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Uvodnik

»Vedeti (ne)vidno - vloga geologije v nasi druzbi« je bil slogan 6. slovenskega geoloskega kongresa,
ki je potekal od 3. do 5. oktobra 2022. Osrednji strokovni dogodek, na katerem se vsaka §tiri leta sreca-
jo geologi, je letos potekal v Rogaski Slatini, saj je razvoj kraja neposredno povezan z izviri mineralne
vode, ki so posledica geoloskih struktur in procesov. Tudi grafi¢cna podoba kongresa je bila sestavljena
iz delckov, ki ponazarjajo posamezne veje geologije in zdruzeni v celoto dajo celovito sliko okolja, v
katerem zivimo, tako tisto na povrsju, ki jo vidimo, kakor tisto pod povrsjem, ki nam je skrita.

Pri organizaciji 6. slovenskega geoloSkega kongresa sta moc¢i zdruzila Slovensko geoloSko drustvo
in Drustvo slovenski komite mednarodnega zdruzenja hidrogeologov. Kongresa se je udelezilo 115
udelezencev, ki so svoje dosezke, raziskave in aktivnosti predstavili v 63 predavanjih in 25 posterjih.
Predstavitve so potekale v 10 sekcijah, ki so pokrivale podroc¢ja regionalne, strukturne in sedimentar-
ne geologije, mineralnih surovin in geoenergije, paleontologije, kraskih pojavov, hidrogeologije, inze-
nirske geologije, digitalizacije v geologiji, mineralogije in petrologije, geokemije, raziskovanja geoge-
nih in antropogenih vplivov na okolje, varovanja geoloske dediS¢ine in vkljucevanja geoloskih vsebin
na podroc¢ju vzgoje in izobrazevanja.

Ce je bil na predhodnih kongresih opazen osip udelezbe geologov, ki svoja znanja uporabljajo pri
aplikativnem delu, je bila udelezba teh strokovnjakov na 6. slovenskem geoloSkem kongresu zelo
vzpodbudna, saj je bilo predstavljenih kar 22 predavanj.

6. slovenski geoloski kongres smo priceli z vabljenim predavanjem Martine Stupar, ki je predstavi-
la geopestrost v Sloveniji ter vrednotenje in varstvo geoloSke dediScine, saj je bil 6. oktober 2022 prvi
mednarodni dan geopestrosti.

Sledilo je vabljeno predavanje, ki je bilo posveceno strukturno-geolosko in geodinamsko razgiba-
nemu $irsemu obmoé¢ju Rogaske Slatine. Jure Atanackov je v predavanju »Problematika Sostanjskega
in Labotskega preloma na SirSem obmoc¢ju Rogaske Slatine« predstavil trenutne izzive interpretacije
razvoja ozemlja. Dobro poznavanje razvoja ozemlja bi morda omogocilo uspe$no pridobivanje novih
virov mineralne vode.

V Sloveniji se v letu 2022 izvajata dva velika gradbena projekta, drugi tir zelezniske proge Divaca
-Koper in vzhodna cev Karavanskega predora, kjer je prisotnost geoloske stroke zelo pomembna. Ta
tema je bila predstavljena v vabljenem predavanju Andreja Loc¢niskarja drugi dan kongresa.

Vabljena predavanja je zaokrozilo predavanje Miha Jerska o znacilnostih mineralov iz Haloz.
Predstavil je morfoloske znacilnosti kristalov kremena in kalcita, ki jih najdemo v bliznjih Halozah in
so odraz razmer pri njihovem nastanku.

V okviru kongresa je potekala okrogla miza »Vedeti (ne)vidno — vloga geologije v nasi druzbi«, na
kateri smo opozorili na aktualne druzbene izzive, kot so ekstremni vremenski dogodki, varnostni
konflikti, samooskrba, odpornost, zeleni prehod, krozno gospodarstvo, geo- in biodiverziteta, aktiven
snovni krog in kako lahko geologi pripomoremo k resitvi trenutne krize in izoblikujemo optimisti¢no
vizijo za prihodnost. Sest panelistov je najprej izpostavilo aktualne izzive, nato pa skusalo poiskati
reSitve in sinergije med razli¢nimi aktivnostmi, potrebami in staliSéi.

Najbolj izstopajo¢ obkongresni dogodek je bila fotorazstava »Geopestrost pred domacim pragom,
ki je bila namenjena promociji in pocastitvi prvega mednarodnega dneva geopestrosti. Na natecaj
je prispelo 37 fotografij 9 avtorjev. Prvo nagrado je dobila fotografija Boruta Stojilkoviéa »Korita
pri Kluzah« in krasi tudi naslovnico tokratne Stevilke Geologije. Navdusila je z barvno in oblikovno
dovrsenostjo ter pogledom iz perspektive, obicajno skrite ¢loveskim ocem. Razkriva lepoto moci in
povezanosti hidroloskih in geomorfoloskih pojavov, ki so objeti v bujno zelenilo zive narave. Zanimiva
centralna kompozicija, prevladujoca zelena barva in nenavaden pogled, na poznan motiv, naredijo to
fotografijo izstopajoco.
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Kongres se je zakljuéil s strokovnimi ekskurzijami, ki so udelezence kongresa popeljale na razli¢ne
konce Slovenije in jih seznanile z aktualnimi geoloskimi problematikami. Pohorje je bilo predstavlje-
no z novega vidika — kot ekstenzijski kompleks, ki pripada najzahodnejSemu delu Panonskega bazena.
Obiskali smo litostratigrafske formacije med Rogasko Slatino in Boc¢em ter geolosko pot v Kozjanskem
krajinskem parku, ogledali smo si gradnjo vzhodne cevi Karavanskega cestnega predora in se sezna-
nili z upravljanjem ranljivih teles podzemne vode na Dravskem polju.

6. slovenski geoloski kongres ni bil le strokovni dogodek, ampak predvsem priloznost za druzenje,
obuditev starih znanstev in spletanje novih poznanstev. To nam je odli¢no uspelo.

Podrobnosti o kongresu in spremljajo¢ih dogodkih, spletno obliko kongresnih povzetkov in opis
ekskurzij najdete na spletni strani 6. slovenski geoloski kongres 2022 (geo-zs.si). Vabljeni k ogledu.

Za konec naj se zahvalimo vsem sponzorjem za finan¢no in materialno podporo, udelezencem kon-
gresa za strokovni prispevek ter celotni ekipi, ki je v organizacijo dogodka vlozila §tevilne ure svojega
prostega casa in neizmerljivo koli¢ino dela.

Srec¢no in na snidenje na 7. slovenskem geoloskem kongresu v Lipici.

Branka Braci¢ Zeleznik in Nina Rman
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GEOLOGIJA 65/2,131-149, Ljubljana 2022 © Author(s) 2022. CC Atribution 4.0 License

https://doi.org/10.5474/geologija.2022.008

Review of the research and evolution of landslides in the
hinterland of Koroska Bela settlement (NW Slovenia)

Pregled raziskav in nastanek plazov v zaledju naselja Koroska Bela (SZ Slovenija)
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Abstract

This paper gives an overview of landslide research and the activity of landslides located above the Koroska
Bela settlement in Northwest Slovenia. There are several landslides in this area and they pose a direct threat to
the settlement below. The settlement is very densely populated (about 2,100 inhabitants) and has well-developed
industry and infrastructure. It is built on deposits from past debris flows, indicating that large slope mass
movements have occurred in the past. In this regard, the hinterland of Koroska Bela has been investigated since
2006, within the framework of various research, technical and European projects. The most extensive geological
and geotechnical investigations were carried out after April 2017, when part of the Cikla landslide collapsed and
mobilised into a debris flow. All of the investigations which have been carried out over the years revealed that
the hinterland of Koroska Bela is characterised by high landslide activity due to geological, hydrogeological
and tectonic conditions. In order to protect people and their property, it is essential to implement a holistic
mitigation measure which includes remediation works (drainage works, debris flow breaker, etc.) and non-
structural measures (monitoring system, early warning system, risk management, etc.). Regular and continuous
monitoring of all landslides is also crucial to observe the landslide dynamics and evaluate the effectiveness of
structural mitigation measures.

Izvleéek

Clanek predstavlja pregled raziskav in aktivnosti plazov, ki se nahajajo nad naseljem Koroska Bela v
severozahodni Sloveniji. Obravnavano obmocje je podvrzeno plazovom, ki predstavljajo neposredno nevarnost
za spodaj leZece naselje. Naselje je gosto poseljeno (s priblizno 2.100 prebivalci) in ima dobro razvito industrijo
ter infrastrukturo. Zgrajeno je na sedimentih preteklih drobirskih tokov, kar tudi dokazuje, da so se obsezni
poboc¢ni masni premiki prozili tudi v preteklosti. Zaradi nastetih dejstev na tem obmocju potekajo raziskave ze
od leta 2006, ki so se izvajale v okviru razli¢nih raziskovalnih, tehni¢nih in evropskih projektov. Najobseznejse
geoloske in geotehnic¢ne preiskave so bile izvedene po aprilu 2017, in sicer po sprozitvi manjSega drobirskega
toka na Cikli. Vse raziskave in §tudije, ki so bile izvedene v vseh teh letih, so pokazale, da je zaledje Koroske Bele
podvrzeno aktivnim plazovom, ki so se formirali predvsem zaradi danih geoloskih, hidrogeoloskih in tektonskih
razmer. Za za$¢ito ljudi in njihovega imetja je nujna celostna izvedba varovalnih ukrepov, ki bodo vklju¢evali
tako preventivne (npr. sistem za opazovanje, opozorilni sistem, nac¢rt obvladovanja ogrozenosti, itd.), kot tudi
gradbene ukrepe (npr. drenazni sistem, pregrade, itd.). Prav tako je nujno izvajanje rednega in kontinuiranega
spremljanja vseh aktivnih plazov v zaledju, ki bo omogoc¢al prepoznavanje dinamike plazov in meril uéinkovitost
izvedenih gradbenih ukrepov.
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Introduction

Catastrophic landslides are usually the result
of rapid collapse of soil, rock, and fluids triggered
by heavy rainfall, snowmelt, earthquakes, or an-
thropogenic activities (Gariano & Guzzetti, 2016;
Lacroix et al., 2020). In Slovenia, landslides are
fairly common and are related to active tectonics,
diverse geological settings and climatic condi-
tions. Landslides frequently occur in clastic rocks
located under steep slopes composed of highly
permeable carbonate rocks (Jemec Aufli¢ et al,,
2017a). An example of this is the slope morphology
of the Vipava Valley, which is primarily influenced
by the different lithology of the thrust units and is
characterised by steep carbonate cliffs and gentle
lower slopes formed in the underlying flysch (Ver-
bovsek et al., 2017; Popit et al., 2022).

In recent decades, four major landslides have
occurred in Slovenia, with a volume of approxi-
mately 1 x 105 m?. In November 2002, the Stoze de-
bris flow formed in the catchment area above the
village of Log pod Mangartom. The debris flow
caused seven casualties and destroyed residential
and farm buildings (Mikos, 2020). In the same
period, reactivation of the Slano Blato landslide
occurred above the village of Lokavec (Fifer Biz-
jak & Zupancic, 2009; Mikos et al., 2009; Macek
et al,, 2016) and, one year later (2001), the Strug
landslide occurred above the village of Kosec
(Mikos et al., 2006). A large landslide area is also
located in Rebernice in the Vipava valley, where
deep-seated landslides have formed in complex

e g p o~
5 Koroska Bela
e [

geological settings (Popit et al., 2014; Popit, 2017).
This area is crossed by a motorway, where inves-
tigations and remediation works are constantly
carried out due to road subsidence.

These events, and the fact that alpine and
perialpine regions are highly susceptible to land-
slides, have revealed that, on the whole, Slovenia
needs to pay more attention to landslide preven-
tion measures, to reduce the impact of landslide
activity and to protect people and infrastructure
(Mikos, 2021).

This paper focuses on historical, as well as
current, landslide activity on the mountain
slopes above the settlement of Koroska Bela in
Northwest Slovenia (Fig. 1). This territory is
one of the most active landslide-prone areas in
Slovenia. It attracts additional attention due to
historical evidence of past debris flows in recent
geological history. The first registered event oc-
curred in the 18th century and it caused partial
or complete destruction of more than 40 buildings
and devastated cultivated areas in the village of
Koroska Bela (Lavtizar, 1897; Zupan, 1937). The
most recent event occurred in April 2017, when
part of the Cikla landslide collapsed and turned
into a debris flow (Jez et al., 2019a). Even though
this particular debris flow did not reach the set-
tlement, it was perceived to be an additional
warning sign that slope mass movements in the
hinterland of Koroska Bela are still a source of
potential debris flows. The area of interest is also
prone to other types of landslides, such as slides,
flows, falls, and combinations thereof.

Fig. 1. Location of Koroska Bela and the extent of the landslide-prone area.
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Koroska Bela is a densely populated urban
settlement in the alpine Upper Sava River valley.
It is built on a typical torrential fan with an es-
timated area of 1.02 km?, formed by past debris
flows. Currently, it has about 2,100 inhabitants,
a well-developed steel works and an important
infrastructure connection between the capital of
Slovenia and Northwest Slovenia.

In this respect, the landslide-prone area in the
hinterland of Koroska Bela has been under in-
vestigation since 2006. The research started
within the framework of various national and
international projects (Fig. 2; Table 1). All of the
investigations can be roughly divided into two
stages: before and after the Cikla debris flow in
April 2017. The first set of studies, carried out
before April 2017, was primarily scientific. Their
main objective was to identify and understand
the characteristics and kinematics of landslides.
Studies carried out after April 2017 were primar-
ily conducted with the goal of developing and im-
plementing mitigation measures (Fig. 2; Table 1).

Morphological and geological settings

The hilly and mountainous hinterland of Ko-
roska Bela is a part of the Belscica slope (Kar-
avanke mountain ridge). It covers an area of
approximately 6 km? and extends from 520 to
2,100 m a.s.l. It is characterised by medium to
steep slopes, sloping to the southwest. Since the
slopes are exposed to the sun, they experience
relatively large temperature oscillations. The
area is characterised by very rugged terrain,
dominated by concave slopes. The prevalence of
concave slopes may have an indirect influence on
the potential occurrence of landslides since, in
these areas, the velocity of water flow usually de-
creases, resulting in water accumulation that in-
creases soil water saturation and slope instability
(Hengl & Reuter (2009) cited in Romer & Feren-
tinou (2016)). Komac (2005) also observed that a
greater number of landslides in Slovenia occur
in concave areas. The land use map shows that
the Koroska Bela hinterland is almost completely

flood - debris flow
13.11.1789

debris flow Cikla (April 2017)

.
warnings from Slovenian Forest ? Landslide Cikla (~2015) i
f Servise , i
| 1 :
| i |
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Fig. 2. Timeline of landslide activity and research since 1789. The coloured background defines the type of project (green —
research projects funded by Slovenian Research Agency; blue — projects cofunded by EU Programmes; orange — technical
projects funded by the Ministry of the Environment and Spatial Planning and the Municipality of Jesenice).

This paper gives an overview of landslide re-
search above the Koroska Bela settlement. The
first part consists of a detailed description of
the study area, the investigations conducted and
their main outcomes. The second part deals with
the evaluation of recent landslide activity using
multitemporal digital orthophoto imagery and
digital elevation models (DEMs).

This paper summarises the extensive succes-
sive research carried out in the Koro$ka Bela
landslide area and provides an example of good
practice in landslide risk management.

vegetated and covered with forest (MKGP, 2016;
Peternel, 2017). In this case, it is assumed that
the forest has a rather limited protective function
against slope instabilities, since most of the for-
est consists of larch and spruce, which are char-
acterised by shallow root systems. Conversely,
large unstable trees on steep slopes can increase
the risk of triggering landslides, as windstorms
may cause uprooting, toppling and falling of
trees and accelerate the weathering and erosion
of slopes (Jaks$a & Kolsek, 2009). In addition, fall-
en trees and other vegetation accumulate in the



134 T. PETERNEL, E. SEGINA, J. JEZ, M. JEMEC AUFLIC, M. JANZA, J. LOGAR, M. MIKOS & M. BAVEC

Bela stream as additional unstable material that
could be mobilised during torrential floods.

The Koroska Bela hinterland is defined by
complex geological and tectonic conditions. For
geological maps and detailed geological descrip-
tions of the Koroska Bela hinterland, the reader
is referred to previous studies (Jez et al., 2008;
Peternel et al., 2017, 2018). A general, geological
description of the wider Koroska Bela area has
been presented by Buser (1978), Buser (1980) and
Jez et al. (2008). The study area mainly consists of
Upper Carboniferous and Permian clastic rocks
— Permian carbonates and Triassic to Lower Ju-
rassic carbonate rocks (Jez et al., 2008). The main
slope instabilities are related to tectonic contacts
between the clastic Upper Carboniferous to Per-
mian rocks (claystone, siltstone, sandstone and
conglomerate) and various Permian and Triassic
carbonate and clastic rocks. (Jez et al., 2008).

Tectonically, the area belongs to the South-
ern Alps (Placer, 2008). It is a part of the Kosuta
fault zone and is dissected by numerous NW-SE
faults connecting two major fault zones (the Sava
and Periadriatic fault zones) (Jez et al., 2008). The
rocks are heavily deformed and, therefore, very
prone to rapid and deep weathering. Carbonate
rocks in the uppermost parts of the Belsc¢ica slope
are also subject to intense physical and chemical
weathering, resulting in large quantities of talus
and scree material.

Prominent morphological features in the study
area are relatively long ridges interrupted by
long, deep, narrow and irregular mountain wa-
tercourses (Brenci¢ & Poltnig, 2008; Janza et al.,
2018). In general, three types of aquifers char-
acterise the regional hydrogeological settings,
which are determined by geological conditions:
intergranular aquifers in clayey carbonate grav-
els, karst-fissured aquifers in carbonate rocks
and small local aquifers, typically occurring in
clastic rocks.

The morphology of the slopes, unfavourable
geological and tectonic conditions, and climatic
diversity contribute to the fact that the region
above KoroSka Bela is prone to landslides and
torrents and represents the source of potential
debris flows that could pose a threat to the dense-
ly populated settlement below. Landslide activity
is evidenced by an irregular and hummocky ter-
rain comprised of protrusions and depressions of
various sizes, curved trees, tension cracks, ero-
sion slumps and wetlands on the surface, as well
as widespread subsidence of local roads.

The first warnings of landslide activity in the
area, that attracted the attention of our research

group, were reports of sliding by the Slovenian
Forest Service. They reported the subsidence of a
local road, the presence of curved trees and ero-
sion flanks in the wider catchment area of the Ur-
bas water reservoir (Fig. 2).

Climatic conditions

The study area is characterised by an alpine
climate, ranging from a low mountain to a high
mountain climate (Brenci¢ & Poltnig, 2008). The
climate is highly variable due to the effects of al-
ternating high and low atmospheric pressure and
alternating atmospheric fronts. The variable cli-
matic conditions are also related to the great dif-
ferences in altitude, the rugged terrain with deep
and narrow valleys, and the slope orientation
(Rakovec et al., 2000). It is typical for this part of
the Karavanke Mountains that the mean annu-
al precipitation ranges from 1,600 to 2,000 mm,
while the maximum 24-hour precipitation with a
100-year return period is estimated between 180
and 210 mm (Internet 1). There are two annual
precipitation peaks, with the main precipitation
peak in autumn and the second in spring.

An overview of past research

An overview of all the implemented investiga-
tionsislisted in Table 1. The first research started
within the Target Research Project (TRP): Debris
flow risk assessment in Slovenia. Within the TRP
project, geological mapping of the Koroska Bela
hinterland, a study of alluvial fan deposits, and
modelling of debris flows using a Flo-2D model
were carried out. The project results showed that
the alluvial fan of Koroska Bela consists of a se-
quence of depositional layers related to several
historic debris flows (Jez et al., 2008; Mikos et al.,
2008). Based on detailed engineering mapping of
this area, the Urbas landslide was identified (for
the first time), named and described as the Potos-
ka planina landslide (Jez et al., 2008). Further-
more, the estimated magnitudes of debris flows
for the Bela torrential watershed were calculated
by Sodnik and Mikos$ (2006), using various mor-
phological parameters. By applying different
empirical equations for the determination of the
design discharge and flood volume with a 100-
year return period, different debris flow magni-
tudes were calculated, ranging from 19,687 m?
to 93,231 m? (Sodnik & Mikos, 2006). The Bela
torrential fan was classified as a transitional fan,
where debris flows are possible. For debris flow
modelling, a Flo 2-dimensional model was used
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with different numerical square grids generat-
ed from digital elevation models (Sodnik et al.,
2009, 2012, 2013; Sodnik & Mikos, 2018; Bezak
et al., 2020). The calculated results showed that
the estimated inundated area ranges between 118
and 145 m? and the average maximum flow depth
ranges from 0.6 to 1.2 m, depending on the square
grid applied.

The first monitoring at the Urbas landslide was
established using a novel motion detection device
that was developed within the EU funded project
“Integrated Interferometry and GNSS for Pre-
cision Survey (I12GPS)” founded by the Seventh
Framework Programme (FP7-GALILEO-2008-
GSA-1). The device integrated interferometric
synthetic aperture radar (InSAR) and global
navigation satellite system (GNSS) technologies.
Two compact active transponder (CAT) units (In-
SAR data) and a combined CAT and GNSS unit
(providing 3D displacement assessments) were
installed to monitor the surface displacements
of the landslide and its vicinity (Komac et al.,
2015). The InSAR and GNSS results showed rel-
atively large (up to 32 mm horizontal and up to
15 mm vertical) displacements during a relative-
ly short monitoring period (02/2011 - 08/2011),
indicating a displacement of the central-upper
and south-eastern parts of the landslide body
(Komac et al., 2015, 2018). The Urbas landslide
was further investigated and monitored within
the framework of a PhD thesis (Peternel, 2017).
To evaluate the kinematics of the Urbas land-
slide, understand the characteristics of the slid-
ing process and assess the surface displacement
rates and changes in surface topography, period-
ical monitoring was conducted using a variety of
remote sensing and in-situ geodetic techniques
(unmanned aerial vehicle (UAV) photogramme-
try, terrestrial laser scanning (TLS), and tachym-
etric surveys) (Peternel et al., 2015, 2017a; Peter-
nel, 2017; Peternel & Komac, 2017). The surveys
revealed that the Urbas landslide is a composite
landslide (Cruden & Varnes, 1996) consisting of
rock falls (upper part), deep-seated landslides
(main body) and debris flow source areas (lower
part) (Peternel, 2017; Peternel et al., 2017a). The
long-term activity of the Urbas landslide over the
past 138 years has also been reconstructed us-
ing the dendrogeomorphological analysis of bent
trees (Oven et al., 2019). Dendrogeomorphology
has proven to be a highly useful method in the
study of past slope mass movements and has re-
cently been applied to the analysis of the debris
flood magnitude in the Planica valley (Novak et
al., 2020). The estimated risk and visible activi-

ty of landslides have increasingly attracted the
attention of the inhabitants of Koroska Bela and
the Civil protection service. For this purpose, the
socio-economic impact was assessed within the
framework of the EU-funded project “RECALL
Resilient European Communities Against Local
Landslides”. In addition, a cooperative team of
decision-makers, response authorities, technical
experts and other stakeholders was formed to
increase awareness and understanding of land-
slide risk in the community (Jemec Aufli¢ et al.,
2017b, 2017¢c, 2019). In-depth research continued
within the research project “Studying landslide
movements from source areas to zone of deposi-
tion using a deterministic approach (ARRS J1-
8153)”. As a part of the project, two additional
research trenches, with depths between 3.00 and
3.95 m, were excavated on the alluvial fan where
the Koroska Bela settlement has been developed,;
11 samples of organic material were collected for
radiocarbon dating. The main sedimentological
units of the research trenches are layers of debris
flow deposits interbedded with thick silty and
sandy lenses, fluvial (fine-grained) deposits and
flood/mudflow deposits (Jez et al., 2019b), suggest-
ing several past depositional events. Age dating of
the organic sediments revealed that most of the
sediment was deposited during the Last Glacial
Maximum (LGM), while two or three debris lay-
ers were found in the upper part of the fluvial suc-
cession, and these were deposited during the Hol-
ocene. The youngest deposits were attributed to
the debris flow which occurred in 1789 (Jez et al.,
2019b). In addition, Sodnik et al. (2017) upgrad-
ed their models by modelling debris flow source
areas with a multi-model approach using field
data, susceptibility and trigger modelling, im-
plemented using L.S-Rapid (Loi et al., 2020). This
research project was granted as a strategically
important project in the category of International
Programme on Landslides (IPL) in 2017-2020.

A very important milestone, which gave ad-
ditional impetus to the study of landslide areas,
occurred in April 2017, when part of the Cikla
landslide collapsed and mobilised as a mass flow
with a significant amount of talus material and
vegetation. The debris flow had an estimated
volume of 5,000 m3 and was triggered by heavy
rainfall, with 200 mm of precipitation falling in
48 hours (Jez et al., 2019a; Peternel et al., 2022a).
This event was one of the triggers for the inten-
sification of detailed geological, geotechnical
and hydrogeological investigations of landslides
in the hinterland of Koroska Bela in 2017 (Ta-
ble 1). For the spatial distribution of the applied
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methods and the description of the engineering
geological and hydrogeological results of the Ur-
bas and Cikla landslides, the reader is referred
to previous studies (Peternel et al., 2017b, 2018;
Janza et al., 2018). The initial investigations were
limited and provided only a rough insight into
the geological and hydrogeological conditions
of the observed landslides. The main outcomes
were (Peternel et al., 2017b, 2018, 2019; Janza et
al., 2018):

- In the hinterland of Koroska Bela there
are more than 20 landslides, five of which
have an area of more than 8,000 m?: the Ur-
bas, Cikla, Potoska planina, Malnez and
Obes$nik landslides. Among these, Urbas
and Cikla are considered the most active.

- Landsliding mechanisms are defined by the
complex lithological composition, intensive
tectonic deformation and hydrogeological
conditions. The rocks and sediments in the
study area are heavily deformed and prone
to weathering, which results in weak ge-
omechanical properties of the bedrock.

- In the Urbas and Cikla landslides, hydro-
geological conditions are very heterogene-
ous and cannot be characterised uniform-
ly due to complex geological and tectonic
conditions. The groundwater is recharging
by a combination of infiltration of precipi-
tation and subsurface inflow from the car-
bonate hinterland. In the upper parts of the
landslides, groundwater occurs at the con-
tact between slope deposits and weathered
clastic rocks.

- Preliminary 3D reconstructions of the
landslide body showed that the calculated
volumes of the Urbas and Cikla landslides
are 895,000 m? and 141,000 m?, respectively.
For landslide volume calculation, the GO-
CAD-SKUA software was used.

- The modelling results showed that the es-
timated potential debris flows would have
catastrophic consequences in the Koroska
Bela settlement. In some densely populated
parts, the simulated depth of the potential
debris flow exceeds 5 m, which indicates
that the application of mitigation measures
is inevitable.

- The results of the preliminary investiga-
tions also revealed the need for continuous
near-real and real-time monitoring and
additional geological (hydrogeological, ge-
ophysical), geodetic and geotechnical in-
vestigations to obtain a basis for mitigation
and remediation measures.

Based on these results and the historical facts,
the Municipality of Jesenice recognised the high
risk and established a monitoring system for the
Urbas and Cikla landslides. The monitoring net-
work consists of extensometers, rain-gauges, pi-
ezometers, inclinometers and motion detection
cameras. All the electronic geotechnical sensors
are wired and powered through the base station,
which also serves as an automated data logger.
To store and access all measured monitoring
data, the eTeren platform (https://eteren.geo-zs.
si/home) was developed in 2021.

In 2019, additional geological, geotechnical
and geodetic investigations were carried out in
the frame of the project funded by the Ministry of
the Environment and Spatial Planning. The main
purposes of this project were the engineering, ge-
ological and hydrogeological characterisation of
landslides and the implementation of the stabil-
ity analyses and feasibility studies of mitigation
and remediation measures (Table 1). The Geolog-
ical Survey of Slovenia (GeoZS), which led the
project, also involved the Faculty of Civil and
Geodetic Engineering (University of Ljubljana)
and experts from the Italian Geological Survey
(ISPRA) were called in as external consultants.
Within the framework of the project, the follow-
ing main outcomes were drawn (Bezak et al.,
2020, 2021; Peternel et al., 2020a, 2020b, 2022a):

- The preliminary results of real-time land-
slide monitoring showed that the dynamics
of the Urbas and Cikla landslides represent
a combination of steadily sliding mass be-
haviour as well as episodic, rapid displace-
ments corresponding to increased rainfall.

- Improved 3D reconstruction of the land-
slides resulted in the following estimat-
ed volumes: Urbas: 1,578,700 m?, Cikla:
330,500 m?, Malnez: 173,750 m?, Obesnik:
301,780 m?. For landslide volume calcu-
lation, the GOCAD-SKUA software was
used.

- The study confirmed that the Urbas and
Cikla landslides are a source area for de-
bris flows and pose a direct risk to the set-
tlement of Koroska Bela.

- Observations of the Malnez, Obesnik and
Potoska planina landslides, which were
first identified in 2017, showed that their
current state and dynamics pose a signif-
icantly lower direct risk to the settlement.
Nevertheless, monitoring should be contin-
ued and improved.

- The field investigation of the Bela stream
and its tributaries revealed that more than
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15,000 m?® of material was deposited in the
Bela and Cikla watercourses as a result of
previous debris flow events. Potential tor-
rential floods could mobilise the debris ma-
terial deposited along the Cikla and Bela
streams.

- The existing check dams do not have suffi-
cient capacity to fulfil the sediment and de-
bris flow management needed in the area.

- It is essential to implement holistic reme-
diation measures to protect the population
and infrastructure. Primarily, remediation
measures must be taken on the Cikla and
Urbas landslides and the torrents below.

- In the future, periodic and continuous
monitoring of all landslides is essential in
order to observe landslide dynamics and to
verify the effectiveness of potential reme-
diation measures.

- Future impacts of climate change should
also be considered when designing mitiga-
tion measures. The analysis of the impact
of future climate change shows that the
negative impact of total and effective rain-
fall, air temperature, evapotranspiration
and runoff from the Bela stream catchment
is expected to increase, compared to the
previous period.

In parallel, near real-time monitoring of the
Urbas landslide was improved with the GNSS
system developed in the frame of EU project
GIMS: Geodetic Integrated Monitoring System
(No. 776335). The system provides a continuous,
simultaneous and accurate monitoring of sur-
face displacement at multiple locations across
the Urbas landslide (Segina et al., 2020; Peter-
nel et al., 2022b). The availability of the remote
data and the ease of installation of the GNSS
units proved that the system is very suitable for

monitoring landslide areas that are difficult to
access. For this reason, the Cikla landslide was
also equipped with the GNSS unit to monitor the
displacement of a large boulder located in the ac-
tive part of the Cikla landslide.

Currently, the main ongoing activities are
carried out within the Postdoctoral Research
Project (ARRS, Z1-2638). The main objective of
the project is to investigate landslide triggering
parameters (rainfall, groundwater level, etc.) and
to develop a landslide prediction model based
on quantitative methods using data collected
through continuous monitoring of landslide dis-
placements. The results of the study, carried out
on the Urbas landslide, showed that the dynamics
of a landslide vary, depending on local geologi-
cal and hydrogeological conditions. Consequent-
ly, certain parts of the landslide are at different
evolutionary states and respond differently to the
same external triggers (Peternel et al., 2022b).

Long term evaluation of landslide activity
using orthophotos and LiDAR-derived
DEMs

Since the in-situ landslide monitoring pro-
vides spatially limited information, remote sens-
ing data, such as digital orthophotography and
laser scanning data, have been used to provide
an overview of landslide activity across the en-
tire area. The landslide activity was estimated
through analysis/review of orthorectified aerial
photography (digital orthophotos or DOF's) with
a resolution 0.50 m, taken between 1994 and
2020, and digital elevation models (DEMs) with
a resolution of 1 m, taken in 2014 and 2017. An
overview of the spatial data used is presented in
Table 2. The analysis provided the first informa-
tion on landslide activity in the entire Koroska
Bela hinterland, which encompasses a total area

Table 2. An overview of orthophotos used and DEMs derived from LiDAR.

Type of spatial Number of the | Date of acquisition Resolution Availability
data acquisition
DOF 1 27.7. 1994 (C26) 0.5 Public
12.9. 1999 (D26)
2 22.7.2006 (C26) 0.5 Public
20. 7. 2006 (D26)
3 11. 8.2011 0.5 Public
4 5.7.2015 0.5 Public
5 24.8.2017 0.5 Public
6 28.7.2020 0.5 Public
DEMs 1 2014 1.0 Public
2 14.11. 2017 1.0 Upon request
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of 7 km? It also enabled the evaluation of the
kinematics of landslides for the period when the
monitoring system was not yet in place.

First, a visual interpretation of six DOFs was
used to obtain information on visible landslide
changes over time. Particular attention was paid
to changes that might indicate landslide activi-
ty, such as disturbed or absent vegetation cover,
deformation of the local roads and a growing ero-
sion surface. The observed features were manual-
ly digitised and compared to all available ortho-
photos. Based on this comparison, the intensity
of change was classified into three classes: low,
medium and high change intensity (Fig. 3). Then,
all observed changes were characterised by the
type of phenomenon (landslide or deforestation),
and verified by field investigations. The field in-

In addition to DOF analysis, elevation and
volumetric changes resulting from landslide ac-
tivity have also been estimated by comparing
two successive DEMs. Elevations from the earlier
DEM were subtracted from the latter on a cell-
by-cell basis, at 1 m resolution. Decreases in ele-
vation represent erosion zones (red colour), while
increases in elevation indicate accumulation
zones (Fig. 4). It should be noted that this method
only indicates changes in surface elevation and
volume and does not provide any insight into the
overall mass balance of the area.

The elevation difference calculated for the en-
tire Koroska Bela hinterland between 2014 and
2017 shows that 43,616 m3 of material accumu-
lated and 107,283 m3 eroded during this period,
indicating that the KoroSka Bela hinterland is a

Phenomenon

W landslide/erosion
% deforestation

Change intensity

I:] High

Medium

o

Fig. 3. Assessment of change intensity by visual interpretation and comparison of multitemporal orthophotos. The highest
change intensity due to landslides was observed in the areas crossed by the Bela stream and its tributaries.

vestigations revealed that some large areas were
the result of deforestation and were excluded
from further analysis.

Based on the results of the change intensity as-
sessment and field investigations, we identified
three landslide active areas that have been ana-
lysed in more detail (Fig. 3):

- Active area 1: The lower part of the Urbas
landslide, which has the potential to mobi-
lise into a debris flow (see section 2.1).

- Active area 2: Local road crossing the main
body of the Urbas landslide (see section
2.2).

- Active area 3: Pre and post-Cikla debris
flow (see section 2.3).

predominantly erosive area. The erosion is most-
ly limited to the carbonate slopes, while accumu-
lation occurs in the form of scree deposits under
steep slopes. Carbonates on the Belsc¢ica slope are
prone to extensive planar erosion, which is main-
ly concentrated in gullies, indicating most of the
torrential transport and removal of the availa-
ble, mechanically weathered top layer of rock.
Similar processes are anticipated on carbonate
slopes of the Alni¢je ridge. The most intensive
erosion and accumulation of material occurred
in the Cikla landslide, where a typical sequence
of downslope erosion, followed by accumulation
(at the foot of the landslide) can be observed.
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Fig. 4. Spatial extent and temporal change of elevation changes of active areas based on the series of DEM analyses.

Active area 1: Cikla landslide

Cikla landslide activity can already be seen
by comparing the 2011 and 2015 DOFs (Fig. 5A
and 5B), which shows that part of the Cikla land-
slide collapsed before 2017. Although the exact
date and trigger mechanism of this event are un-
known, the erosion of about 1,200 m? can be seen
from the 2015 DOF.

Another event occurred on the night of April
28-29, 2017, when part of the Cikla landslide body
collapsed and mobilised a large amount of debris
and vegetation into a mass flow. The sliding ma-
terial flowed several hundred metres along the
Cikla stream. The triggering of this event was
attributed to heavy rainfall. The nearby mete-
orological station (Javorniski Rovt) measured
204 mm of precipitation in 48 hours.

DOF analysis indicates that about 5,500 m? of
the area was affected by debris flow, representing
21 % of the total Cikla landslide area, determined
by detailed engineering geological mapping (Pe-
ternel et al., 2020). DEMs analysis indicates that
approximately 1,214 m? was affected by signifi-
cant erosion. The volume of eroded surface mate-
rial was approximately 4,700 m? and the surface
had subsided an average of 2 m (up to 6 m in peak
areas) (Fig. 6, area 1). The lower part of the Cikla
landslide is characterised by an accumulation of
material, with an average increase of 2.0 m and
a maximum increase of 2.5 m. The estimated vol-
ume of accumulated material is about 1,700 m?
(Fig. 6, area 2). The deficit of material was either
deposited further down the slope outside the ob-
served area or it was removed by the torrent.
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Fig. 5. Digital orthophotos of the Cikla landslide from 2011 (A), 2015 (B) and 2017 (C). Red line represents the manually digi-
talised boundary of the Cikla debris flow.
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Fig. 6. Surface elevation difference (z-axis) between two LiDAR-derived DEMs from 2014 and 2017. Cross-section shows ele-
vation differences along the Cikla landslide. The yellow line indicates Cikla debris flow (Fig. 5C).

Active area 2: The lower part of the ) o
Urbas landslide The DOF analysis clearly indicates that ero-

sion progressively increases during the year. The
Based on previous research (Peternel, 2017; estimated extent of this area was determined by
Peternel et al., 2017a; Segina et al., 2020) and manual digitalisation of the available DOFs and
field investigations, the lower part of the Urbas isrepresented in Table 3 and Figure 7. No erosion
landslide is considered the most active landslide = was observed in the 1999 DOF, while the 2020
in the area of concern. It is crossed by the Bela =~ DOF was overexposed in this area, so digitisa-
stream, which has formed gully-type morpholo-  tion was not possible.
gy. The sliding mass consists of tectonically de- Most activity was observed between 2015 and
formed and weathered clastic rocks, covered by 2017, when the extent of the erosion area in-
a relatively thick cover of carbonate gravel and creased by about 1,200 m? (or 400 m? per year)
boulders. The Bela stream causes significant ero-  which is twice as large as in previous years. The
sion and increases the possibility of downstream  DOF analysis also shows that, after this event,
mobilisation of the sliding mass. The area is the Bela torrent channel became enlarged due to
characterised by bare, rugged ground with fallen  the active erosion of the Bela stream. The wid-
trees, strong gully erosion and flank ridges. er area was also subjected to deforestation of its
slopes, which could also increase erosion.
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Table 3. Estimated extent of the lower part of the Urbas landslide.

