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Abstract 

The Radovna River Valley is located in the northwest of Slovenia, in the Julian Alps, and bounded by two 
plateaus - Pokljuka in the south and Mežakla in the north. Typical geological and geomorphological shapes in the 
Valley indicate several glacial stages in the Pleistocene. As a result of glacial activity and river outflow, typical 
glacial and river terraces can be observed throughout the Valley, especially in its lower and middle regions. The 
paper deals with the Radovna Glacier from the last glacial period, the existence of which is evidenced by certain 
remaining geomorphological features in the Valley. Little investigative research on the Radovna Glacier, on its 
activity and extent, has been done in recent decades; the little that has been done has only featured the glacier as 
a secondary or incidental subject of research on the neighbouring Dolinka and Bohinj Glaciers. Both numerical 
modelling and field surveying were used for the reconstruction model, with work based on previous experiences 
and observations of hydrogeological conditions in the Radovna Valley. However, it must be emphasized that the 
model is only validated based on a few remaining traces of the glacier's activity. 

Izvleček 

Dolina reke Radovne se nahaja v severozahodnem delu Slovenije, v Julijskih Alpah med Pokljuško planoto 
na jugu in planoto Mežakla na severu. Značilne geološke in geomorfološke oblike v dolini kažejo na pojavljanje 
poledenitev v različnih obdobjih v pleistocenu. Danes se v celotni dolini, predvsem pa v njenem srednjem in 
spodnjem delu, nahajajo številne ledeniško-rečne terase. V članku je predstavljen Radovniški ledenik iz zadnje 
poledenitve, katerega sledovi so pripomogli k rekonstrukciji nekdanjega okolja. V zadnjih desetletjih je bilo o 
obstoju in obsegu Radovniškega ledenika izvedenih le nekaj raziskav. Večinoma je bil ta omenjen v raziskavah 
sosednjih ledenikov, predvsem Dolinskega in Bohinjskega ledenika. Za rekonstrukcijski model, ki temelji 
predvsem na preteklih opazovanjih hidrogeoloških razmer v dolini, sta bila uporabljena numerično modeliranje 
in terensko kartiranje. Model je zaradi slabo ohranjenih sledov ledenika v veliki meri poenostavljen, a bo v 
prihodnje lahko služil kot osnova za nadaljnje podrobnejše raziskave. 

Introduction 

The Radovna River Valley is located in the 
northwest of Slovenia, in a mountainous region 
of the Julian Alps. It is a typical U-shaped alpine 
Valley extending in the northwest/southeast di- 
rection and bounded by two carbonate plateaus, 
Pokljuka in the south and Mežakla in the north. 
From a geographical perspective it is divided into 
three parts: Spodnja Radovna (Lower), Srednja 
Radovna (Middle) and Zgornja Radovna (Upper). 
Within the latter (Upper) it is subdivided into the 

Kot Valley and the Krma Valley. The Radovna 
Valley was formed in the late Pleistocen, mainly 
through glacial activity and river erosion. The 
shape of the Valley is the result of Radovna Gla- 
cier activity; in literature and papers it is also re- 
ferred to as the Radovina Glacier (Melik, 1963). 
Fluvial processes also had an important role in the 
geomorphological forming of the Radovna Valley. 
Postglacial waters with high discharge levels and 
energy coefficients were particularly important, 
as accumulation and erosion processes play an 
important role in typical glacio-fluvial terraces 
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construction on both banks of the Radovna River 
(Serianz, 2013). However, due to lower average 
annual temperatures in the Quaternary period, 
which could be some 4-15 °C lower than the typ- 
ical average today (Singh et al., 2011), the upper 
parts of mountains in the region were also cov- 
ered in snow during the summer. Subsequently, 
snow accumulation increased and eventually 
froze and turned to ice. The ice sheets slid across 
the Valleys all the way to the equilibrium line 
where, due to enormous pressure, they began to 
melt. In Slovenia, all mountains as well as Valleys 
in the Julian Alps - Karavanke, Kamnik-Savinja 
Alps (Melik, 1963), Trnovski Gozd (Zebre et al., 
2013) and Snežnik (Sifrer, 1959) - were covered 
with ice in the Würmian glaciation stage. The pa- 
per presents a paleo-reconstructed 3D model of 
the Radovna Glacier from the last glacial period 
in the Würm. The concept of 3D model is based 
on previous hydrogeological investigations in 
the Radovna Valley (Serianz, 2013; Serianz, 2015; 
Torkar & Brenćić, 2015; Torkar, 2010). 

