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Ab stract: The Skawa River catch ment ba sin in the Outer West ern Car pa thi ans of Po land is situ ated upon
mor phos truc tures show ing dif fer en ti ated mo bil ity in the Qua ter nary. Long pro file of river chan nel re veals the
low est val ues of con cav ity in dex among the Pol ish Outer Car pa thian riv ers, point ing to low de gree of river pro file
ma tur ity, par ticu larly in its mid dle reach co in cid ing with a zone of ab nor mally high river bed gra di ents.

The Skawa River val ley util izes in its mid dle and north ern reaches the Skawa River Fault Zone (SRFZ)
com posed of dif fer ently ori ented oblique- slip faults, visi ble on DEM im ages as well- marked, rec ti lin ear to po linea - 
ments. The NNW–SSE to N–S faults in the Sile sian Nappe were proba bly re ac ti vated in Late Pleis to cene times as
nor mal faults down throw ing their east ern sides, as shown by ab nor mally high po si tion of the Wei chse lian Early
Gla cial straths on the west ern val ley side. Such an epi sode of neo tec tonic ac tiv ity (late Early Gla cial times of the
Last Gla cial stage) has not been rec og nized so far in the other river val leys of the Pol ish seg ments of the West ern
Outer Car pa thi ans. We con clude that some of the NNW–SSE to N–S trend ing faults were re ac ti vated as strike- slip 
faults. This would con form to the pres ent day stress ar range ment within the Pol ish seg ment of Car pa thi ans.
Moreo ver, de for ma tions of the Pleis to cene straths be tween Osielec in the south and Wadowice–Za tor ar eas in the
north ap pear to in di cate both pre- Weichselian and Wei chse lian re ac ti va tion of the Sile sian and – to a lesser ex tent
– Ma gura fron tal thrusts. These move ments con tin ued also in the Holo cene, al though to a smaller ex tent, most
proba bly due to mod er ately strong and/or strong earth quakes of mag ni tudes ex ceed ing 5.5–5.7, re sult ing in clast
frac tur ing within Holo cene al lu vium, par ticu larly strong on the Sile sian fron tal thrust, and less in ten sive on the
Car pa thian mar ginal and Ma gura fron tal thrusts, as well as on some faults that be long to the SRFZ.

We are con vinced that the rec ord of seismically- induced clast frac tur ing on one of ma jor fault zones in the
Outer Car pa thi ans should lead to re vi sion of the hitherto- existing seis mic risk as sess ment of this re gion, and
par ticu larly of the city of Kraków and other ur ban ized ar eas, as well as the planned ar ti fi cial wa ter res er voir at
Œwinna Porêba.

Key words: neo tec ton ics, mor pho tec ton ics, frac tured clasts, seis mic haz ard, Skawa River val ley, Outer Car pa -
thi ans, Po land.
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IN TRO DUC TION

The Pol ish seg ment of the Outer West ern Car pa thi ans
com poses a frag ment of a fold- and- thrust belt built of a se -
ries of nap pes, which were fi nally thrust one over an other
dur ing the Middle- Late Mio cene (Ksi¹¿kiewicz, 1972;
Oszc zypko, 2006; and ref er ences therein). The nap pes are

com posed pre domi nantly of Cre ta ceous through Lower
Mio cene flysch strata. The thrust ing pro ceeded as a re sult of 
con ver gence be tween the North Euro pean and AL CAPA
plates. This con ver gence was nearly fin ished by lat est Mio -
cene time (Decker & Per es son, 1996; Oszc zypko et al.,



2005; and ref er ences therein). Stud ies of bal anced cross
sec tions ap pear to sug gest that the only pos si bil ity of the
Plio cene–Qua ter nary (neo tec tonic) de for ma tions in the
Outer Car pa thi ans is due to re ac ti va tion of the in ner parts of
the oro genic belt via out- of- sequence thrust ing, back thrust -
ing in the Sile sian nappe, and re ac ti va tion of some fault
zones (Roure et al., 1993). In the Plio cene and Qua ter nary,
the area wit nessed dif fer en tial ver ti cal and some rem nant
hori zon tal move ments, re sult ing in the for ma tion of ele -
vated and sub sided ar eas (cf. ex ten sive dis cus sion in
Zuchiewicz, 1995a and Zuchiewicz et al., 2002).

In this pa per we are deal ing with the Skawa River Fault
Zone (SRFZ; cf. Figs 1–3), one of ma jor fault zones in the
Pol ish seg ment of the Outer West ern Car pa thi ans that re -
veals neo tec tonic ac tiv ity. To as sess this ac tiv ity and its
seis mic po ten tial, we at tempt to com bine the re sults of field
geo mor phic stud ies, analy sis of some mor phomet ric pa -
rame ters de rived from topo graphic maps and digi tal ele va -
tion mod els, as well as ex ami na tion of frac tured clasts
found within the Holo cene al lu vium.

The Car pa thi ans be long to one of the most seis mi cally
ac tive re gions of Po land, which was par ticu larly ac tive in
the last cen tu ries. The strong est his tori cal earth quakes in
Po land (1443 and 1786 AD) caused con sid er able de struc -
tion to some Kraków build ings, in clud ing the Me di ae val St.
Cath eri ne’s church (Pa gac zewski, 1972). The 1786 event
led also to a rock fall at Tyniec, shortly west of Kraków,
where blocks of a to tal weight of 1, 000 tons were dis placed
(Al ex androwicz, 1956). The 1443 earth quake epi cen tre was 
situ ated in Žil ina (Pa gac zewski, 1972), West ern Car pa thi -
ans of Slo va kia, whereas that of the 1786 earth quake was
placed in the Pol ish seg ment of the Outer Car pa thi ans (Pa -
gac zewski, 1972; Mor ti mer, 2002; Guterch & Lewan-
dowska-Marciniak, 2002). The seis mic ity of the Car pa thian
re gion, there fore, poses a threat to the city of Kraków and
other lo cali ties that sig nifi cantly ex panded in popu la tion
and area since the end of the 18th cen tury, as well as to the
planned ar ti fi cial wa ter res er voir in Œwinna Porêba re gion.
Proper seis mic risk as sess ment of this area re quires a de -
tailed re con struc tion of neo tec tonic de for ma tions, in clud ing 
map ping of neo tec toni cally ac tive fault zones, their kine -
matic analy sis, as well as ex ami na tion of frac tured clasts in
the Neo gene and Qua ter nary sedi ments. His tori cal rec ords
and in stru men tal data are not suf fi cient enough to es ti mate
the seis mic risk, mainly due to im pre cise char ac ter of his -
tori cal de scrip tions and re stric tion of earth quake cata logues
to the past few hun dred years. In the study area, as in many
intra- plate set tings, rates of fault ing are rela tively small re -
sult ing in very long re cur rence in ter vals (103 to 106 years),
like in the case of the dis as trous Ba sle earth quake (1356
AD) of sur face mag ni tude up to 6.5 (Clo et ingh et al., 2003), 
simi lar to that of the 2003 AD Mw 6.6 Bam earth quake in
Iran (Fu et al., 2007). To es ti mate the re cur rence in ter val of
strong earth quakes it is nec es sary to ob serve a few seis mic
cy cles, cov er ing a suf fi ciently long pe riod of time. One of
pos si ble tools that would en able long- term seis mic pre dic -
tion is analy sis of frac tured clasts in Qua ter nary sedi ments.
The geo logi cal rec ord of nu mer ous strong (>5.5) earth -
quakes in the Outer Car pa thi ans should com pel us to re con -
sider seis mic risk in this area.

METH ODS

Field stud ies con sisted in de tailed geo mor phic map ping 
at the scales of 1: 10, 000 and 1: 25, 000 of a por tion of the
Skawa River val ley com prised be tween Osielec in the south
and Œwinna Porêba in the north (Fig. 3), as well as in meas -
ur ing frac tured clasts within the Holo cene ter race cov ers at
a number of lo cali ties dis trib uted be tween Zator and Bystra. 
We also re- interpreted al ready pub lished data per tain ing to
mor phomet ric in di ces in dica tive of neo tec tonic ac tiv ity,
which were meas ured from 1:100,000, 1:50,000 and
1:25,000 topo graphic maps of the en tire Pol ish Outer Car -
pa thi ans, us ing stan dard mor pho tec tonic pro ce dures de -
scribed by Bull and McFad den (1980), Zuchiewicz (1995a,
b), Kel ler and Pin ter (1996), Bur bank and An der son (2001), 
and Bull (2007). De tailed de scrip tion of in di vid ual pa rame -
ters will be given in a sepa rate chap ter. Digi tal ele va tion
model (Shut tle Ra dar To pog ra phy Mis sion, SRTM level 2)
was help ful in iden ti fi ca tion of to po linea ments of dif fer ent
rank and their com pari son with the lo ca tion of ma jor faults
marked on 1:200,000 (Golonka et al., 1981) and 1: 50,000
(Ksi¹¿kiewicz, 1951b, 1974a, b; Ci esz kowski et al., 2006a)
geo logi cal maps, and pho to linea ments pub lished by other
authors (Dok tór et al., 1985, 1989, 2002; Ozim kowski,
2008).

