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Distribution of landslides reconstructed from inventory data and
estimation of landslide susceptibility in Hungary

Epmva JOZSA', Dines LOCZY? Mauro SOLDATP,
Lucian Danier. DRAGUT* and Jozser SZABO?

Abstract

The complexity of landslides makes it difficult to predict the spatial distribution of landslide susceptibility and
hazard. Although in most European countries the basic preconditions for the occurrence of mass movements
(rocks and topography) have been mapped in detail, the triggering factors (e.g. precipitation or earthquakes)
are much less predictable. A detailed nation-wide inventory for Hungary provides a unique base for landslide
susceptibility mapping. As the methodology for the assessment the technique applied in the ELSUS 1000 pro-
ject was selected. The micro-regions of Hungary were identified where mass movements contribute to land
degradation. The paper provides a statistical evaluation of the distribution of landslides, depicts landslide
susceptibility on maps and reveals the role of anthropogenic factors in the generation of mass movements.
The mid-resolution elevation model (SRTM1), land cover data (CLC50) and surface geology database (Mining
and Geological Survey of Hungary) allowed for the derivation of a landslide susceptibility map more detailed
than before. Along with its background information the map reflects and explains the differences in landslide
susceptibility among the individual hilly and mountainous regions.
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Introduction ments on slopes are relative relief (slope), and
(loose or loosened) rock masses suitable to

Landslides are multidimensional and non-  displacement. Slope instability is influenced

linear dynamical natural systems variable
in space and time (BrunspEn, D. 1999). Each
phase of movement is a more or less imme-
diate response to an external trigger which
reduces the strength of the slope material
(Wieczorek, G.F. 1996). However, the drivers
behind the mass movement processes, which
affect the type and location of landslides, are
more constant and interrelated in a complex
manner (Crozier, M.J. 1986; Crozier, M.].
and MAUSBACHER, R. 1999). The primary pre-
conditions of the generation of mass move-

by the following rock mechanics parameters
(GraDE, T. et al. 2005):

—rock (soil) porosity;

— water-saturated density;

— angle of internal friction;

—amount and quality of clay minerals (pro-
portion of swelling clay minerals);

— cohesion among the particles of uncon-
solidated rocks.

Although this list confirms that rock quality
is an important factor, mass movements can-
not unequivocally be bound to the individual
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rock types. Mass movements on slopes are
widespread all over the mountain and hill re-
gions of the Earth’s surface. Some Landslides
types in VARNES’ classification system (VARNES,
D.J. 1978; CrupeN, D.M. and VArNEs, D.]. 1996;
Hungg, O. et al. 2014) occur under any type of
climate, while other processes (e.g. displace-
ments of frost-riven rock masses) are charac-
teristic of the particular physico-geographical
environment (Szaso, J. 1996a).

Although lubricating water promotes in-
stability through reducing external and in-
ternal friction, it is not normally regarded an
indispensable condition of mass movements.
Even in arid regions special types of gravi-
tational movements (creep) occur. Climate-
controlled movements are gelifluction in
polar areas and deep slumps close to the
Equator (OLLIER, C.D. et al. 2007). Landslides
are processes discontinuous in space and
time. Research in the Alps indicates that
global climate change may increase the fre-
quency and/or magnitude of landslides but
it is not expected to significantly modify
the actual regional distribution of landslide
hazard (Borgarty, L. and Sorparti, M. 2010).
Statistical and GIS methods are increasing-
ly used to predict the place (if not the time)
of landslide occurrence. The underlying as-
sumption is that, since controlling factors do
not change fundamentally over time, land-
slides in the future will normally occur at the
same sites as before (Guzzerry, F. et al. 1999;
CARrDINALI, M. et al. 2002; PiacenTiNg, D. ef al.
2012; GALVE, J.P. et al. 2015). Consequently, a
comprehensive landslide inventory is a basic
requirement of the quantification of landslide
susceptibility (Van WesteN, C.J. et al. 2008).

