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Abstract The Selo landslide complex in the Vipava Valley (SW
Slovenia) is a large fan-shaped sedimentary body that differs significant-
ly from other slope deposits in the area in its exceptional size and
considerable runout length. The landslide is predominantly composed
of carbonate gravel deposited on a flysch paleo-relief. To determine the
volume and geometry of the landslide and its potential source area, we
integrated geological mapping, ground penetrating radar (GPR) and GIS
techniques. The landslide deposits cover an area of about 10 km® with an
average thickness of 10 m (maximum thickness reaching 56 m) and a
maximum length of 5500 m. The volume of carbonate gravel was
estimated from geological cross sections and GPR profiles. The base
and top surfaces were interpolated by inverse distance and kriging
methods, for which the Cut/Fill method was used in ESRI ArcGIS to
determine the original landslide volume before the erosion. The
estimated original volume is 190 X 10° m®. The recent volume after the
erosion is 96 x 10° m’. The calculated volume of the Selo landslide, angle
of reach 6 = 10° and H/L ratio of 0.8 are in accordance with data for
landslides of a comparable size. The most reasonable explanation for the
development of the Selo landslide complex is a slope collapse involving
the breakdown of the rock mass and the development of a high-mobility
rock avalanche.

Keywords Rock avalanche - Long runout - GPR - Volume
calculation - GIS - Slovenia

Introduction

The northern slopes of the Vipava Valley are one of the areas in
Slovenia with the highest landslide susceptibility (Komac and
Ribi¢i¢ 2006). The geomorphology of the area is chiefly deter-
mined by a fold-and-thrust structure composed of a series of
nappes of Mesozoic carbonates thrust over Paleogene flysch do-
mains (Buser 1973; Placer et al. 2008). This structural and litho-
logical setting exerts a primary control on the slope morphology,
generally characterised by escarpment profiles with steep upper
slopes in stronger, although highly fractured, carbonate rocks
underlain by weaker shales, marls and sandstones, forming gentle
lower slopes (Popit et al. 2014).

Extensive research over the last 15 years has focused on identi-
fying triggering mechanisms and mitigating active landslides in
the flysch of the Vipava Valley (Kocevar and Ribi¢i¢ 2002; Miko$§
et al. 2004; Logar et al. 2005; Fifer Bizjak and Zupanci¢ 2009;
Petkovdek et al. 20115 Popit and Verbovsek 2013), particularly in
densely populated areas and along the construction route of the
new motorway (Petkovsek et al. 2013; Miko§ et al. 2014). Aspects
rarely addressed in previous research are the dynamics of the
geomorphic slope system in the Vipava Valley through the late
Quaternary, the identification of landslides, their extent, deposi-
tional history and potential triggering mechanisms.

We present a volumetric and geometric analysis of a large
landslide complex, known as the Selo landslide (Popit and Kosir

2003). This landslide complex differs from slope deposits and
active landslides in the area in its exceptional size and consider-
able runout length, which is indicative of a rare, high-magnitude
rock avalanche event. The main objective of this paper is to
determine the volume and geometry of the landslide and its
potential source area by integrating geological mapping, ground
penetrating radar (GPR) and GIS techniques. The results are
discussed in the context of estimating the material balance of the
source area and the main landslide body.

Geological setting

The Selo landslide complex is located in the central part of the
Vipava Valley in SW Slovenia (Fig. 1). The NE part of the valley is
characterised by a high relief, extending from 50 to 200 m a.s.l. at
the bottom of the valley to more than 1200 m a.s.l. on the edge of
the high karst plateaus of the Trnovski Gozd and Nanos
Mountains (Fig. 1). The relief is largely controlled by the Trnovo
and HruSica nappes, composed of Mesozoic, generally shallow-
marine limestone and dolomite thrust over Paleocene and Eocene
basinal deposits (flysch) composed of an alternation of sandstone,
shale and marl (Fig. 1a). The flysch deposits are strongly folded,
especially between the major thrust faults, while the carbonate
rocks are intensively fractured along the thrust contacts and with-
in wide zones of NW-SE trending strike-slip faults (Car and
Gospodari¢ 1988; Janez et al. 1997).

