the wa ter bod ies. Based on mod ern ex am ples 
from caves and hot springs the time of for ma tion of ini tial rafts can 
be es ti mated at a pe riod of min utes to months, de pend ing on the
chem is try of the par ent wa ter. In a hot-spring trav er tine sys tem,
where wa ter supersaturation with re spect to car bon ate min er als is
ex tremely high, rafts are formed within a few min utes (Chafetz et
al., 1991). Con versely, the for ma tion of rafts in caves seems to be
slower. Tay lor and Chafetz, (2004) ob served rafts pre cip i tated
from cave wa ter in times shorter than three months.
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The ini tial raft can float due to sur face ten sion (Folk et al.,
1985; Hill and Forti, 1997) and, in some cases, ad di tion ally by
the buoy ancy of en trapped gas bub bles (Tay lor and Chafetz,
2004). How ever, they were sub se quently over grown by cal cite, 
which re sulted in ex ceed ing the thresh old of their buoy ancy
and, in con se quence, in grav i ta tional sink ing of the rafts. Al -
though the thin rafts from Klęczany are rel a tively fine struc -
tures, even they are def i nitely too heavy to be freely float ing
ob jects. Thus, they only com menced to grow as ini tial float ing
rafts. Sub se quently, they were at tached to fis sure walls and
were partly or com pletely sub merged due to the fluc tu a tion of
wa ter ta ble. This is shown by the lo ca tion of crys tals on both
sides of the rafts vis i ble in all the sam ples stud ied. Later, prob a -
bly dur ing quarrying, the rafts were bro ken and de pos ited at
fis sure bot toms as loose fragments.

MASSIVE RAFTS

The mas sive rafts are built of closely spaced cal cite rhom bo -
he dra. Their thick ness var ies from 2 to 14 mm. They are flat or
only slightly curved. The mas sive rafts are ei ther ce mented to fis -
sure walls or rest one upon an other on fis sure bot toms (Figs. 7
and 8A). In the lat ter case they con sti tute a pile com pris ing up to
more than ten in di vid ual rafts. Within a pile, neigh bour ing rafts
ad here to each other, but they are only weakly ce mented. Hence,
the piles dis in te grate eas ily into in di vid ual rafts. The rafts con sti -
tut ing a pile are ori ented par al lel or subparallel (Fig. 8A).

The rafts ce mented to fis sure walls can link op po site walls
thus form ing spec tac u lar bridge or lad der struc tures (Fig. 7A;
see also Kostecka, 1992). Most of them are ori ented hor i zon -
tally; how ever, some dis play oblique ori en ta tion. The empty
space be tween the rafts reaches 2 mm in height.

718 Michał Gradziński, Marek Duliński, Helena Hercman, Andrzej Górny and Stanisław Przybyszowski

Fig. 6. Thin rafts

A – sin gle-stepped rhom bo he dra with ledges en gulf ing their tops, the face part over a step is smooth in con trast to the rough part lo cated be low a step, note
tri an gu lar shape and three-point star-shaped crys tal ter mi na tions (SEM im age); B – de tail view of a step, note con trast of the re lief be tween lower and up -
per part of crys tal faces (SEM im age); C – multi-stepped rhom bo he dra with three-point star-shaped ter mi na tions (SEM im age); D – macrotrilete crys tal,
top view (SEM im age); E, F – macrotrilete crys tals, side view (SEM im ages)



The thick ness of crys tal lay ers con sti tut ing both sides of a
par tic u lar raft is dif fer ent, which re sults in sub tle asym me try of
a raft. How ever, there is no con stant ten dency in the asym me -
try. This means that the top side is thicker in some rafts,
whereas the bot tom side is thicker in the others.

Crys tals form ing mas sive rafts grow up wards and down -
wards from a micritic cen tral core, sim i larly to those in thin rafts
(Fig. 8B, C). The width of crys tals in creases and  their op tic ori -
en ta tion be comes more uni form down wards and up wards from
the cen tral core. Also the amount of crys tals clearly de creases in
these di rec tions. The crys tals are tightly packed; empty spaces
be tween them are lim ited to the outer parts of the rafts (Fig. 8C,
D). No in ter nal lam i na tion is de tected within the crys tals.

The crys tals show well de vel oped rhombic ter mi na tions.
Many of them rep re sent gothic-arch cal cite with curved faces
and edges (Fig. 8D, E). The faces of gothic-arch cal cite are
over grown with smaller “daugh ter” crys tals grow ing away
from the face and hav ing dif fer ent op tic ori en ta tions. “Daugh -
ter” crys tals have three faces (Fig. 8D, E). Some of them also
dis play gothic-arch cal cite char ac ter. Apart from three-faced
“daugh ters”, the faces of some larger crys tals are over grown
with thin platy crys tal slabs (Fig. 8E).

Some pores be tween ter mi na tions of ad ja cent crys tals in
mas sive rafts are filled with silt-sized crys tal de bris (Fig. 8F).
The crys tals are bro ken, some of them are elon gated. They
reach 40 mm across. They are loosely packed, with no sort ing.

The ex cep tion ally thick mas sive rafts com menced to grow
at the air–wa ter in ter face, as thin rafts. Sub se quently, they be -
come sta bi lized at a fis sure wall. Af ter a shift of wa ter level in -

di vid ual rafts were over grown by cal cite on their top and bot -
tom surface. Hence, the rafts de vel oped from fine, fri a ble en ti -
ties to ro bust ones of sub stan tial thick ness. Small changes of
wa ter ta ble caused the for ma tion of lad der struc tures com posed
of many par al lel oriented rafts. 

Fine-grained crys tal silt ac cu mu lated be tween sparry crys tals 
form ing the mas sive rafts. They most prob a bly orig i nated as de -
bris from dis in te grated sunken thin rafts. Raft de bris has been
rec og nized in travertines (Guo and Ridinig, 1998) as well as in
caves, in clud ing lit to ral ones (Hill and Forti, 1997; Csoma et al.,
2006; Fornós et al., 2009; van Hengstum et al., 2011). The de bris 
is prob a bly an an a logue to vadose silt de scribed by Dun ham
(1969) as an in di ca tor of emersion of shal low ma rine de pos its.

There are sev eral fac tors in flu enc ing the growth of ex cep -
tion ally thick rafts. The de vel op ment of rafts in nar row fis sures
seems to al low them to sta bi lize be fore sink ing. Sub tle changes
of wa ter ta ble re sulted in the long-last ing lo ca tion of rafts ce -
mented to fis sure walls in zone of ac tive pre cip i ta tion, that is
only sev eral me ters be neath the wa ter ta ble (Ford, 1989). The
chem is try of the par ent wa ter is ob vi ously of cru cial sig nif i -
cance to the de vel op ment of ex cep tion ally thick rafts. Rafts of
sim i lar thick ness were de scribed from fis sures within a trav er -
tine mound at Bešeňová (Slovakia), and from some caves in
Bu da pest (Hun gary). In the for mer case they con sti tute cal cite
veins (Kostecka, 1992), whereas in the lat ter one their or i gin
can be as so ci ated with as cend ing ther mal wa ter (Müller, 1989,
fig. 2-67). In both ex am ples de scribed above wa ter seems to
have been highly sat u rated with re spect to cal cium car bon ate,
which also had to take place in the case of Klęczany.
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Fig. 7. Mas sive rafts

A – ce mented to fis sure walls form ing bridge struc tures in a small fis sure, field pho to graph; B – group of mas sive rafts ce mented to the ex tremely thin wall
(ar row), di vid ing two fis sures, an other side of a wall is cov ered with sparry crusts (SC); C – sparry crusts (SC) with ce mented mas sive rafts (ar rows),
cross-sec tion



SPARRY CRUSTS

Be sides the vadose speleothems and rafts de scribed above sev -
eral types of sparry crusts were rec og nized in spec i mens col lected in 
the Klęczany Quarry. They in clude: (1) thin sparry crusts, (2)
mammillary sparry crusts, and (3) po rous sparry crusts. All crusts
are de void of in ter nal lam i na tion typ i cal of vadose flowstones.