However, it is not sufficient to simply ac-
quire data on the location and basic attributes
of the mass movement events, but GIS mod-
elling should be incorporated in prevention
and damage mitigation measures. Therefore,
landslide hazard mapping is a developing
field of geomorphometry with an ever-grow-
ing toolset and improving datasets. In a re-
cent study (Sirsy, F. et al. 2018), for instance,
moving window analysis was performed to
identify landscape scars in an international

comparative investigation. A crucial task is
the scaling of land-surface variables, which is
solved by applying an ever broader represen-
tation of topography through increasing win-
dow size. The modelling of landslides scarps
uses the Random Forest technique (CaTant,
F. et al. 2013). The research confirmed that the
scale of the input predictors should be careful-
ly established for the modelling of landslides.

Other approaches to landslide susceptibil-
ity mapping are based on a support vector
machine (SVM), a machine learning algo-
rithm, widely used in recent years (Du, W.
et al. 2016; LEE, S. et al. 2017; Huang, Y. and
Zuao, L. 2018). The SVM method is an al-
ternative to the analytic hierarchy process,
logistic regression, artificial neural networks
and random forests, which are all applied
in landslide susceptibility mapping. Authors
claim that the combination of SVM and oth-
er techniques may yield better performance
in landslide susceptibility assessment and
mapping. Naturally, the main requirement
is a high-quality database which allows an
accurate classification of landslides. In ad-
dition, probabilistic methods are also often
applied in landslide susceptibility mapping
(FErNANDES, G. et al. 2016). Authors could ar-
rive at an index which represents the proba-
bility of failure allowing for the uncertainty
typical of shallow landslide processes (ex-
pressed in the factor of safety).

In the low mountains and hills of Hungary
various landslides represent the most fre-
quent types of mass movement. Landslide
also cause the largest damage and land
degradation (Szaso, J. 1996a). Triggering
mechanisms are usually associated with the
saturation of slope material (usually due to
excessive rainfall events) along a distinct slip
plane, where translation or rotation takes
place. As arule, relatively small areas are af-
fected by an individual event but movements
may occur repeatedly at different points in a
region of similar geological setting.

Investigations of landslide hazard in po-
tentially endangered industrial, residen-
tial, forested or agricultural areas began at
the Budapest Technical University (BME),
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the Geographical Research Institute of the
Hungarian Academy of Sciences (PEcsi, M.
et al. 1976) as well as other institutions, in-
cluding universities. The outputs are engi-
neering geomorphological maps at 1:10,000,
1:25,000 and 1:100,000 scales (ADAM, L. and
Ptcst, M. 1985). By the end of this stage the
entire country had been mapped at 1:25,000
scale and the mountainous areas at 1:10,000
scale. Focal regions of the mapping project
were the area of Budapest, the Lake Balaton
Recreational Area and some particularly en-
dangered towns, including the cellar systems
of Eger (Kres, B. 1978) and Pécs (SziLARD, ]J.
and SCHWEITZER, F. 1977).

Relying on historical information revealed
in inventories, the present paper undertakes to
identify the terrains with high susceptibility to
landslides but cannot predict the actual place
and time of landslide occurrence in the delin-
eated areas. While maps of landslide hazard
are available for the entire country, an analy-
sis of temporal variations in landslide suscep-
tibility is increasingly important in a changing
climate (Gariano, S.L. and Guzzerty, F. 2016).
In addition to steep hillslopes (mostly of un-
consolidated material) of the Transdanubian
Mountains, the Transdanubian Hills and
the North Hungarian Mountain Range, in
Hungary the primarily endangered areas are
high bluffs along major rivers (the Danube,
Hernad/Hornad, Réba/Raab and Drava rivers)
and on lakeshores (Lake Balaton and Fert6/
Neusiedlersee), where water levels and un-
dercutting considerably contribute to land-
slide generation and damage.

Methods
Data sources

1. National Inventory of Mass Movements. Com-
missioned by the Central Geological Office
(KFH), the first stage of the national survey
of mass movement took place between 1972
and 1980 (Fopogr, T.-NE and Kres, B. 1986;
SzaB0, J. 1996b). Using a standardized ques-
tionnaire designed by experts of the KFH, a

total of 1,205 landslide sites were surveyed.
The systemization of the results was the task
of the Hungarian State Institute of Geology
(MAFI) in 1976, with assistance of regional
geological surveys, universities and research
institutes. The first stage of the survey was
completed in 1980, by which date databases
for the counties of Hungary had been com-
piled. The characteristic parameters of mass
movements mapped at 1:25,000 scale and
with a special legend were carefully checked
in the field. The survey is assessed in retro-
spect (SzaBo, J. et al. 2008) to have met the
requirements in the EU Directive INSPIRE
(Information for Spatial Data in Europe) of
2007 (http://inspire.ec.europa.eu/).

