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Mt. Medvednica is an inselberg in NW Croatia, which lies at the in ter sec tion be tween the Southeastern Alps, Northwestern
Dinarides and Tisza Mega-Unit of the Pannonian Ba sin. Due to the Pliocene–Quaternary N–S di rected short en ing, Mt.
Medvednica ex pe ri enced 1500–2000 m of dif fer en tial up lift and now ex poses pre-Neo gene and Neo gene tec tonic and strati -
graphic units that are sur rounded by Pliocene–Quaternary sed i ments. This pa per eval u ates a set of quan ti ta tive
morphometry meth ods used to iden tify tec toni cally ac tive ar eas within this re gion characterized by low-rate ac tive fold ing
and fault ing dur ing the Pliocene–Quaternary. Our anal y sis em ployed ex trac tion of hypsometric curves, cal cu la tion of a
hypsometric in te gral, asym me try fac tor, and sta tis ti cal pa ram e ters of lon gi tu di nal stream pro files along 36 drain age bas ins
de lin eated from a 25 m res o lu tion DEM of Mt. Medvednica area. De spite lithological het er o ge ne ity of the study area, the
morphometric pa ram e ters we ob tain are good in di ca tors for dis crim i nat ing tec toni cally ac tive from in ac tive ar eas. We in ter -
pret that the most tec toni cally ac tive ar eas are lo cated at the SW cor ner and in the cen tral part of Mt. Medvednica, where they 
are likely re lated to the North Medvednica Bound ary Fault, and to the Kašina Fault, re spec tively. The lat ter di vides the range
into dis tinct NE and SW mor pho log i cal and struc tural ar eas. 
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INTRODUCTION

Dig i tal El e va tion Mod els (DEMs) have been used in quan ti ta -
tive morphotectonic anal y sis to un der stand the re la tion ship be -
tween tec tonic ac tiv ity, as so ci ated land scape fea tures and evo -
lu tion. This method has been widely tested in tec toni cally ac tive
ar eas of vari able de for ma tion rates, in clud ing high strain rate ar -
eas such as the west ern USA, Tai wan and Himalaya (e.g.,
Snyder et al., 2000; Champel et al., 2002; Delcaillau et al., 2006), 
and in low strain rate ar eas like SE Spain (Pedrera et al., 2009;
Pérez-Peña et al., 2010), south ern and north ern It aly (Guernieri
and Pirrotta, 2008; Picotti et al., 2009), the Vi enna Ba sin and
Cen tral Pannonian Ba sin re gion (Ruszkiczay-Rüdiger et al.,
2009; Beidinger et al., 2011). These re sults are of ten com bined
with ad di tional data, e.g. from struc tural ge ol ogy/tec ton ics, seis -
mol ogy and ge od esy to pro vide an eas ily ob tained and re li able
tool in un der stand ing land scape evo lu tion, po ten tial nat u ral haz -
ards and land-use plan ning in densely pop u lated ar eas (Bishop,
2007; Ruszkiczay-Rüdiger et al., 2009; Pérez-Peña et al., 2010).
A great num ber of geomorphic in di ces have been de vel oped that 

can be ex tracted and cal cu lated from the pres ent-day to pog ra -
phy (i.e. DEMs), which serve to quan tify on go ing tec tonic pro -
cesses and rates of up lift and sub si dence re lated to fold ing and
fault ing (e.g., Keller et al., 2000; Keller and Pinter, 2002; Pinter,
2005; Bull, 2009).

This pa per pres ents a DEM-based morphometric anal y sis
aimed to iden tify tec toni cally ac tive ar eas at Mt. Medvednica, a
ca. 35 km long and 10 km wide hilly ter rain in the SW cor ner of
the Pannonian Ba sin in Croatia. We ex tracted and cal cu lated
geomorphic in di ces (hypsometric curves and integrals, asym -
me try fac tors and nor mal ized lon gi tu di nal stream pro files) for 36 
Mt. Medvednica drain age bas ins that we then com pared to sep -
a rate those rep re sent ing tec toni cally ac tive vs. in ac tive sub-ar -
eas. These new data were then com pared with the re sults from
pre vi ous geomorphologic, neotectonic and seismotectonic
stud ies of this area (Heæimoviæ, 1984, 2000; Prelogoviæ et al.,
1998; Tomljenoviæ and Csontos, 2001; Tomljenoviæ et al., 2008; 
Herak et al., 2009).

GEOLOGICAL AND TECTONIC SETTING

Mt. Medvednica is a NE–SW-trending inselberg at the SW
cor ner of the Pannonian Ba sin, which lies near the junc tion be -
tween the SE Alps, NW Dinarides and Tisza Mega-Unit of the
Pannonian Ba sin (Fig. 1). Its pres ent-day po si tion and trend are 
ex plained by an east ward dis place ment (tec tonic es cape) and
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approx. 130° clock wise ro ta tion of the tec tonic block com pris ing 
Medvednica and its sur round ing inselbergs dur ing the Lat est
Paleogene–Ear li est Neo gene (Márton et al., 2002; Tomljenoviæ 
et al., 2008). These move ments were prob a bly re lated to the
ini tial stage of Mio cene east ward ex tru sion of wedge-shaped
crustal blocks of the East ern Alps–Pannonian Ba sin tran si tion.
Sev eral ki ne matic mod els ex ist to ex plain this pro cess (e.g.,
Ratschbacher et al., 1991; Fodor et al., 1998 with ref er ences
therein). In the Al pine–Pannonian Ba sin tran si tional area, lat -
eral ex tru sion was con trolled by dextral transpression be tween
the Periadriatic–Balaton and Mid-Hun gar ian fault sys tems (ŠF,
DoF seg ments, BF and MHL in Fig. 1; e.g., Csontos and
Nagymarosy, 1998; Fodor et al., 1998; Csontos et al., 2005)
that strongly af fected Mt. Medvednica and its sur round ings.

The pres ent-day to pog ra phy of Mt. Medvednica and the
hilly ter rain to the north of it, which ex tends into Slovenia
(Zagorje Re gion), is strongly con trolled by the pres ence of Late
Mio cene–Qua ter nary folds and pop-up struc tures (e.g., Takšiæ,
1965; Šimuniæ et al., 1983; Tomljenoviæ and Csontos, 2001).
These struc tures mark the east ward pro lon ga tion of the Sava
folds re gion of Slovenia (Sikošek, 1971; Placer, 1999), a zone

of ac tive E–W to NE–SW-trending ranges (anticlines) and val -
leys (syn clines; Fig. 1). The fi nal stage in the for ma tion of these
folds, which com menced dur ing the lat est Mio cene (ca. 6 Ma)
un der a N–S to NW–SE di rected short en ing, is well-doc u -
mented by out crop struc tural anal y ses and seis mic re flec tion
data (e.g., Fodor et al., 1998; Gosar, 1998; Prelogoviæ et al.,
1998; Vrabec, 1999; Tomljenoviæ and Csontos, 2001). In ad di -
tion to fold ing, the short en ing was ac com mo dated by per va sive
brit tle de for ma tion and the for ma tion of E–W-strik ing re verse
faults. The folds and re verse faults are com monly off set by
NW–SE-strik ing dextral faults (Fig. 1). Con tin u a tion of tec tonic
ac tiv ity from the Late Mio cene into the Plio cene and Qua ter nary 
is lo cally well-doc u mented, e.g. by 70 metres of ver ti cal off set of 
a Plio cene coal-seam along the Šoštanj Fault (ŠF in Fig. 1;
Vrabec, 1999), by tilt ing and fold ing of Up per Mio cene–Plio cene 
strata (Gosar, 1998), by an off set of Pleis to cene de pos its along
both limbs of the Krško Syncline 25 km NW of Mt. Medvednica
(Verbiè, 2005), and by fold ing and pre sum ably fault ing of the
basal Plio cene–Qua ter nary strata along the North ern
Medvednica Bound ary Fault, as ob served in seis mic sec tions
(NMBF in Fig. 2; Tomljenoviæ and Csontos, 2001). Based on
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Fig. 1A – ma jor Late Pontian to re cent map-scale re verse, nor mal and strike-slip faults and folds in the bor der zone of the SE Alps,
Dinarides and Pannonian Ba sin in Slovenia and Croatia (slightly mod i fied af ter Tomljenoviæ and Csontos, 2001 with ref er ences
therein); B – shows the study area within sim pli fied tec tonic frame work of the Alps, Carpathians and Dinarides (sim pli fied af ter
Schmid et al., 2008 and Ustaszewski et al., 2009)

BF – Balaton Fault, DF – Drava Fault, DoF – Donat Fault, LF – Labot Fault, MHL – Mid-Hun gar ian line, 
SaF – Sava Fault in Croatia, ŠF – Šoštanj Fault



these stud ies, this area is con sid ered to be tec toni cally ac tive,
with low up lift rates of ca. 0.023 mm/y (based on data from
Vrabec, 1999) and fault-slip rates of 0.04–0.46 mm/y (Verbiè,
2005). The re gional data are in good agree ment with the
0.17–0.4 mm/y Qua ter nary up lift rate re ported by Kuk et al.
(2000) for the cen tral part of Mt. Medvednica.

