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ABSTRACT: The article presents a detailed geomorphological analysis of collapse dolines on the Kras plateau
in Slovenia with particular stress on the morphogenetic development of their floors covered with loamy
sediment. Granulometric and mineral composition of the loamy sediment were analysed and the depths
of sediment fills were established with electrical resistivity imaging (ERI). Collapse doline development
and transformation processes are discussed, and various formation mechanisms of flat loamy doline floors
are considered in the article. The results of the study revealed that loamy fills may represent sedimenta-
tion of suspended material from floodwaters that inundated the lower parts of the collapse dolines, or could
have originated in now-demolished cave passages on the slopes that were filled with finer material. Some
sediment has been accumulated as an aeolian deposit.
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1 Introduction

Collapse dolines are surface karst depressions of varied shape and size. Volumes of larger collapse dolines
exceed the volumes of the largest known cave chambers in the area, so collapse doline formation cannot
be related solely to collapse processes of cave chambers (Habi¢ 1963; Sustersi¢ 1973; Stepisnik 2004;
Waltham et al. 2005; Stepisnik 2007). Their origin is related to the concentric removal of material of tec-
tonically fractured carbonate bedrock above active cave passages (Habi¢ 1963; Mihevc 2001; Stepisnik 2004).
Although collapse dolines have commonly been defined as depressions that are formed solely by collapse
above cave chambers (Cramer 1941; Gams 1973; Sustersi¢ 1973, Ford and Williams 1989), a variety of
speleogenetic mass removal processes contributes to their development.

Several morphological classifications of collapse dolines have appeared in published karstological lit-
erature. The most common is the simple subdivision of collapse dolines into »immature« and »mature«
or »degraded« (Habi¢ 1963; Sustersi¢ 1984; Summerfield 1996, Waltham etal. 2005; Waltham 2006). However,
collapse doline morphology is a result of the establishment of a balance between various geomorphic process-
es, whose dynamics, extent and duration inside the collapse dolines influence their size and shape. Because
of this, the classical view of collapse dolines, which estimates their age on the basis of their general mor-
phology, is not appropriate.

Collapse doline floors are subjected to a number of processes that result in the development of a vari-
ety of floor morphologies. If constant removal of material occurs in collapse dolines above active cave
passages, the floors are rocky with funnel-shaped depressions in accumulated talus. If the process of mate-
rial removal is negligible or absent, the floors are bowl-shaped and are filled with the finer fractions of
weathered bedrock, commonly covered with soil. Loamy material is common on the floors of collapse
dolines. If the floor is close or in the piezometric level, the lower parts of the collapse dolines are perma-
nently or periodically filled with water, or active water flow is present. In most cases the floors of such
collapse dolines are flooded only periodically, during higher piezometric levels. If floodwaters contain sig-
nificant suspended load, sediment will eventually be deposited from a stagnant water body in collapse
doline floors. Each ensuing flood will result in deposition of additional loamy sediment layers on the floor.
The ultimate outcome of such sedimentation is the establishment of flat, loamy floors in collapse dolines
(Stepisnik 2003; Stepisnik 2007). The occurrence of flat collapse doline floors at similar elevations is a result
of sedimentation of suspended material from floodwaters that inundated the lower parts of several neigh-
bouring collapse dolines at the same flooding events (Stepi$nik 2004; Stepisnik 2007). If their floors, filled
with loamy material, are positioned tens or hundreds of meters above piezometric level, it is impossible
for that material to originate from floodwaters. In most cases it is a washed slope-material from loamy
patches. The loamy material on the slopes originated from now-demolished cave passages which used to
be completely filled with loamy material (Stepisnik, 2007).

This article focuses on a detailed geomorphic analysis of collapse dolines on the Kras plateau with
particular stress to morphogenetic development of their floors. The research included geomorphologi-
cal mapping of all collapse dolines on the Kras plateau as well as granulometrical and petrological analyses
of loamy sediment from the collapse doline floors. The subsurface structure of the doline floors was estab-
lished using Electrical Resistivity Imaging (ERI) techniques, with subsequent interpretation of the ERI
data. A SuperSting R1/IP earth resistivity meter was used for subsurface data collection.

Previous application of ERI method in various karst surface features on Slovenian karst revealed that
the resistivity value for carbonate rock exceeds 1000 ohm-m. For soil and weathered bedrock, the resis-
tivity values are approximately between 200 and 1000 ohm-m. Loamy material has resistivity values lower
than 150 ohm-m (Stepi$nik 2007; Stepisnik and Mihevc 2008, Stepisnik, 2009).

2 Collapse dolines on the Kras plateau

Kras is a limestone plateau situated above Trieste bay in the northern Adriatic Sea. It stretches in Dinaric
(northwest—southeast) direction; it is 40 km long and 14 km wide and covers about 440 km?. It is phys-
iographically well individualized among the surrounding regions. Lower flysch regions and Adriatic Sea
bound it from southwest and northeast. To the northwest it is surrounded by alluvial Isonzo (river Soca/Isonzo)
plain. Southeast border of Kras can be well defined by flysch Brkini hills and river Reka valley. In general,
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Figure 1: Location of collapse dolines on the Kras plateau.

the Kras plateau is an anticline of Cretaceous limestone and dolomite rising above two flysch synclines:
syncline of the Vipava valley and syncline of the Trieste bay. One major tectonic line named the Divaca
fault zone is dissecting the Kras almost in half in Dinaric direction.

The Karst plateau is a trough-flow karst. In general, it is a hydrologic hinterland of karstic springs of
Timava River. The biggest ponor of alogenic flow to the Kras is Reka River in the southeast, while small-
er ponors are also present on the eastern margin and in the north where a number of smaller flows sink.
Majority of the subsurface flow is directed south of the Divaca fault zone from ponors of the Reka River
towards springs northwest.

Collapse dolines are situated all over the Kras plateau. According to the spatial distribution, morphology
and active geomorphologic processes, they can be divided into four groups: collapse dolines of the Divaca
karst, collapse dolines of the Sezansko-Nabrezinski ravnik, collapse dolines north of the Divaca fault zone
and collapse dolines of Taborska brda and Gabrk.