Thin sparry crusts form com pact lay ers very light gray to
very pale or ange in col our which line the walls of fis sures and ce -
ment cal car e ous sand stone de bris that partly fill some fis sures
(Fig. 7B, C). They are spa tially in te grated with mas sive rafts. Fis -
sure walls, to which the mas sive rafts are ce mented, are al ways
coated with thin crusts. Some crusts of this type ce ment cal car e ous 
sand stone de bris. Small clumps of ce mented re sid ual ma te rial

have been rec og nized in one thin sparry crust ex am ined. The
clumps are up to 1.1 mm across (Fig. 9C). The thick ness of thin
crusts ranges from 2 to 19 mm. They are com posed of elon gated
cal cite crys tals grow ing out wards from the sub strate (Fig. 9A).
The length of the larg est crys tals equals the thick ness of a spar
layer. The crys tals are tightly packed. They nu cle ated on fis sure
walls and dis play com pet i tive growth (sensu González et al.,
1992), im pinge ment crys tal li za tion pat terns (sensu Dick son,
1993) or geo met ric se lec tion (sensu Self and Hill, 2003). Nei ther
in ter nal lam i na tion nor ad di tional nu cle ation sur faces (e.g., cor ro -
sion sur faces) are pres ent within thin crust. The crys tals show
well-de vel oped rhombohedral ter mi na tions with small slabs ad -
her ing to crys tal faces (Fig. 9B).
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Fig. 8. Mas sive rafts

A – pile of mas sive rafts, po si tion of dated sam ples and their ages are shown; B – cross-sec tion of a raft with vis i ble micritic core, note growth di rec tion of
crys tals up and down from the core, trans mit ted light (crossed polars); C – two ce mented mas sive rafts form ing a pile, po ros ity is pre served be tween the
rafts, cores of the rafts are ar rowed, trans mit ted light (crossed polars); D – gothic-arch cal cite crys tals with rough sur faces over grown with three-face
“daugh ter” crys tals (SEM im age); E – gothic-arch cal cite crys tals over grown with three-face “daugh ter” crys tals and flat crys tal slabs (SEM im age); F –
crys tal silt ac cu mu lated in intercrystalline pore within a mas sive raft, trans mit ted light



Mammillary sparry crusts are honey-col oured and
semitranslucent and reach up to 25 mm thick (Fig. 10A, B).
They are com pact, lack intercrystalline po ros ity, and dis play
in ter nal band ing which is shown by changes in col our in ten sity. 
They line the fis sure walls and ce ment cal car e ous sand stone
de bris. The di rect spa tial re la tion ship be tween mammillary
sparry crusts and other types of cal cite speleothems is not clear.
The only ev i dence com prises thin rafts in the cen tres of some
crusts. In this case the rafts served as a nu cle ation sur face for a
crust (Fig. 10A).

The up per sur face of the crusts is knob bly. In di vid ual oval
knobs, up to 3 cm across, are sur rounded by de pres sions. The

whole sur face is built of crys tal slabs ar ranged in a roof-tile
style at the milli metre scale (Fig. 10C). The sim i larly ori ented
slabs form do mains which, in turn, com pose the knobs. The
roof-tile style of ar range ment is strik ingly sim i lar to that de -
scribed and il lus trated by Folk et al. (1985, fig. 7e, f) from Ital -
ian trav er tine and as cribed by those au thors to gothic-arch cal -
cite. How ever, two es sen tial dif fer ences ex ist. Firstly, in the
Ital ian ex am ples the slabs are up to 0.02 mm, whereas in
Klęczany they reach a length of 2 mm long. Sec ondly, the slabs
de scribed do not ex hibit dis tinct cur va ture of edges, as is the
case in the gothic-arch cal cite of Folk et al. (1985).

The crys tals are or ga nized in ra di at ing fans, which is vis i ble 
in thin sec tion par al lel to crust thick ness (Fig. 11A). The fans
com prise up to 30 crys tals. Both the fans and in di vid ual crys tals 
widen up wards from the sub strate. The for mer reach a width of
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Fig. 9. Thin sparry crusts

A – sparry crys tals grow ing out of a fis sure wall, trans mit ted light (crossed
polars); B – cal cite crys tals with slightly curved faces over grown with flat
crys tal slabs (SEM im age); C – ir reg u lar clumps of re sid ual siliciclastic
ma te rial in tro duced into a thin sparry crust, trans mit ted light

Fig. 10. Mammillary sparry crusts

A – thin raft act ing as a nu cle ation sur face for a crust (ar row), cross-sec -
tion; B – crusts ce ment ing sand stone de bris, cross-sec tion; C – sur face of a
crust com posed of roof-tile style ar ranged crys tal ter mi na tions



1.2 mm at their top whereas the lat ter are be tween 0.2 and
0.5 mm across at the top most parts of the fans. The high est fans
spread from the sub strate to the top of the crust. Bound aries be -
tween jux ta posed fans are of com pro mise type (Fig. 11B).
Some fans are elim i nated by neigh bour ing ones. The op tic ori -
en ta tion of neigh bour ing crys tals within one fan is slightly dif -
fer ent, which causes the undulose ex tinc tion of a par tic u lar fan
(Fig. 11A, B). The crys tal ter mi na tions are mark edly asym met -
ri cal in di men sions of par tic u lar faces (Fig. 11C, D). The an gle
be tween the crys tal faces equals 80–120°.

The ob ser va tions made on sec tions cut nor mal to the elon -
ga tion of crys tals re veals their un usual habit and ar range ments.
The fans are com posed of triarmed crys tals, each  be ing built of
three arms ar ranged at an an gle of 120° and linked in a cen tral
point (Fig. 12A). All three arms form one crys tal hav ing uni -
form op ti cal ori en ta tion. The arms of one crys tal have straight
par al lel bound aries with kinks form ing an ob tuse an gle of
120°. Al though the thick ness of a par tic u lar arm de creases sys -
tem at i cally out wards from the cen tral point, ow ing to sev eral
kinks, the arm bound aries are par al lel to each other and par al lel
to arm elon ga tion. The shape of arms is the main dif fer ence be -
tween the triarmed crys tals and trilete ones build ing the thin
rafts. How ever, af fin ity be tween those types of crys tals seems
very prob a ble.