The purpose of this paper is to: 
• interpret the origin of the geomorphological 

features in the Valley, 

• confirm the existence of the glacier from the 
last glacial period, 

• evaluate the extent of the glacier. 

Pleistocene glaciations 

The first theories that glaciers extended out 
of the Alps and onto the forelands were devel- 
oped during the first half of the 19th Century. Ve- 
netz (1861) first presented the idea that glaciers 
approached the forelands in several stages. The 
idea gained credibility with Penck & Brückner's 
(1909) theory of four glaciation stages, borne out 
by a particular sequence of landforms in Europe 
called glacial series. These glacial periods were 
named Günz (MIS 16), Mindel (MIS 12), Riss 
(MIS 6) and Würm (MIS 2-4; 5a-d) after small 
rivers in Bavaria, while the most recent defini- 
tion of glaciation stages is defined according to 
marine isotope stage (MIS) timescale. The well- 
known and widely accepted expansion theory of 
Penck & Brückner (1909) was later modified and 
extended by three further glacial stages: Donau 
(Eberl, 1930), Biber (Schaefer, 1957) and Haslach 
(Schreiner & Ebel, 1981). Each glaciation period 
was followed by an interglaciation period with 
typical postglacial waters. During the intergla- 
cial period the temperatures rose and the ice 
started to melt, which resulted in postglacial wa- 

ters with a typically high energy index. Accord- 
ing to Penck & Brückner's (1909) theory, three in- 
terglacials were observed (Kukla, 2005; Gibbard 
& Van Kolfschoten, 2004): Günz-Mindel (MIS 
13-15), Mindel-Riss (MIS 11) and Riss-Würm 
(MIS 5e). Variable climatic dynamics resulted in 
typical geomorphological structures in the Alps. 
These structures provide the most valuable data 
for paleo-glacial reconstruction and are an es- 
sential part of Quaternary investigations. 

Three paleo-glaciers were observed in the 
Triglav ränge: the Dolinka Glacier, the Bohinj 
Glacier and the Radovna Glacier (Rakovec, 1928; 
Melik, 1930; Rakovec, 1936). Among them only 
the extent of the Bohinj Glacier was attempted to 
be reconstructed (Bavec, 2006). Some research- 
ers attempted to provide evidence of activity of 
the Radovna Glacier (Rakovec, 1943) and eval- 
uate its extent. It is assumed that the Radovna 
Glacier extended in the direction from Zgornja 
Radovna toward Krnica (Drobne et al, 1975). Me- 
lik (1963) thought that the Radovna Glacier was 
most active in Würm, where the most significant 
reconstruction of the valley's shape took place. 
However, such definition is very general, as the 
Würm covered roughly the period between 115 
ka and 10 ka. Greatest glacial extension in Würm 
was represented by the Last Glacial Maximum 
(LGM). LGM is defined according to the ma- 
rine isotope stage MIS 2 and is placed between 
30 ka and 18 ka (Ivy-Ochs et al, 2008). The alti- 
tude of the snow line during the LGM has been 
estimated at roughly 1300 m a.s.l. (Melik, 1954; 
Penck & Brückner, 1909: proposed 1350 m a.s.l.). 
Similarly, modelled geothermal data from sev- 
eral boreholes in Slovenia indicates tempera- 
tures are today some 7 °C higher than during the 
LGM. (Bavec & Tulaczyk, 2002; after Šafanda & 
Rajver, 2001). That would put the snow line in the 
Julian Alps at an altitude of 1300 - 1400 m a.s.l. 

