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Mt. Medvednica is an inselberg in NW Croatia, which lies at the intersection between the Southeastern Alps, Northwestern
Dinarides and Tisza Mega-Unit of the Pannonian Basin. Due to the Pliocene—Quaternary N-S directed shortening, Mt.
Medvednica experienced 1500—-2000 m of differential uplift and now exposes pre-Neogene and Neogene tectonic and strati-
graphic units that are surrounded by Pliocene—Quaternary sediments. This paper evaluates a set of quantitative
morphometry methods used to identify tectonically active areas within this region characterized by low-rate active folding
and faulting during the Pliocene—Quaternary. Our analysis employed extraction of hypsometric curves, calculation of a
hypsometric integral, asymmetry factor, and statistical parameters of longitudinal stream profiles along 36 drainage basins
delineated from a 25 m resolution DEM of Mt. Medvednica area. Despite lithological heterogeneity of the study area, the
morphometric parameters we obtain are good indicators for discriminating tectonically active from inactive areas. We inter-
pret that the most tectonically active areas are located at the SW corner and in the central part of Mt. Medvednica, where they
are likely related to the North Medvednica Boundary Fault, and to the Kasina Fault, respectively. The latter divides the range

=

into distinct NE and SW morphological and structural areas.
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INTRODUCTION

Digital Elevation Models (DEMs) have been used in quantita-
tive morphotectonic analysis to understand the relationship be-
tween tectonic activity, associated landscape features and evo-
lution. This method has been widely tested in tectonically active
areas of variable deformation rates, including high strain rate ar-
eas such as the western USA, Taiwan and Himalaya (e.g.,
Snyder et al., 2000; Champel et al., 2002; Delcaillau et al., 2006),
and in low strain rate areas like SE Spain (Pedrera et al., 2009;
Pérez-Pena et al., 2010), southern and northern Italy (Guernieri
and Pirrotta, 2008; Picotti et al., 2009), the Vienna Basin and
Central Pannonian Basin region (Ruszkiczay-Rudiger et al.,
2009; Beidinger et al., 2011). These results are often combined
with additional data, e.g. from structural geology/tectonics, seis-
mology and geodesy to provide an easily obtained and reliable
tool in understanding landscape evolution, potential natural haz-
ards and land-use planning in densely populated areas (Bishop,
2007; Ruszkiczay-Rudiger et al., 2009; Pérez-Pena et al., 2010).
A great number of geomorphic indices have been developed that
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can be extracted and calculated from the present-day topogra-
phy (i.e. DEMs), which serve to quantify ongoing tectonic pro-
cesses and rates of uplift and subsidence related to folding and
faulting (e.g., Keller et al., 2000; Keller and Pinter, 2002; Pinter,
2005; Bull, 2009).

This paper presents a DEM-based morphometric analysis
aimed to identify tectonically active areas at Mt. Medvednica, a
ca. 35 km long and 10 km wide hilly terrain in the SW corner of
the Pannonian Basin in Croatia. We extracted and calculated
geomorphic indices (hypsometric curves and integrals, asym-
metry factors and normalized longitudinal stream profiles) for 36
Mt. Medvednica drainage basins that we then compared to sep-
arate those representing tectonically active vs. inactive sub-ar-
eas. These new data were then compared with the results from
previous geomorphologic, neotectonic and seismotectonic
studies of this area (Hecimovi¢, 1984, 2000; Prelogovic et al.,
1998; Tomljenovi¢ and Csontos, 2001; Tomljenovi¢ et al., 2008;
Herak et al., 2009).

GEOLOGICAL AND TECTONIC SETTING

Mt. Medvednica is a NE-SW-trending inselberg at the SW
corner of the Pannonian Basin, which lies near the junction be-
tween the SE Alps, NW Dinarides and Tisza Mega-Unit of the
Pannonian Basin (Fig. 1). Its present-day position and trend are
explained by an eastward displacement (tectonic escape) and



52 Bojan Matos, Bruno Tomljenovi¢ and Neven Trenc

15°200"E

- AU

15°40'0"E 16"0"0"E

15°200"E 15°40'0"E 16°0'0"E

16°20'0"E 16°400"E 17°0'0"E

e
18° 19° 20° 21° 22°

46°40'0"N

Bugharest
European foreland
43

Yo g5 26" 217 28

46°200"N

22° 23°

46°0'0°N

45°40'0"N

16°20'0"E 17°200"E

Fig. 1A — major Late Pontian to recent map-scale reverse, normal and strike-slip faults and folds in the border zone of the SE Alps,
Dinarides and Pannonian Basin in Slovenia and Croatia (slightly modified after Tomljenovi¢ and Csontos, 2001 with references
therein); B — shows the study area within simplified tectonic framework of the Alps, Carpathians and Dinarides (simplified after

Schmid et al., 2008 and Ustaszewski et al., 2009)

BF — Balaton Fault, DF — Drava Fault, DoF — Donat Fault, LF — Labot Fault, MHL — Mid-Hungarian line,
SaF — Sava Fault in Croatia, SF — Sostanj Fault

approx. 130° clockwise rotation of the tectonic block comprising
Medvednica and its surrounding inselbergs during the Latest
Paleogene—Earliest Neogene (Marton et al., 2002; Tomljenovi¢
et al., 2008). These movements were probably related to the
initial stage of Miocene eastward extrusion of wedge-shaped
crustal blocks of the Eastern Alps—Pannonian Basin transition.
Several kinematic models exist to explain this process (e.g.,
Ratschbacher et al., 1991; Fodor et al., 1998 with references
therein). In the Alpine—Pannonian Basin transitional area, lat-
eral extrusion was controlled by dextral transpression between
the Periadriatic-Balaton and Mid-Hungarian fault systems (SF,
DoF segments, BF and MHL in Fig. 1; e.g., Csontos and
Nagymarosy, 1998; Fodor et al., 1998; Csontos et al., 2005)
that strongly affected Mt. Medvednica and its surroundings.
The present-day topography of Mt. Medvednica and the
hilly terrain to the north of it, which extends into Slovenia
(Zagorje Region), is strongly controlled by the presence of Late
Miocene—Quaternary folds and pop-up structures (e.g., Taksic,
1965; Simuni¢ et al., 1983; Tomljenovi¢ and Csontos, 2001).
These structures mark the eastward prolongation of the Sava
folds region of Slovenia (Sikosek, 1971; Placer, 1999), a zone

