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Abstract. Airborne geophysics is a promising method forin- 1  Introduction
vestigating landslides. Here we present a case study of multi-
sensor airborne geophysical survey at the catastrophic landthanks to rapid technological progress, the airborne geo-
slide StoZe near Log pod Mangrtom in Slovenia, which wasPhysics has recently evolved into a promising method of in-
conducted in the framework of the European FP7th Projectestigating landslides due to rapid achievement of different
“SafeLand”. Based on the survey itself and achieved resultsgeophysical data on the subsurface properties of large sur-
we discuss applicability, limits, and benefits and costs of theveyed areas, as documented by a helicopter-borne surveying
method for investigating landslides in steep alpine terrains Of the Austrian landslides of Sibratsgfall (Supper et al., 2008)
Despite of several operational constraints, the airborne elecand Gschliefgraben (Supper etal., 2010, 2013); the approach
tromagnetic survey of the area well presented the lithologi-was also successfully applied for investigating landslides in
cal pattern and water saturation. The high resistivity regiongNorway (Pfaffhuber et al., 2010) and in Japan (Nakazato et
mostly indicated drained slope scree and landslide masgl., 2006). Tofani et al. (2013) highlighted that the perfor-
drained and loosened material of the moraine deposit in thénances of airborne geophysics are increasing at a fast rate
tension zone of the landslide with present cracks and caviand that this emerging technique is currently used to investi-
ties. The minima of the resistivity pattern were attributed to gate a large variety of landslide parameters, including fetures
the outcrop of marls rich in clay, to water-saturated moraine(€.9., peculiar morphological and geological structures) not
deposit above impermeable marls in the tension zone, an@asily sensed by more established remote sensing techniques.
to water-saturated porous alluvial gravel and landslide scre&or more references on application the airborne geophysics
along the Koritnica River. The magnetic survey proved to beto landslides, please refer to Supper et al. (2013).
inapplicable for such a small and rough area. The Potassium Here we present the airborne geophysical survey of the
and Thorium maps, on the other hand, both well identifiedStoZe landslide, which is a catastrophic landslide triggered in
the regions of tension inside the landslide zone, outcrops 02000 in Slovenia. The survey was performed on 21 May 2010
marls and dolomite, clay-rich colluvium, weathered zonesin order to test the limits of applicability of airborne geo-
along a regional tectonic fault, and alluvial deposits and de-Physics in a steep alpine setting with unfavourable survey
posits of debris flows, and the minima of th&Cs clearly ~ conditions. The study was conducted as cooperation between
revealed the zones of material removal due to recent maste Geological Survey of Austria and the Geological Survey
movements. of Slovenia in the framework of the European FP7th Project
“SafeLand”.
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2 Landslide at StoZe and its geological settings A)

The test area is situated in an alpine valley to the west of X
the Mangart Mountain (2679 ma.s.l.) in the Julian Alps in o
NW Slovenia (Fig. 1a). It has a very rough topography with .

local relief of 700 m in a distance of 1.7 km (Fig. 2). This K/
alpine valley lying in the direction SW-NE was strongly ..o
reshaped by glaciers during the Pleistocene. In contrast tc
other parts of the Julian Alps, the superficial river network
prevails over the karst discharge. The Mangart Mountain
and the study area are mainly composed of Upper Trias-
sic rocks, which consist of three different lithostrathigraphic
units: (i) Cordevol massive and thick bedded dolomite in the
NE part of the study area; (ii) Julian—Tuvalian calcareous s
marlstone, claystone and limestone in the central and westert
part; and (iii) the main dolomite in the lower part, where lay-
ers 0.2—-1 m thick occur; the dolomite is highly fractured near
the faults. Often Pb and Zn mineralization (mostly Galen-
ite, Sphalerite and Markasite) occurs in the Cordevol layers
in the study area (Jurkovsek, 1987). Geological mapping of
the site proved the existence of very unfavourable geolog-
ical conditions which controlled the landslide (Petrica and
Spacapan, 2001), because the landslide occurred in glacia
moraine sediments and slope scree and colluvium, deposite(
on tectonically highly fractured dolomite lying on imperme-
able layers of Triassic marly limestone and marl (Fig. 2c). As
dolomite is an excellent aquifer, the ground-water level in the
rock rises substantially during heavy precipitation, saturating
the overlying soils rich in clay. Also three major fault sys-
tems with general strike NW-SE, N-S and NE-SW (Fig. 1b)
could have played role in the landslide’s control. Fig. 1. StoZe landslide(A) location of the test site(B) general