Orthophoto 1999 2006 2011 2015 2017 2020
Area (m?) no evidenced 90 320 1,060 2,300 no data —
activity overexposed
image
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Fig. 8. Surface elevation difference (z-axis) between two LiDAR-derived DEMs from 2014 and 2017. The cross-section shows
elevation differences along the Urbas landslide. The yellow line indicates the lower part of Urbas (Fig. 7C).

DEMs analysis shows that approximately 87 m?
of the lower part of the Urbas landslide has been
affected by erosion, while 12 m? was character-
ised by accumulation. The volume of eroded sur-
face material was approximately 273 m?® and the
surface had subsided between 2 and 5 m (Fig. 8,
area 1 and area 2). The Bela torrent channel is
characterised by an accumulation of material,
with a maximum increase of 2 m. The estimated
volume of accumulated material is about 24 m?
(Fig. 8, area 3). The deficit of material was either
deposited further down the slope, outside the an-
alysed area, or had been transported away by the
torrent.

Active area 3: Subsidence of the local road

The strong landslide activity also affects the
local road that crosses the main body of the Urbas
landslide, which consists of decomposed siltstone
and claystone. Above the road, near the Urbas
spring, a minor scarp was formed (Fig. 9). Manu-
al measurements of the minor scarp indicate that
it has been opening at a rate of 0.5 to 0.8 m per
year. This area consists of clastic rocks with very
low permeability, which is reflected in the occur-
rence of springs charged from the carbonate hin-
terland. The Urbas spring is partly captured and
used to supply water to nearby mountain huts but
the rest of the surface water flows uncontrolled
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along the landslide and across the road. Local
geological and hydrogeological conditions are re-
flected in continuous subsidence and occasional
road collapses. The increased water flow causes
intense road erosion and often makes it impassa-
ble, particularly during periods of intense or pro-
longed rainfall.

For this reason, the road has been reconstruct-
ed several times by adjusting the road level to the
terrain, which can be observed on cross sections
in Figure 10. Cross section 3 also indicates strong

2 o

= visible subsidance

road deformation

subsidence of the road level, ranging from 0.7 m
(for the period from 1999 to 2017) to 11.0 m (for
the period from 1999 to 2017) (Fig. 10). Road re-
construction was carried out by backfilling with
gravel material and log cribs. Backfilling mate-
rial represents an additional weight that accel-
erates sliding. Due to subsidence, the road level
was later relocated by cutting into the slope. No
appropriate drainage system has ever been im-
plemented.

Cross-section 1

12701
12651

Road_left shoulder
1999
2006

1260 T+

Cross-section 2
1280

2011
2015

2017
2020

12751

1270

Cross-section 3

Fig. 10. Position of local
road that crosses the Urbas
landslide.  Cross-sections
represent the position of the
road’s left shoulder, which
has been manually digitali-
sed in orthophotos.
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Discussion

Archival DOFs and LiDAR-derived DEMs
were used to show the long-term evolution of
landslide activity. This approach has been suc-
cessfully applied in landslide mapping and char-
acterisation by several researchers (ProkeSova
et al., 2010; Jaboyedoff et al., 2012; Biihler et al.,
2012; Kenner et al., 2014; Popit et al., 2014; Dom-
lija et al., 2019; Gorim, 2019).

Our case review of the available archival data
enabled the observation of landslide activity,
even for the period when no monitoring system
had been established. This approach turned out
to be very useful when observing landslide ac-
tivity for the entire hinterland of Koroska Bela,
especially for the remote areas that have not yet
been investigated in detail. The results were fur-
ther validated using the data from the existing
monitoring system.

Analysis of the changes of the Cikla land-
slide surface provides us with useful information
about the extent and volume assessment of the
debris flow that occurred in April 2017. At that
time, no detailed investigations had been con-
ducted and there was no monitoring system for
the Cikla landslide. The detailed geological and
hydrogeological investigations conducted after
April 2017 showed that the Cikla landslide covers
an area of 26,000 m? and its volume was estimat-
ed to be about 330,500 m?® (Peternel et al., 2017b,
2018, 2020a, 2022a). To date, the Cikla landslide
has also been investigated by drilling five bore-
holes. Two were installed with piezometers and
three with inclinometers. The depth of the bore-
holes was about 40 m. Boreholes and inclinome-
ters indicate that the maximum shear surface oc-
curs at a depth of 28 m, while the average sliding
surface is about 23 m deep (Peternel et al. 2018,
2020a). Groundwater level appears at the con-
tact between the debris deposits and the weath-
ered bedrock. The 2017 debris flow occurred in
the central part of the Cikla landslide, beneath
a large carbonate block that is tectonically de-
formed and structurally lies within the clastic
Carboniferous rocks (Fig. 6, zone 2).

In contrast to Cikla, the Urbas landslide has
been the subject of several studies in the past
(Jez et al., 2008; Komac et al., 2015; Aufli¢ et al.,
2017; Peternel, 2017; Peternel et al., 2017a). For
example, the lower part of the Urbas landslide
was investigated in detail between December
2012 and April 2016, using UAV photogramme-
try and tachymetric measurements. Comparisons
of the national orthophotos allows the calcula-
tion of the extent of erosion over a long period

of time, while the high-resolution DOFs and the
DEMs derived from UAV photogrammetry pro-
vide accurate displacement vectors and eleva-
tion changes. Surface displacement patterns for
the entire monitoring period (December 2012 to
April 2016) were analysed based on the sum of
displacement vectors for all observation periods.
The determined displacements ranged from 0.9
to 19.0 m, with a clear SW directional orientation
(Peternel 2017, Peternel et al. 2017a). No geotech-
nical in-situ investigations (inclinometers or pie-
zometers) were conducted in the lower part of the
Urbas landslide due to difficult access and rug-
ged morphology. Although these results only in-
dicate changes at the surface and do not provide
information on the depth of sliding surface, they
contribute to a better understanding of landslide
behaviour and kinematics.

Reviewing the available archival orthopho-
tos, we also observed the deformation of the lo-
cal road that crosses the main body of the Urbas
landslide. Digitised road shoulders provided in-
formation about the continuous subsidence and
collapse of the road. Nearby boreholes along the
road indicated that the road crosses the landslide
area with a depth of sliding surface ranging be-
tween 8 and 15 m (Peternel et al., 2018). Moni-
toring of the surface displacements using GNSS
also indicates the constant displacements of the
landslide main body. The GNSS antenna located
below the road, and measuring the surface dis-
placements in real-time, showed displacements
of 37 mm over a period of one year (Segina et al.,
2020).

Conclusions

In this paper we summarise all conducted and
on-going research and the main findings related
to the landslide prone areas above the settlement
of Koroska Bela. For the first time, we have also
revealed the evolution of landslide activity over
the last 25 years. According to investigations so
far, the following main outcomes are defined:

- The main landslides detected in the Ko-
roska Bela hinterland are the Cikla, Ur-
bas, Potoska Planina, Malnez and Obesnik
landslides. All landslides are character-
ised by high activity due to intense rain-
fall events, long-term precipitation and/or
groundwater table change. In addition, the
moderate-high seismicity of the area could
be another predisposing factor contribut-
ing to the occurrence of threatening land-
slides.
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- Under the above conditions, the potential
risk induced by the mass movements on the
town of Koroska Bela can be generally as-
sessed as follows:

e very high risk due to the occurrence of
fast-moving landslides (i.e. debris flows)
that have already affected the urban area
in the past and might happen in the future;

e moderate to high risk derived by the
slow-moving landslides detected in the
slopes up-hill of Koroska Bela, some of
them (i.e. the Malnez landslide) potentially
threatening the eastern part of the town.

- Even though a lot of knowledge and infor-
mation has been gained, there are still un-
knowns that need to be resolved and im-
provements that have to be implemented.
There is still a need for further geological
and geotechnical investigations for: i) the
improvement of the geological model of the
study area, ii) integration with the equip-
ment already installed and, iii) set-up of
an integrated monitoring system for the
control of slope deformations acting in the
landslide areas in the Karavanke moun-
tains.

- Implementation of direct and indirect fea-
sible, effective and sustainable landslide
mitigation strategies aimed at reducing the
landslide risk in the Koroska Bela settle-
ment.

- Due to the estimated risk, there was a need
to set up a continuous and flexible monitor-
ing system that could serve as a basis for
a local landslide warning system. With the
aid of landslide monitoring, early landslide
activity can be detected and landslide im-
pacts can be reduced. In this stage we set
up customised dashboards that allowed
access to all real-time monitoring sensors.
In this way, GeoZS emergency services and
stakeholders can access daily updated data,
presented on a webpage, at any time. In fu-
ture, we plan to upgrade the local warning
system with email alerts sent to registered
users when determined threshold values
are exceeded.

- This study is a step forward in landslide
management in Slovenia. Several activ-
ities that have been implemented within
the framework of different projects have
enabled the establishment of connections
between national and local authorities,
scientific and technical experts, and Civil
Protection and residents of Koroska Bela.
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Abstract

With the development of computer technology, artificial neural networks are becoming increasingly useful in
the field of engineering geology and geotechnics. With artificial neural networks, the geomechanical properties
of rocks or their behaviour could be predicted under different stress conditions. Slope failures or underground
excavations in rocks mostly occurred through joints, which are essential for the stability of geotechnical
structures. This is why the peak shear strength of a rock joint is the most important parameter for a rock mass
stability. Testing of the shear characteristics of joints is often time consuming and suitable specimens for testing
are difficult to obtain during the research phase. The roughness of the joint surface, tensile strength and vertical
load have a great influence on the peak shear strength of the rock joint. In the presented paper, the surface
roughness of joints was measured with a photogrammetric scanner, and the peak shear strength was determined
by the Robertson direct shear test. Based on six input characteristics of the rock joints, the artificial neural
network, using a backpropagation learning algorithm, successfully learned to predict the peak shear strength of
the rock joint. The trained artificial neural network predicted the peak shear strength for similar lithological and
geological conditions with average estimation error of 6 %. The results of the calculation with artificial neural
networks were compared with the Grasselli experimental model, which showed a higher error in comparison
with the artificial neural network model.

Izvleéek

Nevronske mreze postajajo z razvojem racunalniske tehnologije vedno bolj uporabne tudi na podrocju
inzenirske geologije in geotehnike. Z nevronskimi mrezami lahko na osnovi ve¢jega Stevila podatkov napovemo
geomehanske lastnosti kamnine ali njihovo obnaSanje v razliénih napetostnih pogojih. Porusitve brezin ali
podzemnih prostorovvkamninskem masivu se ve¢inoma pojavijo porazpokah, zatosostriznelastnosti vrazpokah
ali prelomih bistvene za stabilnost geotehni¢nih objektov. Preiskave striznih lastnosti so ve¢inoma dolgotrajne,
prav tako pa je pri vrtanju v fazi raziskav tezko pridobiti primerne vzorce. Velik vpliv na velikost vrhunske
strizne trdnosti ima hrapavost povrsSine razpoke, natezna trdnost in vertikalna obremenitev. V predstavljenem
¢lanku je hrapavost povrsine razpok izmerjena s fotogravimetri¢nim skenerjem, vrhunska strizna trdnost pa je
doloc¢ena z Robertsonovo direktno strizno preiskavo. Na osnovi Sestih vhodni karakteristik razpok in kamnine
ter izmerjene strizne trdnosti z Robertsonovo preiskavo, lahko z nauceno nevronsko mrezo uspesno napovemo
vrhunsko strizno trdnost po razpoki. Tako nauc¢ena nevronska mreza lahko dovolj natané¢no napove vrhunsko
strizno trdnost za podobne litoloske razmere in geoloske pogoje, z upostevanjem dokaj nizke napake, to je 6 %.
Rezultate izra¢una z nevronskimi mrezami smo primerjali z eksperimentalnim modelom, ki je v primerjavi z
nevronskimi mrezami pokazal vi§jo napako napovedi vrhunske strizne trdnosti.
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Introduction

The idea for artificial neural networks (ANN)
is in the functioning of the human brain. The
human brain is the central system of the human
nervous system, composed from almost 10 billion
biological neurons that are interconnected by
synapses. The cellular body of a neuron receives
input signals from many synapses with different
electrical activity (Flood & Kartam, 1994, Bish-
op, 1995, Lopez et. al., 2022).

Scientists were therefore drawn to the idea
of making a device that mimics the brain. These
are made up of a huge number of cells intercon-
nected by thin “threads”. These cells are called
neurons, and their connections or “threads” are
called synapses. Neurons send electrical stimu-
li to each other through synapses. Synapses are
characterized by differences in electrical con-
ductivity, which changes during learning. Thus,
the knowledge acquired during learning is accu-
mulated in synapses or in their conductivity. If
the sum of the signals arriving at an individual
neuron via synapses is large enough, the ignition
of an individual neuron occurs. This means that
this neuron sends a signal to its output, which is
transmitted through the synapses to other neu-
rons (Jain et al., 1996, Maio & Santillo, 2020).

The ANN tries to simulate the human brain
activity and until now several applications are
already known in rock mechanics field (Lawal
& Kwon, 2021; Abdalla et al., 2015; Armaghani,
2015; Hussain et al., 2019; Sarkar et al., 2010).

The shear behaviour of a jointed rock mass-
es depends on the shear characteristics of the
discontinuities in the rock mass. To determine
the shear strength in rock mass discontinuities
many researchers developed experimental rela-
tionships between the roughness of the discon-
tinuities and the peak shear strength (Barton,
1973; 1976; Barton and Choubey, 1977; Hoek and
Brown, 1980; Hoek and Bray, 1981; Hoek, 2000;
Huang et al., 1992; Patton, 1966; Pellet et al.,
2013).

Table 1. Characteristics of the scanner with camera (ATOS I).
Tabela 1. 3D skener s kamero (ATOS I).

Recently, scanners have been used as a non-de-
structive method to measure and characterise the
joint surface in three dimensions. The roughness
metric based on the three-dimensional morphol-
ogy was proposed by Grasselli (2001, 2002). An
ATOS scanner was used for the accurate measure-
ment of the joint roughness. Details of the scanner
characteristics are summarized in Table 1. Sev-
eral empirical relations were developed for deter-
mining the geometry of the joint surface, such as
contact area A’, roughness parameter C and max-
imum dip angle ©°  (Grasselli & Egger, 2003).

ANNSs have already been used for prediction
of the shear characteristics of rock samples in
published papers. The shear strength of shale
rock samples was predicted based on the mini-
mum and intermediate strength using a triaxi-
al test (Moshrefi et al., 2018). Back propagation
multi-layer perceptron was used for learning. In-
fluence of heterogeneity on rock strength at dif-
ferent strain rates was predicted with an ANN,
as well as parameters of crack inclination, dis-
tance, filling and strain rate (Jiang et al., 2021).
Shear behaviour of clean rock discontinuities
was studied including normal stress, dilation,
horizontal displacement, asperity angle, ampli-
tude, joint rock compressive strength and friction
angle of an intact sample. The ANN model fitted
the measuring results better than some analyti-
cal models. Shear strength parameters were ob-
tained using shale samples, sheared in a triaxial
cell. The input parameters were point load index,
Brazilian tensile strength, ultrasonic velocity,
Schmidt hammer test and friction angle as an
output parameter (Armaghani et al., 2014).

Drilling data and well logs were used for the
uniaxial compressive strength prediction with
ANN (Asadi, 2017). Porosity, density, penetration
rate and P wave velocity were used to predict the
uniaxial strength of rock between wells that are
close to each other. For limestone the uniaxial
strength was compared with the results of the
ANN and regression analysis (Khanlari & Ab-
dilor, 2011).

Item Value
Measured Points 800.000
Measurement Time (seconds) 0.8

Measuring Area (mm?)

125 x100 - 1000 x 800

Point Spacing (mm)

0.13-1.00

Measuring volume (mm?)

125 x 100 x 90 to 1000 x 800 x 800

Measuring points per individual scan

1032 x 776 pixels
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In the presented paper, the ANN was used
for the peak shear strength prediction of the
rock joints. The input parameters were tensile
strength, basic shear angle and the morphologic
parameters of the rock joints obtained from the
3D scanner measurements. Results were com-
pared with the Robertson direct shear test for
different rock samples.

Methods
Artificial Neural network model

The model of the ANN tries to simulate the
behaviour of the human brain and nervous sys-
tem by its architecture. A detailed description
of the ANNSs is beyond the scope of this paper
and can be found in many publications (Masters,
1993; Jain et al., 1996; Almeida, 2002; Shahin et
al., 2002).

ANNSs learn from the presented data and use
these data to adjust their weights in an attempt
minimise the model input variables and the cor-
responding outputs. The advantage of ANNSs is
that they do not need any prior knowledge about
the relationship between the input-output varia-
bles. This is a benefit in comparison with most of
the empirical and statistical methods.

The basic unit of ANN is a neuron or node
(Fig. 1). It receives input signals (x, .. ) and a
bias value, which is always 1. In the neuron input,
signals are multiplied with their weight values
(w, .. w)). The bias assures that even if all input
signals are zero, there is activation in the neuron.
The activation function (G (I)) is used for introduc-
ing the non-linearity to the ANN.

I = WO + lel + Wzyz - +Wnyn (1)

Output
G(1)

Yn

Fig. 1. Typical neuron in ANN.
Sl. 1. Znacilen nevron v ANN.

Input

Hidden layer

Output Layer

Fig. 2. Structure of the BP artificial neural network.
Sl. 2. Struktura povratne nevronske mreze.

A typical ANN is composed of three different
layers of neurons; one input layer, one or multiple
hidden layers and one output layer. The simpli-
fied model is presented in Figure 2.

The input layer consists of neurons which re-
ceive information from input data. The number
of neurons in the input layer depends on input
data sources. For presented application the input
neurons were; 0, (tensile strength), ¢, (basic fric-
tion angle) and scanning parameters A, (maxi-
mum contact area), C (roughness parameter) and
0 ..~ (maximum apparent dip angle).

The hidden layer contains a different number
of neurons and is connected with the input and
output layer with a linear or non-linear transfer
function (Rashidian et al., 2013). The hidden lay-
er processes the information received from the
input neurons, and passes it to the output layer.

The output layer produces an appropriate re-
sponse to the given input. For presented ANN
there is a single output neuron; measured shear
peak shear stress (Tp).

The propagation of information in ANNs
starts at the input layer where the network is pre-
sented with a historical set of input data and the
corresponding (desired) outputs. The back-prop-
agation algorithm, used in this paper, is the most
widespread because it has a simple structure and
clear mathematical meaning (Cybenko, 1989). It
consists of two phases: forward and backward.
In the forward phase, the training data set was
introduced to the network and fed forward until
a prediction was calculated. The final output is
then compared to the target value and the error
signal is calculated. In the backward phase, the
error signal is back propagated in the network
from the output layer to the input layer and the
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appropriate weight changes are calculated using
a mathematical criterion that minimizes the er-
rors (Jain et al., 1996; Khandelwal et al., 2004).

Using these errors and a learning rule, the net-
work adjusts its weights until it can find a set of
weights that calculate an input/output pair with
the smallest error. This phase is called “learn-
ing” or “training”. Once the training phase of
the model has been successfully finished, the per-
formance of the trained model has to be validat-
ed using an independent validation set of data.

For the presented application 70 % of the data
were used for a training set and the rest for the
testing. The test set measured how well the mod-
el learned based on the data from the learning
phase. For validation, data are usually taken
from the whole set when there are not enough ad-
ditional data for this procedure.

Use of a 3D Scanner

For measuring rock joint surface roughness,
an Advanced Topometric Sensor (ATOS I) was
used (Fig. 3) which operates by combining mea-
suring principles of optical triangulation, pho-
togrammetry and fringe projection (Keller &
Mendricky, 2015). With the help of a projector,
different light-dark fringe patterns are produced
by the measuring part.

The ATOS system consists of three separate
components: the fringe digital projector and two
CCD cameras. The two cameras, separated by a
fixed distance, operate on the basis of known rel-
ative orientation thus forming the basis for tri-
angulation. The fringe digital projector, located
midway between both cameras, projects a struc-
tured light pattern onto the object to be scanned.
During the scanning process, the coded fringe
pattern undergoes a phase shift which means the
pattern rapidly changes and is therefore nearly
invisible to the human visual perception abilities.
This pattern alteration process is recorded by the
two CCD sensors with 3D coordinates calculated
for each camera pixel by applying optical trans-
formation equations. The resulting highly-de-
tailed image consists of millions of measuring
3D points which are acquired within a very short
time (few seconds) without physically contacting
the scanned surface. In the final step, the accom-
panying sensor software automatically generates
a high-resolution point cloud which represents a
precise 3D image of the scanned surface. Option-
ally, this point cloud can be further transformed
into a surface model (using typical triangular or
square grid templates (Fig. 4). In the figure the

roughness of the rock joint surface measured
from the share plane is presented.

The quality of surface measurements is obvi-
ously very important for the estimation of sur-
face roughness. The quality of the morphological
model depends on the density of the measuring
points, the measuring resolution and the preci-
sion with which these points can be located in
space. The measuring area of the ATOS I system
ranges from 125 x 100 mm? to 1000 x 800 mm? and
the number of measuring points per individual
scan reaching up to 1032 x 776 pixels.

E

|

Fig. 3. The ATOS I 3D scanner and the sample.
Sl. 3. Skener ATOS I 3D in skenirani vzorec.

X+Y+Z+

80

75

71

X

Fig. 4. Surface model of the rock joint.
Sl. 4. Skenirana povrsina razpoke.

Calculation methods of Grasselli model for the
peak shear stress calculation

Morphological parameters were calculated
from scanning samples according to the Grassel-
1i (2001) procedure (G01). The apparent dip an-
gle was used to calculate the three-dimensional
morphology parameters (Fig. 5). The procedure is
presented in equations 2 to 6.
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tanf; = tan 6 (—cos ) (2)

cos =i (3)
cosa = Ittllnrllll @)
0" = i S 6 (5)

where m is the number of triangles, 0" is the
apparent dip angle of the surface unit, a is the azi-
muth, 0 is the dip angle between the shear plane
and the joint surface, ¢ is the shear direction vec-
tor, n is the outward normal vector of the trian-
gle, n, is the outward normal vector of the plane
and n, is the projection vector of n. The maxi-
mum contact area (A is calculated as follows:

(6)

— A
AO — a

Where A is the area of the rock joint and A,
the contact area after the shear test.

The results from the ANN and from the Gras-
selli procedure were used for comparison. The
peak shear strength of the samples was calculat-
ed according to the proposed criteria (Grasselli,
2001) according to the eq. 7.

1 G;HG,X n
Tp = 0 * tan(p;) + (1 + exp (= g« e s ‘,’,—)) (7)

where o is the normal stress, o, is tensile
strength of the rock, ¢ basic angle of friction,
0* .. is the maximum apparent dip angle of the
surface unit, Cis the roughness parameter, calcu-
lated using a best-fit regression function, which
characterises the distribution of the apparent dip
angles over the surface. Brazilian tests were done
for tensile strength of the rock samples.

Fig. 5. Geometrical identifica-
tion of apparent dip angle - 0"

Sl. 5. Geometri¢na predstavi-
tev navideznega kota - ¢".

An average estimation error (E ) was cal-
culated (Kulatilake et al., 1995) for both results
(ANN and Grasselli model).

1
= ;2ﬁ1

Ttest—Tcal.

Eave * 100% (8)

Ttest

Test procedure

Samples of different lithology were taken from
the north part of Slovenia for a direct shear Rob-
ertson test. Samples had a diameter of less than
10 ecm and had a natural rock joint. They were
tested under different vertical stress between
0.1 and 0.4 MPa. Robertson direct shear tests
were performed according to the ASTM D5607
-16 standards and the final result of these tests
was peak shear strength for every sample (7). A
shear test of basic friction angle was performed
in a shear apparatus for every lithological type of
rock (¢ ). Before the capsulation of the samples,
the joints of the samples were scanned with the
ATOS I scanner to obtain the morphological pa-
rameters. A data processing program, written in
MatLab, was developed for the calculation of the
rock joint morphological parameters according
to Grasselli (2001).

Results

The morphological parameters of the rock
joints (A, C, 6* ) were calculated as a result of
scanning. The rest of the input parameters; o ,
0, and ¢,, were obtained from the Robertson
direct shear test. The morphological parameters
and shear strength parameters are presented in
Table 2.
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Table 2. Input data for the peak shear strength calculation

Tabela 2. Vhodni podatki za izra¢un vrhunske strizne trdnosti

o o A C
No Lithology (Ml;a) (Mlga) (_; O o () ?f’)
1 limestone 1.99 0.1 0.4147 17.03 86.86 24
2 limestone 1.99 0.3 0.5791 16.99 89.69 24
3 limestone 1.99 0.4 0.5499 28.75 75.55 24
4 limestone 1.99 0.4 0.1773 12.87 86.2 24
5 limestone 1.99 0.4 0.4859 20.87 82.807 24
6 limestone 1.99 0.3 0.4015 11.82 89.86 24
7 limestone 1.99 0.2 0.3953 27.92 86.95 24
8 limestone 1.99 0.4 0.4535 12.2 51.89 24
9 dolomite 2.17 0.15 0.3410 11.9 90 25
0 shale 0.3 0.4 0.5420 15.04 86.21 24
11 shale 0.3 0.2 0.4720 9.22 42.93 24
12 siltstone 2 0.1 0.4606 6.26 73.33 26
13 siltstone 2 0.4 0.2000 11.61 87.28 26
14 siltstone 2 0.4 0.3037 13.88 89.12 26
15 claystone 0.3 0.2 0.1200 19.98 84.74 20
16 claystone 0.3 0.2 0.4707 24.69 87.1 20
17 claystone 0.3 0.1 0.3459 13.27 89.9 20
18 sandstone 1 0.4 0.4613 11 79.25 30
19 claystone 0.3 0.1 0.4999 6.69 89.7 20
20 claystone 0.3 0.4 0.5020 9.4 84.24 24
21 siltstone /claystone 1 0.4 0.3655 28.62 89.9 24
22 claystone 0.3 0.4 0.3953 24.4 79.72 24
23 siltstone/ claystone 0.3 0.2 0.5105 9.25 89.05 24
24 siltstone 7.37 0.4 0.4238 15.05 89.71 30
25 dolomite 3.02 0.1 0.5829 6.46 79.12 30
26 dolomite 3.02 0.3 0.4821 7.21 82.08 30
27 siltstone 2 0.3 0.5153 12.46 84.87 30
28 dolomite 3.02 0.3 0.4821 7.21 82.09 30
29 dolomite 2.49 0.25 0.4126 6.06 90 28
30 claystone 0.3 0.4 0.4824 15.59 85.47 20

The prediction of peak shear stress (

T p) with

For example, if we added residual shear angle

ANN and G01 model was performed in the next
step. For both calculations the same input pa-
rameters were used (07, 0,, A, C, 0% ).

Results of the ANN model

Several ANN structures were used for the Ty
prediction, with a different number of neurons in
the input layer, but the best results were achieved
with the next structure:

Input layer; 6 neurons (o, 0, A, C, 0* ., ¢,)

Hidden layer, 29 neurons

Output layer, one neuron (7 )

(¢,) and type of lithology to the presented 6 input
neurons, the calculation made by the ANN did
not converge to the minimum error.

A hyperbolic tangent transfer function was
used as the activation function. We also used
an sigmoidal function, but the average estima-
tion error (E,) was almost the same. The trained
ANN predicted the peak shear strength with
quite a small average estimation error; E_ =6 %
(Table 2). A comparison between the predicted
peak shear strength with the ANN and with the
results from the laboratory Robertson test is pre-
sented in Figure 6.
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Fig. 6. Measured peak shear stress vs ANN predicted.

Sl. 6. Primerjava izmerjene vrhunske strizne trdnosti in
izrac¢unane z ANN.

Result of GO1 model

Next calculation was done based on the G01
model (eq. 8) and compared with the results ob-
tained from laboratory Robertson tests. The av-
erage estimation error between the Robertson
tests and calculation with G01 model was much
higher, E_ =28 % (Table 3).

The comparison between the calculated peak
shear strength with the G01 model and with the
results from the laboratory Robertson test is pre-
sented in Figure 7.

Table 3. Results of peak shear strength calculation for ANN
and G01 model.

Tabela 3. Rezultati izracuna vrhunske strizne trdnosti izra-
cunani z ABB in G01 modelom.

No | mehs. | ANN | GO1 | No | meas. | aNN | Gb1
(MPa) | (MPa) | (MPa) (MPa) | (MPa) | (MPa)

1| 006 | 006 | 035 | 16 | 0.07 | 0.07 | 0.68
2 | 025 | 018 | 0.01 | 17 | 0.05 | 0.06 | 0.13
3| 017 | 017 | 1.05 | 18 | 031 | 031 | 0.11
4 | 021 | 021 | 054 |19 | 006 | 0.06 | 0.21
5 | 020 | 022 | 063 | 20| 028 | 0.30 | 0.31
6 | 018 | 018 | 031 | 21 | 027 | 027 | 0.10
7| 012 | 012 | 047 | 22| 022 | 0.22 | 0.05
8 | 023 | 022 | 036 | 23| 014 | 0.09 | 0.19
9 | 012 | 012 | 012 | 24| 025 | 0.25 | 0.80
0| 030 | 030 | 0.28 | 25| 0.09 | 0.09 | 0.18
11| 013 | 0.09 | 0.06 | 26 | 0.29 | 0.29 | 0.06
12| 0.08 | 008 | 014 |27 | 0.23 | 023 | 0.39
13 022 | 022 | 029 | 28 | 0.29 | 0.29 | 0.06
14| 021 | 022 | 048 [ 29| 024 | 012 | 0.07
15 | 0.09 | 0.09 | 010 | 30 | 016 | 0.16 | 0.07
E, | 6% | 28%

1,20 -
Z 1,00 %
[-N
s
= 0,80 °
2 .
£ 0,60 LS
£ *
= @ *
3 040 *
% -’—_0_.—0._
& 0,20 Qe., . +
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Fig. 7. Measured peak shear stress vs G01 model.

Sl. 7. Primerjava izmerjene vrhunske strizne trdnosti in
izra¢unane z G01 modelom.

Discussion

The presented calculation was demonstrated
by analysing 30 samples of jointed rock. The in-
put parameters for the Grasselli calculation (G01)
and the ANN were the same. The peak shear
stress depends on the normal stress under which
the shear test is performed and because of this,
the normal stress (o)) is one of the most impor-
tant parameters. Grasseli (2001) showed that A,
Cand 0*  , are the most important morphologi-
cal parameters and tensile strength (o) and basic
friction angle ¢, are the most important strength
characteristics of the rock.

The peak shear stress of the rock joints was
measured in laboratory and then predicted with
the ANN and with the G01 model. The results of
both calculations are presented in Figure 8. Pre-
diction of peak shear stress with the ANN is very
close to the measured results, while the calcula-
tions with the Grasselli model were much higher
in comparison to the measured results for at least
for 30 % of samples.

Samples used in a comparable study (Gras-
selli, 2001) have larger dimensions, at least
200 mm x 100 mm x 100 mm and were consolidat-
ed under a normal load higher than 1 MPa. In our
case, samples were tested under the normal loads
between 0.1 and 0.4 MPa. The use of smaller sam-
ples and lower vertical load are probably a reason
for the higher average estimation error obtained
with the GO1 model. Such large samples are often
difficult to obtain for testing. Samples are usual-
ly taken from boreholes and they have a maximal
diameter of 10 cm and in this case the Robertson
shear test is much more convenient. The result of
the Robertson test was peak shear stress which
was then calculated with the ANN and Grasselli
model.
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The calculation with the ANN reaches very
good results; E,  was 6 %. The calculated Pear-
son coefficient was 0.93, which confirms a very
high correlation between the measured peak
shear stress and the predicted peak shear stress
with ANN. The comparison between the calcu-
lated and measured peak shear strength is pre-
sented in Figure 8.
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a
s
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Peak shear stress, measured (MPa)

Fig. 8. Peak shear stress; measured, predicted with ANN and
calculated with G01 model.

Sl. 3. Vrhunska strizna trdnost, napovedana z ANN in izra-
¢unana z GO1.

Results of more tests with different rock li-
thology have to be included in to the ANN in the
future. Given the diverse lithological composition
in Slovenia, it is necessary to include samples of
metamorphic and igneous rocks. Also, the num-
ber of samples of soft rock has to be increased,
because the main geotechnical problems usually
occurred in soft rocks like shale or claystone.

Higher number of samples could assure that
the trained ANN would be a useful tool in engi-
neering practice.

Conclusions

Shear geomechanical characteristic are the
most important factor in the stability of the joint-
ed rock mass. Usually the failure occurs along a
fissure or a joint. Peak shear stress is the main
parameter for a slope design, foundations or
tunnel excavations. If it is exceeded, the failure
could cause large damage to geotechnical struc-
tures. In the paper the technology of rock joint
scanning was used for determining the morpho-
logical parameters of the joint roughness. Addi-
tional parameters were obtained from the Rob-
ertson direct shear test and tensile strength from
the Brazilian test. Results showed that the ANN
could successfully predict the peak shear with
quite small error. The future research will be fo-
cused on analysing more samples with different

lithology, especially soft rock, to make the ANN
usable for wider engineering practice.
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Abstract

The alpine environment is characterized by complex geology, high-energy terrain, deeply incised river valleys
with high erosional potential, extreme weather conditions and dynamic geomorphic processes. Such settings
provide favourable conditions for the formation of composite landslides rather than individual slope mass
movement phenomena. As an example, we present the kinematics of the composite landslide Urbas in the North
of Slovenia which developed in the complex geological and morphological settings characteristic of the alpine
environment. The research combines several monitoring techniques and involves the integration of both surface
and subsurface displacements measured in the landslide area. The results indicate that the composite sliding
process consists of several simultaneous and interrelated types of movements occurring in different segments
of the unstable mass that are governed by different mechanisms of displacements, such as rockfall, sliding
and debris flow. The kinematic characteristics of a deep-seated landslide that formed in such conditions vary
spatially, but is rather homogenuous vertically, indicating translational type of movement. Spatial kinematic
heterogeneity is primarily related to the diverse terrain topography, reflecting in different displacement trends.
Based on the revealed kinematic proprieties of the sliding material, the sediment discharge illustrates the sliding
material balance which estimates the volume of the retaining material that represents the potential for slope
mass movement events of larger scales.

Izvleéek

Za alpsko okolje so zna¢ilni kompleksna geologija, raz¢lenjeno povrsje, globoko vrezane re¢ne doline z visokim
erozijskim potencialom, ekstremne vremenske razmere in dinami¢ni geomorfni procesi. Tak$ne razmere so, bolj
kakor za nastanek posameznih pojavov pobo¢nih premikov, prikladne za razvoj sestavljenih plazov. Kot primer
takSnega pojava predstavljamo primer sestavljenega plazu Urbas, ki se nahaja v severnem delu Slovenije in je
nastal v zapletenih geoloskih in morfolo$kih razmerah znacilnih za alpsko okolje. V raziskavi zdruzujemo vec
tehnik spremljanja plazov in povezujemo izmerjene povrsinske premike in premike na obmoc¢ju drsne ploskve.
Rezultati kazejo, da proces sestavljenega plazenja vkljucuje ve¢ medsebojno povezanih tipov premikov, ki se, z
razliénimimehanizmipremikanja (podor, plazenje, drobirskitok),isto¢asno odvijajovrazli¢nih delih premikajoce
se gmote. Kinemati¢ne znacilnosti globokega plazu, ki je nastal v tak$nih razmerah, se spreminjajo prostorsko,
po globini pa so precej homogene, kar nakazuje na translacijski tip premikanja plazu. Prostorska kinemati¢na
heterogenost pa je v prvi vrsti posledica oblikovanosti povrsja, ki se odraza v razli¢nih hitrostih premikov. Na
podlagi ugotovljenih kinemati¢nih lastnosti plazecega materiala smo s pomocjo racunanja prehajanja sedimenta
ponazorili bilanco plazece se mase in ocenili prostornino materiala, ki zastaja na obmoc¢ju plazu in ki predstavlja
potencial za pojav poboénih masnih premikov veéjih razseznosti.
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Introduction

The alpine environment is generally charac-
terized by complex geology, high-energy terrain,
steep rocky slopes, deeply incised river valleys
with high erosional potential, extreme weather
conditions and dynamic geomorphic processes.
Such conditions are favourable for the formation
of slope mass movements of different types and
sizes, from large-scale deep-seated rotational
and translational slides to shallow landslides,
slumps and sediment gravity flows in the form of
debris flows or mudflows. Rather than individual
slope mass movements, such complex conditions
commonly result in the formation of landslides,
characterized by several types of movements that
act simultaneously in different parts of the slid-
ing mass.

While complex landslides are slope mass
movements with a combination of two or more
principal types of movement in a sequence
(Varnes, 1978), the composite landslides exhibit
at least two types of movements simultaneously
in different segments of the failing mass (Cruden
& Varnes, 1993).

The main challenge in investigating the com-
posite landslides is in capturing the complete
landslide area, which may consist of several dif-
ferent geomorphological features and could be
driven by different geomorphic processes. For ex-
ample, steep rocky mountain peaks with rockfall
areas in the hinterland of the deep-seated land-
slide could provide supplementary input materi-
al and impact the main sliding process along the
sliding surface with an additional load. Also, the
sliding material originating from the deep-seat-
ed landslide could supply the debris-flow chan-
nel. Different processes involved in the composite
landslides demand different monitoring tech-
niques that considerably worsen the data compar-
ison. Heterogeneous geomechanical characteris-
tics of the sliding material, common for composite
landslides in complex geological conditions, also
need to be considered as an important factor. For
this reason, landslide body kinematics needs to
be analysed in three dimensions, as surface dis-
placements may not adequately represent the dis-
placements occurring at depth.