The slope morphology is primarily influenced by the difference
in lithology of the thrust units and is characterised by steep cliffs
in carbonates and gentle lower slopes formed in the underlying
flysch. Most of the slopes are veneered by carbonate scree deposits
(Fig. 1b), which locally reach several tens of metres in thickness
(Buser 1973; Car and Gospodari¢ 1988). The Trnovo Nappe in the
broader area of the Selo landslide consists of Jurassic oolitic
limestone, reef limestone and dolomite.

The Selo landslide (Fig. 1) covers an area of 10 km®, with a top
elevation of scarp between 1190 m a.s.l. (Mt. Caven) and 1237 m
a.s.l. (Mt. Veliki Rob) and a toe elevation of approximately 200 m
a.s.l. (Popit and Kosir 2003). The elevation difference (H) between
the crest of the potential source area and the toe of the deposit is
approximately 1000 m, while the length of the horizontal projec-
tion of the streamline connecting the extreme points of the land-
slide source and deposit (L) is 5500 m.

The upper part, the hinterland of sedimentary bodies of the
Selo landslide in the cliff face of the Trnovski Gozd, is
characterised by a pronounced arc-shaped structure that probably
represents the main scarp (surface of a rupture with the crown at
the top of the wall). Under the surface of the rupture are scree
deposits, which overlap the contact with the main sedimentary
body of the landslide. In the central part of its body, two streams
have deeply cut into the carbonate deposits as well as into the
flysch basement (Fig. 2). The larger and deeper Ravenscak Stream

Landslides 14 + (2017) | 1265



| Technical Note

{

. ” -
3 4 KOMEN
- THRUST SHEET

Rasa fault

Legend
Slope sediments:

carbonate scree and
rock avalanche deposits
(Quaternary)

7 Alluvial and fluvial

deposits (Quaternary)

Eocene and Paleocene
flysch and Transitional
beds

Kras Group, mostly
limestone (Upper
Cretaceous, Paleocene
and Eocene)
Stratigraphic units of the
Mesozoic carbonate platform
| (limestone and dolomite)

[ cretaceous
] [ Jurassic
[ Triassic

900 s Nappe and thrust fault

300 ~——— Fault (general)
om “~# Axis of inclined fold

~—— Stratigraphic boundary

TRNOVO
NAPPE

HRUSICA
NAPPE

| B

Planina breccia

“O¥EEL . [0 5001000 2,000
Al . od T

I

Al

Fig. 1 a Location and extent of the Selo landslide. b Geological map of the broader area of SW Slovenia, with a cross section through the Selo landslide

is located on the NW side of the body, while the small Podstrel
Stream is located on the SE side of the Tabor Hill (a flysch outcrop
in the middle part of the sedimentary body). The sedimentary
body borders the Vogric¢ek Stream on the western side, while the
eastern side is limited by the Gojace Stream, which is in contact
with the sedimentary body of the carbonate slope deposit and
flysch base rock. The lower part represents a fan-shaped sedimen-
tary body, which is deposited on the flat bottom of the Vipava
Valley and stretches all the way to the Vipava River.

The stratigraphy of the distal part of the landslide was well
exposed in extensive road-cuts during motorway construction
works near the village of Selo (Fig. 3a). In general, two facies
units can be distinguished in the sedimentary body, deposited
on paleo-relief, which is marked by a prominent palaeosol
(PS): a lower, mud-supported unit (MS) and an overlying
carbonate gravel unit (GS). The MS unit is up to 8 m thick
and composed of pebbles, cobbles and several cubic metre
blocks of limestone and sandstone, embedded in a muddy
matrix. The sediment contains large tree trunks and a great
quantity of wood debris. The structure of the sediment is
chaotic. Large blocks occur in the upper part of the deposit.
The GS unit is clast-supported and predominantly consists of
limestone gravel with a subordinate amount of limestone
cobbles and blocks. The gravel is poorly sorted and rarely
exhibits an indistinctive imbrication of clasts (Popit 2003;
Popit and Kosir 2003). In the central and upper part of the
landslide body, the GS unit lies directly on the flysch paleo-
surface.