2.1 Collapse dolines of the Divaca karst

The Divaca karst is situated in south east part of the Kras between the hinterland of river Reka ponor and
about town of Divaca. The bedrock in the area comprises thick bedded Cretaceous limestone. The Divaca
karst is positioned northwest of the contact with Eocene flysch bedrock. At the end of extensive blind val-
ley on the eastern flank river Reka sinks into cave system Skocjanske jame. Surface of the Divaca karst is
mainly planated at elevation 430 m and is dissected by numerous dolines, collapse dolines and denuded
caves.

On the surface are 27 large collapse dolines having an overall volume of more than 41 Mm?®. Their
mean depth is about 45 m and mean diameter is 270 m. They cover an area of 1,5 km? The collapse dolines
vary in their morphology. Most of their slopes are balanced but extensive rocky walls and scree also occur.
Except Velika dolina and Mala dolina, situated directly above Skocjanske jame where underground flow
of river Reka reappears on the surface, all collapse dolines have inundated floors levelled by loamy deposits.
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Figure 2: Collapse doline Sokolak with directions of ERI profiles.
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Figure 3: ERI profile 1 of collapse doline Sokolak.
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Figure 4: ERI profile 2 of collapse doline Sokolak.
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Petrological analysis of the sandy fraction in the sediment revealed that the loam contains minerals of
flysch origin: chert, limonite, quartz sandstone and mica. Grain-size analysis of the sediment showed that
the loam comprises mainly clay and silt size particles.

Several neighbouring collapse dolines have flat loamy floors at the same elevations. In the Divaca karst
some of the collapse doline floors fall into groupings at two general levels. Those in the southern side near
Sokolak lie at elevations between 350 and 360 m. The floors in the northern group of collapse dolines between
Sapendol and Lazni dol are at elevations between 415 m and 433 m. Comparable floor level elevations inside
many collapse dolines are the result of sedimentation of fine flysch derived particles from stagnant water
during higher piezometric levels when floodwater inundated floors of the collapse dolines.

Typical example of a collapse doline form the southern group is Sokolak which is located some 650 m
southwest from river Reka ponor. Sokolak consists of two elongated collapse dolines stretching in north-south
direction. Western collapse doline has longer diameter 470 m and shorter 230 m with average depth 63 m.
Eastern collapse doline has longer diameter 540 m and shorter 230 m. Average depth is 66 m. Volume of
both collapse dolines is 6.86 Mm?®. The slopes of the collapse doline in the southern part are steep rocky
walls with extensive scree at the foot. Other slopes are mostly balanced and are covered with grikes. Floors
of the dolines are flattened with loamy material. The western side of the doline is flattened on elevation
350 m and the eastern side is on elevation 357 m. Elevation of their floor corresponds to the elevation of
several surrounding collapse doline floors on level between 350 m and 360 m.

Both ERI surveys were conducted in the eastern part of the collapse doline. ERI profile 1 at the foot
of the southern slope (direction 30° with 5 m electrode pair spacing) revealed that its limestone scree slopes,
which are not covered with soil or vegetation, have resistivity values higher than 1000 ohm-m. At the foot
of the slope there is an extensive loamy fill in the collapse doline floor with resistivity value below 150 ohm-m,
covered with limestone rubble with resistivity value between 150 and 1000 ohm-m. ERI profile 2 was con-
ducted transversely to the elongated collapse doline floor in direction of 120° with the same electrode spacing.
Here, bedrock slopes with resistivity values higher than 1000 ohm-m are covered with thin layer of less
resistant soil and weathered rock with resistivity value up to 500 ohm-m. In the central part of the pro-
file, the floor is flattened with loamy sediment with resistivity value lower than 150 ohm-m that fills the
bottom of the doline up to the depth at least 23 m.

Lazni dol belongs to the northern group of collapse dolines. It is situated 1500 m northwest from river
Reka ponor. It is elongated in northwest—southeast direction with longer diameter 280 m and shorter diam-
eter 220 m. Average depth of the doline is 24 m and its volume amounts to 0,5 Mm?.

The slopes are balanced, covered with grikes with inclination up to 17°. The floor of the doline is an
extensive loamy flat surface with longer diameter reaching 220 m. The lowest section of the floor is at the
elevation of 424 m. Elevation of the floor corresponds to the elevation of several surrounding collapse
doline in the northern part of the Divaca karst which have floors on level between 415 m and 433 m. Two
ERI surveys were conducted in Lazni dol. ERI profile 1 in the doline floor in direction of 135° revealed that
lower section of its bedrock slopes is covered with a thin layer of less resistant soil and weathered rock with
resistivity values ranging between 200 and 1000 ohm-m. The infill of the loamy material in the doline
floor has resistivity values up to 150 ohm-m. Limestone bedrock underlying the slope material and parts
of the loamy sediment floor infill has resistivity values higher than 1000 ohm-m. In the central part of
the doline, the thickness of the more conductive material exceeds 25 m. ERI profile 2 in the direction of 225°.
It revealed that floor of the doline is inundated with over 28 m of loamy material with resistivity value
lower than 150 ohm-m.

2.2 Collapse dolines on the Sezansko-NabreZinski ravnik

The area of Sezansko-Nabrezinski ravnik lies southwest of the Divaca fault zone. Geologically, it is south-
west dip of the Kras anticline which consists mostly of Cretaceous limestone and dolomite and is limited
towards southwest by flysch. It is mostly planated karst surface which is gradually lowering from 350 m
around SeZana to about 150 m in the northwest, dissected by numerous dolines, collapse dolines and denud-
ed caves. This is an area of the subsurface Reka River flow towards northwest and the springs of Timava
River.
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Figure 5: Collapse doline Lazni dol with directions of ERI profiles.
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Figure 6: ERI profile 1 of collapse doline Lazni dol.
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Figure 7: ERI profile 2 of collapse Lazni dol.
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Figure 8: Collapse doline Sezanski dol with directions of ERI profiles.
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Figure 10: ERI profile 2 of collapse doline Sezanski dol.
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On the surface there are 24 large collapse dolines with an overall volume of more than 38.1 Mm?. Their
mean depth is about 33 m, mean diameter is 248 m. They cover an area of 2.2 km?. The biggest collapse
doline, Senik, exceeds 9.8 Mm? in volume.