Landslide kinematics is a common topic in the
modern landslide research (Baum et al., 1993; Coe
et al., Briickl et al., 2006; Baldi et al., 2008; Mack-
ey et al., 2009; Uzielli et al., 2015; Schlogel et al.,
2015b; Gulla et al., 2016; Schulz et al., 2012, 2017,
Frattini et al., 2018; Crippa & Agliardi, 2021).
Also, several landslides in the alpine environment
have already been analysed and presented from

different perspectives (Crosta et al., 2004; Miko$
et al., 2006; Boniello et al., 2010; Barth 2013; Hus-
sin et al., 2015; Schlogel et al., 2015a; Vigano et
al., 2021; Jemec Aufli¢ et al., 2017; Mikos 2020,
2021 etc.). Although natural conditions are rather
commonly characterized by complex geological
and morphological settings, the kinematic or oth-
er analysis of composed landslides remains a rare
topic in landslide research (Stumvoll et al., 2022).
The contribution of the present paper to the
scientific community is to expose the phenome-
non of composite land sliding, present the appli-
cable methodological approaches and give an ex-
ample of the composite landslide kinematics that
develops in the complex alpine conditions.

Study area

The composite landslide Urbas is located in
the Karawanks mountain ridge in the eastern
part of the Alps (Fig. 1) and extends between
the elevations of 1150 m at the toe and 1350 m at
the crown. The area is under the influence of the
alpine climate, characterized by an annual pre-
cipitations between 2000 and 2600 mm with the
primary precipitation peak in autumn and sec-
ondary in the spring, and usually 150-200 days
of snow cover per year (Slovenian Environment
Agency).

In the last decades, several site investigations
and monitoring projects have been carried out
in the wider landslide-prone area (Mikos et al.,
2008; Jez et al., 2008; Komac et al., 2014; Oven et
al., 2019; Peternel et al., 2018; Janza et al., 2018;
Jemec Aufli¢ et al., 2019; Segina et al., 2020). For
a detailed overview of the investigations see Pe-
ternel et al. (2022). Several landslide bodies were
identified, among which the composite landslide
Urbas is the largest phenomenon in the area (Pe-
ternel et al., 2018) (Fig. 1). It covers an area of
about 1 km? Like some other slope instabilities
in the area (Peternel et al., 2018), its occurrence
is tightly connected to the complex geological
settings of the Karawanks system (Fodor et al,,
1998; Jez et al., 2008).

Spatially limited deep-seated sliding formed
within the Kosuta fault zone in a several hundred
meters wide area of soft, tectonically deformed
Palaeozoic clastic rocks with low permeability
(siltstone and claystone predominate, while sand-
stone and conglomerate appear in subordinate
quantities) that stretches along the Karawanks
in the central part of the slope (Fig. 2a). An esti-
mated volume of the deep-seated landslide body
is 1.578.700 m?. A sliding surface was determined
at the depth of down to 29.9 m (Fig. 2b).
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Fig. 2. a — Geological settings of the Urbas landslide, b — Geological section of the Urbas landslide (modified after Segina et
al., 2020). The SKUA-GOCAD software was used to obtain the main sliding surface.



164 Ela SEGINA, Mateja JEMEC AUFLIC, Matija ZUPAN, Jernej JEZ & Tina PETERNEL

ROCKFALL AREA IN THE HINTERLAND:
ADDITIONAL INPUT MATERIAL

PARTLY ERODED LANDSLIDE FOOT:
ENHANCED MATERIAL OUTPUT

Fig. 3. Field view of specific elements of the composed landslide in the dynamic alpine conditions, an example of Urbas lan-
dslide. a — The rockfall input area provides a supplementary sliding material. Past rockfall events that are already vegetated

are visible in the front, b — Fluvially eroded landslide foot.

Above the deep-seated landslide body, the
area is bounded by the rocky mountain ridge
composed of the Triassic and Jurassic limestone.
A wide rockfall zone indicates locally tectonized
and mechanically weak rocks that with different
processes such as rockfalls, rockslides and top-
pling of boulders, provide a continuous supply of
the slope material to the surface of the deep-seat-
ed landslide body. The material accumulates un-
der the steep rocky cliffs in a form of several ac-
cumulation fans that cover the landslide crown
so that the main scarp remains buried under-
neath, invisible to the naked eye. Traces of inac-
tive, partly vegetated talus cones extending fur-
ther downslope indicate more intensive rockfall
activity in the past (Fig. 3a).

Downslope, the deep-seated landslide body is
limited by the geologic contact between weath-

ered clastic and considerably more compact
Palaeozoic and Triassic carbonate rocks. There,
the two ridges composed of relatively more sta-
ble bedrock force the sliding mass accumulating
from a 500 m wide area to move through the nar-
row, 100 m wide debris flow channel (Fig. 3b). The
channel was incised by the Bela stream that col-
lects surface waters from the main landslide body
characterized by the low permeability of clastic
rocks. While the soft clastic rocks are mostly
washed out by the Bela stream in a suspension,
fragments of different sizes originating from the
rockfall zone in the hinterland of the landslide
body are gradually, but constantly transported
down the Bela stream towards the distant Sava
valley. Such topography disables the deposition
of a typical landslide foot. Instead, several paleo
alluvial sedimentary bodies evidenced in over

ROCKFALL
Rock face
SLIDING
Deep-seated
landslide body
DEBRIS-FLOW

COMPOSITE LANDSLIDE
ELEMENTS

Fig. 4. Composite landslide
elements as evidenced in
the case study of the Urbas
landslide.

4 Incised gully

@/ Active talus
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2 km distant Sava valley indicate that the mate-
rial originating from the landslides in the area
mobilized into the debris flows during the sever-
al massive, instantaneous events (Jez et al., 2008;
Jez et al,, 2019) (Fig. 1).

Investigations revealed that the Urbas land-
slide is composite landslide (Cruden & Varnes,
1996) consisting of three elements characterized
by different types of movements:

- rockfall area located in the upper part,

- deep-seated landslide defined by the slid-
ing surface, and

- debris-flow source area located in the low-
er part of the composite landslide (Peternel
et al., 2017; Peternel, 2017) (Fig. 4).

For a complete understanding of geomorpho-
logical processes operating within the composite
landslide, we considered not only the deep-seat-

ed landslide defined by its sliding surface but
the entire area of the composite landslide phe-
nomena including an active rockfall zone, main
deep-seated landslide body, talus accumulation
area, the zone of the debris flow channel and sur-
rounding unstable or potentially unstable areas
that exhibit shallow surface displacements visi-
ble on the digital elevation model (Fig. 2).

Materials and methods
Monitoring techniques

Inaccessibility, lack of electric power, irregu-
lar topography, steep slopes, specific slope aspect,
extreme weather conditions, dense vegetation,
as well as nature protected areas (Natura 2000
etc.) represent common limitations in monitoring
complex environments such as the alpine. Such
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limitations prevent some monitoring techniques
from acquiring satisfactory results, for exam-
ple, the InSAR. Considering all the constraints,
the Urbas landslide was simultaneously moni-
tored with four different monitoring techniques
which were considered to deliver the most useful
results and were integrated to obtain the com-
plete kinematics of the landslide (Fig. 5a, ¢). They
include two continuous (wire crackmeter and
GNSS), and two periodic monitoring techniques
(in situ geodetic field campaigns using tachym-
etric measurements and borehole inclinometer
surveys) (Fig. 5a, c).

Wire crackmeter measurements

A wire crackmeter consists of a transducer box
which includes the rotary electronic sensor with
a wire tensioning device. The target is an eyebolt
expansion anchor (Fig. 6a). The wire crackmeter
islocated at the right flank in the lower part of the
Urbas landslide (Fig. 5a). It continuously moni-
tors the opening of the right flank by providing
measurements at 15 min intervals. It measures
the absolute length of the wire installed across
the crack, presuming that the carbonate ridge at
the outer side of the scarp is stable. The stability
of the ridge was approved by the geological-geo-
morphological field examination (Peternel et al.,
2018). The accuracy of the wire crackmeter meas-
urements is estimated to be 1 mm. The extent of
the dataset is 1.5 years (Fig. 5c¢).

i EYEBOLT EXPANSION
% ANCHOR
3%

GNSS measurements

GNSS stations monitor the displacements oc-
curring at the surface of the landslide (Fig. 6Db).
Covering the entire landslide body, the GNSS
monitoring network aims to reveal spatial differ-
ences in landslide kinematics. GNSS monitoring
network consists of 6 GNSS stations, with one
representing the local reference point (Fig. 5a). Its
stability was determined by computing its posi-
tion over the whole monitoring period by the ab-
solute positioning (PPP) considering the EU plate
motion. Based on this, GNSS position calculation
daily provides the coordinates (X, Y and Z) of 5
antennae of interest. Technical specifications of
the GNSS monitoring system are presented in
Segina et al. (2020). GNSS method provides con-
tinuous data with a daily interval with the accu-
racy of 1 mm for the horizontal component (X,
Y) and 2 mm for the vertical component of the
displacement (Z). For the scope of this research,
the coordinates displacements were presented as
a 3D displacement [mm]. Over a one-year-long
dataset was available (Fig. 5c¢).

Tachymetric surveys using a total station

Tachymetric surveys measured accurate sur-
face displacements. Permanent topographic
prisms were installed on the concrete plates that
surround the piezometers and inclinometers caps
(Fig. 6¢). The measurements were taken with the
Leica Nova MS50 (angular accuracy 1”7, distance
accuracy 1 mm + 1.5 ppm) and Leica GPH1P

BOREHOLE WELLHEAD

%oy .

DATA LOGGER
AND
TRANSMITTER

Fig. 6. a — Wire crackmeter, b — GNSS station, ¢ — Location of permanent prisms for a tachymetric survey, d - Rain gauge.
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precision prisms (centring accuracy of 0.3 mm).
Vertical and horizontal displacements were de-
termined for 8 checkpoints. We established 4 ref-
erence points on a supposedly stable terrain (sta-
tions 1, 2, 11, and 12 in Fig. 5a). Reference points
11 and 12 are located on the carbonate ridge,
which divides the deep-seated landslide body
and unstable area on the SE. The displacement
were presented as 3D displacements [mm]. Three
geodetic field campaigns were carried out in the
year 2020 (Fig. 5c¢).

Borehole inclinometer survey

The borehole inclinometer survey provides
unique information on the subsurface landslide
displacements down to its sliding surface. A total
of four boreholes were drilled and equipped with
inclinometer casings with a diameter of 60 mm
to define the depth of the sliding surface and to
enable monitoring of the displacements of the
entire landslide body at various locations. The
boreholes were drilled at least 2 m into the stable
bedrock to ensure reliable measurements. The
measurements were performed down to 34.5 m
(Inclinometer 4), 23.5 m (Inclinometer 7), 27.5 m
(Inclinometer 8) and 27 m (Inclinometer 10). The
horizontal displacements was derived from the
tilt of the probe that is measured bottom-up in
the borehole with a uniaxial technique and at
an interval of 0.5 m. When the probe was unable
to pass through the casing, measurements of the
absolute shear displacement became impossible
(marked with “sheared”). Periodic inclinometer
surveys in the boreholes started in September
2019. Seven consecutive borehole inclinometer
field measurements were carried out during the
years 2019 and 2020 (Fig. 5c¢).

Precipitation measurements

Rain gauge provides a continuous dataset on
the amount of the precipitations with an hourly
interval and an accuracy of 0.2 mm. It is locat-
ed in the central part of the composite landslide
area (Fig. ba and Fig. 6d).

Monitoring data integration

First, we analysed surface and subsurface dis-
placements separately. Subsurface displacements
were acquired only with a borehole inclinometer
survey. Surface displacements were monitored
by three different techniques that were integrat-
ed to provide information on the spatial kinemat-
ic characteristics of the landslide surface. We in-
tegrated two continuous datasets, namely GNSS
and wire crackmeter data, with the periodic

tachymetric measurements. The integration of
continuous and periodic measurements includes
the following steps: i) definition of the periods
when periodic measurements were acquired, ii)
selection of the same periods in the continuous
datasets, iii) calculation of absolute displacement
that occurred within the defined periods for both
datasets and iv) correlation and analysis of the
data.

In the next step, we integrated surface and
subsurface displacements to analyse landslide
kinematic characteristics with depth. We con-
sidered surface displacements acquired with a
tachymetric survey, wire crackmeter and GNSS
methods and subsurface displacements acquired
by inclinometer surveys. The integration was
carried out following the presented integration
method. The displacements data are presented
as absolute measured values [mm)]. In some cases,
the results are presented as average monthly rate
[mm/month] to enable the comparison of data in
monitoring periods of different duration.

Sediment discharge

Sediment discharge as an indicator of sliding
material balance (Guerriero et al., 2017; Mack-
ey et al., 2009) was employed to analyse the in-
terrelationship between the three different ele-
ments of the composite landslide. It reveals the
potential retention of the material in the area of
the deep-seated landslide. The Urbas landslide
body is considerably narrowing from the land-
slide head to the landslide foot due to relative-
ly more stable bedrock that limits the sliding
surface from the sides. 500 m wide landslide’s
head reduces to around 100 m wide valley at the
landslide foot (Fig. 2a). To reveal the effect of a
decreasing landslide crossection on the displace-
ment rate of the sliding material, we observed the
total volume of the displaced material that moved
through the sectors of the landslide. Based on the
defined sliding surface (Fig. 2b) and the available
digital terrain model with 1 m resolution (Slove-
nian Environmental Agency), we extracted the
cross-sections across the landslide at the loca-
tions of four GN'SS monitoring points (GNSS 1, 2,
3 and 5) that are rather evenly distributed along
the profile of the landslide (Fig. 5a).

We calculated the difference between the vol-
ume of the material that entered and the volume of
the material that left the particular sector (sectors
are shown in Fig. 11) between the adjacent GNSS
points during the entire GNSS monitoring peri-
od (24/10/2019-06/12/2020), assuming that on the
cross-section, the landslide moves perpendicular
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to it and with same rate as measured with the
GNSS method:

AV=(A,x d,) - (A, xd) (1)

A, = area of the upper cross-section [m?]
A, = area of the lower cross-section [m?]

d, = measured displacement at the upper
cross-section [m]
d, = measured displacement at the lower

cross-section [m]
Results and discussion

Surface displacements

Surface displacements were analysed during
the period between 03/01/2020-09/09/2020 (251
days). They combined the data acquired with
GNSS stations, wire crackmeter and tachymetric
surveys (Table 1). To align with tachymetric field
campaigns, we isolated two periods, namely the
first between 03/01/2020-17/04/2020 (106 days)
and the second between 17/04/2020-09/09/2020
(145 days) (Table 1).

Table 1. Measured displacements of the surface material.

Object points 1 and 2 arelocated on the bedrock
that is considered stable. The surface morpholo-
gy indicates that the left flank of the landslide
is not entirely stable, but during the monitoring
period, the displacement was small (18.71 mm)
(Object point 10), or even under the detectabili-
ty of the method (GNSS 4). Small displacements
were also detected by the wire crackmeter at the
right flank of the landslide (23.91 mm). Medium
displacements occurred at the landslide head
(36.17-46.69 mm) (Object points 3-6 and GNSS
1-3). Similar displacements were observed at Ob-
ject point 8. Higher activity was observed at the
central part of the landslide (Object points 7 and
GNSS 5). During the monitoring period, this part
moved for approximately 150 mm.

Figure 7a shows a spatial distribution of sur-
face displacements. The most complete dataset
shows the displacements measured during the
second monitoring period. It visualizes spatial
heterogeneity in the kinematics of landslide sur-
face material. At the surface, the central part of
the landslide moves considerably faster than on
the edges and at the head of the landslide.

R B Sy
DURATION [number of days] 106 146 252
SURFACE DISPLACEMENT IN DISPLACEMENT IN CUMULATIVE
DISPLACEMENT [mm] PERIOD 1 [mm] PERIOD 2 [mm] DISPLACEMENT [mm]
Object point 1 0.00 0.00 0.00
Object point 2 0.00 0.00 0.00
Object point 3 15.58 21.51 37.09
Object point 4 19.66 24.42 44.08
Object point 5 21.24 25.45 46.69
Object point 6 17.06 23.86 40.91
Object point 7 69.35 86.17 155.52
Object point 8 19.88 27.52 47.40
Object point 9 73.23

Object point 10 13.93 4.79 18.71
GNSS 1 13.90 25.82 39.52
GNSS 2 16.29 27717 43.90
GNSS 3 13.20 23.09 36.17
GNSS 4 under detectability under detectability under detectability
GNSS 5 47.96 97.66 145.58
Reference point 0.00 0.00 0.00
Wire crackmeter 9.54 14.37 23.91
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Fig. 7. a— Surface displacement rate measured in the second monitoring period. b — Subsurface displacement rate at the sliding
surface and the depth of the sliding surface. Scales are comparable.

Subsurface displacements

The borehole inclinometer survey indicates
a variable depth of the sliding surface of the
deep-seated landslide body. It occurs down to
the depth of 20 m in the central part and at the
head of the landslide, at 11.5 m at the right and
3.5 m at the left flank of the landslide. Based on
other borehole drillings and geophysical surveys
carried out during the investigation of the Urbas
landslide, the sliding surface is the deepest at the
head of the landslide due to thick deposits of the
slope talus, followed by the central part of the
landslide (Fig. Tb).

Subsurface displacements were measured
in four boreholes during the period between
27/09/2019-16/09/2020 (356 days) (Fig. 5¢). Seven
borehole inclinometer surveys were carried out
during this time. They defined six monitoring pe-
riods (Table 2, Table 3). We present results of dis-
placements measured at the depth of 1 and 10 m,

Table 2. Measured displacements at the depth of 1 m.

respectively. At the depth of 20 m, no displace-
ment occurred in any borehole.

The same spatial heterogeneity of the displace-
ment trends detected at the surface was observed
also in the depth of the landslide body (Fig. 7a, b).
Generally, similar spatial relationships were ob-
served: the largest subsurface displacement was
measured in the central part, medium in the head
and minimal at the left flank of the landslide area
(Table 2, Table 3, Fig. Tb).

Vertically, the observed displacements in-
dicate various types of movements in different
parts of the deep-seated landslide body. Some
parts move as a compact sliding mass while some
developed several sliding surfaces or exhibit a
gradual vertical change in sliding velocity. Such
behaviour is related to the geomechanical char-
acteristics of the sliding material and the topog-
raphy of the sliding surface. At the head of the
landslide (Inclinometer 4) and at the right flank

PERIOD 27/09/2019 | 11/11/2019 | 30/11/2019 | 18/01/2020 | 29/03/2020 | 11/09/2020 | 27/09/2019
10/11/2019 | 29/11/2019 | 17/01/2020 | 28/03/2020 | 10/09/2020 | 16/09/2020 | 16/09/2020
DURATION [number of days] 45 19 49 72 167 6 356
DISPLACHMENTS (at -1 m) | PERIOD 1 | PERIOD 2 | PERIOD 3 | PERIOD 4 | PERIOD 5 | PERIOD 6 | (X0
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] .
Inclinometer 4 15.3 10.3 26.4 52.0
Inclinometer 7 4738 sheared 57.1
Inclinometer 8 7.6 1.9 11.0 14.0 24.9 59.4
Inclinometer 10 2.6 0.0 0.6 3.2
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Table 3. Measured displacements at the depth of 10 m.

PERIOD 27/09/2019 | 11/11/2019 | 30/11/2019 | 18/01/2020 | 29/03/2020 | 11/09/2020 | 27/09/2019
10/11/2019 | 29/11/2019 | 17/01/2020 | 28/03/2020 | 10/09/2020 | 16/09/2020 | 16/09/2020

DURATION 45 19 49 72 167 6 356

[number of days]

S A wTs | PERIOD1 | PERIOD2 | PERIOD3 | PERIOD4 | PERIOD5 | PERIOD 6 S

(at -10 m) [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] .

Inclinometer 4 16.6 11.3 25.8 53.7

Inclinometer 7 0.00* sheared

Inclinometer 8 7.6 2.4 10.7 13.0 24.8 58.5

Inclinometer 10 0.0 0.6 0.2 0.8

* The displacement is not captured because the sliding surface occurs at 9 m.

(Inclinometer 8), the landslide body moved rather
homogeneously from the sliding surface up to the
topographical surface as a thick layer of gravel
(or clayey gravel) slides on tectonically weakened
mudstone (Fig. 8). On the opposite, the left flank
of the landslide moved heterogeneously, form-
ing two sliding surfaces at 4 and 11.5 m depth
respectively (Inclinometer 10) (Fig. 8). The dis-
placements recorded shallower with respect to
the sliding surface at -3 m are of anthropogen-
uous nature. The landslide body moved hetero-
geneously in the central part as well (Inclinom-
eter 7). In this sector, the rate of displacement
with depth gradually decreases due to heteroge-
neity of the sliding material and irregular base-
ment morphology that cause the material to slow
down (Fig. 8). In the 2. period, the inclinometer

LANDSLIDE HEAD RIGHT FLANK

INCLINOMETER 4 INCLINOMETER 8 INCLINOMETER 10

LEFT FLANK

was sheared due to active sliding processes and
further displacement monitoring was impossible
(see Table 3). The nature of displacements along
the landslide profiles as indicated by the incli-
nometer measurements indicates translational
type of landslide movement.

The interaction of surface and subsurface
displacements

We integrated surface displacements acquired
with a tachymetric survey at inclinometers caps
and subsurface displacements derived from in-
clinometer measurements. We compared the
1. period of a tachymetric survey (03/01/2020-
17/04/2020) with the 4. period of borehole incli-
nometer survey (17/01/2020-28/03/2020) (common

Al

) 1

CENTRAL PART Fig. 8. The characteristi-
INCLINOMETER 7 cs of subsurface displace-
0 ment: A — at the landslide

the right flank of the lands-

/ head (Inclinometer 4), B — at
lide (Inclinometer 8), C — at
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period 1) and the 2. period of the tachymetric
survey (17/04/2020-09/09/2020) with the 5. period
of the borehole inclinometer survey (28/03/2020-
10/09/2020) (common period 2) (see Fig. 5¢). The
discrepancy of surface displacements obtained
by tachymetric survey in comparison to 1 m and
10 m deep displacements obtained by inclinom-
eter measurements are presumed to be related

to a weak temporal overlapping of the observed
periods (common period 1: 34 days longer ob-
servation period for tachymetric measurements;
common period 2: 21 days longer observation for
inclinometer measurements) (Fig. 9). Considering
this, the surface and deep displacements seem
to be relatively homogeneous and the landslide
movement can be considered as translational.

50

a INCLINOMETER/OBJECT POINT 4

INCLINOMETER 4

00

LANDSLIDE HEAD

N w e
o o o

Measured displacement [mm)]

-
o

Dry gravel with
30 sand and silt,
blocks

Dry gravel with
sand and silt with
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208 sandstone
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Fig. 9. Combined data on surface and subsurface displacements at the Inclinometers / Object points 4 and 8.

Table 4. Sliding material balance. Sectors are shown in Figure 5 and Figure 10.

Area of Measured Area of Measured V of displaced di svl(z;f: ed AV
SECTOR cross-section | displacement — cross-section displacement — material m aI: erial [m?]
—IN [m2] IN [m] - OUT [m?] OUT [m] —IN [m?] _OUT [me]
UPPER 2417 0.072 4273 0.079 174 338 -164
MIDDLE 4273 0.079 3862 0.069 338 267 71
LOWER 3826 0.069 119 0.570 267 68 199
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Sliding material balance

Referring to the vertical kinematic homogene-
ity, surface displacements obtained by the GNSS
method were considered in the calculation of the
sliding material balance.

Calculation showed that 164 m?® more materi-
al left the upper sector than entered it (Fig. 10).
Several explanations are possible: i) we underes-
timated the extent of the sliding surface in the
upper (northern) part of the landslide, ii) the up-
per part of the landslide is emptying (no morpho-
logical signs visible to confirm this option), iii) the
upper part of the landslide moves irregularly in
time so that the complete kinematic characteris-
tics of the sliding was not captured. Based on the
data from the GNSS station recently located in
the northern part of the landslide, the sliding sur-
face must had been underestimated in this area.

In the middle and lower sectors, 71 and 199 m3
less material left the areas than entered them
respectively, indicating the minor retention of
the material in both sectors. The amounts of the
retained material are relatively small, but only
over a year-long monitoring period has been con-
sidered.

Bottom line, 270 m3 of the sliding material
retained in the middle and lower sectors of the
landslide. More reasonably, monitoring at the
landslide foot does not entirely capture the dis-
placement of the output material, as soft rocks
are washed out in a suspension and unconsoli-
dated scree material of small dimensions prob-
ably moves faster than fragments of a size of a
boulder on which GNSS 5 is installed. Thus, the
actual volume that retained on the landslide is
presumably considerably smaller than calculat-
ed. Also, the calculations consider rather a short
monitoring period (one year and 2 months) which

200 250 300 350

400

might not be enough to reveal the complete slid-
ing material balance.

Kinematics of the composite landslide Urbas

A deep-seated landslide body moves rather
homogeneously, indicating the translational type
of the landslide movement. Current data suggest
that the displacement at the sliding surface is
induced by the scree accumulation which poses
an additional load on the uppermost part of the
deep-seated landslide body. However, an addi-
tional hydrological analysis will give a clearer
insight into the triggering factors of the displace-
ment mechanisms in the head of the deep-seated
landslide.

Sediment discharge indicates no substantial
accumulation of the material in the area of the
landslide. At present conditions, the composite
landslide Urbas is a rather balanced geomorphic
system, where the supplementary input of the
material from the rockfall zone is rather success-
fully compensated with the enhanced erosion of
the material in the debris-flow channel at the
landslide foot. The increased displacement rate
evidenced in the area of eroded landslide foot
mainly reflects the topographical narrowing of
the space available for the transport of the mate-
rial through the debris-flow channel rather than
incrised activity of the sliding in this part. The
localised erosion in this part of the composite
landslide is particularly effective due to the low
permeability of the bedrock in the main landslide
body that provides temporary and permanent
streams. However, the evidence of past events
indicates that, in particular weather conditions,
the occasional extreme debris-flow events are ca-
pable of reaching the bottom of the valley (Jez et
al., 2008).
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Conclusions

Due to complex geology and terrain topogra-
phy, the alpine areas are common environments
for landslide formation. This research shows that
rather than simple sliding, specific environmen-
tal settings induce the formation of composite
landslides characterized by several simultane-
ous and interacting types of movements. Under-
standing such landslide kinematics requires a
comprehensive approach including the following
elements:

- the definition of the complete landslide
area that includes, together with the land-
slide body defined by its sliding surface,
also the potential material supply and ero-
sion zones,

- extended monitoring network capable of
capturing the spatial differences of the dis-
placement trends,

- consideration of both surface and subsur-
face displacements,

- consideration of the dynamic sliding sys-
tem: a constant supply of the addition-
al material from the rockfall areas in the
hinterland, representing continuous addi-
tional material input, and erosion of the
landslide’s foot, representing enhanced
material output,

- influence of complex geology and topogra-
phy characteristic for compressional oro-
gens, on landslide kinematics

- estimation of the sliding material balance
based on the sediment discharge which
considers the topographic aspect of the
sliding surface and estimates the poten-
tial retention of the material on the land-
slide area that may represent the potential
risk for the occurrence of mass movement
events of larger scales.
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Abstract

In the southernmost outcrops of the Slovenian Basin the Middle Jurassic coarse-grained limestone breccia
(mega)beds are interstratified within a succession that is otherwise dominated by hemipelagites and distal
turbidites. In this paper, these beds are described as the Ponikve Breccia Member of the Tolmin Formation. We
provide descriptions of the studied sections with detailed geological maps and analysis of the breccia lithoclasts.
From the latter, a non-outcropping margin of the Dinaric Carbonate Platform is reconstructed. In the Late
Triassic the platform margin was characterized by a Dachstein-type marginal reef. After the end-Triassic
extinction event, the platform architecture remained, but the reefs were replaced by sand shoals characterized
by ooids. In the late Early Jurassic and/or early Middle Jurassic a slope area might have been dissected by
normal faults and a step-like paleotopography was formed. In the Bajocian, during a period of major regional
geodynamic perturbations, extensional or transtensional tectonic activity intensified and triggered the large-
scale collapses of the Dinaric Carbonate Platform margin producing the limestone breccias described herein.
This may in turn have caused a backstepping of the platform margin, as is evident from the occurrence of Late
Jurassic marginal reefs that are installed directly above the Upper Triassic and Lower Jurassic inner platform
successions.

Izvlecek

V najjuznejsih izdankih Slovenskega bazena se znotraj zaporedja, v katerem sicer prevladujejo hemipelagi¢ne
kamnine in distalni turbiditi, pojavljajo (vele)plasti srednjejurske debelozrnate apnenceve brece. V prispevku so
te plasti opisane kot Ponikvanska breca in sicer kot ¢len Tolminske formacije. V opisu podajamo podroben opis
proucenih profilov, vkljucujo¢ detajlne geoloske karte in analizo litoklastov v brec¢i. Iz slednjega je bilo mozno
rekonstruirati danes nerazgaljeni rob Dinarske karbonatne platforme. V poznem triasu je bil zanj znacilen
dachsteinski tip obrobnega grebena. Po triasno-jurskem izumrtju je arhitektura platforme sicer ostala enaka,
vendar so grebene nadomestile peS¢ene plitvine, za katere so znacilni ooidi. V pozni spodnji juri in/ali zgodnji
srednji juri je bilo obmoé¢je poboc¢ja razélenjeno najverjetneje z normalnimi prelomi in nastala je stopnicasta
paleotopografija. V bajociju se je v casu velikih regionalnih geodinamskih sprememb okrepila ekstenzijska ali
transtenzijska tektonska aktivnost, ki je sprozila obsezne porusitve robnega dela Dinarske karbonatne platforme
in nastale so tukaj opisane apnencaste brece. To bi lahko povzrocilo umik roba platforme, kar je razvidno iz
pozicije zgornjejurskih obrobnih grebenov, ki se pojavljajo neposredno nad zgornjetriasnim in spodnjejurskim
zaporedjem notranjega dela platforme.
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Introduction

The present-day geological structure of the
territory of Slovenia is largely the result of the
Late Cretaceous and post-Cretaceous tecton-
ic shortening of the continental crust stemming
from the Alpine orogenesis (Placer, 1999; Vrabec
& Fodor, 2006). The nappe structure is especially
evident in western Slovenia, where successions of
three large Mesozoic paleogeographic units meet
at the thrust faults (Fig. 1). Successions of the
Triassic—Early Jurassic Julian Carbonate Plat-
form (JCP hereinafter) and of the Early Jurassic—
Late Cretaceous Julian High are preserved in the
Krn Nappe, which forms most of the Julian Alps
and the Kamnik-Savinja Alps (Placer, 1999). The
Krn Nappe is in thrust-tectonic contact with the
Tolmin Nappe to the south. The latter is charac-
terised by deeper-marine successions deposited
in the Slovenian Basin (SB hereinafter). Further
south, the Tolmin Nappe is in turn thrusted over
the Trnovo and HrusSica Nappes of the External
Dinarides, consisting largely of shallow-marine

carbonates of the Dinaric Carbonate Platform
(DCP hereinafter) (Placer, 1999). According to
Vlahovié et al. (2005), the latter is a local synonym
for the northern sector of the Southern Tethyan
Megaplatform (Middle Triassic-Toarcian), and of
the Adriatic Carbonate Platform (Toarcian—end
of Cretaceous).

The central unit of the Mesozoic topography
is the SB, which lies between the Julian and Di-
naric Carbonate platforms, which separates them
but also provides a common sedimentary basin,
acting as a sink for carbonate resediments shed
from either of them. From the Early Jurassic to
the beginning of Toarcian, the main source of
carbonate shed into the SB was the JCP (Rozic,
2006, 2009). However, a dramatic decline in the
proportion of resedimented limestone was re-
corded during and after the Pliensbachian, when
the JCP tectonically disintegrated and carbonate
production ceased (Smuc, 2005; Smuc & Gori¢an,
2005; Rozic et al., 2014a).
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Fig. 1. a) Position of the studied area within the Europe; b) Present day distribution of three major Mesozoic paleogeographic
units of the Southalpine-Dinaric transition: Julian Carbonate Platform (yellow without stripes), Dinaric Carbonate Platform
(orange without stripes) and Slovenian Basin (areas with stripes). Upper Triassic (pink circles) and Upper Jurassic (blue
circles) locations of marginal reefs are marked (compiled from Turnsek, 1997, Placer, 1999 and Rozi¢, 2016); c¢) Schematic
sections of the Ponikve Breccia Member and Perbla section as a type locality of the Tolmin Formation (section localities are

marked on Fig. 1b).
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Younger, Toarcian to end-Jurassic deposits
from the SB are instead dominated by hemipe-
lagic sediments (Rozi¢, 2009). In the southern
parts of the SB, however, sporadic resedimented
limestones occur also in the Middle and Upper
Jurassic, mainly in the form of calciturbidites less
than a meter thick interbedded within radiolar-
ite. They are interstratified in two distinct levels
dated to Bajocian-Callovian and Kimmeridg-
ian-lower Tithonian, respectively (Rozi¢ & Popit,
2006; Rozic¢, 2009; Gorican et al., 2012). Instead of
being derived from the “north”, these carbonate
resediments originated in the “southerly” lying
DCP. The extensive research of the southernmost
outcrops of the SB showed that the lower (Bajo-
cian—-Callovian) resedimented limestones lateral-
ly pass into successions of limestone megabreccias
and subordinate calciturbidites up to 80 m thick
(Fig. 1c). These resediments likely record the col-
lapse of the DCP margin (Rozi¢ et al., 2019).

The composition of the resediments and their
regional significance were recently presented by
Rozi¢ et al. (2019), but a more detailed analysis
of the “lost” margin of the DCP was not includ-
ed in such. The aims of this paper are thus: 1) to
formalize breccia megabeds as a member of the
Tolmin Formation and to describe its lateral oc-
currences by contributing supplementary data on
the local geological settings of the studied sec-
tion, 2) to present a detailed clast analysis (mi-
crofacies, biostratigraphy, paleoenvironment) of
the recently studied sections (Rozic¢ et al., 2019)
and the Poljubinj and ZaposSkar sections from
older studies (Rozi¢, 2009), and 3) to reconstruct
the Norian-Rhaetian, Lower Jurassic, and early
Middle Jurassic margin stratigraphy of the DCP
on the basis of clasts from megabreccias.

Clast analysis also aims to answer two prom-
inent regional questions. The first is the question
of the structure and composition of the non-pre-
served Norian-Rhaetian marginal reefs on the
south-lying DCP. To the contrary, however, the
Upper Jurassic marginal reefs of the DCP are well
documented, but they are positioned far towards
the inner parts of the platform. Our study at least
partially answers the second question; namely, it
elucidates the causes for the back-steeping of the
DCP margin.

Geological setting

The SB is a large-scale (at least several tens
of kilometres wide and extending W-E across
the entire territory of present-day Slovenia) in-
traplatform basin that shows continuous Ladin-
ian to Maastrichtian deeper-marine sedimenta-

tion that was bordered by the DCP to the “south”
and the JCP to the “north” (present-day direc-
tions). The latter disintegrated in the Pliensbachi-
an and by the Bajocian turned into the subma-
rine plateau called the Julian High (Buser, 1996;
Smuc, 2005; Smuc & Rozi¢, 2010). The most con-
tinuous succession of the SB is preserved in the
Tolmin Nappe, which is the lowermost nappe of
the eastern Southern Alps (Placer, 1999, 2008).
In the eastern part of Slovenia, the equivalent
deeper-marine successions are also found within
the so-called Transition Zone between the Inter-
nal and the External Dinarides, where they form
nappes covering the shallow-marine successions
of the DCP (Buser, 1996, 2010; Rozi¢, 2016). All of
the studied sections represent the southernmost
outcrops of the SB, distributed from the town of
Tolmin in the west to the Mirna River Valley near
the town of Sevnica in the east. Further to the
east, the Mesozoic rocks are covered by the Neo-
gene sediments of the Central Paratethys (Buser,
2010).

The Ladinian succession of the SB is domi-
nated by Pseudozilian beds, by volcanoclastic,
clastic, and less frequently carbonate sediments.
A similar succession is observed also in the Car-
nian Amficlina beds, but with fewer volcanoclas-
tics (Buser, 1989, 1996). In the southern part of
the SB a large-scale platform collapse was doc-
umented within the Carnian strata (Gale et al.,
2016). After the reestablishment of continuous
carbonate production on the DCP in the Norian,
the SB became dominated by carbonates, mostly
by Norian-Rhaetian Ba¢a Dolomite (Buser, 1996),
and locally limestones of the Slatnik Formation
(Rozic et al., 2009; Gale et al, 2012).

The Jurassic succession of the SB begins with
the Hettangian-Pliensbachian Krikov Forma-
tion, which is characterized by alternating hem-
ipelagic and resedimented limestones. The latter
dominate in the northern part of the SB, sug-
gesting that the JCP was the main source of the
resediments (Rozi¢, 2006, 2009). After the disin-
tegration of the JCP, the SB became starved of
(resedimented) carbonate, resulting in the dep-
osition of the Toarcian marlstone-dominated
Perbla Formation and Aalenian-lower Tithonian
chert-dominated Tolmin Formation (Rozic, 2009;
Gorican et al., 2012). Two levels of resediments
occur within the Tolmin Formation in the south-
ern and central parts of the SB, both shed from
the DCP (Rozi¢ & Popit, 2006; Rozi¢, 2009). The
lower level, Bajocian-Bathonian (?Callovian) in
age, is a distal equivalent of the limestone mega-
breccias analysed herein (Rozi¢ et al., 2019).
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The Jurassic—Cretaceous transition is marked
by a sharp turn to the calcareous hemipelagic
sedimentation, and Upper Tithonian-Berriassian
Biancone-type limestone was deposited. Above,
a poorly understood Valanginian-Barremian
stratigraphic gap is present (Buser, 1996; Rozi¢ et
al., 2014a). Until the end of the Cretaceous the SB
continuously received resedimented limestones
from the DCP, but the nature of the hemipelag-
ic sedimentation was changing. During the Ap-
tian-Lower Cenomanian it was marl dominated
(Lower Flyschoid formation). The Upper Cen-
omanian-Turonian succession was character-
ized by globotruncana-rich marly, varicoloured
limestone (included in Lower Flyshoid formation
by Cousin, 1981; also in our maps). Coniacian to
Campanian is represented by Scaglia-type Volce
Limestone, composed of gray hemipelagic lime-
stones with cherts. The Maastrichtian Upper Fly-
schoid formation is again marlstone dominated. It
records a gradual transition to syn-orogen flysch
sedimentation (Cousin, 1981; Buser, 1989, 1996).