The cur rent struc tural ar chi tec ture of Mt. Medvednica
(Fig. 2) has been strongly af fected by Late Mio ce ne–Qua ter -
nary de for ma tions de scribed above. The cen tral part of the
moun tain is an asym met ric antiform com posed of mid-Cre ta -
ceous (122–110 Ma) greenschists and over ly ing lower-grade
metasedimentary rocks (e.g., Belak et al., 1995; Judik et al.,
2004, 2008; Lugoviæ et al., 2006; Tomljenoviæ et al., 2008). This 
unit has been overthrusted by a Ju ras sic ophiolitic mélange
(Halamiæ et al., 1998, 1999; Babiæ et al., 2002; Lugoviæ et al.,
2006; Slovenec and Lugoviæ, 2008) that is pre served in an ad ja -
cent synform to the north. Both of these units are un con form -
ably cov ered by Senon ian–Pal eocene (Gosau-type see
Willingshofer et al., 1999 and ref er ences therein) shal low-ma -
rine to basinal se quences (Babiæ et al., 1973; Crnjakoviæ, 1980,
1987). The high est unit of the pre-Neo gene struc tural as sem -
blage is rep re sented by a Tri as sic shal low-ma rine suc ces sion
of the Žumberak nappe which is lo cally pre served in the SW
part of the moun tain (Fig. 2A), where it thrusts over
Senonian–Pa leocene se quences (Šikiæ et al., 1979). These
pre-Neo gene base ment units are un con form ably cov ered by
Mid dle and Late Mio cene sed i ments (start ing with Ottnangian
clastics, ca. 17.5 Ma) de pos ited within the North Cro atian
sub-ba sin of the Pannonian Ba sin sys tem (e.g., Pave liæ, 2001;
Saftiæ et al., 2003; Kovaèiæ et al., 2004; Vrsaljko et al., 2006;
Æoriæ et al., 2009 with ref er ences therein). Over ly ing Plio cene
sed i ments are com posed of al lu vial to lac us trine sed i ments,
which grade up ward into Pleis to cene silts and clays, lo cally of
ae olian or i gin (loess), de pos ited in ponds and marshy en vi ron -
ments (Šikiæ et al., 1977; Basch, 1981; Veliæ and Saftiæ, 1991;
Veliæ and Durn, 1993; Veliæ et al., 1999). The youn gest Qua ter -
nary grav els and sands that ac cu mu lated in three
aggradational ter races are ex posed on both sides of the Sava
River at el e va tions be tween 108–124 m (Šikiæ et al., 1977;
Basch, 1981). Con tem po ra ne ous clastics of proluvial or i gin are
de pos ited in creeks and al lu vial fans at the base of the slopes of 
Mt. Medvednica.

Due to the lat est Mio cene–Qua ter nary de for ma tion, the
struc tural po si tion of Mio cene sed i ments is re mark ably dif fer ent 
along the strike of the Medvednica antiform. In its north east ern
part, i.e. to the NE of the Kašina Fault (KF in Fig. 2), Mio cene
sed i ments un con form ably cover both limbs of the antiform and
are dip ping par al lel to the dip of both antiform limbs. By con -
trast, in the south west ern part of the moun tain, i.e. to the
south-east of the Kašina Fault, the base-Mio cene un con formity
is ex posed only along the south east ern slope at the el e va tion
be tween 200 and 400 m, while on the north west ern slope, it is
miss ing at the sur face. There, the base-Mio cene un con formity
is ei ther overthust by pre-Neo gene base ment units
(hangingwall of the NMBF) or is cov ered by up to 400 m thick
Plio cene–Qua ter nary sed i ments. It im plies pos si bil i ties of ex po -
si tion of the NMBF seg ment near the Kašina Fault, and its
south west ern ex ten sion along the base of the north west ern
slope. This in ter pre ta tion is sup ported by the Bouguer grav ity
anom aly map of Aljinoviæ (pub lished in Verbiè, 2005), which in -
di cates a sharp tran si tion from a pos i tive (Medvednica antiform) 
into a neg a tive grav ity anom aly lo cated in front of the south -
west ern ter mi na tion of the moun tain (Fig. 2B). This neg a tive
anom aly cor re sponds with the deep est part of a ca. 20 km long
and 6 km wide syncline com posed of Mio cene–Qua ter nary
sed i ments here pro jected into the pro file A–B of Fig ure 2C.
A cu mu la tive ver ti cal off set of the base-Mid dle Mio cene un con -

formity along NMBF splay faults is about 3750 m, which would
ac count for ca. 0.27 mm/y slip rate along the NMBF since the
Mid dle Mio cene (Late Badenian, ca. 14 Ma) time. In the
north-east di rec tion of the NMBF, the to tal ver ti cal off set of the
base-Mid dle Mio cene un con formity along this fault de creases,
in di cated by a more grad ual tran si tion from a pos i tive into a neg -
a tive grav ity anom aly (Fig. 2B). There fore, we are in the opin ion
that tec tonic ac tiv ity along the NMBF ei ther shifted from its
north east ern to ward the south west ern ter mi na tion or that the
dis place ment along the same fault was un evenly dis trib uted
dur ing Late Mio cene–Qua ter nary times.

GEOMORPHOLOGICAL SETTING

The most ev i dent land scape fea ture in Mt. Medvednica (to tal
area of ~442 km2) is a moun tain ridge with a gen eral NE–SW
trend ex tend ing be tween the Sava and Lonja rivers (Fig. 3). The
moun tain is bounded to the north by the Krapina River val ley.
The high est el e va tions are con cen trated in the SW area of the
moun tain (with the high est peak Sljeme at 1032 m), which is
char ac ter ized by up to 900 m of lo cal re lief, while lo cal re lief val -
ues in the NE area does not ex ceed 500 m (Fig. 4B). The con sid -
er able el e va tion dif fer ences have been used in pre vi ous clas si fi -
ca tions of lo cal morphostructures ac cord ing to Heæimoviæ (2000)
and Bognar (2001).

Most of the land scape fea tures in Mt. Medvednica are re lated 
to slope grav i ta tional pro cesses, con trolled by creep ing and es -
pe cially land-slid ing in parts where Mio cene lam i nated clayey
marl and clays are in con tact with coarse-grained Neo gene or
pre-Neo gene rocks (Vrsaljko et al., 2011; Mihaliæ et al., 2011). In
ar eas where car bon ate rocks pre vail, e.g. in the SW cor ner of Mt. 
Medvednica, the land scape is con trolled by karstic and
fluvio-karstic ero sional pro cesses. Short and pre dom i nantly nar -
row stream val leys with the lengths <4.5 km pre vail in the west -
ern part of Mt. Medvednica in con trast to the rest of the moun tain
where the drain age net work is more de vel oped and the lengths
of val leys are >4 km (Ta ble 1). The stream net work of ten shows a 
rect an gu lar pat tern and sud den sharp changes in flow di rec tion,
which, ac cord ing to pre vi ous stud ies (Prelogoviæ, 1975;
Heæimoviæ, 1984, 2000), are ei ther linked to ma jor lithological
bound aries or are re lated to on go ing tec tonic ac tiv ity. 

METHODS AND RESULTS

DEM AND DELINEATION OF DRAINAGE BASINS

The morphometric anal y sis was per formed us ing a 25 m
res o lu tion DEM that was con structed us ing el e va tion points
pro vided by the Cro atian Geo detic Sur vey and pro jected in
EPSG pro jec tion 31275 (MGI/Bal kans zone 5 – one of two na -
tional pro jec tion sys tems of Croatia). El e va tion points were ex -
trap o lated by photogrammetric res ti tu tion of ae rial orthophotos.
The DEM was mod elled and ana lysed us ing ESRI ArcMap soft -
ware (ver sion 9.3.1.). The first step in a DEM-based
morphometric anal y sis was ex trac tion of the drain age net work
and drain age bas ins. It was con ducted us ing ESRI ArcMap
soft ware, ex ten sion ArcHydro ver sion 1.1 fol low ing meth od ol -
ogy de scribed by Tarboton (1997) and Peckham and Jor dan
(2007). This meth od ol ogy im plies def i ni tion of a stream thresh -
old area (i.e. the num ber of up stream grid cells ca pa ble to gen -
er ate wa ter course) and drain age net work de lin ea tion us ing the
D8 method (Pedrera et al., 2009 with ref er ence therein). The
va lid ity of our DEM-de rived drain age net work and drain age
bas ins was cross-checked vi su ally us ing 1:25,000 scale top o -
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graphic maps. We de lin eated 36 drain age bas ins with out let
points lo cated at the Mt. Medvednica moun tain front (Fig. 3).