Started in 1980 and coordinated by the
Enterprise for Geodesy and Soil Investigation
(FTV), the second stage of survey involved
more detailed data collection and landslide
hazard zoning. For the identification of haz-
ard zones, a conventional colour legend was
used: green, yellow and red colours showed
increasing levels of hazard. The base maps
were cadastral survey maps at 1:2,000 or
1:4,000 scales.

The launching of the third stage in 1990
had been preceded by detailed soil mechan-
ics analyses of data from shallow boreholes.
Hazard zoning was extended to the broader
environs of the previously described mass
movements. The survey was supplemented
with maps depicting the geomorphic impacts
of deep mining and, in general, all under-
mined surfaces (S5zaB6, J. 1996b).

2. National Digital Inventory of Mass
Movements. The new, electronic, version of
the Inventory was created in the MAFI and
maintained by the recently set-up Hungarian
Mining and Geological Office. In 2013-2014
the Inventory was supplemented with the
description of 186 movements in Somogy
and Baranya counties (Southwest Hungary).
In addition, five landslides have been dis-
covered by the National Expert Committee
of Mitigation for Cellars and River Bluffs in
recent decades. The electronic system allows
queries at settlement level. Experimentally,
the details of damage can be queried for the
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individual events in Fejér County. In accord-
ance with legislation on natural disasters
(Act 128/2011 on disaster prevention, Kluwer
Wolters Kft. 2017), special attention is paid to
cellar collapses, topples of river bluffs and
landslides. The updated digital version of the
inventory is also available as KMZ file or as
WES/WMS layer to explore in Google Earth
or GIS software.

Method for the regional assessment of landslide
susceptibility in Hungary

When preparing the landslide susceptibil-
ity map of Hungary, the methodology of
the ELSUS 1000 (European Landslide Sus-
ceptibility Map) project (GUNTHER, A. et al.
2014a, European Landslide Expert Group)
was followed. The Pan-European ELSUS1000
map of 1:100,000 scale is based on a weighted
multi-parameter regional assessment. Since
the database (the National Digital Inventory
of Mass Movements) allows representation
at a higher resolution, a 30 x 30 m grid was
created to show the spatial distribution of
landslide susceptibility. The targeted level
of detail is adjusted to the corrected SRTM1
Digital Surface Model (J6zsa, E. and FABIAN,
Sz.A. 2016) used for the assessment.

The first step in the mapping procedure
was the compilation of input maps, their
classification and transformation to a grid
map of uniform resolution. Following the
approach of the European Landslide Expert
Group (GUNTHER, A. et al. 2014b) slope incli-
nation, the character of geological formations
exposed on the surface and land cover were
considered the fundamental criteria for clas-
sification. It was assumed that these are the
factors on which the representation of the
spatial pattern of mass movements can be
founded. The temporal analysis of sliding
was not aimed at, the date of movement was
not included, and dynamic triggers, such as
rainfall events and seismic activity, were also
left out from the investigation.

Slope inclination was derived from the cor-
rected SRTM1 model. Information of surface

