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1. INTRODUCTION
The research on karst depressions (dolines, uvalas, poljes) has a 
long tradition in karst geomorphology (CVIJIĆ, 1893; CRAMER, 
1941; SWEETING, 1972; BÖGLI, 1980; JENNINGS, 1985; 
WHITE, 1988; GAMS, 1994; MIHLJEVIĆ, 1994; ŠUŠTERŠIČ, 
1994; ČAR, 2001; SAURO, 2003; ĆALIĆ, 2011; PAHERNIK, 
2012 etc.). Less commonly, a geomorphological investigation has 
focused on linear features on karst (MILOJEVIĆ, 1955; MON-
ROE, 1964; ROGLIĆ, 1964; BROOK & FORD, 1978; DAY, 1983; 
FAIVRE, 1994; HEVESI, 2001; TÎRLӐ & VIJULIE, 2013; 
BOČIĆ et al., 2015; HARMAND et al., 2017 etc.). The occurrence 
of linear, dry valley-like features on the karst surface of Krk Is-
land was first introduced in the study published by BENAC et al. 
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Abstract
Krk Island located in the Dinaric karst is characterized by somewhat contradictory, yet undefined 
depressions of linear geometry. A comprehensive spatial analysis considering over 900 linear 
features served as a testing ground for revealing the specific circumstances required for the oc-
currence of the linear morphology on the surface of rather pure karst typically characterized by 
dolines. Morphological characteristics, spatial distribution and field evidence imply that linear 
features of different appearance are the outcome of several different mechanisms including spe-
leogenesis and denudation, slope processes and erosion by the torrential surface runoff. Sur-
face runoff occurred due to specific regional geological, morphological and climate conditions 
in the area. Recently, such linear features exhibit a dry valley- or dry gorge-like appearance. This 
example from the Dinarides provides insight into the possible circumstances that may cause a 
temporal surface runoff even in rather pure karst conditions. This knowledge is valuable for un-
derstanding other karst areas expressing temporal surface runoff or imprints of its past occur-
rences.

(2013) (Figure 1). They noticed that the karst surface is populated 
strictly by dolines or strictly by linear features so that they spa-
tially do not coincide. Some linear features indicated the opera-
tion of surface runoff, raising a question of the pre-karstic fluvial 
inheritance on a recent karst surface, as determined in some other 
karst areas (WARWICK 1964; BOČIĆ 2003). Based on alloch-
thonous fluvial sediments found on the karst surface, a similar 
presumption was also made for the area of Kras in the northern 
part of the Dinaric karst (RADINJA, 1985). However, given the 
discovery of unroofed caves at that site, the allochthonous fluvial 
sediments were proven to have an underground fluvial, rather 
than a surface fluvial origin (MIHEVC, 2007). This example 
shows the complexity of the linear phenomena in karst conditions. 

Linear features dissecting the karst surface are common fea-
tures along the coastal side of the Dinaric mountains and were 
also evidenced elsewhere (LONČAR, 2009). However, their ex-
istence in rather pure karst conditions, where the karst surface is 
typically characterized by circular depressions (dolines) 
(ŠUŠTERŠIČ, 1982, 1996), has not previously been the subject 
of extensive scientific discussion. This paper presents the first 
systematic evidence and basic morphological and distributive 
characteristics of linear features occurring in close proximity to 
pure karst conditions. It aims to present the phenomenon of line ar 
features on the karst surface and provoke further discussion on 
the topic of linearity in karst geomorphology.

