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Tufas in the Podhale Synclinorium (south ern Po land) oc cur as encrustations on moss and plant re mains, crusts, po rous, clastic and mas -
sive tufas. The tufas are al most en tirely com posed of cal cite with small ad mix ture of quartz, illite and chlorite. These de pos its in di cate the 
bi otic and/or abiotic or i gin of cal cium car bon ate. The tufas oc cur in the vi cin ity of map-scale and mi nor fault zones. They pre cip i tate near 
fis sure springs linked with small faults and fault rocks or seepages along them. Ex po sures with tufas oc cur along sev eral oblique and lat -
eral zones. The oblique zones are re lated to Białka and Biały Dunajec faults that have nor mal com po nents. The lat eral zones of tufa oc -
cur rences are con nected with lat eral faults lim it ing the “zone of beds with gen tle dips” and extensional brit tle struc tures within the hinge
of the synclinorium. The re la tion ship of the tufa with brit tle extensional struc tures sug gests Qua ter nary tec tonic ac tiv ity of the Podhale
Synclinorium that can be ex plained by con tin ued up lift in the area stud ied.
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INTRODUCTION

The oc cur rence of cal car e ous tufas in the Pol ish part of the
Podhale Synclinorium has long been doc u mented (Halicki,
1930; Halicki and Lilpop, 1932). Sev eral occurrances of these
rocks in the Podhale area have been sub se quently de scribed
(Birkenmajer, 1958a, 1964; Małecka, 1974; Mastella, 1975;
Watycha, 1976, 1977; Mastella and Mizerski, 1977; Szulc,
1983; Pazdur, 1987; Mastella et al., 1996; Alexandrowicz,
1997); ad di tion ally, 80 tufa and trav er tine sites have been listed 
from the Slo vak part of the Cen tral Carpathian Paleogene Ba -
sin of the Cen tral West ern Carpathians (Leško, 1958; Zýka and 
Vtělenský, 1960; Ložek, 1961, 1964; Fusán, 1963; Kovanda,
1971; Gross and Köhler, 1980; Čabalová, 1991; Gradziński et
al., 2008a). Tufas have also been doc u mented in the Tatra Mts.
area (Rabowski, 1930; Gradziński et al., 2001; Smieja and
Smieja-Król, 2007) and in the Pieniny Klippen Belt
(Alexandrowicz, 2004 and ref er ences therein).

Sites of tufas in the Podhale Synclinorium have been ob -
served in ar eas of flow ing wa ter: (a) in the up per parts of mi nor

streams, which are dif fi cult to ac cess; (b) on steep banks of
short trib u tar ies of main rivers and streams; (c) on river ter races 
and their slopes. Fur ther more, tufa de pos its are usu ally cov ered 
with moss and grass. There fore, most of the tufa sites have re -
mained un no ticed till pres ent. De tailed field stud ies fo cused on
doc u ment ing the oc cur rence of tufas ad ja cent to fault zones,
have al lowed us to rec og nize 71 tufa sites in the Podhale
Synclinorium (Ap pen dix 1 – sup ple men tary file*). Study of the
tufas is on go ing. This pa per de scribes the dis tri bu tion and fab -
ric of tufa de pos its and in di cates their re la tion ships with the tec -
ton ics of the Podhale Synclinorium.

GEOLOGICAL SETTING

The Podhale Synclinorium (Mastella, 1975) is com posed of 
rocks that form part of the Paleogene cover of the Cen tral West -
ern Carpathians (Figs. 1 and 2; Marschalko, 1968;
Książkiewicz, 1972). The Podhale Synclinorium com prises
shales and sand stones of Oligocene to Early Mio cene age
(Gedl, 2000a, b; Garecka, 2005), ly ing on de pos its of the
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“Num mu lit ic Eocene” (Sokołowski, 1959; Watycha, 1968)
that rep re sent the Borové For ma tion (sensu Gross et al., 1984;
Fig. 3). The thick ness of the en tire suc ces sion is es ti mated at
2.5–4 km (Gołąb, 1959; Watycha, 1959, 1976, 1977; Mastella,
1975). 