rocks was obtained from the covered geo-
logical database at 1:100,000 scale (Gyatrog, L.
2005; Gyarog, L. and Sikueacyi, F. 2005), while
for land cover the national CORINE database
at 1:50,000 scale was employed (BOTTNER, Gy.
et al. 2005). The CLC50 is a post-processed
version of 1998-2000 data by the Hungarian
Institute of Geodesy, Cartography and Remote
Sensing (FOMI). The time of data acquisition
and the resolution well matched the SRTM1
model. In accordance with the methodol-
ogy described in the above mentioned paper
(GUNTHER, A. et al. 2014a), slope inclination
was referred into 8 classes, geological forma-
tions into 13 and land cover into 7 classes.
The expert group defined the relative
weights of the three input parameters by
means of the Analytic Hierarchy Process
(AHP — SaaTy, T.L. 2012). In the application
of the method for Hungary the same weights
were used: slope inclination had the larg-
est weight (0.64), followed by surface rocks
(0.26), while land cover received a remark-
ably lower weight (0.1) (GUNTHER, A. et al.
2014b). The areal extension rate (area of class /
total area) and rate of mass movements (pixels
of landslides in class / total landslide pixels) was
rendered to the particular classes of the input
parameters. An indicator for the frequency
of occurrence of mass movement events nor-
malized on the basis of areal extension of the
class was also calculated (rate of mass move-
ments / areal extension rate). The frequency
ratio provides the base for weighting and for
the detection of overrepresented categories.
During the implementation of the method
only the calculated ‘built-in” class weight re-
quired correction, because the high event fre-
quency probably resulted from data record-
ing and generalized boundaries of CORINE
data. Other weight factors were accepted for
generating the landslide susceptibility values.
The method aimed to select classes that are
representative of the geographical character-
istics over the Pannonian Basin and have a
sufficient number of mass movement events
to use in the modelling. Detailed reliability
analysis regarding the method of the ELSUS
1000 map revealed that the main limitation to
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the identification of landslide susceptibility
was the incompleteness of mass movement
dataset (GUNTHER, A. et al. 2014a,b). As sub-
stantially more (1,726) events were available
for interpretation than in the Pan-European
survey, the reliability of the calculated hazard
map is considered appropriate to draw spa-
tial conclusions. Moreover, the application of
this methodology to produce a landslide sus-
ceptibility map for the territory of Hungary is
a step towards the aim of the project, which is
the harmonization of different landslide zon-
ing approaches in Europe.

Results and discussion

The classification of data according to basic
land-surface variables like slope inclination,
surface materials and land cover provided
a differentiated picture of the circumstances
under which landslides developed (Figure 1).
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The calculated frequency ratios show that the
most endangered areas have slope inclina-
tions between 11° and 15°, predominantly
underlain by sandstones, flysch and molasse
sediments, where land cover shows no or lit-
tle vegetation cover. It has to be taken into
consideration that the classes with small areal
extension can exhibit high frequency values.
A more direct analysis of the spatial char-
acteristics of mass movement events is also
performed on the basis of the inventory data
and presented later in the study.

Based on the above outlined method, the
landslide susceptibility map of Hungary was
prepared (Figure 2). The degree of susceptibil-
ity in percentage resulted from the weighted
linear summation of the input parameters and
is intended to reflect the extension, proportion
and frequency of mass movements occurred.
It is a characteristic feature of the procedure
and input elevation dataset that lowland settle-
ments of larger extension present higher values,
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Fig. 1. Percentages of classified slope inclination (A), surface geology (B), and land cover (C) showing areal
extension of classes, rate of landslides and frequency ratio of mass movements



260 Jozsa, E. et al. Hungarian Geographical Bulletin 68 (2019) (3) 255-268.

Susceptibility value (%)

B 067- 2.9
[ 3.00-7.96
[ ] 7971302
[]13.03-16.96
B 16.97-22.53

Fig. 2. Percentage landslide susceptibility map of Hungary showing the boundaries of micro-regions affected
by mass movements (boundaries after the National Atlas of Hungary 2018, 126-127.)

which is a deficit of the DTM data and could
not be eliminated by the reduced weight (0.1)
of the land cover input parameter. For categori-
zation the Jenks Natural Breaks approach of the
ArcGIS was employed and adjusted manually
based on the histogram of the values to better
distinguish between lower categories as well.
The hilly and mountainous regions of silty
(loess), clayey, volcanic or sandstone geol-
ogy classes can be well distinguished on
the map. The classification of the slope in-
clination categories also made it possible to
exclude valley bottoms. In accordance with
previous surveys, the high bluffs along the
Danube, Hernad/Hornad and Drava rivers
show higher susceptibility. The highest ab-
solute and mean susceptibility values occur
in the micro-regions of the North Hungarian
Basins, the Matra and Biikk mountains, the
Cserhat region, the Central Zemplén region,
the Danube Bend and Bérzsény Mountains as
well as the Mecsek Mountains surrounded by
the Tolna—Baranya Hills and the Zala Hills.