The number of frac tured clasts per square me tre was
cal cu lated for all gravel ex po sures bear ing frac tured clasts,
whereas the ar chi tec ture of clast- cutting frac tures and clast
pack ing in di ces were ana lyzed at se lected ex po sures only.
For par ticu lar ex po sures, the number of frac tured clasts per
sq. me tre is the number of frac tured clasts di vided by the
area of the ex po sure. When ex am in ing clast pack ing we fol -
lowed quan ti ta tive in di ca tors com monly em ployed in sand -
stone fab ric analy sis, i.e. the pack ing prox im ity and pack ing 
den sity (e.g. Pet ti john et al., 1972). The analy ses were car -
ried out along tra ver ses marked on pho tos of ex po sures. For
show ing spa tial re la tion ships among clasts, the pack ing
prox im ity per cent age was cal cu lated as the number of clast-  
to-clast con tacts di vided by the sum of all clast con tacts
along the stud ied tra ver ses. The pack ing den sity per cent age
ex presses the sum of the widths of grains di vided by the
length of stud ied tra ver ses. The pack ing den sity per cent age
shows the share of ma trix. Pro por tions among clasts show -
ing the point and long con tacts were also cal cu lated.

GEOMORPHIC SET TING

The Skawa River, 96.4 km long, is situ ated in the Outer
West ern Car pa thi ans, cross ing a number of geo mor phic
units. These are, from the south to the north, the Be skidy
Mts. in clud ing: Si eniawa Gate, a frag ment of Be skid
Wyspowy Mts., Be skid ¯ywiecki Mts. Jab³onków De pres -
sion, Be skid Ma³y Mts., as well as the Sile sian and Wiœnicz
Foot hills, and Oœwiêcim Ba sin, which be longs to the Sub -
car pa thian De pres sion (Fig. 1A, cf. Starkel, 1991). The lat -
ter unit em braces the Wi la mowice Pla teau in the south and
the Up per Vis tula River val ley in the north (Gilewska,
1999). In a slightly dif fer ent sub di vi sion by Kon dracki
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(2000), in di vid ual mesore gions trun cated by the Skawa
River in clude the West ern Be skidy Mts. (Orava–Pod hale
Be skid Mts., Rabka Ba sin, Babia Góra Range, Be skid
Makowski Mts., Be skid Ma³y Mts.) and the West Be skidy
Foot hills (Wielic zka Foot hills), as well as the Oœwiêcim Ba -
sin (Fig. 1B). The Be skidy Mts. are typi fied by mod er ately
high moun tain ranges com posed of ei ther mono cli nal or
syn cli nal ridges, whereas the foot hills are usu ally low to
moderately- high (Starkel, 1972).

The Be skid ¯ywiecki Mts. are domi nated by SW–NE
and N–S ori ented, broad moun tain ridges built of thick-
 bedded mid dle Eo cene sand stones, and sepa rated by tecto-
nically-con trolled deeply- cut val leys. Re lief en ergy val ues
range be tween 350 and 760 m; slopes are in clined at 15° to
even 35°. The Jab³onków De pres sion forms a belt of ir regu -
lar de pres sions, dis sected up to 440 m and ori ented WSW–
ENE, shaped along the con tact be tween the Ma gura and
Sile sian nap pes (Fig. 2). Its south ern mar gin is de lim ited by
the thrust of the Raèa slice onto the Si ary slice of the Ma -
gura Nappe; the NE mar gin co in cides with the lower Skawa
River fault (R¹czkowski et al., 1985). The Be skid Ma³y
Mts., in turn, are largely com posed of W–E ori ented ridges
built of re sis tant Up per Cre ta ceous sand stones of the Sile -
sian Nappe, sepa rated by deeply- cut, steep- sided val leys.
East of the Skawa River, this unit con tacts with the Be skid
Makowski Mts. The foot hills are rep re sented by flat- topped
ranges ele vated 350–410 m a.s.l., sepa rated by broad val -
leys. The south ern (Babia Góra Range) and me dial por tions
(Be skid Ma³y Mts.) of the Skawa River catch ment, de vel -
oped on syn cli no rial and an ti cli no rial units of the Ma gura
Nappe, re spec tively, are domi nated by moun tain ridges
which clearly show re lief in ver sion and poor con cor dance
with struc tural grain of this nappe; a fea ture in dica tive of
young up lift. Pre vail ing ori en ta tions of more than half of
trans ver sal val leys, in turn, tend to fol low fault zones (Ja -
kub ska, 1978, 1987, 1995). Drain age den sity val ues in the
south ern part of the catch ment change be tween 1.9 km/sq.
km on thick- bedded sand stones to 2.3 km/sq.km on thin-
 bedded shale- sandstone com plexes (Ja kub ska, 1995).

The up per part of the Skawa River catch ment is typ i fied 
by ma ture land scape of low re lief en ergy (Szaflarski, 1931;
Klimaszewski, 1932; Kukulak, 1995). In the north ern part,
par tic u larly be tween Skawce and Mucharz, three struc tural
(M¹dry, 1971) and – pos si bly – an te ced ent (Klimaszewski,
1955) wa ter gaps oc cur, in which the river cut deep me an -
ders. Some au thors con cluded about the Plio cene/Early
Qua ter nary drain age pat tern changes in this zone, con sist ing 
in east ward di rected re lo ca tion of the Skawa River (M¹dry,
1971). Far ther up stream the Skawa River flows in a braided
chan nel. Rem nants of ero sion sur faces are pre served on val -
ley sides and sur round ing ridges, ris ing 300–350 m, 200–
225 m, 150–175 m, and 75–100 m above the pres ent river
bed. Tra di tion ally, these used to be re lated to the Beskidy,
intramontane, foot hills and river-side lev els (“planation sur -
faces”; Starkel, 1969, 1972; Malarz, 1974; Malarz & Ziê-
tara, 1975; Zuchiewicz, 1984), re spec tively, the low er most
of which is rep re sented by highly el e vated Early Pleis to cene 
strath ter races or soft-rock ped i ments. The hith erto-sug -
gested Late Mio cene and Plio cene ages of higher situated
older surfaces are poorly constrained.

The Skawa River catch ment area amounts to 1160 sq.
km. Its max i mum ba sin length is 58.4 km, elon ga tion ra tio
0.66, me dian al ti tude cal cu lated from hypsographic curve
496 m a.s.l., and av er age slope (Strahler in dex) 0.026. The
last pa ram e ter changes con sid er ably in the up per (0.039)
and cen tral (0.055–0.051) parts of the catch ment (Dobija et
al., 1979; Che³micki, 1991). Dif fer ence in al ti tude be tween
the head wa ters and the mouth is 506 m, and the av er age gra -
di ent of river bed amounts to 5.501 m/km (Zuchiewicz,
1995b). The long pro file is highly un even, show ing in -
creased gra di ents in wa ter-gap seg ments (cf. M¹dry, 1971;
Zuchiewicz, 1980, 1995b) that are cut into strongly re sis tant 
Oligocene, Eocene, and Upper Cretaceous flysch sand-
stones.

GEO LOG I CAL SET TING

The main tec tonic fea tures of the Outer Carpathians
were formed dur ing the Eocene through Mio cene subduc-
tion, sub se quent Mio cene col li sion, and Mio cene to Re cent
col lapse. In the south ern part of the area, within the Magura
Nappe, the Oligocene–Mio cene evo lu tion con sisted in NW- 
verg ing (in the pres ent-day geo graphic co or di nates) synse-
dimentary fold ing and thrust ing, fol lowed by NE-verg ing
thrust ing ac com pa nied by strike-slip fault ing, and sub se -
quent re gional col lapse as so ci ated with nor mal fault ing
(Decker et al., 1997; Hurai et al., 2000; Zuchiewicz et al.,
2002). The ki ne mat ics of on go ing fault ing has not been re -
con structed yet, hence, the rea son for the fault ing is poorly
un der stood. The most plau si ble ex pla na tions are: on go ing
post-collisional short en ing, on go ing col lapse, or both.

The Skawa River Fault Zone (Fig. 3) cuts through the
Bystrica, Raèa and Siary slices of the Magura Nappe, the
Silesian, sub-Silesian, and Skole nappes com posed of Up -
per Cre ta ceous through Oligocene flysch strata, and a frag -
ment of the Carpathian foredeep ba sin filled with Mio cene
mo las ses (Fig. 2). The zone is ori ented: NW–SE in the
north ern, NNW–SSE in the mid dle, and WSW–ENE in the
south ern (Sucha Beskidzka – Jordanów) seg ments, re spec -
tively (Ksi¹¿kiewicz, 1951a, b, 1958, 1966, 1972, 1974a, b;
Unrug, 1980; Cieszkowski et al., 2006a, b; cf. Figs 2, 3).
The fault dis places sinistrally the Carpathian fron tal thrust
and fron tal thrusts of the Silesian and Magura nappes
(Golonka et al., 1981; ¯ytko et al., 1989). A deep-seated
fault be neath Carpathian nappes was be lieved to ac com pany 
the Skawa River course (Borys³awski et al., 1981; ¯ytko,
1985; Paul et al., 1996). This view was later ques tioned by
Ry³ko and Tomaœ (2001). Re cent seis mic and magnetotellu- 
ric stud ies ap pear to in di cate that some faults orig i nated in
the base ment dur ing thrust ing of the Carpathian nappes pro -
trude into the lat ter (cf. Pietsch et al., 2007) .