Methods

A detailed geological mapping (scale 1: 5000)
was performed in all investigated areas. Sedi-
mentological sections were logged at 1: 100 or 1:
50 scales. Sections were sampled in dense inter-
vals. Microfacies, corals, and foraminifera from
the matrix and clasts of breccias were deter-
mined for more than 300 thin sections using an
optical polarizing microscope. Approximately
1500 clasts were analysed and divided into 25
groups according to their age and microfacies
characteristics. Each group was compared with
the Standard Microfacies Types (after Wilson;
1975; revised in Fliugel; 2004). Classification of
carbonates follows Dunham (1962), with mod-
ifications by Embry and Klovan (1971). In the
Lovris section, several samples of conodonts
were taken from bigger clasts. A standard tech-
nique to recover conodonts was applied using di-
luted acetic acid followed by heavy liquid sepa-
ration. One sample was positive. In the Mrzli vrh,
Lovris§, and Trnje sections cherts above, within,
and below the limestone megabreccia unit were
treated (with diluted 9 % hydrofluoric acid) for
radiolarians but yielded no results.

Formalization of the Ponikve Breccia Member of
the Tolmin Formation

Short description of the Tolmin Formation:
The Tolmin Formation was defined by Rozi¢ (2009)
as an Aalenian-lower Tithonian unit composed
of siliceous hemipelagites (for Perbla type sec-

tion see Fig. 1c). It was divided into two members.
The lower member, Aalenian-middle Bajocian in
age, is composed of dark siliceous limestone and
chert. The upper member (middle Bajocian-low-
er Tithonian) comprises varicoloured radiolarite.
Calciturbidites are interstratified within the pe-
lagites in the southern and central parts of the SB
in two levels. The lower level lies at the boundary
between the lower and the upper member of the
formation. These calciturbidites were approxi-
mately dated to the Bajocian-Bathonian (?Call-
ovian) and named Lower resedimented lime-
stones. The upper level occurs in the uppermost
part of the formation. It was dated to the upper
Kimmeridgian-lower Tithonian and named the
Upper resedimented limestones. Herein, we for-
malize the limestone breccia megabeds as a new
member of the Tolmin Formation, and represents
the lateral, proximal variability of the Lower re-
sedimented limestones.

Name: Ponikve Breccia Member — It is thickest
and best studied near the Ponikve Village on the
Sentvigka planota plateau. A similar term is also
used for the Ponikve Klippe (that geologically
comprises the Sentvigka planota plateau), which
is considered to represent the southernmost out-
crops of the SB in western Slovenia.

Previous work: The Ponikve Breccia Mem-
ber is characteristic for the southernmost sec-
tions of the SB succession. Breccias belonging
to this member were previously mentioned by
Cousin (1981) from localities near Tolmin, and
by Ogorelec and Dozet (1997) from the vicinity of
the town of BosStanj near the valley of the Mirna
River. Breccias from the Poljubinj and Zaposkar
sections were previously described in Rozi¢ and
Popit (2006), and Rozi¢ (2009). Middle Jurassic
Limestone breccia beds are reported from the
Zelezniki area by Dems$ar (2016). A first detailed
description of the unit was given by Rozi¢ et al.
(2019).

Short definition: The Ponikve Breccia Mem-
ber is usually several tens of meters thick. It can
consist of a single or multiple, often amalgamated
breccia beds. The member lies with a sharp ero-
sional contact on older basinal formations, most
often on the Hettangian-Pliensbachian Krikov
Formation dominated by hemipelagic limestone
with chert. At the top, the Ponikve Breccia mem-
ber is conformably overlain by radiolarite or
hemipelagic limestone with chert of the Tolmin
Formation (Rozic., 2009; Rozi¢ et al., 2014a). In
some locations, the upper boundary is marked
by a disconformity and younger formations (e.g.
Lower Flyschoid formation) are overlain.
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The thickness of the limestone breccia beds
varies from meter-scale up to almost 80 m. Brec-
cia is coarse grained and often contains me-
ter-sized boulders. It consists of the Upper Trias-
sic to Middle Jurassic basin, slope, and platform
margin carbonate lithoclasts. Clasts are embed-
ded in a micrite matrix with ooids and bioclasts
(thin-shelled bivalves, crinoids). Breccia beds
can be associated with calciturbidites, namely
graded microbreccia and calcarenite. Exception-
ally, hemipelagic sediments can be interstratified
between thick breccia beds. Towards the central
part of the basin this member laterally passes
into the Lower resedimented limestones of the
Tolmin Formation.

Description of the type locality: The type lo-
cality of the Ponikve Breccia Member is the Pod-
brdo section (Fig. 2), located on the SW slopes
of the Sentviska planota plateau (N46°08’06”,
E13°47°50”), near the village of Ponikve. The sec-
tion is named after the local name for a gorge and
is not to be mistaken for the town of Podbrdo that
lies in the Baca Valley.

In this section, the Ponikve Breccia Member
lies unconformably on the Krikov Formation
dominated by hemipelagic limestone. It is 57.5 m
thick and composed of amalgamated limestone
breccia and subordinate calcarenitic beds. It be-
gins with three limestone breccia beds (0.6, 2.3
and 8.4 m thick) that contain cm-sized litho-
clasts. The succession continues with an inter-
val almost 5 m thick dominated by fine-grained
limestone breccia, often matrix supported (peb-
bly calcarenite). Beds at the base of this inter-
val are several tens of centimetres thick and be-
come less expressed upwards. The thickest and
coarsest bed follows, which reaches 37 meters
and contains lithoclasts up to 10 m in size. The
Ponikve Breccia Member ends with two graded
fine-grained limestone breccia beds (1.3 m and
2.5 m thick, respectively) followed by three thin
packstone beds.

The Ponikve Breccia Member is overlain by si-
liceous limestones and cherts of the Tolmin For-
mation (for details see Rozic¢ et al., 2014a). Two
supplementary sections were logged in the vicin-
ity of the type section (see below).

Lateral variability: geological maps of the
studied areas and description of the studied
sections

The Ponikve Breccia Mb is characteristic for
the SB’s southernmost (most marginal) sections.
So far, it is documented in areas of the sections
presented herein. Additionally, Middle Jurassic
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Fig. 2. Detailed stratigraphic log of the Podbrdo section (type
locality of the Ponikve Breccia Member) with positions of
specific lithoclast types (for legend see Fig. 7).

breccia beds are mapped in the SB outcrops near
the town of Zelezniki (Demsar, 2016) which is
located between the Zaposkar and Skofja Loka
sections, and near the town of Bostanj (Ogorelec
& Dozet, 1997), close to the Mirna sections and
the town of Celje (Sherman et al., 2022). The are-
as of the studied sections are described in a west-
to-east direction.
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Fig. 3. Geological maps of the Mrzli vrh, Poljubinj and Ponikve Plateau areas with locations of the studied sections.

Mt. Mrzli vrh section

The Mt. Mrzli vrh section was logged 3.5 km
NW of the town of Tolmin where the western-
most outcrops of the SB are preserved (Fig. 3).
The succession is generally equal to the one de-
scribed above in the Geological Setting chapter,
but the Norian-Rhaetian is dominated by mas-
sive dolomite overlain by basal limestone breccia
of the Krikov Formation (for details see Rozi¢, et
al., 2017). Some coarser grained calciturbidites
(limestone microbreccia) occur within the Krik-
ov Formation.

The studied Middle Jurassic limestone mega-
breccia occurs solely on the westernmost cliffs of
the Mt Mrzli vrh where the section was logged
(N46°12’43”, £13°41°49”). The contact with the un-
derlying Krikov Formation is erosional. The Pon-
ikve Breccia Member is 44 m thick and composed
of a single graded bed with m-sized boulders,
with cm-sized clasts at the topmost part of the
bed (Fig. 4).

It is overlain by approximately 15 m thick ra-
diolarite of the Tolmin Formation and 4 m of the
Biancone-type limestone. The overlying Lower
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Fig. 4. Detailed stratigraphic logs of the Mrzli Vrh, Poljubinj, and Zaposkar sections with positions of specific lithoclast types
(for legend see Fig. 7).

Flyschoid formation is dominated by coarse lage on the NW slopes of Mt. Kuk (N46°10°43”,
grained resedimented limestones and forms an  E13°45'28”). Here, the overall succession shows
angular unconformity with underlying sedimen-  more continuous and “classical” basinal succes-
tary rocks. Consequently, all Middle and Upper sion, which is displaced along several NW-SE
Jurassic beds are laterally eroded (towards east) and W-E oriented faults (Fig. 3).

and basal limestone breccias of the Lower Fly- The Ponikve Breccia Member lies on top of
schoid formation directly overlie the Krikov For-  the Perbla Formation (maybe even above a few
mation. In the mapped area, south of two prom-  basal beds of the Tolmin Formation). It is 11 m

inent E-W trending faults, the Lower Flyschoid thick and contains dm-sized clasts (Fig. 4). It
formation lies directly on the massive dolomite, is followed by 9 m of thin- to medium-bedded
and these faults are proposed to be reactivated ooidal calcarenites (calciturbidites) and fur-
paleofaults (for details see Rozic, 2005). ther up by radiolarite of the Tolmin Formation
(Rozi¢ & Popit, 2006). The base of the latter was
dated with radiolarians to the UAZ8 (middle

The Poljubinj section is located 1.5 km SE  Callovian to lower Oxfordian) (Gorican et al.,
of the town of Tolmin, near the Poljubinj Vil-  2012).

Poljubinj section
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Ponikve Klippe: Idrija pri Bac¢i, Podbrdo, and
Lowvris sections

This area is located further to the SE (6 km
from the town of Tolmin) on the NE slopes of the
Senviska planota plateau (Fig. 3). The area struc-
turally belongs to the Ponikve Klippe, the only
SB succession preserved south of the South-Al-
pine thrust-front in all of western Slovenia (Bus-
er, 1986; Placer, 1999). The contact with the un-
derlying Trnovo Nappe of the External Dinarides
is a thrust that is displaced by NW-SE strike-slip
faults.

The SB succession in the Ponikve Klippe is in
anoverturned position and shows quite typical SB
development. The Ponikve Breccia Member forms
a continuous belt along the southern slopes of the
Sentviska planota plateau facing the Idrijca Riv-
er Valley. Three sections were logged within this
belt. In the Idrija pri Baci section (N46°08’26",
E13°47°07”) on the NW end of the belt, the Pon-
ikve Breccia Member is 80 m thick and seeming-
ly composed of a single breccia bed composed of
m-sized boulders (Fig. 5). Towards the SE lies
the Podbrdo section, described as the type-sec-
tion above. The Lovris section was logged on the
SE end of the facies belt (N46°07’55”, E13°48°14”).
The single limestone megabreccia bed was logged
for 75 m, though the breccia unit may be even
thicker, because the lower boundary is covered.
This bed contains large limestone boulders that
often exceed 10 m in diameter (Fig. 5).

The described lateral changes in thickness
and grain size of the member indicate that the
topmost (thickest and coarsest) megabreccia bed
is channelized into the underlying strata, often
completely eroding preceding limestone breccia
beds, which are preserved only in the Podbrdo
section. The upper and lower boundaries of the
Ponikve breccia are the same as in the type-lo-
cality section.

Zaposkar section

The Zaposkar section is located 3.5 km north
of town of Cerkno in the Zaposka grapa gorge
that cuts the southern slopes of Mt. Porezen
(N46°09°47”, E13°58’°27”). The facies belt is con-
tinuous and displaced solely by a minor NW-SE
trending fault (Fig. 6). In the Zaposkar section,
the succession of the Lower resedimented lime-
stones of the Tolmin Formation is 25 m thick and
composed of calcarenites and limestone breccia
beds (Fig. 4). The latter are up to several meters
thick and positioned in the central part of this
succession and can be assigned also as the Pon-
ikve Breccia Member. It lies on the siliceous lime-

stone of the Lower Member of the Tolmin Forma-
tion and is overlain by radiolarite of the Upper
Member of the Tolmin Formation. Laterally, the
Ponikve Breccia Member pinches out completely,
and the two hemipelagic members of the Tolmin
Formation are in direct contact.

Skofia Loka: Podpurflca and Trnje sections

The investigated area is constrained to a nar-
row N-S extending belt of the SB outcrops, which
starts approximately 1.5 km west of Skofja Lo-
ka’s old town and extends for several km towards
the north. The area is characterized by a rather
complicated tectonic structure (Fig. 6). In a rela-
tively small area three nappes (thrust sheets) are
recognized. The lowermost is the Trnovo Nappe
composed of the DCP succession ranging from
Upper Triassic Dachstein Limestone down to the
Palaeozoic basement rocks, whereas the upper
two consist of the SB successions.

In the middle thrust-sheet, the Carnian to
mid-Cretaceous SB successions are found. It is
composed of two distinctly diverse successions
that exhibit major differences in the Jurassic
part of the succession. The thrust sheet starts
with shale/marlstone-dominated Amficlina beds
which in the uppermost part contain an interval
of thin-bedded micritic limestone several tens
of meters thick, which is known in older liter-
ature as Skofja Loka limestone (Ramovs, 1994).
Upwards, it is followed by Norian-Rhaetian
Baca Dolomite dominated by bedded dolomite
with chert nodules, but in the Norian part thick
dolomite-chert breccia beds are present and ac-
companied by synsedimentary faults (Oprckal et
al., 2012). Upwards, through the cherty interval
it passes into the Krikov Formation (named Van-
covec limestone in Demsar, 2016) and the thin
(10 m) Perbla Formation (here we notice that in
the field it is often impossible to distinguish be-
tween the micritic limestones of the Krikov For-
mation and those from Amficlina beds).

The Ponikve Breccia Member is slightly
channelized and reaches approximately 50 m in
thickness (Fig. 7). It was logged in a Podpulfr-
ca section along the road between the villages of
Podpurflca and Gabrovo (N46°09’31”, £14°17°24").
It is composed (often indistinctly) of amalga-
mated beds of limestone (mega)breccia and
subordinate calcarenite beds. Bed thicknesses
vary from tens-of-centimetres to almost 10 m.
The upper part of the member was additionally
logged in a supplementary section located along
the main road between Skofja Loka and Cerkno
(N46°09'12”, E14°17°25”). The Ponikve Breccia
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Member is unconformably overlain by the mid-
Cretaceous Lower Flyschoid formation. The upper
member of the Tolmin Formation, as well as the
Biancone-type limestone, were eroded in this area.

In the same thrust-sheet a specific, fault-iso-
lated succession is found on the Des$na hill in the
southern part of the mapped area (Figs. 1 and 6).
The major part of the hill is composed of Baca
Dolomite rich in dolomite breccia. It is overlain,
after a long stratigraphic gap, by a thin interval
of alternating radiolarite and marlstones (Up-
per member of the Tolmin Formation). These are
overlain by Biancone-type limestone followed by
the Lower Flyschoid formation.

In the structurally highest thrust sheet, lo-
cated north of the Selska Sora River and Trnje
Village, the succession is more continuous. Here
the Ponikve Breccia Member overlies the Perb-
la Formation and reaches almost 60 m in thick-
ness (Fig. 7). It is composed of two thick beds (20
and 38 m), separated by a laterally discontinu-
ous interval of reddish radiolarite (alternative-
ly it could be a large chert lithoclast) up to 2 m
thick. Both breccia beds show normal grading
in the uppermost parts. The Ponikve Breccia
Member is followed by a succession of red and
green radiolarite some 30 m thick. Upwards,
however, another 20 m- thick graded limestone
megabreccia bed occurs, whose composition re-
sembles the main interval. Both limestone mega-
breccia intervals were logged in the Trnje sec-
tion on the northern slopes of the Mala Roven
hill (N46°10’57”, E14°17°03”). Upsection, another
20 m of red-violet radiolarite is found, which is
followed by 40 m of the Biancone-type limestone.
The contact between the Biancone Limestone and
the south-lying Lower Flyschoid formation is a
north-dipping thrust fault.
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Thrust structures are further dissected by a
dense network of generally N-S striking nor-
mal faults that occasionally redirect towards a
NW-SE strike. In this setting, the eastern blocks
(closer to the Ljubljana Field) were downthrown.
The structure may have originated in the tran-
stensional wedge between two regional NW-SE
oriented faults (Rozi¢ et al., 2015). In the mapped
area the greatest downward movements were
along the contact with the southwestern fault
(seen in SW edge of mapped area in Fig. 6), which
caused a further tilting of tectonic blocks (in-
cluding beds as well as thrust planes). The de-
scribed southward tilting is responsible also for
the atypical, slightly south-dipping thrust plane
between the Trnovo Nappe (DCP succession) and
the middle thrust-sheet (SB succession with Pod-
pulfrca section).

Mirna River Valley: Jelovec and
Krvavi mort sections

The studied area is situated in the Mirna
River Valley, between the small villages of Ga-
brje and Jelovec, approximately 6 km SW of the
town of Sevnica (Fig. 6). The area is dominated
by a Lower Flyschoid formation. This shale-rich
formation was previously mapped as Ladinian
beds, but during mapping nanoplankton as well
as foraminifers (in calciturbidites) were found
and determined the mid-Cretaceous age of this
formation (Ivekovié¢, 2008). Jurassic beds out-
crop in the central part of the valley in tecton-
ic blocks separated by SWW-NEE and NW-SE
striking faults. The Jurassic succession begins
with the Krikov Formation, which is dominated
by micritic limestones but contains few calci-
turbidite (graded calcarenite) beds. It is uncon-
formably overlain by a Ponikve Breccia Member
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Fig. 8. Detailed stratigraphic logs of the Mirna River area: Jelovec and Krvavi Mort sections with positions of specific litho-

clast types (for legend see Fig. 7).



A glimpse of the lost Upper Triassic to Middle Jurassic architecture of the Dinaric Carbonate Platform margin and slope 189

that is composed of a single limestone mega-
breccia bed. In the Jelovec section, logged in a
gorge near the eastern entrance of the Lepi Dob
railway tunnel, north of the Trebnje-Sevnica
regional road (N45°59°23”, £15°13’43”), the brec-
cia bed is 10 m thick and graded (Fig. 8). The
supplementary Krvavi Mort section was logged
in the Krvavi Mort gorge south of the Trebnje—
Sevnica regional road (N45°59’19”, E15°14°07"").
In this section, the breccia bed is thicker (at
least 14 m) with large clasts occurring also in
the upper part of the bed. Upsection, the brec-
cia is overlain with sharp contact (logged in the
Jelovec section) by an interval of medium-bed-
ded, graded calcarenites (calciturbidites) 8 m
thick, which have not yielded age-diagnostic
fossils. According to the composition, which is
the same as the Upper resedimented limestones
of the Tolmin Formation, these calcarenites
could already be Late Jurassic in age. Above, the
35 m thick Biancone-type limestone outcrops.
In the area studied herein, the interval between
the Krikov Formation and the Biancone lime-
stone therefore lacks the hemipelagic sediments
of the Perbla and Tolmin formations, which are
usually present in other sections. However, ra-
diolarite was reported a few kilometres east by
Ogorelec and Dozet (1997).

Microfacies of the Ponikve Breccia Member

The dominant lithology in the Ponikve breccia
member is a limestone breccia, whereas in some
sections calcarenites also occur. In this paper we
focus on the clast- and matrix-analysis of the
breccia beds (see below). Calcarenites are often
graded grainstone/packstone composed of ooids,
peloids, intraclasts, basinal clasts (mud-chips)
and bioclasts, i.e. predominantly echinoderms.
Other fossils are benthic foraminifers, bivalve,
brachiopod and ostracod shells, gastropods, and
bryozoans. With fining composition changes into
packstone composed of pellets to peloids and bi-
oclasts, predominantly echinoderms, calcified
radiolarians, and rare benthic foraminifers (for
details see Rozi¢ & Popit, 2006; Rozi¢, 2009; Rozi¢
et al., 2018).

Composition of the limestone breccia matrix

Apart from the Mt. Mrzli Vrh section, the
composition of the breccia matrix is generally
uniform in all studied sections. It is mostly pack-
stone, locally grainstone, composed of grains
that are believed to be generally contempora-
neous with sedimentation. The matrix is locally
dolomitized.

The grain composition is variable within and
between different sections. However, except for
the Mt. Mrzli vrh section, coarse micritized oo-
ids and small- to medium-sized radial ooids with
peloids and bioclasts in their cores (foraminifers,
gastropods, crinoids, ostracods, bivalves, etc.) are
always present and often dominant. The pack-
stone/grainstone exhibit bimodal distribution in
the size of the grains (Fig. 9a). Other grains, such
as intraclasts, peloids (pellets), aggregate grains
(lumps) and diverse bioclasts are also present
(Fig. 9b). The most common bioclasts are echino-
derm fragments and foraminifers, among which
the trocholinids dominate over textularids and
lagenids. Fragments of thin-shelled bivalves are
locally present. Other molluscs (bivalves, gastro-
pods, and brachiopods) are very rare. Other rare
bioclasts are corals, calcimicrobes, bryozoans,
and microbially encrusted, completely recrystal-
lized clasts (presumably recrystallization-prone
bioclasts, such as chaetetids).

Alongside the aforementioned grain types, on-
coids were also observed. They are abundant in
the lower part of the Podbrdo section and were
documented in the Mirna Valley area (Krvavi
Mort section), as well as in the Skofja Loka area
(Podpulfrca section). The cores of the oncoids
are either micritic or contain bioclasts, such as
gastropods, bivalves, fragments of encrusting fo-
raminifers, or calcimicrobes.

In contrast to breccias in other sections, the
matrix of breccias in the Mt. Mrzli vrh section
is a fine-grained packstone with fragmented
thin-shelled bivalves and other bioclasts, among
which echinoderms and sponge spicules prevail.
Pellets, phosphate, and glauconite grains occur
sporadically, whereas micritized ooids are pres-
ent, but very rare.

Both at the Ponikve Klippe and at Mrzli vrh
the matrix of the limestone megabreccia is most-
ly dolomitized. Locally the dolomitization affects
the micritic lithoclasts as well. The primary tex-
ture and composition of the matrix are preserved
only in the pebbly calcarenites of the lower part
(from the 15 to the 20" metre-mark) of the Po-
drbdo section (Ponikve Klippe) and partially in
the uppermost part of the limestone megabreccia
bed in the Mrzli vrh section.

In addition to the above-mentioned allochems,
the breccia matrix and calcarenites in all sections
also contain sand-sized lithoclasts. Their compo-
sition is identical to the composition of the larger
clasts described in Table 1. Calcarenites over-
lying the limestone megabreccia in the Pobrdbo
and Jelovec sections show a distinct increase in
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Fig. 9. Matrix of the Ponikve breccia: a) predominant grains are ooids, in some beds large oncoids occur (sample pp21.5), b)
other matrix grains are pellets, aggregate grains, and bioclasts such as echinoderms, filaments, etc (sample KM4.1), c) age
diagnostic Protopeneroplis striata Weynschenk occurs as isolated grain within the matrix (sample KM8.1).

crinoid abundance. This turnover in composition
is most apparent in the Jelovec section, in which
the overlying beds could already be of Late Ju-
rassic age.

Age of the Ponikve Breccia Member

Some age-diagnostic foraminifers are pres-
ent in both the matrix of limestone megabreccia
and in the calcarenites (packstone/grainstone).
They are well preserved, predominantly isolated,
or rarely occurring in the cores of radial ooids.
Protopeneroplis striata Weynschenk (Fig. 9c) is
the most omnipresent, with Andersenolina pa-
lastiniensis Henson and Mesoendothyra croatica
Gusié also important for biostratigraphy. In the

Podbrdo section, Mesoendothyra croatica Gusié
was found less than a metre above the limestone
megabreccia unit in calciturbidite interstrati-
fied in the overlying hemipelagites of the Tolmin
Formation. The age-range of the limestone mega-
breccia studied is thus Bajocian-lower Bathoni-
an (cf. Velié, 2007).

In previous studies, a sample of radiolarite
which was taken 2.4 m above the Lower resedi-
mented limestones of the Poljubinj section yield-
ed age diagnostic radiolarian assemblages char-
acteristic for a UAZ 8 (middle Callovian-early
Oxfordian) (Gorican et al., 2012). In the Lovris
section a sample of radiolarite was taken 13 m
above the limestone megabreccia unit and yield-

Fig. 10. T1 (a-c), T2 (d,e), and T3 (f, g) type lithoclasts: a) bioclastic wacke/packstone with echinoderms, foraminifera, fila-
ments and unrecognisable bioclastic debris (sample LK2-54.5), b) slightly dolomitized bioclastic wackestone with echino-
derms, filaments, ammonites and unrecognisable fossil debris (could belong to LJ4 clast type) (sample 338), c¢) Stromataxis
structure within bioclastic wackestone (sample LK2-71.7), d) pelletal bioclastic packstone with Duostominidae formaninifera
(sample 325), e) partly washed (corroded) matrix of the packstone with pellets, intraclasts, bivalve shell and foraminifera
(Triasina hantkeni, Aulotortus sp.) (sample M65), f) pelletal intra/bioclastic grainstone with Duostominidae formaninifera
(sample 337), g) intra/bioclastic grainstone with Galeanella tollmanni foraminifera and rare ooids.
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ed UAZ 9-10 (middle to late Oxfordian to early
Kimmeridgian) assemblage (Rozi¢ et al., 2014a).
Further basin-ward, the Lower resedimented
limestone of the Tolmin Formation (which repre-
sents a distal equivalent of the limestone mega-
breccias presented herein) occur as calciturbidit-
ic beds between radiolarite. Cherts just above the
two lowermost calciturbiditic beds were dated to
UAZ 4 (upper Bajocian). Cherts close to the up-
permost beds were dated to the UAZ 8-10 (middle
Callovian—early Kimmeridgian) (Goric¢an et al,,
2012).

Compiling the available data, we conclude that
major resedimentation events occurred within a
relatively short interval between the Bajocian
and early Bathonian. However, it is possible that
some large-scale collapses occurred also later
during the Middle Jurassic. This is evident par-
ticularly in the Trnje section, in which a thick ra-
diolarite interval is interstratified between two
limestone breccia megabeds.

Clast analysis

Clasts from breccias of the Ponikve Breccia
Member are divided into 25 microfacies types
(Table 1). As mentioned above, the composition of
clasts in calcarenites corresponds to the clasts in
breccias. The age of 14 microfacies types was de-
termined. Six microfacies types are Late Trias-
sic in age, and for most, we could narrow the age
to the Norian-Rhaetian. Four microfacies types
were assigned to the Early Jurassic, and four to
the Middle Jurassic. The exact age for clasts be-
longing to the remaining 11 microfacies types
could not be determined. Below we provide some
basic descriptions; for further details see Table 1.

The first microfacies type (T1) from the Up-
per Triassic clasts is a bioclastic wackestone,
which also contains deep-water fauna (Figs. 10a-
¢). The second microfacies type (T2) is a pelletal
bioclastic packstone (often partly washed) with
abundant foraminifers (Figs. 10d, e). The third
microfacies type (T3) is a grainstone similar in
composition to the previous microfacies type, but
contains large amount of intraclasts, and in some
clasts also cortoids (Figs. 10f, g). Microfacies
types T2 and T3 are believed to originate in sand
shoals and in transition to the lagoon, but they
may also come from the reef area (they are often

observed as sediment fills between reef frames of
boundstone clasts). The fourth microfacies type
(T4) is a bioclastic rudstone with bioclasts made
of reef-building organisms (Figs. 1la-c), and a
similar fifth microfacies (T5) also contains reef
lithoclasts (Figs. 11d-f). These two microfacies
types could represent forereef sediments, or an
inter-reef breccia. The last Triassic microfacies
type (T6) is a typical reef boundstone with corals
and calcisponges (stromatoporoids) as the main
framebuilders (Fig. 12).

The first Lower Jurassic microfacies type
(LJ1) is a grainstone similar to the third Trias-
sic microfacies type (T3) but contains less bio-
clasts and additional ooids and aggregate grains.
Grains of this microfacies type generally show
less recrystallization (Figs. 13a-d). The second
microfacies type (LJ2) is an ooidal grainstone,
which in some clasts passes into a microfaceis of
the previous group (Figs. 13d-f). Both microfaci-
es types (LJ1 and LJ2) are believed to originate
from sand shoals, the first one closer to the tran-
sition with the lagoon. The third microfacies type
(LJ3) is a crinoid-dominated grainstone (Figs.
14a, b), which in some clasts passes into a bio-
clastic wackestone (microfacies type LJ4) com-
posed of diverse bioclasts revealing open-marine
conditions (Figs. 14c-f). This clast microfacies
type is similar in composition to Triassic bioclas-
tic limestone (T1) but generally contains more
sponge spicules.

Middle Jurassic clasts are divided into 4 mi-
crofacies types. First is an ooidal packstone/
wackestone (MJ1) with a variable amount of
ooids (Figs. 15a, b). Namely, in some packstone
clasts ooids are dominant, while in others only
sporadic ooids are found in a wackestone com-
posed of pelagic fossils. Lithoclasts showing a
transition from both end-members are present.
The next two microfacies types are found only in
the Mirna sections. The first of these two (MJ2)
is a crinoidal limestone rich in lithoclasts (other-
wise similar to LJ3) (Fig. 15¢). The same is char-
acteristic for the next microfacies type (MJ3),
which in composition closely resembles older bio-
clastic limestones (T1 and LJ4 microfacies types)
but also contains quite an abundance of litho-
clasts (Figs. 15d, ). The last Middle Jurassic clast
microfacies type (MJ4) is a mudstone/wackestone

Fig. 11. T4 (a-c), T5 (d-f) type lithoclasts: a) rudstone composed of diverse bioclasts (often encrusted by microbial laminae)
deriving from the reef area (sample pp50.2), b) Calcisponge (left) and a microbial grain (right) as large grains of the bioclastic
rudstone (sample pp50.2), ¢) foraminifera (Duostominidae and Galeanella tollmanni) and other reef debris as smaller grains
of the bioclastic rudstone (sample pp52.0), d) reefal litho/bioclastic rudstone additionally contain lithoclasts (sample LK2
72.2), e) peloidal packstone lithoclasts with Galeanella tollmanni and bivalve fragments (sample LK2 57.2), f) a coral fragment

(sample pp 57.6).
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Fig. 12. T6 type lithoclasts: a) coral boundstone with pelletal packstone with corrosive voids infilling a space between coralli-
tes (sample 315D), b) Recrystallized frame building calcisponges with encrustations of microbialites, foraminifera and serpu-
lids (sample pp37), ¢) coral with microbial crust and peletal/bioclastic grainstone matrix between corallites (sample pp57.3),
d) calcisponge with voids filled with peletal packstone (sample JE42.2), e) Baccanella sp sp and microbial mound (sample LK2
4.8).

with pelagic fossils (Fig. 15f). Herein we note that
age of this clast group was assigned due to the
presence of planktonic foraminifers (cf. Caron &
Homewood 1983; Tappan & Loeblich 1988; Dar-
ling et al. 1997). These foraminifers, however, do
not occur in all clasts and large amount of these
clasts could also be older.

The age of 11 microfacies types could not be
univocally determined. The first such microfaci-
es type (UD1) is common in almost all sections. It

is a pelletal packstone that probably originated
from a great variety of environments (Fig. 16a).
Namely, in some clasts fenestrae were observed,
while in others we noticed sponge spicules and
thin-shelled bivalves (filaments) indicating open
marine conditions. These clasts are likely of
variable age. Similar microfacies was observed
within the reef-frame of the boundstone clasts
(T6) and furthermore, from one such clast we re-
trieved upper Norian (Sevatian) to lower Rhaetian
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Fig. 13. LJ1 (a-d), and LJ2 (d-f) type lithoclasts: a) grainstone with pellets, intraclasts, micrite rimmed bioclasts (corto-
ids) and foraminifer Orbitopsella sp. (O) (sample 327), b) grainstone with intraclasts, peloids, aggregate grains (lumps), and
Siphovalvolina sp. (encircled) (sample JE34.4), c) partly washed packstone lithoclasts with intraclasts, pellets, and fragments
of calcareous algae and coral Phacelophyllia termieri (P); mudstone clast (lower left) and ooidal matrix (sample pp19.6), d)
transitional LJ1-LJ2 lithoclast in dolomitized matrix with intraclasts, ooid-dominated and foraminifera Reophax sp. fora-
minifera, which agglutinated ooids (encircled) (sample pp5.2), e) grainstone with ooids, peloids, intraclasts and bioclasts, and
chert clast (UD11) to the left (crossed polars) (sample KM12), f) partly washed packstone with ooids and pellets as dominant
grains (sample pp5.2).

conodonts. On the other hand, they can contain
coarse laminas rich in ooids and intraclasts that
are typical for first two Lower Jurassic microfa-
cies types (LJ1, and LJ2). The next microfacies
type (UD2) is a wackestone with coarse intra-
clasts (also some ooids and pellets), which origi-

nated in a quiet environment probably adjacent to
the high-energy conditions (Fig. 16b). The third
microfacies type (UD3) is a fine-grained and
well-sorted packstone with pellets and bioclasts
(Fig. 16c). It probably represents clasts of erod-
ed calciturbidites. The next three microfacies



196 B.ROZIC, L. GALE, P. OPRCKAL, A. SVARA, T. POPIT, L. KUNST, fD. TURNSEK, T. KOLAR-JURKOVSEK, A. SMUC, A. IVEKOVIC, J. UDOVC & D. GERCAR

Fig. 14. LLJ3 (a, b), and LJ4 (c-f) type lithoclasts: a) crinoidal grainstone with intraclasts, a dolomitized lithoclast (D), belemni-
te (Be) and bivalve shell (Bs) (sample pp21.05), b) crinoidal grainstone with wackestone litho/intraclasts, and foraminifer
Involutina liassica (encirceled) (sample KM4.1), ¢) packstone with echinoderms (crinoids), filaments and ostracods (sample
JE37.4), d) wackestone with bivalve shell, sponge spicules, echinoderms and ostracods (sample LK2-74.2), e) wackestone
with echinoderms, sponge spicules and foraminifera (sample LK2-74.2), f) floatstone with ammonites, filaments and crinoids
(sample KM10).

types represent sediments from an open-shelf or
slope environment. The first of these (UD4) is a
wackestone composed of crinoids and ophthal-
midiid foraminifers and small pellets (Fig. 16d).
Next is a spiculite crinoidal packstone (UDS5)
(Fig. 16e), and last is a filament packstone/grain-

stone (UD6) (Fig. 16f). The next microfacies type
(UDT) is a packstone with coarse grained pellets
that presumably originated from a lagoon (Fig.
16g). The Last four microfacies types do not bear
certain information on sedimentary environ-
ments and age. First of these (UD8) is an almost
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Fig. 15. MJ1 (a, b), MJ2 (c), MJ3 (d, e) and MJ4 (f) type lithoclasts: a) wackestone with superficial ooids, benthic and plankton
foraminifer, filaments and unrecognisable bioclasts (sample pp5.3), b) lamina with abundant filaments and peloids (sample
KM3), c) grainstone composed of echinoderms (crinoids) and pelletal/ooidal grainstone (G) and bio/intraclastic wackestone
(W) lithoclasts (sample KM5), d) wackestone with crinoids, fenestral mudstone (F) lithoclast, unrecognisable bioslasts and
benthic foraminifera with determined Protopenerolis striata (sample KM8), e) wackestone dominated by crinoids and ooids
with fracture filled with dog-tooth rim cement and matrix of the breccia (sample KM5), f) hemipelagic wackestone with cal-
cified radiolarian, filaments, plankton foraminifer and other bioclasts (sample KMO0.1).

pure mudstone. In some clasts, pelagic fossils in-
dicate open-marine conditions. Next is a recrys-
tallized limestone (UDY), which sporadically
shows ghosts of large fossils such as bivalves and
ammonites (Fig. 16h). In the Ponikve Klippe and
Mrzli vrh sections dolomitization is present and

some clasts are completely replaced by dolomite
(UD10). Last microfacies type (UD11) are chert
clasts. In some cases, they most certainly repre-
sent replacement cherts, as they show relicts of
the primary packstone, grainstone, and bound-
stone texture.
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Fig. 16. age-undetermined (UD) lithoclasts: a) pelletal packstone with subordinate bioclasts (UD1) (sample pp18.0), b) intra-
clastic wackestone with ostracodes (UD2) (sample JE40.4), c) well sorted bioclastic/pelletal packstone (UD3) (sample KMO0.1),
d) wackestone composed predominantly of echinoderms (crinoids) and ophthalmidiid foraminifera (UD4) (sample M105),
e) packstone dominated with sponge spicules, and subordinate crinoids, other unrecognisable bioclasts and peloids (UD 5)
(sample KMS8.1), f) heart-shaped lithoclasts of the filament grainstone (UD6) (sample pp5.5), g) packstone with anemuran pel-
lets, intraclasts, pellets and micritized ooids and bioclasts (UD7) and mudstone (UD8) lithoclasts to the right (sample JE43.4),
h) recrystallized floatstone (UD9) with ammonite (sample T2/5).
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Table 1. Detailed description of composition, biostratigraphy, and sedimentary environment of microfacies types (abbreviati-
ons: M - mudstone, W — wackestone, P — packstone, G — grainstone, R — rudstone, F - floatstone, B — boundstone, D — dolostone,
SMF — standard microfacies).

AGE

CLASTTYPE

DESCRIPTION

Upper
Triassic

T1
Bioclastic W

Composition: medium-grained grains prevail; ehinoderms (crinoid osscicles, echinoid spines), fragmented
large bivalves (exeptionally even cm-sized), thin-shelled bivalves, foraminifers (miliolids, lagenids, and no-
dosarids), ostracods, amonites, rare bryozoans and peloids. Large intra/bioclasts can have crusts made from
calcimicrobes and foraminifers). It can contain laminae of crinoidal G (wash-out sediment; T1/4) and stro-
matactis (LK2-71.7).

Age: upper Carnian — Rhaetian (PODBRDO: foraminifers Lencticulina sp., Decapoalina sp., Miliolipora
cuvillieri Bronnimann & Zaninetti, LOVRIS: foraminifers Parvalamella friedli (Kristan-Tollmann),
Aulotortus sinuosus Weynschenk, Aulotortus tumidus (Kristan-Tollmann)).

SMF and environment: SMF 8 — open shelf.

T2
Pelletal
bioclastic P

Composition: structure is fine-grained P that can be party washed. Some laminae are G or W containing
the same type of grains: pellets (peloids) and bioclasts, predominantly diverse foraminifers. Other grains are
intraclasts, echinoderms, ostracods (can be abundant is some clasts — pp4.6), bivalves, gastropods; dasycla-
dacean algae, ?Thaumatoporella. Transition to G (type T3) was observed within the same clast (JE39.4,
DM97, TR37.2). This facies is locally bioturbated and contains large scale disolution voids filled with crusts
of bladed cements (DM63.5, DM71.5), geopetally filled stromatactis (325), rare oncoids (DM97) and isolated
corals (TR32.5).