In general, collapse dolines of this area have uniform morphology. Most of the collapse dolines have
balanced slopes and only some exhibit extensive rocky walls and scree. Some of the slopes are covered
with patches of loamy material. These patches are dissected with gullies which continue into small allu-
vial fans on the doline floor. Patches of the loamy sediment are also present on the floors; however, here
they are distinctly smaller than in the Divaca Karst. Petrological analysis of the sandy fraction in the sed-
iment revealed that the loam contains minerals of flysch origin. Grain-size analysis of the sediment revealed
that the loam comprises mainly clay and silt size particles.

A Typical example of this collapse dolines group is Sezanski dol which is located south of the town
Sezana. It has diameters of 230 m and shorter diameter 166 m. Average depth of the doline is 28 m with
a volume of 0.42 Mm?®. Its northern and north-eastern slopes are balanced. Other slopes are steep rocky
walls with scree at the foot. The southern slope is dissected by an extensive gully, filled with loamy materi-
al and pieces of flowstone. The gully is a demolished cave passage on the slope of the collapse doline.

Two ERI surveys were conducted in Sezanski dol. ERI profile 1 of the doline floor was conducted across
the floor in the direction of 270°. It revealed that lower section of its bedrock slopes are covered by a thin
layer of less resistant soil and weathered rock with resistivity values ranging between 200 and 1000 ohm-m.
The infill of loamy material in the doline floor has resistivity values up to 150 ohm-m. Limestone bedrock
underlying the slope material has resistivity values higher than 1000 ohm-m. In the central part of the
doline the thickness of loamy material exceeds 20 m.

ERI profile 2 was conducted perpendicular to the gully on the southern slope of the collapse doline.
Direction of the profile is 270°. It showed that the gully, which was formed on a demolished cave passage
fill, is inundated with loamy material with resistivity value lower than 150 ohm-m. Width of the loamy
fill is about 25 m and depth at least 10 m.

2.3 Collapse dolines north of the Divaca fault line

Almost half of the Karst plateau lies north of the Divaca fault line. The bedrock in the area comprises main-
ly of thick bedded and massive Cretaceous limestone with chert. Hydrologically, it is the area of no significant
subsurface flow as only smaller streams from north and northeast are sinking and flowing into direction
of the Timava springs. The surface, largely planated on elevation 270 m, gradually lowers towards north-
west to the elevation of about 170 m. Planated surface covered with numerous solution dolines, denuded
caves, collapse dolines and dry valleys, is dissected with smaller ridges on the northern and on the eastern
sides.

On the surface there are 36 large collapse dolines with an overall volume of more than 45.6 Mm?. Their
mean depth is about 32 m, mean diameter is 274 m. They cover an area of 2.3 km?. Every collapse doline
in this area is significantly transformed since none of them has steep rocky slopes, and there is no other
evidence of recent subsurface removal of material above active cave passages. All slopes are balanced and
mostly covered by grikes. Occasionally even isolated dolines are present. The slopes of the collapse dolines
have many erosion gullies on patches of loamy material from which material is being washed towards the
doline floors. The floors of the dolines are usually large planated loamy surfaces. According to ERI sur-
veys of the floors, loamy sediment is only a few metres thick and covers carbonate bedrock. Thus those
collapse dolines are bowl shaped depressions in carbonate bedrock with loamy fills which are flattening
the floors.

Grain-size analysis of the sediment showed that the loam which fills floors of the collapse dolines com-
prises mainly clay and silt size particles. Petrological analysis of the sandy fraction in the sediment revealed
that the loam contains minerals of flysch origin.

Zaj¢nik is a typical example of this group of collapse dolines. It is located Skm southwest of the village
Stanjel. The doline has a rounded shape with a diameter of about 230 m and a depth of 21 m and a volume
of 0.42 Mm?®. All slopes of the collapse doline are fully balanced and partially covered with grikes. The floor
of the doline is flat, about 40 m wide and filled with loamy material at an altitude of 222 m.

ERI profile of the Zaj¢nik collapse doline was conducted across flattened floor in the direction 35°.
It revealed that lower section of its bedrock slopes are covered by a thin layer of soil and weathered rock
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with resistivity values ranging between 200 and 1000 ohm-m. The infill of loamy material in the doline
floor has resistivity values up to 150 ohm-m. Limestone bedrock underlying the slope material and parts
of the loamy sediment floor infill has resistivity values higher than 1000 ohm-m. In the central part of
the doline, the thickness of loamy material is about 15m.

2.4 Collapse dolines of Taborska brda and Gabrk

Taborska brda and Gabrk are two ridges in the south eastern part of the Kras plateau. They extend towards
northwest and are up to 200 m higher than the surrounding karst plateau. They consist of limestone and

. . Author of the map/avtor zemljevida: Uro$ Stepisnik
ERI pr ofile direction/smer ERI pl’OﬁlaZ | Author of the contents/avtor vsebine: Uros Stepisnik
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Figure 11: Collapse doline Zajcnik with directions of ERI profiles.
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Figure 12: ERI profile of collapse doline Zajénik.
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dolomite of Cretaceous age. Surface of the ridges is covered with conic hills and dissected by numerous
dolines and some collapse dolines.

On the ridges 9 collapse dolines are located. Their overall volume is about 3.2 Mm?, mean depth is
about 28 m and mean diameter is 200 m. They cover an area of 0,2 km?. They have diverse morphology with
usually balanced slopes with some erosion gullies. Floors of this group of collapse dolines are flat and filled

Author of the map/avtor zemljevida: Uro$ Stepisnik
ERI proﬁle direction/smer ERI proﬁla' - Author of the contents/avtor vsebine: Uro$ Stepisnik
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Figure 13: Collapse doline Dol Lipovnik with directions of ERI profiles.
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Figure 14: ERI profile of collapse doline Dol Lipovnik.
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with loamy sediment. Those collapse dolines are morphologically closest to collapse dolines north of the
Divaca fault zone.

Grain-size analysis of the sediment revealed that the loam comprises mainly clay and silt and fine sand
size particles. Petrological analysis of the sandy fraction in the sediment revealed that the loam contains
particles of flysch origin. Fine grains of quartz particles of sandy fraction exhibit traces of wind abrasion
on their surfaces.