of active E-W to NE-SW-trending ranges (anticlines) and val-
leys (synclines; Fig. 1). The final stage in the formation of these
folds, which commenced during the latest Miocene (ca. 6 Ma)
under a N-S to NW-SE directed shortening, is well-docu-
mented by outcrop structural analyses and seismic reflection
data (e.g., Fodor et al., 1998; Gosar, 1998; Prelogovi¢ et al.,
1998; Vrabec, 1999; Tomljenovi¢ and Csontos, 2001). In addi-
tion to folding, the shortening was accommodated by pervasive
brittle deformation and the formation of E-W-striking reverse
faults. The folds and reverse faults are commonly offset by
NW-SE-striking dextral faults (Fig. 1). Continuation of tectonic
activity from the Late Miocene into the Pliocene and Quaternary
is locally well-documented, e.g. by 70 metres of vertical offset of
a Pliocene coal-seam along the Sostanj Fault (SF in Fig. 1;
Vrabec, 1999), by tilting and folding of Upper Miocene—Pliocene
strata (Gosar, 1998), by an offset of Pleistocene deposits along
both limbs of the Kr§ko Syncline 25 km NW of Mt. Medvednica
(Verbi¢, 2005), and by folding and presumably faulting of the
basal Pliocene—Quaternary strata along the Northern
Medvednica Boundary Fault, as observed in seismic sections
(NMBF in Fig. 2; Tomljenovi¢ and Csontos, 2001). Based on
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these studies, this area is considered to be tectonically active,
with low uplift rates of ca. 0.023 mm/y (based on data from
Vrabec, 1999) and fault-slip rates of 0.04—-0.46 mm/y (Verbic,
2005). The regional data are in good agreement with the
0.17-0.4 mm/y Quaternary uplift rate reported by Kuk et al.
(2000) for the central part of Mt. Medvednica.

The current structural architecture of Mt. Medvednica
(Fig. 2) has been strongly affected by Late Miocene—Quater-
nary deformations described above. The central part of the
mountain is an asymmetric antiform composed of mid-Creta-
ceous (122-110 Ma) greenschists and overlying lower-grade
metasedimentary rocks (e.g., Belak et al., 1995; Judik et al.,
2004, 2008; Lugovi¢ et al., 2006; Tomljenovic¢ et al., 2008). This
unit has been overthrusted by a Jurassic ophiolitic mélange
(Halamic¢ et al., 1998, 1999; Babi¢ et al., 2002; Lugovi¢ et al.,
2006; Slovenec and Lugovi¢, 2008) that is preserved in an adja-
cent synform to the north. Both of these units are unconform-
ably covered by Senonian—Paleocene (Gosau-type see
Willingshofer et al., 1999 and references therein) shallow-ma-
rine to basinal sequences (Babic et al., 1973; Crnjakovic, 1980,
1987). The highest unit of the pre-Neogene structural assem-
blage is represented by a Triassic shallow-marine succession
of the Zumberak nappe which is locally preserved in the SW
part of the mountain (Fig. 2A), where it thrusts over
Senonian—Paleocene sequences (Siki¢ et al., 1979). These
pre-Neogene basement units are unconformably covered by
Middle and Late Miocene sediments (starting with Ottnangian
clastics, ca. 17.5 Ma) deposited within the North Croatian
sub-basin of the Pannonian Basin system (e.g., Paveli¢, 2001;
Safti¢ et al., 2003; Kovaci¢ et al., 2004; Vrsaljko et al., 2006;
Cori¢ et al., 2009 with references therein). Overlying Pliocene
sediments are composed of alluvial to lacustrine sediments,
which grade upward into Pleistocene silts and clays, locally of
aeolian origin (loess), deposited in ponds and marshy environ-
ments (Siki(’: et al., 1977; Basch, 1981; Veli¢ and Safti¢, 1991;
Veli¢ and Durn, 1993; Veli¢ et al., 1999). The youngest Quater-
nary gravels and sands that accumulated in three
aggradational terraces are exposed on both sides of the Sava
River at elevations between 108-124 m (éiki(’: et al.,, 1977;
Basch, 1981). Contemporaneous clastics of proluvial origin are
deposited in creeks and alluvial fans at the base of the slopes of
Mt. Medvednica.

Due to the latest Miocene—Quaternary deformation, the
structural position of Miocene sediments is remarkably different
along the strike of the Medvednica antiform. In its northeastern
part, i.e. to the NE of the Kasina Fault (KF in Fig. 2), Miocene
sediments unconformably cover both limbs of the antiform and
are dipping parallel to the dip of both antiform limbs. By con-
trast, in the southwestern part of the mountain, i.e. to the
south-east of the Kasina Fault, the base-Miocene unconformity
is exposed only along the southeastern slope at the elevation
between 200 and 400 m, while on the northwestern slope, it is
missing at the surface. There, the base-Miocene unconformity
is either overthust by pre-Neogene basement units
(hangingwall of the NMBF) or is covered by up to 400 m thick
Pliocene—Quaternary sediments. It implies possibilities of expo-
sition of the NMBF segment near the Kasina Fault, and its
southwestern extension along the base of the northwestern
slope. This interpretation is supported by the Bouguer gravity
anomaly map of Aljinovi¢ (published in VVerbic¢, 2005), which in-
dicates a sharp transition from a positive (Medvednica antiform)
into a negative gravity anomaly located in front of the south-
western termination of the mountain (Fig. 2B). This negative
anomaly corresponds with the deepest part of a ca. 20 km long
and 6 km wide syncline composed of Miocene—Quaternary
sediments here projected into the profile A—B of Figure 2C.
A cumulative vertical offset of the base-Middle Miocene uncon-

formity along NMBF splay faults is about 3750 m, which would
account for ca. 0.27 mm/y slip rate along the NMBF since the
Middle Miocene (Late Badenian, ca. 14 Ma) time. In the
north-east direction of the NMBF, the total vertical offset of the
base-Middle Miocene unconformity along this fault decreases,
indicated by a more gradual transition from a positive into a neg-
ative gravity anomaly (Fig. 2B). Therefore, we are in the opinion
that tectonic activity along the NMBF either shifted from its
northeastern toward the southwestern termination or that the
displacement along the same fault was unevenly distributed
during Late Miocene—Quaternary times.

GEOMORPHOLOGICAL SETTING

The most evident landscape feature in Mt. Medvednica (total
area of ~442 km?) is a mountain ridge with a general NE-SW
trend extending between the Sava and Lonja rivers (Fig. 3). The
mountain is bounded to the north by the Krapina River valley.
The highest elevations are concentrated in the SW area of the
mountain (with the highest peak Slieme at 1032 m), which is
characterized by up to 900 m of local relief, while local relief val-
ues in the NE area does not exceed 500 m (Fig. 4B). The consid-
erable elevation differences have been used in previous classifi-
cations of local morphostructures according to Hecimovi¢ (2000)
and Bognar (2001).