Each triarmed crys tal is en gulfed by crys tals dis play ing
rect an gu lar cross-sec tions or crys tals be ing in com plete
triarmed ones, that is com posed of only two arms (Fig. 12A, B). 
The op tic ori en ta tion of ad ja cent crys tals is dif fer ent. The crys -
tals are tightly-packed hence intercrystalline bound aries be -
tween them are scarcely vis i ble in plane po lar ized light
(Fig. 12C). One triarmed crys tal to gether with en gulf ing crys -
tals forms one do main, the bound ary of which is, con versely,
clearly vis i ble in plane po lar ized light. Some do mains in clude
more than one triarmed crys tal; how ever, in this case the op tic
ori en ta tion of these crys tals is iden ti cal. Most prob a bly each
do main rep re sents one fan vis i ble in a sec tion par al lel to crys tal
elon ga tion. Strik ingly, the crys tals in neigh bour ing do mains are 
elon gated in the same, or al most the same di rec tion. How ever,
they have dif fer ent op tic ori en ta tions.

Po rous sparry crusts are up to 5.5 cm thick (Fig. 13A).
They are pale yel low ish or ange in col our. Such crusts grew on
fis sure walls. The crys tals that com pose this type of crust are or -
ga nized in do mains gen er ally tri an gu lar or rect an gu lar in out line
and ex ceed ing 1 cm across, which are clearly vis i ble on the crust
sur face (Fig. 13B). Each do main is com posed of loosely ce -
mented crys tals. Intercrystalline pores ex ist be tween neigh bour -
ing crys tals within one do main and be tween neigh bour ing do -
mains. The po rous zone of the crust is 1.5 cm thick be low the
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Fig. 11. Mammillary sparry crusts

A – crys tal fans form ing a crust, trans mit ted light (crossed polars); B – rel a tively wide crys tal in a fan top in com par i son to their lower parts (see A), note
more uni form op tic ori en ta tion of crys tals form ing one fan and undulose ex tinc tion of the fan, trans mit ted light (crossed polars); C – top part of a fan, note
asym met ri cal crys tal ter mi na tions, trans mit ted light; D – crys tal ter mi na tions un der SEM



crust sur face. Deeper, the crusts are more com pact; how ever,
some intercrystalline pores oc cur (Fig. 13A).

The po rous sparry crusts are com posed pre dom i nantly of rel -
a tively large, ro bust, rhombohedral crys tals, ex ceed ing 1 mm
across. The small crys tal slabs ad here to faces of large rhom bo -
he dra (Fig. 13C). More over, the faces of ro bust rhom bo he dra are 
also over grown with three-faced small rhom bo he dra. They are
patchily dis trib uted and are char ac ter ized by dif fer ent op tic ori -
en ta tions. Triarmed crys tals oc cur subordinately within po rous
sparry crusts. They are in cor po rated within rhombohedral crys -
tals. Crys tal silt, up to 0.1 mm across, fills some intercrystalline
pores. Some crys tals bear ir reg u larly dis trib uted microcrystalline 
spots, that prob a bly re sulted from cor ro sion (Fig. 13D).

Sev eral lines of ev i dence  sug gest that sparry crusts formed
be low the wa ter ta ble, that is in phreatic con di tions. These are as
fol lows: (1) acute crys tal ter mi na tions with rel a tively high re lief,
(2) oc cur rence as lin ing upon all sur faces – that is fis sure walls
and cal car e ous sand stone de bris, (3) al most con stant thick ness of 
the crusts over long dis tances, (4) lack of any traces of vadose re -
lief as for in stance rimstone pools, crenulations, sta lac tites (5)
co-oc cur rence with mas sive rafts which formed fi nally be low the 
wa ter ta ble, (6) lack of dis tinct in ter nal lam i na tion and traces of
cor ro sion, which are typ i cal of vadose speleothems, and (7) in -
cor po ra tion of sunken thin cal cite rafts and de bris formed due to
dis in te gra tion of such rafts.

Sim i lar cal cite sparry crusts, also called phreatic cal cite or
cal cite spar, are known from caves all around the world (Hill
and Forti, 1997). They de velop in shal low phreatic con di tions
(Ford et al., 1993; Dublyansky, 2000). Their growth rate is low; 
for in stance Ford (1989), based on dat ing re sults, es ti mated the
growth rate of sub aque ous crusts in Wind Cave (USA) at
~0.15 mm per 1000 years.

The pre cise spa tial re la tion ship be tween each type of sparry 
crust dis tin guished is un known. Hence, it is not clear which
fac tors in flu enced the or i gin of a par tic u lar type of sparry crust.

230Th/U AGES

The ura nium con tent and 234U/238U ac tiv ity ra tios in all sam -
ples ana lysed are at the lev els typ i cal of speleothems (Ta ble 1).
Spec tra ob tained were clear and peaks of U and Th iso topes
were well-sep a rated.

Two anal y ses of sam ple KL 7 (lab. no. W 1370 and
W 1441) have given un ac cept able re sults. 230Th/234U ac tiv ity
ra tios are higher than val ues ex ist ing in na ture (1.9 and 2.5). In
no sam ple has sig nif i cant de tri tal con tam i na tion been de tected
(230Th/232Th ac tiv ity ra tios at the level of 34 and 460, re spec -
tively). Ap par ently the sys tem was not closed with re spect to
ura nium and tho rium. The 234U/238U ac tiv ity ra tio and ura nium
con tent are slightly lower than in other sam ples. Be cause ura -
nium is much more eas ily mo bi lized than tho rium (Ivanovich
and Harmon, 1992; Bourdon et al., 2003) sec ond ary leach ing
of ura nium, with pref er en tial leach ing of 234U, can not be ex -
cluded. Mi cro scopic stud ies of thin sec tions from sam ple KL 7
show traces of cor ro sion (Fig. 13D). These traces may re flect
the same pro cess which re sulted in the open ing of the sys tem
for iso tope mi gra tion.
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Fig. 12. Triarmed crys tals com pos ing a mammillary sparry crust
seen in cross-sec tion per pen dic u lar to crys tal elon ga tion

 A – com plete triarmed crys tals with arms ar ranged at an an gle of 120° en -
gulfed by in com plete triarmed crys tals hav ing only two arms and by crys -
tals rect an gu lar in cross-sec tion, trans mit ted light (crossed polars); B –
densely packed triarmed crys tals form ing do mains, elon ga tion of crys tal
arms in neigh bour ing do mains is sim i lar al though their op tic ori en ta tion is
dif fer ent, trans mit ted light (crossed polars); C – intercrystalline bound -
aries within a sin gle do main are in vis i ble, in con trast to do main bound -
aries, trans mit ted light, equiv a lent of Fig ure 12B
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Fig. 13. Po rous sparry crusts

A – cross-sec tion of a crust show ing intercrystalline po ros ity; B – sur face of a crust with do mains com pris ing sev eral crys tals; C – rhombohedral cal cite crys -
tals over grown with three-face “daugh ter” crys tals and flat crys tal slabs (SEM im age); D – traces of microcorossion within sparry crys tals form ing a crust

Sam ple Lab. no. Speleothem type
U cont.