For the implementation of prevention and
mitigation efforts, it is expedient to have in-
formation on the number of mass movements
in the administrative units of the country.
The distribution of recorded events by coun-
ties shows that in five counties of the Great
Hungarian Plain (Békés, Csongrad, Hajdu-
Bihar, Jasz-Nagykun-Szolnok and Szabolcs-
Szatmar-Bereg) practically no events oc-
curred except from movements of the Tisza
bank or embankment of major roads. On the
other hand, in six counties with mountainous
and hilly relief (Baranya, Fejér, Borsod-Abatj-
Zemplén, Heves, Komdarom-Esztergom and
Noégrad) movements were documented on
more than 100 occasions (Figure 3). In Fejér
County the majority of the events are con-
centrated along the high bluff of the Danube.

Investigating the movements by settlements,
it was found that there are 75 settlements (in-
cluding the districts of Budapest) where mass
movement phenomena were observed on at
least five occasions (Figure 4). The frequency
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Fig. 4. Settlements with at least 5 recorded mass movement events on the map of physical regions of Hungary
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distribution of movements is also illustrated
by Table 1, which shows settlements where 10
or more events were recorded.

From the viewpoint of physical geog-
raphy, the distribution of landslides by
physical microregions is of greater signifi-
cance (5zaB9, J. 1996a,b; Szaso, J. et al. 2008).

Figures 5 and 6 show the spatial distribution
of the landslide events in these micro-regions
and reveal hot spots of mass movements.
Maximum number of events was recorded
in the Central Mez6fold, along the right bank
of the Danube, South of Budapest (>200 oc-
casions). Significant number of mass move-

Table 1. Settlements of Hungary most often (=10 times) affected by mass movements

Number of Settlement
events
126 Dunatjvaros
50 Récalmas
38 Eger, Pécs
37 Esztergom
31 Komlé
26 Budapest III., Kulcs
24 Salgoétarjan
22 Mecseknadasd
18 Miskolc
17 Neszmély
15 Paradsasvar, Szentgotthard
13 Apatistvanfalva, Egerbakta, Tihany
12 Budapest II., Labatlan, Ozd
11 Budapest XII.,, Dudar, Dunaféldvar, Dunaszekesd, Hosszthetény, Orfti, Sirok, Varosléd
10 Balatonkenese, Kesztolc, Szekszard, Vac

Number of events
] 13
] 49
10-16
17-28
29-56
57-111

112-215

[

Fig. 5. Number of mass movements by physical micro-regions
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Fig. 6. Density of mass movement events (number per 25 km?) overlaid on the relative relief map (m/km?) of Hungary

ments occurred in foothill areas: in Southwest
Hungary in the South Baranya Hills (111) and
the Baranya Hegyhat (53), in North Hungary
in the Eger Biikkalja (68) and in West Hungary
in the Vas Hegyhdt (56). Similarly, abundant
are landslides in some basins of low moun-
tains, such as the Ozd—Egercsehi (34) and
the Nograd basins (21) in North Hungary
and in the Veszprém-Devecser Graben (13)
in Transdanubia. Among the valleys of ma-
jor rivers (which are regarded independent
physical microregions), the Danube (the sec-
tion between Dunaalmas and Tat, 45), the
Zagyva (20), the Tarna (12), the Raba (9) and
the Sajé valleys (7) stand out.

The highest densities are observed in
Transdanubia, in the areas of the Vas Hegyhat,
the Buda Hills, along the right bank of the
Danube and the Baranya Hegyhat (Figure 6).

The interactions between landslides and
topographic parameters were studied on the
basis of the corrected SRTM1 DSM of ~30 m
horizontal resolution. Classifying events ac-

cording to elevation above sea level, an out-
standing influence of hill regions is found:
1,511 events (87% of all) falls within the
elevation interval between 100 and 300 m
(Figure 7). The slope angles of movements are
rather low: they are less than 12 per cent for
half of the events and only 197 were devel-
oped on steep (>25%) surfaces (Figure 8, A).
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Number of mass movements

Fig. 7. Distribution of mass movements by elevation
intervals above sea level
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Fig. 8. Distribution of movements by the slope incli-
nation categories used in agriculture (A), and slope
exposure (B)

The DEM also supplies data on the distri-
bution of movements according to slope
exposure (Jozsa, E. et al. 2014) (Figure 8, B).
The figure shows a predominance of eastern
exposure, which can be explained with the
abundant number of landslides along the
Danube between Kulcs and Dunaszekesd.
Also, an increase of events can be observed
in NE and SW directions, which coincides
with the general NW-SE orientation of val-
leys over Transdanubia. Other cardinal direc-
tions are fairly equally represented.