Evidence of the Radovna Glacier 

It is assumed that the Radovna Glacier cov- 
ered the whole of the Radovna Valley, ending in 
the village of Zgornje Gorje, where it was, at one 
point in the Würm, connected to the bigger Bo- 
hinj Glacier (Novak & Bavec, 2013). Also, layers 
of fine grained glaciolacustrine deposits found 
in the Middle Radovna confirm the existence of 
the Radovna Glacier. In the former exploitation 
area in Srednja Radovna the maximum thick- 
ness of this deposits is estimated to have been 
23.6 m (Iskra, 1982). Data from boreholes drilled 
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in the Gabrje area show some glaciolacustrine 
Sediments also in the deepest sections of the gla- 
ciofluvial deposits (Drobne, 1975). Radovna Gla- 
cier terminal moraine is located in the village 
of Zgornje Gorje. A typically shaped structure, 
known by its local name of Obočnica, could only 
have been formed by a massive amount of energy 
that only a glacier could produce. Along with the 
terminus, only a few moraine Sediments can be 
found in the Radovna Valley. Šifrer (1952) stated 
that some moraine Sediments can be found near 
the local forest road that runs from Stara Pokl- 
juka to the Repečnikov rovt, at a maximum al- 
titude of 960 m a.s.l. The same author mentioned 
some moraine sediments located near Krištanj, 
between Stara Pokljuka and Spodnja Radovna. 
However, this part of Stara Pokljuka was never 
covered by ice sheets at altitudes higher than 990 
m a.s.l. (Šifrer, 1952). By the same token, some 
evidences of glacial activity are preserved in the 
higher reaches of the Pokljuka plateau (Šifrer, 
1952). It is possible that these sediments belong 
to the small glaciers in Pokljuka plateau, which 
was covered with ice during the Würm glacial 
stage. 

Furthermore, the moraine sediments occur 
in Stresena dolina, but only to a maximum alti- 
tude of 1150 m a.s.l. Moreover, some glacier sed- 
iments located at the Oblek meadow at altitudes 
of 1110-1180 m a.s.l. are mentioned in the exist- 
ing literature (Šifrer, 1952). Gams (1992) reported 
on moraine sediments near the local Zgornja Ra- 
dovna-Mojstrana road. This part of the Observa- 
tion area, called Kosmačev preval, represents the 
transition Valley raised above the altitudes of the 
Radovna Valley floor. It is assumed that at this 
point the Radovna Glacier was connected with 
the Dolinka Glacier. The latter probably covered 
the entire Upper Sava Valley, with accumulation 
areas in Tamar, Vršič and Vrata. Penck & Brück- 
ner (1909) also claimed that the Radovna and 
Dolinka Glaciers were in contact. An ice mass 
from Krma and Kot might have damned up the 
Dolinka Glacier, which fact can be inferred by 
the steep terrain towards the Radovna Valley. 
Melik (1954), however, rejected this hypothesis 
on the grounds that this part of the Radovna Val- 
ley was too narrow. By definition (Benn & Evans, 
1998) the Radovna Glacier was a Valley glacier 
where ice was discharged from an ice field into a 
deep bedrock Valley. Debris could still have been 
deposited onto the foreland as a result of both 
gravity and flowing water where glacier margins 
were in the stage of advancing or retreating. As a 

result, unequivocal evidences of the glacier's ac- 
tivity in the Radovna Valley rarely remains pre- 
served or are obscured below thick layers of allu- 
vial sediments. Consequently, it was not possible 
to draw up a reliable chronology of the various 
stages in the lifetime of the Radovna Glacier. 

Methods 

Conceptual model 

It is assumed that almost all evidence of the 
existence of the Radovna Glacier may well have 
been destroyed or lie obscured below thick layers 
of alluvial sediments. In order to describe and lo- 
cate the spatial distribution of the existing geo- 
morphological indicators of glacial activity pre- 
sented in the Radovna Valley a conceptual model 
was implemented (Fig. 1). The conceptual model 
was based on data from collected literature on 
the geomorphological and hydrogeological char- 
acteristics of the Observation area and referenced 
in this paper. The most important geomorpholog- 
ical features are terraces consisting of glacioflu- 
vial sediments. Granulometry of the sediments is 
crucial for determining the origin of erosion and 
accumulation. In order to achieve an integrated 
interpretation hydrogeological characteristic of 
deposit layers in the Valley were also taken into 
account (e.g. permeability). Owing to the scarcity 
of evidence of the Radovna Glacier, implement- 
ing an extended conceptual model was key to 
achieving a satisfactory reconstruction scenario. 