[ppm]
234U/238U 230Th/234U 230Th/232Th

Age

[ka]
Com ment

KL 1 W 2890 thin raft 0.143 ± 0.005 1.57 ± 0.06 0.28 ± 0.02 >1000 35 ± 2

KL 3 W 2891 mas sive raft 0.30 ± 0.01 1.67 ± 0.06 0.95 ± 0.03 615 ± 306 215 13
14

-
+

Kl 7 W 1370 po rous sparry crust 0.25 ± 0.01 1.20 ± 0.04 1.86 ± 0.06 34 ± 4 open sys tem

Kl 7 W 1441 po rous sparry crust 0.26 ±0 .02 1.22 ± 0.07 2.5 ± 0.2 460 ± 240 open sys tem

Kl 11 W 1372 mas sive raft 0.67 ± 0.02 1.69 ± 0.03 0.217 ± 0.006 >1000 26.2 ± 0.8

Kl 11 W 1441 mas sive raft 0.42 ± 0.02 1.69 ± 0.07 0.85 ± 0.03 274 ± 133 170 ± 12 

KL 11-1 W 2888 mas sive raft 0.44 ± 0.02 1.82 ± 0.08 0.80 ± 0.03 118 ± 61 150 ± 10

KL 11-2 W 2889 mas sive raft 0.238 ± 0.006 1.78 ± 0.05 0.98 ± 0.02 >1000 230 12
13

-
+

Kl 13 W 1371 mammillary sparry crust 0.56 ± 0.02 1.70 ± 0.04 0.253 ± 0.007 486 ± 352 31.0 ± 0.9

KL 5 W 2892 flowstone 0.308 ± 0.007 1.57 ± 0.05 0.57 ± 0.02 34 ± 5 86 ± 4

KL 16 W 2893 flowstone 0.204 ± 0.006 1.51 ± 0.05 0.088 ± 0.007 24 ± 9 10.0 ± 0.8

T a  b l e  1

230Th/U iso to pic data used for dat ing of Klęczany speleothems



An a lyt i cal re sults are given in Ta ble 1 and in Fig ures 3A, B, 
8A and 14. All the speleothems stud ied but one are Pleis to cene
in age. The youn gest sam ple grew in the early Ho lo cene. No
cor re la tion be tween the pe trog ra phy of the speleothems and
their age has been ob served. 

STABLE ISOTOPE COMPOSITION

The sta ble iso tope com po si tions of the car bon ate sam ples
are shown in Ta ble 2 and pre sented in Fig ure 15. Ex cept for
sam ple 13 all other an a lyt i cal data form two clus ters of points.
The first of these is char ac ter ized by d18O val ues be tween –9.8
and –8.5‰. Val ues of d13C fall in the range be tween –5.7 and
–0.6‰. Ex cept for one, all sam ples be long ing to this group
formed in phreatic con di tions; they rep re sent sparry crusts and
mas sive rafts. The range of ox y gen iso tope com po si tion of the
sec ond group of sam ples is be tween –9.4 and –7.3‰. This is
de ter mined by sam ples 5a and 5e taken from the same spec i -
men. Ex clud ing sam ples no. 5a and 5e the vari abil ity of d18O
val ues is re duced to the range from –8.6 to –7.5‰. Val ues of
d13C are within a rel a tively nar row range: from –11.5 to
–9.7‰. Most sam ples be long ing to the sec ond clus ter formed
ei ther at the air–wa ter in ter face or on the fis sure walls above the 
wa ter ta ble. Only two of them –  5f and 22b – pre cip i tated be -
low the wa ter ta ble. How ever, sam ple 22b formed at a dis tance
of centi metres be low the wa ter ta ble, and so in con di tions very
sim i lar to those of thin rafts.

The oxygen iso tope com po si tion of sam ple 13 taken from a
mammillary sparry crust is iden ti cal to that of sam ple 5e, but

their d13C val ues are more pos i tive by about 2–3‰.
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Fig. 14

A – Th/U dates of cal cites from the Klęczany Quarry; B – crys tal li za tion
growth fre quency of speleothems from Carpathian caves af ter Hercman
(2000); C – stacked, smoothed ox y gen-iso tope re cord as func tion of age
af ter Imbrie et al. (1984), MISs are num bered

Sam ple Type of speleothem
d18O

[‰ VPDB]

d13C

[‰ VPDB]

KL 1.1 thin raft –8.48 –11.20

KL 1.2 thin raft –8.61 –11.18

Kl 1a thin raft –8.38 –11.34

Kl 2a thin raft –8.42 –11.13

Kl 2b thin raft –8.43 –11.17

Kl 5a flowstone –9.43 –10.91

Kl 5b flowstone –8.80 –10.72

Kl 5c flowstone –8.75 –10.87

Kl 5d flowstone –8.75   –9.76

Kl 5e flowstone –7.29 –10.62

Kl 5f thin sparry crust –7.87 –11.72

KL 7.1 po rous sparry crust –9.15   –1.29

KL 7.2 po rous sparry crust –8.98   –1,93

KL 11.1 mas sive raft –9.46   –3.56

Kl 11a mas sive rafts –9.64   –3.37

Kl 11b mas sive rafts –8.56   –3.98

Kl 11c mas sive rafts –8.64   –4.25

KL 13.1 mammillary sparry crust –7.28   –8.25

KL 13.2 mammillary sparry crust –7.27   –7.48

Kl 14 flowstone –7.79 –10.92

Kl 15 flowstone –7.96 –11.48

KL 16 flowstone –7.49 –10.72

KL 7.1 cal cite vein in base ment rock –9.83   –0.60

KL 17.2 mas sive raft –8.99   –5.46

KL 18.1 mas sive raft –9.17   –1.37

KL 18.2 thin sparry crust –9.29   –2.41

Kl 18a mas sive raft –9.32   –1.66

KL 21 flowstone –8.33   –9.74

Kl 22a flowstone –8.43 –11.37

Kl 22b
cal cite crys tal of trilete type,

crys tal lized just be neath
 wa ter ta ble

–8.60 –11.07

Kl 23 po rous sparry crust –8.54   –5.72

T a  b l e  2

Sta ble iso to pic com po si tion of se lected speleothem sam ples

Fig. 15. Car bon and ox y gen iso tope com po si tion 
of speleothem sam ples from the Klęczany Quarry



GEOCHEMISTRY

The chem i cal com po si tion of four se lected sam ples was an a -
lyzed (Ta ble 3). All are com posed of low-Mg cal cite. The con -
tent of Mg is slightly higher in sparry crusts and rafts than in a
flowstone ana lysed. All sam ples are char ac ter ized by el e vated
Na con tent in com par i son with or di nary speleothems. For ex am -
ple, a sta lag mite from Chauvet Cave (France) con tains be tween
4.8 and 28.6 ppm Na (Bourdin et al., 2011). Slightly higher val -
ues were re ported from Lynds Cave sta lag mite (Tas ma nia) vary -
ing from 31.5 to 87.8 ppm (Goede and Vogel, 1991). Sim i larly,
all but one sam ples ex am ined have el e vated S con tent fall ing be -
tween 0.03 and 0.08%. This is also higher than noted so far in
speleothems. For ex am ple, Wynn et al. (2010) re ported a mean
con tent of S in un pol luted sam ples of sta lag mites the equalled 25 
and 14 ppm, re spec tively from Ernesto Cave (It aly) and Obir
Cave (Aus tria). Un for tu nately, com par i son of the an a lyt i cal data
from phreatic speleothems is im pos si ble as their chem i cal com -
po si tions have not yet been pub lished.