The Stoze landslide was triggered on 17 November Zooo_settings of the site with 9eology modified after Petrica and Spaca-
In the first stage of the event, a huge rotational landslide ochan (2001) .and Jurk.OVSEK (1987) and mapped faults (full black
e . . . lines) and with faults interpreted from topography (dot-and-dashed
curred mpstlywﬂhmthe moraine deposits. The landslide was, . lines) and(C) perspective view of the Google Earth or-
30_0 m wide, 1.5km long and up t_o 10m, qually even 50m, thophoto from E. Legend of the geological map: all — boulders,
thick. The crown of the landslide is at an altitude of 1525m pjcks and scree as remains of the landslide, loose; below 0.5m
a.s.l. The landslide subsequently transformed into a debrigjayey scree, clay, wood; Pla — the remains of the landslide: mixed
flow (Fig. 1c), demolishing about 20 ha of forest, the Pre- clay, scree, sandy soil with blocks; potential mass for new LS; s —
del pass road, and destroying part of the village of Log podslope scree, blocks of dolomite; al — aluvial gravel and scree, perme-
Mangartom situated about 4 km downstream. Seven casuakble; gl2 — the remains of the morraine: clayey-silty soil with lime-
ties occurred in that village due to the debris flow. The ma-stone scree and bigger blocks; low permeable; gl1 — mixed silty-
jor factors of the landslide and debris flow were a combina-Sandy to gravel-scree soil (=low cemented morraine), low perme-
tion of unfavourable geological and relief structure combinedability; T3 —main dolomite; layers 0.2—1 m with marl layers, near
with intense rainfalls in October and November 2000 with the fault the dolomite is highly fractureg 3T3 — dark grey marly
total 1638.4 mm of precipitation during the 46 days prior to limestone, marly dolomite, marl, claystone} ¥ massive and thick
the landslide event (Mikos et al., 2007). During the landslidebedded dolomite.
event, approximately 1 million fof material was displaced

in the main landslide (Fig. 2a) and in two adjacent minor
landslides (Fig. 2b). However, a huge amount of moraine de- Some control of regional seismicity on the landslide trig-
posits is still loosened and ready-to-slide in the tension zongyering is also suspected as the entire region of NE Slove-
of the landslide, especially in the crown (Fig. 2c). It was es-nja is a seismically very active area. On 12 April 1998, the
timated that more than 1.5 million $rof unstable material strongest earthquake of the last 100 yr occurred in the Upper
could still be mobilized within the landslide area (Komac, Soca Va||ey, with the epicentre 10km away from the Stoze
2001; Majes, 2001; Petkovsek, 2001). area. Its magnitude was 5.8 and its maximum intensity was
between the VII and VIl degrees according to EMS. The
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3.1 Airborne frequency domain electromagnetics
(AEM)

The AEM method is intended to determine the distribution
of the specific ground electrical resistivity using a system
of co-axial and co-planar loops producing and receiving the
primary and secondary (induced by the eddy currents in the
subsurface) electromagnetic field, respectively. The method
gives information mainly on porosity, water saturation, water
conductivity of the pore fluid and clay content of the subsur-
face.

3.2 Magnetic survey

The magnetic survey measures the total intensity of the
earth’s magnetic field using Caesium-type magnetometer
Scintrex CS-2, and deviations from the reference earth mag-
netic field (IGRF) are considered as anomalies. At low survey
altitudes, the method could bring information on near-surface
and local magnetic bodies such as ore deposits or artificial
structures; however, for small areas and landslide studies in
general it has a very low applicability.