Unrug (1980) dis tin guished 7 ma jor sinistral strike-slip
fault zones in the Pol ish Outer Carpathians. These zones
were con sid ered re spon si ble for clock wise ro ta tion of
blocks sep a rated by in di vid ual fault zones. One of such
zones com prises the SRFZ. A sim i lar view was up held by
Oszczypko and Tomaœ (1985) and later by Golonka et al.
(2004), who con sid ered this fault zone as formed af ter the
Early Badenian (Serravallian) and co eval with short en ing of 
the sub-Silesian Nappe.
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In the mid dle seg ment, the SRFZ sep a rates two por tions 
of the Silesian Nappe that show dif fer ent ori en ta tion of
map-scale folds and sub or di nate thrusts: WSW–ENE to the
west and E–W to the east. To the west, the Silesian Nappe
se ries build an up lifted block of Beskid Ma³y Mts. The Sia-
ry slice of Magura Nappe is com posed of a num ber of map-
scale folds, some of them be ing imbricated (Ksi¹¿kiewicz,
1972; Golonka et al., 1981; Cieszkowski et al., 2006a, b).

The fron tal thrust of Magura Nappe east of the Skawa
River and a belt of tec tonic win dows ex pos ing the
sub-Silesian se ries ESE of Wadowice (Fig. 3A) have re -
cently been de scribed as co in cid ing with out-of-se quence
thrusts (Jankowski, 2007), which were prob a bly formed
dur ing the youn ger of two Mio cene ep i sodes of thrust ing in

the Outer Carpathians of Po land (Zuchiewicz et al., 2002;
Tokarski et al., 2006).

Ksi¹¿kiewicz (1966, 1972, 1974a, b) concluded about
5 km post-fold ing right-lat eral dis place ment of the front of
the Magura Nappe along the Skawa River fault sys tem. This 
hy poth e sis was ques tioned by Aleksandrowski (1985,
1989), who, bas ing on de tailed struc tural stud ies of frac -
tures, claimed dip-slip char ac ter of this fault zone and even
chal lenged the pres ence of a ma jor fault along the Skawa
River val ley be tween Bia³a and Osielec (Fig. 3). He did not,
how ever, ex clude a pos si bil ity of for ma tion in pre- or early
fold ing time of a tear fault in this zone, par tic u larly be tween
Skawce and Sucha Beskidzka (Zembrzyce fault). In Ale-
ksandrowski’s (1985, 1989) opin ion, this fault was ac tive as 
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Fig. 3. Geo log i cal sketch-map of the Skawa River catch ment ba sin (mod i fied af ter Golonka et al., 1981). Let ter sym bols: SRFZ –
Skawa River Fault Zone, MA – Magura Nappe, SL – Silesian Nappe, SS – sub-Silesian Nappe, SK – Skole Nappe; A – the same frag ment
of the Pol ish Outer West ern Carpathians re drawn from a map by Jankowski (2007) (mod i fied): barbed lines – ma jor thrusts, fence lines –
sub or di nate thrusts, dot ted lines – out-of-se quence thrusts, thick solid lines – faults, dot ted area – Neo gene infill of the Orava Ba sin, ver ti -
cal lines – Carpathian fore land; MA – Magura Nappe, OU – outer units. See Fig. 2 for lo ca tion



a dip-slip fault af ter fold ing, whereas the Skawa River val -
ley seg ments Sucha Beskidzka–Maków and Bia³a–Osielec
de vel oped along the strike of map-scale di ag o nal folds of
the Andrychów–Jordanów tec tonic zone, formed dur ing the
youn ger ep i sode of fold ing in the West ern Carpathians, be -
ing co eval with fold ing in the east ern por tion of this
fold-and-thrust belt. No ma jor fault was marked in this area
on a 1: 500, 000 gen eral tec tonic map by ̄ ytko et al. (1989). 
New tec tonic stud ies led to “re-ap pear ance” of the SRFZ,
with a pro posal of partly new ter mi nol ogy for in di vid ual
faults and for mal lithostratigraphic units (Fig. 4; cf. Go-
lonka et al., 2004; Cieszkowski et al., 2006a, b). Au thors of
the sec ond quoted pa per main tain that sinistral mo tions
along in di vid ual faults of this zone re sulted in the for ma tion
of iso lated pull-apart bas ins both in the Silesian and Magura 
nappes. They also con clude about the pres ence of a largely
in de pend ent fault sys tem within the Magura Nappe; few
faults only pro trud ing from the Silesian Nappe. In Ciesz-
kowski et al.‘s (2006a, b) opin ion, dur ing thrust ing of the
Magura Nappe, the Silesian Nappe was al ready faulted.
These faults be came re ac ti vated in part, pro trud ing into the
mar ginal, anticlinorial part of the Magura Nappe; whereas
the in ner Magura slices are only cut by the Skawa fault. The
re main ing faults are char ac ter is tic for the Magura Nappe it -
self. The old est fault set in the Magura Nappe is thought to
be ori ented NNE–SSW (Cieszkowski et al., 2006a). The
Silesian and Magura fron tal thrusts are dis placed to the
north by 10 km and 5 km, re spec tively, east of the SRFZ.
The NNW–SSE and N–S trending faults be tween Zem-
brzyce and Skawce are con sid ered as downthrowing their
east ern sides: thick-bed ded Up per Cre ta ceous sand stones
on the west are in con tact with Eocene–Oligocene strata on
the east. These map-scale faults were in ter preted from car -
to graphic intersection criteria; no further detailed structural
studies following Aleksandrowski’s (1985, 1989) work
were performed.

FAULT PAT TERN

We an a lyzed spa tial dis tri bu tion of map-scale faults
within dif fer ent tec tonic units un der ly ing the Skawa River
catch ment ba sin (Figs 3, 4), bas ing on geo log i cal maps by
Golonka et al. (1981) and Cieszkowski et al. (2006a, b).
Dip-slip, oblique-slip and strike-slip faults, of to tal length
amount ing to 237 km in the en tire stud ied area shown in
Fig. 3, tend to clus ter around two dom i nant ori en ta tions:
N20–30°W (26%) and N10°W to N–S (15%; cf. Fig. 5A),
point ing to a dextral sense of mo tion along the N20–30°W
set, which is roughly par al lel to the faults ac com pa ny ing the 
lower reach of the Skawa River val ley within the Silesian,
sub-Silesian and Skole nappes, as well as a num ber of sim i -
larly ori ented long faults in the south-west ern part of the
Magura Nappe. In the me dial seg ment of the Skawa River
val ley shown in Fig. 4, cross ing the Siary slice of the
Magura Nappe and south ern por tion of the Silesian Nappe,
such faults of to tal length 101 km tend to strike N10°W to
N–S (16%) and N30–40°W (16%), in di cat ing a dextral
sense of mo tion along the N30–40°W set (Fig. 5B), co in cid -
ing with the fault zone aligned par al lel to the Skawa River

val ley be tween Sucha Beskidzka and Skawce. On the other
hand, thrust faults marked in Fig. 3 (342 km in length) are
mainly ori ented W–E to N80°W (22%), less fre quently
N40–50°W (7%; Fig. 5A), whereas those shown in Fig. 4
(57 km in length) clus ter around N70–80°E (21%) and
N30–40°E (5%; Fig. 5B) ori en ta tions.

PHOTO- AND TOPOLINEAMENT
PAT TERN

The stud ied por tion of the Outer West ern Carpathians is 
cut by two trans-con ti nen tal photolineaments: one ori ented
W–E, and an other one run ning NW–SE, roughly along the
Skawa River course (Motyl-Rakowska & Œl¹czka, 1984).

The Skawa River fault zone is ac com pa nied on the east
by a re gional photolineament iden ti fied on sat el lite scenes
(cf. Doktór et al., 1985, 1989), and a num ber of mi nor topo-
lin ea ments well-marked on both LAND SAT MSS and
SRTM im ages (Ozimkowski, 2008). As far as photolinea-
ment pat tern is con cerned (Fig. 6), the Skawa River val ley
par al lels two to three me dium-sized, sub or di nate photoline-
aments, par tic u larly north of Sucha Beskidzka (NNW– SSE 
to NW–SE) and, to a lesser ex tent, be tween Sucha and
Osielec (WNW–ESE) (Doktór et al., 1989). The en tire
Skawa River catch ment area is bounded to the west and east 
by ma jor photolineaments cross ing all units of the Outer
Carpathians, and ori ented N–S to NNW–SSE and NW–SE,
re spec tively (Fig. 6). Dom i nant ori en ta tions of photolinea-
ments in the west ern por tion of the Pol ish Outer Carpa-
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Fig. 4. Geo log i cal sketch map of the mid dle por tion of the
Skawa River catch ment ba sin, show ing lo ca tion of ma jor faults
(mod i fied af ter Cieszkowski et al., 2006a). See Fig. 3 for lo ca tion



thians are N30–25°W and N25–40°E (Doktór et al., 2002).
Lin ea ments vis i ble on ra dar im ages near Wadowice, east of
the Skawa River val ley, clus ter into two groups ori ented
N35°W and N25°E, whereas close to the val ley it self a
NNW–SSE trend pre vails (Mastella & Szynkaruk, 1998).
The first two groups of lin ea ments were in ter preted by the
quoted au thors as con ju gate strike-slip faults formed in the
Early Sarmatian, and later re ac ti vated as nor mal faults; the
third one was described as belonging to the SRFZ.

Prin ci pal topolineaments in ter preted by us from DEM
(SRTM-level 2) im age (Fig. 7) co in cide to a large ex tent
with mapped faults (cf. Fig. 3), al though some of them ap -
pear to be lithologically-con trolled, like those at the
Carpathian mar gin in the NW cor ner of Fig. 7. The me dial

and north ern por tions of the Skawa River val ley are com -
posed of a num ber of rec ti lin ear seg ments, par tic u larly well
vis i ble be tween Jordanów and Osielec, Maków Podhalañski 
and Sucha Beskidzka, close to Œwinna Porêba, as well as SE 
of Zator. Sub or di nate, less clearly marked, topolineaments
are mostly con fined to WSW–ENE ori ented de pres sions
and trib u tary val leys of main rivers, ex cept the NW part of
the foothills area.