DISCUSSION

ORIGIN AND COMPOSITION OF PARENT WATER BASED 
ON CARBON AND OXYGEN STABLE ISOTOPE COMPOSITION 

OF SPELEOTHEMS

The o ret i cally, the d13CTDIC (TDIC – To tal Dis solved In or -
ganic Car bon) val ues of car bon ate so lu tions formed with the
par tic i pa tion of soil CO2 un der open sys tem con di tions at about
6°C should be long to the range be tween –11.2 and –12.2‰ for
pCO2 equal to 0.001 and 0.01 atm, re spec tively. Mea sured
d13CTDIC val ues form ing the lower clus ter of points in Fig ure 15
cover the range from –9.7 to –11.5‰ (with the mean value:
–10.9‰). Thus, the ex per i men tal data are slightly more pos i tive
than pre dicted by the the ory. Car bon ate so lu tions be fore ef fec -
tive pre cip i ta tion must reach the nec es sary de gree of
supersaturation with re spect to a given car bon ate min eral. This is 
re al ized by the CO2 outgassing in which light mol e cules are
pref er en tially re moved from so lu tion to the gas eous phase. Dur -
ing this pro cess the car bon ate res er voir re main ing in so lu tion be -
comes pro gres sively en riched in heavy iso topes. Af ter
outgassing (just prior to pre cip i ta tion of car bon ates) the  d13CTDIC

val ues may be 2–3‰ higher than at the sat u ra tion point
(Dulinski and Rozanski, 1990). Due to the short char ac ter is tic
time of car bon iso tope equil i bra tion within the wa ter so lu tion
(Hendy, 1971) the d13C val ues of pre cip i tated car bon ate min er -
als should be close to the car bon iso tope com po si tion of the bi -
car bon ate res er voir. It seems that sam ples rep re sent ing the lower 
group of points in Fig ure 15 formed in this way. It should be
noted there that the ef fec tive pre cip i ta tion of car bon ates from the 
so lu tions formed at pCO2 be low 0.003 atm is strongly lim ited
be cause af ter outgassing the pres sure of CO2 be ing equiv a lent to
dis solved car bon di ox ide is lower than the at mo spheric pCO2.

The up per clus ter of points in Fig ure 15 is rep re sented by
sam ples the d13C val ues of which ex tend from –5.7 up to –0.6‰, 
and d18O val ues are be tween –9.8 and –8.5‰. All but one, sam -
ples be long ing to this group formed in phreatic con di tions. There 
are sev eral pos si ble pro cesses lead ing to en rich ment in 13C of the 
pre cip i tated cal cite. The most im por tant of them in clude:
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  1) ad mix ture of geogenic car bon di ox ide,
  2) in flu ence of at mo spheric CO2 in the for ma tion of the

car bon ate so lu tion,
  3) outgassing of CO2 from the so lu tion,
  4) iso tope ex change be tween dis solved car bon ates and

the rock ma trix,
  5) iso tope ex change with at mo spheric car bon di ox ide.

The car bon iso tope com po si tion of geogenic CO2 that oc curs 
widely in the Pol ish Flysch Carpathians is char ac ter ized by d13C
» –1‰ (Duliński et al., 2005). Ob served d13C val ues of car bon -
ates pre cip i tated from the so lu tions con trolled by geogenic CO2

are close to +8‰ (Dulinski et al., 1995). Ap par ently lower val -
ues of d13C mea sured in car bon ates from Klęczany and at a sig -
nif i cant dis tance of the quarry from the zone of gas eous CO2 ex -
ha la tion in the Pol ish Flysch Carpathians (cf. Chrząstowski and
Węcławik, 1992; Leśniak, 1998) in di cated re jec tion of the  hy -
poth e sis con cern ing ad mix ture of geogenic CO2.

The car bon iso tope com po si tion of pure (not
anthropogenically af fected) at mo spheric car bon di ox ide was
–7‰. Ad mix ture of that CO2 dur ing for ma tion of car bon ate so -
lu tion should in crease the d13CTDIC value. The mag ni tude of this
ef fect de pends on the ra tio be tween at mo spheric and soil com -
po nents. To ob tain a d13C of pre cip i tated car bon ates equal to
about –6‰ the re quired par tial pres sure of soil CO2 should be
about 6 ´ 10–4 atm (as sum ing d13C of the soil CO2 at –21‰ and
open sys tem con di tions). This pres sure is only twice the pCO2 in 
the bulk at mo sphere and, as men tioned ear lier, is too low for the
ef fec tive pre cip i ta tion of car bon ates.

In crease of d13CTDIC val ue due to outgassing of CO2 has been 
al ready dis cussed. How ever, in typ i cal nat u ral con di tions the
mag ni tude of this ef fect is small and can not ex plain the en rich -
ment in 13C of car bon ate de pos its ob served.

In groundwaters in con tact with rocks con tain ing car bon ate
min er als iso tope ex change be tween dis solved and solid car bon -
ates oc curs (Gonfiantini and Zuppi, 2003). This pro cess is rather
slow and re quires a long res i dence time of wa ter in the rock sys -
tem at a min i mum of the or der of thou sands of years. To change
the d13CTDIC value by 8–10‰ the amount of ex changed car bon
should be at least sev eral times higher than in the TDIC res er voir.
The in flu ence of this ef fect on the iso to pic com po si tion of some
sam ples can not be ex cluded on con di tion that they were pre cip i -
tated from groundwaters in dis tant cir cu la tion.

At the fi nal stage of outgassing the pres sure of car bon di ox ide
cor re spond ing to dis solved CO2 is not much dif fer ent from at mo -
spheric pCO2. There fore, fluxes of gas eous CO2 “from” and “to”
the so lu tion be come com pa ra ble en abling ef fec tive iso tope ex -
change be tween both car bon res er voirs. The de gree and ef fec tive -
ness of ex change de pends on the time of con tact of both phases
and on the iso to pic com po si tion of the gas eous CO2. In closed
pas sages, fis sures or caves the gas eous CO2 is of ten close to
chem i cal and iso to pic equi lib rium with TDIC. In such con di tions,
iso tope ex change is sig nif i cantly re stricted. In well-ven ti lated
parts of wa ter pas sages both the con cen tra tion and iso tope com -
po si tion of gas eous CO2 are at at mo spheric lev els. Such con di -
tions are fa vour able for ef fec tive CO2 outgassing and thus, in -

crease of d13C val ues of pre cip i tated car bon ates even above 0‰.
The oxygen iso tope com po si tion of cal cite is con trolled by

the iso to pic com po si tion of wa ter and the tem per a ture of pre cip -
i ta tion. In isotopic equi lib rium these three vari ables are linked
by the O’Neil formula:
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 – equi lib rium frac tion ation co ef fi cient be -

tween C – cal cite, W – wa ter, T – tem per a ture in the ab so lute scale.