2. STUDY AREA
Krk Island occupies an area of 405.75 km² (STATISTIČKI 
GODIŠNJAK, 2018), located in the north-eastern Adriatic Sea 
between the Istrian peninsula and the Vinodol coast. Together 
with some neighbouring islands it constitutes the Kvarner area 
(Figure 2). The Island has variable morphology, with the north 
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Figure 1. An example of linear features on the bare karst surface of Krk Island. 
(Photo: Ž. Gržančić)
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being characterized by rather flat lowlands, mainly between 5 and 
45 m a.s.l. The central part has a gently undulating hilly surface 
with slope inclinations < 4° and low elevation differences. To the 
south-east, lowlands gradually pass to a karst plateau with an ele-
vation of approximately 240–360 m, bordered by steep rocky 
slopes exceeding 30°. This part is characterized by high terrain 
ruggedness. The highest peak reaches an elevation of 568 m 
( Fi gure 2). 

Krk Island and the Kvarner area are enclosed by the high 
mountain ranges of Učka (1,400 m) in the west and North Velebit 
Mt. (1,600 m) to the east. As a result, the area is influenced by 
both Mediterranean and continental climates and characterized 
by intrusions of cold air during the winter and convective pre-
cipitation in the summer. These specific conditions result in the 
lack of a distinct dry period typical of the Mediterranean climate 
(ŠEGOTA & FILIPČIĆ, 2003). Mean annual precipitation on Krk 
Island is 1,100–1,500 mm (for the period 1961–1990)  (Source: 
Croatian Meteorlogical and Hydrological Service). The amount 
of precipitation decreases from east to west, reaching a peak in 
the elevated areas in the central and southern parts of Krk Island. 
The mean annual air temperature on Krk Island is 11°–15°C (for 
the period 1961–1990) (Source: Croatian Meteorlogical and Hy-
drological Service). Induced by the influence of the Mediter-
ranean Sea, the entire Kvarner area has considerably higher 
 temperatures compared to the continent. The mean annual tem-
perature on Krk Island is directly influenced by the elevation with 
the lowest temperatures occurring in the hilly central and moun-
tainous southern part.

Generally, Krk Island is, as well as the wider Kvarner area, 
characterized by the mixing influences of the Mediterranean air-

temperature conditions and continental precipitation regime. The 
most important local factors causing modifications of the climate 
are the topography of the nearby Dinaric mountain range with its 
altitude and position according to the prevalent air-mass circula-
tion, and the Adriatic Sea (DHMZ, 2008). Within the island, the 
topography and the distance from the Dinaric Mountains are the 
most important factors for micro-climate modifications.

The area consists mainly of Cretaceous carbonate rocks (Fi-
gure 3). The outcrops of Lower Cretaceous (Albian) limestone 
(92 to 97% CaCO3) and dolomitic limestone (70% CaCO3) in the 
western and south-western parts of the island form the cores of 
large anticlines. Albian–Cenomanian dolomites and diagenetic 
breccias (26–73% CaCO3) outcrop in relatively narrow zones. 
Cenomanian–Senonian rudist limestones (98–99% CaCO3) oc-
cur over a wide area (MAMUŽIĆ et al., 1969; ŠIKIĆ et al., 1969; 
ŠUŠNJAR et al., 1970; BENAC et al., 2013). All outcropping car-
bonates are characterized by their  rather uniform nature and high 
purity (Figure 3).

Palaeogene carbonate and siliciclastic rocks predominantly 
fill the main syncline of the island, but short and narrow stretches 
are also observed related to other minor synclines. Small outcrops 
appear in isolated zones over the entire area. They are preserved 
within the larger karst depressions or are compressed within lo-
cal tectonic structures (ŠEGINA, 2021). Siliciclastic rocks consist 
of marls in the lower zone and flysch (siltstone with interbeds of 
sandstone) towards the sucession top (MAMUŽIĆ et al., 1969; 
ŠIKIĆ et al., 1969; ŠUŠNJAR et al., 1970; BENAC et al., 2013). 
Oligocene–Miocene carbonate breccias overlie Cretaceous and 
Palaeogene rocks in the south-western part of the island. The 
floors of a few large depressions are covered by the Quaternary 

Figure 2. Location and morphology of Krk Island. 
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deposits (BENAC et al., 2013). The central and western parts of 
Krk Island are covered by younger thick sediments (a mix of older 
terra rossa, weathered flysch and loess) (BENAC & DURN, 1997; 
ŠEGINA, 2021). 