Most of the landscape features in Mt. Medvednica are related
to slope gravitational processes, controlled by creeping and es-
pecially land-sliding in parts where Miocene laminated clayey
marl and clays are in contact with coarse-grained Neogene or
pre-Neogene rocks (Vrsaljko et al., 2011; Mihali¢ et al., 2011). In
areas where carbonate rocks prevail, e.g. in the SW corner of Mt.
Medvednica, the landscape is controlled by karstic and
fluvio-karstic erosional processes. Short and predominantly nar-
row stream valleys with the lengths <4.5 km prevail in the west-
ern part of Mt. Medvednica in contrast to the rest of the mountain
where the drainage network is more developed and the lengths
of valleys are >4 km (Table 1). The stream network often shows a
rectangular pattern and sudden sharp changes in flow direction,
which, according to previous studies (Prelogovic, 1975;
Hecimovic, 1984, 2000), are either linked to major lithological
boundaries or are related to ongoing tectonic activity.

METHODS AND RESULTS

DEM AND DELINEATION OF DRAINAGE BASINS

The morphometric analysis was performed using a 25 m
resolution DEM that was constructed using elevation points
provided by the Croatian Geodetic Survey and projected in
EPSG projection 31275 (MGI/Balkans zone 5 — one of two na-
tional projection systems of Croatia). Elevation points were ex-
trapolated by photogrammetric restitution of aerial orthophotos.
The DEM was modelled and analysed using ESRI ArcMap soft-
ware (version 9.3.1.). The first step in a DEM-based
morphometric analysis was extraction of the drainage network
and drainage basins. It was conducted using ESRI ArcMap
software, extension ArcHydro version 1.1 following methodol-
ogy described by Tarboton (1997) and Peckham and Jordan
(2007). This methodology implies definition of a stream thresh-
old area (i.e. the number of upstream grid cells capable to gen-
erate watercourse) and drainage network delineation using the
D8 method (Pedrera et al., 2009 with reference therein). The
validity of our DEM-derived drainage network and drainage
basins was cross-checked visually using 1:25,000 scale topo-
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Fig. 3. A 25 m resolution DEM with hillshade overlay of Mt. Medvednica with indicated main river flows and 36 delineated
drainage basins used for morphometric study (see Table 1 for names of drainage basins)

graphic maps. We delineated 36 drainage basins with outlet
points located at the Mt. Medvednica mountain front (Fig. 3).

SPATIAL ELEVATION AND SLOPE ANGLE DISTRIBUTION

Elevation distribution is a foundational parameter for almost
all DEM-based morphometric analyses. Elevation differences
and elevation gradients, which convey signals of substrate li-
thology, climate conditions and of possible tectonic move-
ments, were analysed with ESRI ArcMap software using Spatial
Analyst extension. Two rasters of (1) local relief (Amax—hmin val-
ues, Fig. 4A) and (2) slope angle variability (refers to difference
between maximum and minimum slope angle within certain
area, Fig. 5) were extracted by the Neighbourhood Statistics
method (with circular sampling window of 300 m radius), de-
scribed in Ruszkiczay-Rudiger et al. (2009).

<
<€

Our map of local relief values (Fig. 4A and Table 1) indi-
cates an uneven distribution: the SW area is characterized by
more variable local relief values between 185 and 914 m, while
local relief values in the NE area range between 280 and 560 m.
The boundary zone between these two areas corresponds with
the NW-striking Kasina Fault zone (Fig. 4B).

Slope angles vary between 0 and 51° (Fig. 5A and Table 1).
Values are mostly uniformly distributed, with 9% of hillslopes
characterized by values greater than 25°, 73% between 5 and
25°, and 18% between 0 and 5°. Comparison of the slope vari-
ability map and geological units (Fig. 5B) shows that higher
slope angle values (>20°) correlate with more resistant
pre-Neogene rocks, especially in the area covered by Triassic
carbonates. The most extreme high slope angles (avg. max.
40.67°) occur within a very narrow zone (<180 m wide) in the
SW corner of Mt. Medvednica and along the foothills close to
Stubicke Toplice. Subsequently, areas composed of less resis-

Fig. 2A — geological map of Mt. Medvednica (compiled and simplified by Tomljenovié, 2002 after Siki¢ et al., 1978; Basch, 1981;
Simuni¢ et al., 1983; Tomljenovié, 1995; Halamié, 1998) projected onto the 25 m resolution DEM, note the lithological heterogeneity
of exposed rocks and distribution of faults used here for subdivision of the study area; B — Bouguer gravity anomaly map of
Aljinovi¢ (published in Verbic, 2005), anomaly map indicates a sharp transition from a positive (Medvednica antiform) into a nega-
tive gravity anomaly located in front of the southwestern termination of the mountain; C — geological profile in SW corner of Mt.
Medvednica (after Tomljenovic¢, 2002), note a vertical offset of Miocene—Quaternary sediments of ca. 3500 m on the NMBF
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Other explanations as in Figure 3

tant rocks of Miocene and Pliocene—Quaternary age were char-
acterized by low slope angle values.

Based on combination of (1) morphometric criteria that ac-
counts for differences in local relief and slope angle values, and
(2) geological criteria that accounts for differences in lithology
and structural characteristics, the study area is subdivided into
two geomorphic areas, i.e. the SW and the NE area, which cor-
respond to the footwall and the hangingwall of the Kasina Fault
zone, respectively (Figs. 2 and 4). The SW area comprises 23
and the NE area 13 drainage basins (Fig. 3).

HYPSOMETRIC CURVES

Basin hypsometric curves indicate the distribution of basin
surface areas or landmass below or above a certain surface da-
tum (Strahler, 1952; Pérez-Pena et al., 2009). Hence, the de-

rived shape of hypsometric curves gives information about the
volume of original basin remains, and indicates an erosional
stage of drainage basins as outcome of interaction between tec-
tonic activity, lithological heterogeneity and climatic conditions
(Willgoose and Hancock, 1998; Huang and Niemann, 2006).