The movements fall into various types.
According to the categories applied by the
MAFI the following occur most often: rota-
tional slides (426 sites), sliced landslides (327),
layered slides (278), bank collapses (123), creep
phenomena (120). Separately from bank col-
lapses there were 39 reported events of loess
collapses. In addition, regional land subsidence
(46 cases) and instabilities of embankments
(>100 cases) have also been recorded. Other in-
stabilities of anthropogenic origin affect under-
mined areas, cellar systems and spoil heaps.

As far as dynamics is concerned, the return
interval (periodicity) of movements is an im-
portant factor. In the nation-wide inventory the
temporal aspect is characterized by attributes
like fossil, ongoing, occasional, periodic and
one-time. (In case of 305 events such informa-
tion was not included in the dataset, these are
mainly movements along the high bluff of the
Danube). Altogether 623 ongoing, 452 occa-
sional, 253 one-time, 79 periodic and 14 fossil
(non-active) movements have been recorded.

The inventory data also provide some in-
formation on the triggering mechanism re-
sponsible for the mass movement. The most
widespread among the triggers is oversatu-
ration of slope material (in >600 cases) as a
result of seepage of water in the sediment
mass (mentioned separately for ~130 events),
complex natural processes (~140) and com-
plex anthropogenic interventions (~130) had
large impacts as well (Figure 9).

As far as the temporal pattern of mass move-
ments is concerned (see e.g. CrozIER, M.]. and
MAUSBACHER, R. 1999), it is claimed that weath-
er-related events (first of all, extreme rainfall
events) are major contributors. This observa-
tion is underlined by the fact that in Hungary
the number of movements was extraordinarily
high in 2010, which was by far the most hu-
mid year since the beginning of regular mete-
orological observations (Table 2). (Naturally,
floods were also common in 2010. Although
2011 was the driest year ever in Hungary, fre-
quent movements happened as an aftermath
of wet conditions in the previous year.)

Surface runoff

Stability of material, erosion
Roadcut

Steepness of slope
Underground mining
Precipitation

C. anthropogenic interventions
Complex natural processes
Other

Oversaturation, seepage of water 47.44%

T T 1
0% 25% 50%
Rate of mass movements by triggering factor

Fig. 9. Known triggering factors (excluding no data)

Table 2. Recently reported mass movements in Hungary

Reported Total Number of
Year - - ;
vis maior cases landslides
2005 100 118 12
2006 111 134 19
2007 63 85 7
2008 75 106 5
2009 101 121 4
2010 515 640 128
2011 90 116 35

Source: Oszvarp, T. 2011.
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Conclusions

The engineering geomorphological inves-
tigations carried out over several decades
allow to draft a relatively complete picture
on the regional distribution of landslides in
Hungary and to identify the main drivers of
surface instability in the individual regions.
The interpretation of data using a GIS pro-
vides vital information for engineering geo-
morphology and disaster prevention.

Comparing our results with the ELSUS
1000 vl map (GUNTHER, A. ef al. 2014a),
mountains do not necessarily represent the
highest class of susceptibility (for instance, in
the case of the Biikk and Matra Mountains)
as this was decided a priori by GONTHER, A. et
al. (2014a). The conclusions drawn from the
inventory underpin practical interventions
with the purpose of mitigation of damage
associated with natural hazards.

1. Transdanubian Hills.

Susceptibility to sliding is primarily due
to the lithological setting of the hill region:
Upper Miocene-Pliocene sands and clays,
Pleistocene fluvial sands and loess, Holocene
alluvia, blown sand. Landslides are mostly
associated with Pannonian (Upper Miocene-
Pliocene) clays and in soils of high clay con-
tent, often along highly asymmetric stream
and river sections.