Dom i nant ori en ta tions of prin ci pal topolineaments
(Figs 7, 8), of a sum mary length of 352 km, are grouped into 
two sets: N20–30°W (16%) and N–S to N10°E (13%),
show ing a fairly good cor re la tion with ori en ta tions of
strike-slip, oblique-slip and nor mal faults por trayed in Fig -
ures 3 and 5. Sub or di nate topolineaments (in to tal 632 km
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Fig. 5. Po lar his to grams show ing ori en ta tion and length dis tri bu tion of faults mea sured from fig ures 3 (up per pair of di a grams) and 4
(lower pair of di a grams)



long), in turn, form two sets ori ented N60–70°E (8%) and
N50–60°W (8%), poorly co in cid ing with the strikes of
mapped faults, al though be ing subparallel to the out-of-se -
quence thrusts iden ti fied in this area by Jankowski (2007)
(cf. Fig. 3A).

RE SULTS OF MORPHOTECTONIC
STUD IES

Anal y sis of rec ti fied drain age net work of the Skawa
River drain age ba sin (Zuchiewicz, 1986), clas si fied ac cord -
ing to the Hor ton-Strahler’s hi er ar chy on 1:100, 000 top o -
graphic maps, points to a close re la tion ship be tween the ori -
en ta tion of trib u tary val leys and map-scale thrust faults,
whereas the trunk val ley ori en ta tion is largely con trolled by
the strike of in di vid ual seg ments of the SRFZ. Dom i nant

ori en ta tion of the ³4th-or der val leys ap proaches N60°E;
sub or di nate ori en ta tions are N–S and N20°W.

Em pir i cal ob ser va tions of flu vial ero sion in dif fer ent
flu vial sys tems all over the world sug gest a pos i tive cor re la -
tion be tween chan nel gra di ent and rock up lift rate. The lat -
ter ex erts first-or der con trol on power-law scal ing be tween
chan nel slope and con trib ut ing drain age area (Hack, 1973;
Moglen & Bras, 1995; Snyder et al., 2000; Kirby &
Whipple, 2001; Whipple & Tucker, 2002; Brocard & van
der Beek, 2006; Wobus et al., 2006).

The north ern and south ern seg ments of the SRFZ co in -
cide with val ley reaches that show ab nor mally high river-
bed gra di ents, mark ing two well-pro nounced, E–W orien-
ted, zones of neotectonic up lift in the west ern part of the
Outer Carpathians (Zuchiewicz, 1995a, 2001) (Fig. 9).

The bi fur ca tion ra tio of the Skawa River catch ment
amounts to 4.92, and the pro por tion of 1st-or der val leys to
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Fig. 6. Photolineament pat tern in the Outer West ern Carpathians of Po land (mod i fied af ter Doktór et al., 1985, 1989)



the to tal num ber of val ley seg ments (N1/N) is nearly 77%,
rank ing high among drain age bas ins of the Outer Carpa-
thians. The bi fur ca tion ra tio (Rb) is the arith me tic mean cal -
cu lated from frac tions Nu/Nu+1, where u de notes the val ley
or der, and N is the to tal num ber of val leys of a given or der.
High bi fur ca tion ra tios in the Outer Carpathians are con -
fined to ar eas show ing in tense Qua ter nary sur face up lift
(Zuchiewicz, 1995a). High val ues of N1/N ra tios are con -
sid ered to re flect in ten sive re lief re ju ve na tion, con trolled by 
neotectonic up lift (Zuchiewicz, 1991). Both pa ram e ters ap -
pear to in di cate a rel a tively high rate of drain age net work
growth, most probably due to increased neotectonic activity
of this region.

Other prin ci pal pa ram e ters char ac ter iz ing the Skawa
River catch ment ba sin do not dif fer much from those cal cu -
lated for other Outer West ern Carpathian river bas ins (Fig.
10). Im por tant is, how ever, the con cav ity ra tio. This pa ram -
e ter is com monly com prised be tween 0.3 and 0.6, ex cep -
tion ally at tain ing 1.1 for some rivers (cf. Moglen & Bras,
1995; Snyder et al., 2000; Wobus et al., 2006). Low val ues
are char ac ter is tic for im ma ture river pro file seg ments. The
Skawa River pro file at tains one of the low est val ues of con -
cav ity ra tio (0.33) among main catch ment bas ins of the Pol -
ish Carpathians what points to a relatively low degree of
river profile maturity.
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Fig. 7. Topolineaments in ter preted from dig i tal el e va tion model (SRTM level 2). Thick solid lines de note prin ci pal, and thin dashed
lines sub or di nate topolineaments



An other im por tant pa ram e ter, the val ley floor width –
val ley height ra tio (Bull, 1978; Bull & McFadden, 1980), is
cal cu lated as:

Vf = 2Vfw/[(Eld – Esc) + (Erd – Esc)];

where Vfw is the width of the val ley floor, Eld and Erd
are el e va tions of the left and right val ley di vides, re spec -
tively, and Esc is the el e va tion of the val ley floor. This ra tio
dif fer en ti ates be tween broad-floored val leys, with rel a tively 
high val ues of Vf, and V-shaped can yons with rel a tively
low val ues. Low val ues of Vf re flect deep val leys of ac -
tively in cis ing streams, com monly as so ci ated with up lift
(Keller & Pinter, 1996). This ra tio is es pe cially sen si tive to
Late Qua ter nary tec tonic base-level falls. Fig ures quoted by
Bull and McFadden (1980) for the Garlock Fault zone, Cal i -
for nia, range be tween 0.05–47, av er ag ing 1.3–11.0. Tec -
tonic ac tiv ity classes of moun tain fronts in west-cen tral Ne -
vada (Bull, 2007) re veal the fol low ing mean val ues of Vf:
classes 1 and 2 (tec toni cally ac tive) 0.06–0.51, class 3
(mod er ately ac tive) 1.2–1.7, class 4 (slightly ac tive) 1.0–
7.0, and class 5 (in ac tive) 2.0–7.8. For the West ern Trans -

verse Ranges (Cal i for nia), in turn, these val ues fall into in -
ter vals of 0.43–0.80 (class 1), 1.8–1.9 (class 2), and >1.9
(class 3) (Keller & Pinter, 1996). In ar eas sit u ated in more
hu mid cli ma tic zones, however, the respective figures will
certainly attain higher values.

All these pa ram e ters have been cal cu lated for 1-km-
long river val ley seg ments at the scales of 1: 25, 000 (river
bed gra di ents, Fig. 11) and 1: 50, 000 (other in di ces, Fig.
12), and then plot ted in both dis crete and smoothed form.
Each time the high est pos si ble poly no mial that – con trolled
by the least-square method – fits the data best, has been ap -
plied. The zones of ab nor mally high gra di ents are por trayed
in map view show ing in di vid ual peaks in di cated by polyno-
mially-smoothed curves. In case of Vf, Eld, Erd, and Vfw
in di ces, this pro ce dure is dif fer ent com pared to orig i nal ap -
proach of their cre ators (cf. Bull & McFadden, 1980), who
at tempted to char ac ter ize out lets of can yons/val leys dis sect -
ing moun tain fronts be long ing to dif fer ent classes of tec -
tonic ac tiv ity. Here, we adapted a method pro posed by one
of us (Zuchiewicz, 1995a), in which con sec u tive down -
stream, 1-km-long, val ley seg ments were taken into ac count 
to show dif fer en ti a tion among val ley reaches in dif fer ent
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Fig. 8. Po lar his to grams show ing ori en ta tion and length dis tri bu tion of topolineaments mea sured from Fig. 7



geological and geomorphic units crossed by the river (Fig.
12B, C).

The Skawa River chan nel is char ac ter ized by strongly
un even and, ex cept the up per reach, im ma ture long pro file
(Fig. 11). Com par i son among nor mal ized river bed pro files
of main Outer Carpathian rivers (Fig. 11A) shows a pe cu liar 
con vex-up ward seg ment of the Skawa River in its reach
com prised be tween 30 and 50% of dis tance from head wa -
ters; a fea ture com pa ra ble only to the Os³awa River in the
East Carpathians, which, how ever, is much shorter. Far ther
down stream, two other mi nor breaks in long pro file oc cur
(Fig. 11A, B). This points to dis tinct seg men ta tion of the
pro file into reaches of vari able, but low con cav ity ra tios,
that may re flect young tec tonic con trol (cf. Snyder et al.,
2000; Kirby & Whipple, 2001; Wobus et al., 2006).
Time-se ries di a gram of chan nel gra di ents mea sured for
1-km-long seg ments, smoothed by the 8th-de gree poly no -
mial (Fig. 11C), also shows river bed reaches of ab nor mally
high gra di ents, bounded by fault zones. The two most prom -
i nent high-gra di ent zones are por trayed in map view in Fig.

9. One of them is sit u ated be tween Osielec and Sucha
Beskidzka in the Magura Nappe, the sec ond one co in cides
with the lower Skawa River fault cutting the Silesian,
sub-Silesian and Skole nappes.