SPATIAL ELEVATION AND SLOPE ANGLE DISTRIBUTION 

El e va tion dis tri bu tion is a foun da tional pa ram e ter for al most 
all DEM-based morphometric anal y ses. El e va tion dif fer ences
and el e va tion gra di ents, which con vey sig nals of sub strate li -
thol ogy, cli mate con di tions and of pos si ble tec tonic move -
ments, were ana lysed with ESRI ArcMap soft ware us ing Spa tial 
An a lyst ex ten sion. Two ras ters of (1) lo cal re lief (hmax–hmin val -
ues, Fig. 4A) and (2) slope an gle vari abil ity (re fers to dif fer ence
be tween max i mum and min i mum slope an gle within cer tain
area, Fig. 5) were ex tracted by the Neigh bour hood Sta tis tics
method (with cir cu lar sam pling win dow of 300 m ra dius), de -
scribed in Ruszkiczay-Rüdiger et al. (2009).

Our map of lo cal re lief val ues (Fig. 4A and Ta ble 1) in di -
cates an un even dis tri bu tion: the SW area is char ac ter ized by
more vari able lo cal re lief val ues be tween 185 and 914 m, while
lo cal re lief val ues in the NE area range be tween 280 and 560 m. 
The bound ary zone be tween these two ar eas cor re sponds with
the NW-strik ing Kašina Fault zone (Fig. 4B).

Slope an gles vary be tween 0 and 51° (Fig. 5A and Ta ble 1).
Val ues are mostly uni formly dis trib uted, with 9% of hillslopes
char ac ter ized by val ues greater than 25°, 73% be tween 5 and
25°, and 18% be tween 0 and 5°. Com par i son of the slope vari -
abil ity map and geo log i cal units (Fig. 5B) shows that higher
slope an gle val ues (>20°) cor re late with more re sis tant
pre-Neo gene rocks, es pe cially in the area cov ered by Tri as sic
car bon ates. The most ex treme high slope an gles (avg. max.
40.67°) oc cur within a very nar row zone (<180 m wide) in the
SW cor ner of Mt. Medvednica and along the foot hills close to
Stubièke Toplice. Sub se quently, ar eas com posed of less re sis -
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Fig. 2A – geo log i cal map of Mt. Medvednica (com piled and sim pli fied by Tomljenoviæ, 2002 af ter Šikiæ et al., 1978; Basch, 1981;
Šimuniæ et al., 1983; Tomljenoviæ, 1995; Halamiæ, 1998) pro jected onto the 25 m res o lu tion DEM, note the lithological het er o ge ne ity
of ex posed rocks and dis tri bu tion of faults used here for sub di vi sion of the study area; B – Bouguer grav ity anom aly map of
Aljinoviæ (pub lished in Verbiè, 2005), anom aly map in di cates a sharp tran si tion from a pos i tive (Medvednica antiform) into a neg a -
tive grav ity anom aly lo cated in front of the south west ern ter mi na tion of the moun tain; C – geo log i cal pro file in SW cor ner of Mt.
Medvednica (af ter Tomljenoviæ, 2002), note a ver ti cal off set of Mio cene–Qua ter nary sed i ments of ca. 3500 m on the NMBF

Fig. 3. A 25 m res o lu tion DEM with hillshade over lay of Mt. Medvednica with in di cated main river flows and 36 de lin eated
 drain age bas ins used for morphometric study (see Ta ble 1 for names of drain age bas ins)



tant rocks of Mio cene and Plio cene–Qua ter nary age were char -
ac ter ized by low slope an gle val ues.

Based on com bi na tion of (1) morphometric cri te ria that ac -
counts for dif fer ences in lo cal re lief and slope an gle val ues, and
(2) geo log i cal cri te ria that ac counts for dif fer ences in li thol ogy
and struc tural char ac ter is tics, the study area is sub di vided into
two geomorphic ar eas, i.e. the SW and the NE area, which cor -
re spond to the footwall and the hangingwall of the Kašina Fault
zone, re spec tively (Figs. 2 and 4). The SW area com prises 23
and the NE area 13 drain age bas ins (Fig. 3).

HYPSOMETRIC CURVES

Ba sin hypsometric curves in di cate the dis tri bu tion of ba sin
sur face ar eas or land mass be low or above a cer tain sur face da -
tum (Strahler, 1952; Pérez-Peña et al., 2009). Hence, the de -

rived shape of hypsometric curves gives in for ma tion about the
vol ume of orig i nal ba sin re mains, and in di cates an ero sional
stage of drain age bas ins as out come of in ter ac tion be tween tec -
tonic ac tiv ity, lithological het er o ge ne ity and cli ma tic con di tions
(Willgoose and Han cock, 1998; Huang and Niemann, 2006).

Keller and Pinter (2002) sug gested that hypsometric curves
can be used for com par ing drain age bas ins of dif fer ent size and 
can be used to sep a rate phases in land scape evo lu tion. Ac -
cord ing to Strahler (1952), con vex hypsometric curves rep re -
sent young and slightly eroded ar eas, while S- and con -
cave-shaped curves char ac ter ize mod er ately to highly eroded
ar eas, i.e. ar eas in ma ture and fi nal (old) ero sional stages (see
also Pedrera et al., 2009; Pérez-Peña et al., 2009 with ref er -
ences therein). Shapes of hypsometric curves are ap prox i -
mated by hypsometric in te gral (Hi), known as the area be low
the hypsometric curve:
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Fig. 4A – lo cal re lief map of Mt. Medvednica with el e va tion val ues cal cu lated within cir cu lar win -
dow of 300 m us ing Neigh bor hood Sta tis tics, note the dif fer ence in lo cal re lief val ues be tween the 
SW and NE ar eas of the moun tain; B – SW–NE-strik ing top o graphic pro file of Mt. Medvednica
(pro file lo ca tion in di cated on Fig. 4A), note the cor re la tion be tween the lo ca tion of the Kašina
Fault and abrupt el e va tion dif fer ences be tween the SW and NE parts of the moun tain

Other ex pla na tions as in Fig ure 3
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where: hmean – av er age value of sur face heights in drain age area,

hmin. and hmax. – min i mal and max i mal val ues of sur face heights in
drain age area, re spec tively. 

Val ues of Hi closer to 1 are typ i cal for young ero sional stage
ar eas, and val ues closer to 0 are spe cific for ma ture or fi nal (old)
ero sional stage ar eas (Strahler, 1952; Keller and Pinter, 2002;
Pérez-Peña et al., 2009; Ruszkiczay-Rüdiger et al., 2009). Ac -
cord ing to Ruszkiczay-Rüdiger et al. (2009), the high val ues of Hi

are ad dressed to ero sional pro cesses as so ci ated with dis sected

flu vial ar eas, while low val ues of Hi are com mon in ar eas with pre -
vail ing de fla tion and flu vial aggradation pro cesses.

In draw ing hypsometric curves and com put ing hypsometric
in te gral val ues for the drain age bas ins, we used CalHypso ex -
ten sion de vel oped for ESRI ArcMap soft ware (for de tails see
Pérez-Peña et al., 2009).

Hypsometric in te gral val ues and hypsometric curves for our
36 drain age bas ins are shown in Fig ure 6 and Ta ble 1. Based
on cal cu lated val ues, we dif fer en ti ated two groups of drain age
bas ins: the first group com prises drain age bas ins with Hi val ues
rang ing be tween 0.17 and 0.37 (drain age bas ins nos.: 1–5,
7–11, 19–25, 27–34), and the sec ond one with Hi val ues in the
range be tween 0.40 and 0.69 (drain age bas ins nos.: 6, 12–18,
26, 35, 36). Very smooth con cave-shaped hypsometric curves
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No. Drain age ba sin
Area

[km2]

L

[km]

El e va tion [m] Lo cal re lief 
[m]

Maximum 
slope [°]

Average
slope [°]

Hi AF
min. max.