Fieldwork 

Using existing data reviews from existing 
literature and the application of different carto- 
graphic bases, each location along the Radovna 
Valley was examined (shown in the chapter "Re- 
sults and discussion: Fig. 4"). Geomorphological 
mapping was performed in the Radovna Valley in 
order to determine the glacier bed and its poten- 
tial extent. The first fine records of terraces were 
mapped in the Srednja Radovna and Spodnja 
Radovna. Mapping was based on the spatial re- 
lationships between interpreted terraces and the 
surrounding natural topography. Additionally, 
in order to identify the terraces that were the re- 
sult of glacier activity and those formed by river 
accumulation a simple sedimentological record 
of uncovered terrace profiles was assembled, 
which included measurements of compactness, 
grain size and orientation of clasts. This record 
makes it possible to reconstruct a glacier profile, 
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Fig. 1. Geological concep- 
tual model of the Radovna 
Valley. 

TRIASSIC QUATERNARY 

Carbonate rocks Sand, silt, gravel Sand, silt, clay Glaciolacustrine 
deposits 

despite the fact that moraine sediments are not 
well preserved. Furthermore, moraine sediments 
were also mapped using the simple method of fol- 
lowing contacts. 

2D and 3D modelling and boundary conditions 

The idea for a 3D geomorphological model was 
based on analysis performed using the Quantum 
GIS open source geographic information Sys- 
tem (QGIS, 2015) with the GNU General Pub- 
lic license. QGIS is composed of a collection of 
Software that enables the creation, visualization, 
querying and analysis of geospatial data. How- 
ever, the quality of such a program cannot be 
compared to other licensed programs for 3D spa- 
tial data modelling that includes various Statisti- 
cal tools for the analysis and distribution of input 
data. Statistical tools available in QGIS allow the 
spatial analysis, but as it turns out, the design 
and application of the initial and boundary con- 
ditions require several adjustments. Hence, QGIS 
allows for 3D visualization that is limited to only 
relatively low resolution for modelled data. 

The cartographic base used for the modelling 
was obtained from the freely-accessible USGS 
EarthExplorer (USGS, 2012) database. The lo- 
cation of the Radovna Glacier terminus was al- 
ready known and represents the initial condition 
of the model. Determining the glacier head and 

bed required a slightly different approach. When 
determining the glacier head and accumulation 
area it was necessary to take into account the 
fact that ice cannot accumulate on slope-grades 
of greater than 60°. Slopes were calculated in 
QGIS based on DEM cartographic data. Slopes 
greater than 60°, where ice accumulation is im- 
possible due to gravity were modelled (Fig. 2). 
The result of modelled slopes identified possible 
areas where ice could have accumulated and slid 
through the Valleys. The glacier bed was deter- 
mined based on sediment granulometry in the 
glaciofluvial terraces. In order to set the coordi- 
nates for spatial modelling, several points were 
selected on those glaciofluvial terraces which 
were later interpret as a glacier bed. The glacier 
bed served as the basis for the construction of 
the 3D mathematical model of the Radovna Gla- 
cier. The mathematical model is based only on 
the mechanical properties of the ice and the es- 
tablished equation for calculating the longitudi- 
nal profile of the glacier. The results of the mod- 
elling were later compared with the data from 
the field. In order to provide a more illustrative 
model of the conditions in the last glacial period 
a final 3D model also includes the ice caps of the 
Pokljuka, Bohinj and Dolinka Glaciers. The ac- 
tual extent of the Bohinj Glacier in the 3D model 
is simply the result of theoretical interpolation 
and may differ from previously identified condi- 
tions (Bavec, 2006). 
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Determination of equilibrium-line altitude 
(ELA) 