The sed i men tary se quence in the Podhale Synclinorium
com prises four in for mal lithostratigraphic units: the Szaflary
Beds in the low er most part of the suc ces sion in the north ern
limb of the synclinorium, fol lowed by the Zakopane, Chocho-
łów and Ostrysz Beds in the up per part of the suc ces sion across
the en tire synclinorium area (Gołąb, 1959; Watycha, 1959,
1968; Dudziak, 1983, 1986). The beds cor re late with the
Śambron Mem ber and the Huty, Zuberec and Biely Potok for -
ma tions, re spec tively, in the Slo vak part of the Cen tral Carpa -
thian Paleogene (Gross et al., 1984). Lithostratigraphic bound -
aries be tween the beds are var i ously shown on maps by dif fer -
ent au thors (Birkenmajer, 1968; Watycha, 1974, 1976;
Małecka, 1982). 

The con tact of the Podhale Synclinorium with the
Sub-Tatric units is sed i men tary, whereas that with the Pieniny
Klippen Belt is tec tonic (Uhlig, 1897, 1903; Birkenmajer,
1958b; Figs. 1–3). Bed ding dips are steep near the Pieniny
Klippen Belt and be come more gen tle to wards the south. Dip
val ues sig nif i cantly in crease again in the zone of the peri-
 Pieniny flex ure. Fur ther to the south oc curs an up lifted “zone of 
beds with gen tle dips” (Mastella, 1975), fol lowed by an ax ial
zone (Fig. 2) with mesofolds. The south ern limb of the
synclinorium is monoclinal with a nar row belt of tec tonic de -
for ma tion near the Sub-Tatric units (Fig. 2). These par al lel tec -
tonic zones are cut by large trans verse fault zones (Mastella,
1975; Mastella et al., 1996). Two of them, the Białka and Biały
Dunajec fault zones cut the Pieniny Klippen Belt to the north
and con tinue in the Sub-Tatric Units to the south (Fig. 2). These 
are scis sor faults and they up lift the south ern part of the
Podhale Synclinorium and lower the area be tween the Białka

and Biały Dunajec rivers in the north ern part of the
synclinorium (Mastella, 1975; Mastella et al., 2012).

The struc ture of the Podhale Synclinorium be gan to form as 
a re sult of hor i zon tal N–S com pres sion and its fi nal con fig u ra -
tion is the con se quence of up lift of the area (Mastella, 1975;
Buday et al., 1967). Mastella (1975) and Ludwiniak (2010)
con sid ered the Late Oligocene/Mio cene as the be gin ning of the 
for ma tion of the Podhale Synclinorium. The same age of N–S
com pres sion in the Cen tral West ern Carpathians is in di cated by 
Fodor et al. (1999), al though these au thors do not ex clude that
the compressional re gime might have op er ated as late as the
Mid dle Mio cene. Sim i lar sug ges tions were made by Vojtko et
al. (2010) based on data from palaeostress anal y sis in the
Špiska Magura Mts. The up lift of the Podhale Synclinorium
com menced from the Mid dle Mio cene times and con tin ues at
pres ent (Makowska and Jaroszewski, 1987; Anczkiewicz et al., 
2005; Perski, 2008; Śmigielski et al., 2012). 