During most of the Mesozoic era, the area of Krk Island was 
part of a carbonate platform. The shallow-water marine sedimen-
tation on the platform was mainly monotonous until the Middle 
Cenomanian), resulting in a several km thick carbonate sequence. 
In the Upper Cretaceous, tectonic movements caused the disin-
tegration of the carbonate platform with the simultaneous uplift 
of some platform parts and subsidence of others (VLAHOVIĆ et 
al., 2005). Parts of the Kvarner area, including the area of Krk 
Island, probably emerged and remained under terrestrial condi-
tions from the Cenomanian until the start of the Palaeogene trans-
gression (VLAHOVIĆ et al., 2005). The Palaeogene transgres-
sion started with the sedimentation of foraminiferal limestones, 
and later marls and flysch that probably covered most of the north-
western part of the present Adriatic region (MARINČIĆ, 1981). 
This transgression interrupted the process of karstification on the 
present-day territory of Krk Island (BENAC et al., 2013). 

During the Eocene, wide basins were formed under the in-
fluence of regional NE-SW oriented compression (MATHER, 
2009). Uplift and re-working of the sedimentary masses originat-
ing from the Internal Dinarides provided sources of clastic de-
posits that were deposited in such basins during the Palaeocene 
and Eocene (KORBAR, 2009). Similar compression (WNW–
ESE) also influenced the area of Krk Island (BENAC et al., 2013). 

From the Eocene to the Pliocene, the regional principal com-
pression stress oriented NE–SW caused the formation of wide 

basins where sedimentation of siliciclastic deposits (flysch) oc-
curred. This phase finished with strong orogenic movements that 
formed the Dinarides and structures with a Dinaric strike (NW–
SE) that are the main tectonic features on Krk Island (JAMIČIĆ 
et al., 1995). In the Upper Pliocene, the dominant NW–SE strike 
was disturbed by younger diagonal and transverse strike-slip 
faults during the Pliocene and Quaternary under the influence of 
the re-oriented neotectonic regional compression oriented N–S 
(ŽIBRET & VRABEC, 2016). Recently, the area is subject to 
transpression and radial extension in the Vinodol valley located 
northeast of Krk Island (PALENIK et al., 2019). Retrograde 
structure rotation in the youngest tectonically active period re-
flects in the present-day relief guided by the NNW–SSE-oriented 
structures in the northern and central and NW–SE in its south-
eastern part of Krk Island (MIHLJEVIĆ, 1994). 

3. METHODS
The entire surface formed in the carbonate rock mass of Krk Is-
land (380 km²) was inspected to create a complete dataset of linear 
features and to analyse their basic morphometric characteristics 
and distribution. Linear features were evidenced with a combina-
tion of two data sources: ortho-rectified aerial photos (digital or-
thophoto or DOF) at a resolution of 0.5 m/pixel obtained in 20041 
(Figure 4 A) and a topographical map at scale 1:5,000 with 5 m 

1 State Geodetic Administration of the Republic of Croatia: https://dgu.gov.hr/ 
(July 2020)

Figure 3. Geology of Krk Island. (Source: MAMUŽIĆ et al., 1969; ŠIKIĆ et al., 1969; ŠUŠNJAR et al., 1970). Complexometric analysis of lithostratigraphic units was per-
formed in the Chemical Analytical Laboratory of the ZRC SAZU Karst Research Institute. See ŠEGINA (2021) for details on methodology.
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interval contour lines created between 1954 and 20102 (Figure 4 
B). The resulting dataset was vectorized manually and verified by 
several field campaigns between 2014 and 2020. See ŠEGINA 
(2021) for discussion on the subjectivity of the manual extraction 
of morphological features from DOF and topographic maps.