Equilibrium-line altitude or ELA represents 
the altitude where total annual accumulation is 
perfectly in balance with total ablation (Benn & 
Evans, 1998). Therefore, ELA is an important de- 
scriptive factor in every glacial system (Fig. 3). 
Fluctuations in the ELA can serve as an impor- 
tant indicator of a glacier's response to changes 
in climate and allows the reconstruction of past 
climates. A variety of methods have been devised 
to estimate the steady-state ELA of vanished 
glaciers and to provide a means of reconstruct- 
ing former climates in glaciated regions (Benn & 
Evans, 1998). The most rigorous of these methods 
are based on a 3D model of the glacier surface 
using the ratio of accumulation to ablation areas. 
Two indirect methods were used to determine 
the ELA of the Radovna Glacier. The first, the toe 
to headwall altitude ratio (THAR) represents the 
empirical relationship between the highest (gla- 
cier head) and the lowest (glacier toe) border of 
the glacier and is used for a simple calculation 
of the ELA. Meierding (1982) found ratios of 0.35 
and 0.40 produced the best results for glaciers 
in Colorado, USA. However, for the Valley gla- 
ciers, values of 0.50 were proposed (Meierding, 
1982). The second method is based on accumu- 
lation area ratios (AAR), which are based on the 

assumption that the accumulation area of a gla- 
cier represents some fixed proportion of the to- 
tal glacier area. This can be approximated from 
a topographic map by locating the altitude on 
the glacier surface that places 0.65 of the glacier 
area in the accumulation zone. Several studies 
performed on modern glaciers have shown that 
the accumulation area represents approximately 
65 % of the glacier (Meierding, 1982). However, 
values of 0.67 were proposed (Gross et al., 1977) 
for investigations of the Alpine glaciers. 

Theoretical calculations 

The most common method for reconstructing 
the extend of paleo-glaciers is based on the me- 
chanical characteristics of ice sheets and shear 
stress ratios, and is independent of fLeld data 
(Benn & Hulton, 2010). Nye (1952) compared the 
theoretical and measured longitudinal profile 
of the Unteraar glacier in Switzerland. He con- 
cluded that the relationship between theoreti- 
cal and measured profiles was quite satisfactory 
using ice shear stress r of 77 kPa. However, Nye 
(1952a) proposed values of ice r between 49 kPa 
and 151 kPa for alpine glaciers. The r values in- 
crease from toe to head. The model is built on the 
assumption that ice becomes deformed due to the 
weight and surface gradient of the ice only upon 
reaching a specified yield stress level. Given that 
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Fig. 3. Concept of the Gla- 
cier Anatomy (Internet 1). 
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assumption, the next equation (1) was introduced 
(Nye, 1952b): 

t = pgh sin a (1) 

The equation is based on the assumption that 
the basal shear stress per unit area r, at the base 
of an ice sheet is a product of ice thickness h, 
ice density p (-900 kg/m3), acceleration due to 
gravity g (9,81 m/s2) and glacier surface slope a. 
If true, the sina should be roughly inversely 
proportional to the depth of the ice and the hor- 
izontal axis x in the direction of the glacier's 
extending (Equation 2): 

dh 
sin« = (— p) 

dx 
(2) 

where ß is the slope of the glacier bed. 
Hence, we have a non-linear equation solved 

using only small values of ß (Equation 3): 

dh n t 
— + ß =  
dx pgh 

(3) 

Solving out equation (3) we have (Equation 4): 

Pg 

h2 t 
— = x C 
2 

(4) 

Where the initial condition is presented by 
h= 0 at x=0, hence the constant of integration C 
is equal to 0. Therefore, a simple equation for the 
calculation of ice thickness is derived: 

h= —x 
\Pg 

(5) 

However, for purposes of this article a differ- 
ent Solution for equation (1) was presented as in 
equation (6): 

dh 
r = pgH (6) 

dx 

Where H is the glacier thickness, h is the ice 
surface elevation, and x is the horizontal co- 
ordinate with the x-axis parallel to the upward 
gradient glacier flow toward the glacier head 
(Benn & Hulton, 2010). 