Radiocarbon dating of wood from the stump of a pine tree,
rooted in the palaeosol, showed that the wood was older than 42 ka
(quoted as a “radiocarbon-dead” sample; Popit and Kosir 2003),
indicating a Late Pleistocene (or older) age of the main landslide
event.
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Methods and equipment

To determine the volume, three methods were used: field mapping,
GPR and ESRI ArcGIS software (ESRI 2012) for integrating the
data, computing the volume and spatial analysis.

Field mapping

Mapping (basemap scale of 1:5000) was performed in the spring
and summer of 2012, with the aim to determine the sedimentary
facies and estimate the thickness of the GS unit. Such measure-
ments were only possible in the upper and central parts of the
landslide, where three ravines (visible in the digital elevation
model (DEM) in Fig. 1b) were incised in the avalanche body: the
Ravens$cak ravine (22 locations), the Podstrel ravine (18 locations)
and in the Vogrsc¢ek ravine (7 measurements) (Fig. 2). Thickness
was measured manually with a 30 m long measuring tape, with
centimetre precision. In some places, for sediment thicknesses
greater than 30 m, a marked rope was used for measurements.
Point measurements were assigned with WGS84 spatial coordi-
nates to be later used in the GIS environment.

Ground-penetrating radar

GPR has been successfully applied in several landslide research
studies (Barnhardt and Kayen 2000; Bichler et al. 2004; Sass et al.
2008; Mantovani et al. 2013; Kadioglu and Ulugergerli 2012). In our
study, GPR was used to determine the bedding plane of the GS unit
of the landslide, which overlies the flysch paleo-surface or the MS
unit. One should note that the MS unit has similar electromagnetic
properties to those of the underlying flysch bedrock (composed of
thin-bedded shale, marl and sandstone), so our study focused on
the determination of the GS/MS or GS/flysch boundary, and not of
the MS/flysch boundary. Also, the MS unit appears only in the
southernmost (distal fan-shaped) part of the landslide.
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Fig. 2 Locations of the sediment thickness measurements in the ravines, GPR profiles, cross sections, boreholes and extent of the Selo landslide. Topographic names are
taken from the state topological map with a scale of 1:25,000 from the Surveying and Mapping Authority of the Republic of Slovenia

For the purpose of this study, we used the Mald Geoscience (RTA). The length of the antenna is 9.25 m, and the distance
ProEx GPR unit with an unshielded 50 MHz rough terrain antenna  between the transmitter and receiver is 4 m (MALA Geoscience

Fig. 3 a Location of GPR1 profile. Cross section of the Selo landslide on the Vipava-Nova Gorica motorway construction site in 1999. GS indicates that clast-supported unit
consists predominantly of limestone gravel with a subordinate amount of limestone cobbles and blocks; MS indicates that a mud-supported unit composed of pebbles,
cobbles and several cubic metre blocks of limestone and sandstone, embedded in a muddy matrix. PS palaeosol, FL flysch composed of an alternation of siltstone,
sandstone and marls. b GS unit overlying the flysch in the Ravenscak ravine
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2009). Despite the ability of the RTA to follow the relief, profile
locations were mostly positioned in non-populated areas with
uniform flat relief and measured along straight lines. GPR was
mostly used in the lower part of the landslide where the GS unit
was expected to be thinner.

The measurements were performed during a dry period to
eliminate signal attenuation caused by the moisture of the sedi-
ment. Artificial objects, such as large metal objects, fences and
electrical wires, and changes in elevation were marked on the GPR
profiles during recording. The start and end points of the profiles
were measured using a portable GPS receiver, and the coordinates
were later used to calculate the profile lengths.

Seven GPR profiles were recorded in the lower part of the
landslide (Fig. 2 and4): five parallel to the transport direction
(439 long GPR P1, 193 m long GPR P2, 219 m long GPR P3, 204 m
long GPR P4 and 177 m long GPR P5) and two perpendicular to the
transport direction (100 m long GPR P6 and 120 m long GPR P7).
Since the antenna used was unshielded, the latter two profiles
contained too much noise from the surrounding area to determine
the lower boundary of the carbonate sediment. Further, it was later
discovered that the sediment of the GPR P3 profile location had
been artificially replaced; hence, only four of the seven GPR pro-
files (P1, P2, P4 and P5) were used in the GIS analyses.