Age: Norian-Rhaetian (PODBRDO: foraminifers Galeanella tollmanni (Kristan), Miliolipora cuvilli-
eri Bronnimann & Zaninetti, Duostominidae, LOVRIS: foraminifers Galeanella tollmanni (Kristan),
Decapoalina schaeferae (Zaninetti et al.), Alpinophragmium perforatum Fligel, MRZLI VRH: foramini-
fers, Auloconus permodiscoides (Oberhauser), Parvalamella friedli (Kristan-Tollman), Aulotortus sinuo-
sus Weynschenk, Aulotortus tumidus (Kristan-Tollman), Galeanella tollmanni (Kristan), Duostominidae,
Duotaxis birmanica Bronnimann, Whittaker & Zaninetti, Triasina hantkeni Majzon, Agathammina au-
stroalpina Kristan & Tollmann, Duostominidae Duotaxis sp., Ophthalamidium sp. and Variostoma helicta
(Tappan), and microproblematica Thaumatoporella pavovesiculifera Raineri). Clasts containing Triasina
hantkeni Majzon reveal Rhaetian age. SKOFJA LOKA-PODPURFLCA: Duostominidae., SKOFJA LOKA-
TRNJE: Duotaxis sp., MIRNA: foraminifers Aulotortus sp. and Trochammina almtalensis Koehn-Zaninetti).
SMF and environment: between SMF18-for and SMF 16; lagoon or sheltered areas within the reef.

T3

Intra/
bioclastic
pelletal
G

Composition: medium- to coarse-grained G, locally partly washed P; predominant grains are intraclasts,
pellets and diverse bioclasts: fragmented bivalves (often in form of cortoids), foraminifers (miliolids, textu-
larids, ...), echinoderms, rare gastropods, brachiopods, and grains composed of calcimicrobes (can form cores
of few-mm large intraclasts), oncoids was also detected (337). One clast consists of pellets, abundant forami-
nifers (predominantly Galeanella sp.), frequent small radial ooids, and an oncoid (LK2-41.8).

Age: Middle to Upper Triassic, predominantly Norian-Rhaetian (PODBRDO: foraminifers: ?Duostominidae,
Trochammina alpina Kristan-Tollmann, Trochammina jaunensis Bronnimann & Page, Aulotortus sinuosus
Weynschenk; LOVRIS: foraminifer Galeanella tollmanni (Kristan), MRZLI VRH: foraminifers Auloconus
permodiscoides (Oberhauser), Parvalamella friedli (Kristan-Tollman), Triasina hantkeni Majzon). Clasts
containing Triasina hantkeni reveal Rhaetian age. SKOFJA LOKA-TRNJE: foraminifers Galeanella toll-
manni (Kristan), Alpinophragmium perforatum Fliigel, Duostominidae SKOFJA LOKA-PODPURFLCA:
foraminifer Endoteba ex gr. controversa Vachard & Razgallah, MIRNA: foraminifer Galeanella tollmanni
(Kristan).

SMF and environment: SMF 11, sand shoals at the platfrom margin.

T4
Bioclastic R

Composition: structure passes from R to locally coarse-grained G: predominant grains are bioclasts: lar-
ge grains are fragments of frame-builders: calcisponges, corals and calcimicrobes; other smaller bioclasts
are echinoderms, foraminifers, fragmented bivalve shells, Tubiphytes, rare gastropods and dasycladacean
algae. Other grains are intraclasts and pellets. Large grains can have microbial encrustations. Bioclasts in
some clasts can be altered to cortoids.

Age: Norian-Rhaetian (PODBRDO: foraminifers: Galeanella tollmanni (Kristan), Duostominidae, Reophax
sp., Aulotortus sinuosus Weynchenk and Decapoalina schaeferae (Zaninetti, Altiner, Dager & Ducret);
sponge: ?Cryptocoelia sp.; coral: Astraeomorpha pratzi Volz; MIRNA: foraminifers Galeanella tollmanni
(Kristan), Duostominidae).

SMF and environment: SMF11, SMF5 reworked reefal material within or on either side of the reef.

T5
reefal litho/
bioclastic F/R

Composition: There are two main constituents. The first are bioclasts of frame-building organisms up to a
few mm in size, such as corals and calcisponges. Subordinate encrusters are calcimicrobes and foramini-
fers. The second main constituent are lithoclasts of A) reefal limestones, including sponge/coral B with the
interstices filled with intra/bioclastic pelletal P/G or with

sparite; these clasts resamble microfacies T6, B) pelletal intra/bioclastic P/G (resembling clasts of micro-
facies types T2 and/or T3), C) pelletal P (resembling clasts of microfacies type UD1), and less frequent D)
coarse bioclastic limestone with fragmented bioclasts and intraclasts with echinoderms (resembling clasts
of microfacies type T1).

The space between large clasts is filled by coarse-crystaline cements (fibrous and dog-tooth rim cements, and
drusy mosaic cements), less frequently by micrite. In the area of Skofja Loka (Trnje section) matrix contains
echinoderms and sponge spicules.

Age: Norian-Rhaetian (PODBRDO: foraminifers: Galeanella tollmanni (Kristan), Reophax rudis
(Brady); Duostominidae; sponge ?Battaglia minor Senowbari-Daryan & Shaefer, MRZLI VRH: forami-
nifer Decapoalina schaeferae (Zaninetti, Altiner, Dager & Duecret); SKOFJA LOKA-TRNJE: foramini-
fers Decapoalina schaeferae (Zaninetti, Altiner, Dager & Ducret), Miliolipora cuvillieri Bronnimann &
Zaninetti, Galeanella sp., Endotriada sp.).

SMF and environment: SMF 6 fore- or intra-reef breccias.

Composition: The frame is built by corals (mostly faceolid) and sponges (stromatoporoids, inozoan, subor-
dinate chaetetid calcisponges), often encrusted by calcimicrobes and foraminifers, serpulids, in some clasts
also by Thaumatoporella sp. Baccanella sp. was spotted. Frame-builders tend to be strongly recrystalized.
Intergranular space is filled with coarse-crystaline cements (mostly fibrous rim and drusy mosaic or bladed
cements), or intra/bioclastic pelletal P/G (closely resembling microfacies types T2 and T3, described above).
Sediment can contain birds-eye fenestrae. Some clasts are strongly dolomitized, and some also silicified (TR44).
Age: Norian-Rhaetian (PODBRDO: foraminifers: Galeanella tollmanni (Kristan), Duostominidae;
Decapoalina schaeferae (Zaninetti, Altiner, Dager & Ducret), Miliolipora cuvillieri Bronnimann &
Zaninetti; LOVRIS: foraminifers Endotriada tyrrhenica Vachard, Martini, Rettori & Zaninetti, Endotriada
sp., Miliolipora sp., SKOFJA LOKA-TRNJE: Galeanella sp., MIRNA: foraminifer Alpinophragmium perfo-
ratum Fligel, and microproblematica Bacinella irregularis Radoj¢ic).

SMF and environment: SMFT; marginal reefs.
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AGE

CLASTTYPE

DESCRIPTION

Lower
Jurassic

LJ1

Intra/
bioclastic
pelletal

G with
aggregate
grains and
ooids

Composition: medium to coarse-grained G, subordinate partly washed P; in composition similar to micro-
facies type T3, but contains less fossils with the addition of aggregate grains (lumps) and ooids, whereas
intaclasts tend to be irregularly shaped; some grains have micritic margins or encrustations. Oncoids were
also detected. In one clast they form laminae of oncoidal R that separate microfacies LJ1 from ooidal G
(LJ2). Oncoidal cores are formed of ?Thaumatoporella and calcimicrobes (JE41.4). Foraminifers are mostly
textulariids. Some clasts contain laminae with large gastropods. In clasts with abundant aggregate gra-
ins, bivalves, crinoids, calcimicrobic grains, ?Thaumatoporella, and cortoids were spotted (JE43.4). A clast
containing a dasycladacean fragment was also documented, (pp19,7) and another with abundant cortoids
and large bioclasts: bivalves, brachiopods, gastropods, dasycladacean algae, Zammonite, and a foraminifer
Orbitopsella sp. (327). B

Age: Lower Jurassic (PODBRDO: coral Phacelophyllia termieri Beauvais; IDRIJA PRI BACI: forami-
nifers ?Lituosepta recoarensis Cati, Orbitopsella sp., MRZLI VRH: foraminifer ?Siphovalvolina sp.,
ZAPOSKAR: Duotaxis metula Kristan, SKOFJA LOKA-PODPURFLCA: ?Siphovalvolina sp., MIRNA: co-
rals Rhabdophyllia phaceloida Beauvais, Thecactinastraea krimensis Turnsek, Funginella domeriensis
Beauvais, foraminifers Involutina liassica Jones, ?Siphovalvulina sp.). In one clast in Podpurfica section, a
Middle Jurassic foraminifer Nautiloculina was determined.

SMF and environment: SMF 15 to SMF 17; platform margin sand shoals.

LJ2
Ooidal G

Composition: predominant grains are medium-sized, radial ooids, mostly with micritic cores, very subor-
dinate bioclasts. Other grains are intraclasts, peloids, and bioclasts: echinoderms, fragmented mollusks
and foraminifers (ophthalmidiid foraminifers, and Reophax sp.). In one clast a chaetetid grain was noted
(2A-6). Some clasts are partly washed P and have bimodal grain-size distribution with large ooids and bi-
oclasts (mostly crinoids) and small peloids (pellets). Some clasts are composed of fine-grained radial ooids
and peloids/pellets (KM5). In one clast this facies passes into oncoidal R (JE41.4) that contains foraminifer
Siphovalvulina sp. In one clast this facies passes to bioclastic limestone (J2).

Age: Lower Jurassic (MIRNA: Involutina liassica Jones, Siphovalvulina sp.).

SMF and environment: SMF 15; platform margin sand shoals.

LJ3
Crinoidal G

Composition: G, also subordinate P that can contain lithoclasts and fossils some mm in size. Predominant
grains are crinoids (echinoderms), angular intraclasts, and sometimes pellets. Crinoids can contain micri-
tic encrustations. Other grains are foraminifers (textulariids, lagenids, ophthalmidiid), bivalves (often fra-
gmented), gastropods, ostracods. Grains some few mm in size are lithoclasts of bioclastic W (in facies similar
to clast-type T1 and L.J4) and belemnites. In some clasts crinoids strongly predominate or even represent all
the grains. These clasts can be often partly silicified.

Age: Lower Jurassic (MIRNA: Involutina liassica Jones).

SMF and environment: SMF 12-CRIN; open shelf/platform slope accumulation of crinoidal debris.

LJ4
Bioclastic W

Composition: grains are mainly medium-sized. Predominant grains are sponge spicules, echinoderms and
ostracods. Other bioclasts are amonites, filaments, foraminifers (ophthalmidiids, lagenids, nodosarids,
textularids). P and F textures also occurs. These clasts closely resemble type T1 and MJ3, but generally
contain more sponge spicules. Without diagnostic fossils it is usually impossible to distinguish the three
types. In clasts where it passes to ooidal G (JE35.4) it also contains medium-sized ooids with radial inner and
tangential outer cortex (equal to those of ooidal G). Ooids were observed also in one sample (KM5) from the
Mirna Valley. This microfacies can also pass to crinoidal G (T2/4).

Age: Lower Jurassic (SKOFJA LOKA-PODPURFLCA: Involutina farinacciae Bréonnimann & Koehn-
Zaninetti, MIRNA: Involutina liassica Jones).

SMF and environment: SMF 8 — open shelf.

Middle
Jurassic

MJ1
Ooidal P/W

Composition: fine- to medium-sized tangential and/or radial ooids, peloids (pellets), intraclasts and echi-
noderms. Other bioclasts are bivalve fragments, foraminifers (lagenids, textularids), ostracods. Some clasts
contain quite abundand thin-shelled bivalves (filaments), sponge spicules, calcispheres and/or radiolari-
ans. Ammonites were detected. In the Mirna section, filament-rich clasts also contain planktic foraminifera
(KM3.0) and clasts dominant by pellets and subordinate ooids (KM?7.2). This microfacies locally passes into
bioclastic M/W (microfacies UD5) within the same clast.

Specific sub-type of this clasts group (ppl4) is composed of alternating laminae of M and P/W with coarse-
-grained micritized ooids and subordinate intraclasts and echinoderms. Ooid cores are micritic or bioclastic
(gastropds, ostracods). Oncoids also appear.

Age: "Middle Jurassic (SKOFJA LOKA-PODPURFLCA: planktic foraminifers).

SMF and environment: ?SMF15; structural inversion where grains typical of high-energy conditions are
resedimented to low-energy, probably deeper water environment.

MJ2
Lithoclastic
crinoidal G

Composition: coarse-grained G composed of echinoderms (mostly crinoids), micritic (intra)clasts, fragmen-
ted brachiopods and bivalves, and foraminifers (ophthalmidiid foraminifers, lagenids, nodosarids, fra-
gments of sessile foramininifers). Common are also lithoclasts: A) pelletal/intraclastic/ooidal G and P, B) W
with radiolarians and filaments, C) fenestral M, D) spiculitic W, and E) bio/intraclastic W.

Age: Middle Jurassic (MIRNA: Protopeneroplis sp.).

SMF and environment: SMF 8 — open shelf, but close to source of lithoclasts.

MJ3
Litho/
bioclastic W

Composition: grains are medium- to coarse-grained W with microsparite matrix. Predominant grains are
echinoderms (crinoids as well as orchin spines) and foraminifers (ophthalmidiid foraminifers, lagenids, no-
dosarids). Other grains are micritic (intra)clasts, fragmented bivalves and brachiopod, ooids and ammonites
also occur. These clasts closely resemble microfacies types T1 and J2 but contain more lagenid foraminifers
and lithoclasts: A) pelletal ooidal G and P, B) W with radiolarians and filaments, and C) fenestral M. Matrix
is microsparite. Without diagnostic fossils it is usually impossible to distinguish the three types.

Age: Middle Jurassic (MIRNA: Protopeneroplis striata Weynschenck).

SMF and environment: SMF 8 — open shelf.

MJ4
Bioclastic
(hemipelagic)
M/W

Composition: predominanly fine-grained W, sometimes with very rare grains (M). Grains are bioclasts,
mostly thin-shelled bivalves, ostracods, and calcispheres and/or calcified radiolarians. Rare are lagenid
foraminifers, small echinoderms, sponge spicules and other (unrecognisable) small debris. Amonites and
gastropods were detected within such clast in the Mirna section (KM0.1, KM4.1), and planktic foraminifers
(KM3.0). Tiny pellets are locally visible within matrix. Bioturbation and in one clast (LK2-57) also stroma-
tactis were noticed. These clasts tend to be dolomitized.

Age: 7; at least part of clasts are Middle Jurassic (MIRNA: Protoglobigerina sp.).

SMF and environment: SMF3 pelagic limestone of the deep-water sedimentary environment (?mud-chips).
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AGE

CLAST TYPE

DESCRIPTION

Undeter-
mined

UD1
Pelletal P

Composition: fine-grained P that can be partly washed and bioturbated. Predominant grains are pellets.
Other are bioclasts, such as small foraminifera, ?calcispheres, and ostracods. Matrix is mostly microsparite.
Some clasts contain sponge spicules and other filaments (KM13,4; KM14.4), the latter representing transi-
tional facies to filament P/G (microfacies UDG6). Rare clasts of this group can contain small fenestrae (pp18,
KMS3.1, JE39.4). When laminated, some coarses laminae contain intraclasts and ooids and probably represent
transitional facies to ooidal G (JE43.4).

Age: Large clast from the top of the Lovris section yielded late Norian to early Rhaetian conodonts
Norigondolella steinbergensis (Mosher) and Zieglerioconus rhaeticus Kozur and Mock, but this clast group
is almost certainly also of Jurassic age, as in some clasts it contains laminae of ooidal limestone (for this
reason we keep it among undetermined clasts).

SMF and environment: SMF16 (21) or SMF2; low-energy environment, either restricted lagoon (with subae-
rial exposure) or open shelf.

UD2
Intraclastic W

Composition: W with medium-sized intraclasts and pellets, micritized ooids were also detected. Some clasts
contain ostracods, unrecognisable bioclastic debris, fenestrae, and large dissolution voids filled by blocky
calcite (LK2-17.5; LK2-18.8).

Age:?

SMF and environment: ?SMF; stuctural inversion, where grains typical for high-energy conditions are rese-
dimented to a low-energy environment (either lagoon or deeper water).

UD3
Bioclastic
pelletal P

Composition: fine-grained P, composed of bioclasts, such as echinoderms, fragmented bivalves (inclu-
ding filaments), ostracods, calcispheres, foraminifers. Half the grains are pellets. Elongated grains are
parallel-oriented.

Age:?

SMF and environment: ?SMF4, presumably resedimented limestone (calciturbidite).

UD4
Crinoidal
foraminiferal
w

Composition: W that laterally pass to partly washed P. It is dominated by echinoderms, ophthalmidiid fo-
raminifers (textularids and lagenids also occur) and small pellets. Rare grains are fragmented bivalves,
brachiopods, ostracods and ooids.

A subtype of this microfacies occurring in the Lovris section is P, dominated by echinoderms and pellets.
This subtype also contains rare foraminifers. (LK2-8.6, LK 2.8 and LK 12.5)

Age:?

SMF and environment: SMF 12-CRIN; open shelf/platform slope accumulation of crinoidal debris.

UD5
Spiculite
crinoidal P

Composition: fine-grained, bioturbated P, composed of sponge spicules and echinodermes. Other grains are
foraminifers, ostracods, ?radiolarians, and pellets. Matrix can be recrystalized to microsparite. Some spi-
cules are calcedonic.

Age:?

SMF and environment: SMF 12-CRIN and SMF 2 open shelf/platform slope/basin floor.

Composition: The first subtype is G, composed of accumulated filaments (thin-shelled bivalves) and very rare
echinoderm fragments. Cement is drusy-mosaic cement (pp; 5.5; ppl11.4). The second subtype is P, which is
dominated by filaments, but can also contain echinoderms, peloids, foraminifers, and ammonites. Filaments
can have thick rims of fibrous cements, mostly concentrated at one side of the shells (in clast within KM7.2

EADG sample infiltration matrix postdates the cementation). One clast is densely packed P, where predominant
ilament P/G Al . . L - " e ;

aments wrap around intraclasts, rare echinoderms and foraminifers (occurs in the Idrija pri Baci section

in samples 354A; 354B).

Age: WJurassic.

SMF and environment: SMF 12-S open shelf/platform slope/basin floor accumulation of filaments.

Composition: coarse-grained P, composed of peloids and rare micritized oval bioclasts (presumambly
UD7 dasycladacean algae), and intraclasts. Ostracods and small foraminifers were spotted. A sub-type was
Coarse spotted (JE43.4): W/P with anemuran pellets, other grains are similar, but bivalve fragments, calcispheres

X and lagenid foraminifers additionally appear.

peloidal P Age:?

SMF and environment: SMF 16 restricted lagoon.

Composition: mostly pure M. It locally contains ostracods, foraminifers, or pelagic bioclasts (filaments, radi-

olarians). The matrix is dense micrite, locally microsparite. Rare fenestrae (geopethally filled cavities) occur
UDS8 in few clasts. Some contain numerous fenestrae (T2/10).
M Age:?

SMF and environment: SMF23 and 21 or SMF3; restricted low-energy environment (restricted lagoon or

anoxic basin).

Composition: strongly recrystalized F (or pure R) with still recognized large fossils, such as ammonites and
UD9 bivalves (T2/6). Brachiopods and gastropods also occur in other clasts (LK2-16.5). Cements are dog-teeth
Recrystalized rim cements, followed by coarsely crystalline bladed cements, and calcisiltite (crystal silt). A little amount
F of matrix clings to the fossil shells. It is P, composed of tiny pellets and rare ostracods.

Age:?

SMF and environment: ? SMF 8 deep-water environment.

Composition: coarsely crystalline D. The primary texture is locally partly preserved. It is bioclastic M/W
UD10 (microfacies type UD5), or B (microfacies type T5).
D Age: ?, some are probably dolomitized clasts of Norian-Rhaetian B.

SMF and environment: ? dolomitization obscured information. Some were presumably reefal, others hemi-

pelagic limestone.

Composition: microcrystalline chert, locally with concentrated carbonate crystals (in laminae or in pa-

tches). One clast laterally passes into B (microfacies T6), a different one into intra/bioclastic pelletal G (mi-
UD11 crofacies T3). The primary composition of medium-grained P/G is locally recognizable. Silicification can be
chert strong in B clasts (microfacies T6).

Age:?
SMF and environment: mostly replacement chert (contains carbonate and passes into limestone).
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Discussion

Facies distribution of the Ponikve Breccia
Member and corresponding Lower resediment-
ed limestones of the SB indicates that the south-
ern-lying DCP was a source area of the Middle
Jurassic resedimented material. Namely, coarse
and thick limestone breccia beds occur solely in
the southernmost SB outcrops (structurally low-
est nappe), become finer and thinner (in the form
of calciturbiditic calcarenites) in the central part
of the basin (central nappe), and are completely
absent in the northern part of the SB (structur-
ally highest nappe) (Figs. 17 and 18). Additional
proof pointing to the source area is provided by
the abundance of ooids within the breccia matrix
and inside calciturbidites. As the DCP is the only
known post-Aalenian active platform in this part
of the Adria microplate (review in Vlahovié et
al., 2005), the DCP is considered the only possible
source of these resediments.

The clast- and matrix-analysis of the Lime-
stone Breccia member therefore enables the re-
construction of the non-outcropping DCP mar-
gin from three distinct time periods. The Upper
Triassic (Norian—-Rhaetian) and Lower Jurassic
reconstructions are based solely on the records
retrieved from the clast analysis. For the Middle
Jurassic reconstruction, the data from matrix-
and clast analysis was combined, which consid-
ered the age of the matrix to be contemporaneous
with the sedimentation event of the breccia beds.

The Upper Triassic: a reef-rimmed epeiric
platform

Epeiric platforms covering the tropical mar-
gins of the Neotethys Ocean generally consist-
ed of a wide tidal flat, a shallow lagoon, and a
platform margin rimmed by reefs (Mandl, 2000;
Bernecker, 2005). The tidal flat is stratigraph-
ically represented by the Hauptdolomit (Glavni
dolomit/Dolomia Principale/“Main Dolomite”),
gradually passing into the bedded Dachstein
limestone (Mandl, 2000; Bernecker, 2005; Kovacs
et al., 2011). Characteristic for these beds is the
so-called Lofer cycle, comprising a thin brec-
cia member, a laminated mudstone (intertidal
stromatolite), and a biogenic wackestone and/
or floatstone with large megalodontid bivalves,
gastropods, and locally corals (Fisher, 1964;
Ogorelec & Rothe, 1993; Satterley, 1996; Ogore-
lec & Buser, 1996; Haas, 2004; Samankassou &
Enos, 2019). The marginal peri-reef belt has been
recorded by Piller (1981), Wurm (1982), Haas et
al. (2010), Gale et al. (2012), and Martindale et
al. (2013), among others. The massive reef lime-

stone is composed of interreef breccias and small
patches of coral-sponge-solenoporacean algae
reefs. Molluscs, benthic foraminifers, and dasy-
cladacean algae are among the diverse bioclasts
within sand-grained detritus (Wurm, 1982; Gale
et al., 2013). The slope is characterised by calci-
turbidites composed of grains derived from the
top of the platform and its margin (Rozic¢ et al.,
2009; Gale, 2010; Gale et al., 2014). In the inte-
rior of the platform small basins of the Kdssen
type, characterised by depositions of marlstone
and limestone and a diminished diversity of ben-
thic fauna came into existence during the Rhae-
tian. Patch reefs developed at the rims or within
these basins. Their composition is comparable to
the composition of the marginal Dachstein-type
reefs (Schafer & Senowbari-Daryan, 1981; Kuss,
1983; Bernecker, 2005). In the inner parts of the
platform, significantly more restricted basins
already formed in the Norian. These basins are
characterised by reduced oxygen levels, abnor-
mal salinities and/or eutrophic conditions. Along
their margins, small bioherms composed of ter-
ebellid worms encrusted in microbiallite were
present. (Cirilli et al., 1999; Iannace & Zamparel-
li, 2002).

Norian-Rhaetian Hauptdolomit and Dachstein
limestone of the northern External Dinarides
have been most intensively studied by Ogorelec
and Rothe (1993). Both formations show charac-
teristics of the internal part of the platform, with
well-developed Lofer cycles. In the northern Ex-
ternal Dinarides, the Dachstein-type reefs are
not preserved (Buser et al., 1982; Turnsek, 1997).

Six microfacies types from clasts (T1-T6)
were attributed to the Late Triassic DCP. These
clasts can reach the size of boulders. Boundstone
with typical Norian-Rhaetian reef-dwelling fo-
raminifers Galeanella, Decapoalina, Miliolipora
and Alpinophragmium (see Gale, 2012) strongly
suggest that the original margin of the DCP was
rimmed by Dachstein-type reefs, which later col-
lapsed into the SB together with Lower and Mid-
dle Jurassic deposits (Fig. 17). Bioclastic rudstone
(T4) and litho/bioclastic floatstone/rudstone are
interpreted as reef breccia akin to lithoclas-
tic rudstone Gale et al. (2013). The close affinity
with the reef zone is supported by the abundance
of framebuilders and reef-dwelling microbiota
(e.g. Decapoalina, Miliolipora, Galeanella). Bio-
clastic wackestone (T1), pelletal bioclastic pack-
stone (T2), intra/bioclastic pelletal grainstone,
and possibly also part of pelletal packstone
(UD1) were also found in clasts within the litho/
bioclastic floatstone/rudstone (T5), some also in
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boundstone (T6), and thus also likely deposited
close to the margin of the platform. This is again
supported by the presence of some microfossils.
Bioclastic wackestone (T1) might originate in the
open-shelf/slope area.

The Lower Jurassic: a lagoon, rimmed by sand
shoals

Like the Upper Triassic, the outcropping Low-
er Jurassic successions from the northern Ex-
ternal Dinarides show facies associations char-
acteristic for the inner platform developments.
General Lower Jurassic successions from the
northern Dinarides were described by Dozet and
Strohmenger (2000), Crne and Gori¢an (2008),
Miler and Pavsi¢ (2008), Dozet (2009), Ogorelec
(2011), and Gale and Kelemen (2017), among oth-
ers. An unpublished thesis of Buser (1965) also
provides a regional overview of Jurassic succes-
sions from southern Slovenia. Lower Jurassic
successions from other parts of the Dinarides
were (among others) described by Dragicevi¢ and
Veli¢ (2002), Tisljar et al. (2002), Buckovié (2006),
Crne and Gori¢an (2008), Cadjenovié et al. (2008),
and Martinus et al. (2012).

Despite the biocalcification crisis at the Trias-
sic/Jurassic boundary (e.g. Kiessling et al. 2007),
a carbonate platform continued to exist (Fig. 17).
During the Hettangian, carbonate deposition
continued under peritidal conditions. Charac-
teristically, laminae are not wrinkled, but pla-
nar and smooth. During the Sinemurian and
Pliensbachian, the topography of the platform
gradually evolved from the epeiric, flat-topped
platform into a platform, internally differentiat-
ed into lagoon, marginal shoals, and ephemeral
emergent areas (Buser & Debeljak, 1996; Gale
and Kelemen, 2017). This, together with the re-
covery and evolution of biota after the Triassic/
Jurassic boundary extinction, results in distinct
differences in microfacies. A transgressive trend
towards more subtidal conditions was noted in
central Slovenia, where most of the Sinemurian
part of the succession is represented by mudstone
and wackestone, subordinately peloidal and oo-
idal limestone. Oolithic and bioclastic-oolithic
grainstone become predominant by the upper
Sinemurian, and the facies association also in-
cludes mudstone, peloid wackestone, bivalve
floatstone and rudstone, and peloid grainstone.
In the Pliensbachian, these facies are joined by
common oncoid and bioclast floatstone and rud-
stone, and lithiotid floatstone and rudstone (Gale
and Kelemen, 2017). Buser and Debeljak (1996)
envisioned the platform margin as dominated by

ooidal and crinoidal shoals, and slope covered by
breccias.

The Ponikve Breccia Member contains an
abundance of clasts that have been attributed to
the Lower Jurassic, either based on foraminifers
or their microfacies. The clast microfacies types
LJ2 (ooidal grainstone) and LJ1 (intra/bioclastic
pelletal grainstone) probably originate from the
ooidal shoals and a more agitated part of the in-
ternal lagoon, respectively.

In contrast, the crinoidal grainstone (1.J3) and
the bioclastic wackestone (LLJ4) clasts derive from
a deeper water sedimentary environment. Lower
Jurassic crinoid/sponge spicule rich limestones
are characteristic for diverse environments,
such as the drowned platforms of the Eastern
Alps and the Trandanubian Range (Bohm et al.
1999; Gawlick et al. 2009; Haas et al. 2014), but
they also occur in slope settings (Scheibner and
Reijmer, 1999; Blomeier and Reijmer, 2002; Me-
rino-Tomé et al., 2012; Della Porta et al., 2014).
Here we emphasise that such facies are also typi-
cal for the Sedlo Formation, which originated on
the JCP margin that experienced tectonic differ-
ention and accelerated subsidence already in the
Pliensbachian (Smuc, 2005; Smuc and Gori¢an,
2005; Praprotnik Kastelic et al., 2013; Rozic¢ et al,
2014b; Valand et al., 2019). This subsidence of the
JCP margin correlates to the initiation of a sec-
ond rifting phase of the Alpine Tethys that is well
recognized also in the rest of the Southern Alps
(Berra et al., 2009; Masini et al., 2013) and led to
the creation of a North Adriatic Basinlocated west
of the DCP (Masetti et al., 2012). This extension
must have influenced the northern DCP margin
and potentially led to the partial reorganization
of the DCP architecture. Namely, it could have
created a fault dissected, step-like margin and
slope, which would be reflected in a shift from
the carbonate platform to the carbonate ramp ar-
chitecture of the northernmost part of the DCP.
Such depositional setting provided open marine
conditions favourable for the creation of the de-
scribed facies-types. Alternatively, the crinoidal
limestone could also represent Toarcian facies
originating from the drowned platform margin.
During this stage, the succession of the DCP is
characterised by thin-bedded micritic limestone
and crinoidal-ooidal limestone, recording trans-
gression which roughly coincides with the OAE
(Vlahovié et al., 2005; Crne and Gori¢an, 2008;
Dozet, 2009; Sabatino et al, 2013).

Wenotethat coeval with Lithiotid evolution the
re-establishment of marginal reefs is locally doc-
umented for the late Lower Jurassic (Leinfelder
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et al., 2002; Scheibner & Reijmer, 1999; Meri-
no -Tomé et al., 2012; Della Porta et al., 2014).
Local occurrence of coral patch reefs is known
also from the Pliensbachian of the northern DCP
(Turnsek & Kosir 2000; Turnsek et al. 2003) with
coral species corresponding to those determined
in some Lower Jurassic grainstone lithoclasts
(type LJ1; Podpurflca and Mirna sections). How-
ever, we do not support the existence of barrier
reefs on the DCP because: A) Lower Jurassic age
was not determined for the boundstone (or relat-
ed) clasts and B) all other (better preserved) plat-
form margins from the Southern Alps (Clari and
Masetti, 2002; Masetti et al, 2012; Francheschi et
al., 2013) as well as the DCP are dominated by
ooidal sand shoals (Tisljar et al, 2002; Crne &
Goriéan, 2008; Cadjenovié et al., 2008).

Platform-basin transition zone prior to Middle
Jurassic collapses

Breccia beds originated in the toe-of-slope
and proximal basin plain environments. They
sedimented as the result of debris flows and were
a product of large-scale collapses of the DCP
margin (for details see Rozic et al., 2019). Already
within some sections presented herein, breccia
beds are associated with turbidites, and towards
the inner parts of the SB they pass completely
into calcturbiditic layers (named Lower resedi-
mented limestones) which occur within siliceous
pelagites of the Tolmin Formation (Rozi¢, 2009,
Gorican et al., 2012; Rozi¢ et al., 2019).

The abundance of ooids and associated shal-
low-water grains (peloids, intraclasts, aggregate
grains, oncoids and some bioclasts) in the matrix
of the breccia and associated calciturbidites in-
dicates that the gravity flows began at the DCP
margin. Following the Toarcian deepening, the
shallow water sedimentation gradually re-es-
tablished on the margin and crinoid-rich ooidal
limestones that pass upwards into pure ooidal
limestone were deposited (Fig. 17) (Buser, 1996;
Crne & Gori¢an, 2008; Miler & Pavsi¢ 2008; Bus-
er & Dozet 2009; Ogorelec 2011; Dozet & Ogorelec
2012).

In addition, the breccia matrix contains deep-
er-water bioclasts, most typically thin-shelled
bivalves, whereas crinoids are also considered as
predominantly deeper-water grains (see also be-
low the discussion on Middle Jurassic lithoclasts).
This indicates the incorporation of deeper-water
(outer shelf/slope and basin) sediments into the
debris-flows. In the Mrzli vrh section, ooids and
associated shallow-water grains are almost en-
tirely absent, while other grains (thin-shelled bi-

valves, crinoids, sponge spicules, phosphate, and
glauconite) point to initiation of this debris flow
from the distal deep slope/open shelf area.

Important information on the architecture
of the platform-basin transitional area comes
from lithoclasts that we have determined to be
Middle Jurassic, and therefore contemporaneous
with the sedimentation event. Ooidal packstone/
wackestone clasts (MJ1) originate from the outer
shelf close to the sand shoals. This is indicated
by the co-occurrence of ooids and pelagic deep-
er-marine fauna. Such deposits are known from
the Middle Jurassic successions on Mt. Matajur
and Mt. Kobariski stol (Smuc, 2012; Udov¢, 2019;
Rozic et al., 2022).

Bio/lithoclastic limestones of the MJ2 and
MJ3 lithoclasts were proposed to have deposited
basin-wards on a step-like slope (Fig. 17). Such
paleotopography must have been produced by
active faulting, as indicated by the abundance
and diversity of lithoclasts, which occur inside
these microfacies types (MJ2 and MJ3 lithoclasts
types). These “lithoclasts inside lithoclasts” are
of shallow-, as well as of deeper-water origin and
could be pre-Middle Jurassic or generally con-
temporaneous with sedimentation of MJ2 and
MJ3 lithoclasts types. It seems that their erosion
may have been enhanced by the formation of es-
carpments.

The last type of Middle Jurassic lithoclasts is
a hemipelagic limestone (MJ4). These lithoclasts
originated with the debris-flow erosion of the
contemporaneous, semi consolidated, hemipelag-
ic (lower slope/basin) sediments and are there-
fore interpreted as “mud-chips”.

Information from lithoclasts
of undetermined age

The majority of the lithoclasts of undetermined
age was sedimented in deeper-marine environ-
ments. Pelletal packstone (UD1) and intraclastic
wackestone (UD2) most probably deposited on
the outer shelf. At least some of the UD1 clasts
are Late Triassic in age, while some could be Ju-
rassic. They were probably located between the
typical marginal facies and slope environments
similar to ooidal packstone/wackestone (MJ1).
Crinoidal foraminiferal wackestone (UD4) and
spiculite crinoidal packstone (UD5) correspond
to similar crinoid rich clasts, which are typical
for the outer shelf/slope environments in differ-
ent time slices (T1, LLJ3, LLJ4, MJ2, MJ3).

Filament packstone/grainstone (UD6), mud-
stone (UD8), and bioclastic pelletal packstone
(UD3) mostly originate from the erosion of slope
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and basin sediments, the first two being hemipe-
lagic, and the last resedimented limestones. Due
to the absence of plankton foraminifers, they are
considered Aalenian in age or older. Such facies
are common in Lower Jurassic and Upper Trias-
sic pelagites (Cousin 1981; Rozi¢ 2009; Rozi¢ et
al. 2009, 2013; Gale et al., 2012, 2014). Therefore,
debris flows of the Ponikve Breccia did not sole-
ly erode the contemporaneous basinal sediments
(MJ4), but also older hemipelagic strata. This is
also evident from the stratigraphic position of
the breccia megabeds that overlie the older basi-
nal successions with a stratigraphic gap (mostly
overlying the Hettangian-Pliensbachian Krikov
Formation). We already mentioned the basinal
succession of the Desna Hill in the Skofja Loka
area, where (Bajocian or younger) radiolarite of
the Tolmin Formation directly overlie the Nori-
an-Rhaetian Bac¢a Dolomite (Fig. 5 in Rozic et al.,
2019). During the sedimentation of the Ponikve
Breccia megabeds this area was bypassed and
was very likely deeply eroded by debris flows.

Although shallow-water clasts predominant-
ly originate from the margins of the DCP, some
clasts indicate at least minor erosion of the plat-
form interior. Such are coarse peloidal pack-
stones (UDT), pelletal bioclastic packstones (T2),
and partially also pelletal packstones (UD1). Due
to diagenetic changes, such as recrystallization
(UDY), dolomitization (UD10), and silicification
(UD11), the origin of the last three lithoclast
types is difficult to determine.

The Middle Jurassic collapse of the Dinaric
Carbonate Platform margin

The Ponikve breccia originated with major
collapses of the entire northern margin of the
DCP (Fig. 17). This is evident from: A) breccia
megabeds occur in an almost continuous belt
from the westernmost outcrops of the SB near
Tolmin, through the Skofja Loka area in cen-
tral Slovenia, to the easternmost occurrences in
the Mirna Valley, B) the extraordinary nature
of the resedimentation events, with the large-
scale debris-flow deposits representing a great
contrast to the underlying and overlying succes-
sions characterized by basin-plain (hemi)pela-
gites, and C) clasts indicate deep erosion of the
carbonate platform margin cutting down to the
Upper Triassic reef limestone. The compilation
of available biostratigraphic data indicates that
a major part of these events happened in a rela-
tively short time interval in the Bajocian and ear-
ly Bathonian. Some large-scale resedimentation
events post-dated the main collapse events also

later (in the late Middle Jurassic). This is evident
from the Trnje section in which a rather thick
radiolarite succession is interstratified between
breccia megabeds.