Geological characteristics, such as lithological and tectonic 
elements, were acquired from the only available data source, i.e. 
the Basic Geological Map (MAMUŽIĆ et al., 1969; ŠIKIĆ et al., 
1969; ŠUŠNJAR et al., 1970). Due to its low resolution (1:100,000), 
only the main geological structures could be analysed in relation 
to the linear features.

To capture all the morphological variation of the linear fea-
tures, the criteria for their detection were set very wide. All de-
pressions with an elongated geometry, detectable using the afore-
mentioned data sources were considered as linear features, 
irrespective of their depth, length, gradient, or any other morpho-
logical characteristic. The linearity has been considered as topo-
graphical one-dimensionality and not as rectilinearity. The 
course of the linear surface features was delineated by the com-
bination of topographic map and DOF. It followed the contour 
curving on a topographic map (Figure 4 A) and thicker soil ac-
cumulations, change in vegetation and shadow effect on DOF 
(Figure 4 B).

2 State Geodetic Administration of the Republic of Croatia: https://dgu.gov.hr/ 
(July 2020)

Figure 4. Visibility of linear features on A – topographic map, B – DOF.

Table 1. Basic statistics of the measured parameters for linear features on Krk 
 Island.

N of features Total length (m) Min. (m) Max. (m) Mean (m)

941 691 23 26 735

Table 2. List of spatial analyses performed on a dataset of linear features.

Parameter Method Procedure

The density of  
linear features

Line density 
(ArcPro 2.5.0)

Calculating the density of linear features in the neighbourhood of each output raster cell in length per unit of 
area at 1000 m search radius.

Length Measurement Measurement of a complete feature’s length.

Meandering Inverse sinuosity index The ratio between the curvilinear length and the Euclidean distance between the endpoints of the linear feature. 

Branching
Modified Strahler-Horton stream number 
(STRAHLER, 1952; HORTON, 1945)

Assigning the highest numeric order within the drainage network to the entire drainage basin.

Gradient Measurement A ratio between the vertical distance between endpoints of a linear feature and the length of the feature.

Orientation Measurement Orientation measurement of an individual linear feature’s segment.

Drainage pattern 
Obtained visually from the ground view  
of linear features

Assigning a type of channel network geometry, namely parallel, centripetal, rectangle, dendritic or no pattern 
(after SUMMERFIELD, 1991).

Linear profile Measurement Measurement of linear feature’s floor altitude along the main trench.

A total of 941 linear features were evidenced on Krk Island 
with a total length of 691 km (Table 1). An entity was defined as 
a compound feature of linked linear segments. The features hard 
to determine by the remote methods were examined in the field. 
Linear features were also field-checked for potential evidence of 
past or recent surface runoff.

For quantitative characterisation and classification, the entire 
dataset of linear features was subject to spatial analysis including 
several morphometric and distributive parameters typically used 
in fluvial geomorphology (Table 2). Spatial analysis was performed 
with ArcPro software employing an equal interval classification.

All the listed spatial analyses were performed on the entire 
dataset, except for the longitudinal profiles. They were acquired 
manually by the digitization of the topographic map at the scale 
of 1:5,000 due to the limitations of an available low-quality digi-
tal terrain model (DTM). The examples were selected randomly 
in a manner to cover the different parts of the study site and to 
include different morphologic types of linear features (long, 
short, simple, branched). Their locations are shown in Figure 5.



G
eologia C

roatica
Šegina et al.: Linear features on karst surfaces: an example from Krk Island 143

The density of the linear features was spatially correlated to 
the selected geomorphological and hydrological factors: eleva-
tion, slope, topographic roughness and hydrologic potential (Fi-

gure 6). Elevation and slope were extracted from the DTM inter-
polated from the topographic map at a scale of 1:25,000 (Figure 
6 A, B). Topographic roughness was acquired with the terrain 
ruggedness index that sums the change in elevation between a 
grid cell and its eight neighbour grid cells (RILEY et al., 1999) 
(Figure 6 C). The hydrological potential was considered as the 
specific annual discharge and was adopted from OŠTRIĆ et al. 
(2010) (Figure 6 D).