1 Žitomirka 13.73   6.96 165.0   445.39   280.39 35.18 10.15 0.26 16.53

2 Bistrica 40.31 11.23 160.0   575.63   415.63 44.58 12.06 0.33   1.62

3 Pinja 21.81   8.27 160.0 480.0 320.0 32.85   8.98 0.17 15.49

4 Burnjak 18.85   9.14   196.44 610.0   413.56 37.87 11.39 0.28 18.01

5 Gornja Stubica   7.32   5.45   195.46 630.0   434.54 34.58 11.27 0.27 16.07

6 Slani potok   6.12   7.49 190.0   716.08   526.08 40.63 15.45 0.43 17.52

7 Rijeka 16.3  10.47 180.0   833.98   653.98 45.58 13.51 0.32 5.4

8 Vidak 17.66 11.85 160.0 890.0 730.0 50.8  13.38 0.32   7.82

9 Jamno   9.71   7.22 140.0 325.0 185.0 28.36   6.28 0.3  12.45

10 Bistra 16.13 12.11 150.0 1017.1    867.11 43.44 12.99 0.31 20.04

11 Dedina 13.27 10.23 135.0 1031.3    896.33 44.33 14.4  0.33   0.06

12 Poljanica   3.32   4.57   159.46 810.0   650.54 39.24 19.38 0.48   2.36

13 Dubovec   1.83   2.77 180.0   584.83   404.83 40.93 18.53 0.46   3.53

14 Novaèak   2.33   3.81   170.77 585.0   414.23 41.75 19.61 0.49   6.27

15 Volovec   1.24   2.23   165.12 585.0   419.88 39.48 18.29 0.54   6.01

16 Jablanovec   1.15 2.6 150.0 600.0 450.0 40.48 15.37 0.69   5.16

17 Ivanšæak   1.74   2.67   140.45 600.0   459.55 41.19 18.54 0.54   7.44

18 Bizeki   7.01   7.36   130.24 600.0   469.76 40.34 13.32 0.48 17.99

19 Vrapèak 14.58 10.31   127.87 860.0   732.13 44.12 18.21 0.35 12.8  

20 Kustošija   5.38   5.24 130.0 515.0 385.0 43.74 12.74 0.32 15.5  

21 Veliki potok   7.15   8.72   128.32 870.0   741.68 43.69 16.73 0.37   8.31

22 Kunišæak   4.65   5.82   123.46 460.0   336.54 31.88 10.45 0.32   2.06

23 Medvešèak 17.21 12.21   116.29 1030.0    913.71 41.6  15.36 0.33 21.41

24 Bliznec 14.19 10.49 150.0 1030.7  880.7 43.86 15.18 0.31   6.39

25 Štefanovec 10.38   9.58   152.25 985.0   832.75 39.22 13.39 0.29   5.68

26 Trnava 27.92 10.72   151.07   961.46   810.39 48.5  16.52 0.4  29.07

27 Èuèerje 15.52 11.18 150.0   740.41   590.41 39.26 13.59 0.28   3.69

28 Kostaniæ 24.6 12.81 130.0 700.0 570.0 39.42 12.51 0.23 28.45

29 Kašina 17.67   8.34 180.0   740.59   560.59 43.35 14.89 0.33 22.68

30 Blaguša   7.45   9.26 160.0   490.15   330.15 43.16 12.77 0.35   6.34

31 Glavinèica 16.36   8.67 150.0   543.53   393.53 44.35 13.19 0.33 25.78

32 Nespeš 20.11 11.21   125.44 570.0   444.56 40.81 10.77 0.26 20.73

33 Zelina 21.76 11.28 140.0   555.93   415.93 42.21 11.22 0.33   4.02

34 Toplièica   6.03   5.39   121.41   371.54   250.13 32.07   7.03 0.25   9.64

35 Kalinec   2.72   4.13 130.0   474.83   344.83 36.84 12.38 0.41 0.1

36 Orešæak 9.35   6.12   130.08   476.66   346.58 43.14 11.64 0.4  16.18

mean value 12.3 8.0   150.67   674.87 524.2 40.63 13.65 0.36 11.63

AF – asym me try fac tor (see text for de tails), Hi – hypsometric in te gral, L – stream chan nel

T a  b l e  1

De lin eated drain age bas ins with ex trap o lated morphometric pa ram e ters
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Fig. 5A – slope vari abil ity map of Mt. Medvednica with spa tial dis tri bu tion of slope an gle
val ues (°) cal cu lated within cir cu lar win dow with a ra dius of 300 m us ing Spa tial An a -
lyst/Sur face Anal y sis and Neigh bor hood Sta tis tics; B – cu mu la tive slope an gle his to gram 
per each lithological unit in Mt. Medvednica, note that to tal per cent age of higher slope an -
gle value (>20°) is greater within “more re sis tant” pre-Neo gene rocks



are char ac ter is tic for the first group, while con vex-shaped
hypsometric curves are char ac ter is tic for the sec ond group.

Qual i ta tive com par i son of the shapes of hypsometric
curves shows no ma jor dif fer ences be tween drain age bas ins
on the NW and SE slopes of Mt. Medvednica (Fig. 6), with prev -
a lence of con cave shapes in the ne area of Mt. medvednica
(drain age bas ins nos.: 1–5) where hypsometric curves are “the
most con cave”. Ex cep tions from con cave shapes are “the most 
con vex” shapes of drain age bas ins nos. 6 and 12–18, which are 
lo cated in the SW area of Mt. Medvednica (Fig. 6). The dif fer -
ences in hypsometric curve shapes are con firmed with Hi val -
ues which range be tween 0.17 (smooth, low el e va tion land -
scape) and 0.69 (highly dis sected land scape).

To dis crim i nate the bas ins with rel a tive up lift from the bas -
ins with rel a tive sub si dence, we used a scat ter plot of Hi val ues
in re la tion to av er age slope val ues (Fig. 7) as pro posed by
Ruszkiczay-Rüdiger et al. (2009). In Fig ure 7, three clus ters
could be dis tin guished. Hi1 clus ter (drain age bas ins nos.: 9, 34
and 3) is as so ci ated with low av er age slope val ues (7.43°) and
low Hi val ues (0.24), which in di cates low val ues of up lift rates
and a likely pre dom i nance of ac cu mu la tion pro cesses. Drain -
age bas ins from this clus ter are po si tioned in the NE area of Mt.
Medvednica. The sec ond clus ter, Hi2 (drain age bas ins nos.: 1,
2, 4–11, 18–33, 35, 36) rep re sents drain age bas ins with av er -
age slope val ues of 13.31° and in ter me di ate Hi val ues (0.33).
Such bas ins are dom i nantly lo cated in the cen tral part of Mt.
Medvednica. The third Hi3 clus ter (drain age bas ins nos.:
12–17) com prises drain age bas ins with dis sected land scape
hav ing both high av er age slope (18.29°) and high Hi val ues
(0.53), which cor re late with high dif fer en tial up lift rates and
prob a ble pre dom i nance of ero sional pro cesses. Drain age bas -
ins be long ing to Hi3 clus ter en com pass the SW cor ner of Mt.
Medvednica. Those bas ins are in a rel a tively young ero sional
stage of land scape evo lu tion where deep in ci sion and rug ged
ter rain fea tures pre vail, which may be driven by the on go ing
tec tonic ac tiv ity and up lift.

ASYMMETRY FACTOR

To an swer the ques tion on pos si ble tec tonic block tilt ing we
fol lowed the pro ce dure of asym me try fac tor (AF) ex trac tion pro -
posed by Keller and Pinter (2002) and Pérez-Peña et al. (2010). 
Ac cord ing to these au thors, the asym me try fac tor is de fined as:
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Fig. 6. Hypsometric curves for 36 de lin eated drain age bas ins of Mt. Medvednica

Hypsometric curves have been grouped se quen tially con sid er ing (1) NW slopes (from NE to SW, drain age bas ins nos.1–17),
 and (2) SE slopes (from SW to NE, drain age bas ins nos.18–36); com pu ta tion was based on a 25 m DEM and CalHypso ex ten sion

 (see Pérez-Pena et al., 2009)

Fig. 7. Scat ter plot of av er age slope and Hi val ues

Drain age bas ins are clus tered in three groups (Hi1, Hi2 and Hi3);
higher val ues of Hi and av er age slopes in di cate more dis sected sur -
faces and their youn ger ero sional stage (see Ta ble 1 for drain age
ba sin names, Hi and av er age slope val ues)



AF
A

A
R

T

= ´100 [2]

where: AR – the area of de lin eated drain age ba sin to the right (fac ing 
down stream) of the main stream, AT – the to tal area of drain age ba -
sin.

AF val ues, greater or lower than 50, in di cate asym me try of
drain age ba sin. Ad di tion ally, we used the mod i fied def i ni tion of
AF: 

AF A AR T= - ´50 100 / [3]

pro posed by Pérez-Peña et al. (2010), ac cord ing to which the
drain age bas ins are clas si fied as sym met ric (AF < 5), gently
asym met ric (AF = 5–10), mod er ately asym met ric (AF = 10–15), 
and strongly asym met ric (AF > 15).