We associate the formation of the breccia
megabeds with the regional tectonic activity
(Rozic et al., 2019). The initiation of these events
coincides with the major mid-Middle Jurassic re-
organisation of oceanic domains surrounding the
Adria microplate (de Graciansky et al. 2011; Mas-
ini et al. 2013; Schmid et al. 2020). Alpine Teth-
ys (Piemont-Ligurian ocean) that was positioned
to the west/northwest, moved from the syn-rift
to the post-rift phase (oceanisation) during the
Middle Jurassic (Chiari et al. 2000; Bill et al.
2001; Manatschal & Miintener 2009; de Gracian-
sky et al. 2011; Ribes et al., 2019, 2020; Le Breton
et al., 2021). Towards the east, the Neotethys do-
main experienced the initiation of the intraoce-
anic subduction dated as Aalenian to Oxfordian
(Borojevié Sostarié et al. 2014; Schmid et al. 2020
and references therein). This was followed by the
obduction of ophiolites onto the Adria margin,
but the exact timing of the start of the obduction
is still debated and varies from mid-Middle Ju-
rassic (Gawlick et al. 2016; 2017a,b,c; 2018; Gawl-
ick and Missoni, 2019, Bragin & Djerié¢, 2020), the
latest Middle Jurassic (Bortolotti et al., 2013) to
the Late Jurassic (Mikes et al. 2008; Schmid et al.
2008, 2020; Gallhofer et al. 2017).

Paleogeographically, the transitional zone be-
tween the DCP and the SB was located between
the Piemont-Ligurian and the Neotethys oceans.
For this reason, it must have been highly influ-
enced by the described tectonic perturbations.
The exact nature of the tectonic deformations
at the transition zone is obscured by the Ceno-
zoic South-Alpine tectonic overprint. However,
an accelerated subsidence is documented in the
deep-marine successions across the Southern
Alps, including the SB (Bertotti et al. 1993; Mar-
tire 1996; Martire et al. 2006; Smuc 2005; Chi-
ari et al. 2007; Rozi¢ 2009; Smuc & Rozi¢ 2010;
Gorican et al. 2012). Subsidence north of the DCP
must have (re)activated normal faults along its
northern margin, thus increasing the depth of the
SB, enhancing the relief, and consequently pro-
duced collapses of the platform northern margin.

Comparison of the lithoclast distribution be-
tween sections yields no significant variability.
This indicates a rather uniform lateral erosion
along the DCP- SB transition zone. The same is
also valid for the vertical distribution of litho-
clasts in most of the sections. This is expected
because most of the logged successions probably
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belong to the same, single breccia megabed. In
the Ponikva-Podbrdo section, which consists of
several amalgamated beds, a vertical decrease
in Jurassic lithoclasts is visible. This may indi-
cate the progressive downcutting erosion of the
gravity-flow events, but it could also be attrib-
uted to the size of lithoclasts. We noticed that
boulder-sized lithoclasts, which characterize the
thickest bed of the Podbrdo section (and also oth-
er Ponikve Klippe sections) are predominantly
Upper Triassic. This could result in the described
distribution. Note that in the upper parts of the
Podbrdo and Idrija pri Baci sections, which lack
the bolder-sized clasts, Jurassic lithoclasts reap-
pear in greater number.

Backstepping of the Dinaric Carbonate
Platform margin

The tectonic subsidence (either forced by ex-
tension, transtension, or flexural bending) was
not limited solely to the slope between the DCP
and the SB, but also influenced the wider transi-
tion zone. As discussed in the previous chapter,
Middle Jurassic lithoclasts from the breccia point
to segmentation of the slope/platform margin and
the establishment of a step-like paleotopography.
Furthermore, the subsidence of the DCP margin is
directly evident from its northern-most outcrops.
In western Slovenia, these outcrops are charac-
terized by Upper Triassic and Lower Jurassic
(pre-Toarcian) inner platform (lagoon/intertidal)
carbonates. In the Idrijca Valley, Upper Creta-
ceous deep-marine (allodapic) limestones of the
Vol¢e Limestone Formation directly overlie them
(Buser, 1986). This leaves the time of the subsid-
ence wide open. Similar conditions are known
from the Soca Valley (Ogorelec et al., 1976; Buser,
1986), but the most recent geological study of the
Dobler Hydropower area showed that the Lower
Jurassic platform limestones are directly overlain
by uppermost Jurassic or lowermost Cretaceous
deeper marine sediments, i.e. limestone breccia
with a calpionellid-rich micritic matrix (Kovac,
2016). This narrows the drowning of this area
to the Middle to Late Jurassic period. Similar
conditions are described from eastern Slovenia,
where Upper Triassic and often Lower Jurassic
inner platform carbonates are overlain by latest
Jurassic-Berriasian Biancone-type limestone

et al, 2004; Buser, 2010; Poljak, 2017; Rehakova &
Rozi¢, 2019). At Mt. Gorjanci the Lower Juras-
sic, so-called Krka Limestone is overlain by the
siliceous pelagites that are dated to Bajocian-Ti-
thonian (Riznar, 2006; Skobe et al., 2013; Poljak,

2017). This data from eastern Slovenia indicates
that the first prominent subsidence of the DCP
margin occurred between the late Early Juras-
sic and the latest Late Jurassic. Considering the
succession of Mt. Gorjanci, we can narrow this
interval to the late Early Jurassic-middle Middle
Jurassic. A connection to the DCP margin col-
lapse discussed herein appears highly probable.

Indications of the (Middle) Jurassic platform
margin retreat also appear in the form of the
changed position of the Upper Triassic and Upper
Jurassic marginal reefs. In this paper (and Rozi¢
et al., 2019), we present evidence for the existence
of Upper Triassic reefs on the DCP margin that
were located north of the existing platform out-
crops. Today, they are covered by South-Alpine
nappes (SB successions), or alternatively, could
have been largely destroyed by redepositional
events described herein. In contrast, Upper Ju-
rassic reefs are well known and were paleonto-
logically studied in detail (Turnsek, 1997). They
are generally located south and southwest of the
successions described in the previous paragraph
(Fig. 1). These reefal limestones are traced from
the Trnovski gozd area, through central Slovenia
to Bela Krajina and further SE throughout the
External Dinarides (Turnsek et al., 1981; Buser,
1978; 1996; Turnsek, 1997; Vlahovié et al., 2005).

In western Slovenia, Upper Jurassic reefs are
underlain firstly by Middle Jurassic thin-bed-
ded limestone with cherts, followed by Middle
Jurassic ooidal limestones which gradually pass
into thin layers of Toarcian crinoidal limestone.
These formations are characteristic of the DCP
margin or open shelf. Downwards, these litho-
stratigraphic units pass into the abovementioned
pre-Toarcian carbonates of the inner platform
(lagoon/intertidal environments). From the de-
scribed succession, we cannot precisely deter-
mine the time of the backstepping, but it must
have occurred after the Pliensbachian. While
the Toarcian deepening can still be attributed
to the major eustatic sea-level rise, the following
successions clearly indicate a general shift from
inner platform to long-lasting open-marine envi-
ronments.

In eastern Slovenia (Trebnje area), the Late
Jurassic reefs and (fore-reef) breccia overlie
the deep-marine hemipelagic and resedimented
limestones with cherts, which are probably also
Late Jurassic in age. Further downward, beneath
a prominent stratigraphic gap, Lower Jurassic
limestones equivalent to those from Western Slo-
venia, i.e. Toarcian crinoidal/ooidal limestones
and pre-Toarcian lagoon/intertidal limestones
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are found (Otonicar, 2015). Also from this succes-
sion, an approximately Middle Jurassic platform
retreat seems entirely plausible.

Taking into consideration all of the data pre-
sented herein, we propose that the collapse of the
platform margin and formation of the Ponikve
breccia Member is not the main factor behind the
backstepping of the DCP margin. More likely, it
represents an extraordinary and extensive sedi-
mentary response to the tectonic processes that
caused a significant topographic reorganization
of the platform-margin-slope-basin transition.

Conclusions

Hemipelagic sediments and subordinate cal-
citurbidites characterize the Jurassic successions
of the Slovenian Basin’s southern margin. The
main and most striking exception are thick lime-
stone breccia beds, which form successions up
to 80 meters thick originating from large-scale
debris-flows. These are largely dated to the Bajo-
cian and early Bathonian, but some also occurred
later in the Middle Jurassic. We define this lime-
stone breccia as a Ponikve Breccia Member of the
Tolmin Formation.

Detailed analyses of lithoclasts allowed for
a reconstruction of the Dinaric Carbonate Plat-
form’s northern margin, which is no longer pre-
served nor exposed on the surface due to over-
thrusting. In the Upper Triassic, a reef complex
typical of other Dachstein-type platforms char-
acterized the Dinaric Carbonate Platform mar-
gin. In the Lower Jurassic, following the Triassic/
Jurassic Boundary calcification crisis, the Dinar-
ic Carbonate Platform margin was dominated
by ooidal sand shoals. The Dinaric Carbonate
Platform inherited a flat-topped architecture in
the early Lower Jurassic and possibly longer. To-
wards the end of the Lower Jurassic the platform
margin may have partially subsided.

Following the Toarcian deepening, shal-
low-marine conditions on the Dinaric Carbonate
Platform margin were re-established with ooidal
shoals. Towards the basin, a slope dissected by
fault-escarpments likely existed.

In the Bajocian, regional tectonic perturba-
tions started to trigger major collapses of the
Dinaric Carbonate Platform margin, in turn giv-
ing rise to the formation of the Ponikve Breccia.
These collapse events changed the architecture
of the platform margin and may have brought
about the retreat of the Dinaric Carbonate Plat-
form margin. These tectonic- and sedimentary-
events may also have been at least partially re-
sponsible for the present-day non-existing sur-

face exposure of the Dinaric Carbonate Platform
margin carbonates of the Late Triassic and the
Early Jurassic age.
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Abstract

Fossil remains of chondrichthyan tooth bases (roots) were found in Lower Permian beds exposed along the
forest road between Dovje and Plavski Rovt. These layers are part of the clastic development of the Trogkofel
Group beds. They are composed of an alternation of dark to light-grey shales, siltstone, and sandstone with
rare beds of the conglomerate. Within the clastic succession, layers or lenses of dark-grey to black limestones
(biosparitic, biomicritic and oolitic) and limestone breccias occur. The limestone consists remains of algae,
fusulinids, brachiopods, and mostly crinoids (Palermocrinus and Entrochus). Detail study has shown that two
remains of tooth bases belong to the genus Petalodus, one of them to the species Petalodus ohioensis. The bases
are tongue-shaped and come to a rounded point in the distal (base end) edge. On the surface of the base, the
typical oval-shaped foramina are visible. In addition, the osteodentine is visible on the cross-section of one
specimen. Teeth of Petalodus are often the most common chondrichthyan fossil vertebrate remains reported
from the Carboniferous and Permian rocks of the USA, Europe, and Russia. In Slovenia, Petalodus ohioensis
has been recorded only from Upper Carboniferous beds. The new record of Lower Permian remains contributes

to the knowledge of this cosmopolitan but still common genus of Late Paleozoic chondrichthyans.

Izvleéek

Iz spodnjepermskih plasti med Dovjim in PlavS8kim Rovtom so bili odkriti fosilni ostanki korenin zob
hrustanénic. Najdbe izhajajo iz klasticnih plasti Trogkofelske grupe, kjer se menjavajo temni do svetlo sivi
glinavci in pescenjaki ter redke lece konglomeratov. Med plastmi se pojavljajo tudi zaporedja temno sivih in
¢rnih apnencev in apnencevih bre¢, ki vsebujejo fosilne ostanke alg, fuzulin, ramenonozcev in vecji delez ploséic
morskih 1ilij (rodov Palermocrinus in Entrochus). Novo odkrita ostanka zob sta dobro ohranjeni korenini,
znacilni za rod Petalodus in smo ju vsaj v enem primeru taksonomsko pripisali vrsti Petalodus ohioensis. Oba
ostanka korenin imata jeziku podobno obliko, ki se proti koncu zaokrozi. Na povrSini so opazne manjSe odprtine
(foramni), medtem ko je na enem primerku opazna tudi kostna struktura (osteodentin). Zobje rodu Petalodus se
pojavljajo v karbonskih in permskih plasteh skoraj povsod po svetu, predvsem v ZDA, Evropi in Rusiji. V Sloveniji
so bili dobro ohranjeni zobje vrste Petalodus ohioensis najdeni le v zgornjekarbonskih plasteh, medtem ko so
novi ostanki iz spodnjega perma prvic¢ predstavljeni tukaj. Nove najdbe iz Slovenije dopolnjujejo paleontolosko
sliko tega kozmopolitskega rodu poznopaleozojskih hrustané¢nic.
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Table 1. Compiled list of Late Paleozoic chondrichthyan teeth from the South Karavanke (NW Slovenia). Note: All listed spe-
cimens were figured in cited publications. *Preliminary identification of the specimen.

Tabela 1. Pregledni seznam poznopaleozojskih ostankov zob hrustanénic iz juznih Karavank (SZ Slovenija). Opomba: vsi
primerki so ilustrirani v citirani literaturi. *Preliminarno dolo¢eni primerki.

Age (Stage)
Starost (obdobje)

Species (number of the specimen) /
Vrsta (Stevilo primerkov)

Reference (Publication) /
Referenca

Fossil site - locality /
Najdisce fosila

Glikmanius cf. occidentalis (1)

Kriznar, 2015
Kriznar, 2016

Hrusica (north), forest road
near Na Visokih

Petalodontidae gen et. sp. indet. (1)*

Lower Permian
(Asselian-Artinskian)

Novak, 2006

Dovz k
ovzanova soteska Novak, 2019

Petalodus ohioensis (2)

Ramovs & Bedic¢, 1993
Ramovs, 1997
Ramovs, 1998
Peternel, 1995

Javorniski Rovt, Spodnja
Pocivala

Petalodus ohioensis (1)

Ramovs, 1997
Ramovs, 1998

Forest road Planina pod
Golico - Crni vrh

Petalodontidae gen et. sp. indet. (1)

Planina pod Golico, brook

southeast of the village Ramovs, 1998

Upper Carboniferous
(Gzhelian)

Petalodontidae gen et. sp. indet. (1)

Crni vrh Peternel, 1995

Introduction

The Petalodontiformes are a small intriguing
group of late Paleozoic chondrichthyans, rang-
ing from the Carboniferous (Mississippian) to
the Permian. Up to now, there are about 17 gen-
era referred to Petalodontiformes, but most are
known principally from isolated teeth (Ginter et
al. 2010; Lund et al., 2014). Petalodus is the long-
est-known petalodont cosmopolitan genus. The
late Paleozoic chondrichthyans (»shark«) record
from Slovenia consists of complete or partial re-
mains of petalodont teeth (Petalodontidae gen et.
sp. ident. and Petalodus ohioensis) and one tooth
of Glikmanius cf. occidentalis (for the references
and the list of localities see Table 1).

Geological and Stratigraphical settings

In the Southern Karavanke Mts. the outcrops
of Upper Paleozoic (Upper Carboniferous and
Lower Permian) fossiliferous shallow marine de-
posits are scattered between Solcava and Dovje
(Fig. 1). The broadest and best exposed Lower
Permian beds are present north of Trzi¢, in the
vicinity of famous fossil sites Dovzanova soteska
and Jelendol (Novak, 2007; Novak & Skaberne,
2009). In the western part of Southern Karavanke
Mts. Lower Permian beds are mainly exposed

in Javorniski Rovt and Pristava, and between
Planina pod Golico and Dovje village (Novak &
Skaberne, 2009).

The lithostratigraphic subdivision of Lower
Permian rocks in the Southern Karavanke moun-
tains is composed of the Grenzland Fm., Zweik-
ofel Fm. and on top the Trogkofel Group (Novak
& Skaberne, 2009, 199). In the youngest beds of
the Trogkofel Group, carbonate and clastic devel-
opments are distinguished. The carbonate part is
represented by light-grey, dark-red, and rose-red
reef fossiliferous limestones and fore-reef lime-
stone breccias in some parts. The Trogkofel lime-
stone is massive (as reef bioherm) or thick-bedded
and rich in fossils. The clastic development of the
Trogkofel Group beds is composed of the alter-
nation of dark to light-grey shales, siltstone, and
sandstone with rare beds of conglomerate (Novak
& Skaberne, 2009). Within the clastic succession,
layers or lenses of dark-grey to black limestones
(biosparitic, biomicritic and oolitic) and lime-
stone breccias occur, containing rock-forming
remains of algae, fusulinids, brachiopods, rare
corals, and crinoids (Novak & Skaberne, 2009).
The age of the Trogkofel Group (with Trogkofel
limestone) in the Southern Karavanke is middle
to late Artinskian, with a thickness of a maxi-
mum of 400 meters (Novak & Skaberne, 2009).
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Fig. 1. Index map (top) showing the outcrops of Lower Permian clastic-carbonate beds in the Karavanke (Slovenian part)

with the fossil location near Dovje. Summary of the Permian stratigraphy and biostratigraphy (bottom) of the Karavanke
Mountains, with the position of fossil chondrichthyan teeth in the Trogkofel Group (adapted from Novak & Skaberne, 2009).

Sl. 1. Zemljevid razprostranjenosti klasti¢no-karbonatnih spodnjepermskih plasti v Karavankah (slovenski del) in pozicija
najdisca fosilov pri Dovjem (zgoraj). Poenostavljen stratigrafski stolpec spodnjepermskih plasti v Karavankah (prirejeno po

Novak & Skaberne, 2009).

The outcrop of the newly discovered chon-
drichthyan tooth fragments is located along the
forest road between Dovje and Plavski Rovt
(Fig. 2). Layers of dark-grey limestones and an
alternation of light-grey shales and siltstone are
exposed. All beds are extremely fossiliferous

with numerous disarticulated crinoid remains.
The remains of crinoids are mostly fully disartic-
ulated parts (ossicles) of stems (columnals), arms,
pinnules, and rarely crinoid crowns (Lach et al.
2013). Crinoid remains were not yet the subject
of a thorough paleontological investigation, but
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Fig. 2. A: The location of petalodontid teeth remains on a forest road in the vicinity of Dovije (13°58’14”, 46°28’1”). B-D: Various
remains from crinoid-bryozoan-algae assemblage (biofacies) from the Dovje locality. Not to scale. Abbreviations: Cr - crinoid
remains (mostly crinoid columnals); Brio - bryozoans; Alg -algae.

Sl. 2. A: Najdisce petalodontidnih ostankov zob ob gozdni cesti v okolici Dovjega (13°58’14”, 46°28’1”). B-D: Razli¢ni fosilni os-
tanki iz krinoidno-briozojsko-algnih zdruzb iz najdis¢a pri Dovjem. Ni v merilu. OkrajSave: Cr - krinoidni ostanki (prevladu-
jejo ploscice morskih 1ilij); Brio - briozoji (mahovnjaki); Alg — alge.

preliminary research shows the presence of the
crinoid genera Palermocrinus and Entrochus,
with probably some members of Codiacrinidae
(Lach et al., 2013; Ramovs & Sieverts-Doreck
1968). The associated fauna is composed of bra-
chiopods (productids and spiriferids), bivalves,
gastropods, foraminifers (fusulinids), algae
(Shamovella-Archaeolithoporella), and fenestel-
lid bryozoans which are with the crinoids, form
the main biotic component in some parts. Similar
crinoidal limestone with Palermocrinus togatus,
with higher carbonate content, is known at Prista-
va in Javorniski Rovt. The age of the outcrop with
new fossil tooth remains is Artinskian (Novak &
Skaberne, 2009; Novak M., personal comm.).

Materials and methods

Specimens were discovered by Jure Zupanc
around the year 2000 and are stored in his pri-
vate geological collection. For the specimens
described here, we use working identification
numbers JZC 001 (Fig. 4) and JZC 002 (Fig. 5).
Both specimens were prepared only with minor
mechanical tools (needles) and measured with a

metal hand vernier caliper. The specimens were
photographed using a Nikon D7200 camera cou-
pled with an AF-S Micro NIKKOR 60mm f/2.8G
ED lens. Photos of specimens were additionally
edited with the advanced photo editing program
Adobe Photoshop Lightroom which enhanced the
visibility of some features.

Our description of the tooth base (Fig. 3) fol-
lows combined terminology suggested by Dalla
Vecchia, (1988), Robb (2003), Harper (2018, 7), and
Gali et al. (2021, see their Fig. 2, al-a3).

Systematic Paleontology

Systematics follows the taxonomic views of
Ginter et al. (2010) and Carpenter & Itano (2019).

Class Chondrichthyes Huxley 1880

Subclass Euchondrocephali Lund & Grogan

1997

Order Petalodontiformes Patterson 1965

Family Petalodontidae Newberry & Worthen

1866

Genus Petalodus Owen 1840

Petalodus ohioensis Safford 1853

Figure 4
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Fig. 3. Anatomical terminology of petalodontid tooth (Petalodus). Adapted from Dalla Vecchia, (1988), Robb (2003), and Gai

et al. (2021).

Sl. 3. Anatomska terminologija petalodontidnega zoba (Petalodus). Prirejeno po Dalla Vecchia, (1988), Robb (2003) in Gai et

al. (2021).

Material: One specimen of base of petalodon-
tid tooth (Fig. 4). Specimen (JZC 001) was discov-
ered by Jure Zupanc and is stored in his private
geological collection. The specimen represents
the complete tooth base (Fig. 4A-C) of a typical
petalodont tooth. The tooth crown is missing.

Description: The base is triangular in tongue
shape and comes to a rounded point in the dis-
tal edge (base end). Transversely the base is oval.

The mesiodistal width is 30 mm, and the total
length is 36 mm. The maximal lingual-labial
thickness of the tooth base is 6.4 mm. The lingual
side of the base is bent to the labial side. On the
surface of the lingual side, a few oval-shaped fo-
ramina are visible, on faint traces of ridges. On
top of the base, the distal crown tongue is poorly
preserved and overhangs the base. The labial side
of the base has four elongated ridges, with no vis-
ible foramina, partially covered with a matrix.

Fig. 4. Petalodus ohioensis from Dovije locality. Specimen JZC 001: A - lingual, B - profile, C - labial views. The scale bar

equals 10 mm. D - reconstructed position of the base in a tooth.

Sl. 4. Petalodus ohioensis iz najdisca pri Dovjem. Primerek JZC 001: A - lingvalni, B - stranski, C - labialni pogledi, merilo je

10 mm. D - rekonstrukcija polozaja korenine na zobu.
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Fig. 5. Petalodus cf. ohioensis from Dovje locality. Specimen JZC 002: A - lingual, B - profile, C - labial views, D, E - distal sur-
faces with visible spongy tissue (osteodentine). The scale bar equals 10 mm. F — reconstructed position of the base in a tooth.

Sl. 5. Petalodus cf. ohioensis iz najdisca pri Dovjem. Primerek JZC 002: A - lingvalni, B - stranski, C - labialni pogled, D,
E - distalna povrsina primerka z vidno kostno strukturo (osteodentin), merilo je 10 mm. F - rekonstrukcija polozaja korenine

na zobu.

Petalodus cf. ohioensis SAFFORD 1853
Figure 5

Material: One specimen of base of petalodon-
tid tooth (Specimen JZC 002) (Fig. 5). The re-
mains represent a fragmentary but typical pet-
alodont tooth base (Fig. 5A-E). The tooth crown
is missing.

Description: The base is triangular in shape
and it is transversely oval. The mesiodistal width
of the preserved base is 33 mm. The maximal lin-
gual-labial thickness of the preserved tooth base
is 9.5 mm. Labially the base is more concave and
lingually convex. On both sides (lingual and la-
bial) three elongated (vertical) ridges are present.
On the lingual side, the oval-shaped foramina are
visible on all ridges. On the bordered part (top of
the base), a small part of the distal crown tongue
is present, with two rows of ridges. On both dis-
tal surfaces of the specimen, the spongy tissue
is visible. According to Zangerl et al. (1993), this
tissue is circumpulpar trabeculine (cavities) and
trabecular dentine, or osteodentine by Dalla Vec-
chia, 1988 and Gai et al., 2021 (Fig. 5D-E).

Discussion and Conclusion

Teeth of Petalodus are often the most common
chondrichthyan fossil remains reported from the
Carboniferous and Permian rocks of the USA,
Europe, Russia, and China (Ginter et al. 2010,
141; Dalla Vecchia, 2008; Gai et al. 2021). The re-
mains are mainly isolated teeth. Petalodus ohio-
ensis is well known from Upper Carboniferous
and Lower Permian beds and it is widespread
(Hansen, 1985; Elliott et al, 2004, 277-278; Ginter
et al. 2010, 141). The specimen presented here
(JZC 001) (Fig. 4), preserved as a tooth base, is
typical of Petalodus ohioensis. The shape of the
tooth base is very similar in shape and dimen-
sions to specimens presented by Brusatte (2007,
3, fig. 2), Harper (2018, 4, fig. 1), Ramovs & Bedic¢
(1993, 149, fig. 1) and Ramovs (1997, 110, fig. 1). All
these specimens come from Upper Carboniferous
strata and are probably from the anterior part
of Petalodus ohioensis jaw, based on shape and
size of teeth base (Elliott et al, 2004, 277, fig. 5A-
B). Even though our second specimen (JZC 002)
(Fig. 5) is broken, we attribute it to the genus Pet-
alodus. Its shape and dimensions and comparison
with other specimens (see Brusatte, 2007; Harper,
2018; Ramovs$ & Bedic¢ 1993) allow us to classify it
as Petalodus cf. ohioensis.
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The new finding increases the petalodont di-
versity in the Southern Alps, and also sheds new
light on the distribution and stratigraphic range
of petalodonts in Slovenia and this part of Eu-
rope.
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Abstract

TheBa,Pb and Zn ore deposit PleSe near Ljubljana is one of the formerly productive mines. The stream sediments
were sampled and analysed by XRF to establish the effect of grain size, mineralization, and downstream location
of sampling sites on geochemical composition based on various statistical analyses. Statistical analyses of the
geochemical data confirm the impact of mineralization. The parametric t-test, non-parametric Mann-Whitney
test and cluster analysis showed only minor differences in the geochemical composition of the samples with
different grain sizes (< 0.063 mm and 0.063-2 mm). The parametric and non-parametric correlation coefficients
as well as cluster analysis indicate that the contents of Si, Al, K, Rb, and Fe are associated with weathered
rock forming minerals such as micas, and clay minerals, whereas Nb and Zr are associated with minerals
resistant to weathering. Ca and Mg are associated with carbonates. S, Ba, Sr, Pb, Zn, and Mn indicate local
mineralization with sulphates and sulphides. The results of the t-test and analysis of variance, Mann-Whitney
tests and Kruskal-Wallis ANOVA of the groups established by the cluster analysis confirm that the contents of
Ba, Pb and Sr have a statistically significant influence on the classification of the cluster group -i.e., the influence
of sediment mineralization. There are no differences in elemental contents in the sediment samples downstream.
The statistical approach to evaluate the geochemical data has proven useful and provides a good basis for further
interpretation.

Izvlecek

V rudiséu PleSe v okolici Ljubljane so v preteklosti pridobivali Ba, Pb in podrejeno Zn. Vpliv velikosti
zrn, mineralizacije in lokacije vzorcevanih toc¢k dolvodno na geokemic¢no sestavo sem dolocala v vzorcih
potocnega sedimenta, katerega geokemicna sestava je bila doloc¢ena z metodo XRF. Statisti¢na analiza podatkov
geokemicne sestave je potrdila mineralizacijo vzorcev poto¢nega sedimenta. Rezultati parametri¢nega t-testa,
neparameti¢cnega Mann-Whitney-jevega testa in clustrske analize so pokazali, da se geokemicni sestavi vzorcev
frakeij <0,063 mm in 0,063-2 mm skoraj ne razlikujeta. Tako parametri¢ni kot neparametriéni korelacijski
koeficienti ter clustrska analiza so pokazali, da prvine Si, Al, K, Rb in Fe kazZejo na prisotnost preperelih
kamninotvornih mineralov (npr. sljud, glinenih mineralov), Nb in Zr na minerale odporne na preperevanje, Ca in
Mg sta znacilna za karbonate. S, Ba, Sr, Pb, Zn in Mn kaZejo na lokalno mineralizacijo s sulfati in sulfidi. Razlike
med skupinami, ugotovljenimi s clustrsko analizo, sem testirala s parametri¢cnim t-testom, analizo variance in
Mann-Whitney-jevim testom ter Kruskall-Wallis ANOVO. Na uvrstitev v skupine nabolj vplivajo vsebnosti Ba,
Pb in Sr, kar potrjuje vpliv mineralizacije sedimenta. Razlik v geokemiéni sestavi vzorcev sedimentov dolvodno
testi niso zaznali. Statisti¢ni pristop k interpretaciji geokemi¢nih podatkov predstavlja dobro osnovo za nadaljnjo
interpretacijo.
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Introduction

Nowadays, statistical analyses are very com-
mon and useful in many fields of geology (Swan
and Sandilands, 1995; Davis, 2002), especially
when dealing with geochemical data (e.g., Al-
banese et al., 2007; Grunsky et al., 2009). A statis-
tical approach can also be useful in determining
relationships between the geochemical compo-
sition of soils or stream sediments and mineral
occurrences (e.g., Candeias et al., 2011; Carvalho
et al., 2014; Levitan et al., 2015). There are some
former mines and small ore deposits of Pb, Zn,
Hg and Fe in the vicinity of Ljubljana (Dervaric¢
et al.,, 2005). The Plese Ba, Pb, and Zn ore deposit
is one of the formerly productive mines (Mlakar,
2003). Barite, galena, and some sphalerite were
mined here for at least 250 years. Between 1729
and 1963, when the mine was opened, more than
100,000 tons of barite, about 10,000 tons of Pb,
and some Zn were mined (Zebre, 1955; Fabjanéi¢,
1966; Mlakar, 2003). Today, water seeps and leaks
from the formerly productive mine and trans-
ports mineralized sediments that may affect the
local environment. Stream sediment chemistry
is one of the indicators of local geology and also
of mining activity (e.g., Hudson-Edwards et al.,
1996; Ettler et al., 2006; Tersic et al., 2018). It can
also be used as an indicator of potential contam-
ination from mining materials (Baptista-Salazar
et al., 2017; Potra et al., 2017; Gosar et al., 2020;
Zibret & Ceplak, 2021; Miler et al., 2022).

Sediments from the stream of the abandoned
mine tunnel in the PleSe area were sampled to
evaluate their geochemical properties and the in-
fluence of grain size (0.063-2 mm and < 0.063 mm)
based on statistical analyses. In addition, statis-
tical tests were performed to evaluate the impact
of the sampling site on sediment geochemical
composition.

Materials and methods

The oldest rocks of the area are the Carbon-
iferous clastites (Buser, 1974; Mlakar, 2003). The
Permian rocks of the Val Gardena Formation
are followed by Lower Triassic dolomites inter-
bedded with fine clastites, red claystones, oolitic
limestone and dolomite lenses. This is followed
by Anisian and Cordevolian dolomites, and fi-
nally the upper Triassic Main dolomite. Stream
and bog sediments with scree are the youngest
rocks in the area (Buser et al., 1969; Buser, 1974;
Mlakar 2003). The area has a complex tectonic
history (Buser, 1974; Premru 1974, 1980; Mlakar,
1987; Placer, 1998; Dozet, 1999; Mlakar, 2003). The
Upper Triassic dolomite is overthrusted by Pale-

ozoic beds. In addition, several faults of different
systems (e.g., cross-alpidic, dinaric, cross-dinar-
ic) are observed. Mineralization with barite, ga-
lena and sphalerite occurs in both Paleozoic and
Triassic beds (Buser, 1974; Mlakar 2003).

Stream sediment samples were collected at 10
sampling sites at a total distance of 250 m from
the abandoned mining tunnel (Fig. 1). The upper
30 cm of the stream sediment was sampled. In the
laboratory, all samples were dried at 40 °C. Sam-
ple size was reduced by quartering. Samples were
sieved through sieves with a 2-mm and a 0.063-
mm openings. A total of 15 samples were analysed
- 5 samples of fraction 0.063-2 mm (samples des-
ignated PO1-2, PO3-2, PO5-2, PO7-2, PO9-2) and
10 samples with grain size of < 0.063 mm (samples
designated PO1 to PO10). Geochemical composi-
tion was determined using a Thermo Fisher Niton
XL3t GOLDD portable X-ray fluorescence (XRF)
analyzer at the Department of Geology, Faculty of
Natural Sciences and Engineering, University of
Ljubljana. The accuracy was checked with sever-
al analyses of standard materials and found to be
good for elements in question. The only exception
is Ba, whose values were not standardised and
therefore should be used with caution and only for
relative comparison of the analysed samples. Re-
lative percentage difference (%RPD) of duplicate
measurements of sample POl showed very good
precision (< 10 % error) for most elements, with the
exception of S (< 12 % error). For further interpre-
tation, the contents of Si, Al, Fe, Mg, Ca, K, S, Mn,
Ba, Nb, Pb, Rb, Sr, Zn, and Zr were manipulated.
The contents of the other elements were below the
detection limit in the majority of the samples or
were not of our interest. Statistical analysis was
performed using Tibco Statistica software (2017).

Normality of data distribution was checked by
comparison of medians, arithmetic and geometric
means, by kurtosis and skewness, by visual in-
spection of histograms, by Kolmogorov-Smirnov
and Lilliefors test, and by Shapiro-Wilk test. Be-
cause some of the variables aren’t normally dis-
tributed and because of the small number of sam-
ples and for comparison, we applied parametric
and non-parametric statistics (Swan and Sandi-
lands, 1995; Davis, 2002). For comparision para-
metric t-test and non-parametric Mann-Whitney
test were performed and correlations (Pearson s
product-moment and Spearman rank order cor-
relation coefficients) were calculated. Cluster
analyses of the variables and observations were
performed using Ward’s linkage rule method and
the 1-Pearson correlation coefficient and Euclid-
ean distance as a distance measure.
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Fig. 1. Map of the area
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Results and Discussion

Ba-Pb-Zn mineralization is clearly evident in
the geochemical compositions of the stream sedi-
ment samples (Table 1). In some samples, the con-
tents of Ba (the values reported should be used
with caution and for relative comparison only),
Pb, and Zn exceed the intervention values of 625,
530, and 720 mg/kg, respectively, in soils (Ur. list
RS 68/96) and in soils and sediments (VROM,
2000). The contents of Ba and Pb above interven-
tion values were also established by others (Go-
sar et al., 2014; Miler et al., 2022). For compari-
sion, median values for Ba, Pb and Zn in stream
sediments analysed by XRF in Europe are 370, 21
and 71 mg/kg (Salminen et al., 2005).

The presence of silicate and carbonate mine-
rals in sediment samples is also evident (Table 1).
The variations in geochemical composition is the
result of complex geological composition of the
area (Buser, 1974; Mlakar, 2003).

The effect of grain size on the distribution
of elements was examined using the parametric
t-test and the non-parametric Mann-Whitney
test. The parametric t-test revealed statistically
significant differences (95 % probability) in the
studied fractions (0.063-2 mm and < 0.063 mm)
with respect to the content of Mg (t = -2.53, p =
0.025), Nb (t = 2.26, p = 0.041), and Zr (t = 2.35,
p = 0.036). The results of the Mann-Whitney test
were very similar, with statistically significant
differences at the 95 % probability level for the
contents of Nb (Z = 2.02, p = 0.043) and Zr (Z =
2.88, p =0.004) in the studied grain size fractions.

The results are also confirmed by box and whisk-
er plots (Fig. 2) - the geochemical composition
is very similar in both fractions. Some samples
are more mineralized than others, with no clear
trend as a function of grain size. Minor differ-
ences are observed only in Mg content, which is
almost twice as high in the coarse-grained frac-
tion, with a mean of 9.01 % and a median of 9.73 %
(in the < 0.063 mm samples, the mean is 5.44 %
and the median is 5.98 %). The Mg content can
be attributed to the presence of dolomite. Niobi-
um and Zr are more abundant in the fine-grained
fraction. For Nb, the mean is 16 mg/kg and the
median is 15 mg/kg in the < 0.063 mm fraction,
while it is lower in the coarser fraction at 9 mg/
kg and 7 mg/kg, respectively. The difference in
Zr content is even greater: mean and median are
251 mg/kg and 150 mg/kg in the finer fraction,
while 42 mg/kg (mean) and 41 mg/kg (median) in
the coarser fraction. Niobium and Zr are bound
in weathering resistant minerals.

The small number of samples and the (non-)
normality of the distribution clearly affect the
differences between mean and median values
(Swan & Sandilands, 1995). In the present case,
the number of samples (10 vs. 5 samples) also af-
fects the range - the ranges of the fine-grained
samples (< 0.063 mm) are generally larger than
the ranges of the 0.063-2 mm samples for most
elements. The exceptions with wide ranges for
S, Ba, Pb, Sr, and Zn in the coarser fraction are
probably due to the mineralization of the sedi-
ments.
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Fig. 2. Medians, interquartile ranges (boxes) with minimum and maximum values (whiskers) of measured elements in finer

(<0.063 mm) and coarser (0.063-2 mm) fractions.

The relations between elements have been
determined by calculation of correlation coef-
ficients and by cluster analysis. Care should be
taken when comparing parametric and non-par-
ametric correlation coefficients calculated using
Tibco Statistica software. The software requires

all data to calculate the parametric correlation
coefficient. If one or more variable values are
missing, the entire observation is excluded from
the analysis. As Mn content in sample PO9-2 was
not detected by XRF, the entire observation was
eliminated from the analysis. Therefore, when
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Table 1. Results of geochemical analysis.
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comparing the two correlation coefficients, some
data are “lost” - regardless of whether we omit
the entire observation or the variable with the
missing data. Consequently, the results may dif-
fer to some extent and may also be biased.

First, the coefficients were calculated without
the sample PO9-2 data. For most elements, there
are almost no differences in the statistically sig-
nificant correlation coefficients calculated with
the parametric Pearson's product-moment corre-
lation coefficient (Table 2) or with non-paramet-
ric Spearman rank order correlation coefficient
(Table 3). Exceptions are Si-Nb, Fe-Zr, and Mn-
Pb, for which parametric correlations were deter-
mined to be statistically significant, and Si-Pb,
Mn-Nb, Mn-Rb, and Ba-Zn with statistically sig-
nificant non-parametric correlation coefficients.
The results look slightly different if we omit
the Mn values (Tables 4 and 5) instead of PO9-2
observation. In this case, the differences are in
S-Zn, Ba-Nb, Ba-Zn, Nb-Sr, and Sr-Zn correla-
tions, where non-parametric correlation coeffi-
cients are statistically significant, and Pearson's
product-moment correlation coefficients aren't.
The Pearson's product-moment correlation coef-
ficient is based on the agreement and direction
of the linear relationship between two variables,
while the non-parametric correlation is based on
the ranking of the data values rather than the
values themselves (Swan & Sandilands, 1995).
Therefore, scatter plots with a distinct trend line
may have a low non-parametric correlation even
though the parametric correlation is statistically
significant because the positive and negative de-
viations from the line almost cancel each other
out. The non-parametric correlation is also less
sensitive to extreme values (Swan & Sandilands,
1995). On the other hand, the calculation of Pear-
son's product-moment correlation coefficient re-
quires a larger number of samples and normality
of the distribution. Therefore in presented case,
the results of non-parametric correlations are
more trustworthy, while parametric Pearson's
product-moment correlation coefficient should
be used with caution.