This equation (1) can be expressed numeri- 
cally by discretizing the surface gradient as in 
equa-tion (7): 

dh 

dx 

hI+l+h 

Ax 
(7) 

where Ax is a specified distance interval along 
the x-axis. Thus, equation (7) can be rewritten so 
that the ice surface elevation at step z+1 is equa- 
tion (8) (Benn & Hulton, 2010): 

Ki =k <£><- H pg 
(8) 

where H=h-B, B is the elevation of the glacier 
bed and r . If we derive the previous equation dif- 
ferently, so as to calculate the ice thickness and 
shear stress for the mid-point of the interval i to 
i+1 (Van Der Veen, 1999) the following equation 
is derived: 

hL-h^B. + B^ + hM-^,)- 
2Axty 

Pg 
= 0 (9) 

where the overbar indicates that the yield 
stress is average for the interval. 
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As the shear stress significantly varies down 
gradient only average values for shear stress were 
used as input values in the model. The longitude 
profile of the Radovna Glacier was tested at shear 
stresses of 50,100 and 150 kPa. For purposes of the 
modelling, however, only shear stress of 50 kPa 
and 100 kPa were used, because it was determined 
that the model would exceed the assumed glacier's 
thickness at a modelled shear stress of 150 kPa. 

Results and discussion 

Geomorphological conditions 

Glaciofluvial terraces 

Based on observations and several investiga- 
tions in the Radovna Valley, it can be assumed 
that its geomorphological characteristics are 
largely the result of glacier activity and river 
outflow. Therefore the river Channel was formed 
directly in the glaciofluvial sediments. Both ac- 
cumulation and erosion resulted in the construc- 
tion of river terraces. Today, a series of terraces 
can be observed along the middle and lower part 
of the Radovna Valley. The average height of the 
terraces is estimated at between 5 and 10 m. The 
younger terraces near the river Channel have a 
small slope but are well preserved, while with 
the distance from the river Channel the slopes in- 
crease. However, the oldest terraces stand higher 
than the younger terraces, even though they are 
almost totally eroded or covered with gravel. The 
morphology of the river terraces shows typical 
glacial and alluvial deposits, while in the Up- 
per part of the Valley, where only processes of 
erosion were observed, there are no terraces. It 
is assumed that the riverbed gradient and river 
discharges were so high that terrace construction 
was impossible. According to that line of think- 
ing a simple hypothesis can be proposed - that 
the shape of the Valley floor has not significantly 
changed since the retrograding stage of the last 
glacier. As the highest terraces contain glacier 
sediments it is considered that only processes of 
river erosion were present during the first phase 
of the interglacial period. Therefore, it is believed 
that the upper or highest terrace represents the 
bed of the Radovna Glacier. 

A series of terraces can be observed near 
the Zmrzlek spring in Srednja Radovna (Fig. 
4, point a). The highest terraces are filled with 
glacial sediments, while the lowest contain only 
gravel. The terraces near the Lipnik spring were 

also investigated in detail (Fig. 4, point b). A 
fresh profile was uncovered in the upper terrace, 
which contains horizontally laminated fine silt 
fractions in the upper horizon. It would seem that 
the river did not have any particular influence 
on the given profile. Furthermore, two terraces 
in Jela (Fig. 4, point c) were investigated in de- 
tail. These contain gravel with some fine sandy 
fractions, while a transverse terrace profile near 
the local Hotune - Voje road contains mostly 
gravel that can locally pass into a conglomerate. 
To conclude, four terraces were indicated in the 
Radovna Valley. The first three terraces contain 
alluvial sediments, mostly gravel and sand. How- 
ever, the highest terrace contains glacial Sedi- 
ments, mostly silt, sand and clay. As a result it 
can be assumed that the highest terraces were 
formed by glacial activity and might indicate the 
altitude of the last glaciation bed. 

Moraine sediments 

Geomorphological mapping was performed at 
several locations along the Radovna Valley, start- 
ing in Zgornja Radovna. The most remote loca- 
tion in the Valley, where the moraine sediment 
was indicated, lies in the Valley between Kot and 
Vrata (Fig. 4, point h). A local road climbs from 
the narrow Valley bed up to the small plateau. 
A small hill is located immediately at the top, 
to the east, between the road and the Mežakla 
plateau. It is covered with moraine sediments. 
South of the hill the topology is directed very 
steeply down to the Radovna Valley. Typical geo- 
morphology may indicate contact between two 
glaciers. The steep slopes rising out of the Ra- 
dovna Valley can be interpreted as the result of 
lateral erosion from ice sliding in the direction 
of Kot and Krma. 