Al ti tudes of the left di vide (Ald = Eld-Esc; Fig. 12B) of
the Skawa River val ley are high est among all ma jor val leys
of the Pol ish Outer Carpathians (Fig. 12A), amount ing to
990 m. High el e va tion of the west ern di vide com pared to
rel a tively low el e va tion of the east ern one, makes the stud -
ied val ley one of the most asym met ric val leys in the re gion.
This asym me try is par tic u larly well marked close to
Osielec, i.e. at the place where the south ern bound ary of the
zone of ab nor mally high river bed gra di ents oc curs (cf. Fig.
9). An other peak of high Ald val ues is no tice able near
Œwinna Porêba, on the west ern side of the nor mal Œwinna
Porêba fault (Ksi¹¿kiewicz, 1974a, b; Cieszkowski et al.,
2006a). This peak may re flect both the pres ence of highly
re sis tant Up per Cre ta ceous sand stone com plexes and re ac ti -
va tion of the fault, downthrowing the east ern side. The sec -
ond op tion ap pears to be con firmed by ab nor mally high po -
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Fig. 9. Neotectonic sketch map of the West ern Carpathians of Po land show ing lo ca tion of zones of ab nor mally high river bed gra di ents
(mod i fied af ter Zuchiewicz, 1995b; ge ol ogy based on ¯ytko et al., 1989 and 1: 50, 000 geo log i cal maps of Po land pub lished by the Pol ish
Geo log i cal In sti tute). Note two belts of in creased river bed gra di ents along the Skawa River course
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Fig. 10. Se lected pa ram e ters of the Pol ish Outer Carpathian drain age bas ins, show ing the po si tion of the Skawa catch ment (adapted
from and mod i fied af ter Zuchiewicz, 1995a)

Fig. 11. Nor mal ized river bed pro files (A) of the main Pol ish Outer Carpathian rivers and semi-log a rith mic plot of such a pro file con -
structed for the Skawa River (B), show ing seg ments of dif fer ent equi lib rium ten den cies. Car toon (C) por trays river bed gra di ents along
the Skawa River course, smoothed by the 8th-or der poly no mial and the lo ca tion of prin ci pal fault zones crossed by the river. Thick bars
above di a gram de note seg ments of ab nor mally high gra di ents (adapted in part from Zuchiewicz, 1995a, b; mod i fied and sup ple mented)



80  W. ZUCHIEWICZ ET AL.

.21 .gi
F

( snaihtapra
C retu

O hs ilo
P eht ni sre t e

ma rap 
ye llav revir detce le

S 
 

A
 ,
B

( 
ye llav revi

R a
wak

S eht dna )
C

ye llav – 
wf

V ,oi tar thgieh 
ye llav – htdi

w roolf 
ye llav – f

V ,htgnel 
ye llav – l

V .)
yt ivi tca cino tce

T .edi vid thgir eht fo edu ti tla – dr
A ,edi vid tfel eht fo edu ti tla – dl

A ;deb revir fo noi ta v ele – cs
E ,edi vid thgir eht fo noi ta v ele – dr

E ,edi vid tfel eht fo noi ta v ele – dl
E ,htdi

w roolf
( ni sessalc
A

( .evi tc ani – etih
w ,kae

w – de ttod ,et ar edo
m – delur ,gnorts – kcalb :)

B
morf deter pre tni ,snaihtapra

C hs ilo
P eht ni re t e

ma rap f
V fo se ulav la

 m ini
m fo noi tu bir tsid lai taps s

wohs )
)detne

 mel ppus dna dei f ido
m ;a5991 ,zci

weihcu
Z 

morf detpada( stne
 mges 

ye llav gnol-
mk-1 rof deta lu clac atad eter csid fo se s

 ylana sei res-e
mit dehtoo

ms 
yllai

mon
ylop



si tion of the Weichselian Early Gla cial strath ter race on the
west ern side, de scribed in de tail and dated by Grzybowski
and Œniadek (1997), and Grzybowski (1998a, b, 1999,
2004).

Vf val ues through out the en tire Carpathian reach of the
Skawa River val ley are rel a tively low (av er ag ing 2.0), in-
creas ing by one or der of mag ni tude within the Carpathian
Foredeep, in front of the Carpathian fron tal thrust (Fig. 12B, 
C).

DE FOR MA TION OF QUA TER NARY
FLU VIAL TER RACES

The stud ies of Qua ter nary flu vial sed i ments in the
Skawa River val ley along its en tire reach were ini ti ated by
Szaflarski (1931) and con tin ued by Klimaszewski (1932,
1948). The lat ter’s scheme of ter race ages was later adapted
by Ksi¹¿kiewicz (1951a, b, 1974a, b). Late Pleis to cene or -
ganic sed i ments over ly ing al lu vium of the last gla cial age
be tween Wadowice and Zator were ex am ined by Sobo-
lewska et al. (1964), Koperowa and Œrodoñ (1965), and To- 
karski (1966), and later re vised by Grzybowski and Biñka
(1997). Full spec trum of ter races in this area was stud ied in
de tail by Bober et al. (1980). Far ther up stream, within the
Skawa River wa ter-gap sec tor be tween Skawce and Œwinna
Porêba, Qua ter nary ter races were in ves ti gated by M¹dry
(1971), whereas Grzybowski and Œniadek (1997) and Grzy- 
bowski (1998b) rec og nized un usu ally high sit u ated flu vial
sed i ments of the Weichselian Early Gla cial, over lain by
paly no logi cal ly dated BrÝrup peat at Œwinna Porêba. Wój-
cik and R¹czkowski (1994) de scribed ter races of the Skawa
River close to Osielec. Grabowski and Miroslaw (1995) an -
a lyzed ter race se quence in the Paleczka River val ley, a
right-hand trib u tary of Skawa near Zembrzyce. Kopyœæ
(1997) and se nior au thor of this pa per (Zuchiewicz, un pub -
lished data 1993–1994) mapped flu vial ter races and re lated
slope sed i ments in a seg ment com prised be tween Osielec
and Œwinna Porêba, whereas Grzybowski (1998a, 1999,
2004) in ter preted change able gra di ents of straths, cut-and-
fill ter races, and pres ent-day river bed of the Skawa River
be tween Maków Podhalañski and Wadowice. Dif fer ent
views on the num ber and age es ti ma tion of in di vid ual ter -
races are listed in Ta ble 1.

Be tween Osielec and Œwinna Porêba (Figs 3, 13A), the
high est sit u ated rock benches (T1) that can be re lated to
Early Pleis to cene flu vial ac tiv ity rise 75–100 m above the
pres ent river bed. Their lengths rarely ex ceed 500 m (av.
200 m), and widths are be tween 50 and 100 m. These land -
forms are mainly pre served on eroded flysch strata of high
and mod er ate re sis tance to de nu da tion and ero sion, in the
mid dle seg ment of the Skawa River catchment.

In the lower val ley reach near Wadowice (Fig. 3), a 22
m high strath is over lain by two lay ers of loams sep a rated
by grav els and cov ered by youn ger Pleis to cene strata (T2;
Bober et al., 1980).

The Mid dle-Late Pleis to cene straths in this seg ment
com prise four steps pre served on val ley sides (Fig. 13a, b).
The old est one, de void of al lu vium be tween Maków and

Sucha (Figs 3, 13A, B), and bear ing up to 5 m of gravel and
sand cov ered with solifluction-slopewash sed i ments far ther
down stream, rise 30–35 (40) m above re cent floodplain
(T3). Down stream from Œwinna Porêba, in the wa ter-gap
seg ment, they are miss ing (Fig. 13B) and re-ap pear close to
Wadowice as 15–35 m (Klimaszewski, 1948; Ksi¹¿kiewicz, 
1951a, b) or 20–21 m (Bober et al., 1980) high ter race steps, 
in which 10–14 m straths are over lain by sands, silts and
slope loams.

A youn ger step is rep re sented by ter race ris ers of 15–20 
m (Osielec–Sucha) to 22–30 m (Zembrzyce–Mucharz)
height (T4), with straths ris ing down stream from 11–12 m to 
18–20 m (Zuchiewicz, un pub lished data 1993–1994;
Kopyœæ, 1997). Near Wadowice, their equiv a lent is rep re -
sented by a bur ied ter race, where 2–5 m high rock benches
are over lain by 7–9 m thick al lu vium capped by 16-m-thick
loess-like silts (Bober et al., 1980).

Two lower steps dis play im por tant changes in rel a tive
height along the Skawa River course. The higher one rises
from 10–15 m close to Osielec to 22 m near Œwinna Porêba
(T5), its straths also ris ing down stream from 6–10 m to 20 m 
(Zuchiewicz, un pub lished data 1993–1994; Kopyœæ, 1997).
At Œwinna Porêba, 3 km south of the Silesian fron tal thrust,
a 18.3–20.7 m high strath is over lain by up to 5 m thick
gravel, sand and silt, bear ing at the top or ganic silts and peat 
of a fos sil ox bow lake, paly no logi cal ly dated to the BrÝrup
interstadial. These strata are un con form ably over lain by
col lu vial and solifluction sed i ments (Grzybowski & Œnia-
dek, 1997; Grzybowski, 1999). Close to Wadowice, in turn,
the top of or ganic ox bow lake sed i ments over ly ing al lu vium 
rises 9.7 m, its sub stra tum be ing placed 0 m to 4 m be low
the pres ent river bed ( Sobolewska et al., 1964; Bober et al.,
1980). These or ganic sed i ments are cor re lated with the
BrÝrup interstadial peat, de scribed from Zator far ther down -
stream (Koperowa & Œrodoñ, 1965).