Fig. 2. Photos of the test sitdA) the accumulation zone with di-
amictic material of the landslid¢B) minor landslides above the

place, where the major landslide transformed into the debris ﬂOW’Th ¢ b di iodid
and(C) upper part of the landslide with bare surface of the marly € gamma ray Spectroscopy by one sodium-lodide crys-

rock in the landslide’s head scarp, and the tension zone comprisingtgal determines the natural and E_Art|f|c_|al ra(_j|oact|V|ty_, Wh'Ch
loosened moraine deposit; a sagged rock tower is marked as wefléPends on the content of radioactive minerals within the
(All photos . Barah). first decimeters of the subsurface. Natural gamma radiation
is essentially derived from three sources: the radioactive el-
ements thorium (energy peak: 2.62 MeV), uranium (energy
hypocentre was located at a depth of 9 km. Another strongpeak: 1.76 MeV) and potassium (energy peak: 1.46 MeV).
earthquake shook this area on 12 July 2004. The earthquake Potassium is one of the major elements of the earth’s upper
with magnitude 4.9 caused the highest effects of VI to VIl in- crust and occurs mostly in alkali feldspars and micas in felsic
tensity according to EMS-98. The seismic focus was locatedrocks as well as in clays as their weathering products (e.g.,
at a depth of about 8km (Vidrih and R@¢, 1999, 2004). lllite). Thorium is present in the major rock forming minerals
Although the landslide of the year 2000 was most likely trig- and it shows a high adsorption power to clay minerals, oxides
gered by heavy rainfalls in November, those strong seismicand hydroxides. The primary sources of Uranium are gran-
tremors probably had loosened the substrate of the subsdtes and pegmatites; in sedimentary rocks, quartz rich sand-
guent landslide some time before the event and had been orstone and limestone contain low concentrations of Uranium,
of its most important predisposing factors. whereas due to the adsorption of Uranium in clay minerals,
clayey sediments exhibit rather high values (Siehl, 1996).
The last mapped radioactive isotopéd&Cs. It is the only
man-made nuclide, which is present in significant amounts
For the test survey at the StoZe landslide, we applied thd" ”?OSt soils on the Northern Hemlsphere. In Europe, it de-
helicopter-based geophysical system of the Geological SurPOS'tEd mostly QUe to atmospheric fallout from the nuclear
vey of Austria (Motschka, 2001). This system consisted of POWer plant acude_nt_s; of_ChernpbyI in 1986, It_has the half-
frequency domain electromagnetics, gamma ray spectrome“—fe of 30.17 yr and it is still relatively abundant in European

. . : soils.
try, and magnetics. Although the more detailed technical de- The survey was performed with a rental helicopter

scription of the applied airborne geophysical system with re- cureuil AS 350, which is a widely available type of aircraft,

spect to landslide investigations was presented by Supper But with limited engine power for such surveys. Also, due to

al. (2013), here we summarize the most important informa- o . .
tion on the survey and its methods. the limitation of the budget, not much time could be given to

the pilot for training flights. Last but not least, weather condi-
tion during the survey period was quite bad with strong winds

3.3 Gamma ray survey

3 Methods and description of the field campaign

www.nat-hazards-earth-syst-sci.net/13/2543/2013/ Nat. Hazards Earth Syst. Sci., 13, 252659 2013
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Fig. 3. Map of the flight lines over the test area at the Stoze land-Fig. 4. Map of subsurface resistivity from the AEM survey, fault and
slide, with indicated relative altitudes of the AEM sensor above thejoint pattern (black full and dot-and-dashed lines), area of reliable
ground surface; note the altitudes over 90 m, which are unsuitablelata (light grey dot-and-dashed line) and the geological interpre-
for the survey (Source of data: Geological Survey of Austria andtation (Source of data: Geological Survey of Austria and Google
Google Earth). Earth).