METHODS

Field work was car ried out across the en tire Podhale area us -
ing top o graphic maps at the scale of 1:10 000. Some 71 lo ca tions 
with cal car e ous tufas (Ap pen dix 1) have been doc u mented since
the 1960s, based on our ob ser va tions as well as ar chi val data of
the Lab o ra tory of Tec ton ics and Geo log i cal Map ping, In sti tute
of Ge ol ogy, Uni ver sity of War saw (Kędzierska, 2001;
Majewska, 2001; Dziudzik, 2002; Stępczak, 2011). Most of the
tufas were lo cal ized by pac ing and marked on the top o graphic
maps. The lo ca tions were con verted to geo graphic co or di nates
by geoportal. Some of the tufas have been pre vi ously re ported,
but most are doc u mented for the first time. The num ber of tufa
sites is vari able due to ero sion of the ex ist ing ex po sures and cre -
ation of new ones. Ob ser va tions were car ried out along rivers
and streams as well as along their trib u tar ies. The lo ca tions of
many tufas co in cide with map-scale faults and fault zones
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Fig. 1. Geo log i cal sketch-map of the north ern part of the Cen tral West ern Carpathians with lo ca tion of the study area
 (af ter Żytko et al., 1989 and Biely et al., 1996, mod i fied)
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(Fig. 2) as well as mesofaults (Figs. 4–6). The tufas were sam -
pled for thin sec tion prep a ra tion and geo chem i cal anal y ses. The
min er al og i cal com po si tion of the tufas was de ter mined with a
DRON-1 diffractometer in the In sti tute of Geo chem is try, Min er -
al ogy and Pe trol ogy, Uni ver sity of War saw. Petrographic ob ser -
va tions were per formed on se lected sam ples of tufa us ing a po -
lar ized mi cro scope at the In sti tute of Ge ol ogy, Uni ver sity of
War saw and scan ning elec tron mi cro scope in the In sti tute of
Geo log i cal Sci ences, Pol ish Acad emy of Sci ences in War saw.

TERMINOLOGY

Fresh wa ter car bon ate ter mi nol ogy has de vel oped over the
de cades. Many stud ies de scrib ing the et y mol ogy and or i gin of
the terms trav er tine and tufa, used widely in the lit er a ture, are
listed by Pen te cost (2005). The li thol ogy of the de pos its stud -
ied, their tex tures, the pres ence of plant and their imprints al low 
us to use the term cal car e ous tufa (Szulc, 1983; Pedley, 1990;
Gradziński, 2010) or meteogene trav er tine (sensu Pen te cost,
1995) for most of their oc cur rences. Tufas have their car bon di -
ox ide source in shal low cir cu la tion wa ters (Chafetz and Folk,
1984). The link age of the de pos its stud ied with fault zones, the
mor pho log i cal forms of some of them (e.g., mounds) and iso -
tope data (Pazdur et al., 1988) sug gest that these de pos its may
de rived car bon di ox ide from deep cir cu la tion wa ters and thus
can be re garded as trav er tine (Chafetz and Folk, 1984; Pedley,
1990) or thermogene trav er tine (Pen te cost, 1995). How ever,
the fi nal as sign ment of the de pos its stud ied as travertines de -
pends on sta ble iso tope anal y sis. Thus, we con se quently use
herein the term cal car e ous tufa for all the types of fresh wa ter
car bon ate de pos its in this region. 

MACROSCOPIC OBSERVATIONS

Sev eral in de pend ent clas si fi ca tions of fresh wa ter car bon -
ates based on dif fer ent cri te ria have been pro posed (Julia,
1983; Szulc, 1983; Chafetz and Folk, 1984; Rutkowski, 1991;
Pen te cost and Viles, 1994; Ford and Pedley, 1996). Dur ing

field work, we have used the clas si fi ca tion based on mac ro -
scopic tex tural and mor pho log i cal cri te ria pro posed by
Gruszczyński and Mastella (1986).

Sev eral tex tural va ri et ies of tufas were dis tin guished dur ing 
the stud ies. The most com mon are thin coat ings (Fig. 2 – e.g., 7, 
34, 62), up to sev eral mm thick, form ing crusts on plant re mains 
and tree roots on slopes of stream ter races and on peb bles and
sur faces on stream bot toms (Figs. 4 and 7A, J, K). Crusts oc cur
in ar eas of low flow or seep ing wa ter and oc cur in a va ri ety of
forms rang ing from smooth cov ers, through nod u lar forms to
ag gre gates of small cal cite crys tals (Figs. 4 and 7K). Fre -
quently, the ir reg u lar crust sur faces de velop in ar eas of plant
growth and over de posit-ce mented plant de bris. Crusts cover
ar eas rang ing in size from a few to tens of square metres. These
forms have been ob served in al most all tufa out crops in the
study area.