In order to convert the two-way travel time into depth, we need
information about the velocity at which the signals are propagating
through the material. However, no diffraction hyperbolas that are
needed for the analysis of signal velocity could be defined in the
recorded GPR profiles. Therefore, a depth calibration profile (CP,
Fig. 4) was recorded parallel to a ravine, where the depth to the GS-
MS boundary was measured in two points in the field. After defining
this boundary in the depth calibration profile, the signal velocity of
0.128 m/ns was determined. This is the signal velocity at which the
boundary depth matches the measured depth in the two field points.
It corresponds to the material dielectric constant € = 5.5, which is in
accordance with the parameters established for these types of sedi-
ments. The dielectric constant for unsaturated sand and gravel spans
from 3.5 to 6.5 (Neal 2004), for dry sand from 2 to 6 (Daniels 2004)
and is defined at 5.5 for gravel (Saarenketo 2006).

The GPR data were analysed with the Sandmeier ReflexW
Version 6.0.5 software. In order to remove the noise and improve
the visibility of the stratigraphic boundaries, the following pro-
cessing steps were applied: DC shift, time zero correction, back-
ground removal, manual gain (y) and bandpass filtering. Lastly,
time was converted to depth using the depth calibration process,
where the derived signal velocity was applied to all GPR profiles.
Thus, the depth to the GS-MS boundary was accurately defined.

As a result, a depth profile was obtained for each cross section
of the landslide body. The depth from the surface to the contact
between the carbonate sediment and the underlying MS unit or
flysch was then manually obtained from several points along each
GPR profile. These data were later imported into GIS.

GIS determination of the bounding surfaces and volume calculation of
the landslide
ESRI ArcGIS version 10.0 (ESRI 2012) was used to present digital
maps and determine the landslide volume. Several approaches
were combined in the GIS environment.

Organisation of the obtained data was undertaken within a relational
spatial database. The extent of Selo was taken from the study by Popit
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and Kosir (2003). A topographic base map was obtained using a DEM
with a cell size of 5 X 5 m (DEM5) from 2006, which was provided by the
Geodetic Survey of Slovenia. The field measurement data and GPR
results were stored into two vector (feature class) point layers, storing
the depth of contact and location of the points in the field.

Interpolation of the lower and upper bounding surfaces of the GS unit
The lower boundary of the GS unit (“basement surface,” Sg™W and
S5*®) was interpolated from three map layers: the field measurements
of sediment thickness, GPR data point depths and by assuming the
thickness on the outer extent of the landslide to be zero. To interpolate
this surface, two geostatistical methods were used for comparison: the
inverse distance method (IDW) and kriging. In IDW, the points are
weighted by the distance from an unknown (interpolated) point to
known data points. This is a fast method and requires fewer param-
eters, although it can produce a “bull’s eye” effect at some isolated
points. Kriging is a much more sophisticated method for interpolation
and is based on the geostatistical properties of the data (Swan and
Sandilands 1995).

For the upper bounding surface of the GS unit, the surface was
separated into the “recent” surface and “paleo-surface” of the carbonate
gravel landslide before erosion. For the recent surface, we used the
interpolation of DEMj5 (S:”™). For the reconstructed paleo-surface
(Sp™W and Sp<V), 17 cross sections were drawn on the landslide body
(Fig. 2) perpendicular to the transport direction. Four of these cross
sections were in the direction of the GPR profiles (P1, P2, P4 and P5), and
the others were perpendicular to the transport direction (PR1 to PRi3).
The ArcGIS Interpolate 3D Line tool was used to produce the elevation
profile, and along this profile, the paleo-surface was drawn manually in
such a way that the surface would most correctly represent the former
carbonate gravel landslide and cover the recently eroded valleys. Data
were then digitised in a similar way to the GPR profiles by measuring the
carbonate sediment thickness from the basement surface to the recon-
structed landslide paleo-surface at several points along the cross section.