Keller and Pinter (2002) suggested that hypsometric curves
can be used for comparing drainage basins of different size and
can be used to separate phases in landscape evolution. Ac-
cording to Strahler (1952), convex hypsometric curves repre-
sent young and slightly eroded areas, while S- and con-
cave-shaped curves characterize moderately to highly eroded
areas, i.e. areas in mature and final (old) erosional stages (see
also Pedrera et al., 2009; Pérez-Pena et al., 2009 with refer-
ences therein). Shapes of hypsometric curves are approxi-
mated by hypsometric integral (H;), known as the area below
the hypsometric curve:
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Table 1
Delineated drainage basins with extrapolated morphometric parameters

No. | Drainage basin | '8 | L | ESEonIil | Local olief | Maximum | Average |y AF
1 Zitomirka 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 10171 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 Novacak 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 Ilvanscéak 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 Vrap&ak 14.58 10.31 127.87 860.0 732.13 4412 18.21 0.35 12.8
20 Kustosija 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 Kunis¢ak 4.65 5.82 123.46 460.0 336.54 31.88 10.45 0.32 2.06
23 Medvescak 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 Stefanovec 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 Cugerje 15.52 11.18 150.0 740.41 590.41 39.26 13.59 0.28 3.69
28 Kostanic 24.6 12.81 130.0 700.0 570.0 39.42 12.51 0.23 28.45
29 Kasina 17.67 8.34 180.0 740.59 560.59 43.35 14.89 0.33 22.68
30 Blagusa 7.45 9.26 160.0 490.15 330.15 43.16 12.77 0.35 6.34
31 Glavincica 16.36 8.67 150.0 543.53 393.53 44.35 13.19 0.33 25.78
32 Nespe$ 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 Topli¢ica 6.03 5.39 121.41 371.54 250.13 32.07 7.03 0.25 9.64
35 Kalinec 2.72 413 130.0 474.83 344.83 36.84 12.38 0.41 0.1
36 Orescak 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 — asymmetry factor (see text for details), H; — hypsometric integral, L — stream channel

h —-h., [1]

H — _“mean min.

i
hmax. - hmir\.

where: hpyean — average value of surface heights in drainage area
hmin. @and hmax. — minimal and maximal values of surface heights in
drainage area, respectively.

Values of H;closer to 1 are typical for young erosional stage
areas, and values closer to 0 are specific for mature or final (old)
erosional stage areas (Strahler, 1952; Keller and Pinter, 2002;
Pérez-Pena et al., 2009; Ruszkiczay-Rudiger et al., 2009). Ac-
cording to Ruszkiczay-Rudiger et al. (2009), the high values of H;
are addressed to erosional processes associated with dissected

fluvial areas, while low values of H;are common in areas with pre-
vailing deflation and fluvial aggradation processes.

In drawing hypsometric curves and computing hypsometric
integral values for the drainage basins, we used CalHypso ex-
tension developed for ESRI ArcMap software (for details see
Pérez-Pena et al., 2009).

Hypsometric integral values and hypsometric curves for our
36 drainage basins are shown in Figure 6 and Table 1. Based
on calculated values, we differentiated two groups of drainage
basins: the first group comprises drainage basins with H; values
ranging between 0.17 and 0.37 (drainage basins nos.: 1-5,
7-11, 19-25, 27-34), and the second one with H; values in the
range between 0.40 and 0.69 (drainage basins nos.: 6, 12—18,
26, 35, 36). Very smooth concave-shaped hypsometric curves
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Fig. 5A - slope variability map of Mt. Medvednica with spatial distribution of slope angle
values (°) calculated within circular window with a radius of 300 m using Spatial Ana-
lyst/Surface Analysis and Neighborhood Statistics; B — cumulative slope angle histogram
per each lithological unit in Mt. Medvednica, note that total percentage of higher slope an-
gle value (>20°) is greater within “more resistant” pre-Neogene rocks
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Fig. 6. Hypsometric curves for 36 delineated drainage basins of Mt. Medvednica

Hypsometric curves have been grouped sequentially considering (1) NW slopes (from NE to SW, drainage basins nos.1-17),
and (2) SE slopes (from SW to NE, drainage basins nos.18-36); computation was based on a 25 m DEM and CalHypso extension
(see Pérez-Pena et al., 2009)

are characteristic for the first group, while convex-shaped
hypsometric curves are characteristic for the second group.

Qualitative comparison of the shapes of hypsometric
curves shows no major differences between drainage basins
on the NW and SE slopes of Mt. Medvednica (Fig. 6), with prev-
alence of concave shapes in the ne area of Mt. medvednica
(drainage basins nos.: 1-5) where hypsometric curves are “the
most concave”. Exceptions from concave shapes are “the most
convex” shapes of drainage basins nos. 6 and 12—18, which are
located in the SW area of Mt. Medvednica (Fig. 6). The differ-
ences in hypsometric curve shapes are confirmed with H; val-
ues which range between 0.17 (smooth, low elevation land-
scape) and 0.69 (highly dissected landscape).

To discriminate the basins with relative uplift from the bas-
ins with relative subsidence, we used a scatter plot of H; values
in relation to average slope values (Fig. 7) as proposed by
Ruszkiczay-Rudiger et al. (2009). In Figure 7, three clusters
could be distinguished. Hi1 cluster (drainage basins nos.: 9, 34
and 3) is associated with low average slope values (7.43°) and
low H; values (0.24), which indicates low values of uplift rates
and a likely predominance of accumulation processes. Drain-
age basins from this cluster are positioned in the NE area of Mt.
Medvednica. The second cluster, H2 (drainage basins nos.: 1,
2,4-11, 18-33, 35, 36) represents drainage basins with aver-
age slope values of 13.31° and intermediate H; values (0.33).
Such basins are dominantly located in the central part of Mt.
Medvednica. The third H3 cluster (drainage basins nos.:
12-17) comprises drainage basins with dissected landscape
having both high average slope (18.29°) and high H; values
(0.53), which correlate with high differential uplift rates and
probable predominance of erosional processes. Drainage bas-
ins belonging to H;3 cluster encompass the SW corner of Mt.
Medvednica. Those basins are in a relatively young erosional
stage of landscape evolution where deep incision and rugged
terrain features prevail, which may be driven by the ongoing
tectonic activity and uplift.

ASYMMETRY FACTOR

To answer the question on possible tectonic block tilting we
followed the procedure of asymmetry factor (AF) extraction pro-
posed by Keller and Pinter (2002) and Pérez-Pena et al. (2010).
According to these authors, the asymmetry factor is defined as:
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Fig. 7. Scatter plot of average slope and Hi values

Drainage basins are clustered in three groups (H1, H2 and H;3);
higher values of H;and average slopes indicate more dissected sur-
faces and their younger erosional stage (see Table 1 for drainage
basin names, H; and average slope values)
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AF = %% 100 (2]
A

where: Ag —the area of delineated drainage basin to the right (facing
downstream) of the main stream, Ar— the total area of drainage ba-
sin.