A spe cial form of tufa is rep re sented by frag ile cal car e ous
encrustations on moss (Fig. 2 – e.g., 22, 52, 32) oc cur ring on
slopes of main stream val leys or their trib u tar ies in ar eas of low
flow or seep ing wa ter. These may form cal ci fied moss cur tains
in shaded over hangs (Figs. 5 and 7) of up to few metres in high
and sev eral metres in width. Be neath the moss cur tains, in
cave-like niches, there oc cur char ac ter is tic speleothem forms of 
vari able shape. 

Tufas with a highly po rous tex ture, fre quently hard but lo -
cally soft and poorly lithified (Fig. 2 – e.g., 22, 33, 34) oc cur on
the stream bot toms (Fig. 8), on stream ter races as well as in the
seep age zones of stream ter race slopes (Fig. 7). They can cover
an area of up to sev eral square metres and may ex ceed a few
metres in thick ness. Po rous tufas fre quently show a lam i nated
fab ric and oc ca sion ally a tex ture typ i cal of stromatolites.

Clastic tufas, po rous, hard (Fig. 2 – e.g., 6, 22, 36, 37) ce -
ment ing al lu vial gravel, frag ments of lo cal rock, brec cia,
oncoids, peloids or older tufa clasts (Fig. 7F) form on stream
val ley slopes (Fig. 6). Their thick ness var ies and may ex ceed
sev eral metres. Oc ca sion ally, blocks of clastic tufas de tached
and dis placed down wards, were found in the stream bot toms. 

Mas sive tufas, hard, lo cally thinly bed ded, fre quently with
a lam i nated fab ric (Fig. 2 – e.g., 18, 22, 33) form on ter races
and ter race slopes as well as on stream val ley slopes (Fig. 5).

736 Leonard Mastella and Barbara Rybak-Ostrowska

Fig. 3. Sche matic geo log i cal cross-sec tion through the Podhale Synclinorium
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Fig. 4. Tufas

A – ac tive crusts (yel low) (no. 7) in the Ligasowski Stream; B – sketch of out crops no. 7 and 8 (af ter Dziudzik, 2002, mod i fied);
 C – ac tive cal car e ous tufa cov ered by moss (no. 11) in the Kotelnica Stream; D – sketch of out crops no. 10 and 11 (af ter Dziudzik, 2002, mod i fied);

 ex pla na tions and scale as in B; E – speleothems in shaded niche be neath en crusted moss (no. 11)
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Fig. 5. Sketch of the cal car e ous tufa oc cur rence in the Gliczarowski Stream and its vi cin ity (no. 22) 
with sche matic geo log i cal cross-sec tion of out crop no. 21 (af ter Majewska, 2001, mod i fied)

Fig. 6. Sketch of the cal car e ous tufa oc cur rence in the Suchy Stream and its vi cin ity (no. 18)

Ex pla na tions as in Fig ure 5
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Their thick ness var ies be tween par tic u lar out crops and may ex -
ceed sev eral metres. 

Mas sive, clastic and po rous tufas (Fig. 7) build bod ies of
dif fer ent size and ge om e try, from tab u lar or fan-like shapes
through cas cades to mounds (Figs. 4 and 5). The spa tial dis tri -
bu tion of dif fer ent tufas is het er o ge neous with a com plex in ter -
nal ar range ment (cf. Alexandrowicz, 1997). They may con -
tinue into crusts and plant encrustations at their mar gins that lo -
cally spread into the stream bed.