The lower ter race step (T6) main tains com pa ra ble
height along the Skawa River course be tween Osielec and
Œwinna Porêba, ris ing 5–8 m to 9–10 m within al lu vial fans
at the mouths of trib u tary rivers. In the up per and mid dle
river course, this is a ter race wherein up to 7 m thick al lu -
vium over lies 1 to 4.5 m high straths. Down stream from
Mucharz, this level rep re sents an ac cu mu la tion, cut-and-fill
ter race, in which al lu vium rests on bed rock placed 4 m to
3.5–4.5 m be low the pres ent river bed near Œwinna Porêba
(Grzybowski & Œniadek, 1997) and Wadowice (Bober et
al., 1980), re spec tively. In this seg ment, the de scribed ter -
race cover is com posed of both late Weichselian and Ho lo -
cene al lu vium (Grzybowski & Œniadek, 1997; Bober et al.,
1980), the top of which rises 3–5 m at Wadowice.

Lower sit u ated ter race steps are con fined to the val ley
bot tom, the width of which changes be tween 400 and 650 m 
down stream from Osielec, nar row ing near Œwinna Porêba
to 350 m. These steps do not show any re la tion to slope sed -
i ments. Two higher ter races (4–5 m, 3–3.5 m; T7–8) are
cut-and fill land forms, ex cept the 4–5 m ter race at Osielec,
where al lu vium rests on a strath ris ing 0.5–1 m. Far ther
down stream, the base of al lu vium slopes be low pres ent
river bed. Lower ter races (2–2.5 m, 1–1.5 m, 0.5–1 m;
T9-11) com pose re cent floodplain and gravel bars (Fig. 13A, 
B).
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Dis cus sion

The age of these flu vial land forms is dif fi cult to con -
strain. The high est sit u ated rock benches (T1), be long ing to
the so-called “riv er side level” (Starkel, 1969, 1972;
Zuchiewicz, 1984), were shaped when in ten sive down- cut -
ting of older ma ture land scape of the Carpathians be gan, i.e. 
in the Early Pleis to cene. A youn ger ter race (T2), nearly ab -
sent up stream from Wadowice ex cept iso lated breaks on
val ley sides, was in ter preted by Bober et al. (1980) in the
lower Skawa River reach as “preglacial” (pre-Elsterian-2)
bur ied ter race cover over lain by youn ger Pleis to cene flu vial 
and slope sed i ments. Lower sit u ated straths can be ten ta -
tively “dated”, bas ing on the re la tion ship be tween flu vial
and solifluction sed i ments, which interlayer one with an -
other in near-slope parts of in di vid ual ter races point ing to
co eval de po si tion in cold gla cial stages, as well as by re lat -
ing these straths to the ref er ence lo cal ity at Œwinna Porêba,
where Weichselian Early Gla cial sed i ments were iden ti fied

paly no logi cal ly (Grzybowski & Œniadek, 1997; Grzy-
bowski, 1998a, b, 1999). Ap ply ing these cri te ria, ter race
cov ers T3 and T4 are con sid ered here as formed in
Elsterian-2 and Saalian (ei ther 1 or 2) times (Ta ble 1). Close 
to Wadowice, T4 –equiv a lent flu vial sed i ments do not pro -
duce any sep a rate ter race step, be ing bur ied un der 16-m-
thick loess-like silts, the top of al lu vium ris ing 11–13 m
above pres ent-day river bed (Bober et al., 1980). Ter race T5

rep re sents Weichselian (Vistulian) Early Gla cial (cf.
Grzybowski & Œniadek, 1997), its height in creas ing ab nor -
mally high be tween Osielec and Œwinna Porêba to de crease
even more dra mat i cally far ther down stream, be tween
Œwinna Porêba and Wadowice (Bober et al., 1980; Grzy-
bowski, 1998a, b, 1999). A youn ger, Weichselian Plenigla-
cial step (T6) is al ready cut-and-fill and even bur ied ter race,
its top part be tween Wadowice and Zator be ing cov ered by
Ho lo cene al lu vium (Bober et al., 1980; Grzybowski, 1998a, 
b, 1999). In the Paleczka River val ley, a right-hand trib u tary 
of the Skawa River, flu vial sed i ments of this ter race bear in
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Ta ble 1

Views on the num ber and age of Qua ter nary flu vial ter races in the Skawa River val ley.
Heights of ter race ris ers in metres (in brack ets – heights of straths)

stage
(Polish and

West
European
climato-

stratigraphy)

Szaflarski
(1931)1

Klimaszewski
(1948)

Ksi¹¿kiewicz
(1951a,b,
1974a,b)

M¹dry
(1971)

Bober
et al.

(1980)2

Wójcik &
R¹czkowski

(1994)3

Grabowski
& Miros³aw

(1995)4

Kopyœæ
(1997)

Grzybowski & 
Œniadek
(1997),

Grzybowski
(1998a,b,

1999)5

terraces
(this

paper)

Holocene

2-3, 2-4 0.5-1
1-1.5
1-2

1-3
2-3

1-2

3-56

0.5-2
3-8

0.5-1.5
1.8-3

3.5-5.5

0.5-1
1-1.5
2-2.5
3-3.5

4-5 (0.5-1)7 2-4 (-4)6

T11

T10

T9

T8

T7

Vistulian
(Weichselian)
 Pleniglacial

 Early Glacial

3-6 3-6 3-6 3-56

8.5-11.5
(0 to -4)

6-15

17-19 5-8 to 9-10
(1-4.5, av. 2-3)

10-15 (8)
to 22 (20)

22.5-23 (18.3)
to 9.7 (-2.5)

T6

T5

Wartanian
(Saalian-2)

Odranian
(Saalian-1)

16-22

18-30

7-9 7-10

8-14

7-10 11-12.5
(2-5)8 15-25

30-35 (25)

15-20 (11-12)
to 22-30 (18-20)

30-35-40?

T4

Sanian
(Elsterian-2)

Nidanian
(Elsterian-1)

35-40
15-30 (10-15) 16-30

15-35
17-23

(12-18)
15-35

(10-15)9

to 20-21
(12.5-14)

30-35-40? T3

older
Pleistocene
stages

50-6010

80-10010

26-27 (22)

80-13010 75-10010

T2

T1

Pliocene 110-12010

150-17010
75

150-17510

1 no age pro vided; in ter pre ta tion by au thors of this pa per; 2 Wadowice – Zator; 3 Osielec re gion; 4 Paleczka River val ley, right-hand trib u tary of the Skawa
River near Zembrzyce; 5 Œwinna Porêba – Wadowice; 6 Weichselian Pleniglacial and Ho lo cene cut-and-fill ter race, base 3.5-4.5 m be low the pres ent river
bed;  7 strath ex posed at Osielec, far ther down stream slopes be low the river bed; 8 bur ied ter race, al lu vium cov ered by 16-m-thick loess-like silts; 9 – near
Wadowice and WoŸniki; 10 rock benches
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Fig. 13. Long pro file of Mid- through Late Pleis to cene and Ho lo cene ter races of the Skawa River val ley be tween Osielec and Sucha
Beskidzka (A) and Zembrzyce – Œwinna Porêba (B). Grey fields de note ver ti cal ex tent of Pleis to cene al lu vium of in di vid ual ter races,
fence lines mark straths, and dot ted lines por tray ten ta tive cor re la tion be tween pre served frag ments of ter races. Lower bar di a gram shows
lo ca tion of fault zones crossed by the river; grey rect an gles in di cate faults subparallel to the river course, thick ver ti cal bars mark ma jor
thrust faults. Stra tig ra phy of Pleis to cene gla cial stages: S – Sanian (Elsterian-2), O – Odranian (Saalian-1), W – Wartanian (Saalian-2), EV 
– Weichselian Early Gla cial, PLV – Weichselian Pleniglacial



the top part or ganic silts dated to the BÝlling interstadial
(Grabowski & Miros³aw, 1995; Grzybowski, 1998b, 1999).
Three to five ter race steps build ing the Skawa River val ley
bot tom (T7-11) are Ho lo cene land forms, usu ally cut-and-fill
ones, ex cept T7 ter race, which close to Osielec bears a strath 
(0.5–1 m) slop ing be low the pres ent-day river bed far ther
down stream.

Rates of river downcutting are one of nec es sary tools
for un der stand ing rates of ero sion, landform evo lu tion, and
tec tonic up lift. Vari a tions in downcutting rates along the
val ley’s pro file help to re con struct the spa tial pat tern of tec -

tonic mo bil ity (Young & McDougall, 1993; Burbank et al.,
1996; Granger et al., 1997; Burbank & An der son, 2001). In
the Outer Carpathians, rates of flu vial downcutting re sult
mainly from cli ma tic changes through out the gla cial-inter -
gla cial cy cles (cf. dis cus sion in Starkel, 1985, 1994, 2003
and Zuchiewicz, 1995a), but their spa tial dif fer en ti a tion ap -
pears to be in flu enced by tec tonic fac tors as well. Deep en -
ing of nar row val ley bot toms was lim ited to early phases of
inter gla cial stages, post dat ing dis sec tion of periglacial cov -
ers dur ing late gla cial pe riod of the pre ced ing gla ci ation
(Starkel, 1985). Pre vi ous stud ies in the Pol ish Outer Car-
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Fig. 14. Long pro files of the Skawa River bed ver sus lo ca tion of tec tonic units of the Pol ish Outer Carpathians (A), and of Weichselian
Early Gla cial ter race in the Œwinna Porêba – Wadowice re gion (B) (adapted from Grzybowski, 1999; mod i fied). (C) Log a rith mic plot of
the rates of downcutting of Qua ter nary straths of the Skawa River val ley be tween Osielec and Œwinna Porêba (thick bar in A), shown in
Fig. 13. Thick solid line de notes av er age rate of downcutting in the last 300 ka. Let ter sym bols of tec tonic units: MA – Magura Nappe, SL
– Silesian Nappe, SS – sub-Silesian Nappe, SK – Skole Nappe, CF – Carpathian foredeep ba sin



pathians (Zuchiewicz, 1995a, 2001) in di cate that the size
and rate of dis sec tion of straths of com pa ra ble age are dif -
fer ent in dif fer ent morphotectonic units; a fea ture point ing
to variable pattern of Quaternary uplift throughout a
relatively small area.