AF values, greater or lower than 50, indicate asymmetry of
drainage basin. Additionally, we used the modified definition of
AF:

AF =[50 — A; x100/ A;| [3]
proposed by Pérez-Pena et al. (2010), according to which the
drainage basins are classified as symmetric (AF < 5), gently
asymmetric (AF = 5—10), moderately asymmetric (AF = 10-15),
and strongly asymmetric (AF > 15).

The AF values calculated for the drainage basins range be-
tween 0.06 and 29.7 (Table 1). Spatial distribution of AF values,
with arrows indicating the asymmetry direction sense, is shown
in Figure 8. The asymmetry direction arrows indicate the pre-
ferred asymmetry sense on both hill slopes divided by several
transition zones. Transitional zones are delineated as bound-
aries between drainage basins with high AF values and the op-
posite basin asymmetry direction senses perpendicular to the
stream channel (Fig. 8). The first prominent transition zone runs
between drainage basins no. 31 (AF = 25.78) and 29

15°500°E

15"5{5'0"E 16'q‘D”E

(AF = 22.68) and continues NW-ward into the boundary be-
tween drainage basins no. 3 (AF = 15.49) and no. 4
(AF = 18.01). Immediately to the W of it, the second prominent
transition zone separates drainage basins no. 29 (AF = 22.68)
and no. 28 (AF = 28.45, no. 28 (AF = 28.45) and no. 26
(AF =29.07) and eventually basins no. 4 (AF=18.01) and no. 5
(AF =16.07). Differences in AF values and asymmetry direction
senses are observed in two additional although less prominent
transition zones: between drainage basins no. 36 (AF = 16.18)
and no. 1 (AF=16.53), and drainage basins no. 23 (AF=21.41)
and no. 20 (AF = 15.50). These transition zones might be ex-
plained by (1) possible structural control of underlying bedrock
fabric due to orientation of bedding and schistosity forcing mi-
gration of streams in preferable down-dip direction or/and by (2)
structural discontinuities, e.g. faults or fracture systems, similar
to the effects of those described in southern Spain by
Hamdouni et al. (2008).

In other parts of the Mt. Medvednica range, drainage basin
asymmetry is unidirectional and ranges from symmetric to
gently asymmetric, which implies the absence of major surface
tilting in these parts.

LONGITUDINAL STREAM PROFILES

Shape of longitudinal stream profiles has been subject of
many prolific geomorphologic studies during the second half of
last century (Radoane et al., 2003). These profiles were con-
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Fig. 8. Asymmetry factor (AF) distribution map for delineated drainage basins in Mt. Medvednica

AF values are colour-coded, and asymmetry directions sense is indicated by arrows;
map also indicates zones of abrupt change in basin asymmetry direction sense
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structed by plotting the values of altitude in relation to the
stream lengths, and represent equilibrium between bedrock
erosion and tectonic uplift (Schumm et al., 2000; Pérez-Pena et
al., 2010 and references therein). According to Snow and
Singerland (1987) and Ruszkiczay-Rudiger et al. (2009), the
shape of longitudinal profiles in the absence of active tectonics
becomes more concave along the channel, which is in correla-
tion with stream age. Any deviation of longitudinal stream profile
from the stream equilibrium profile (i.e., concave profile repre-
sents long-term equilibrium balance between climatic condi-
tions, uplift rate and erosional processes) suggests the pres-
ence of resistant channel bedrock or tectonic activity along the
course (Radoane et al., 2003; Pérez-Pena et al., 2010). There-
fore, if erosional processes prevail, longitudinal profiles become
more “concave-convex”, while convex profiles occur in tectoni-
cally active areas or in highly resistant channel bedrock
(Pérez-Pena et al., 2010).

In the Mt. Medvednica area, statistical parameters of nor-
malized longitudinal stream profiles were used for
morphometric comparison between delineated drainage bas-
ins. Normalized longitudinal stream profiles were used in order
to make direct comparison between streams with different
lengths and absolute elevation gradients. Following the proce-
dure described in Demoulin (1998) and Ruszkiczay-Rudiger et
al. (2009), we normalized distance values along the streams to
the total length of the streams (//L), and elevation values to the
absolute elevation gradients along the streams (e/E). To esti-
mate which stream profiles are closer to equilibrium profile, we
computed the following statistical parameters (Table 2): con-
cavity factor (Cy), maximal concavity (Cnax.) and distance from
the source (AIL).

In addition, we investigated the connection between the
shape of the longitudinal stream profiles, the contributing drain-
age basins area and the possible tectonic activity by calculating
statistical values of channel steepness index (ks) and concavity
index (0). Channel steepness analysis presented and summa-
rized by Wobus et al. (2006) and Whipple et. al. (2007) was uti-
lized using software packages Matlab and ESRI ArcMap soft-
ware with ArcHydro 1.1 extension and special geomorphologic
extension StPro (Whipple et al., 2007).

Normalized longitudinal stream profiles. Deviations of
the delineated stream profiles in relation to equilibrium profile
(i.e. deviation of the graded profile) were analysed by parame-
ters Cr, Crax. and AL (Fig. 9). Crvalues, which are expressed in
the range between 0 and 100%, actually corresponds to the plot
area or “eroded area” between normalized stream profile and
straight line that connects the stream source point with the
mouth of the stream. The C.,ax. parameter represents the nor-
malized maximal elevation difference between stream profile
and ideal straight line connecting the source point and the
mouth of the stream, ranging from 0 and 1. Ideally, the high C;
values and Cp.x values closer to the stream source point are
characteristic for concave-upward stream profiles that are
closer to the ideal equilibrium profile (Demoulin, 1998; Radoane
et al.,, 2003; Ruszkiczay-Rudiger et al., 2009). In the Mt.
Medvednica area, the values of concavity factor are in the
range between 16 and 67.8%. The maximal concavity values
vary between 0.17 and 0.63, while its position or distance from
the source is between 0.18 and 0.65 (Fig. 9 and Table 2).

An objective comparison between delineated drainage bas-
ins was achieved following the procedure described in Holbrook
and Schumm (1999) and Ruszkiczay-Rudiger et al. (2009), us-
ing a scatter plot correlation between values of Cax and AL
parameters. We discriminate four clusters in our drainage sys-
tem data (Fig. 10). Clusters P1 and P2 include drainage basins
nos. 6 and 12—-18 with Cs values ranging from 16 to 40%, and

with low values of Cpax. (0.173—-0.318). Cpax. Values of P1 and
P2 clusters are positioned in the middle and in the middle upper
sections of longitudinal stream profiles (A/L values are between
0.418 and 0.653), respectively. As opposed to these, the
streams clustered in P3 cluster (drainage basins nos. 2, 4—11,
13, 17, 19-36) and P4 cluster (drainage basins nos. 1 and 3)
show the characteristics closer to equilibrium conditions, with
values of C; between 37.2 and 67.8%, and C,.x values be-
tween 0.344 and 0.627 closer to the source point (A/L values
are between 0.176 and 0.423).