Tufas of ten oc cur on the outer washed-over stream banks
and in the in ner reaches of streams in ar eas of small trib u tar ies.
They pre cip i tate near fis sure springs linked with small faults
and brec cia zones or seepages oc cur ring in their pro lon ga tions.
The re la tion ships of tufas to faults have been ob served in in di -
vid ual ex po sures as well as in se ries of ex po sures lo cated along
map-scale faults. An ex am ple is the oc cur rence of tufas along
lat eral faults lim it ing a “zone of beds with gen tle dips” (Figs. 2
and 3), par tic u larly ev i dent in the south ern part of the
Kaniowski Stream (Fig. 2; out crops no. 34, 35) to the east in the 
re gion of Kacwin (Fig. 2 – no. 63, 66, 68). An other ex am ple is
the well-known ex po sure of tufas in the re gion of Gliczarów
(Halicki, 1930), where a map-scale fault con tacts the Biały

Dunajec fault zone (Fig. 2, no. 22; Mastella, 2001; Mastella et
al., 2012). The tufa crop outs within bogs on the north ern flat
part of the Gliczarowski Stream val ley (Fig. 5). It oc cu pies an
area of about 6 hect ares in a fan-like form.

A unique oc cur rence of tufa has been noted on the south ern
slope of the Suchy Stream val ley (Fig. 2, no. 18). A se ries of tufa
mounds, ex ceed ing sev eral metres in height and di am e ter, oc -
cupy a field of about 1 hect are be tween two mi nor trib u tar ies of
the Suchy Stream (Fig. 6). It is the larg est oc cur rence of de pos its
in such a mor pho log i cal form in the Podhale Synclinorium. 

COMPOSITION AND FABRIC OF THE TUFAS

X-ray dif frac tion study shows that the tufa con sists mainly 
of cal cium car bon ate with a small ad mix ture of quartz, illite
and chlorite (Fig. 9). It is con sis tent with XRD data from the
Slo vak part of the Paleogene sed i men tary cover (Zýka and
Vtělenský, 1960; Čabalová, 1991). The cal cium car bon ate
con tent is about 95% in most sam ples. Thus most tufas are
white in col our with var i ous shades of grey; oc ca sion ally,
they are also yel low or brown. 

The tufas dis play var ied macro- and mi cro scopic po ros ity,
sub-di vided af ter Choquette and Pray (1970) into inter gra nu lar, 
mouldic, shel ter and frame work po ros ity. Inter gra nu lar po ros -
ity has been ob served in clastic tufas (Fig. 7F, G). This has been 
ob served in clasts of lo cal rock as well as in older tufas
(Fig. 7G). Mouldic po ros ity com monly oc curs in tufas that ce -
ment plant frag ments and tree roots (Fig. 7C, D). It is also fre -
quent in clastic tufas (Fig. 7G). Shel ter po ros ity has been found
be neath leaf sur faces and other flat plant frag ments. Moss ce -
men ta tion by cal cium car bon ate pro duces tufas with high
frame work po ros ity (Fig. 7H, I). These tufas of ten have a po -
rous and frag ile tex ture.

Mi cro scopic ob ser va tions show that the tufas con sist of two 
poly morphs of crys tal line cal cium car bon ate: dom i nant cal cite
(Fig. 7E) and rare ar agon ite. Pri mary cal cite crys tals are fre -
quently fine anhedral, only oc ca sion ally coarse euhedral. Small 
voids and hol lows in tufas with po rous frame work con tain
sub-euhedral cal cite crys tals. Ar agon ite is rep re sented by small
crys tals ran domly dis trib uted within the po rous tufas or by
small clus ters of crys tals.
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Fig. 8. Ac tive po rous tufa colo nised by plants, the bed rock 
of the Niedziczanka Stream, out crop no. 53

Fig. 9. Ex am ple of X-ray dif frac tion iden ti fi ca tion of min er al og i cal com po si tion of tufas

Cal – cal cite, Il – illite, Chl – chlorite, Qz – quartz; Czarnogórski Stream (out crop no. 40)