environment and compared to the orthophoto obtained af-

at the top of the mountain ridge. Because of these stronggy the |andslide event, and to the local geological maps
winds the electromagnetic system could not be calibrated N Jurkoviek, 1987; Petrica and Spacapan, 2001).
between the lines at high altitudes, thus resulting in a much

lower data quality than usual. Therefore, only a processing
of the AEM data in the 1-D “homogeneous half-space” (Ahl, 4 Results
2003) was reliable. The homogeneous half-space in AEM is
the lower section of a three-dimensional Euclidean spaceln spite of the unfavourable survey conditions mentioned in
transected by a horizontal plane, with a homogeneous speahe section above, the multi-parametric airborne geophysical
cific electrical resistivity. So it is limited in upward direc- survey brought some interesting results concerning the sub-
tion by a horizontal plane and laterally, as well as in down- surface structure and about actual slope-related processes.
ward direction, infinitely expanded. Since this model shows The resistivity pattern of the area achieved from the AEM
no variation of the specific resistivity within the half-space, survey showed local zones of minima, ranging from 14 to
it is called one-dimensional. In practice, the lateral dimen-45Qm, in the NW part of the landslide and in the lower cen-
sion is basically limited by the footprint and the downward tral (southern) part of the tension zone (Fig. 5). Other zone of
looking dimension is limited by the penetration depth of the minimum resistivity (from 33 to 58m) occurred along the
geophysical method. Koritnica River east of the landslide, in the southeast part of
Due to the steep mountain ridges all around the study areahe landslide and in southwest part of the surveyed area adja-
the survey flight was conducted only inside the valley and up-cent to the debris flow (Fig. 4). On the other hand, relatively
and-down above the landslide body (Fig. 3) to cover as muchhigh resistivity values between 222 and 1122 prevailed
area as possible. It is obvious that only a small quantity of theover the rest of the surveyed area.
total area could be covered. Especially the electromagnetic The map of magnetic anomalies is presented in Fig. 5. The
results were sensitive to the sensor clearance. The reasonabiesults showed a distinct N-S elongated minimum ranging
results were achieved only from those flight lines, where thefrom —268.9 to—260 nT, located at the centre of the land-
relative AEM sensor altitude ranged from some tens of me-slide parallel to the main sliding vector. The magnetic results
ters to 90 m above the ground surface; this area is depictedre, however, strongly sensitive to a constant flight relative
in the maps with a light grey dot-and-dashed line. The dataaltitude above the ground surface, and thus in this case are
presented out of this area are just artifacts due to data intedifficult to be interpreted in detail.
polation and they do not represent the real situation. The gamma ray survey, presented in this study, focused on
The achieved resistivity, magnetic and radiometric re-the elemental concentrations of Potassium, Thorium, Ura-
sults with output pixel resolution of 50 m were then inter- nium and Cesium. The pattern of Potassium content in
polated (bilinear interpolation) and analyzed in the ArcGIS the shallow subsurface is presented in Fig. 6. The relative

Nat. Hazards Earth Syst. Sci., 13, 254355Q 2013 www.nat-hazards-earth-syst-sci.net/13/2543/2013/
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Fig. 5. Map of magnetic anomalies combined with the fault and Fig. 6. Gamma ray survey: a map of Potassium combined with the

joint pattern (black full and dot-and-dashed lines), and area of reli-fault and joint pattern (black full and dot-and-dashed lines), area

able data (light grey dot-and-dashed line) (Source of data: Geologiof reliable data (light grey dot-and-dashed line) and the geological

cal Survey of Austria and Google Earth). interpretation (Source of data: Geological Survey of Austria and
Google Earth).