The most characteristic example of the collapse doline in the area is Dol Lipovnik, which is located
almost on the top of the ridge of Taborska brda about 1.5km southeast of Sezana. It has longer diame-
ter 290 m, shorter diameter 250 m and average depth 43 m. Volume of the doline is 1.24 Mm?>. The upper
sections of the eastern and western slopes are steep rocky walls with scree at the foot. Other slopes are
balanced and have some grikes. Floor of the doline is flattened at the elevation of 443 m. Diameter of the
flattened floor is 140 m.

ERI profile of the collapse doline Dol Lipovnik was conducted across flattened floor in the direction
of 150°. It revealed that lower sections of its bedrock slopes are covered with a thin layer of soil and weath-
ered rock with resistivity values ranging between 200 and 1000 ohm-m. The infill of loamy material in
the doline floor has resistivity values up to 150 ohm-m. Limestone bedrock underlying the slope mater-
ial and loamy sediment floor infill has resistivity values higher than 1000 ohm-m. Depth of the loamy fill
is about 20 m. In the central part thickness of the loamy sediment locally exceeds 25 m.

3 Conclusion

The investigation of the collapse dolines on the Kras plateau presented in this article shows that the sed-
iment in the floors is of various origin. Even though mechanisms of sedimentation are different, they result
in the formation of relatively uniform flat floors.

Loamy sediment completely inundates original collapse doline floors. ERI was used in order to estab-
lish sediment thickness on the doline floors. Measurements revealed that the resistivity value for carbonate
bedrock exceeds 1000 ohm-m. Loamy material has resistivity values lower than 150 ohm-m. For soil, weath-
ered bedrock and scree the resistivity values are between 250 and 1000 ohm-m. Due to the lack of moisture,
active scree slopes without soil cover and vegetation have resistivity values higher than 1000 ohm-m. In
all investigated collapse dolines we can clearly see the difference between slopes and floors. The slopes
show highly resistive bedrock, which is limestone or scree, possibly covered with weathered bedrock or
alayer of soil or loamy sediment which display lower resistivity values. On the floors there are thick infills
of loamy sediment and patches of slope material at the foot of the active slopes.

Loamy material filling floors of the dolines is flysch derived sediment which was accumulated by dif-
ferent mechanisms. On some collapse doline slopes are present traces of demolished cave passages filled
with loamy sediment and flowstone. On those patches of impermeable sediment surface runoff of rain-
water resulted in gulley formation. Below gulleys in the floors smaller alluvial fans are positioned. That
mechanism of loamy sediment sedimentation took place in most of the collapse dolines, but repre-
sents main inflow of sediment in collapse dolines positioned north of the Divaca fault zone and on the
Sezansko-Nabrezinski ravnik.

Another mechanism of accumulation of flysch derived sediment is active on Divaca karst which is
a ponor type of contact karst. Similar floor level elevations inside many collapse dolines suggest that the
process that led to the sedimentation was active across a wide area at several collapse dolines at the time.
The deposition of the loamy sediment fills inside the collapse dolines resulted from the River Reka oscil-
lations and subsequent flooding inside the Divaca karst. In the floors of the affected collapse dolines extended
below the upper limits reached by the floodwaters supplying the loamy sediment flat floors were formed.

Some fine grains of quartz particles from the collapse doline floors exhibit traces of wind abrasion
on their surfaces. The area of the Kras plateau is regularly influenced by strong Bora winds from north-
east direction, where flysch Vipava valley is positioned. Limited amount of sediment in the doline floors
must have been deposited as aeolian sediment.
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1 Uvod

Udornice so kotanje na kraskem povrsju razli¢nih oblik in velikosti. Prostornina vecjih udornic presega
prostornino najvecjih znanih jamskih dvoran na preucenih obmo¢;jih, tako da nastanek udornic ne more
biti vezan le na procese podiranja jamskih dvoran (Habi¢ 1963; Sustersi¢ 1973; Stepisnik 2004, Walt-
ham etal; 2005 Stepisnik 2007). Njihov nastanek je vezan na koncentrirano spodjedanje materiala tektonsko
zdrobljenih con nad aktivnimi jamskimi rovi (Habi¢ 1963; Mihevc 2001; Stepisnik 2004). Ceprav so bile udor-
nice navadno opredeljene kot kotanje, ki se oblikujejo izklju¢no z udorom nad jamsko dvorano (Cramer 1941;
Gams 1973; Sustersi¢ 1973, Ford in Williams 1989), k njihovemu razvoju prispevajo tudi drugi speleo-
genetski procesi odnasanja mase.

V objavljeni strokovni literaturi najdemo razli¢ne morfoloske klasifikacije udornic. Najpogostejsa je
preprosta delitev udornic v »mlade« in »zrelo« oziroma »stare« (Habi¢ 1963; Sustersi¢ 1984; Summerfield 1996,
Waltham etal; 2005 Waltham 2006). Kljub vsemu je morfologija udornic rezultat ravnoteZja med razli¢-
nimi geomorfnimi procesi, katerih dinamika, obseg in ¢as trajanja vpliva na njihovo velikost in obliko.
Zaradi tega klasi¢na delitev, ki ocenjuje njihovo starost na podlagi morfologije, ni primerna.

V dneh udornic delujejo razli¢ni procesi katerih rezultat je razli¢na oblikovanost njihovih dnov. V pri-
meru da je v udornicah prisoten proces odnasanja materiala nad aktivnimi jamskimi rovi so dna skalnata
z lijakastimi kotanjami v akumuliranem pobo¢nem materialu. Ce je proces odnasanja materiala zanemar-
ljiv ali odsoten se bodo oblikovala skledasta dna zapolnjena z drobnej$imi frakcijami preperele mati¢ne
kamnine, najpogosteje prekrite s prstjo. V dnu udornic je pogosto ilovnat material. V primeru da so dna
v blizini piezometri¢nega nivoja so spodnji deli udornic stalno ali ob¢asno zapolnjeni z vodo, ali pa je v dneh
prisoten aktivni vodni tok. V vecini primerov so dna taksnih udornic poplavljena le obc¢asno, ob visjih
piezometri¢nih nivojih. Ce poplavne vode vsebujejo ve¢je kolicine suspendiranega gradiva, se bo le ta sedi-
mentiral v stoje¢em vodnem telesu v dneh udornic. Ob sledecih poplavah se bodo v dnu sedimentirale
dodatne plasti ilovnatega materiala. Kon¢ni rezultat tovrstne sedimentacije je oblikovanje ravnih ilovna-
tih dnov udornic (Stepi$nik 2003; Stepisnik 2007). Pojavljanje ravnih dnov udornic na enakih nadmorskih
vidinah je posledica sedimentacije suspendiranega materiala iz poplavnih vod, ki so zapolnjevale spod-
nje dele sosednjih udornic ob istih poplavnih dogodkih (Stepisnik 2004; Stepisnik 2007). Ce so dna,
zapolnjena z ilovnatim materialom, ve¢ deset ali sto metrov nad piezometri¢no ravnijo, se gradivo ni moglo
odloziti ob poplavah. V ve¢ini primerov je to spran pobo¢ni material iz ilovnatih zaplat v pobo¢jih udor-
nic. Glinene zaplate na pobocjih udornic so rezultat razpada jamskih rovov na pobo¢jih, ki so zapolnjeni
z ilovnatim materialom, (Stepi$nik 2007).