Volume calculation

Volume was calculated as the difference between the two surfaces of the
GS unit using the Cut/Fill method in ArcGIS (ESRI 2012). The method
uses raster values in each cell and compares their heights, and the
volume difference is expressed as positive if material was cut or negative
if the material was added (filled). Such calculations were performed for
both the IDW (IDW superscript in the following equations) and kriging
methods (KR superscript):

1. Volume of recent landslide carbonate material:
Vr'PW = recent DEM surface SgPE™ - basement surface Sp
VrXR = recent DEM surface Sg”™™-basement surface S5*%

2. Volume of the eroded part of the landslide:
IDW

IDW

—recent surface SgP™M

DEM

V™Y = paleo-surface Sp
VEXR = paleo-surface Sp*R- recent surface Sy

3. Total volume of the landslide represents the sum of both recent
and eroded material:

VPIDW: VEIDW+VRIDW
VPKR: VEKR+VRKR

Regarding the calculation of the potential source material, the
missing volume of the scallops (visible on the DEM in Fig. 1 and



DISTANCE [METER]

DEPTH [METER] at v=0.128[m/ns]

o -

[su] anIL

DISTANCE [METER]

2

400

300

00

100

DEPTH [METER] at v=0.128[m/ns]

o -~ N

400

[su] 3L

DISTANCE [METER]

90

110 120 130 140 150 160 170 180 190

100

20 30 40 50 60 70 80

10

DEPTH [METER] at v=0.128[m/ns]

[su] 3wiL

NwW

DISTANCE [METER]

0

SE

P4

80

1

170

150

140

120

110

00

1

90

8

70

0 60

5

40

30

20

0

1

160

130

DEPTH [METER] at v=0.128[m/ns]
o [ =
N

100
0!

o
o
[32]

400

[su] 3wiL

DISTANCE [METER]

0 180

17

60

1

150

40

1

30

1

20

1

110

00

20 30 40 50 60 70 80 20 1

10

DEPTH [METER] at v=0.128[m/ns]

o -~ N

400

[su] aniL

Fig. 4 GPR profiles CP, P1, P2, P4 and P5 with boundary marked between the GS and MS units. On the CP profile two points are marked, where the depth to the GS-MS

boundary (6.1 and 6.2 m) was measured in the field

Landslides 14 + (2017) | 1269



| Technical Note

also as the blue shaded area in Fig. 5a) was estimated by contour
modification. Contours (25-m vertical spacing) were drawn direct-
ly from the western to eastern ridges of the escarpment, thus
reproducing the original surface above the recent relief and filling
the volume. For the eastern “ridge,” we used the surface slightly
above the present terrain since modifying the contours directly to
the present surface on the eastern side would not represent the
actual continuous surface before mass transport. We modified the
original surface for the main western arcuate scarps visible above
the landslide. Sediment transported could have originated as rock-
fall from the bigger western scallop. After modifying the main
scarp, a Triangulated Irregular Network (TIN) surface was pro-
duced from the contours (ArcGIS tool Create TIN). The volume
was calculated using the Surface difference tool.

Results

Field measurements
The maximum measured thickness of the GS unit, up to 56 m, was
obtained in the Ravens$c¢ak ravine (Fig. 3b). From 22 measure-
ments, the thickness ranged from 1.5 to 56 m, and this greatest
value was due to the central location of the ravine on the landslide
body and the deepest incision. Five measurements did not reach
the flysch basement or MS unit, and an indirect estimate of
weathered material was used to determine the contact. In the
Podstrel ravine, only two locations reached the flysch basement
and were used in the study as the ravine was not eroded deeply
enough everywhere to reach the flysch. The Vogrs¢ek ravine has
been deeply incised into the western side of the landslide. Three of
nine points reached the flysch basement here, and the other six
were used as an indirect estimate of the weathered material.
These measurements are supported by borehole data. The
boreholes were drilled along the motorway (Andri¢ and
Vavpoti¢ 1987; Rijavec 1995; Fig. 2); however, they are only
present along the southern part of the motorway. Several bore-
holes also did not reach the flysch basement and were unfortu-
nately not useful for the calculation, although the gravel
thickness is in agreement with the field studies. On the map
(Fig. 2), the boreholes which encountered large quantities of
gravel (GO-146, GO-147, GO-148 and GO-220) are marked in
green. The first three were only drilled 10 m into the gravel,
thus stopping inside the gravel layer. For the GO-220, only the
last three metres (17 to 20 m) penetrated into the gravel, there-
fore also not reaching the boundary with flysch or MS unit.
Some boreholes (GO-221, GO-223 and GO-224) were drilled
through thin intercalations of clay, silt and gravel, and can be
interpreted as MS/GS units, which also agrees with their posi-
tion in the most distal part of the landslide. Boreholes outside
the landslide area (GO-222, GO-225 and GO-226) did not en-
counter any gravel, only clay, silt or flysch basement.