2. Intramontane basins in the Transdanu-
bian Mountains.

The basins are filled up with Miocene clays,
sands, marls and Pleistocene loess in variable
thicknesses. The primary causes of landslides
are great contrasts in geological build-up
and heavily dissected relief. Movements
are typical of the dissected Upper Pliocene
pediments (for instance, in the Gerecse at
Esztergom, at Ajka in the Bakony and at
Koml¢ in the Mecsek Mountains).

3. Danubian terraces and high bluffs.

As a consequence of minute dissection
of the surface, high relief, there are inten-
sive movements, also active at present.
Considering surface geology, distinct rock
types can be identified. In the Danube Bend
Mountains Tertiary clays, sands, marls and

gravelly deposits; Pleistocene terrace grav-
els, various types of loess, travertine and lo-
cally Mesozoic sediments are affected. In the
Gerecse, movements occur in the sides of val-
leys cut down to the Miocene clays into the
loess-paleosol sequence of 20 m thickness.
Near Esztergom fossil (Late Pleistocene and
Early Holocene) slumps have been described
from Oligocene clays, sands and Miocene an-
desite. Along the steep Danubian high bluff
South of Budapest paleosols and loess overlie
clays and sands. Before regulation regular
undercutting by the Danube removed land-
slide tongues and generated repeated rota-
tional landslides and topples.

4. Intramontane and foreland basins in the
North Hungarian Mountain Range.

The basin sediments susceptible to sliding
are Oligocene and Miocene clays and sands.
Neotectonic tilting contributes to landslide
generation. Upper Pliocene pediments were
uplifted and dissected, creating high relief,
where fossil and recent slumps equally oc-
cur. In the most through studied region,
the Cserehat Hills (SzaB6, J. 1985) and in
the Tokaj Mountains the slip planes devel-
oped on the Pannonian (Miocene-Pliocene)
clays. In the intermontane basins (Nograd,
Borsod and Salgoétarjan basins) the contribut-
ing factors are similar to those in the moun-
tain foreland. In the mountains of volcanic
origin sliding took place on unconsolidated
Miocene sediments or heavily weathered tuff
layers below the volcanic sequence.

5. Land subsidence of anthropogenic origin
above deep mines and spoil heap slips.

Further mass movements occurred in the
environs of abandoned deep coal mines
(Komlé, Salgoétarjan, Sarisap, Oroszlany,
Ajka, Dudar and Tatabanya). Land subsid-
ence extend over large areas, up to 3 km in
diameter (JuHAsz, A. 1976). Vulnerability and
damage to structures is considerable in the
undermined and built-up areas of Komlo,
Tatabanya and Dorog towns.

In other mining areas of Hungary diverse
landform assemblages have evolved. In the
Borsod Coal-mining District numerous spoil
heaps were accumulated, where the bound-
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ary between in situ and upheaped material
is a potential slip plane (ST6, L. et al. 2016).
The conical spoil heaps are 20-50 m high. On
their steep slopes mantle slides developed
with extensive tongues.

Spoil heaps differ substantially from other
landslide-prone surfaces in their physical
and chemical processes. Spontaneous com-
bustion promotes compaction and disinte-
gration. The frost cracks dissect blocks and a
laminar structure in the heap leads to failure
scarps. The measurement carried out on fail-
ure walls (SUT6, L. et al. 2010) indicate that
the attenuation of movements strongly de-
pends on weather conditions, the intensity of
spring snowmelt and extraordinary rainfall
events. The rate of movements amounts to
ca. 0.5 m per month.

Further research could be based on the
ELSUS 1000 V2, released recently with up-
dated methodology. The improved resolu-
tion and richness of national datasets defi-
nitely facilitate the derivation of landslide
susceptibility maps and the ELSUS method is
a promising tool to produce comparable con-
tinent-wide output maps. The nation-wide
inventory is a valuable dataset maintained
by the GeoBank of the Hungarian Mining
and Geological Service (MBFSZ) allowing to
regularly revisit the assessment and reveal
possible temporal changes in the spatial dis-
tribution of mass movements, and to explore
changes in their triggering factors.
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