The AF val ues cal cu lated for the drain age bas ins range be -
tween 0.06 and 29.7 (Ta ble 1). Spa tial dis tri bu tion of AF val ues, 
with ar rows in di cat ing the asym me try di rec tion sense, is shown
in Fig ure 8. The asym me try di rec tion ar rows in di cate the pre -
ferred asym me try sense on both hill slopes di vided by sev eral
tran si tion zones. Tran si tional zones are de lin eated as bound -
aries be tween drain age bas ins with high AF val ues and the op -
po site ba sin asym me try di rec tion senses per pen dic u lar to the
stream chan nel (Fig. 8). The first prom i nent tran si tion zone runs 
be tween drain age bas ins no. 31 (AF = 25.78) and 29

(AF = 22.68) and con tin ues NW-ward into the bound ary be -
tween drain age bas ins no. 3 (AF = 15.49) and no. 4
(AF = 18.01). Im me di ately to the W of it, the sec ond prom i nent
tran si tion zone sep a rates drain age bas ins no. 29 (AF = 22.68)
and no. 28 (AF = 28.45, no. 28 (AF = 28.45) and no. 26
(AF = 29.07) and even tu ally bas ins no. 4 (AF = 18.01) and no. 5
(AF = 16.07). Dif fer ences in AF val ues and asym me try di rec tion 
senses are ob served in two ad di tional al though less prom i nent
tran si tion zones: be tween drain age bas ins no. 36 (AF = 16.18)
and no. 1 (AF = 16.53), and drain age bas ins no. 23 (AF = 21.41) 
and no. 20 (AF = 15.50). These tran si tion zones might be ex -
plained by (1) pos si ble struc tural con trol of un der ly ing bed rock
fab ric due to ori en ta tion of bed ding and schistosity forc ing mi -
gra tion of streams in pref er a ble down-dip di rec tion or/and by (2) 
struc tural dis con ti nu ities, e.g. faults or frac ture sys tems, sim i lar
to the ef fects of those de scribed in south ern Spain by
Hamdouni et al. (2008).

In other parts of the Mt. Medvednica range, drain age ba sin
asym me try is uni di rec tional and ranges from sym met ric to
gently asym met ric, which im plies the ab sence of ma jor sur face
tilt ing in these parts.

LONGITUDINAL STREAM PROFILES

Shape of lon gi tu di nal stream pro files has been sub ject of
many pro lific geomorphologic stud ies dur ing the sec ond half of
last cen tury (Rãdoane et al., 2003). These pro files were con -
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Fig. 8. Asym me try fac tor  (AF) dis tri bu tion map for de lin eated drain age bas ins in Mt. Medvednica

AF val ues are col our-coded, and asym me try di rec tions sense is in di cated by ar rows; 
map also in di cates zones of abrupt change in ba sin asym me try di rec tion sense



structed by plot ting the val ues of al ti tude in re la tion to the
stream lengths, and rep re sent equi lib rium be tween bed rock
ero sion and tec tonic up lift (Schumm et al., 2000; Pérez-Peña et 
al., 2010 and ref er ences therein). Ac cord ing to Snow and
Singerland (1987) and Ruszkiczay-Rüdiger et al. (2009), the
shape of lon gi tu di nal pro files in the ab sence of ac tive tec ton ics
be comes more con cave along the chan nel, which is in cor re la -
tion with stream age. Any de vi a tion of lon gi tu di nal stream pro file 
from the stream equi lib rium pro file (i.e., con cave pro file rep re -
sents long-term equi lib rium bal ance be tween cli ma tic con di -
tions, up lift rate and ero sional pro cesses) sug gests the pres -
ence of re sis tant chan nel bed rock or tec tonic ac tiv ity along the
course (Rãdoane et al., 2003; Pérez-Peña et al., 2010). There -
fore, if ero sional pro cesses pre vail, lon gi tu di nal pro files be come 
more “con cave-con vex”, while con vex pro files oc cur in tec toni -
cally ac tive ar eas or in highly re sis tant chan nel bed rock
(Pérez-Peña et al., 2010).

In the Mt. Medvednica area, sta tis ti cal pa ram e ters of nor -
mal ized lon gi tu di nal stream pro files were used for
morphometric com par i son be tween de lin eated drain age bas -
ins. Nor mal ized lon gi tu di nal stream pro files were used in or der
to make di rect com par i son be tween streams with dif fer ent
lengths and ab so lute el e va tion gra di ents. Fol low ing the pro ce -
dure de scribed in Demoulin (1998) and Ruszkiczay-Rüdiger et
al. (2009), we nor mal ized dis tance val ues along the streams to
the to tal length of the streams (l/L), and el e va tion val ues to the
ab so lute el e va tion gra di ents along the streams (e/E). To es ti -
mate which stream pro files are closer to equi lib rium pro file, we
com puted the fol low ing sta tis ti cal pa ram e ters (Ta ble 2): con -
cav ity fac tor (Cf), max i mal con cav ity (Cmax.) and dis tance from
the source (Dl/L).

In ad di tion, we in ves ti gated the con nec tion be tween the
shape of the lon gi tu di nal stream pro files, the con trib ut ing drain -
age bas ins area and the pos si ble tec tonic ac tiv ity by cal cu lat ing
sta tis ti cal val ues of chan nel steep ness in dex (ks) and con cav ity
in dex (q). Chan nel steep ness anal y sis pre sented and sum ma -
rized by Wobus et al. (2006) and Whipple et. al. (2007) was uti -
lized us ing soft ware pack ages Matlab and ESRI ArcMap soft -
ware with ArcHydro 1.1 ex ten sion and spe cial geomorphologic
ex ten sion StPro (Whipple et al., 2007).

Nor mal ized lon gi tu di nal stream pro files. De vi a tions of
the de lin eated stream pro files in re la tion to equi lib rium pro file
(i.e. de vi a tion of the graded pro file) were ana lysed by pa ram e -
ters Cf, Cmax. and Dl/L (Fig. 9). Cf val ues, which are ex pressed in
the range be tween 0 and 100%, ac tu ally cor re sponds to the plot 
area or “eroded area” be tween nor mal ized stream pro file and
straight line that con nects the stream source point with the
mouth of the stream. The Cmax. pa ram e ter rep re sents the nor -
mal ized max i mal el e va tion dif fer ence be tween stream pro file
and ideal straight line con nect ing the source point and the
mouth of the stream, rang ing from 0 and 1. Ide ally, the high Cf

val ues and Cmax. val ues closer to the stream source point are
char ac ter is tic for con cave-up ward stream pro files that are
closer to the ideal equi lib rium pro file (Demoulin, 1998; Rãdoane 
et al., 2003; Ruszkiczay-Rüdiger et al., 2009). In the Mt.
Medvednica area, the val ues of con cav ity fac tor are in the
range be tween 16 and 67.8%. The max i mal con cav ity val ues
vary be tween 0.17 and 0.63, while its po si tion or dis tance from
the source is be tween 0.18 and 0.65 (Fig. 9 and Ta ble 2).

An ob jec tive com par i son be tween de lin eated drain age bas -
ins was achieved fol low ing the pro ce dure de scribed in Holbrook 
and Schumm (1999) and Ruszkiczay-Rüdiger et al. (2009), us -
ing a scat ter plot cor re la tion be tween val ues of Cmax. and Dl/L
pa ram e ters. We dis crim i nate four clus ters in our drain age sys -
tem data (Fig. 10). Clus ters P1 and P2 in clude drain age bas ins
nos. 6 and 12–18 with Cf val ues rang ing from 16 to 40%, and

with low val ues of Cmax. (0.173–0.318). Cmax. val ues of P1 and
P2 clus ters are po si tioned in the mid dle and in the mid dle up per
sec tions of lon gi tu di nal stream pro files (Dl/L val ues are be tween 
0.418 and 0.653), re spec tively. As op posed to these, the
streams clus tered in P3 clus ter (drain age bas ins nos. 2, 4–11,
13, 17, 19–36) and P4 clus ter (drain age bas ins nos. 1 and 3)
show the char ac ter is tics closer to equi lib rium con di tions, with
val ues of Cf be tween 37.2 and 67.8%, and Cmax. val ues be -
tween 0.344 and 0.627 closer to the source point (Dl/L val ues
are be tween 0.176 and 0.423). 

Nor mal ized chan nel steep ness. The stream pro file de -
picts pro por tion of the lo cal stream chan nel gra di ent to up -
stream con trib ut ing drain age area. De scribed by the Flint’s
power-law func tion, the stream chan nel slope is ex pressed as
fol lows (Hack, 1973; Flint, 1974; Howard and Kerby 1983;
Whipple, 2004; Wobus et al., 2006):

S k AS= - q [5]

where: S – the main chan nel slope, A – the up stream area of the

con trib ut ing drain age ba sin, q – con cav ity in dex, ks – chan nel steep -
ness in dex. 

The value of q con nects in ci sion rate with chan nel steep -
ness and re flects catch ment hy drol ogy with chan nel spe cific in -
ci sion pro cesses like pluck ing, macro-abra sion, wear, chem i cal
and phys i cal weath er ing and pos si ble cav i ta tions (Wobus et al., 
2006 with ref er ences therein). In ad di tion, the pa ram e ter of ks is
also known as a func tion of rock up lift, li thol ogy and cli mate,
with higher val ues in ar eas of on go ing up lift. This re la tion is valid 
for streams that are in dy namic equi lib rium state, mean ing that
the rate of ero sion is in bal ance with the rate of up lift (Snyder et
al., 2000).

Power law-re la tion [5] be tween the up stream area of drain -
age ba sin and chan nel steep ness must be taken with cau tion,
since it is not valid for the up per most part of stream chan nel be -
cause the crit i cal drain age area is smaller than 1 km2 and there -
fore de bris flows may have sig nif i cant role in sculp tur ing the
chan nel pro file. Also, prob lem atic is the lower part of streams
where the stream chan nel may tra verse from a de tach ment or
bed rock-lim ited to a trans port-lim ited stream sys tem where al lu -
vial sed i men ta tion pre dom i nates (Wobus et al., 2006). 