Furthermore, the whole of Stresena dolina in 
Srednja Radovna was mapped (Fig. 4, point g). 
A local forest road, which runs from the bottom 
of the Valley up to the Pokljuka plateau, uncov- 
ers glacial sediments. On the other side of the 
Valley location near Oblek (Fig. 4, point f) was 
mapped, where some glacial sediment was also 
found. The area near Krištanec (Fig. 4, point e), 
between Lipne peči and Stara Pokljuka in Spod- 
nja Radovna has been significantly transformed 
through a number of sediment-gravitational pro- 
cesses. It is assumed that these processes might 
obscure the evidence of glacial activity. However, 
typical glacial sediment was indicated in the for- 
est road profile near Krištanec. The investigated 



200 Luka SERIANZ 



Tri-dimensional Model of the Radovna Glacier from the Last Glacial Period 201 

profile was followed at an altitude of 800 m a.s.l. 
Remarkable evidence of glacial presence is lo- 
cated in the village of Zgornje Gorje. A small to- 
pographic rise presents a terminal moraine of the 
former glacier. However, lateral glacial moraines 
are rarely preserved in the Valley. The most pro- 
nounced is the outmost terminal moraine of the 
Radovna Glacier, located in the village of Zgornje 
Gorje (Fig. 4, point d). 

2D model and Validation 

A longitudinal 2D profile of the glacier was 
calculated as the basis for the 3D spatial model. 
The Radovna Glacier's longitudinal profile was 
tested for two different shear stresses (r) typi- 
cal for Alpine glaciers, at 50 kPa and 100 kPa. 
Results show that ice thickness increases rap- 
idly with distance from the terminus. In the vil- 
lage of Krnica the ice is already roughly 140 m 
thick. At its thickest the Radovna Glacier could 
reach thicknesses of 300-446 m. The surface of 
the Radovna Glacier displays a smaller dip in 
the middle, while the dip increases constantly 
from the terminus. Furthermore, the 2D pro- 
file (Fig. 5) shows that the glacier's maximum 
thickness (446 m at r = 100 kPa and 300 m at 
r = 50 kPa) is located at a distance of 11 to 12 km 
from the terminus. This represents the area be- 
tween the Jerebikovec (1593 m a.s.l.) and Frčkov 

vrh (1369 m a.s.l.), or right at the contact point 
of the ice masses, which slid from the Krma Val- 
ley and the Kot Valley. Here, the dip of glacier 
bed is small, while in the Kot and Krma Valleys, 
parallel to the Rjavina ridge (2532 m a.s.l.), the 
dip of the glacier bed grows substantially all 
the way to the Kredarica (2539 m a.s.l.). Here 
the ice starts to become proportionally thinner 
with the greater dip of the glacier bed. Both the 
field data and existing literature indicate that 
the glacier did not exceed altitudes greater than 
900 m a.s.l. at Krištanec, 1110 m a.s.l. at Oblek 
and 1150 m a.s.l. in Stresena dolina. Taking 
this into account it is clear that the calculated 
longitudinal profile of the glacier at r = 100 kPa 
was most appropriate. From this profile of the 
glacier it is evident that the thickness of the ice 
rapidly increases in the initial distances from 
the glacier terminus. Already at the village of 
Krnica, the ice surface reached altitudes of 140 
m higher than the level of the Radovna River 
today. At a distance of about 1300 m from the 
terminus the glacier surface raised up to the al- 
titude of 810 m a.s.l., - roughly 80 m lower than 
Srednji vrh. 