Encrustations on moss, crusts on plant re mains and po rous
tufas con sist mainly of micrite, typ i cal of mi cro bial ce ments
(Figs. 7L and 10). Crusts, po rous soft de pos its and mas sive
forms of tufa fre quently show lam i nated fab ric with light- and
dark-col oured laminae (Fig. 7C, D, L). The laminae are white
or white-brown and grey or brown in col our, re spec tively. In di -
vid ual laminae range from sub-millimetric to 2 mm in thick -
ness. In most sam ples the lam i na tion ap pears to be
heteropachous. In most of the crusts, in di vid ual laminae con sist 
of micrite. Thick mas sive tufas and clastic tufas also show
sparite crys tals within in di vid ual laminae (Fig. 7G). Ra di at ing
struc tures that are con cen tri cally lam i nated are com mon in
mas sive tufas (Fig. 7D). Cal cite de po si tion within biofilm lay -
ers around clasts of dif fer ent or i gin is com mon in the clastic
tufas (Fig. 7G). 

Pri mary fab ric-se lec tive po ros ity pro duces ce mented cav i -
ties. Cav i ties in tufas are fre quently infilled by sparite drusy
crys tals up to 1 mm in size (Fig. 10). A pal i sade habit of crys -
tals of such fringe ce ments has been also ob served in as so ci a -
tion with micrite tufas of dif fer ent types (Fig. 10).

TUFA DEVELOPMENT

Ac cord ing to  mol lusc data (Halicki, 1930; Urbański, 1932; 
Alexandrowicz, 1984) and sta ble iso tope anal y sis (Pazdur,
1987; Pazdur et al., 1988) tufas in the Podhale Synclinorium
have de vel oped from Late Gla cial to Ho lo cene times. Many
years of field ob ser va tions in di cate that tufa de pos its are con -
tin u ing to form. Com monly, these de pos its may be dis in te -

grated and de stroyed by me chan i cal (floods) or chem i cal pro -
cesses (dis so lu tion), and than later partly or com pletely re built
at the same lo cal ity or in its close vi cin ity.

The tufa ac cu mu la tions in the Podhale Synclinorium have
been in flu enced by the sed i men tary en vi ron ment as well as by
physico-chem i cal and bi o log i cal con di tions. Cal cite pre cip i ta -
tion on plants, de bris and tree roots – the ba sic nu clei of crys tal
growth – pro duces de pos its with ir reg u lar fab ric and high po -
ros ity (Figs. 7B, H and 10) that are char ac ter is tic of most ini tial
tufa de pos its (Pedley, 2000; Viles and Pen te cost, 2008). 

Tufa fab ric in di cates the bi otic and/or abiotic or i gin of cal -
cium car bon ate de pos its (Fig. 7C, D, L). A lam i nated tex ture in
micritic tufa may point to sea sonal ac cu mu la tion, lo cally con -
nected with the growth of al gae that form stromatolites sim i -
larly to those in ves ti gated by Gradziński (2010). These tufas
may form in both low and high en ergy en vi ron ments. 

Well-de fined lam i na tion (Fig. 7D) is also char ac ter is tic of
tufas de ter mined as cal car e ous sinter (Szulc, 1983 and ref er -
ences therein) in di cat ing abiotic pre cip i ta tion of cal cite. The
physico-chem i cal de po si tion of cal cium car bon ate in di cates
high en ergy en vi ron ments and may oc cur at the out lets of
springs and at wa ter falls (Szulc 1983; Pen te cost and Viles,
1994; Zhang et al., 2001). 

The lo ca tion and com po si tion of clastic tufa de pos its in di -
cate high en ergy en vi ron ments, prob a bly con nected with
fall-off pro cesses gen er ated on val ley slopes (Vázquez-Urbez
et al., 2012). How ever, the pres ence of oncoids and ad mix tures
of quartz sand within clastic tufas (Fig. 7G) point to flow ing
wa ter en vi ron ments, prob a bly small flu vial chan nels (cf.
Vázquez-Urbez et al., 2012). Ad di tion ally, al ter nat ing mi cro -
bial and chem i cal ce ments may in di cate vari able con di tions
dur ing diagenesis of the de pos its. All these in di cate a com plex
pro cess of clastic tufa de vel op ment.