In the log A–log S co or di nate sys tem, func tion [5] will plot as
a line with a slope cor re spond ing to the con cav ity in dex q, and
with the y axis in ter cept cor re spond ing to the steep ness in dex ks

(Fig. 11). Di rect com par i son of pos si ble on go ing rock up lift dif -
fer ences be tween stream pro files is usu ally done by nor mal ized 
chan nel steep ness in dex – ksn. The ksn val ues are cal cu lated by
its nor mal iza tion to up stream drain age area and ref er ence con -
cav ity (qref) and ob served con cav ity (q) dif fer ence (Wobus et al., 
2006; Ismail and Abdsalam, 2012).

Ac cord ing to Ismail and Abdesalam (2012), the ksn value
can be ex pressed by the equa tion:

( )k k Asn s
ref=

-q q [6]

where: qref  – ref er ence con cav ity, q – ob served con cav ity of the
stream pro file; other ex pla na tions as in equa tion [5]. 

Usu ally, val ues of ks and  for given dataset are fit ted by the
best re gres sion model as free pa ram e ters for the cer tain stream 
seg ment, ana lys ing slope-area data us ing func tion [5]. Suc ces -
sively, ksn val ues are de ter mined for in di vid ual slope-area
stream seg ments us ing qref val ues (see Wobus et al., 2006; Cyr, 
2010). Ref er ence con cav i ties, ac cord ing to Wobus et al. (2006)
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and Ismail and Abdesalam (2012), are usu ally in the range be -
tween 0.35 and 0.65, re flect ing stream chan nels free of
knickpoints, fault ac tiv ity or lithological het er o ge ne ity av er aged
on a re gional scale.

In our study, ksn val ues were com puted with qref value of
0.45, fol low ing sug ges tion of Whipple (2004), which al lowed us
to com pare the com puted ksn val ues to the val ues col lected in
other stud ies (Whipple, 2004; Wobus et al., 2006; Cyr et al.,
2010; Ismail and Abdelsalam, 2012).

In the Mt. Medvednica area, the prin ci pal ob sta cle in us ing
this method for iden ti fi ca tion of on go ing up lift ing sub-ar eas is a
sig nif i cant lithological het er o ge ne ity within de lin eated drain age

bas ins. How ever, we as sumed the steady state of streams, be -
cause con stant up lift rates dur ing the Plio cene and Qua ter nary
as well as evenly dis trib uted ero sional rates have been pre vi -
ously re ported by Šimuniæ and Šimuniæ (1987) and Prelogoviæ
and Veliæ (1988).

We per formed stream pro file anal y sis of ksn and cal cu lated
con cav ity in dex q val ues for each  200 m long stream seg ment
in all de lin eated drain age bas ins (Fig. 12). Our main em pha sis
was on ob tain ing a gen eral spa tial dis tri bu tion of q val ues, max.
ksn and av er age pro file ksn val ues, and only to a lesser ex tent on
de tailed anal y sis of par tic u lar stream pro file seg ments. Ex clud -
ing short and steep parts of drainages in flu enced by de bris

62 Bojan Matoš, Bruno Tomljenoviæ and Neven Trenc

No.  Drain age ba sin Ag [m] Cmax. Dl/L Cf [%] No. of KP q ksn (max.) ksn (avg.) ksn (min.) q and ksn
clus ter

1 Žitomirka 225.00 0.63 0.22 67.80 0 0.77   38.46 15.40   2.59 2

2 Bistrica 292.83 0.50 0.26 57.40 0 0.61   62.71 22.40   1.80 1

3 Pinja 174.74 0.57 0.33 62.60 0 0.51   51.39 26.30   0.85 1

4 Burnjak 236.72 0.47 0.29 54.20 0 0.73   24.74 25.50   3.20 2

5 Gornja Stubica 314.82 0.40 0.27 48.20 0 0.76   57.69 28.80 11.89 2

6 Slani potok 376.30 0.32 0.23 40.20 0 0.65   55.84 36.90 26.47 1

7 Rijeka 480.27 0.38 0.39 40.40 0 1.30 102.35 47.60 14.00 4

8 Vidak 600.00 0.43 0.29 52.80 1 1.30   89.03 46.65 12.93 4

9 Jamno 110.00 0.35 0.29 37.20 0 0.63   21.31 10.10 10.13 1

10 Bistra 658.94 0.49 0.24 57.20 1 1.65 147.78 49.10 21.14 4

11 Dedina 561.46 0.47 0.32 58.80 1 1.05 115.03 64.50 11.68 4

12 Poljanica 474.82 0.31 0.42 37.00 1 1.38   97.29 71.00 42.65 4

13 Dubovec 238.74 0.27 0.27 30.00 0 0.87   57.88 41.30 26.92 2

14 Novaèak 249.99 0.17 0.51 19.00 1 0.60   48.15 35.90 24.55 1

15 Volovec 320.37 0.23 0.43 27.00 2 0.99   67.03 51.55 36.73 2

16 Jablanovec 385.81 0.29 0.44 30.60 1 1.86 120.39 87.90 16.30 4

17 Ivanšæak 363.85 0.30 0.24 31.00 1 0.56   93.20 76.00 29.15 1

18 Bizeki 418.59 0.20 0.65 16.00 2 1.36 116.77 43.47 12.00 4

19 Vrapèak 602.65 0.39 0.34 46.60 4 0.77   74.96 39.77 26.44 2

20 Kustošija 229.04 0.36 0.24 43.40 0 0.59   37.20 29.30 16.86 1

21 Veliki potok 556.97 0.36 0.30 44.20 0 0.60   74.79 40.60 30.02 1

22 Kunišæak 190.06 0.34 0.31 43.60 0 0.64   38.82 17.80 13.90 1

23 Medvešèak 721.05 0.39 0.36 48.40 2 1.36 112.02 56.71 18.44 4

24 Bliznec 746.74 0.39 0.36 48.60 0 0.77 104.63 66.80 13.95 2

25 Štefanovec 681.18 0.39 0.26 48.40 0 1.10 116.61 60.30 19.85 4

26 Trnava 661.44 0.47 0.32 52.80 5 1.70 139.44 53.25 17.12 4

27 Èuèerje 423.28 0.40 0.21 49.60 0 0.76   66.33 36.30 13.88 2

28 Kostaniæ 343.03 0.48 0.32 59.20 0 0.71   50.11 26.10   9.99 2

29 Kašina 398.03 0.46 0.21 56.40 0 0.37   60.20 31.70 11.51 1

30 Blaguša 217.78 0.35 0.28 38.60 3 0.76   35.25 24.30   4.01 2

31 Glavinèica 245.25 0.38 0.37 47.60 3 1.28   46.31 21.54 13.59 3

32 Nespeš 315.77 0.46 0.18 56.40 1 0.92   43.28 21.77   5.59 2

33 Zelina 320.00 0.39 0.42 49.40 3 0.80   52.81 25.20 10.44 2

34 Toplièica 160.79 0.50 0.20 60.00 0 1.20   52.69 13.00   3.67 3

35 Kalinec 239.02 0.40 0.31 42.20 0 1.20   64.11 31.50 17.88 3

36 Orešæak 270.70 0.38 0.22 45.80 0 0.98   56.01 35.40 10.12 2

mean value 383.50 0.39 0.31 45.79      0.89 0.95   72.02 39.21 15.62 –

Ag – ab so lute el e va tion gra di ent, Cf – con cav ity fac tor, Cmax. – max i mal con cav ity, KP – knickpoint, ksn – nor mal ized chan nel steep ness in -

dex, Dl/L – dis tance from the source, q – con cav ity in dex

T a  b l e  2

Nor mal ized lon gi tu di nal stream pro file morphometric pa ram e ters



flows (us ing the up stream area of less than 1 km2 as a cri te -
rion), stream pro files were clas si fied into four groups us ing pri -
mar ily ob served con cav ity q val ues (Fig. 12) pro posed by
Whipple (2004) in com bi na tion with cal cu lated av er age pro file
ksn val ues (Ta ble 2).