GPR

Out of seven GPR profiles, four were used to determine the
boundary between the GS and the MS layers. As seen in Fig. 4, a
clear distinction between two different horizons can be made,
although there is no pronounced reflector between the GS and
MS layer. The reason that a strong reflector is not present in these
GPR profiles is that the boundary lies between two different types
of sediments and not between sediments and a layer of rock or
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even two layers of different rocks, which allow for strong reflec-
tions. In this case, the boundary is defined based on the behaviour
of signals when passing through sediments with different electro-
magnetic properties. After travelling through the limestone gravel
of the GS layer, the signals attenuate when they reach the highly
lossy flysch bedrock or the mud-supported MS layer which has
similar electromagnetic properties to those of the underlying
flysch bedrock. We know from experience (Zajc et al. 2015) that
GPR signals attenuate very rapidly when they reach flysch layers.
The area where the signals attenuate to the point where no more
reflections can be seen thus defines the boundary between the GS
and the MS layer. Based on the boundary determined in the
calibration profile, the shape of the mapped boundary in the
ravine below the calibration profile and the shape of the boundary
seen in the cross section of the motorway construction site
(Fig. 3a), we conclude that the wavy attenuation boundary seen
in the GPR profiles is the correct representation of the natural
state. It should also be noted that the profiles have not been
topographically calibrated; therefore, some of the unevenness of
the boundary can also be the result of the uneven terrain. Several
of these wavy contacts were observed in the lower part of the
landslide (Fig. 4).

The theoretical minimum vertical GPR resolution depends on
the antenna frequency and is defined at approximately one quarter
of the GPR signal wavelength (Reynolds 1997; Neal 2004). The
latter can be calculated by dividing the signal velocity in the given
material with the value of the central antenna frequency. In our
case, the 50 MHz antenna and 0.128 m/ns signal velocity within the
gravel produce the signal wavelength of 2.56 m, a quarter of which
gives a resolution of 0.64 m. This is theoretically the best resolu-
tion that can be achieved; however, in practice, the resolution is
not as good (Reynolds 1997). This should be taken into consider-
ation when interpreting GPR data recorded with low-frequency
antennas. It should also be noted that converting the two-way
travel time into depth can produce a £10% error in determining
the signal velocity values (Jol 2009). In our case, the signal velocity
obtained from the calibration profile could therefore vary from
0.115 to 0.141 m/ns. After applying the two velocities to the GPR
profiles, we found the difference in depth to be 1.5 m, which gives
an error of +o0.75 m. In practice, an additional error could also be
made when interpreting (drawing) the boundary in GPR profiles.
The latter error is subjective (visual method) and not possible to
quantify, and we estimate it could be overestimated in the range of
1 m or more, but not underestimated. Consequently, we have
decided to apply the maximum possible +10% error range to our
calculations. This error is greater than the theoretical resolution
error or subjective boundary depth determination error, and is less
conservative compared to the two. Therefore, as the boundary GS/
MS or GS/flysch, analysed by GPR, appears in the complete area of
the landslide, we have applied this error range to all volume
calculations, obtained from GPR measurements.

Regarding the comparison of GPR profiles with borehole data,
the only borehole which lies close to the GPR profiles is GO-220.
As mentioned above, it did not reach the flysch (or MS unit)
basement and stopped at 20-m depth (Andri¢ and Vavpoti¢
1987). Also, the composition of first 17 m is not known (only the
deeper profile). Comparison with the P5s GPR profile shows rela-
tively good agreement, as the maximum thickness from the GPR
profiles is approximately 20 m.
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Determination of the bounding surfaces and the volume calculation of
the landslide in GIS