4. RESULTS: BASIC MORPHOMETRIC  
AND DISTRIBUTIVE CHARACTERISTICS 
A general overview of the basic morphometric characteristics 
implies that the most common morphological appearance of 
line ar features on karst could be described as short, unbranched 
and rather straight with a highly uniform gradient and oriented 
in basically any possible direction (Figure 7).

Linear features were evidenced across the entire carbonate 
surface. They mostly occur along the rims of large karst depres-
sions, along the limbs of eroded synclines and along the coasts 
(Figure 8). All these areas are characterized by high slope angles 
(Figure 6 B). 

Some evidenced linear features form networks (Figure 9 F). 
Mostly, the networks consist of unlinked segments, as in the case 
of centripetal or parallel patterns, but they also form inter-
connected networks, as in the case of dendritic and rectangular 
patterns. 

Linear features forming inter-connected networks mostly oc-
cur related to the areas of high elevation, slope angles and hydro-
logical potential (Figure 9 F). However, some of them also exist 
outside such areas, implying that morphological and hydrological 

Figure 5. Location of linear features where the longitudinal profile was manu-
ally extracted.

Figure 6. Considered geomorphologic and hydrologic factors.
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factors have the potential to inter-connect the linear features, but 
are not the only controlling factors of their networking. 

However, linear features forming complex networks and 
simple, unbranched linear features are all characterized by rather 
a similar gradient (Figure 9 D). The exceptions are short, un-
branched and straight linear features that developed on extremely 
steep slopes (Figure 6 B) as a consequence of the eroded limbs 
of synclines (Figure 3, Figure 9 D). Field inspection showed that 
the formation of such linear features is mostly guided by slope 
processes. 

In some cases, linear features do not show any linkage to the 
local drainage base (Figure 11 A, Linear feature N˚1) or exhibit 
an atypical longitudinal profile (Figure 11 A, Linear feature N˚3). 
This indicates that the mechanism of mass removal is not neces-
sarily related to the processes of  surface runoff. 

Figure 7. Basic morphometric characteristics of the linear features on Krk Island.

Figure 8. The density of linear features.
Figure 9. Spatial distribution of analysed parameters for linear features on Krk 
Island. 
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Another peculiar example of a linear feature is the seg-
mented linear feature occurring on a flat surface and shown in 
Figure 11 D. Based on the previously performed geophysical in-
vestigations it was concluded that such segmented, shallow, flat, 
elongated depressions have a speleological origin and are actually 
the segments of unroofed horizontal (epiphreatic) cave passages 
(ČERU et al., 2018). On the recent karst surface, unroofed 
horizontal caves commonly appear segmentally, so that denuded 
parts of a cave channel appear as shallow, elongated depressions, 
while deeper segments of a cave passage remain underground. 
They were mostly evidenced on the flat bare karst surface in the 
south-east of Krk Island, as their presence in other parts of the 
study site may be masked by soil and vegetation. Despite their 
underground origin, unroofed caves are a part of the surface mor-
phology. As such, they should be considered as a type of a linear 
feature occuring on the surface of karst terrains. 

Except for the unroofed horizontal caves occurring on flat 
surfaces, linear features evidenced on Krk Island occupy slopes 
greater than approximately 5° inclination (Figure 10 C). This in-
clination appears to represent the limit for an effective mass re-
moval mechanism in the conditions of the study area, enabling 
the removal of weathered material and the formation of an elon-
gated depression. 