Normalized channel steepness. The stream profile de-
picts proportion of the local stream channel gradient to up-
stream contributing drainage area. Described by the Flint's
power-law function, the stream channel slope is expressed as
follows (Hack, 1973; Flint, 1974; Howard and Kerby 1983;
Whipple, 2004; Wobus et al., 2006):

S =k A" (5]

where: S — the main channel slope, A — the upstream area of the
contributing drainage basin, 6 — concavity index, ks — channel steep-
ness index.

The value of 6 connects incision rate with channel steep-
ness and reflects catchment hydrology with channel specific in-
cision processes like plucking, macro-abrasion, wear, chemical
and physical weathering and possible cavitations (\WWobus et al.,
2006 with references therein). In addition, the parameter of ks is
also known as a function of rock uplift, lithology and climate,
with higher values in areas of ongoing uplift. This relation is valid
for streams that are in dynamic equilibrium state, meaning that
the rate of erosion is in balance with the rate of uplift (Snyder et
al., 2000).

Power law-relation [5] between the upstream area of drain-
age basin and channel steepness must be taken with caution,
since it is not valid for the uppermost part of stream channel be-
cause the critical drainage area is smaller than 1 km? and there-
fore debris flows may have significant role in sculpturing the
channel profile. Also, problematic is the lower part of streams
where the stream channel may traverse from a detachment or
bedrock-limited to a transport-limited stream system where allu-
vial sedimentation predominates (\Wobus et al., 2006).

In the log A—log S coordinate system, function [5] will plot as
a line with a slope corresponding to the concavity index 6, and
with the y axis intercept corresponding to the steepness index ks
(Fig. 11). Direct comparison of possible ongoing rock uplift dif-
ferences between stream profiles is usually done by normalized
channel steepness index — k. The kg, values are calculated by
its normalization to upstream drainage area and reference con-
cavity (0,.r) and observed concavity (0) difference (Wobus et al.,
2006; Ismail and Abdsalam, 2012).

According to Ismail and Abdesalam (2012), the ks, value
can be expressed by the equation:

kg, =k AC"™ [6]

where: 0, — reference concavity, 6 — observed concavity of the
stream profile; other explanations as in equation [5].

Usually, values of ks and for given dataset are fitted by the
best regression model as free parameters for the certain stream
segment, analysing slope-area data using function [5]. Succes-
sively, ks, values are determined for individual slope-area
stream segments using 0,.rvalues (see \Wobus et al., 2006; Cyr,
2010). Reference concavities, according to Wobus et al. (2006)
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Table 2
Normalized longitudinal stream profile morphometric parameters
No. Drainage basin | Ag[m] Crnax. Al/L Ci[%] | No. of KP 0 Ksn (Max.) | ksp (avg.) | Ksn (min.) ec?Sgté(f”
1 Zitomirka 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 Novacak 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 Ivansc¢ak 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 Vrapcak 602.65 0.39 0.34 46.60 4 0.77 74.96 39.77 26.44 2
20 Kustosija 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 Kunis¢ak 190.06 0.34 0.31 43.60 0 0.64 38.82 17.80 13.90 1
23 Medvescak 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 Stefanovec 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 Cucerje 423.28 0.40 0.21 49.60 0 0.76 66.33 36.30 13.88 2
28 Kostani¢ 343.03 0.48 0.32 59.20 0 0.71 50.11 26.10 9.99 2
29 Kasina 398.03 0.46 0.21 56.40 0 0.37 60.20 31.70 11.51 1
30 Blagusa 217.78 0.35 0.28 38.60 3 0.76 35.25 24.30 4.01 2
31 Glavingica 245.25 0.38 0.37 47.60 3 1.28 46.31 21.54 13.59 3
32 Nespe$ 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 Topli¢ica 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 Ore$céak 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 — absolute elevation gradient, Cs— concavity factor, Cy,ax. — maximal concavity, KP — knickpoint, ks, — normalized channel steepness in-

dex, Al/L — distance from the source, 6 — concavity index

and Ismail and Abdesalam (2012), are usually in the range be-
tween 0.35 and 0.65, reflecting stream channels free of
knickpoints, fault activity or lithological heterogeneity averaged
on a regional scale.

In our study, ks, values were computed with 6, value of
0.45, following suggestion of Whipple (2004), which allowed us
to compare the computed ks, values to the values collected in
other studies (Whipple, 2004; Wobus et al., 2006; Cyr et al.,
2010; Ismail and Abdelsalam, 2012).

In the Mt. Medvednica area, the principal obstacle in using
this method for identification of ongoing uplifting sub-areas is a
significant lithological heterogeneity within delineated drainage

basins. However, we assumed the steady state of streams, be-
cause constant uplift rates during the Pliocene and Quaternary
as well as evenly distributed erosional rates have been previ-
ously reported by Simuni¢ and Simuni¢ (1987) and Prelogovié
and Veli¢ (1988).

We performed stream profile analysis of ks, and calculated
concavity index 6 values for each 200 m long stream segment
in all delineated drainage basins (Fig. 12). Our main emphasis
was on obtaining a general spatial distribution of 6 values, max.
ksn and average profile kg, values, and only to a lesser extent on
detailed analysis of particular stream profile segments. Exclud-
ing short and steep parts of drainages influenced by debris
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Fig. 9. Normalized longitudinal stream profiles

Calculated statistical parameters; concavity factor (Cy), maximal concavity (Cmax.) and distance from the source (Al/L) are visualized on
drainage basin no. 1; high values of Csand Cy.x. and low Al/L values shown in blue indicate streams in a mature to old erosional stage,
while orange statistical values indicate streams in a young erosional stage

flows (using the upstream area of less than 1 km? as a crite-
rion), stream profiles were classified into four groups using pri-
marily observed concavity 6 values (Fig. 12) proposed by
Whipple (2004) in combination with calculated average profile
ksn values (Table 2).