V ¢lanku so podrobneje predstavljene geomorfne analize udornic na Krasu s poudarkom na morfo-
genetskem razvoju njihovih dnov. Raziskava je vklju¢evala geomorfolosko kartiranje vseh udornic na Krasu,
kot tudi granulometri¢no in petrolosko analizo ilovnatega materiala iz dnov udornic. Zgradba udornic
pod povrsjem je bila ugotovljena z meritvami elektri¢ne upornosti tal (ERI) in z interpretacijo rezulta -
tov meritev. Podatki podpovrsinske zgradbe so bili pridobljeni z merilcem elektri¢ne upornosti tal SuperSting
RI1/1P.

Predhodne aplikacije metode elektri¢ne upornosti tal na razli¢nih delih slovenskega krasa so pokaza-
le, da elektri¢na upornost karbonatne kamnine presega 1000 ohm-m. Prst in preperela maticna kamnina
ima elektri¢no upornost med 200 in 1000 ohm-m. llovnat material ima elektri¢no upornost nizjo od 150 ohm-m
(Stepisnik 2007; Stepisnik in Mihevc 2008, Stepisnik, 2009).

2 Udornice na Krasu

Kras je apnencasta planota nad Trzaskim zalivom v severnem Jadranskem morju. Razteza se v dinarski
smeri (severozahod—jugovzhod); je 40 km dolga in 14 km §iroka pokrajina, ki pokriva okoli 440 km?. Fizio-
grafsko je dobro loc¢ena od okoliskih obmocij. Nizje fliSnih regije in Jadransko morje ga obdajajo iz
jugozahoda in severovzhoda. Na severozahodu ga obdaja naplavna ravnica reke Soce. Jugovzhodna meja
Krasa je mogoce opredeliti s flisnimi Brkini in dolino reke Reke. Na splosno lahko predelimo Kras kot
antiklinalo iz apnencev in dolomitov, ki se dviga nad dvema fli§nima sinklinalama: sinklinala Vipavske
doline in sinklinala Trzaskega zaliva. Moc¢nejsa tektonska linija, imenovana Divaski prelom, poteka pre-
ko kras v dinarski smeri in ga deli skoraj na polovico.
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Kras je obmocje preto¢nega krasa. V grobem je celoten Kras hidrolosko zaledje reke Timave. Najvecji
ponor alogenega toka v kras je Reka na jugovzhodu, medtem ko so mnogi manjsi ponori manjsih aloge-
nih tokov prisotni na skrajnem vzhodnem in severnem delu. Ve¢ina podzemnih tokov se pretaka juzno
od Divaskega preloma, od ponorov Reke v smeri izvirov na severozahodu.

Udornice so na celotnem Krasu. Glede na prostorsko razdelitev, morfologijo in aktivne geomorfne
procese v njih jih lahko razdelimo na $tiri skupine: udornice na Divaskem Krasu, udornice na Sezansko-Na -
brezinskem ravniku, udornice severno od Divaskega preloma ter udornice na Taborskih brdih in Gabrku.

Slika 1: Lokacija udornic na Krasu.
Glej angleski del prispevka.

2.1 Udornice na Divaskem krasu

Divaski kras je na jugovzhodnem delu Krasa v zaledju ponorov reke Reke, v okolici Divade. Mati¢na kam-
nina na obmocdju so debeloskladoviti kredni apnenci. Divaski kras lezi severozahodno od stika z eocenskimi
fligi. Na koncu obsezne slepe doline na vzhodnem obrobju Divaskega krasa ponira Reka v Skocjanske jame.
Povrsje Divaskega krasa je v grobem uravnano na nadmorski visini 430 m in je razclenjeno s $tevilnimi
vrta¢ami, udornicami in brezstropimi jamami.

Na povrsju je 27 velikih udornic, ki imajo skupno prostornino ve¢ kot 41 Mm?®. Njihova povpre¢na
globina je okoli 45 m in povprec¢ni premer je 270 m. Njihova povrsina je 1,5 km?2 Udornice na tem obmoc¢-
ju so razli¢nih oblik. Ve¢ina njihovih pobocdij je uravnotezenih, a so v njih pogoste tudi obseZne stene in
meli§¢a. Razen v Veliki in Mali dolini, ki sta neposredno nad Skocjanskimi jamami, kjer se podzemni vod-
ni tok reke Reke ponovno pojavi na povrsju, imajo vse ostale udornice dna zapolnjena in uravnana z ilovnatim
materialom. Petroloska analiza pescene frakcije je dokazala, da so v sedimentu minerali fli§nega izvora:
rozenec, limonit, kremenov pescenjak in sljuda. Granulometri¢na analiza sedimenta je pokazala, da ilov-
nat sediment vsebuje delce velikosti melja in gline.

Ve¢ sosednjih udornic ima uravnana ilovnata dna na enakih nadmorskih visinah. Na Divagkem kra-
su lahko nekatera uravnana dna razporedimo v dva izrazita viS§inska nivoja. Udornice na juznem delu
obmodja, v okolici Sokolaka, imajo dna na nadmorskih visinah med 350 in 360 m. Dna v severni skupi-
ni udornic, med udornicama Sapendol in Lazni dol, so na nadmorskih visinah med 415 in 433 m. Primerljive
nadmorske visine uravnanih dnov udornic so posledica sedimentacije drobnih delcev fli$nega izvora iz
stojece vode, ko je ob visjih piezometri¢nih nivojih, ko dna udornic poplavljena.