Considering wide (45˚) and general (N-S, W-E, NE-SW, 
NW-SE) classes, no particular orientation of linear features pre-

vail (Figure 7 E). However, if we narrow the classes so as to fit 
the regional structural conditions, where structures with a Di-
naric orientation prevail (NNW-SSE in the northern part of the 
study area and NW-SE in its southern part) (Figure 3), we get a 
different picture. Linear features are oriented mostly NE–SW, i.e. 
perpendicular to the orientation of the tectonic structures in the 
southern part of the island, and NNW–SSE. i.e. aligned with the 
main orientation of tectonic structures that occur across the en-
tire island (Table 3). Orientation of linear features spatially coin-
cides with the orientation of geological structures: NE–SW ori-
ented linear features, as well as NW–SE-oriented ones, are 
located mostly in the southern part of the island, while NNW–
SSE-oriented features are distributed relatively evenly across the 
entire island. 

Figure 10. Correlations of linear feature density to morphological and hydrological factors. Pearson’s coefficient (r) is calculated for all individual data.

Table 3. The orientation of linear features versus orientation of evidenced tec-
tonic structures. 

ORIENTATION NE-SW NW-SE N-S NNW-SSE OTHER*

The total length of recognizable 
tectonic structures (km)

4.32 30.35 10.15 104.31 0

% 3 20 7 70 0

The total length of linear 
features (km)

79.22 43.91 34.44 77.83 455.78

% 12 6 5 11 66

*Other orientations than those of evidenced tectonic structures.
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5. DISCUSSION
The overview of basic morphometric and distributive characte-
ristics of linear features that were evidenced on the karst surface 
of Krk Island gave some insight into this rarely discussed geo-
morphological element. Presented characteristics indicate the 
high complexity and variability of the formation of this rather 
common but unusual phenomenon. 

Three mechanisms of surface mass removal that resulted in 
the formation of linear depressions should be considered in close-
to-pure karst conditions: chemical (dissolution), permanent slope 
processes (on slopes exceeding the stability angle) and periodic 
torrential surface runoff (when the discharge exceeds the conduit 
system conductivity). The evidence of unroofed horizontal caves 
indicates that depressions with linear geometry occurring on the 
recent karst surface could also be a result of the combined mech-
anism of speleogenesis followed by karst denudation. However, 
besides the underground formation of features that recently ap-
pear as linear depressions, spatial data show that linear features 
occur tightly related to slopes (Figure 10C). The highest linear 
feature density occurs in the southern and south-eastern parts of 
Krk Island. These areas are characterized by high elevations, 
higher slope inclinations, topographic ruggedness and hydrologic 
potential (Figure 6). As well, the orientation of linear features 
strictly follows the aspect of the slope. All this indicates that the 
formation of the majority of linear features is somehow controlled 

by the slope gradient, and is of mechanical, rather than a chemi-
cal nature.

Recently, linear features are mostly dry with only temporal 
and rather brief surface runoff occurring in limited segments. 
Short-term torrential surface runoff is activated strictly after 
storm related precipitation (FAIVRE et al., 2011). However, clear 
evidence of palaeosurface runoff was discovered in the field. 
Traces of the surface runoff are limited to the middle and lower 
parts of large and branched linear features with small patches of 
siliciclastic sediments in the watershed that remained preserved 
despite generally effective erosion of the Eocene impermeable 
cover. The efficiency of such erosive processes are supported by 
the well developed karst morphology (ŠEGINA, 2021) and oc-
currence of unroofed caves in the study area (ČERU et al., 2018). 
Due to small and rare remnants of impermeable siliciclastic se-
diments, the karst conditions on Krk Island are considered as 
 being close-to-pure. 