The first group of basins, characterized by low and moder-
ate values of 6 (0.0-0.7) and by predominantly moderate aver-
age ks, values in the range of 10.1-76.0, comprises drainage
basins nos. 2, 3, 6, 9, 14, 17, 20-22 and 29. In this group, the

streams have concave longitudinal stream profiles without cor-
rugations and with only a few minor knickpoints. The second
group of basins, including drainage basins nos. 1, 4, 5, 13, 15,
19, 24, 27, 28, 30, 32, 33 and 36, is characterized by high 6 val-
ues (0.701-1.0) and moderate average ks, values in the range
between 15.4 and 66.8. In this group, knickpoints occur more
frequently along longitudinal profiles. The third group includes
basins nos. 31, 34, 35 and was delineated by extremely high 6
values (1.001-1.86) associated with multiple knickpoints and
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Stream profile statistical parameters are clustered into four groups
(P1, P2, P3 and P4); arrow indicates direction of increasing degree
of equilibrium conditions (higher values of Crax. and lower values of
Al/L); see Table 2 for drainage basin names and statistical stream
parameters

low to moderate average ks, values in the range of 13.0-31.5.
The fourth group, including drainage basins nos. 7, 8, 10-12,
16, 18, 23, 25 and 26, is characterized by extremely high 6 val-
ues (1.001-1.86) and high to extremely high average ks, values
(in the range between 43.47 and 87.9). In this group, the
streams are located predominantly in the SW area of Mt
Medvednica and are characterized by major and minor
knickpoints on relatively complex longitudinal profiles.

Furthermore, although quantitative data on rock strength
are unavailable, we analysed stream profile parameters, i.e. 6
values, average ks, values, and max. ks, values in conjunction
with lithology and structural features, as shown on the geologi-
cal map (Fig. 13 and Table 2). This analysis suggests a strong
difference in calculated values for basins in the NE and SW
area of the mountain, with the highest values in the drainage
basins composed of ortho-metamorphic rocks. In the NE area,
delineated drainage basins cluster predominantly into groups |
and Il, with only three drainage basins (nos. 31, 34 and 35) clus-
tering into group Ill. There are also few streams (basins nos. 30,
32 and 33; Figs. 12 and 13) in the NE area, characterized by
few exposed knickpoints, however, these features are associ-
ated with the lithological contact of low-grade metamorphic
units and Neogene sediments.

In case of the SW area, the streams show significant in-
crease of 0, average low ks, and max. kg, values (Table 2, Figs.
12 and 13). Delineated drainage basins in this area also cluster
into groups | and Il, however, there is significant number of
drainage basins which cluster as group IV (basins nos. 7, 8,
10-12, 16, 18, 23, 25, 26). The latter drainage basins are char-
acterized by frequent occurrences of major and minor
knickpoints along stream profiles, especially in the central part
of Mt. Medvednica in contact zones of resistant greenschists
with surrounding para-metamorphic rocks and Creta-
ceous—Paleocene sedimentary rocks. The highest 6 values
(0.87-1.86), average ks, values (41.3-87.9), and max. ks, val-
ues between 57.88-120.39 are characteristic of drainage bas-
ins (nos. 7, 8, 12, 13, 15, 16 and 18) which occupy the NW
slopes of the mountain, covered by mechanically similar
lithological units (Fig. 13).

DISCUSSION

Mt. Medvednica is characterized by significant lithological
variations within almost all analysed drainage basins. Hence,
due to non-uniform spatial distribution of lithology and highly
variable rock strength properties, delineation of morphometric
parameters and their interpretation in correlation with possible
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Fig. 11. Representative channel profile for drainage basin no. 23 in the study area

Insert longitudinal profile shows slope-area data, which is characterized by observed concavity index
and normalized steepness index ks, (see text for details); black line fits the channel elevation data points
with 6,r = 0.45; red line represents channel profile derived from the best fit regression model
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Analysis was performed for every 200 m stream segment in each drainage basin

tectonic activity are a challenging task. Assuming a constant
uplift of 0.17—0.4 mm/y (Simuni¢ and Simuni¢, 1987; Prelogovié¢
and Veli¢, 1988; Kuk et al., 2000) and presumably uniform ero-
sional rates during the Pliocene and Quaternary in this area, the
obtained results of DEM-based morphometric analysis of the
drainage basins suggest that the ongoing tectonic uplift is con-
centrated along: (1) the SW corner of the NW mountain front,
and (2) the narrow boundary zone that divides Mt. Medvednica
into NE and SW areas.

In the SW corner, tectonic uplift is revealed primarily by the
hypsometric and longitudinal stream profile analysis. With pro-
nounced convex curve shapes and H; values > 0.46 (Fig. 6 and
Table 1), the drainage basins show features of highly dissected
landscape where erosional processes predominate over accu-
mulation. The streams are rather short (<4.5 km), passing
through V-shaped valleys characterized by convex longitudinal
stream profiles (Fig. 8). The profile statistical parameters, con-
cavity factor (16—40%) and maximal concavity (0.173-0.318)
positioned in the middle sections of longitudinal profiles indicate
partly tectonically induced rejuvenation (possibly during the
Quaternary) of stream profiles (Fig. 9). This interpretation is
also confirmed by extremely high 6 values (0.87—1.86), average
ksn values (41.3—87.9), and high to extremely high max. kg, val-
ues (57.88-120.39). The longitudinal stream profiles in this
area are also characterized by the presence of major and minor
knickpoints (Table 2). Although the lithology is not uniform in
this area, Triassic, Cretaceous—Paleocene and Neogene
clastic sediments (Fig. 13) show similar mechanical properties,
so the possible strong lithological control on longitudinal stream
profiles could be excluded here. However, in case of certain ar-
eas, e.g. basins nos. 15 and 18, the results of longitudinal pro-
file analysis (6 and ks, values) are considered questionable due
to Late Triassic karstified carbonates that affect the validity of

the basic assumption of the consistent power law relationship
between stream discharge, channel gradient and drainage size
[equation 5].

Nevertheless, the results that point to partly tectonically in-
duced rejuvenation of streams in this area are in good agree-
ment with the structural location of the southwestern segment of
the NMBF which is interpreted as tectonically active by folding
and faulting of basal Pliocene—Quaternary strata along it, and
by a negative gravity anomaly positioned in the front of the
southwestern termination of the mountain (Kuk et al., 2000;
Tomljenovi¢ and Csontos, 2001; Verbi¢, 2005).

Besides hypsometry and stream profile analysis indicating a
tectonic uplift and stream rejuvenation, the calculated asymme-
try factor did not show any prominent surface tilting in the SW
corner of Mt. Medvednica. The drainage basins show gentle
asymmetries that converge towards the closure of SW-plunging
antiform hinge, parallel to the orientation of strata and
schistosity (Fig. 8). As exceptions, only drainage basins of mi-
nor transitional zone IV (Fig. 8) showed asymmetries, which
could be interpreted either due to inclination of strata and
schistosity in adjacent basins or due to a local tectonic tilting not
yet recognized by geological mapping.