Thus, the palaeoclimatic sig nif i cance of the ox y gen iso tope
com po si tion of cal cite must be al ways dis cussed in re la tion  to
the com po si tion of the wa ter. Usu ally, the deu te rium con tent in
fluid in clu sions pro vides valu able in for ma tion about the iso to -
pic com po si tion of ox y gen in the wa ter. How ever, dur ing this
study anal y ses of fluid in clu sions were not avail able. There fore
dis cus sion of the re sults must be based on gen eral as sump tions
about the pres ent-day vari abil ity and past evo lu tion of the sta ble 
iso tope com po si tion of groundwaters around Klęczany. This
iso to pic com po si tion is con trolled mainly by tem per a ture and
al ti tude ef fects. The sta ble iso tope com po si tion of pre cip i ta tion
is usu ally pos i tively cor re lated with the mean an nual sur face
tem per a ture pre vail ing at the pre cip i ta tion site and has thus os -
cil lated in the past. As a rule the iso to pic com po si tion of pre cip -
i ta tion changes with the al ti tude of the ter rain and be comes
more and more de pleted in 18O and 2H at higher el e va tions. This 
is called the “al ti tude ef fect”. In the vi cin ity of Klęczany the
tem per a ture and al ti tude ef fects act in par al lel to each other. In
the Carpathian Mts. the al ti tude ef fect can be ap prox i mated by
the fol low ing equa tion (Zuber et al., 1999):

d 18 918O 0.00172W = - ´ -H .

where: H – al ti tude in m a.s.l.

Re sults of d18OC mea sure ments are shown in Fig ure 16 for 
two iso to pic com po si tions of wa ter. A value of d 18 OH O2

 =
–9.4‰ rep re sents the up per limit of the ox y gen iso tope com -
po si tion, typ i cal of in fil tra tion wa ters sup plied at pres ent-day
cli ma tic con di tions at low al ti tudes in the sur round ing area.
The sec ond value of –12.2‰ is at trib uted to groundwaters re -
charged in colder cli ma tic ep i sodes, prob a bly at the end of the
last gla ci ation and called in brief “gla cial wa ters”. For 
d 18 OH O2

 = –9.4‰ only four sam ples (5e, both sam ples 13 and 
16) give rea son able tem per a tures of for ma tion, com pa ra ble
with the pres ent-day mean an nual value reg is tered at low al ti -
tudes. The age of sam ple 16 sup ports its for ma tion in cli ma tic
con di tions sim i lar to those pres ently oc cur ring in this area.
Tem per a tures in di cated by all other sam ples are above 9.1°C
and thus, un re al is ti cally high. Oc ca sion ally, dur ing gla cial de -
clin ing or short warm ing ep i sodes within cold pe ri ods, in de -
pend ently of pos i tive tem per a tures, pre cip i ta tion of car bon -
ates can take place from wa ter re charged in colder con di tions
and thus, hav ing d 18 OH O2

val ues not cor re lated with sur face
tem per a ture. The iso to pic com po si tion of pre cip i tated car bon -
ates is lower than those formed from wa ter re flect ing the ac -
tual sur face tem per a ture. In that case, with out pre cise knowl -
edge of the iso to pic com po si tion of the wa ter, the tem per a -
tures of car bon ate de po si tion are over es ti mated.

The oxygen iso tope com po si tion of wa ter typ i cal of gla -
cial con di tions (–12.2‰) leads to tem per a tures in the range
from –3.6 to 6.0°C. As many as 7 sam ples give neg a tive tem -
per a tures. Other sam ples cover the range from 0 up to 6°C.
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Neg a tive tem per a tures and those that are too low can re flect the 
ki netic ef fect due to es cape of gas eous CO2 from so lu tion. As a

re sult the d18OC be comes more pos i tive lead ing to the un der es -
ti ma tion of pre cip i ta tion tem per a tures.

Groundwaters pres ently re charged at mod er ate al ti tudes in
the Nowy Sącz Ba sin are char ac ter ized by d 18 OH O2

 val ues av -
er ag ing –10.6‰. Such an iso to pic com po si tion of wa ter and
the mea sured d18OC val ues de ter mine the range of pos si ble
tem per a tures at be tween 2 and 12.5°C. For about 30% of sam -
ples the cal cu lated tem per a tures are also un re al is ti cally high.

The d18O
H O2

 = –11.1‰ is the min i mum value at which the
mea sured iso tope com po si tion of all car bon ate sam ples cov ers
the range of pos i tive tem per a tures, be tween 0 and 10.5°C. For
only six sam ples, the tem per a ture ex ceeds 8°C. How ever this
iso to pic com po si tion of wa ter cor re sponds to a mean el e va tion
of re charge area at about 1200 m a.s.l which is com pa ra ble with 
the high est moun tain peaks lo cated 25–30 km SW of the
quarry. As the re charge area can not be lim ited to peaks only it
is ob vi ous that the in ferred d18O

H O2
 must be higher. As a con -

se quence more car bon ate sam ples would re veal for ma tion tem -
per a tures that are too high.

NON-CARBONATE ADMIXTURES IN PARENT WATER

All speleothems ana lysed were pre cip i tated from rel a tively
clean wa ter which did not con tain sub stan tial siliciclastic ad -
mix tures. This is shown by a lack of im pu ri ties vis i ble un der
the mi cro scope and by geo chem i cal data, such as neg li gi ble
amounts of Si, Al and Fe in all sam ples stud ied (Ta ble 3). The
230Th/232Th ac tiv ity ra tio is also a sig nif i cant in di ca tor of de tri -
tal ad mix ture (Ta ble 1). It is rou tinely used as an in di ca tor of
the re li abil ity of U-Th ages. Usu ally sam ples with a ra tio >20
are re garded as de void of sig nif i cant amounts of tho rium-bear -

ing fine-grained de tri tal com po nents. In the sam ples stud ied the 
230Th/232Th ac tiv ity ra tio ranges from 24 to above 100. Ex clud -
ing two sam ples (KL 7) the iso to pic com po si tion of which has
been mod i fied by postcrystallization pro cesses, the low est ra tio 
of 230Th/232Th char ac ter izes the flowstones (Ta ble 1). Con -
versely, wa ter ta ble and phreatic speleothems yield the high est
val ues of the 230Th/232Th ra tio. This is in line with the lower
amounts of such el e ments as Si, Al, Fe, and Zr in these types of
speleothems (Ta ble 3).

ORIGIN OF ATYPICAL CALCITE CRYSTALS

Phreatic cal cites and thin rafts are com posed of atyp i cal cal -
cite crys tals, which im plies very spe cific con di tions for their
growth. Sim i lar crys tals have been de scribed from en vi ron -
ments where wa ter is highly sat u rated with re spect to cal cium
car bon ate, as for ex am ple hot-springs (Folk et al., 1985;
Chafetz et al., 1991; Jones et al., 2005). There, car bon ates are
formed un der a high de gree of dis equi lib rium. This is a gen eral
term pro posed to em brace sev eral in ter re lated fac tors con trol -
ling dis equi lib rium crys tal li za tion (Jones and Renaut, 1995).