BENAC et al. (2013) proposed that the formation of linear 
features on Krk Island might be correlated to locally thicker cover 
of the Palaeogene impermeable sediments and/or more pro-
nounced compressional tectonics. Our results suggest that com-
pressional tectonics contributed to the local preservation of im-
permeable Eocene flysch deposits that collected the storm related 
rainfall. As a result, temporal and strictly localized surface runoff 
provoked erosive processes that eventually induced the formation 
of valleys and canyons. The evidence of past surface runoff con-

Figure 11. Profiles of linear features, shown in A–D due to different scales. For location see Figure 5.
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sists of alluvial sediments on the floor of linear features (Figure 
12 A), traces of the erosion as pools, smooth rock sculpturing on 
the floor of the features and eroded talus breccia (Figure 12 B, 
C), and the occurrence of alluvial fans at the mouth of linear fea-
tures (ŠMUC et al., 2015) (Figure 12 D). Traces of palaeosurface 
runoff imply the existence of a climate regime that was charac-
terized by more extreme precipitation events compared to the 
present. 

The main uplift with exhumation in the Kvarner area oc-
curred during the major tectonic phase in the Oligocene and Mi-
ocene (KORBAR, 2009). A lack of the Miocene and Pliocene 
marine sediments indicates that Krk Island could have remained 
emergent ever since the Neogene. This emersion caused denuda-
tion of the siliciclastic sediments. Its duration has been estimated 
to be more than 10 Ma (BABIĆ, 2003). The cooling of the global 
climate started after the Mid-Miocene climatic optimum. The 
beginning of glaciation cycles in the Northern hemisphere oc-
curred between the Pliocene and Pleistocene (2,58 Ma B.P.). Since 
then, the climate in the Mediterranean changed quite signifi-
cantly. Glacial-interglacial cycles were considerably expressed 
since the Middle and Late Pleistocene (Ionian and Tarantian) or 
0,78 Ma B.P. 

Based on the geomorphological traces of glaciation, it is pre-
sumed that Northern and Central Velebit were affected by gla-
ciation at altitudes above 1300 m (BOGNAR et al. 1991; BOG-
NAR and FAIVRE, 2006). As a consequence, numerous 
accumulations and erosional occurrences of glacial deposits are 

situated at altitudes of approximately 900 - 1400 m. During the 
glacial maximum (MIS 2) on Velebit Mt., the snow boundary was 
at least 900 m above recent m.s.l. (VELIĆ et al., 2017). Evidence 
of glaciation has been found on the Risnjak and Snježnik Mts. 
(BOGNAR & PRUGOVEČKI 1997; ŽEBRE & STEPIŠNIK, 
2016). The Dinaride Mts. barrier extending along the Adriatic 
coast probably had an important impact on the regional climate. 

Results of palynological analyses of sediments in the Lošinj 
Channel show a transition from subtropical to a cooler climate 
regime during MIS 5 (BRUNOVIĆ et al., 2020). Cold and dry 
environments with periodic warmer periods were detected in 
loess and palaeosols in Susak Island during MIS 3 (WACHA et 
al., 2017). According to the palynological analysis (SCHMIDT et 
al. 2001), the climate during the last glacial maximum at the pre-
sent Cres Island coast nearby was comparable to that presently 
characteristic for altitudes 1,450 above m.s.l. on Velebit Mt. These 
very changeable climatic conditions could have had a significant 
effect on processes on the karst landscape in the wider area: 
stronger mechanical weathering of the carbonate rock mass in 
dry and cold periods and more expressive chemical weathering 
in warmer and humid periods (FORD & WILLIAMS, 2007). 

Traces of eroded talus breccia that filled the floors of some 
linear features indicate several cycles of climate change with in-
terchanging periods of colluvium deposition and erosion of the 
lithified deposits by the temporal surface runoff (Figure 13). Pe-
riods characterized by the extreme rain events caused the infil-
tration-limited surface runoff that occurred on sufficient slopes 

Figure 12. The evidence of surface runoff in some linear features. A – Rounded sediments on the floor of a linear feature. B – Erosional forms: smoothed rocks. 
C – Eroded Quaternary breccias and the sub-angular rock fragments accumulation in the forefront. D – Alluvial fan eroded by the sea. (Photos: E. Šegina)
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along with weathered tectonic structures. It resulted in effective 
down-cutting and rock sculpturing by the temporal and localized 
erosion, and sediment transport of the weathered material (Fig-
ure 13 B, D). In contrast, periods dominated by karst denudation 
were characterized by underground water circulation, accumula-
tion of colluvium on the floor of abandoned surface streams, lithi-
fication of the colluvium and formation of breccias (Figure 13 C). 
In at least several cycles, infiltration-limited surface runoff along 
linear features was reactivated, evidenced by the eroded breccias 
in their floors (Figure 13 D).