The lower surface was obtained by two interpolation methods,
namely IDW and kriging, to obtain two different values for the
calculation of the final landslide volume of the GS unit. It was

interpolated to a grid of 5 X 5 m (same as the original DEMj5 grid).
The present surface is taken directly from DEM5 (Fig. 1a). From
these three surfaces, two volumes were calculated. The volume
before the erosion is calculated as the difference in elevation cells
between the paleo-surface and the basement surface. The Cut/Fill
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method in ArcGIS produced a “positive” and “negative” volume,
reflecting a positive gain in the cells (=deposition) and loss (=ero-
sion). The calculated positive volume between the surfaces accord-
ing to the kriging method was 201 X 10° m? and the negative
volume was only o.14 X 10° m?® (Vp*R). With the IDW method,
the positive volume between the surfaces was 179 x 10° m? and the
negative volume was o0.11 x 10° m? (Vp'™®Y). The average of both
methods (neglecting the very small negative volumes) therefore
gives an estimate of the final landslide volume of 190 x 10° m>. By
applying the estimated +10% range (+19 X 10° m?) due to GPR
measurement errors, the volume ranges from Vi, = 171 X 10° m?
t0 Vipax = 209 X 10° m®.

Regarding the average area of the landslide, the average
thickness of landslide deposits is 19 m.

The volume of the eroded landslide volume was calculated as
the difference between the paleo-surface and the DEM surface. The
calculated volume using the kriging method was 91 x 10° m® and
(VEXR). According to the IDW method, the eroded volume was
97 x 10° m® (V5'™™V), giving an average of both methods of
94 % 10° m? (£9.4 x 10° m?).

The recent volume was determined by the IDW method as
81 x 10° m® (Vx'™™V) and by kriging as 110 x 10° m? (Vi*%),
resulting in an average of 96 x 10° m? (+9.6 X 10° m%). The average
thickness of the recent sediment corresponds to about 10 m.

The calculated volume of the scallop is about 119 x 10° m®.
This value reflects the original carbonate source material in
situ before dispersion due to the transport. As the initial
volume of the original rock mass increases due to fragmen-
tation and disintegration of the material (Hungr and Evans
2004), it is necessary to apply a volume-increase factor. We
used a volume-increase factor of 25% (Hungr and Evans
2004) to correct this dispersion and obtained the volume of
125 X 119 X 10° m® = 149 x 10° m°.

The last correction was to include the volume of scree
deposited at the toe of the steep carbonate slope before the
event. In the GIS environment, we drew the approximate
extent of the scree (Fig. 2) according to the recent extent of
scree deposits left on the western and eastern slopes of the
Selo landslide, with the help of the DEM. The area covers
about 1.4 km®. By considering the average thickness of the
scree to be about 10 m (Buser 1973; Janez et al. 1997), the
volume of scree potentially incorporated by the landslide is
14 x 10° m?.

By combining the calculated average volume from the scal-
lops (149 x 10° m®) and the volume of the scree (14 x 10° m?),
the final estimated volume of possible transported sediment
amounts to about 163 x 10° m’. Erosion of the flysch bedrock
occurred during the transport, as flysch clasts can be found in
the sediment body; however, the volume of incorporated flysch
is negligible compared with the final sediment volume.

The final estimated volume of the landslide before erosion
is 190 x 10° m? (*19 x 10° m’ considering the error range
due to GPR measurement errors), and the estimated volume
of the sediment from the scallops and scree is 163 x 10° m?.
The difference between these values is in average about 16%
and can be mostly attributed to the errors of the methods
used, both in calculations of the volume before the erosion
and also to the sensitivity of the surface interpolation due to
the modification of the contours of the former relief.
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Discussion

Geophysical methods (GPR) were useful in the lower parts of the
landslide where no direct measurements could be made due to the
predominance of flat areas without outcrops. As the depth of the
contact between the carbonate sediment and the mud-supported
sediment of flysch is only a few metres, it is probable that the
sediment was either deposited on the paleo-surface of the former
terrain or an older mud-flow deposit and/or the carbonate sedi-
ment has eroded the former flysch paleosurface or mud-flow
deposit during transport. Such wavy contacts were clearly visible
in the field (Fig. 3a) during construction of the H4 motorway in
1999, where the contact between the MS unit and the overlying GS
unit is sharp but irregular (Popit 2003; Popit and Kosir 2003).