The first group of bas ins, char ac ter ized by low and mod er -
ate val ues of q (0.0–0.7) and by pre dom i nantly mod er ate av er -
age ksn val ues in the range of 10.1–76.0, com prises drain age
bas ins nos. 2, 3, 6, 9, 14, 17, 20–22 and 29. In this group, the

streams have con cave lon gi tu di nal stream pro files with out cor -
ru ga tions and with only a few mi nor knickpoints. The sec ond
group of bas ins, in clud ing drain age bas ins nos. 1, 4, 5, 13, 15,
19, 24, 27, 28, 30, 32, 33 and 36, is char ac ter ized by high q val -
ues (0.701–1.0) and mod er ate av er age ksn val ues in the range
be tween 15.4 and 66.8. In this group, knickpoints oc cur more
fre quently along lon gi tu di nal pro files. The third group in cludes
bas ins nos. 31, 34, 35 and was de lin eated by ex tremely high q
val ues (1.001–1.86) as so ci ated with mul ti ple knickpoints and
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Fig. 9. Nor mal ized lon gi tu di nal stream pro files

Cal cu lated sta tis ti cal pa ram e ters; con cav ity fac tor (Cf), max i mal con cav ity (Cmax.) and dis tance from the source (Dl/L) are vi su al ized on

drain age ba sin no. 1; high val ues of Cf and Cmax. and low Dl/L val ues shown in blue in di cate streams in a ma ture to old ero sional stage,
while or ange sta tis ti cal val ues in di cate streams in a young ero sional stage



low to mod er ate av er age ksn val ues in the range of 13.0–31.5.
The fourth group, in clud ing drain age bas ins nos. 7, 8, 10–12,
16, 18, 23, 25 and 26, is char ac ter ized by ex tremely high q val -
ues (1.001–1.86) and high to ex tremely high av er age ksn val ues 
(in the range be tween 43.47 and 87.9). In this group, the
streams are lo cated pre dom i nantly in the SW area of Mt.
Medvednica and are char ac ter ized by ma jor and mi nor
knickpoints on rel a tively com plex lon gi tu di nal pro files.

Fur ther more, al though quan ti ta tive data on rock strength
are un avail able, we ana lysed stream pro file pa ram e ters, i.e. q
val ues, av er age ksn val ues, and max. ksn val ues in con junc tion
with li thol ogy and struc tural fea tures, as shown on the geo log i -
cal map (Fig. 13 and Ta ble 2). This anal y sis sug gests a strong
dif fer ence in cal cu lated val ues for bas ins in the NE and SW
area of the moun tain, with the high est val ues in the drain age
bas ins com posed of ortho-meta mor phic rocks. In the NE area,
de lin eated drain age bas ins clus ter pre dom i nantly into groups I
and II, with only three drain age bas ins (nos. 31, 34 and 35) clus -
ter ing into group III. There are also few streams (bas ins nos. 30, 
32 and 33; Figs. 12 and 13) in the NE area, char ac ter ized by
few ex posed knickpoints, how ever, these fea tures are as so ci -
ated with the lithological con tact of low-grade meta mor phic
units and Neo gene sed i ments.

In case of the SW area, the streams show sig nif i cant in -
crease of q, av er age low ksn and max. ksn val ues (Ta ble 2, Figs.
12 and 13). De lin eated drain age bas ins in this area also clus ter
into groups I and II, how ever, there is sig nif i cant num ber of
drain age bas ins which clus ter as group IV (bas ins nos. 7, 8,
10–12, 16, 18, 23, 25, 26). The lat ter drain age bas ins are char -
ac ter ized by fre quent oc cur rences of ma jor and mi nor
knickpoints along stream pro files, es pe cially in the cen tral part
of Mt. Medvednica in con tact zones of re sis tant greenschists
with sur round ing para-meta mor phic rocks and Cre ta -
ceous–Paleocene sed i men tary rocks. The high est q val ues
(0.87–1.86), av er age ksn val ues (41.3–87.9), and max. ksn val -
ues be tween 57.88–120.39 are char ac ter is tic of drain age bas -
ins (nos. 7, 8, 12, 13, 15, 16 and 18) which oc cupy the NW
slopes of the moun tain, cov ered by me chan i cally sim i lar
lithological units (Fig. 13).

DISCUSSION

Mt. Medvednica is char ac ter ized by sig nif i cant lithological
vari a tions within al most all ana lysed drain age bas ins. Hence,
due to non-uni form spa tial dis tri bu tion of li thol ogy and highly
vari able rock strength prop er ties, de lin ea tion of morphometric
pa ram e ters and their in ter pre ta tion in cor re la tion with pos si ble
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Fig. 10. Scat ter plot of max i mal con cav ity (Cmax.) and dis tance

from the source (Dl/L) val ues

Stream pro file sta tis ti cal pa ram e ters are clus tered into four groups
(P1, P2, P3 and P4); ar row in di cates di rec tion of in creas ing de gree
of equi lib rium con di tions (higher val ues of Cmax. and lower val ues of

Dl/L); see Ta ble 2 for drain age ba sin names and sta tis ti cal stream
pa ram e ters

Fig. 11. Rep re sen ta tive chan nel pro file for drain age ba sin no. 23 in the study area

In sert lon gi tu di nal pro file shows slope-area data, which is char ac ter ized by ob served con cav ity in dex
and nor mal ized steep ness in dex ksn (see text for de tails); black line fits the chan nel el e va tion data points

 with qref = 0.45; red line rep re sents chan nel pro file de rived from the best fit re gres sion model



tec tonic ac tiv ity are a chal leng ing task. As sum ing a con stant
up lift of 0.17–0.4 mm/y (Šimuniæ and Šimuniæ, 1987; Prelogoviæ 
and Veliæ, 1988; Kuk et al., 2000) and pre sum ably uni form ero -
sional rates dur ing the Plio cene and Qua ter nary in this area, the 
ob tained re sults of DEM-based morphometric anal y sis of the
drain age bas ins sug gest that the on go ing tec tonic up lift is con -
cen trated along: (1) the SW cor ner of the NW moun tain front,
and (2) the nar row bound ary zone that di vides Mt. Medvednica
into NE and SW ar eas. 

In the SW cor ner, tec tonic up lift is re vealed pri mar ily by the
hypsometric and lon gi tu di nal stream pro file anal y sis. With pro -
nounced con vex curve shapes and Hi val ues > 0.46 (Fig. 6 and
Ta ble 1), the drain age bas ins show fea tures of highly dis sected
land scape where ero sional pro cesses pre dom i nate over ac cu -
mu la tion. The streams are rather short (<4.5 km), pass ing
through V-shaped val leys char ac ter ized by con vex lon gi tu di nal
stream pro files (Fig. 8). The pro file sta tis ti cal pa ram e ters, con -
cav ity fac tor (16–40%) and max i mal con cav ity (0.173–0.318)
po si tioned in the mid dle sec tions of lon gi tu di nal pro files in di cate 
partly tec toni cally in duced re ju ve na tion (pos si bly dur ing the
Qua ter nary) of stream pro files (Fig. 9). This in ter pre ta tion is
also con firmed by ex tremely high q val ues (0.87–1.86), av er age 
ksn val ues (41.3–87.9), and high to ex tremely high max. ksn val -
ues (57.88–120.39). The lon gi tu di nal stream pro files in this
area are also char ac ter ized by the pres ence of ma jor and mi nor 
knickpoints (Ta ble 2). Al though the li thol ogy is not uni form in
this area, Tri as sic, Cre ta ceous–Paleocene and Neo gene
clastic sed i ments (Fig. 13) show sim i lar me chan i cal prop er ties,
so the pos si ble strong lithological con trol on lon gi tu di nal stream
pro files could be ex cluded here. How ever, in case of cer tain ar -
eas, e.g. bas ins nos. 15 and 18, the re sults of lon gi tu di nal pro -
file anal y sis (q and ksn val ues) are con sid ered ques tion able due
to Late Tri as sic karstified car bon ates that af fect the va lid ity of

the ba sic as sump tion of the con sis tent power law re la tion ship
be tween stream dis charge, chan nel gra di ent and drain age size
[equa tion 5].

Nev er the less, the re sults that point to partly tec toni cally in -
duced re ju ve na tion of streams in this area are in good agree -
ment with the struc tural lo ca tion of the south west ern seg ment of 
the NMBF which is in ter preted as tec toni cally ac tive by fold ing
and fault ing of basal Plio cene–Qua ter nary strata along it, and
by a neg a tive grav ity anom aly po si tioned in the front of the
south west ern ter mi na tion of the moun tain (Kuk et al., 2000;
Tomljenoviæ and Csontos, 2001; Verbiè, 2005).

Be sides hypsometry and stream pro file anal y sis in di cat ing a 
tec tonic up lift and stream re ju ve na tion, the cal cu lated asym me -
try fac tor did not show any prom i nent sur face tilt ing in the SW
cor ner of Mt. Medvednica. The drain age bas ins show gen tle
asym me tries that con verge to wards the clo sure of SW-plung ing 
antiform hinge, par al lel to the ori en ta tion of strata and
schistosity (Fig. 8). As ex cep tions, only drain age bas ins of mi -
nor tran si tional zone IV (Fig. 8) showed asym me tries, which
could be in ter preted ei ther due to in cli na tion of strata and
schistosity in ad ja cent bas ins or due to a lo cal tec tonic tilt ing not
yet rec og nized by geo log i cal map ping.