Such fac tors as rapid de gas sing of CO2 lead ing to in creases
of sat u ra tion in di ces and in con se quence to rapid for ma tion of
car bon ate min er als must be ruled out when dis cuss ing the
Klęczany case due to sev eral rea sons. All these fac tors op er ate
in hot-spring sys tems con tain ing wa ter highly charged with
deep-seated CO2. There, vig or ous outgassing of CO2 leads to a
strong ki netic frac tion ation of iso topes (Chafetz et al., 1991;
Chafetz and Law rence, 1994; Guo et al., 1996). As a con se -

quence, crys tal liz ing cal cites have d13C sub stan tially higher
than those dis cussed from Klęczany. More over, in a stag nant
wa ter body de gas sing is def i nitely more ef fec tive in the zone
lo cated just near the air–wa ter in ter face. Thus, crys tals with
morphologies sig nif i cantly af fected by de gas sing should be
formed ex clu sively or pre dom i nantly in this zone. Con versely,
the crys tals dis cussed form thin rafts as well as phreatic spar,
that is speleothems de vel oped at dif fer ent depths be low the wa -
ter ta ble. Thus, one can ex pect dif fer ent con di tions cor re spond -
ing to dif fer ent growth rates of crys tals.

The pres ence of ions other than Ca and HCO3 may be an -
other fac tor in flu enc ing the dis equi lib rium dur ing crys tal li za -
tion (Jones and Renaut, 1995). For in stance, Folk et al. (1985)
put for ward a hy poth e sis ex plain ing the cur va ture of faces in
gothic-arch cal cite by in cor po ra tion of SO4 groups into cal cite
crys tals. These rel a tively large ions caused the de for ma tion of
cal cite faces. Qua ter nary cal cite ce ments in the Sellafield area
(Cum bria, UK) may serve as an other ex am ple (Milodowski et
al., 1998). These ce ments, grow ing be low the “sa line tran si tion
zone”, where chlo ride con cen tra tion in wa ter is abruptly
shifted, dis play elon gated forms, in con trast to ce ments formed
over above zone. A sim i lar phe nom e non was ob served in the
case of cal cite from the Tono area in Honsiu, Ja pan (Iwatsuki et 
al., 2002). More over, the con trols of for eign ions on cal cite
mor phol ogy have been ex per i men tally con firmed (Paquette
and Reeder, 1995; Ruiz-Agudo et al., 2011). The el e vated con -
tent of Na and S in the cal cites stud ied from Klęczany in com -
par i son to other speleothems seems to pro vide an im por tant in -
di ca tion (Ta ble 3).
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Fig. 16. Re la tion be tween ox y gen iso tope com po si tion 
of pre cip i tat ing cal cite and wa ter at dif fer ent tem per a tures

 Dashed lines are re ferred to the pres ent mean an nual tem per a tures in the
mid dle part of the Nowy Sącz Ba sin (7.5°C) and in the peak zone of the

moun tains (4°C). Black points rep re sent mea sured d18O of car bon ates.

They are plot ted for two val ues of d18O of wa ter: –9.4‰, typ i cal of pres ent
in fil tra tion wa ters re charged at low al ti tudes, and –12.2‰, be ing rep re sen -
ta tive for gla cial wa ters



CLIMATIC AND TOPOGRAPHIC CONDITIONS 
OF SPELEOTHEM GROWTH

It is now gen er ally ac cepted that speleothems grow ef fi -
ciently dur ing warm and hu mid cli ma tic con di tions. The ages
of speleothems ob tained from Klęczany seem to gen er ally sup -
port the above rule. This is shown by their com par i son with
speleothem growth fre quency curve con structed for the
Carpathians (Fig. 14; Hercman, 2000). 

The growth pe ri ods of some speleothems from Klęczany
are also well-cor re lated with ma rine iso tope stages (MIS, see
Imbrie et al., 1984; Martinson et al., 1987). They fall into MIS 1 
(Ho lo cene), MIS 5a and MIS 7 (Fig. 14). How ever, some ex -
cep tions are ob served. Three sam ples la belled as KL 1, KL 11
and KL 13, rep re sent ing thin raft, mas sive raft and mammillary
sparry crust, re spec tively, crys tal lized be tween 35 ka and
26.2 ka, that is in the rel a tively warmer MIS 3 and colder MIS
2, but not dur ing the last gla cial max i mum (MIS 2). Sim i larly,
sam ples KL 11 and KL 11-1 (mas sive rafts) seem to have
formed dur ing the cold MIS 6. How ever, sev eral speleothems
of this age are known from cen tral and west ern Eu rope (see
Hercman et al., 1997, 2008; Plagnes, 2002). Thus, the age of
the speleothems stud ied sug gests that their growth was in some
way cli mat i cally con trolled, as for the ma jor ity of speleothems
from so lu tion caves.

The pres ence of speleothems of known age sheds some
light on palaeohydrological and palaeotopographic con di tions
(Ford, 1973; Ford et al., 1993; Hercman et al., 2008). Cal cite
rafts may pro vide valu able in for ma tion in this field. They were
formed strictly at the level of the wa ter ta ble. The old est rafts
yield an age 230 13

14
-
+  ka. The lo ca tion of the wa ter ta ble was

mainly gov erned by the en trench ment of the neigh bour ing val -
ley. This shows that the wa ter ta ble at that time was lo cated ap -

prox i mately at an al ti tude 390–400 m. Thus, one can ex pect
that the val ley bot tom around 230 ka was lo cated ap prox i -
mately at the same po si tion as it is at pres ent. On the other hand, 
the find ing of se ries of the rafts ce mented to the fis sure walls in -
di cates fluc tu a tions of the wa ter ta ble af ter their for ma tion.
How ever, these fluc tu a tions were not sig nif i cant since the sub -
stan tially youn ger rafts oc cur ap prox i mately at the same el e va -
tion (see Ta ble 1 and Fig. 8A).

The in tact mas sive rafts which are ce mented and link op po -
site sides of the fis sures show that at least some fis sures have
not been wid ened since the time of raft for ma tion. The fis sure
must have been open be fore raft formation.

PROPOSED SCENARIO OF SPELEOTHEM GROWTH

This brief dis cus sion of the most im por tant ef fects po ten -

tially in flu enc ing both the d13C and d18O of speleothems from
the Klęczany Quarry as well as their mor phol ogy and the pres -
ence of atyp i cal crys tals in di cate the am bi gu ity of pro cesses
lead ing to their for ma tion. The di ver sity of iso to pic com po si -
tion ob served makes ex pla na tion of their gen e sis dif fi cult.
There fore, any model for mu lated must be more or less spec u la -
tive. The pos tu lated sce nario of pre cip i ta tion of the cal cite
speleothems is given be low (Fig. 17). Both its mer its and dis ad -
van tages are thor oughly dis cussed.