Tipicen primer udornice na juznem delu obmocdja je Sokolak, ki se nahaja priblizno 650 m jugoza -
hodno od ponora reke Reke. Sokolak je sestavljen iz dveh podolgovatih udornic, razpotegnjenih v smeri
sever—jug. Zahodna udornica ima dolzino 470 m in $irino 230 m, povpre¢na globina je 63 m. Vzhodna
udornica ima dolZino 540 m in $irino 230 m. Povprec¢na globina je 66 m. Prostornina obeh udornic je 6,86 Mm?>.
Na juznih pobodjih udornice so strme stene z obseznim meli§¢em pod njimi. Ostala pobo¢ja so ve¢inoma
uravnotezena in jih prekrivajo skraplje. Dna obeh udornic sta uravnana z ilovnatim materialom. Zahod -
ni del udornice je uravnan na 350 m nadmorske visine in vzhodni del na 357 m. Nadmorski visini obeh
uravnav se ujemata z nadmorskimi vis$inami dnov nekaterih okoliskih udornic, ki so razporejena med 350 in
360 m nadmorske visine.

Meritvi elektri¢ne upornosti tal sta bili opravljeni v vzhodnem delu udornice. Profil 1, ki je bil izmer -
jen v vznoZju juznega pobocja (smer 30° z razdaljo med elektrodami 5 m), je pokazal, da imajo Zivoskalna
apnencasta pobodja, ki jih ne prekriva prst ali vegetacija, elektri¢no upornost visjo od 1000 ohm-m. Na
vznozju pobodja je v dnu udornice obsezno ilovnato polnilo, ki ima elektri¢no upornost manjso od 150 ohm-m,
prekrito z apnencastim grus¢em, ki ima elektri¢no upornost med 150 in 1000 ohm-m. Profil 2 je bil izmer -
jen pravokotno na dalj$o os udornice v smeri 120° z enako razdaljo med elektrodami. Tukaj imajo Zivoskalna
pobodja elektri¢cno upornost visjo od 1000 ohm-m, prekriva jih plitva prst in preperela kamnina z elektri¢-
no upornostjo do 500 ohm-m. V osrednjem delu profila je dno uravnano z ilovnatim sedimentom, ki ima
elektri¢no upornost manjso od 150 ohm-m, in zapolnjuje udornico vsaj 23 m globoko.

Slika 2: Udornica Sokolak s smermi profilov elektricne upornosti tal.
Glej angleski del prispevka.
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Slika 3: Profil elektritne upornosti tal 1 v udornici Sokolak.
Glej angleski del prispevka.

Slika 4: Profil elektricne upornosti tal 2 v udornici Sokolak.
Glej angleski del prispevka.

Lazni dol pripada severni skupini udornic. Lezi 1500 m severozahodno od ponora reke Reke. Je raz-
potegnjen v smeri severozahod — jugovzhod smeri z dolZino 280 m in $irino 220 m. Povpre¢na globina
udornice je 24 m in prostornina okoli 0,5 Mm?.

Pobodja so uravnoteZena, prekrita s Skrapljami, in imajo naklon do 17°. Dno udornice je obsezna ilov -
nata uravnava, dolga 220 m. Najnizji del dna je na nadmorski visini 424 m. Nadmorska visina dna se ujema
z nadmorskimi vi§inami okoliskih udornic v severnem delu Divaskega krasa, ki so na nadmorski visini
med 415 in 433 m. V Laznem dolu sta bili opravljeni dve meritvi elektri¢ne upornosti tal. Profil 1, v dnu
udornice v smeri 135°, je pokazal, da del spodnji del Zivoskalnega pobo¢ja prekriva plitva plast prsti in
preperela kamnina z elektri¢no upornostjo med 200 in 1000 ohm-m. Ilovnat sediment, ki zapolnjuje dno
udornice ima elektri¢no upornost manj$o od 150 ohm-m. Apnencasta mati¢na kamnina, ki je pod pobo¢-
nim materialom in delom ilovnatega dna, ima elektri¢no upornost visjo od 1000 ohm-m. V osrednjem
delu udornice materiala z vecjo elektri¢no prevodnostjo vec¢ja od 25 m. Profil 2 je bil izmerjen v smeri 225°.
Pokazal je, da je debelina ilovnate zapolnitve v dnu udornice, ki ima elektri¢no upornost manjso od 150 ohm-m,
vedja od 28 m.

Slika 5: Udornica Lazni dol s smermi profilov elektricne upornosti tal.
Glej angleski del prispevka.

Slika 6: Profil elektricne upornosti tal 1 v udornici Lazni dol.
Glej angleski del prispevka.

Slika 7: Profil elektri€ne upornosti tal 2 v udornici Lazni dol.
Glej angleski del prispevka.

2.2 Udornice na SezZansko-NabreZinskem ravniku

Sezansko-Nabrezinski ravnik lezi jugozahodno od Divaskega preloma. Geolosko ga lahko opredelimo kot
jugozahodno krilo antiklinale Krasa, ki ga gradijo predvsem kredni apnenci in dolomiti, in je na jugu ome-
jeno z fliSem. Krasko povrsje je v grobem uravnano, prekrito z mnogimi vrta¢ami, udornicami in brezstropimi
jamami, ter se postopoma zniZuje od 350 m nadmorske visine pri Sezani do 150 m nadmorske visine na
severozahodu. Pod povr$jem je podzemni tok reke Reke, ki tece v smeri severozahoda proti izvirom Timave.

Na povr§ju je 24 velikih udornic s skupno prostornino ve¢ kot 38,1 Mm?®. Njihova povpre¢na globi -
na je okoli 33 m, povpre¢ni premer pa 248 m. Njihova povrsina je 2,2 km?. Najve¢ja udornica na obmodju
se imenuje Senik in presega prostornino 9,8 Mm?°.