3D model 

3D modelling was performed in order to opti- 
mize the visualization of the glacier extent. Two 
3D models are presented, calculated using two dif- 
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Fig. 5. Longitudinal profile of the Radovna Glacier with topographical units versus the distance from glacier terminus in the 
village Zgornje Gorje. 
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ferent shear stress values, of 50 kPa and 100 kPa 
(Fig. 6). Comparing the theoretical calculations 
with field data indicates that the r = 100 kPa model 
is more relevant for the field data scenario. Equi- 
librium altitude line (ELA) was also calculated us- 
ing two methods: (1) toe to headwall altitude ratio 
(THAR), and (2) accumulation area ratio (AAR). 
The THAR method locates the ELA at an altitude 
of 1498 m a.s.l. The second (AAR) method suggests 
an altitude of 1150 m a.s.l. Total glacier area was 
calculated to be 58 km2; given AAR=0.65 the accu- 
mulation area of the Radovna Glacier should cover 
an area of 37.7 km2. Therefore, the given catchment 
area of the Radovna Valley is entirely appropriate 
for a glacier of such dimensions. The glacier cov- 
ered two Valleys in the upper part of Radovna, Kot 
and Krma. Accordingly, the extent of the accumu- 
lation area was interpreted. The first accumulation 

area was located all the way under the southern 
wall of Mount Triglav, Kredarica and Mount Rja- 
vina, from where the ice sheets slid into the Krma 
Valley. The second accumulation area was located 
on the smaller slopes above the northern wall of 
Mount Triglav, where a small ice sheet called the 
Triglav Glacier remains today. It is assumed that 
this local area above the northern wall of Mount 
Triglav represented one of the largest accumula- 
tion areas of ice during the Würmian glaciation. 
The ice slid into the Vrata Valley and extended into 
the Mojstrana, where it was connected with one of 
the largest Pleistocene glaciers in Slo venia, the 
Dolinka Glacier, named after the Sava Dolinka 
River. The typical pyramidal horns and ridges of 
the upper part of Mount Triglav can still be ob- 
served today, as the result of several active glaciers 
sliding into the surrounding Valleys. 

Bohinj Glacier 

Radovna Glacier 

Dolinka Glacier 

Triglav 
2864 m a.s.l. 

Fig. 6. 3D model of the Radovna Glacier in last glacial period with the modelled shear stress 50 kPa (upper figure) and 100 kPa 
(lower figure). 
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Conclusion 

The 3D geomorphological model of the Ra- 
dovna Glacier presented herein constitutes a ba- 
sis for further investigation of the glacier extent. 
This is the first integrated investigation into the 
very existence and scope of the Radovna Glacier. 
The open source QGIS program has proved as a 
valuable tool in the given modelling approach and 
process. By the same token, the creation and im- 
plementation of a conceptual model is essential, 
because the selection of input data and boundary 
conditions is central to gaining a better under- 
standing of the issue at hand. As a result it can 
be concluded that the Radovna Glacier did exist. 
Its accumulation area extended from the Triglav 
massive all the way through Krma and Kot. Gla- 
cier extending some 25 km covered the whole 
part of Radovna Valley. At some distance from 
the terminus the ice reached thicknesses of more 
than 400 m; however, with no field data available 
the model could not be validated on this point. 
The thickness of the ice in this model was calcu- 
lated independently of any field data. 

Thick layers of glaciofluvial sediments 
cover the Valley floor, which may indicate an 
extensive period of Pleistocene glaciation; Penck 
& Brückner's theory (1909) of four glaciations 
stages may also be valid in the čase of Radovna 
glaciation. The reconstruction of the glacier leaves 
some questions unanswered, answers to which 
may hold the key to identifying past glaciation 
at the catchment. A scenario whereby glaciers 
moved across the Pokljuka plateau may well still 
remain a distinct possibility. The fact that typical 
geomorphological features are present in the 
upper reaches of Stresena dolina and Pokljuška 
soteska lends credence to such a scenario. Ice 
sheets may have extended from Klečica (1889 
m a.s.l.) to Stresena dolina and from the Klek 
meadow (1604 m a.s.l.) through Konavčev žleb 
(Šifrer, 1952). Furthermore, ice sheets may have 
covered the upper, steeper regions of the Triglav 
summit, where some typical pyramidal horns 
and ridges can still be observed. 
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