All tufas pro duce po ros ity which can be filled by sec ond ary
ce ments dur ing mi gra tion of car bon ate-rich wa ter. Thus,
sub-euhedral, pal i sade and drusy cal cite crys tals found in voids
and cav i ties are prob a bly of sec ond ary or i gin (Figs. 7G and 10). 
This pro cess may lead to the for ma tion of mas sive fab rics in
tufas. Depositional pro cesses may be suc ceeded by diagenesis,
which can be of me te oric or i gin.

It is known that pre cip i ta tion of fresh wa ter car bon ates is in -
duced by: (a) pH in crease of flu ids from which cal cium car bon -
ate pre cip i tated re sult ing from e.g., al gal growth, (b) fac tors
con trol ling CO2 de gas sing of fluids, e.g., as sim i la tion of CO2 in
pho to syn the sis, bac te rial and al gal ac tiv ity, in crease in fluid
tem per a ture or ac cel er a tion of dif fu sion re sult ing from tur bu -
lent flow and/or de crease of par tial pres sure (Chafetz and Folk,
1984; Gruszczyński and Mastella, 1986; Ford and Pedley,
1996). Fresh wa ter car bon ate de pos its form in wa ters with pH
val ues in the range of 5 to 9 (Szulc, 1983) cor re spond ing to al -
ka line wa ters (Pazdro and Kozerski, 1990). The waters as so ci -
ated with tufa oc cur rences in the Podhale re gion be long to
acratopegae, i.e., they are two-ion wa ters char ac ter ized by pH
val ues in the range of 7.7 to 8.6 (Kędzierska, 2001; Majewska,
2001; Dziudzik, 2002). 

It is sig nif i cant that the lo cal fresh wa ter car bon ates as so ci -
ated with faults are al most ex clu sively as signed to travertines.
They in clude unique sites such as those in the re gions of
Levoča and Liptovský Mikuláš (Slovakia) de scribed by
Gradziński et al. (2008b). These de pos its show a char ac ter is tic
fab ric and in di cate an en rich ment in CO2 of endogenic or i gin

Tectonic control of tufa occurrences in the Podhale Synclinorium (Central Western Carpathians, southern Poland) 741
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char ac ter ized by rel a tively high val ues of d13C. The li thol ogy
and tex tures of the de pos its stud ied in the Podhale
Synclinorium are typ i cal of cal car e ous tufas. How ever, few of
them form bod ies of dis tinct mor pho log i cal shape (Fig. 2 – no.
18, 40) typ i cal of travertines. More over, the tufas pre cip i tate
mainly near springs and seepages as so ci ated with mi nor and
map-scale faults of the ma jor fault zones that reach the
Paleogene sed i men tary se quence. Ad di tion ally, the d13C val ues 
of tufas from the Gliczarów re gion (Fig. 2, no 22) ob tained by
Pazdur et al. (1988, ta ble 1) in di cate par tial en rich ment in CO2

of deep cir cu la tion wa ters. In this view, the cal car e ous tufas de -
pos ited in the Podhale Synclinorium likely pre cip i tated from
mixed wa ters of deep cir cu la tion and me te oric or i gin (cf.
Gradziński, 2010, Lúčky site). The ex is tence of ther mal wa ters
in the Podhale Synclinorium is doc u mented in bore holes
(Sokołowski, 1991; Chowaniec and Poprawa, 1998;
Chowaniec et al., 1999). Ac cord ing to our field ob ser va tions
most of the springs at which tufas pre cip i tate do not freeze in
win ter. This sug gests that tufa de vel op ment may be re lated to
the tec ton ics of the Podhale Synclinorium. These data may sug -
gest that ther mal wa ters or wa ters en riched in CO2, migrating
along faults, leached cal cium car bon ate from the Paleogene
sed i men tary se quence or the Me so zoic base ment and pre cip i -
tated it on the sur face as cal car e ous tufas. 