The results of cluster analysis of the var-
iables show two main groups (Fig. 3). The first
group consists of Si, Al, K, Rb, Fe, Nb, and Zr,
while the second group can be divided into two
subgroups, with Ca and Mg in one and Zn, Pb,
Mn, Sr, Ba, and S in the other subgroup. Cluster
analysis confirms the results of correlation coef-
ficients. Namely, members of the groups have in
general higher correlation coefficients. The con-
tents of Si, Al, K, Rb, and Fe can be attributed
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to secondary minerals (e.g., clay minerals, micas)
or oxides (hematite; Mlakar 2003), Nb and Zr to
weathering-resistant minerals, and Ca and Mg to
carbonates. Ba, Pb, Zn and S indicate local min-
eralization with sulphates and sulphides, while
Sr might be attributed to trace elements in barite
(Mlakar, 2003) and Mn in galenite and sphalerite
(Drovenik et al., 1980) or to secondary minerals
formed with ore mineral weathering (Miler et al.,
2022).

8

When clustering the observations without
sample PO9-2 (using Ward’s method as a linkage
rule and Euclidean distance measurement), three
groups are distinguished (Fig. 4): the first group
with samples PO1, PO1-2, PO2, PO3, PO3-2, PO"7-
2; the second group with samples PO6, PO7, POS8,
P09, PO10; and the third group with samples
P04, P05, and PO5-2. We checked the differences
between the groups obtained by cluster analysis
using analysis of variance and Kruskal-Wallis

Fig. 3. Cluster analysis of

measured elements (calcu-
lation is based on Ward's
method as a linkage rule
and 1-Pearsonr as a distan-
ce measurement).
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ANOVA test. The results show that the content
of Pb, Ba, Mn, and Sr (i.e., the mineralization of
the sediment) has the greatest influence on the
classification into these three individual groups.
If we exclude the Mn content from the analysis
(it was not detectable in one sample) and manip-
ulate all 15 sediment samples, the result of the
cluster analysis looks somewhat different (Fig.
5). Only two groups can be distinguished: PO1,
P02, PO3, POT7, PO8, POT-2, PO3-2, PO1-2 and
PO9-2 form one group, PO4, PO5, PO6, POY,
PO10 and POO05-2 form the second. According
to the results of the parametric t-test for inde-
pendent groups, the contents of Pb and Sr have a
significant effect on the grouping. Due to the re-
sults of the non-parametric Mann-Whitney test,
the contents of Pb, Ba and Sr have a statistically
significant influence on the grouping of observa-
tions. The statistical analysis clearly shows the
different contents of ore minerals of the samples
and its effect on the clustering of observations.
However, the grain size has no influence on the
geochemical composition of the studied samples
(< 0.063 mm and 0.063-2 mm; Figs. 4 and 5) as
geochemical composition is practically the same
in both fractions. Cluster analysis of the samples
also shows no significant differences in the geo-
chemical composition regarding the downstream
location of sediment samples.

PO7-2

PO8& PO3 PO1
PO7 PO2

Conclusions

Mineralization with barite, galena and
sphalerite in the PleSe area is clearly demon-
strated in the geochemical composition of stream
sediments. The contents of Ba (the values given
should be used with caution and only for relative
comparison), Pb and Zn in some samples exceed
the intervention values of 625, 530 and 720 mg/
kg, respectively (Ur. list RS 68/96; VROM, 2000).

The parametric t-test and the non-parametric
Mann-Whitney test showed only minor differ-
ences in geochemical composition between sam-
ples with different grain sizes, whereas cluster
analysis shows no differences. The Mg content
is statistically significantly higher in samples of
0.063-2 mm, and the contents of Nb and Zr are
higher in < 0.063-mm samples. The number of ob-
servations (sediment samples) influence the rang-
es of the variables as the ranges of fine-grained
samples are generally larger than ranges of
coarse-grained samples. The diverse composition
is the result of the complicated geological com-
position of the area (Buser, 1974; Mlakar, 2003).
Ba, Sr, Pb, Zn, Mn and S indicate local mineral-
ization with sulphide and sulphate minerals and
their weathering products.

Pearson's product-moment correlation coeffi-
cients, non-parametric Spearman rank order cor-
relation coefficients and cluster analysis indicate
that Si, Al, K, Rb, and Fe contents are associated
with weathered rock forming minerals such as
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mica, and clay minerals, whereas Nb and Zr are
associated with weathering-resistant minerals
(oxides, silicates). Ca and Mg are characteristics
of carbonates and S, Ba, Sr, Pb, Zn and Mn of lo-
cal mineralization with sulphides and sulphates.
The results of the parametric t-test, analysis of
variance, and non-parametric Mann-Whitney
and Kruskal-Wallis ANOVA tests of the clustered
sediment samples confirm that the contents of
Ba, Pb and Sr have a statistically significant in-
fluence on the clustering of the sediment samples,
i.e., the statistical analyses confirm the influence
of sediment mineralization. Cluster analysis of
the observations also shows no significant differ-
ences in the geochemical compositions regarding
the downstream sampling position.

Although the number of sediment samples
was relatively small, the combination of various
statistical tests and analyses shows results that
have a geologic basis and significance. The sta-
tistical approach to evaluating the geochemical
data has proven useful and provides a good basis
for assigning elemental data to parent rocks and
for identifying potentially contaminated areas.
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Abstract

The Raduha section represents a continuation of the research of the Anisian Strelovec Formation in the
Kamnik-Savinja Alps. The Strelovec Formation was deposited during the Anisian on a drowned section of
the Serla Dolomite carbonate platform in a restricted probably outer ramp environment associated with an
intraplatform basin. The base of the section is represented by dolostone breccia containing angular carbonate
lithoclasts of shallow-marine origin. This is followed by alternations of laminated and homogenous hemipelagic
limestones deposited in a restricted and anoxic environment. Hemipelagic sedimentation was occasionally
interrupted by clay input and deposition of sediments from gravity mass flows. Slow filling of the basin lead to
a gradual cessation of anoxic conditions and sedimentation of bedded shallow-marine limestones. After shallow
water conditions were established, bioclastic dolostone of the Contrin Formation was deposited.

Izvleéek

Profil Raduha predstavlja nadaljevanje raziskav anizijske Strelovske formacije v Kamnisko-Savinjskih
Alpah. V aniziju se je na potopljenem delu karbonatne platforme formiral intraplatformni bazen, v katerem
je prislo do sedimentacije Strelovske formacije na verjetno zunanjem delu karbonatne rampe. Profil se pri¢ne
z dolomitno breco s klasti spodaj lezece anizijske karbonatne platforme. Sledi sedimentacija hemipelagi¢nih
plastnatih laminiranih ter homogenih apnencev v hidrodinami¢no mirnem in anoksi¢nem okolju. Umirjene
pogoje sedimentacije so obcasno prekinili gravitacijski tokovi (sinsedimentni zdrsi in turbiditi), ki so vnesli
droben klasti¢ni material s kopnega. S pocasnim zasipavanjem bazenskega okolja pride do postopne prekinitve
anoksi¢nih pogojev ter sedimentacije plastnatih plitvovodnih apnencev, kar nakazuje na popolno zapolnitev
intraplatformnega bazena. Sledi sedimentacija bioklasticnega dolomita zgornjeanizijske Contrinske formacije.

Introduction
teristic for most of the Southern Alps (e.g., Ma-

Kamnik-Savinja Alps are a part of the east-
ern Southern Alps (Placer, 2008) which were in
the Middle Triassic placed at an intertropical
northern latitude of 15°18° (Stefani et al., 2010).
In the Anisian, the area was subjected to the
extensional tectonic phase, probably caused by
regional strike-slip tectonics that are charac-

setti & Neri, 1980; Doglioni, 1987). This resulted
in the formation of blocks with differential sub-
sidence (De Zanche et al., 1993, 1995; Gianolla et
al., 1998; Neri & Stefani, 1998). On the uplifted
(less subsided) blocks shallow-water platform
sedimentation was continuous (Maurer, 20009),
whereas different basinal units deposited on in-
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tensively subsided blocks (Masetti & Neri, 1980;
Farabegoli et al., 1984; Sudiro, 2002; Brack et al.,
2007). A similar synsedimentary Middle Triassic
tectonics are also typical for the nearby Balaton
Highland and Veszprem plateau, located east of
the Southern Alps, where the Anisian Felsoors
Formation deposited on drowning blocks (Haas
& Budai, 1995; Budai & Voros, 2006).

The first evidence for the Middle Triassic
rifting phase in the Kamnik-Savinja Alps are
thin- to medium-bedded bituminous limestones
of the Velika planina member (Gale et al., 2022)
and bedded bituminous carbonates and clastic
rocks of the Strelovec Formation (Celarc, 2004).
Regardless the similarity of facies and macrofos-
sil biota in the Velika planina Member and Stre-
lovec Formation, the relationship is not yet clear.
The Strelovec Formation can be traced over the
entire NE part of the Kamnik-Savinja Alps and
was first defined as a distinct unit by Celarc
(2004). In recent years, excavations in the Stre-
lovec Formation have revealed numerous speci-
mens of macrofossil biota, especially vertebrates.
Most of the vertebrate finds are complete and ar-
ticulated fish fossils (Hitij et al., 2010a; Hitij et
al., 2010b; Tintori et al., 2014), while reptilian re-
mains belonging to ichthyosaurs and pachypleu-
rosaurs are also locally very common (Hitij et al.,
2010a; Hitij et al. 2010b). In addition to vertebrate
fossils, the Strelovec Formation is also known
for finds of various crustaceans (Gaspari¢ et
al., 2019; Laville et al., 2022), including the only
horseshoe crab fossil in the Alpine Triassic de-
posits described by Bicknell et al. (2019), as well
as rare echinoderms, bivalves, and plant remains
(Hitij et al., 2010b). First detailed sedimentologi-
cal study of the Strelovec Formation was carried
out by Miklavc et al. (2016) in the SW part of the

Robanov kot valley (NE part of Kamnik-Savin-
ja Alps). The studied succession was divided into
five lithostratigraphic units probably deposited
in a shallow restricted basin under disoxic to
anoxic conditions. Due to the depositional con-
ditions and later diagenetic processes, namely
dolomitization which occurred at the base and in
the upper parts of the succession, no age-diag-
nostic fossils were found. Based on stratigraphic
position above the shallow-water Serla Dolomite
and below the shallow-water Contrin Formation,
the age of the Strelovec Formation was assigned
from Pelsonian to Illyrian (Celarc et al., 2013).
Due to highly variable thickness and litostratig-
raphy of the formation, additional studies were
necessary. To better understand the sedimentary
environment and evolution of the Strelovec For-
mation, a new detailed stratigraphic section was
logged, including transitions with the under- and
overlying shallow-marine litostratigraphic units
(Serla Dolomite and Contrin Formation).

The aim of this study is to describe and define
different lithostratigraphic units of the studied
succession, sedimentary processes and deposi-
tional environment, and to gain new evidence on
the regional evolution of the Anisian basin in the
NE part of Kamnik-Savinja Alps.

Geological setting

The studied succession is located on the NW
slopes of Mt. Raduha in the NE Kamnik-Savinja
Alps (Fig. 1). The succession is exposed along the
mountain trail from the Grohat Alpine Meadow
(1460 m) towards the top of Mt. Raduha (2062 m).

The Kamnik-Savinja Alps structurally belong
to the eastern part of the Southern Alps (Placer,
2008) (Fig. 1). In the Middle Triassic, the area was
situated at the SW embayment of the Neotethys
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Ocean (e.g., Haas et al., 1995; e.g. Stampfli et
al., 2002; Schmidt et al., 2008). From the late
Permian to the Early Triassic and early Middle
Triassic, the eastern part of the Southern Alps
belonged to the extensive shalow marine shelf,
locally known as the Slovenian Carbonate Plat-
form (Buser, 1989). In the Middle Triassic, during
the rifting phase, the uniform platform was dis-
sected into blocks with different subsidence. The
earliest evidence for the extension is the Anisian
formation of shallow intraplatform basins (Bus-
er, 1989; Bertotti et al., 1993).

The eastern part of the Kamnik-Savinja Alps,
where the studied succession is situated, con-
sists of Triassic sedimentary succesions (Teller,
1898; Seidl, 1908; Mio¢ et al., 1983; Celarc 2003,
2004; Celarc et al., 2013) (Fig. 2), which come
into tectonic contact with Paleozoic rocks along
a steep fault south of Mt. Olseva (Celarc, 2002).
Early stratigraphic subdivision of the area was
given by Mioé¢ et al. (1983). They stated that the
oldest rocks of the investigated area are Lower
Triassic carbonates and siliciclastic rocks of the
Werfen Formation, followed by Anisian massive
crystalline dolomites and Ladinian rocks over-
lain by a Savinja thrust sheet composed of Upper
Triassic massive limestones. Later, Celarc (2003,
2004) proposed a new lithostratigraphic division
of Kamnik-Savinja Alps, in which he proved that
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the Middle Triassic successions are in a normal
contact with the older Werfen Formation, and
that the Savinja thrust does not exist (Fig. 2A).
Triassic sequence on Mt. Raduha starts with Wer-
fen Formation, which is composed of alternating
marlstone, marly limestone, sandstone and oo-
lithic limestone. These rocks are overlain by grey
massive, rarely bedded Lower Serla Dolomite
(Anisian). Both formations belong to the Slove-
nian Carbonate Platform (Buser, 1989). During
the Middle Triassic tectonic phase, the Anisian
carbonate platform was covered by well-bedded
carbonates and clastic rocks of the ?Pelsonian
to Illyrian Strelovec Formation (Miklavc et al.,
2016) (Fig. 2B). After shallow water sedimen-
tation was restored, the Contrin (Illyrian) car-
bonate platform of massive, rarely bedded lime-
stones and dolomites prograded over the basinal
successions (Celarc et al., 2013). Younger Triassic
rocks, mainly represented by red nodular lime-
stone (Loibl Formation), pyroclastics and volca-
nics or carbonate breccia (Uggowitz Formation),
thin-bedded limestone (Buchenstein Formation)
and massive carbonate (Schlern Formation) are
not present on the NW slopes of Mt. Raduha, but
outcrop on the SE slopes of Mt. Raduha and on
the N'W slopes of the Robanov kot valley (Celarc
et al., 2013) west of the study area.

Fig. 2. A) Middle Triassic lithostratigraphic units of NE part of Kamnik-Savinja Alps (Celarc et al., 2013); B) Middle Triassic
stratigraphy on NW slopes of Mt. Raduha (Raduha section is marked with a star).
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Materials and methods

On the NW slopes of Mt. Raduha, a strati-
graphic section of almost perfectly exposed Ani-
sian basinal succession was logged according to
the standard sedimentologic procedure. Visual
description of the exposed sediments was docu-
mented on 1:50 scale graphic log. A total of 25
samples were collected, out of which thin sections
for sedimentological analysis were prepared. The
latter was conducted on Zeiss Axioplan 2 micro-
scope using plane and polarised light. The thin
sections were photographed using a Zeiss Axio-
Cam Hrc camera. Limestones and dolomites were
classified according to Folk (1959) and Dunham
(1962). To better determine and interpret sedi-
mentary textures and structures, eight rock slabs
were polished and then scanned using an Epson
perfection V750 PRO scanner.

Lithostratigraphic units of Raduha section

The Raduha section (46°24’47,54"’; 14°44°20,39”)
(Fig. 3) is 87 m long and is characterised by dark
grey and black laminated to medium bedded bi-

tuminous limestones intercalated with marls
and, in the lower part of the succession with beds
of intraformational breccias. This basin sedi-
ments overlay grey massive brecciated dolostones
of the Serla Dolomite. The uppermost part of the
succession is characterised by a transition from
bedded basinal limestones to light grey massive
dolostones of the Contrin Formation. The section
is divided into four distinct lithostratigraphic
units.

Lithostratigraphic Unit 1: grey massive dolos-
tone breccia, uppermost Serla Dolomite

The base of the Raduha section is 6,9 m thick
and is represented by grey massive dolostone
breccia (Fig. 4A) of Unit 1.

Dolostone breccia in the lower part of the
unit is composed of lithoclasts of shallow water
limestone with microbialite and undetermined
sparitic bioclasts (Fig. 6a). The matrix is com-
posed of microsparite. Only locally are clasts
cemented with calcite spar. In the upper part of

Fig. 4. Lithostratigraphic Units 1 and 2: A) polymictic dolostone breccia of Unit 1; B) polished slab of intraformational breccia of
Unit 2; C) thin- to medium bedded limestone of Unit 2 with laterally variable bed thickness (?hummocky cross-stratification) .
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Fig. 5. Lithostratigraphic Unit 3: A) laminated thin- to medium-bedded black limestone; B) polished slab of the laminated
limestone. Note rip-up clasts at the top of the sample (arrow); C) wavy bedding probably caused by movement of the semi-con-
solidated mudstones; D) synsedimentary deformation structures characterised by semi-ductile features.

the unit, clast-supported dolostone breccias are
composed of angular granule- to pebble-sized
micritic limestone and laminated micritic lime-
stone clasts (Fig. 6b). The majority of clasts are
cemented with calcite spar while in parts, mi-
crosparite matrix occurs. Strong fracturing of
the whole rock and of some individual clasts is
common. Some calcite-filled fractures postdate

Lithostratigraphic Unit 2: black laminated
thin bedded limestone intercalated with breccia,
lower part of the Strelovec Formation

Unit 2 with thickness of 26 m overlies Unit
1 with a sharp contact. It is characterised by
black laminated to medium bedded limestones
which are slightly dolomitized in the first 3 m

brecciation. of the unit. Bed thickness ranges from 1 cm to

15 cm, with the exception of a 30 cm thick layer.

Fig. 6. Microfacies of the Raduha section: a) Unit 1; Polymictic dolostone breccia composed of shalow-water clasts. The clasts
are cemented by dolomitized microsparite matrix and calcite spar cement. b) Unit 1; Clast-supported dolostone breccia with
mudstone and laminated mudstone clasts. Matrix is in places composed of microsparite, while most of the clast are cemented
with calcite spar. Fracturing of individual clasts is common. c): Unit 2; Rare foraminifera Trochammina in recrystallised
intra-bioclastic wackestone (turbidite layer). Streaks and seams of amorphous organic component are common. d) Unit 2;
Grain to matrix-supported intraformational breccia. The dominant clasts are mudstones. Note the tightly packed clasts with
boundaries due to pressure solution. Matrix is micrite to microsparite. €) Unit 3; Subplanar laminated mudstone/wackestone.
Note the microrytmitic pattern which is indicated with alternation of micrite (dark) and microsparite (light) laminae. In rare
microsparite laminae, recrystallized, probably detrital grains, oriented parallel to lamination, can be observed (upper part
of the section). f) Unit 3; Bioturbation within bioclastic wackestone with rare ostracods. g) Unit 3; Recrystallized bindstone of
microbial origin. h) Unit 4; Peloidal bioclastic wacke-packstone with peloids, bivalve shell fragments (overgrown by microbial
mats), foraminifers and intraclasts.
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Laterally discontinuous beds of limestones
(?hummocky) are characteristic for the lower
part of the unit (Fig. 4C). Slumps and synsedi-
mentary folds are also common. Limestone in-
tercalates with up to 120 cm thick beds of black
intraformational limestone breccia (Fig. 4B) and
layers of dark grey marlstone.

Limestone is thin to medium bedded and oc-
casionaly subplanar laminated. Two distinct mi-
crofacies types are common for this unit. Peloi-
dal wackestone predominates over recrystallised
intra-bioclastic wackestone (Fig. 6¢). Peloidal
wackestone (grain to matrix ratio of 15:85) is com-
posed of poorly sorted peloids and recrystallised
clasts, which are concentrated in bands paral-
lel to stratification, while silicified bioclasts and
terrigenuos grains of angular quartz are rare. In
recrystallised intra-bioclastic wackestone (grain
to matrix ratio of 30:70) grains are mainly repre-
sented by recrystallized, probably shallow-ma-
rine clasts, peloids and intraclasts. Bioclasts of
unknown origin are subordinate. Foraminifers
are also very rare (Fig. 6¢). Streaks and seams of
amorphous organic matter parallel to lamination
and silicification of small disolution cavities are
also common in this microfacies.

Grain to matrix-supported breccias are inter-
calated within the limestone in the upper 17 m of
the unit. Breccia is polymictic and poorly sort-
ed (Fig. 6d). It is composed of up to 7 cm large,
mostly angular to subrounded lithoclasts. Matrix
is micrite to microsparite with seams of amor-
phous organic matter. Some parts of breccia are
matrix-free and clasts are cemented with sparry
calcite. Sparite-filled fractures indicate fractur-
ing after deposition. Parts of tightly packed clasts
with stylolitic contacts are common. The pre-
dominant lithoclasts are mudstone, while clasts
of bioclastic mudstone and peloidal wackestone
also occur.

Lithostratigraphic Unit 3: black laminated
thin to medium bedded and massive limestone
with intercalated beds of dark grey marlstone
and claystone, upper part of the Strelovec For-
mation

Unit 3 is 50 m thick. In the first 27 m black
laminated thin to medium bedded limestone with
ranging in thickness from 0,5 cm to 50 cm (thick-
er beds of 20 cm to 50 cm predominate in the up-
per part of the unit) (Fig. 5A, B) intercalates with
up to 1 cm thick beds of dark grey marlstone and
claystone. Limestone in places represents later-
ally discontinuous beds. Clearly visible erosion

channels also occur. Slumps and synsedimentary
folds are common (Fig. 5D) while mudstone rip-
up clast are rare (Fig. 5B). The slump structures
(Fig. 5D) are mostly few dm in scale and up to
one meter thick and show evidence for ductile de-
formation of semi-consolidated laminated mud-
stones and brittle deformation of consolidated
material (breccia). The next 9 m of the unit are
represented by massive black limestone which,
especially in the lower part, laterally passes into
poorly stratified limestone. Black laminated to
thin-bedded limestone intercalated with marl-
stone forms the last 15 m of the unit 3.

Thin to medium bedded limestone is subpla-
nar laminated mudstone, wackestone and bio-
clastic mudstone and wackestone. Micritic matrix
predominates in the mudstone microfacies types,
while the grain to matrix ratio in wackestones is
20:80. Subplanar laminae predominate over rare
wavy (Fig. 5C) and wavy discontinuous laminae.
Lamination occurs due to alteration between mi-
crite (dark, enriched in organic matter) and mi-
crosparite or sparitic laminae, which indicates
a microrytmitic pattern of the facies (Fig. 6e).
In rare cases normal grading from microsparite
to micrite occurs. Grains are mainly represent-
ed by various recrystallized grains which are
oriented parallel to lamination (Fig. 6e). Poorly
sorted peloids, intraclasts and ostracods are rare
(Fig. 6f). Pyrite crystals are common while terri-
genuous angular quartz grains are subordinate.
Bioturbation is becoming more common towards
the top of the unit (Fig. 6f) while seams and streaks
of amorphous organic component are decreassing
towards the top of the unit. The uppermost bed
of the unit is slightly recrystallized bindstone of
microbial origin with rare peloids, foraminifers
and bioclasts of unknown origin (Fig. 6g).

7% Contrin Formation

P
P
&

& Strelovec Formation

Fig. 7. Sharp contact (dashed line) of the Strelovec and the
Contrin Formation.
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Massive limestone is characterised by a tran-
sition from poorly stratified mudstone with traces
of subplanar lamination to homogenuous mud-
stone. Micritic matrix predominates. Grains are
represented by recrystallized clast of unknown
origin and rare terrigenous quartz grains. Traces
of bioturbation are very rare, marked by more
coarse sparry calcite infillings of cavities.

Lithostratigraphic Unit 4: bedded and grey
massive dolostone, Contrin Formation

The lowermost 3 m of Unit 4 were logged. The
Contrin Formation begins with brownish-grey
slightly wawy bedded dolostone with bed thick-
ness of 30 cm, followed by light grey massive do-
lostone (Fig. 7).

Medium bedded dolomitic mudstone to wacke-
stone is characterised by wavy and wavy discon-
tinuous micritic laminae. Grains are represented

Raduha

)

by peloids, rare unidentifiable recrystallised bio-
clasts and framboidal pyrite grains.

Massive dolostone is peloidal bioclastic
wackestone and packstone. Grains occupy 30-
40 % of the area and are represented by peloids,
foraminifers, bivalve shell fragments, crinoid
fragments, recrystallized bioclasts and rare in-
traclasts (Fig. 6h).

Depositional environment

Deposition of fine sediments in the Raduha
section, that settled from suspension was occa-
sionally interrupted by slumping. In some cas-
es, slumps evolved into debrites and turbidites
which is evident from mass-flow breccia (Fliigel,
2010) (Fig. 4B) with clasts of deformated and dis-
integrated individual beds (Miklavc et al., 2016).
That these breccias are a product of resedimen-
tation within the same basin is also supported by
predominantly angular (short transport) organic

Slatinski plaz wicav etal, 2016

%

Strelovec Fm.

—=

Serla Dolomite \ /
Inner ramp I Mid-ramp I Outer ramp
D Fish 'ﬂ Reptiles Q Horseshoe crabs

o
Benthic f:
'Q enthic fauna

| Basin

£~
5 Land/island

M Turbidites

Fig. 8. A) Schematic columns of the Raduha and Slatinski plaz sections (Miklave et al., 2016) and their correlation between
lithostratigraphic units; B) Schematic presentation of the depositional environment of the Strelovec Formation. Relative posi-
tion of investigated succession on Mt. Raduha is marked with a star.
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rich mudstone clasts, with the same facies and
texture as underlying beds, within organic-rich
mud matrix.

In most cases of laminated mudstone, which
is dominant in the lower part of the section
(Fig. 5A, B), lamination is subplanar and is most-
ly homogeneous. Some laminae show grading.
Wavy and wavy discontinuous laminations are
rare. In some cases, the channels are cut into the

underlying beds indicating erosional base sur-

face. Erosional surface is also characteristic for
rare laminae containing up to 5 mm in diameter
large mudstone rip-up clasts (Fig. 5B). Within ho-
mogeneous laminae recrystallised platform-de-
rived grains occur and are oriented parallel to
lamination. These characteristics indicate ero-
sion of semi consolidated base sediments and
sedimentation from short-lived events related
to low-density, fine-grained muddy distal tur-
bidites (Piper & Stow, 1991; Shanmugam, 2002;
Stockar, 2010).

Rythmitic interchange of laminated mudstone
and homogeneous mudstone is also very common
for this section. The absence of stratification in
homogeneous beds could be related to the possi-
ble presence of weak oscillating bottom currents
during the deposition of hemipelagic limestone
(Sander, 1989; Bernasconi, 1991) and in the upper
part of the succession could also be interpreted
as the result of bioturbation.

Very common features of the finely laminat-
ed limestones of the Raduha section are relative-
ly high contents of amorphous organic matter,
which occurs in the form of streaks and seams
parallel to lamination, presence of framboidal
pyrite grains, absence of bioturbation in the bas-
al and middle part of the succession and lack of
benthic fauna. These features indicate sedimen-
tation in a restricted reducing, anoxic environ-
ment.

Mostly in the Unit 3, bedded limestones are
intercalated with marls. The periodic input of
fine siliciclastic material could indicate periods
of humidic climate with strong monsoonal activ-
ity (Parrish et al., 1986) which intensified the in-
put of fine-grained material into the basin.

Toward the top of Unit 3 bed thickness in-
creases from few centimeters in the lower part to
a few tens of centimeters in the upper part, indi-
cating shallowing of the basin. Higher up in the
unit, bioturbation and various bioclasts are com-
mon, suggest gradual transition from oxygen-de-
ficient to more oxygenated basin conditions. Dep-
osition of massive grey dolostone with numerous
bioclasts, especially foraminifers and fragments

of molluscs indicate deposition in moderate to
high-energy well-oxygenated subtidal environ-
ment.

In view of the observed microfacies and sed-
imentary structures, the sedimentary succession
was deposited on a deepened part of the Anisian
platform in a restricted distal part of the car-
bonate ramp, often under the influence of eu-
trophic conditions (Fig. 8B).

Discussion

The results of this study suggest that the dep-
ositional system of the Strelovec Formation can
plausibly be described with a carbonate ramp
model linked to an intraplatform basin formed by
disintegration of the Anisian carbonate platform
(Serla Dolomite), with facies types characteris-
tic for subtidal mid- to outer ramp environment.
Ramps are thought to be formed continuously in
tectonic regimes characterised by gentle subsid-
ence (Burchette & Wright, 1992; Duda et al., 2015).

Extensional tectonics and sea- level fluctu-
ations are the most probable controlling fac-
tors in the formation of the intraplatform basin.
Synsedimentary tectonic activity is indicated by
the presence of basal polymictic dolostone brec-
cias with angular shallow-marine lithoclasts
originating from the underlying Serla Dolomite.
Breccias indicate initiation of the tectonically
induced subsidence of the area. However, due
to Cenozoic deformations of the area, the recon-
struction of the geometry of the intraplatform
basin is not possible.

Facies types of the Raduha section indicate
sedimentation of the Strelovec Formation in a
hydrodynamically mostly quiet depositional
environment. Considering the absence of typi-
cal storm-related features, such as hummocky
cross-stratification, and the presence of slumps,
fine-grained muddy distal turbidites, and re-
stricted bottom conditions, the sedimentary suc-
cession was more likely deposited on the outer
part of the ramp, but deposition on middle part
cannot be excluded either. In fact, lateral trunca-
tion of beds is illustrated in Fig. 4C as an exam-
ple of hummocky cross-stratification.

This quiet sedimentation was occasionally in-
terrupted by siliciclastic input and deposition of
sediments from gravity mass flows. Very similar
conditions are characteristic for the Slatinski
plaz section (Miklave et al., 2016) (correlations
between the units of the Raduha and Slatinski
plaz sections can be seen in Fig. 8A), although due
to the greater thickness of the Strelovec Forma-
tion in the Slatinski plaz section, sedimentation
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of this section probably occurred on more distal
parts of the ramp environment, compared to the
Raduha section. The diversified vertebrate fauna
found in Strelovec Formation indicates shallow
basin environment in close connection to carbon-
ate platform with near-shore areas inhabitated
with different fishes, pachypleurosaurs, ichtyo-
saurs, and horseshoe crabs (Hitij et al., 2010;
Stockar, 2010; Cerniansky et al., 2018; Bicknell et
al., 2019; Gale et al., 2022).

Anoxic conditions, recognisable by dispersed
framboidal pyrite and sediment rich in organic
matter (Stockar et al., 2013; Huang et al., 2017),
are characteristic for the outer ramp environ-
ment. The development of poorly oxygenated
conditions could be related to transgressive puls-
es that transported larger amounts of terrestri-
al organic debris into the basin, which was later
consumed by bacteria (Jenkyns, 1980). Tempo-
rary basin anoxic conditions in the lower and
middle part of the Strelovec Formation are in-
dicated by well-preserved primary sedimentary
textures (lamination) and excellent preservation
of vertebrate skeletons (Hitij et al., 2010; Miklave
et al., 2016; Bicknell et al., 2019). Both are possi-
ble due to the absence of bioturbation and scav-
enging of macrofaunal biota. The preservation
of skeletons could also be possible due to the
growth of microbial mats, which prevent early
decay after death (Stockar, 2010). In the Raduha
section, absence of benthic fauna is a further in-
dicator of anoxic conditions. Towards the middle
ramp, transition from anoxic to more oxygenat-
ed conditions is suggested, which is evident from
the lighter colour and absence of organic matter
in the uppermost part of the Slatinski plaz sec-
tion (Miklave et al., 2016) and from bioturbation,
which is evident in the last few meters of the Unit
3 in the Raduha section. Oxygenation of the up-
permost parts of Strelovec Formation is proba-
bly related with shallowing of the basin (Miklave
et al., 2016). Beds of grey to dark marlstone and
claystone indicate periods of increased input of
sliciclastic material into the basin. These peri-
ods could be related to Anisian pulse of humid
climate (Parrish et al., 1986; Stefani et al., 2010)
and tectonic evolution of the area. During humid
period in an otherwise arid and dry Anisian cli-
mate, there was also an increase in the vegetation
of the land areas, as evident from the fossil plant
remains within the Strelovec Formation (Hitij et
al., 2010).

Conclusions

The depositional system of the Raduha sec-
tion can be described as a carbonate ramp. The
subtidal facies types were deposited in a restrict-
ed, mostly hydrodynamically quiet and probably
distal parts of the carbonate ramp, occasionally
disturbed by episodic storm deposits and tecton-
ically induced depositional events (slumps, tur-
bidites), partly under anoxic conditions.

After Anisian extensional tectonics, the do-
lostone breccia of Unit 1 was deposited on the
submerged part of the shallow-water carbonate
platform, represented by the Serla Dolomite. The
Strelovec Formation begins with Unit 2, char-
acterised by mudstone and wackestone depos-
ited from fine-grained muddy turbidites. This
exchange of hemipelagic mudstone and turbid-
ite-derived wackestone was occasionally inter-
rupted by slumps, that formed beds of intraform-
ational breccias, and rare clay-rich interlayers.
In Unit 3, hemipelagic sedimentation continues
with fewer turbidite intercalations and more clay
input. This indicates that the area was more tec-
tonically active during deposition of Unit 2 than
during Unit 3, where there was a greater amount
of gravitational mass-flow deposition. The in-
creased input of fine clastic component in Unit
3 indicates probably more humid climate than in
Unit 2. After deposition of Unit 3, the basin was
successively filled, as reflected by the deposition
of mudstones under more oxygenated conditions
and the progradation of shallow-marine bioclas-
tic dolostones from Contrin Formation.

This paper supports the previous interpreta-
tion by Miklavc et al. (2016) that the Strelovec
Formation in the NE part of the Kamnik-Savinja
Alps deposited in the distal parts of the ramp en-
vironment. However, some outcrops still need to
be investigated to gain a better insight into the
evolution of the carbonate ramp environment of
the intraplatform basin.
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Porocila in ostalo - Reports and More

Porocilo o aktivnostih Slovenskega geoloskega drustva v letu 2021

Branka BRACIC ZELEZNIK

JPVOKA SNAGA d.o.0.,Vodovodna cesta 90, SI-1000 Ljubljana, Slovenija;
e-mail: branka.bracic.zeleznik@vokasnaga.si

Leto 2021, je bilo jubilejno leto Slovenskega
geoloskega drustva, ki je praznovalo 70 let delo-
vanja. 1. junija 1951 je bil ustanovni ob¢ni zbor,
na katerem so bila sprejeta pravila delovanja
Geoloskega drustva v Ljubljani ter izvoljen redni
in nadzorni odbor ter ¢astno razsodisce.

V prvih letih delovanja je bil poudarek na or-
ganizaciji predavanj, kjer so se reSevali razli¢ni
geoloski problemi, tako prakti¢ni kot teoretic¢ni.
Februarja 1952 je drustvo Stelo 27 rednih ¢lanov.
Prvi geoloski kongres v Ljubljani pa je drustvo
organiziralo leta 1954.

Ker se ob obletnicah in svec¢anih dogodkih
radi lepo oblecemo in uredimo, smo tudi Slo-
venskemu geoloskemu drustvu ob praznovanju
namenili novo graficno podobo. V januarju 2021
smo razpisali natecaj za novo graficno podo-
bo. Prispelo je 14 predlogov izmed katerih smo
izbrali predlog Ane Tiane Bauman.
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Sl. 1. Zmagovalna ideja natec¢aja za nov logotip Slovenskega

t"
geoloskega drustva.

Osnovni predlog smo v sodelovanju z obliko-
valko Nataso Kastelic, Designa studio razvili do
koncne oblike.

3

Sl. 2. Logotip, ki vsebuje jubi-
lejno stevilko
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Sl. 3. Nov logotip

V oblikah logotipa so posamezni geoloski ele-
menti:

- Spirala: predstavlja zivljenje. S spiralo geolo-
gi ponazarjamo geolo$Sko zgodovino oziroma
geoloski ¢as. V njej se skriva pomen rojstva
in celotnega razvoja Zemlje. Spirala je tudi
pogosta oblika fosilov, ki nam govorijo o zivl-
jenju v preteklosti. Ti se ohranijo v sediment-
nih kamninah, najpogostejS§ih kamninah
Slovenije.

- Gorstvo: predstavlja Alpe z osrednjim sim-
bolom Triglava kot enega od najpomem-
bnejsih  nacionalnih simbolov Slovenije.
Oblika ponazarja tudi minerale, glavne grad-
nike kamnin. PoSevni deli razli¢nih odtenkov
zelene barve ponazarjajo plasti, ki so zamak-
njene ob prelomih (bele ¢rte).

- Jama: prazen prostor z nakazanimi kapniki.
Predstavlja enega najbolj tipi¢nih in poznanih
podzemnih elementov krasa. To je tudi eden
od najpomembnejsih geoloskih fenomenov
slovenskega ozemlja.

- Voda: osnovni vir zivljenja je skrita v osnovni
obliki logotipa, ki ima obliko kapljice

- Planet Zemlja: osrednji del logotipa je krog,
ki je tudi jedro spirale. Gre tudi za potovanje
od globin morja (fosil v spirali) do visav gora
(Alpe — Triglav).

V pocastitev 70 let delovanja Slovenskega ge-
oloskega drustva smo izdali devet priloZnostnih
znamk z geoloskimi motivi, ki pokrivajo razli¢na
podrocja geologije: megalodotidna skoljka v Do-
lini Jezera v Luznici, rudistna skoljka Pironaea
buseri, Stalagmit z ve¢ vrhovi in raznobarvnimi
stalaktiti iz Zgornjega Tartarusa v Postojnski
jami, IvanjSevski vrelec, Prevrnjena guba na
Travniku, kristali vulfenita, korita Mostnice,
kombajn za pridobivanje premoga in izkopno ¢elo
vzhodne cevi Karavanskega tunela.
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Sl. 5. Stalaktiti iz
Zgornjega Tartarusa.

Sl. 5. IvanjSevski vrelec

Sl. 7. Prevrnjena guba na
Travniku

Sl. 8. Izkopno ¢elo vzhodne
cevi Karavanskega tunela

Sl. 10. Kombajn za pridobivanje premoga

Vse znamke je mogoce, posamezno ali v kom-
pletu narociti in kupiti (anja.torkar@ntf.uni-lj.si).