The total volume of the displaced material is even larger given
that, with the applied methods, only the volume of the GS unit was
determined. However, the volume of mud-supported deposits (MS
unit) is probably insignificant when the total landslide volume is
considered.

Radiocarbon dating of the wood (Popit and Kosir 2003) indi-
cates the event age to be older than 42 ka. In the preliminary
investigations, mostly based on the stratigraphy of the Selo land-
slide in the motorway sections, Popit and Ko8ir (2003) speculated
that the main body was formed by at least two separate flow
events. However, the MS unit in the distal, marginal part of the
landslide most probably indicates entrainment of the weathered
flysch material along the flow path forming a lubricating layer
(Hungr and Evans 2004). The long runout was most probably
possible due to the self-generation of finer, weathered material
(Hsii 1975). It is known that the movement of a large landslide
mass is only possible in a narrow basal region in which energy is
dissipated (Cleary and Campbell 1993) so that a large mass can be
transported over a great distance.

This could be the case of the Selo landslide, as the landslide
geometry is also consistent with the fragmentation-spreading
model for dry granular avalanches developed by Davies and
McSaveney (1999) and Davies et al. (1999). The estimated material
balance, sediment volume and long runout geometry of this land-
slide complex shows that the main event might correspond to a
large-scale slope collapse and development of a rock avalanche
(Hsii 1975; Kilburn and Serensen 1998; Hungr et al. 2001;
McSaveney and Davies 2006; Hungr et al. 2014). This material
entrapped the deposited carbonate scree and weathered flysch,
and was transported far from its original source on the steep
carbonate slopes.

The landslide volume alone is also a highly significant value
since the runout distance depends primarily on the volume and
less on the height of the (rock) fall (Legros 2002). The topography
cross section (Fig. 5) shows a considerably long runout. The values
of H (the elevation difference) and L (the length defined above) are
H = 1000 m and L = 5500 m. This provides a H/L ratio of 0.18,
corresponding to an apparent coefficient of friction and angle of
reach (Fahrboschung of Heim 1932) 6 = 10°.

There is a negative correlation between the apparent coefficient
of friction (H/L) and the landslide volume (Straub 1997; Legros
2002). The volume and H/L value of the Selo landslide are in
accordance with data for landslides of comparable size (Hsi
1975; Legros 2002), including some classical examples of subaerial
non-volcanic landslides. Numerous landslides comparable in size
and from similar geological settings formed as rock avalanches:



extremely rapid, massive flows of fragmented rocks generated by
large rockfalls or slides. Hence, a slope collapse involving the
breakdown of the rock mass and development of an avalanche of
high mobility appears to be the most plausible explanation for the
origin of the Selo landslide complex.

Such a conclusion raises the question as to whether such an
event could occur in present times and poses a risk to people,
buildings or infrastructure. For the analysed location around the
Selo landslide, there is a low recurrence probability. However, the
broader area is characterised by a similar geological setting with an
intensive accumulation of carbonate scree, fractured steep slopes
of carbonate nappes thrust over flysch and a relatively high seismic
hazard (Zivei¢ et al. 2000). Although the probability of a landslide
event of such a magnitude is very low, the identification of other
such events recorded in paleo-landslide deposits in the vicinity is
therefore the first step in further research and is currently in
progress.

Conclusions
The main findings may be summarised in the following points:

- Results of using a combination of field mapping, GPR profile
measurements and GIS calculation methods show that the
estimated volume of carbonate gravel before erosion was about
190 X 10° m? (#10% due to estimated GPR measurement er-
rors). The combination of these methods was found to be
successful for determining the volume of gravel deposits.

- The total volume of the displaced material is even larger given
that only the volume of the carbonate gravel sediment was
calculated and that a volume of entrained, mud-supported
sediment remains in the lower part of the landslide.

- The estimated deposited (pre-erosional) volume of the land-
slide and the estimated rock volume from the scallops and
scree (170 x 10° m®) are very similar, indicating a probable
genetic relationship of the landslide and scallop formation.

- The volume and angle of reach (or H/L value) of the Selo
landslide complex are in accordance with data for landslides
of a comparable size.

- The obtained results confirm that a slope collapse involving the
breakdown of the rock mass and development of a high-
mobility rock avalanche appears to be the most reasonable
explanation for the origin of the Selo landslide complex.
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