The latest investigation of palaeoclimatic, palaeoenviron-
mental and archaeological data for the Mediterranean Sea show 

considerable sea-level changes since MIS 6 (approximately 132 
ka B.P.) (BENJAMIN et al., 2017). Traces of low standing sea 
level were found over a wide area of Krk Island (BENAC & 
JURAČIĆ, 1998). Submerged mouths of dry valley-like linear 
features are visible on the sea bottom down to -20 m (BENAC et 
al., 2013). According to the positions of the cave entrances 
(BENAC et al., 2008), the karstification processes reached a depth 
of -50 m into the carbonate rock mass. 

After the rapid Late Pleistocene–Holocene sea-level rise in 
the Adriatic Sea during the last 6,000 years, the area has been 
subject to sea-level stagnation due to the equilibrium between 
regional tectonic subsidence and hydro-eustatic emergence (PI-

Figure 13. Evolution of linear features reworked by torrential surface runoff. 
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RAZZOLI, 2005; SURIĆ & JURAČIĆ, 2010; BENJAMIN et al., 
2017; BENAC et al., 2019). Erosional processes were considerably 
reduced, marine erosion/abrasion increased, and gravelly beaches 
have formed along the coasts of Krk Island (Figure 14).

6. CONCLUSION
Two very different karstic landscapes intertwine on Krk Island: 
typical doline karst with numerous dolines and areas with a dense 
network of dry karst valleys. They indicate the complex morpho-
logical evolution of this area.

Transpression and radial extension during the Upper Plio-
cene and Pleistocene caused deformation of the dominant NW–
SE strike by the younger diagonal and transverse strike-slip faults 
and opposite vertical tectonic movements. These tectonics events, 
together with climate changes and sea-level oscillation caused 
intense erosion, mixing and accumulation of older terra rossa, 
weathered siliciclastic rocks and loess. The present morphology 
of the relief is a consequence of these events. 

A large dataset of linear features occurring in close-to-pure 
karst conditions was collected and analysed to expose these 
somehow contradictory karst phenomena and to highlight their 
basic morphometric and distributive characteristics. Spatial ana-
lysis and field evidence indicates that linear features on Krk 
 Island formed by, or with the combination of speleogenesis-karst 
denudation, slope processes and torrential surface runoff. The 
occurrence of surface runoff on a close-to-pure karst surface 
 occurred as a result of the specific regional conditions:

(i)  Geology: patches of impermeable material of different 
origin (siliciclastic rocks compressed within the tectonic 
structures, re-sedimentation from the surrounding)

(ii)  Regional climate: intensive precipitation as a conse-
quence of the orographic barrier along the coast of the 
Adriatic Sea

(iii)  Regional relief energy: high surface gradient as a conse-
quence of the orogenic uplift of the Dinaric mountains. 

Linear features occurring on Krk Island represent an exam-
ple of the complex circumstances that enabled the formation of 
different types of linear features in close-to-pure karst conditions. 
They stress the complexity of the competition of karst and fluvial 
processes and represent the possible outcome of the mixing of 
different influences. The results obtained contribute to a better 
understanding of the morphological evolution of the Dinaric 
karst. In addition, the presented method of spatial analysis shows 
great potential in the investigation of karst landscapes in wider 
areas. This knowledge will be valuable in understanding other 
karst areas expressing temporal surface runoff or traces of their 
past occurrence.
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