Long pro files of Pleis to cene straths in the Skawa River
val ley are not uni form, as is the amount of ter race dis sec tion 
in par tic u lar val ley reaches. In par tic u lar, the straths tend to
rise in wa ter-gap val ley seg ments and on fron tal thrusts of
the Magura (Zembrzyce–Skawce) and Silesian (Œwinna
Porêba) nappes (Figs 13A, B, 14). Ho lo cene ter race ris ers
do not show such dif fer en ti a tion, ex cept that the base of
young al lu vium slopes down stream from 1–2 m near
Osielec to nearly 6 m be low the pres ent river bed at Œwinna
Porêba. In the lower val ley reach, down stream from Wado-
wice, dis sec tion of T2 sed i ments be fore the Elsterian-2,
amounted to 8–10 m (in “Cromerian” time, ac cord ing to
Bober et al., 1980), whereas sub se quent Holsteinian and
Eemian downcutting of the base of al lu vium of ter races T3

and T4 was es ti mated in this zone for 7–12 m and 2–9 m, re -
spec tively (Bober et al., 1980). Deep ero sional downcutting 
of Weichselian Early Gla cial at Œwinna Porêba (26 m; cf.
Fig. 14B, C), unique in the Pol ish Outer Carpathian val leys,
prob a bly took place at the turn of the Early Gla cial and
Pleniglacial time (Grzybowski & Œniadek, 1997). Gra di ents 
of the Early Gla cial strath and top of flu vial cover be tween
Œwinna Porêba and Wadowice are 7.4 m/km and 5.7 m/km,
while down stream from Wadowice both sur faces re veal
com pa ra ble gra di ents of 2.4 m/km. Re spec tive gra di ents of
the Weichselian Pleniglacial ter race riser (3.2 km/km and
2.7 m/km) and re cent val ley bot tom (2.7 m/km and 2.3
m/km) are lower, al though show ing dif fer ences be tween
wa ter-gap val ley seg ment and the down stream reach, sit u -
ated in front of the Carpathian mar ginal thrust (Grzybowski, 
1998a, b). Such an un usu ally high po si tion of the Weichse-
lian Early Gla cial straths on the west ern val ley side at
Œwinna Porêba and its sub se quent strong dis sec tion was ex -
plained by Grzybowski (1998a, b, 1999) by Weichselian
late Early Gla cial re ac ti va tion of the Silesian fron tal thrust.
An al ter na tive ex pla na tion is ac ti va tion of the Œwinna Po-
rêba nor mal fault, throw ing down its east ern wall. An other
ep i sode of tec tonic mo bil ity, although of smaller magni-
tude, was thought to occur in the Late Glacial and early
Holocene time (Grzybowski, 1998b).

Gra di ents of the pres ent river bed be tween Osielec and
Œwinna Porêba change be tween 2–3 m/km to 4–4.5 m/km,
in creas ing lo cally to 6 and even 9 m/km at the out lets of
some trib u tary streams and within fault zones ori ented
NE–SW in the up per val ley reach. No breaks of slope oc cur
on the Magura and Silesian fron tal thrusts (Fig. 14A),
contrary to the Carpathian mar ginal thrust, where river bed
gra di ents in crease from 2.6–2.8 m/km to 4 m/km (Grzy-
bowski, 1999). This in crease was in ter preted as a re sult of
the youn gest ep i sode of tec tonic mo bil ity (Grzybowski,
1999).

In sum, in creased rates of flu vial downcutting (0.7
mm/yr com pared to av er age of 0.22 mm/yr for the last 300
ka; cf. Fig. 14C) and de for ma tions of Mid-Late Pleis to cene
straths of the Skawa River point to the role of Weichselian
late Early Gla cial ep i sode of tec tonic ac tiv ity in the Beskid

Ma³y Mts., prob a bly due to ac ti va tion of the Silesian fron tal
thrust, remobilization of the Œwinna Porêba fault, or both.

FRAC TURED CLASTS

Frac tured clasts have com monly been used as a tool in
palaeostress anal y sis and dat ing of fault ing events for a few
de cades all over the world (see for re view: Tokarski &
Œwierczewska, 2005), and dur ing past few years in the Pol -
ish seg ment of the Carpathians, within the Mio cene through
Ho lo cene grav els. The share of such clasts at in di vid ual ex -
po sures ex ceeds some times 60%, and frac ture ar chi tec ture
is usu ally well-or ga nized and in de pend ent of clast tex ture.
Grav els and peb bles bear ing frac tured clasts are ex posed
mainly close to the map-scale thrusts, strike-slip faults and
nor mal faults, point ing to the on go ing tec tonic ac tiv ity of
such struc tures (Tokarski & Œwierczewska, 2005; Tokarski
et al., 2007).

In years 2005–2008, we an a lyzed 56 sites of Ho lo cene
flu vial grav els bear ing frac tured peb bles. These sites spread 
along the Skawa River course, from Bystra to the mouth
(Appendix). The sites rep re sent re cent gravel bars, as well
as 1.5–2 m, 2–3 m and 4–5 m-high ter race ris ers. The most
nu mer ous sites clus ter be tween Osielec in the south and Za-
tor in the north (Fig. 15). The frac tures are rep re sented by
joints, as well as nor mal, re verse and thrust faults, some of
them filled by clastic dikes. In di vid ual clasts are cut by ei -
ther sin gle or – rarely – mul ti ple frac tures (Fig. 16). Five
valley seg ments show ing vari able den sity of sites are dis tin -
guished: (a) Zator – Wadowice (1.04 sites per 1 km length),
lo cated on a fault run ning NW–SE; (b) Œwinna Porêba re -
gion (1.43), wherein 1 site is lo cated on the Silesian Nappe
fron tal thrust ori ented WSW–ENE, and 4 sites be ing placed
right on N–S to NNW–SSE strik ing faults; (c) Mucharz –
Zembrzyce (1.50), sit u ated on N–S to NNE–SSW trending
faults; (d) Sucha Beskidzka – Maków Podhalañski (3.75),
show ing most densely spaced ar range ment of frac ture
clasts-bear ing sites (15 sites per 4 km val ley length), which
are placed on a fault strik ing WNW–ESE; and (e) Maków
Podhalañski – Osielec (2.50), a seg ment show ing rel a tively
poor cor re la tion with ma jor faults; in di vid ual sites ap pear to 
be as so ci ated with minor, NNE–SSW and NE–SW striking, 
not very long faults (Fig. 15).

The high est fre quency of frac tured clasts (>1/square
metre) was found at 17 sites (Fig. 15), which are placed:
right in front of the Carpathian thrust over the foredeep (no.
6), on ma jor faults com pris ing the Skawa River fault zone in 
seg ments: a (nos. 61, 12, 13), c (no. 22), and d (nos. 91, 26,
27, 33, 34), close to the Silesian (no. 17) and Magura (nos.
20, 92) fron tal thrusts, as well as on mi nor faults ori ented
NW–SE (no. 78, south of Œwinna Porêba) within the
Silesian, and NNE–SSW (nos. 31, 36) and NE–SW (no. 39) 
in the Magura nappes.

The most nu mer ous frac tures (45) char ac ter ize site no.
17 sit u ated on the Silesian fron tal thrust, 3 km north of
Œwinna Porêba (Fig. 15). At that site, all frac tured clasts oc -
cur in the in ter val of 10 – 30 cm be low the top of a 2-m-high 
ter race. The frac tures, ex clu sively joints, tend to align
WSW–ESE, i.e. ex actly par al lel to the strike of the Silesian
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Fig. 15. Tec tonic sketch-map of the cen tral and north ern por tions of the Skawa River catch ment (based on Golonka et al., 1981), show -
ing lo ca tion of sites bear ing frac tured clasts and the fre quency of the lat ter. For other ex pla na tions – see Fig. 3
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Fig. 16. Ex am ples of clasts within Ho lo cene al lu vium of the Skawa River val ley cut by sin gle (A, B, E–H) and mul ti ple frac tures (C,
D); E–H ex po sures of grav els with fre quency of frac tured clasts higher than 1/m2; E –  site 12, F – site 13, G – site 17, H – site 91. Di am e -
ter of coin is 19 mm



Nappe fron tal thrust (Fig. 17A). Their spa tial ar range ment
is fairly sim i lar to that ob served in Al pine (Fig. 17B) and re -
cent, earth quake-pro duced thrusts (Fig. 17C). This frac ture
ar chi tec ture re sults from lo cal ro ta tion of prin ci pal stress
axes due to thrusting-related uplift.