V grobem imajo udornice na tem obmodju enotno morfologijo. Ve¢ina udornic ima uravnoteZena
pobodja in samo nekatere imajo vecje stene in melis¢a. Nekatera pobo¢ja so pokrita z zaplatami ilovna-
tega materiala. Na teh zaplatah so oblikovani erozijski jarki, ki se izte¢ejo v manjse vr$aje v dneh udornic.
Zaplate ilovnatega materiala prekrivajo tudi dna udornic, a so bistveno manjse kot na Divaskem krasu.
Petroloska analiza pe$cene frakcije v sedimentu pokazala, da so v ilovici prisotni minerali flinega izvora.
Granulometric¢na analiza sedimenta je pokazala, da ilovico gradijo predvsem delci velikosti melja in gline.

Tipi¢ni primer udornice tega obmodja je Sezanski dol, ki leZi juzno od SeZane. Njena dolZina je 230 m
in §irina 166 m. Povprec¢na globina je 28 m, prostornina pa 0,42 Mm?. Severna in severovzhodna pobodja
udornice so uravnoteZena. Druga pobodja so stenasta, z meli$¢i pod stenami. Juzno pobodje je prekinje-
no z obseznim jarkom, ki ga zapolnjuje ilovnat material in kosi sige. Jarek je razpadel jamski rov v pobocju
udornice.

Slika 8: Udornica SeZanski dol s smermi profilov elektritne upornosti tal.
Glej angleski del prispevka.
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V udornici sta bila izmerjena dva profila elektri¢ne upornosti tal. Profil 1 v dnu udornice je bil izmer-
jen v smeri 270°. Meritev je pokazala, da so spodnji deli pobocij prekriti s plitvo plastjo prsti in preperele
kamnine z elektri¢no upornostjo med 200 in 1000 ohm-m. Ilovnat material, ki zapolnjuje udornico, ima
elektri¢no upornost do 150 ohm-m. Apnencasta mati¢na kamnina, ki lezi pod pobo¢nim materialom,
ima elektri¢no upornost visjo od 1000 ohm-m. V osrednjem delu udornice debelina ilovnatega materia -
la presega 20 m. Profil 2 je bil izmerjen pravokotno na smer jarka na juznem pobo¢ju udornice. Smer profila
je 270°. Meritev je pokazala, da je jarek, ki je ki je nastal z razpadom jamskega rova, je zapolnjen z ilov-
natim materialom z elektri¢no prevodnostjo manj kot 150 ohm-m. Sirina ilovnate zapolnitve je priblizno
25m in globina vsaj 10 m.

Slika 9: Profil elektri¢ne upornosti tal 1 v udornici SeZanski dol.
Glej angleski del prispevka.

Slika 10: Profil elektricne upornosti tal 2 v udornici Sezanski dol.
Glej angleski del prispevka.

2.3 Udornice severno od Divaskega preloma

Skoraj polovica Krasa leZi severno od Divaskega preloma. Mati¢na kamnina na obmocju so predvsem kred-
ni apnenci z rozenci. Hidrolosko je to obmodje brez ve¢jih znanih koncentriranih podzemnih vodnih tokov,
saj le manjsi potoki na severu in severozahodu ponikajo in teée v smeri izvirov Timave. Povrs§je je v gro-
bem uravnano in ima 270 m nadmorske visine na jugovzhodu, ter se postopoma znizuje proti severozahodu
do nadmorske visine okoli 170 m. Uravnano povrsje prekrivajo mnoge vrtace, brezstrope jame, udorni-
ce in suhe doline ter manjsi grebeni na severni in vzhodni strani obmodja.

Na obmodju je 36 velikih udornic s skupno prostornino ve¢ kot 45,6 Mm?®. Njihova povprec¢na glo-
bina je okoli 32 m, srednji premer je 274 m. Pokrivajo obmogje veliko 2,3 km?. Vse udornice na tem obmo¢ju
so Cisto preoblikovane, saj niti ena nima stenastih pobocij in nikjer ni sledov delujodega podzemnega spod-
jedanja materiala nad aktivnimi jamskimi rovi. Vsa pobocja so uravnotezena in prekrita predvsem s $krapljami.
Na pobog¢jih so v¢asih prisotne tudi vrtace. Na pobo¢jih udornic so pogosti erozijski jarki na zaplatah ilov-
natega materiala v katerih se spira material proti dnu. Dna udornic so navadno velike ilovnate uravnave.
Glede na meritve elektri¢ne upornosti tal so ilovnate zapolnitve le nekaj metrov globoke, pod njimi pa
lezi karbonatna mati¢na podlaga. Torej so te udornice skledaste Zivoskalne kotanje, ki imajo dna zapol-
njena in uravnana z ilovnatimi zapolnitvami.

Granulometri¢na analiza sedimenta je pokazala, da ilovico, ki zapolnjuje dna udornic, gradijo pred -
vsem delci velikosti melja in gline. Petroloska analiza pescene frakcije v sedimentu pokazala, da so v ilovici
prisotni minerali fliSnega izvora.

Zajénik je tipi¢en primer udornice te skupine. Lezi 5km jugozahodno od vasi Stanjel. Udornica je okrogle
oblike s premerom okoli 230 m in globino 21 m ter prostornino 0,42 Mm?. Vsa pobo¢ja udornice so popol-
noma uravnotezena in delno prekrita s skrapljami. Dno udornice je uravnano, okoli 40 m $iroko in zapolnjeno
z ilovnatim materialom do nadmorske vi§ine 222 m.

Slika 11: Udornica Zajénik s smerjo profila elektri¢ne upornosti tal.
Glej angleski del prispevka.

Profil elektri¢ne upornosti tal v udornici Zajénik je bil izmerjen preko uravnanega dna v smeri 35°.
Meritev je pokazala, da je spodnji del Zivoskalnih pobo¢ij prekrit z plitvo plastjo in preperelo mati¢no kam-
nino, ki ima elektri¢no upornost med 200 in 1000 ohm-m. Zapolnitev ilovnatega sedimenta v dnu udornice
ima elektri¢no upornost manjso od 150 ohm-m. Apnencasta mati¢na podlaga pod pobo¢nim materia -
lom in pod ilovnato zapolnitvijo v dnu ima elektri¢no upornost visjo od 1000 ohm-m. V osrednjem delu
udornice je debelina ilovnatega materiala okoli 15 m.