The ongoing tectonic activity along the narrow boundary
zone that divides Mt. Medvednica into NE and SW areas is ini-
tially revealed by local relief distribution (Fig. 4A). Namely, this
zone separates areas with significant local relief differences
that attain 560 and 914 m in the NE and SW area, respectively.
Geologically, this narrow boundary zone corresponds to the
NW-striking Kasina Fault zone (Fig. 4B), which is interpreted as
a right-lateral strike-slip fault by previous studies (e.g.,
Prelogovi¢ et al., 1998; Tomljenovi¢ and Csontos, 2001;
Tomljenovi¢ et al., 2008). However, the significant local relief
differences within the two fault sides suggest that, in addition to
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complex: o-p — ortho-protoliths, p-p — para-protoliths; see Figure 2 for detailed tectonostratigraphic unit description

the proposed right-lateral strike-slip component, this fault zone
accommodated a prominent normal displacement. Ongoing
tectonics in this zone is additionally proved by prominent
changes in drainage basin asymmetry. Here, significantly tilted
surface blocks with prominent basin asymmetries and abrupt
changes in asymmetry directions sense, are well-documented
(Fig. 8). These tilted blocks are separated by transitional zones
I and Il that include drainage basins nos. 6 and 26, 28 and 29.
They either run parallel with or directly correspond with the
Kasina Fault zone, respectively.

Tectonic activity in this zone is also supported by the promi-
nent convex hypsometric curves and H; > 0.40. At the same
time, the results of longitudinal stream profile analysis are not
unambiguous. Statistical parameters of concavity factor
(40.2%), maximal concavity (0.32), and distance from source
(0.23) of drainage basin no. 6 indicate a possible tectonic reju-
venation; however, the same parameters for basins nos. 26, 28
and 29 show characteristics closer to stream equilibrium condi-
tions (Table 2, Figs. 9 and 10). The latter is also supported by
low to moderate concavity index (0.37-0.71), and kg, values
(avg. ksp = 26.1-36.9; max. ks, = 50.11-60.2) clustering drain-
age basins nos. 6, 28 and 29 into groups | and Il. Exceptionally,

only the stream of drainage basin no. 26, with extremely high
concavity index (1.7), high avg. ks, (53.25) and extremely high
max. K, values (139.44), could indicate possible tectonic activ-
ity (Fig. 13). However, frequent occurrences of major and minor
knickpoints in this drainage basin are found to correspond with
lithological contacts of more resistant greenschist and less re-
sistant para-metamorphic, and Cretaceous—Paleocene rocks.
Thus, we are in the opinion that longitudinal stream profile anal-
ysis in this area could not distinguish between possible tectonic
uplift signal and lithological control.

Strong asymmetry is also seen to the NE of the Kasina Fault
zone. Here, it possibly correlates with an en échelon set of
NE-trending strike-slip faults (drainage basins nos. 3 and 4) and
with NW-striking normal faults mapped at the NE end of the
mountain (drainage basins 1 and 36). However, those areas
cannot be reasonably assumed as tectonically active because
local relief, hypsometry and longitudinal stream profile analysis
point to streams characterized by low local relief values, con-
cave hypsometric curves (H; < 0.40), and longitudinal profile
parameters, confirming stream equilibrium conditions, respec-
tively (Table 1).
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The identified ongoing tectonic uplift within delineated areas
also correlates well with moderate present-day seismicity with
rare occurrences of strong earthquakes (M, > 5) within major
seismogenic sources in the Medvednica—Zagreb epicentral
area (e.g., Prelogovic et al., 1998; Herak et al., 2009 with refer-
ences). The first delineated tectonically active area (alongside
the SW corner of NW mountain front) coincides with the south-
western segment of the NMBF, a steeply SSE-dipping reverse
fault zone, while the latter area (narrow boundary zone dividing
Mt. Medvednica into the NE and SW regions) corresponds to
the NW-striking Kasina Fault zone. This is also in good agree-
ment with fault-plane solutions reported by Herak et al. (2009)
and Pondrelli et al. (2006), and consequently sub-horizontal to
moderately dipping P-axis, predominantly N-S directed in the
central part, to NW—SE and NE-SE directed in the western and
eastern parts of this area.

CONCLUSIONS

The DEM-based morphometric analysis with computed
morphometric statistical parameters of drainage basins in Mt.
Medvednica suggests that ongoing tectonic uplift is concen-
trated along the SW corner of the NW mountain front and along
a narrow boundary zone that divides Mt. Medvednica into the
NE and SW regions.

In the SW corner of Mt. Medvednica, tectonic uplift is re-
vealed by hypsometric and longitudinal stream profile analysis.
In addition to highly dissected landscape and short V-shaped
valleys, streams are characterized by convex hypsometric
curves and convex longitudinal stream profiles. Calculated sta-
tistical parameters (H;, Cr, Cmax., AVL, 6 and k) indicate tectoni-
cally induced rejuvenation marked by major and minor
knickpoints. This is in good correlation with the structural loca-
tion of the southwestern segment of the Northern Medvednica
Boundary Fault which is reported as tectonically active by previ-
ous structural, seismotectonic and geophysical studies (Kuk et
al., 2000; Tomljenovi¢ and Csontos, 2001; Verbi¢, 2005).

Morphometric results, which point to tectonically induced re-
juvenation are only questionable for basins nos. 15 and 18 due
to Late Triassic karstified carbonates that affect the validity of
power law relationship described by equation [5].

The additional zone of possible tectonic upliftis initially iden-
tified in the KaSina Fault zone by local relief distribution. Consid-
erable elevation differences between the NE and SW areas of
Mt. Medvednica in combination with prominent basin asymme-
tries and abrupt changes in asymmetry directions sense were
recognized in a narrow boundary zone associated with the
NW-striking KaSina Fault zone. Although the NW-striking
Kasina Fault zone was interpreted by previous studies (e.g.,
Prelogovi¢ et al,, 1998; Tomljenovi¢ and Csontos, 2001;
Tomljenovi¢ et al., 2008) as a right-lateral strike-slip fault, our
study suggests that considerable local relief differences are
probably a result of additional Kasina Fault normal movement.
Tectonic uplift in this zone is also supported by hypsometry
data; however, with longitudinal stream profile analysis (C;,
Crmax., AVL, 6 and ks,) we have not been able to discriminate tec-
tonic uplift signal from strong lithological control.

The identified areas correlate well with the southwestern
segment of the North Medvednica Boundary Fault (steeply
SSE-dipping reverse fault zone positioned alongside the SW
corner of NW mountain front) and NW Kasina Fault zone
(right-lateral strike-slip fault) which, according to Herak et al.
(2009), represent a major seismogenic source for historical
earthquakes and present-day seismicity.
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