The on go ing tec tonic ac tiv ity along the nar row bound ary
zone that di vides Mt. Medvednica into NE and SW ar eas is ini -
tially re vealed by lo cal re lief dis tri bu tion (Fig. 4A). Namely, this
zone sep a rates ar eas with sig nif i cant lo cal re lief dif fer ences
that at tain 560 and 914 m in the NE and SW area, re spec tively.
Geo log i cally, this nar row bound ary zone cor re sponds to the
NW-strik ing Kašina Fault zone (Fig. 4B), which is in ter preted as
a right-lat eral strike-slip fault by pre vi ous stud ies (e.g.,
Prelogoviæ et al., 1998; Tomljenoviæ and Csontos, 2001;
Tomljenoviæ et al., 2008). How ever, the sig nif i cant lo cal re lief
dif fer ences within the two fault sides sug gest that, in ad di tion to
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Fig. 12. Spa tial dis tri bu tion of max. ksn val ues and ob served q val ues in the study area

Anal y sis was per formed for ev ery 200 m stream seg ment in each drain age ba sin



the pro posed right-lat eral strike-slip com po nent, this fault zone
ac com mo dated a prom i nent nor mal dis place ment. On go ing
tec ton ics in this zone is ad di tion ally proved by prom i nent
changes in drain age ba sin asym me try. Here, sig nif i cantly tilted
sur face blocks with prom i nent ba sin asym me tries and abrupt
changes in asym me try di rec tions sense, are well-doc u mented
(Fig. 8). These tilted blocks are sep a rated by tran si tional zones
I and II that in clude drain age bas ins nos. 6 and 26, 28 and 29.
They ei ther run par al lel with or di rectly cor re spond with the
Kašina Fault zone, re spec tively.

Tec tonic ac tiv ity in this zone is also sup ported by the prom i -
nent con vex hypsometric curves and Hi > 0.40. At the same
time, the re sults of lon gi tu di nal stream pro file anal y sis are not
un am big u ous. Sta tis ti cal pa ram e ters of con cav ity fac tor
(40.2%), max i mal con cav ity (0.32), and dis tance from source
(0.23) of drain age ba sin no. 6 in di cate a pos si ble tec tonic re ju -
ve na tion; how ever, the same pa ram e ters for bas ins nos. 26, 28
and 29 show char ac ter is tics closer to stream equi lib rium con di -
tions (Ta ble 2, Figs. 9 and 10). The lat ter is also sup ported by
low to mod er ate con cav ity in dex (0.37–0.71), and ksn val ues
(avg. ksn = 26.1–36.9; max. ksn = 50.11–60.2) clus ter ing drain -
age bas ins nos. 6, 28 and 29 into groups I and II. Ex cep tion ally,

only the stream of drain age ba sin no. 26, with ex tremely high
con cav ity in dex (1.7), high avg. ksn (53.25) and ex tremely high
max. ksn val ues (139.44), could in di cate pos si ble tec tonic ac tiv -
ity (Fig. 13). How ever, fre quent oc cur rences of ma jor and mi nor
knickpoints in this drain age ba sin are found to cor re spond with
lithological con tacts of more re sis tant greenschist and less re -
sis tant para-meta mor phic, and Cre ta ceous–Paleocene rocks.
Thus, we are in the opin ion that lon gi tu di nal stream pro file anal -
y sis in this area could not dis tin guish be tween pos si ble tec tonic
up lift sig nal and lithological con trol.

Strong asym me try is also seen to the NE of the Kašina Fault 
zone. Here, it pos si bly cor re lates with an en échelon set of
NE-trending strike-slip faults (drain age bas ins nos. 3 and 4) and 
with NW-strik ing nor mal faults mapped at the NE end of the
moun tain (drain age bas ins 1 and 36). How ever, those ar eas
can not be rea son ably as sumed as tec toni cally ac tive be cause
lo cal re lief, hypsometry and lon gi tu di nal stream pro file anal y sis
point to streams char ac ter ized by low lo cal re lief val ues, con -
cave hypsometric curves (Hi  < 0.40), and lon gi tu di nal pro file
pa ram e ters, con firm ing stream equi lib rium con di tions, re spec -
tively (Ta ble 1).
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Fig. 13. Geo log i cal map of Mt. Medvednica over lapped by max. ksn val ues

Note that the high est val ues are in the cen tral and SW part of Mt. Medvednica; A – anticline, NB – nor mal bound ary, NF – nor mal fault, OS –
over turned syncline, RF – re verse fault, S – syncline, S–SF – strike-slip fault, TB – transgressive bound ary; Pl, Q – Plio cene and Qua ter nary
units, Ng – Neo gene units, C, Pc – Cre ta ceous and Paleocene units, OC – ophiolitic com plex, T – Tri as sic units, LMC – low meta mor phic
com plex: o-p – ortho-protoliths, p-p – para-protoliths; see Fig ure 2 for de tailed tectonostratigraphic unit de scrip tion



The iden ti fied on go ing tec tonic up lift within de lin eated ar eas 
also cor re lates well with mod er ate pres ent-day seis mic ity with
rare oc cur rences of strong earth quakes (ML > 5) within ma jor
seismogenic sources in the Medvednica–Zagreb epicentral
area (e.g., Prelogoviæ et al., 1998; Herak et al., 2009 with ref er -
ences). The first de lin eated tec toni cally ac tive area (along side
the SW cor ner of NW moun tain front) co in cides with the south -
west ern seg ment of the NMBF, a steeply SSE-dip ping re verse
fault zone, while the lat ter area (nar row bound ary zone di vid ing
Mt. Medvednica into the NE and SW re gions) cor re sponds to
the NW-strik ing Kašina Fault zone. This is also in good agree -
ment with fault-plane so lu tions re ported by Herak et al. (2009)
and Pondrelli et al. (2006), and con se quently sub-hor i zon tal to
mod er ately dip ping P-axis, pre dom i nantly N–S di rected in the
cen tral part, to NW–SE and NE–SE di rected in the west ern and
east ern parts of this area.

CONCLUSIONS

The DEM-based morphometric anal y sis with com puted
morphometric sta tis ti cal pa ram e ters of drain age bas ins in Mt.
Medvednica sug gests that on go ing tec tonic up lift is con cen -
trated along the SW cor ner of the NW moun tain front and along
a nar row bound ary zone that di vides Mt. Medvednica into the
NE and SW re gions.

In the SW cor ner of Mt. Medvednica, tec tonic up lift is re -
vealed by hypsometric and lon gi tu di nal stream pro file anal y sis.
In ad di tion to highly dis sected land scape and short V-shaped
val leys, streams are char ac ter ized by con vex hypsometric
curves and con vex lon gi tu di nal stream pro files. Cal cu lated sta -
tis ti cal pa ram e ters (Hi, Cf, Cmax., Dl/L, q and ksn) in di cate tec toni -
cally in duced re ju ve na tion marked by ma jor and mi nor
knickpoints. This is in good cor re la tion with the struc tural lo ca -
tion of the south west ern seg ment of the North ern Medvednica
Bound ary Fault which is re ported as tec toni cally ac tive by pre vi -
ous struc tural, seismotectonic and geo phys i cal stud ies (Kuk et
al., 2000; Tomljenoviæ and Csontos, 2001; Verbiè, 2005).

Morphometric re sults, which point to tec toni cally in duced re -
ju ve na tion are only ques tion able for bas ins nos. 15 and 18 due
to Late Tri as sic karstified car bon ates that af fect the va lid ity of
power law re la tion ship de scribed by equa tion [5].

The ad di tional zone of pos si ble tec tonic up lift is ini tially iden -
ti fied in the Kašina Fault zone by lo cal re lief dis tri bu tion. Con sid -
er able el e va tion dif fer ences be tween the NE and SW ar eas of
Mt. Medvednica in com bi na tion with prom i nent ba sin asym me -
tries and abrupt changes in asym me try di rec tions sense were
rec og nized in a nar row bound ary zone as so ci ated with the
NW-strik ing Kašina Fault zone. Al though the NW-strik ing
Kašina Fault zone was in ter preted by pre vi ous stud ies (e.g.,
Prelogoviæ et al., 1998; Tomljenoviæ and Csontos, 2001;
Tomljenoviæ et al., 2008) as a right-lat eral strike-slip fault, our
study sug gests that con sid er able lo cal re lief dif fer ences are
prob a bly a re sult of ad di tional Kašina Fault nor mal move ment.
Tec tonic up lift in this zone is also sup ported by hypsometry
data; how ever, with lon gi tu di nal stream pro file anal y sis (Cf,
Cmax., Dl/L, q and ksn) we have not been able to dis crim i nate tec -
tonic up lift sig nal from strong lithological con trol.

The iden ti fied ar eas cor re late well with the south west ern
seg ment of the North Medvednica Bound ary Fault (steeply
SSE-dip ping re verse fault zone po si tioned along side the SW
cor ner of NW moun tain front) and NW Kašina Fault zone
(right-lat eral strike-slip fault) which, ac cord ing to Herak et al.
(2009), rep re sent a ma jor seismogenic source for his tor i cal
earth quakes and pres ent-day seis mic ity.
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