Slika 12: Profil elektricne upornosti tal v udornici Zajénik.
Glej angleski del prispevka.
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2.4 Udornice na Taborskih brdih in Gabrku

Taborska brda in Gabrk sta grebena na jugovzhodnem delu Krasa. Potekata v smeri severozahoda in sta
okoli 200 m visja od okoliskega kraskega povrsja. Sestavljena sta iz apnenca in dolomita kredne starosti.
Povrsje obeh grebenov prekrivajo kopasti vrhovi, Stevilne vrtace in udornice.

Na obeh grebenih je 9 udornic. Njihova skupna prostornina je priblizno 3,2 Mm?, povpre¢na globina
je okoli 28m in povprecni premer pa 200 m. Njihova povrsina je 0,2 km?. Imajo zelo razli¢ne oblike, najpo-
gostej$a so uravnotezena pobogja in erozijski jarki na njih. Dna udornic te skupine so uravnana in zapolnjena
z ilovnatim materialom. Te udornice so morfolosko najblizje udornicam severno od Divaskega preloma.

Granulometri¢na analiza sedimenta je pokazala, da ilovico ki zapolnjuje dna udornic sestavljajo pred-
vsem delci velikosti melja in gline. Petroloska analiza pe$cene frakcije v sedimentu pokazala, da so v ilovici
prisotni minerali fli$nega izvora. Drobna kremenova zrna pes$cene frakcije na povrsinah kazejo sledove
vetrne abrazije.

Najbolj znacilen primer udornice na tem obmodju je Dol Lipovnik, ki je skoraj na vrhu grebena Tabor-
skih brd okoli 1,5 km jugovzhodno od SeZane. Dol7ina udornice je 290 m, $irina 250 m in povpre¢no globina
43 m. Prostornina udornice je 1,24 Mm?®. V zgornjih delih vzhodnega in zahodnega pobo¢ja so stene z me-
li$¢i v njihovem vznozju. Druga pobocdja so uravnoteZena in prekrita s posameznimi $krapljami. Dno udornice
je uravnano na nadmorski vi$ini 443 m. Premer uravnanega dna je 140 m.

Slika 13: Udornica Dol Lipovnik s smerjo profila elektricne upornosti tal.
Glej angleski del prispevka.

Slika 14: Profil elektriéne upornosti tal v udornici Dol Lipovnik.
Glej angleski del prispevka.

Profil elektri¢ne upornosti tal v udornici Dol Lipovnik je bil izmerjen v preko uravnanega dna v sme-
ri 150°. Meritve so pokazale, da so spodnji deli Zivoskalnih pobocij prekriti z plitvo plastjo prsti in preperele
mati¢ne kamnine z elektri¢no upornostjo med 200 in 1000 ohm-m. Zapolnitev ilovnatega materiala v dnu
udornice ima elektri¢no upornost do 150 ohm-m. Apnencasta mati¢na kamnina pod pobo¢nim mate-
rialom in ilovnatim materialom v dnu udornice ima elektri¢no upornost vecjo od 1000 ohm-m. Globina
ilovnate zapolnitve je priblizno 20 m. V osrednjem delu pa debelina ilovnate zapolnitve presega 25 m.

3 Sklep

Raziskava udornic na Krasu, ki so predstavljene v tem ¢lanku kaze, da je sediment v dneh udornic razli¢ -
nega izvora. Ceprav so mehanizmi sedimentacije razli¢ni, vedno oblikujejo relativno enotna uravnana dna.

Ilovnat material popolnoma zapolnjuje prvotna dna udornic. Metoda elektri¢ne upornosti tal je bila
uporabljena za ugotavljanje debeline sedimentov v dneh udornic. Meritve so pokazale, da elektri¢na upor-
nost karbonatne mati¢ne kamnine presega 1000 ohm-m. Ilovnat material ima elektri¢no upornost nizjo
od 150 ohm-m. Elektri¢na upornost prsti, preperele kamnine in melis¢ je med 250 in 1000 ohm-m. Zara -
di odsotnosti vode imajo aktivna pobo¢ja z melici, ki so brez prsti in vegetacije, elektri¢no upornost visjo
od 1000 ohm-m. V vseh proucevanih udornicah lahko jasno lo¢imo pobo¢ja od dnov. Pobo¢ja gradi mati¢-
na kamnina z visoko elektri¢no upornostjo, ki jih pogosto prekriva plast preperele mati¢ne kamnine in
prsti z manjso elektri¢no upornostjo. Na dneh so debele zapolnitve ilovnatega materiala in zaplate poboc¢ -
nega materiala v vznoZju aktivnih pobocij. llovnat material, ki zapolnjuje dna udornic, je flisnega izvora,
ki se je akumuliral z razli¢cnimi mehanizmi. Na pobo¢jih nekaterih udornic so sledovi razpadlih jamskih
rovov, ki jih zapolnjuje ilovnat material in siga. Na teh zaplatah neprepustnega sedimenta deluje povr-
$inski odtok padavinske vode, kar je oblikovalo erozijske jarke. Pod erozijskimi jarki so se v dneh udornic
oblikovali manjsi vrsaji. Ta mehanizem sedimentacije ilovnatega materiala je bil aktiven v vecini udornic
in je prevladujo¢ mehanizem dotoka ilovnatega materiala v udornice severno od Divaskega preloma ter
v udornice na Sezansko-NabreZinskem ravniku.

Drugi mehanizem akumulacije materiala fli$nega izvora je prisoten na ponornem Divaskem krasu,
ki je ponorni tip kontaktnega krasa. Podobne nadmorske visine dnov udornic dokazujejo, da je bil pro-
ces, ki je povzrocil sedimentacijo, aktiven na ve¢jem obmodju v ve¢ udornicah hkrati. Sedimentacija ilovnatega
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sedimenta v dneh udornic je rezultat nihanja vodostaja reke Reke in posledi¢nega poplavljanja v Divas -
kem krasu. V dneh udornic, ki so segala pod zgornji nivo poplavnih vod, ki so prinasala ilovnat sediment,
so se oblikovale uravnave.

Nekatera drobna kremenova zrna iz dnov udornic na povrsinah kazejo sledove vetrne abrazije. Obmoc-
je Krasa je pod vplivom mocnih vetrov — Burje iz smeri severovzhoda, kjer lezZi flisna Vipavska dolina. Manjsa
koli¢ina sedimenta je morala biti v udornice prinesena tudi kot eolski sediment.

4 Literatura
Glej angleski del prispevka.
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