The pro posed sce nario as sumes the par tic i pa tion of two dif fer -
ent wa ters in pre cip i ta tion of the car bon ates. An anal o gous sit u a -
tion was de scribed from caves in the Black Hills, where some
speleothems pre cip i tated from in fil tra tion or as cend ing wa ter
(Bakalowicz et al., 1987; Ford, 1989; Ford et al., 1993). The
Klęczany Quarry is sit u ated within a tec tonic win dow in which the 
seeps of oil were for merly ob served (Matl, 1975). Szpakiewicz
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Fig. 17. Model de pict ing the growth con di tions of speleothems in Klęczany



(1976) has de scribed the pres ence of highly min er al ized wa ter
(>25 g/L) at a depth of about 500 m be low the sur face. Wa ter of
this type is known from the Pol ish Outer Carpathians (e.g.,
Oszczypko and Zuber, 2002). It as cends to the sur face along fault
zones (Chowaniec, 2009, fig. 37). More over, the for ma tion of re -
cent tufa in the Mszana Dolna tec tonic win dow, which can serve
as an an a logue to the Klęczany tec tonic win dow, is as cribed to
spring zones of deeply-cir cu lat ing wa ter (Gruszczyński and
Mastella, 1986). Thus, in the past, the oc cur rence of as cend ing
wa ter of deep cir cu la tion was prob a ble in the Klęczany area. Such
wa ter must have been re charged at el e va tions ex ceed ing the al ti -
tude at the Klęczany Quarry. It must have been char ac ter ized by
lower d 18 OH O2

 val ues than in fil tra tion wa ters in the vi cin ity of the 
quarry. Also its tran si tion time could be suf fi ciently long for sig -
nif i cant car bon iso tope ex change be tween the dis solved car bon -
ates and the rock ma trix. This wa ter could con tain dis solved
CaCO3 not only from the Cergowa Sand stones but, as seems plau -
si ble, also from un der ly ing rocks. Car bon ates pre cip i tat ing from
such wa ter should be more neg a tive in d18O and si mul ta neously
more pos i tive in d13C than those de pos ited from the so lu tions
formed by lo cal me te oric wa ter with the par tic i pa tion of soil CO2.
The phreatic speleothems: cal cite sparry crusts and mas sive rafts
found in the quarry could pre cip i tate from this wa ter. They form
the up per clus ter of points in Fig ure 15.

The me te oric wa ter in fil trat ing through the soil layer is the
sec ond wa ter in flux the im por tance of which in pre cip i ta tion of
the speleothems is as sumed in this sce nario. It flowed down the
fis sure walls in the vadose zone and filled the fis sures in the up -
per phreatic zone. This wa ter dis solved the Cergowa Sand stones. 

Due to CO2 outgassing, the d13C of the dis solved car bon ate res -
er voir was shifted up 2‰ to wards higher val ues whereas the

d18O was shifted in sig nif i cantly or re mained un al tered (as a re -
sult of ox y gen iso tope ex change be tween bi car bon ates and wa -
ter). On the fis sure walls where the thin film of this wa ter seeped
down, the flowstones and sta lac tites pre cip i tated. The thin rafts
formed in stag nant wa ter. Sam ples pre cip i tated from this type of
wa ter are rep re sented in Fig ure 15 by the lower clus ter of points.

This sce nario ex plains sat is fac to rily the sta ble iso tope com -
po si tion of the car bon ates. It also clar i fies the lack of de tri tal
im pu ri ties in the phreatic and wa ter ta ble speleothems.

How ever, the sce nario also has a few dis ad van tages. It can -
not fully ex plain the sim i lar ity of cal cite crys tals be long ing to
sam ples form ing the up per clus ter of points in Fig ure 15, that is
sparry crusts and mas sive rafts with thin rafts fall ing into the
lower clus ter. The o ret i cally, mix ing of as cend ing and me te oric
wa ters may be con sid ered. Ac cord ing to the above dis cus sion
the cal cite rafts would be an an a logue for speleothems formed
in mix ing-zone caves, which abound in rafts and sub aque ous
speleothems (Csoma et al., 2006; Fornós et al., 2009; van
Hengstum et al., 2011). But on the other hand, as sum ing the ne -
ces sity of mix ing of both types of wa ter, it is dif fi cult to ex plain
the lack of speleothems which yield mod er ate val ues of sta ble
iso tope com po si tion.

The lack of de tri tal im pu ri ties in flowstones can not be ex -
plained ei ther. Formed from in fil trat ing wa ter pass ing through the
soil zone and dis solv ing cal car e ous sand stones, they should con -
tain sub stan tial amounts of de tri tal ad mix tures. How ever, the
flowstone sam ples are of high pu rity. This phe nom e non may re -

flect the pu ri fi ca tion of seep age wa ter be tween the weath ered zone 
and the open fis sure where the flowstones crys tal lized.

The pro posed sce nario ex plains abun dance of unique
phreatic and, to some ex tent, also wa ter ta ble speleothems in
the Klęczany Quarry since they are as so ci ated with the zone of
wa ter as cent. Thus, a scar city of anal o gous cal cites in the Outer
Carpathians is ex pected. Con versely, speleothems pre cip i tated
from in fil trat ing wa ter should be widely dis trib uted also in
other re gions of the Carpathians, es pe cially in ar eas where car -
bon ate-bear ing rocks have con tact with in fil tra tion wa ter. In -
deed, some speleothems have been found in non-karst caves
de vel oped in the Cergowa Sand stones (Ur ban et al., 2007b).
How ever, those speleothems con tain sub stan tial amounts of
non-car bon ate de tri tal ad mix tures, and so dif fer from the
speleothems dis cussed from Klęczany. Such de tri tal ma te rial is
es pe cially prone to be in tro duced into subsurface open fis sures
(Gradziński et al., 2010).

CONCLUSIONS

1. Pe cu liar cal cite speleothems in the Klęczany Quarry rep -
re sent vadose, wa ter ta ble and phreatic forms, that is flowstones 
and sta lac tites, thin and mas sive rafts and var i ous types of
sparry crust.

2. The speleothems are com posed of cal cite crys tals, some of
which are of ec cen tric mor phol ogy. Such crys tals are com mon in 
thin rafts and in sparry crusts. The or i gin of these crys tals may be
linked with the pres ence of for eign ions in the par ent wa ter.

3. The speleothems yield ages be tween 230 13
14

-
+ ka and Ho lo -

cene. They crys tal lized dur ing warm pe ri ods – MIS 7, MIS 5a
and MIS 1, dur ing the warm MIS 3 cold MIS 2 bound ary in ter -
val as well as dur ing the cold MIS 6. This sug gests that their
growth was to some ex tent cli mat i cally controlled.

4. Phreatic speleothems, in clud ing mas sive rafts, pre cip i -
tated from as cend ing wa ter of deep cir cu la tion. They are char -
ac ter ized by d18O val ues rang ing from –9.8 to –8.5‰ and d13C
val ues rang ing from –5.7 to –0.6‰. Crys tal liz ing vadose and
wa ter ta ble speleothems were fed with lo cal in fil tra tion wa ter
charged with soil CO2. They are more neg a tive in d13C and
more pos i tive in d18O than phreatic speleothems. Near the wa -
ter ta ble the wa ters mixed, which af fected the mor phol ogy of
crys tal com pos ing the thin rafts.

5. The wa ter ta ble in the Klęczany area be fore quarrying
was at a sim i lar level as at more than 230 ka. Thus, the bot tom
of the val ley is also in a sim i lar position.
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