DISCUSSION AND CONCLUSIONS

Travertines and tufas are con sid ered to be in di ca tors of tec -
tonic ac tiv ity and can be used as a tool for iden ti fi ca tion of a
nearby fault trace (Han cock et al., 1999; Brogi et al., 2012), of
es ti mat ing the age of tec tonic ac tiv ity (Sibson, 1987; Altunel
and Han cock, 1993; Han cock et al., 1999; Brogi et al., 2010) or 
of the per me abil ity of faults and as so ci ated brit tle struc tures
(Brogi, 2004, 2012) that played a role as con duits of flu ids
(Cain et al., 1996; Sibson, 1996, 2000). 

In this view, tufa oc cur rences in the Podhale Synclinorium
may be re garded as a re sult of tec tonic ac tiv ity of this re gion
dur ing Qua ter nary times. It is char ac ter is tic that ex po sures with 
tufas oc cur in the vi cin ity of map-scale as well as mesofault
zones (Figs. 2, 4 and 5). Re gion ally, ex po sures with tufas oc cur 
in sev eral zones, oblique and lat eral in re la tion to the
synclinorium axis. The oblique zones are con sis tent with the
Białka and Biały Dunajec fault zones, with a nor mal com po -
nent across fault planes. Ad di tion ally, the con cen tra tion of tufa
ex po sures in the Kacwińska Rzeka and Niedziczanka streams

re gion may in di cate the pres ence of a map-scale fault zone in
the east ern part of the synclinorium, sim i lar to the Białka and
Biały Dunajec fault zones. The lat eral zones oc cur within the
“zone of beds with gen tle dips” and in the ax ial zone of the
synclinorium (Fig. 2). The for mer is re lated to lat eral faults lim -
it ing “zone of beds with gen tle dips”. The lat ter lat eral zone is
re lated to extensional brit tle struc tures in the hinge zone of the
synclinorium re sulted from buck ling of the Podhale
Synclinorium dur ing the Neo gene (Mastella, 1975). As so ci a -
tion of tufas with brit tle struc tures in di cates their prob a ble re -
cent and pres ent-day per me abil ity main tained by ac tive tec ton -
ics in the Podhale Synclinorium. 

The tec tonic ac tiv ity of the Podhale re gion is doc u mented by
thermochronological, geomorphological, in stru men tal and
macroseismic, geo detic as well as sat el lite im age anal y sis data.
The  K-Ar, Ar-Ar, and Rb-Sr as well as fis sion track geo chron ol -
ogi cal data in di cat ing con stant up lift of the area (Kováč et al.,
1994; Baumgart-Kotarba and Kráľ, 2004; Anczkiewicz et al.,
2005; Śmigielski et al., 2012). Data from ap a tite fis sion track
anal y ses (Anczkiewicz et al., 2005) in di cate that the east ern part
of the Podhale Synclinorium un der went a youn ger and larger up -
lift in com par i son with its west ern part, dated to be tween 6 and
10 Ma. This is con sis tent with pro gres sive/grad ual off set of the
base ment along the Biały Dunajec and Białka fault zones
(Mastella, 1975; Pomianowski, 1995, 2003). Ev i dence of Qua -
ter nary fault ac tiv ity is pro vided by data of geomorphological
anal y ses per formed along the Białka River (Baumgart-Kotarba,
1981; Szczęsny, 1987). The pres ent tec tonic ac tiv ity is also con -
sis tent with earth quakes of low am pli tude re corded in the area of
Białka River fault zone, and in the Zakopane re gion (Guterch
and Lewandowska-Marciniak, 2002; Guterch et al., 2005 and
ref er ences therein). The larger rel a tive up lift of the Zakopane re -
gion in com par i son to the Nowy Targ re gion was in ter preted
from SAR in ter fer om e try data (Perski, 2008) that is con sis tent
with pre vi ous data of geodynamic mea sure ments ob tained by
Makowska and Jaroszewski (1987). All the data con firm re -
gional ex ten sion dur ing the up lift of the study area, stim u lat ing
tufa de vel op ment. 
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