V pocastitev 70 let delovanja Slovenskega ge-
oloskega drustva smo izdali knjigo 70 obrazov
geologije. Knjiga je rezultat sodelovanja 102 geo-
logov, ki so prispevali 110 besed, ki jih oznacuje-
jo kot geologe ali kaj je za njih geologija. Besede
poudarijo in pojasnijo Stevilne lepe fotografije, ki
bogatijo knjigo. Tudi knjigo lahko narocite in ku-
pite (anja.torkar@ntf.uni-1j.si).

SLOVENSKO )
GEOLOSKO
DRUSTVO

OBRAZIGEOLOGIJE +

V BESEDLIN SEIKI

BESEDE BESEDE

GEOOKOUE

Sl. 11. Vpogled v knjigo Obrazi Geologije

Tudi leto 2021 je bilo v znamenju epidemije
koronavirusa, zato smo 1.6.2021 v pocastitev 70
let delovanja Slovenskega geoloskega drustva or-
ganizirali dogodek preko zoom portala. Na slav-
nostnem dogodku smo imeli nagovor povabljenih
govornikov, predstavili zgodovino drustva, nov
logotip, novo Stevilko glasila drustva PRELOM
in priloznostne znamke z geolo§kimi motivi.

'.
6.SLOVENSKI
GEOLOSKI

KONGRES

V letu 2021 smo priceli z organizacijskimi ak-
tivnostmi za 6. slovenski geoloski kongres, ki bo
od 3. 10. do 5. 10. 2022 v Rogaski Slatini s temo
»Vedeti (ne)vidno — vloga geologije v nasi druzbi«.
Sestavili smo organizacijski odbor in znanstveni
svet. Izdelan je bil logotip kongresa in postavlje-
na spletna stran (6. slovenski geoloski kongres
2022 (geo-zs.si)).


mailto:anja.torkar@ntf.uni-lj.si
mailto:anja.torkar@ntf.uni-lj.si
https://www.geo-zs.si/6SGK2022/
https://www.geo-zs.si/6SGK2022/
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Zelo aktivni so bili ¢lani skupine za promo-
cijo geologije. Na podroc¢ju Ué¢nih naértov so
predstavnikom skupine za geografijo in biologijo
Zavoda republike Slovenije za Solstvo predstavili
osnutke idejne prenove geoloskih vsebin v uénih
nacrtih.

Napisali so stevilne strokovne ¢lanke in pri-
spevke ter sodelovali na konferencah.

V septembru so v Idriji izvedli Dan geologije
za ucence 7. razredov OS Idrija, OS Spodnja Idri-
ja, OS Crni vrh nad Idrijo in OS Cerkno,

Clani so sodelovali tudi na naravoslovnih
dneh. V juniju na naravoslovnem dnevu »Zakaj
geologija?« za ucence 9. razredov OS Zelezniki.
V oktobru jih je pot ponovno zanesla v Zelezni-
ke, kjer so sodelovali na naravoslovnem dnevu za
ucéence 9. razredov OS Zelezniki z naslovom »Ge-
ologija v mestu?«. V novembru pa je bila v Piranu
delavnica »Minerali in kamnine« za otroke 6. ra-
zreda OS Cirila Kosmaca Piran.

Za OS Sti¢na je bila v septembru v Termah
Catez organizirana delavnica. Clani so sodelova-
li na Znanstivalu v Ljubljani (Vrt eksperimentov:
geoloska delavnica Voda-skrito bogastvo Slove-
nije) in Kolis¢arskem dnevu.

| .
Sl1. 12. Utrinki z Dneva geologije v Idriji.

Clani so izvedli tudi vrsto izobrazevanj v sklo-
pu Programov profesionalnega usposabljanja.

Tudi c¢lani sekcije za geokemijo so bili v letu
2021 aktivni in so v preteklem letu nadaljevali z
delom zacrtanim ze v preteklih letih. Raziskovali
so vplive antropogenih dejavnosti na okolje v od-
visnosti od naravnih geoloskih danosti. Tezisce
je bilo na podrocju okoljske geokemije potencial-
no Skodljivih snovi, ki je pomembno in hitro raz-
vijajoce se podrocje geologije oziroma geokemije
povsod po svetu. Namen raziskav je preuciti vire,
transportne poti ter usodo potencialno $kodlji-
vih snovi v geoloSko razliénih, neobremenjenih
in onesnazenih okoljih. Glede na epidemioloske
razmere v letu 2021 ni bilo predavanj in skupnih
dogodkov.

Clani sedimentoloske sekcije so v letu 2021 iz-
delali so tabelari¢ni pogled slovenskih formacij
za zgornji paleozoik in trias

V letu 2021 smo ozivili aktivnosti v povezavi z
geoloskimi stolpci. Pripravili smo idejne zasnove
in izvedli kreativno produkcijo sodelovanja stu-
dentov pri predmetu Programiranje interaktiv-
nih medijev, Katedre za informacijsko in grafi¢-
no tehnologijo (Oddelek za tekstilstvo, grafiko in
oblikovanje) in predmetu Geologija v Soli (odde-
lek za geologijo).
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Slovensko geolosko drustvo, kot ¢lan Evrop-
ske zveze, sodeluje v petih evropskih projektih
Obzorje 2020 (Horizon 2020).

V letu 2021 so se nadaljevale aktivnosti na
projektu ENGIE - Vzpodbujanje deklet za izbiro
poklica geoznanstvenice (Empowering Girls to
become the geoscientists of tomorrow).

Na 25. Posvetovanju slovenskih geologov je bil
projekt predstavljen s prispevkom:

Zvab Rozi¢, P. ENGIE - vzpodbujanje deklet
za izbiro poklica geoznanstvenice. V: Rozi¢, B.
(ur.): Razprave, porocila = Treatises, reports: 25.
posvetovanje slovenskih geologov = 25th Mee-
ting of Slovenian Geologists. 25. posvetovanje
slovenskih geologov = 25th Meeting of Slovenian
Geologists, Ljubljana, october, 2021. Ljubljana:
Univerza v Ljubljani, Naravoslovnotehniska fa-
kulteta, Oddelek za geologijo, Geoloski zbornik,
26, str. 157.

V casopisu projekta “ENGIE magazine” je
bil objavljen prispevek: Valand, N., Brajkovig¢,
R. & Zvab Rozi¢, P.: RockCheck app - when the
rocks make ense. https://www.engieproject.
eu/2021/02/16/rockcheck-app-when-the-rocks-
-make-sense/

Projekt je bil predstavljen na dnevu odprtih
vrat na Univerzi v okviru projekta No¢ Mo¢. 24.
9. 2021

V letu 2021 smo v okviru projekta
CROWDTHERMAL (Sodelovanje druzbe pri ra-
zvoju geotermalnih projektov z uporabo alter-
nativnih virov financiranja (Community-based
development schems for geothermal energy))
poskusali izpolniti bazo ( (Meta-database of ge-
othermal projects for alternative finance), vendar
nismo uspeli identificirati primernih projektov,
ki bi iskali skupnostno financiranje. Se naprej
smo vzdrzevali projektno stran v slovenskem je-
ziku ter preko spletnih kanalov vabili deleznike
na dogodke, ki jih je organiziral projekt. 8. ok-
tobra 2021 smo predstavili tematiko projekta s
postrom na 25. posvetovanju slovenskih geolo-
gov: Rman, Nina. Razvoj geotermalnih projektov
z mnozi¢nim financiranjem - projekt Crowdther-
mal. V: Rozi¢, B. (ur.): Razprave, porocila = Trea-
tises, reports: 25. posvetovanje slovenskih geolo-
gov = 25th Meeting of Slovenian Geologists. 25.
posvetovanje slovenskih geologov = 25th Meeting
of Slovenian Geologists, Ljubljana, october, 2021.
Ljubljana: Univerza v Ljubljani, Naravoslovno-
tehniska fakulteta, Oddelek za geologijo, 2021.
Str. 105-106. Geoloski zbornik, 26.

V letu 2021 zal ni potekalo ni¢ aktivnosti v
sklopu projekta ROBOMINERS - Razvoj bio-
-navdihnjenega robotskega rudarja (Resilient
Bio-Inspired Modular Robotic Miner), ker je no-
silec projekta imel zaradi Covid-19 situacije pre-
cej otezene delovne razmere. Poleg tega pa tudi
diseminacija samega projekta ni bila toliko ak-
tivna kot v letu 2020 (ni bilo obvestil za javnost
oz. press release).

V letu 2021 smo v sklopu projekta REFLECT
(Redefiniranje lastnosti geotermalnih tekocin v
ekstremnih pogojih (Redifining geothermal flu-
id properties at exreme conditions to optimiza
future geothermal energy extraction) )zbrali po-
datke iz 48 vrtin, o 27 termalnih vodah, 14 jedrih
in 6 tipih geotermalnih vodonosnikov, ki so o bili
vKkljuéeni v evropski atlas tekoc¢in in predstavlja-
jo pogoje v Sloveniji. Maja 2021 smo se udelezili
webinarja ,Geothermal Energy in Turkey‘. Prip-
ravili smo seznam deleznikov, katerim smo redno
posiljali obvestila in vabila na projektne spletne
dogodke. Vzdrzevali smo predstavitev projekta
na spletnih straneh SGD in GeoZS.

V okviru SGD deluje Slovenski nacionalni
odbor INQUA (SINQUA), ki povezuje raziskoval-
ce kvartarja in skrbi za pretok informacij med
slovensko in mednarodno kvartarno znanstveno
sfero. Glavni cilj je napredek na podrocju kvar-
tarnih znanosti, pri ¢emer si prizadevamo za
interdisciplinarno zastopanost ¢lanov in vecje
medsebojno sodelovanje. Vpeti smo v aktivnosti
INQUA komisij in fokusnih skupin, sodelujemo
pri organizaciji znanstvenih srecanj in delavnic.

V letu 2021 je bilo najvec¢ aktivnosti v okviru
SINQUA namenjenih organizaciji mednarodnega
znanstvenega srecanja »6th Regional Scientific
Meeting on Quaternary Geology: Seas, Lakes and
Riversl«, ki je potekal med 27. in 30. septembrom
pod okriljem INQUA ter v sodelovanju s Hrva-
Skim nacionalnim odborom INQUA ter drugimi
slovenskimi, hrvaskimi in italijanskimi razisko-
valnimi ustanovami. Kot vodilni organizatorji
smo ¢lani SINQUA organizirali srecanje, ki je
potekalo v hibridni obliki: preko spleta ter v Zivo
v Ljubljani v Atriju ZRC SAZU. Tridnevnega
srecanja se je udelezilo priblizno petdeset kvar-
tarnih raziskovalcev iz devetih drzav. Prva dva
dneva srecanja sta bila posvecena znanstvenim
sekcijam ter plenarnim predavanjem, zadnji dan
sreCanja pa je bil posvecen virtualnim ekskurzi-
jam. Po srecanju je bila izdana knjiga povzetkov?,

! Spletna stran srecanja: https://www.geo-zs.si/rmqg/
? Knjiga povzetkov: https://www.geo-zs.si/PDF/
Monografije/6thRMQG_BookOfAbstracts.pdf


https://www.engieproject.eu/2021/02/16/rockcheck-app-when-the-rocks-make-sense/
https://www.engieproject.eu/2021/02/16/rockcheck-app-when-the-rocks-make-sense/
https://www.engieproject.eu/2021/02/16/rockcheck-app-when-the-rocks-make-sense/
https://www.geo-zs.si/rmqg/
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v pripravi pa je tudi posebna Stevilka znanstve-
ne revije »Quaternary«3®. Porocili s srecanja sta
bili objavljeni v »Quaternary Perspectivesi« ter
v »Geologiji’«.

Poleg tega smo v letu 2021 sodelovali tudi v
aktivnostih INQUA komisij in fokusnih skupin.
Predstavnik SINQUA je sodeloval na spletnih
sestankih, volitvah in pri odlo¢anju mednaro-
dnega Sveta INQUA. Kot ¢lani INQUA smo na-
daljevali sodelovanje pri oblikovanju skupnih
aktivnosti v okviru razliénih komisij. Clani
SINQUA smo vpeti v aktivnosti komisij CMP
(Coastal and Marine Processes), PALCOM (Pale-
oclimates), SACCOM (Stratigraphy and Chrono-
logy) in TERPRO (Terrestrial Processes, Depo-
sits and History).

V okviru CMP komisije smo v 2021 nadaljevali
z vodenjem aktivnosti v okviru §tiriletnega pro-
jekta NEPTUNES, kjer ¢lanica SINQUA sodelu-
je kot ena od vodij projekta. V okviru projekta
smo v 2021 vodili sekcijo na VEGU21, organizi-
rali mednarodno dvodnevno spletno konferenco
(v sodelovanju z INQUA fokusno skupino SPL.O-
SH), ter preko spleta pripravili letno srecanje
projekta. Poleg tega smo v okviru projekta so-
delovali pri pripravi posebne Stevilke INQUA
znanstvene revije »Quaternary Internationals,
ki bo predvidoma iz§la v 1. polovici 2022. V letu
2022 izvajamo serijo Sestih mesec¢nih seminar-
jev na temo spreminjanja morskih in priobalnih
okolij s predavanji uveljavljenih znanstvenikov.
V jeseni nameravamo izvesti prvo letno sreca-
nje projekta v zivo. V okviru SACCOM komisije
smo se v letu 2021 udelezili dveh spletnih srecanj
»INQUA-SEQS 2021 Meetings on Middle Plei-

3 Spletna stran posebne s$tevilke: https://www.mdpi.com/
journal/quaternary/special_issues/6th_RMQG

* Stran 17 na povezavi https://www.inqua.org/media/uplo-
ads/QP31%20Dec%202021.pdf

> Porocilo: https://www.geologija-revija.si/index.php/
geologija/article/view/1823/1889

b Spletna stran projekta: http://dist.altervista.org/neptune/
index.html

stocene Stratigraphy«. V okviru TERPRO foku-
sne skupine »Terrestrial Processes Perturbed by
Tectonics« smo se v letu 2021 udelezili uvodnega
znanstvenega srecanja v okviru projekta EDITH
—»From Earthquake Deformation to Seismic Ha-
zard Assessment«, katerega cilj je izmenjava zna-
nja o potresnem ciklu za namene ocene potresne
nevarnosti. O aktivnostih v sklopu komisij ter v
okviru SINQUA smo porocali v INQUA novic¢ni-
ku »Quaternary Perspectives«.

In $e nekaj zanimivosti!

V letu 2021 je imelo Slovensko geolosko dru-
Stvo 82 ¢lanov.

V letu 2021 smo izdali glasilo drustva PRE-
LOM, ki nadaljuje tradicijo glasila, ki ga je dru-
Stvo izdajalo pred leti.

Glasilo smo natisnili, dosegljivo pa je tudi
na spletni strani drustva v pdf datoteki. Glasilo
Slovenskega geoloskega drustva (slovenskogeo-
loskodrustvo.si)

Naérti za leto 2022?

Veliko energije in ¢asa bo usmerjene v organi-
zacijo in izvedbo 7. slovenskega geoloskega kon-
gresa.

Clani Sekcije za promocijo geoloske znanosti
bodo nadaljevali z aktivnostmi pri pripravi ka-
taloga profesionalnih posodobitvenih programov
in vkljucevanjem Studentov v izvedbo geoloskih
delavnic.

V letu 2022 se nadaljuje delo na projektih EN-
GIE, CROWDTHERMAL, REFLECT in ROBO-
MINERS.

Clanarino za leto 2022 smo povecali, tako je
sedaj za ¢lane 20 EUR, za $tudente pa 10 EUR.
Vabljeni, da podaljSate ¢lanstvo oziroma posta-
nete ¢lan.

Vabim vas, da obiScete spletno stran drustva
www.geoloskodrustvo.si, kjer lahko spremljate
aktivnosti drustva.

SRECNO!
Branka Bracic¢ Zeleznik

(predsednica Slovenskega geoloskega
drustva)


https://www.slovenskogeoloskodrustvo.si/index.php/gradiva/glasilo-slovenskega-geoloskega-drustva
https://www.slovenskogeoloskodrustvo.si/index.php/gradiva/glasilo-slovenskega-geoloskega-drustva
https://www.slovenskogeoloskodrustvo.si/index.php/gradiva/glasilo-slovenskega-geoloskega-drustva
http://www.geoloskodrustvo.si
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Nova razstava

Dihanje Zemlje - mofete v Slovenskih Goricah

Mojca BEDJANIC

Zavod Republike Slovenije za varstvo narave, Obmoc¢na enota Maribor, Pobreska cesta 20, SI-2000 Maribor;
e-mail: mojca.bedjanic@zrsvn.si

Obmo¢je S¢avniske doline in Radencev je iz-
jemno zaradi Stevilnih mofet, ki se pojavljajo na
nekaj sto kvadratnih metrov velikih povrsinah.
Gre za izjemen in redek naravni pojav izhajanja
Cistega in hladnega plina CO,. Zanje je znacilen
poseben plinski rezim s povec¢ano koncentracijo
CO,, ki vpliva na tla, podzemno vodo in organiz-
me, ki so se strukturno in funkcionalno prilago-
dili na te razmere. Zaradi izjemnosti, redkosti,
ohranjenosti in znanstveno - raziskovalne po-
membnosti so mofete razglasene za geoloske, hi-
droloske in ekosistemske naravne vrednote.

Sl. 1. Burno izhajanje plina v mokri mofeti Slepica. Foto:
Simon Veberi¢, 3. nagrada na foto natecaju 6. SGK na temo
geopestrosti.

Avtorja razstave prof. dr. Dominik Vodnik
iz Oddelka za agronomijo Biotehniske fakultete
Univerze v Ljubljani in dr. Nina Rman iz Geolo-
Skega zavoda Slovenije sta na zanimiv in splos$ni
javnosti razumljiv nacin predstavila »zgodbo«
mofet. Materiale je grafi¢no postavila Stasa Cer-
tali¢ iz GeoZS, fotografski material so prispe-
vali razli¢ni avtorji. Strokovno so pri snovanju
razstave sodelovali §tevilni strokovnjaki (prof.
dr. Hardy Pfanz, prof. dr. Helena Gréman, asist.
Rok Turniski, Simon Mozeti¢, dr. Marjana Zajc
in Sasa Kos), pomembna pa je bila tudi podpora
domacinov (Stanislav Zisko, Vlado Sisko, Aljoz
Firbas in Mirko Kurbos).

Temacna grajska klet in posneto glasno brbo-
tanje plina skupaj s slikovitimi posnetki pokra-
jine na velikem TV pomagajo obiskovalcu, da se
vzivi v potovanje plina. Tega in njegove ucinke
opisuje vsebina razstave, ki na petih informa-
tivnih panojih zajema tematike od nastanka,
zgodovine, nevarnosti, plinskega rezima in ra-
stlinskega sveta do turizma in industrijske rabe
mofet. Razstava je opremljena z interpretacijski-
mi elementi, med katerimi izstopajo trodimen-
zionalni batimetri¢ni modeli treh tipi¢nih mofet
ter »brbotajoci« model, ki ponazarja delovanje
mofet.

Razstava je zanimiva tako za domacine kot
tudi obiskovalce, dviga ozave$Cenost o pomenu
teh pojavov, ob enem pa predstavlja dodatno po-
nudbo in turisti¢ni popestritev Gradu Negova in
SirSega obmocja.

Sl. 2. Razstava »Dihanje Zemlje — mofete v Slovenskih
Goricah« v Gradu Negova. Foto: Simon Mozeti¢

V okviru postavitve razstave sta bila organizi-
rana dva strokovna posveta »Mofete — upravljanje
in varovanje naravne dedi$¢ine«. Na njem so so-
delovali domaéi in tuji strokovnjaki s podroc-
ja geologije, biologije in varstva narave, ki so
predstavili pojav in pomen mofet kot dela narav-
ne dedi$c¢ine. Pregledali so tudi trenutno stanje
njihovega varovanja. Kot rezultat posveta, ki je
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potekal 31. 3. 2022 na gradu Negova in 8. 4. 2022
spletno, so nastale smernice za njihovo upravlja-
nje:

- varstvene usmeritve morajo biti podane za
vsako obmocje posebej, glede na geololo-
Ske, hidroloske, pedoloske in bioloske zna-
¢ilnosti.

- spodbujajo se aktivnosti za ozavesSc¢anje in
izobrazevanju o fenomenu, pomenu njiho-
vega ohranjanja in varovanja; znanstveno-
-raziskovalne in turisti¢ne aktivnosti mo-
rajo biti prilagojene varstveni funkeciji.

- tla ter rastlinski pokrov morajo na obmo-
¢ju mofet ostati intaktni, zato se po potrebi
omeji gnojenje, kosnjo, prekopavanje, ora-
nje in dostop.

Tako razstava kot tudi spremljajoca posveta
pomembno doprinasajo k ozave$¢anju o mofetah,
njihovi vrednosti ter pomenu njihovega ohranja-
nja. So dobra popotnica in temelj za nadaljnje
aktivnosti v smislu proaktivnega varovanja ob-
mocja, dodatnega raziskovanja kot tudi k razvoju
prepoznavnosti obmocja izhajajoc¢ iz izjemne geo-
loske naravne dedisScine.

Razstava je nastala v okviru operacije »Ne-
govske zgodbe - Implementacija igre pobega v
turisticno ponudbo gradu Negova«, s katero je
vodilni partner Zavod za kulturo, turizem in
promocijo Gornja Radgona (Kultprotur) uspes-
no kandidiral na 5. javnem pozivu LAS Prlekija.
Dodatne aktivnosti so potekale v okviru ARRS
raziskovalnih programov Podzemne vode in geo-
kemija (P1-0020) ter Agroekositemi (P4-0085) ter
podpori donatorjev Radenske ADRIATIC d.o.o.
in Sava Turizem d. d. PE Zdravilis¢a Radenci.

Viri:
https://www.kultprotur.si/sl/kultprotur/mediateka


https://www.kultprotur.si/sl/kultprotur/mediateka
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Tea Kolar-Jurkovsek's Pander Medal

During the celebration of the European Conodont Symposium at Utrecht University in September
2022, Dr Tea Kolar-Jurkovsek, scientific advisor at the Geological Survey of Slovenia, was awarded
the highest recognition of the Pander Society, the Pander Medal for “a life dedicated” to the study of
conodonts.

The Pander Society is an international association of palaeontologists and stratigraphers with a
common interest in the study of conodonts, whose main goal is to encourage the exchange of informa-
tion about conodont research. According to the Pander Society, The Pander Medal, which is the so-
ciety’s highest recognition, acknowledges senior conodont workers who have made truly outstanding
contributions to the study of conodonts. After evaluating her many merits, this award was conferred
on Dr Tea Kolar-Jurkovsek, one of Slovenia’s most prominent palaeontologists.

Tea Kolar-Jurkovsek was born in August 1954 in Litija, Slovenia. After completing her graduate
studies at Ljubljana University (1979), she obtained her PhD at the University of Belgrade in 1989.
Since then, she has been employed at the Geological Survey of Slovenia as a researcher, serving in var-
ious positions as a project and program leader. Tea actively collaborates in other scientific institutions,
especially as a member of the IUGS International Commission on Triassic Stratigraphy, where she is
part of several working groups.

Her work has focused primarily on Slovenian palaeontology, working on Devonian, Carboniferous,
and Permian, and mainly Triassic conodonts in Slovenia as well as in the wider Dinarides area, where
she was responsible for long-term programs and bilateral scientific exchanges where she directly con-
tributed to our knowledge of conodonts by solving important taxonomical, geological, and biostrati-
graphical questions.

In the course of her substantial contributions to and advances in conodont knowledge, which spans
over four decades, she has published over 200 contributions, most of them related to work on cono-
donts. At the same time, Dr Kolar-JurkovsSek developed an international network collaborating with
several leading international experts on various fossil groups all over the world. In this context, she
has been part of several international projects working on biostratigraphic issues in various countries.

In related work, Dr Kolar-Jurkovsek, together with her husband Dr Bogdan Jurkovsek, stands out
with her commitment to transferring some part of her work to the general public, by means of books
and public exhibitions. Recently, they have published two books — “Conodonts of Slovenia (2019)” and
“Fossils of Slovenia (2021)”, published in Slovenian and English, and both issued by the Geological
Survey of Slovenia.

In summary, Tea Kolar-JurkovSek has been one of the most productive and influential research-
ers working on conodonts, establishing a working network of researchers and international scien-
tific exchanges that continues to this day. For these reasons, and as she approaches retirement, the
international community of conodont researchers recognises her work, awarding her with it highest
recognition, the Pander Medal, for a lifetime of achievements in the diverse study of conodont palaeon-
tology. On behalf of the Pander Society, I would like to congratulate her and wish her a long and most
productive future in her ongoing and widely recognised conodont studies.

Dr. Carlos Martinez-Pérez
University of Valencia

B —

Dr. Tea Kolar-Jurkovsek after
receiving the Pander Medal
during the European Cono-
dont Symposium, celebrated
at the University of Utrecht
in September 2022. From left
. to right: Dr. Carlos Martinez-
| Pérez (University of Valencia,
Spain), Dr. Tea Kolar-
Jurkovsek (Geological Survey
of Slovenia), and Dr. Emilia
Jarochowska (University of
Utrecht, Netherlands). Photo:
Nicola Vuolo.
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Navodila avtorjem

GEOLOGIJA objavlja znanstvene in strokovne ¢lanke s
podrocja geologije in sorodnih ved. Revija izhaja dvakrat
letno. Clanke recenzirajo domaci in tuji strokovnjaki z
obravnavanega podroc¢ja. Ob oddaji ¢lankov avtorji lahko
predlagajo tri recenzente, urednistvo pa si pridrzuje
pravico do izbire recenzentov po lastni presoji. Avtorji
morajo ¢lanek popraviti v skladu z recenzentskimi
pripombami ali utemeljiti zakaj se z njimi ne strinjajo.
Avtorstvo: Za izvirnost podatkov, predvsem pa mnenj, idej,
sklepov in citirano literaturo so odgovorni avtorji. Z objavo
v GEOLOGLJI se tudi obvezejo, da ne bodo drugje objavili
prispevka z isto vsebino.

Avtorji z objavo prispevka v GEOLOGIJI potrjujejo, da se
strinjajo, da je njihov prispevek odprto dostopen z izbrano
licenco CC-BY.

Jezik: Clanki naj bodo napisani v angleskem, izjemoma v
slovenskem jeziku, vsi pa morajo imeti slovenski in angleski
izvlecek. Za prevod poskrbijo avtorji prispevkov sami.

Vrste prispevkov:

Izvirni znanstveni ¢lanek

Izvirni znanstveni ¢lanek je prva objava originalnih razisko-
valnih rezultatov v taksni obliki, da se raziskava lahko ponovi,
ugotovitve pa preverijo. Praviloma je organiziran po shemi
IMRAD (Introduction, Methods, Results, And Discussion).

Pregledni znanstveni ¢lanek

Pregledni znanstveni ¢lanek je pregled najnovejsih del o
dolo¢enem predmetnem podrocju, del posameznega razisko-
valca ali skupine raziskovalcev z namenom povzemati,
analizirati, evalvirati ali sintetizirati informacije, ki so ze bile
publicirane. Prinasa nove sinteze, ki vkljucujejo tudi rezultate
lastnega raziskovanja avtorja.

Strokovni clanek

Strokovni ¢lanek je predstavitev Ze znanega, s poudarkom na
uporabnosti rezultatov izvirnih raziskav in Sirjenju znanja.
Diskusija in polemika

Prispevek, v katerem avtor ocenjuje ali komentira neko delo,
objavljeno v GEOLOGIJI, ali z avtorjem strokovno polemizira.
Recenzija, prikaz knjige

Prispevek, v katerem avtor predstavlja vsebino nove knjige.
Oblika prispevka: Besedilo pripravite v urejevalniku Micro-
soft Word. Prispevki naj praviloma ne bodo daljsi od 20
strani formata A4, v kar so vstete tudi slike, tabele in table.
Le v izjemnih primerih je mozno, ob predhodnem dogovoru z
urednistvom, tiskati tudi daljse prispevke.

Clanek oddajte urednistvu vklju¢no z vsemi slikami, tabelami
in tablami v elektronski obliki po naslednjem sistemu:

- Naslov ¢lanka (do 12 besed)

- Avtorji (ime in priimek, postni in elektronski naslov)

- Kljucne besede (do 7 besed)

- Izvlecek (do 300 besed)

- Besedilo

- Literatura

- Podnaslovi slik in tabel

- Tabele, Slike, Table

Citiranje: V literaturi naj avtorji prispevkov praviloma
upostevajo le objavljene vire. Poro¢ila in rokopise naj navajajo
le v izjemnih primerih, z navedbo kje so shranjeni. V seznamu
literature naj bodo navedena samo v ¢lanku omenjena dela.
Citirana dela, ki imajo DOI identifikator (angl. Digital
Object Identifier), morajo imeti ta identifikator izpisan na
koncu citata. Za citiranje revije uporabljamo standardno
okraj$avo naslova revije. Med besedilom prispevka citirajte
samo avtorjev priimek, v oklepaju pa navajajte letnico izida
navedenega dela in po potrebi tudi stran. Ce navajate delo
dveh avtorjev, izpiSite med tekstom prispevka oba priimka
(npr. Pleni¢ar & Buser, 1967), pri treh ali ve¢ avtorjih pa
napi$ite samo prvo ime in dodajte et al. z letnico (npr. Mlakar
et al., 1992). Citiranje virov z medmrezja v primeru, kjer
avtor ni poznan, zapisemo (Internet 1). V seznamu literaturo
navajajte po abecednem redu avtorjev.

Imena fosilov (rod in vrsta) naj bodo napisana posevno, imena
vi§jih taksonomskih enot (druzina, razred, itn.) pa normalno.
Imena avtorjev taksonov naj bodo prav tako napisana
normalno, npr. Clypeaster pyramidalis Michelin, Galeanella
tollmanni (Kristan), Echinoidea.

Primeri citiranja ¢lanka:

Mali, N., Urbanc, J. & Leis, A. 2007: Tracing of water movement
through the unsaturated zone of a coarse gravel aquifer by
means of dye and deuterated water. Environ. geol., 51/8:
1401-1412. https://doi.org/10.1007/s00254-006-0437-4

Plenicar, M. 1993: Apricardia pachiniana Sirna from lower
part of Liburnian beds at Divaca (Triest-Komen Plateau).
Geologija, 35: 65-68

Primer citirane knjige:

Flugel, E. 2004: Mikrofacies of Carbonate Rocks. Springer
Verlag, Berlin: 976 p.

Jurkovsek, B., Toman, M., Ogorelec, B., Sribar, L., Drobne,
K., Poljak, M. & Sribar, Lj. 1996: Formacijska geoloska
karta juznega dela Trzasko-komenske planote — Kredne
in paleogenske kamnine 1: 50.000 = Geological map of the
southern part of the Trieste-Komen plateau — Cretaceous
and Paleogene carbonate rocks. Geoloski zavod Slovenije,
Ljubljana: 143 p., incl. Pls. 23, 1 geol. map.

Primer citiranja poglavja iz knjige:
Turnsek, D. & Drobne, K. 1998: Paleocene corals from the
northern Adriatic platform. In: Hottinger, L. & Drobne,

K. (eds.): Paleogene Shallow Benthos of the Tethys. Dela
SAZU, IV. Razreda, 34/2: 129-154, incl. 10 Pls.

Primer citiranja virov z medmrezja:

Ce sta znana avtor in naslov citirane enote zapisemo:

Carman, M. 2009: Priporo¢ila lastnikom objektov, zgrajenih
na nestabilnih obmo¢jih. Internet: http://www.geo-zs.
si/UserFiles/1/File/Nasveti_lastnikom_objektov_na_
nestabilnih_tleh.pdf (17. 1. 2010)

Ce avtor ni poznan zapiemo tako:
Internet: http://www.geo-zs.si/ (22. 10. 2009)

Ce se navaja ve¢ enot z medmrezja, jim dodamo Se stevilko:
Internet 1: http://www.geo-zs.si/ (15. 11. 2000)
Internet 2: http://www.geo-zs.si/ (10. 12. 2009)

Slike, tabele in table: Slike (ilustracije in fotografije), tabele
in table morajo biti zaporedno ostevilcene in oznacene kot
sl. 1, sl. 2 itn., oddane v formatu TIFF, JPG, EPS ali PDF z
lo¢ljivostjo 300 dpi. Le izjemoma je mozno objaviti tudi barvne
slike, vendar samo po predhodnem dogovoru z urednistvom. Ce
avtorji oddajo barvne slike bodo te v barvah objavljene samo
v spletni razli¢ici ¢lanka. Pazite, da bo tudi slika tiskana v sivi
tehniki berljiva. Grafi¢ni materiali naj bodo usklajeni z zrcalom
revije, kar pomeni, da so Siroki najve¢ 172 mm (ena stran) ali
83 mm (pol strani, en stolpec) in visoki najve¢ 235 mm. Vecjih
formatov od omenjenega zrcala GEOLOGIJE ne tiskamo na
zgib, je pa mozno, da vecje oziroma daljSe slike natisnemo na
dveh straneh (skupaj na levi in desni strani) z vmesnim "rezom".
V besedilu prispevka morate omeniti vsako sliko po $tevilénem
vrstnem redu. Dovoljenja za objavo slikovnega gradiva iz
drugih revij, publikacij in knjig, si pridobijo avtorji sami.

Ce je ¢lanek napisan v slovenskem jeziku, mora imeti celotno
besedilo, ki je na slikah in tabelah tudi v angleskem jeziku.
Podnaslovi naj bodo ¢im krajsi.

Korekture: Avtorji prejmejo po elektronski posti ¢lanek v
avtorski pregled. Popravijo lahko samo tiskarske napake.
Krajsi dodatki ali spremembe pri korekturah so mozne samo
na avtorjeve stroske.

Prispevki so prosto dostopni na spletnem mestu: http://www.
geologija-revija.si/

Oddaja prispevkov:

Avtorje prosimo, da prispevke oddajo v elektronski obliki na
naslov urednistva:

GEOLOGIJA

Geoloski zavod Slovenije

Dimiceva ulica 14, SI-1000 Ljubljana
bernarda.bole@geo-zs.si ali urednik@geologija-revija.si

Urednistvo Geologije


https://creativecommons.org/licenses/by/4.0/
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Instructions for authors

Scope of the journal: GEOLOGIJA publishes scientific papers
which contribute to understanding of the geology of Slovenia
or to general understanding of all fields of geology. Some
shorter contributions on technical or conceptual issues are
also welcome. Occasionally, a collection of symposia papers
is also published.

All  submitted manuscripts are peer-reviewed. When
submitting paper, authors can suggest three reviewers. Note
that the editorial office retains the sole right to decide whether
or not the suggested reviewers are used. Authors should
correct their papers according to the instructions given by the
reviewers. Should you disagree with any part of the reviews,
please explain why. Revised manuscript will be reconsidered
for publication.

Author’s declaration: Submission of a paper for publication
in GEOLOGIJA implies that the work described has not
been published previously, that it is not under consideration
for publication elsewhere and that, if accepted, it will not be
published elsewhere.

Authors agree that their contributions published in
GEOLOGIJA are open access under the licence CC-BY.

Language: Papers should be written in English or Slovene,
and should have both English and Slovene abstracts.

Types of papers:

Original scientific paper

In an original scientific paper, original research results
are published for the first time and in such a form that the
research can be repeated and the results checked. It should
be organised according to the IMRAD scheme (Introduction,
Methods, Results, And Discussion).

Review scientific paper

In a review scientific paper the newest published works on
specific research field or works of a single researcher or a group
of researchers are presented in order to summarise, analyse,
evaluate or synthesise previously published information.
However, it should contain new information and/or new
interpretations.

Professional paper
Technical papers give information on research results that
have already been published and emphasise their applicability.

Discussion paper
A discussion gives an evaluation of another paper, or parts of
it, published in GEOLOGIJA or discusses its ideas.

Book review

This is a contribution that presents a content of a new book in

the field of geology.

Style guide:

Submitted manuscripts should not exceed 20 pages of A4

format including figures, tables and plates. Only exceptionally

and in agreement with the editorial board longer contributions

can also be accepted.

Manuscripts submitted to the editorial office should include

figures, tables and plates in electronic format organized

according to the following scheme:

- Title (maximum 12 words)

- Authors (full name and family name, postal address and
e-mail address)

- Key words (maximum 7 words)

- Abstract (maximum 300 words)

- Text

- References

- Figure and Table Captions

- Tables, Figures, Plates

References: References should be cited in the text as follows:
(Flugel, 2004) for a single author, (Pleni¢ar & Buser, 1967) for
two authors and (Mlakar et al., 1992) for multiple authors.
Pages and figures should be cited as follows: (Plenicar, 1993, p.
67) and (Plenicar, 1993, fig. 1). Anonymous internet resources
should be cited as (Internet 1). Only published references
should be cited. Manuscripts should be cited only in some
special cases in which it also has to be stated where they are
kept. Cited reference list should include only publications
that are mentioned in the paper. Authors should be listed
alphabetically. Journal titles should be given in a standard
abbreviated form. A DOI identifier, if there is any, should be
placed at the end as shown in the first case below.

Taxonomic names should be in italics, while names of the
authors of taxonomic names should be in normal, such as
Clypeaster pyramidalis Michelin, Galeanella tollmanni
(Kristan), Echinoidea.

Articles should be listed as follows:

Mali, N., Urbanc, J. & Leis, A. 2007: Tracing of water movement
through the unsaturated zone of a coarse gravel aquifer by
means of dye and deuterated water. Environ. geol., 51/8:
1401-1412. https://doi.org/10.1007/s00254-006-0437-4

Plenicar, M. 1993: Apricardia pachiniana Sirna from lower
part of Liburnian beds at Divac¢a (Triest-Komen Plateau).
Geologija, 35: 65-68.

Books should be listed as follows:

Flugel, E. 2004: Mikrofacies of Carbonate Rocks. Springer
Verlag, Berlin: 976 p. 5

Jurkovsek, B., Toman, M., Ogorelec, B., Sribar, L., Drobne,
K., Poljak, M. & Sribar, Lj. 1996: Formacijska geoloska
karta juznega dela Trzasko-komenske planote — Kredne
in paleogenske kamnine 1: 50.000 = Geological map of the
southern part of the Trieste-Komen plateau — Cretaceous
and Paleogene carbonate rocks. Geoloski zavod Slovenije,
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