In nu mer ous ex po sures, ir reg u lar patches bear ing nu -
mer ous frac tured clasts within strata de void of such clasts or 
bear ing very few frac tured clasts are rather com mon. Four
ex po sures of grav els with the num ber of frac tured peb bles
higher than 1/m2 were se lected for fab ric stud ies (Fig.
16E–H). These grav els com prise ex clu sively clasts de rived
from the Outer Carpathian sed i men tary rocks. The cal cu -
lated fab ric in di ca tors show con sid er able vari a tions in the
ex am ined ex po sures (Ta ble 2). The pack ing prox im ity per -
cent age var ies from 29 to 68%, the pack ing den sity per cent -
age changes from 43 to 64%, whereas the pro por tions be -
tween point and long con tacts are be tween 0.53 and 2.22. At 
site no. 17, where the num ber of frac tured clasts is the high -

est and where gravel is rich in ma trix, the num ber of clasts
show ing point con tact is over two times larger than that of
clasts displaying long contact.
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Fig. 17. A – Lower hemi sphere stereoplot and rose di a gram of frac tures within clasts of Ho lo cene al lu vium at site 17, lo cated at the
Silesian Nappe fron tal thrust. See Fig. 15 for lo ca tion; B – com mon pat tern of joints sym met ri cally ar ranged about thrust faults; joints par -
al lel to the thrust oc cur both in the footwall and hang ing wall; those at right an gles to the thrust be ing re stricted to strata im me di ately be -
neath the thrust (mod i fied af ter Han cock, 2000); C – an ex am ple of typ i cal de for ma tion and re lated stress pat terns as so ci ated with the
1980 El Asnam (Al ge ria) thrust earth quake. Lo cal stress vari a tions re sult ing from flex ing of the hangingwall anticline pro duced bend -
ing-mo ment crestal grabens (mod i fied af ter Philip & Meghraoui, 1983)

Ta ble 2

Fab ric in di ca tors in the stud ied grav els

Exposure

Fabric indicators

packing
density

packing
proximity

point contact/
long contact

SK12 62% 57% 0.80

SK13 52% 68% 0.53

SK17 43% 29% 2.22

SK91 64% 68% 0.84



Dis cus sion

Frac tured clasts have been de scribed from ar eas of
Qua ter nary (Tan ner, 1976; Owen, 1989; Tokarski & Zu-
chiewicz, 1998) and his tor i cal seis mic ity (Arlhac et al.,
1987; Car bon et al., 1995). This was most prob a bly the case 
of clast frac tur ing within young Ho lo cene al lu vium com -
pos ing cut-and-fill ter races 0.5 m to 1.5–2 m high (3–4 m
high at site no. 12 only) in the Skawa River val ley. Ac cord -
ing to the new twelve-de gree earth quake in ten sity scale
(Guerrieri & Vittori, eds, 2007), frac tures within loose al lu -
vial de pos its orig i nate start ing from slightly dam ag ing
earth quakes (de gree VI), and those in com pe tent rocks tend
to be formed start ing from heavily dam ag ing earth quakes
(de gree VIII). In terms of lo cal mag ni tudes, one can ex pect
clast frac tur ing at M ³ 5.5–5.7. The pres ence of frac tured
clasts in the Skawa River val ley, both on thrust and other
faults, leads us to con clude about rel a tively strong seis mic -
ity in this re gion, prob a bly of long re cur rence in ter vals, and
pos ing po ten tial threat in the fu ture. Frac tured clasts were
ob served in grav els show ing large dif fer en ti a tion of fab ric
in di ca tors. It ap pears that grav els rich in ma trix are pos si bly
more prone to frac tur ing.

FI NAL RE MARKS AND CON CLU SIONS

The Skawa River catch ment ba sin in the Outer West ern
Carpathians of Po land is sit u ated upon morphostructures
show ing dif fer en ti ated mo bil ity in the Qua ter nary. Of par -
tic u lar im por tance are two zones show ing up lift ing ten den -
cies, which are in di cated by ab nor mally high chan nel gra di -
ents and low val ues of the val ley floor width – val ley height
ra tios. The south ern zone is con fined to the Raèa and Siary
slices of the Magura Nappe, the north ern one is placed
within the Silesian and sub-Silesian nappes. Long pro file of
river chan nel re veals the low est val ues of con cav ity in dex
among the Pol ish Outer Carpathian rivers, point ing to low
de gree of river pro file ma tu rity, par tic u larly in its mid dle
reach co in cid ing with the south ern zone of ab nor mally high
river bed gra di ents.

The Skawa River val ley uti lizes in its mid dle and north -
ern reaches the Skawa River Fault Zone com posed of dif fer -
ently ori ented oblique-slip faults, vis i ble on DEM im ages as 
well-marked, rec ti lin ear topolineaments.

The NNW–SSE to N–S faults in the Silesian Nappe
were prob a bly re ac ti vated in Late Pleis to cene time as nor -
mal faults downthrowing their east ern sides, as shown by
ab nor mally high po si tion of the Weichselian Early Gla cial
straths on the west ern val ley side. Such an ep i sode of neo-
tec tonic ac tiv ity (late Early Gla cial time of the last gla cial
stage) has not been rec og nized so far in other river val leys
of the Pol ish seg ment of the Outer West ern Carpathians.
Fur ther more, we be lieve that some of the NNW–SSE to N–
S trending faults were re ac ti vated as strike-slip faults. This
would con firm the pres ent day stress ar range ment within
the Pol ish seg ment of the Carpathians (Jarosiñski, 2005).

More over, de for ma tions of Pleis to cene straths be tween
Osielec in the south and Wadowice–Zator ar eas in the north
ap pear to in di cate both pre-Weichselian and Weichselian

re ac ti va tion of the Silesian and – to a lesser ex tent – Magura 
fron tal thrusts. These move ments con tin ued also in the Ho -
lo cene, al though to a smaller ex tent, most prob a bly due to
mod er ately strong and/or strong earth quakes of mag ni tudes
ex ceed ing 5.5–5.7, re sult ing in clast frac tur ing within Ho lo -
cene al lu vium, par tic u larly strong on the Silesian fron tal
thrust, and less in ten sive on the Carpathian mar ginal and
Magura fron tal thrusts, as well as on some faults that belong 
to the SRFZ.

We are con vinced that the re cord of seis mi cally-in -
duced clast frac tur ing on one of ma jor fault zones in the
Outer Carpathians should lead to re vi sion of the hith erto-ex -
ist ing seis mic risk as sess ment of this re gion (cf. Schenk et
al., 2001; Guterch & Lewandowska-Marciniak, 2002), and
par tic u larly of the city of Kraków and other ur ban ized ar eas, 
as well as the planned ar ti fi cial wa ter res er voir at Œwinna
Porêba.
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ski and František Marko are highly ap pre ci ated. We also ac knowl -
edge with thanks te dious and pa tient ed i to rial work of Jan Go-
lonka.

Ap pen dix

Lo ca tion of ex po sures of Ho lo cene grav els bear ing
frac tured clasts

Exposure Latitude N Longitude E

SK-4 49°59.435' 19°26.987'

SK-5 49°59.365' 19°27.019'

SK-6 49°58.180' 19°27.137'

SK-9 49°56.111' 19°28.278'

SK-12 49°54.965' 19°30.130'

SK-13 49°54.849' 19°30.173'

SK-17 49°51.318' 19°31.113'

SK-18 49°50.597' 19°30.833'

SK-20 49°47.934' 19°35.628'

SK-22 49°45.788' 19°35.867'

SK-25 49°44.321' 19°36.532'

SK-26r 49°43.848' 19°37.398

SK-27 49°43.795' 19°38.149'

SK-27r 49°43.751' 19°38.818'

SK-28 49°41.390' 19°43.457'

SK-29 49°43.083' 19°42.046'

SK-30 49°42.935' 19°42.063'

SK-31 49°42.719' 19°42.113'

NEOTECTONIC AC TIV ITY OF THE SKAWA RIVER FAULT ZONE 89



Exposure Latitude N Longitude E

SK-32 49°43.807' 19°38.576'

SK-33 49°43.761' 19°38.452'

SK-33r 49°43.770' 19°38.889'

SK-34 49°43.766' 19°39.368'

SK-34r 49°43.723' 19°39.680'

SK-35 49°43.717' 19°39.500'

SK-36 49°42.579' 19°41.735'

SK-37 49°42.561' 19°41.516'

SK-38 49°42.607' 19°41.981'

SK-39 49°41.929' 19°42.843'

SK-40 49°41.884' 19°42.873'

SK-41 49°41.840' 19°42.909'

SK-42 49°41.256' 19°43.571'

SK-45 49°41.029' 19°45.098'

SK-46 49°41.021' 19°45.096'

SK-47 49°40.678' 19°45.576'

SK-48 49°40.523' 19°45.886'

SK-49 49°40.438' 19°46.041'

SK-51 49°40.065' 19°45.972'

SK-53 49°39.711' 19°46.572'

SK-55 49°59.592' 19°26.614'

SK-61 49°57.227' 19°27.602'

SK-67r 49°55.859' 19°28.733'

SK-69 49°56.557' 19°28.155'

SK-73 49°54.033' 19°30.652'

SK-75 49°50.321' 19°31.550'

SK-76 49°50.461' 19°31.352'

SK-78r 49°49.485' 19°32.418'

SK-88 49°43.599' 19°40.028'

SK-89 49°43.613' 19°39.975'

SK-90 49°43.771' 19°38.418'

SK-90r 49°43.751' 19°38.818'

SK-91 49°44.083' 19°36.853'

SK-92 49°48.156' 19°36.017'

SK-92a 49°47.865' 19°35.503'

SK-93 49°47.474' 19°34.944'

SK-93r 49°47.145' 19°35.054'

SK-96 49°46.041' 19°35.830'
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