maxima of Potassium content ranging from 1.8 to 2.9%
were registered mainly in (i) relatively flat area composed ofsteep alpine slopes and bad weather, the case study proved
moraine deposits with well-developed soil cover to the E ofits applicability for landslide detection, geological structure
the landslide, (ii) in relatively wet area with colluvium, and investigation, mapping of actual slope-related processes and
swamps above moraine deposit to the NE of the tension zongapping of landslide susceptibility even under difficult sur-
of the landslide, and (iii) above an outcrop of marls within vey conditions.
the landslide scarp (Fig. 6). The most distinct areas of min- The AEM survey showed the subsurface resistivity pat-
ima (0—0.53 %) were registered (i) in the tension zone of thetern over the test area presented in homogeneous half-space.
landslide, (i) on the moraine deposit exposed by the majorThe minima of the resistivity pattern of the surveyed area
landslide and two minor ones, and (iii) on deposits of smallin the NW part of the landslide were attributed to the out-
active debris flows in the eastern part of the surveyed aregrop of marls rich in clay. In the lower part of the tension
(Fig. 6). Out of the white dot-and-dashed line, the presentedone, the minimum resistivity was related most probably to
data do not show realistic structures but rather artifacts. Thavater-saturated moraine deposit above impermeable marls.
Thorium map also showed a similar pattern (Fig. 7). Also Also the elongated zone of minimum resistivity along the
the Uranium map (Fig. 8) showed locally the zones of min- Koritnica River E of the landslide occurred probably due to
imum values similarly to the Potassium and Thorium maps.water-saturation of porous alluvial gravel and landslide scree.
However, there were not registered any distinct relative max-The small minimum zone in the SW part of the surveyed
ima in contrary to the previous gamma ray maps. The las@rea adjacent to the debris flow could be attributed to karst
mapped was the isotogé’Cs. The maxima of the Cesuim Springs; however, this is not approved by any field survey. On
were registered in areas composed of moraine deposits arifie other hand, the maxima of resistivity reaching the values
dolomite with developed colluvium and soil cover, which ap- between 222 and 1122m, which generally prevailed over
pear on the orthophoto to be stable in past decades. On tH&e surveyed area, were related to well-drained and porous
other hand, the minima were recorded in zones, where th&oraine deposit, to limestone and dolomite rock and to loos-
soil cover was removed by the major landslide, two minor €ned material of the moraine deposit in the tension zone of
landslides in the SW part of the area and on bare surfacete landslide with present cracks and cavities. As conclusion,
along the tension cracks and scarps in the tension zone of tHé&e AEM survey confirmed the lithological pattern and water
crown. saturation within the test area.
Since the survey area is too small with respect to the mini-

mum size of detectable structures, the achieved map of mag-
5 Discussion netic anomalies is difficult to be interpreted. Therefore we

must state that the airborne magnetic survey provided for
Although the airborne geophysical survey at the StoZze landsuch a small area with such a high relative relief is unfor-
slide had to deal with many operational difficulties due to tunately inapplicable.

www.nat-hazards-earth-syst-sci.net/13/2543/2013/ Nat. Hazards Earth Syst. Sci., 13, 252659 2013
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Fig. 7. Gamma ray survey: a map of Thorium combined with the Fig. 8. Gamma ray survey: a map of Uranium combined with the

fault and joint pattern (black full and dot-and-dashed lines), areafault and joint pattern (black full and dot-and-dashed lines), area
of reliable data (light grey dot-and-dashed line) and the geologicalof reliable data (light grey dot-and-dashed line) and the geological
interpretation; the units are parts per million [ppm] (Source of data:interpretation; the units are parts per million [ppm] (Source of data:
Geological Survey of Austria and Google Earth). Geological Survey of Austria and Google Earth).

13°360°E °36'30" 13°37'0E

On the other hand, the gamma ray survey shows very
promising results for landslide studies. When compared to
the information on local geology, especially the maxima of
Potassium and Thorium both well identified the regions rel-
atively rich in clay along the outcrops of marls, of clay-rich
colluvium, weathered zones along some tectonic faults and
clay rich parts of moraines, thus zones with a lithology rela-
tively prone to mass wasting. The zones of relative minima of
Potassium, Thorium and Uranium were attributed to porous, ‘ N
loosened material, tension cracks, and debris flow and allu- i ; & Qe : lay-rich

46°26'0"N-1oN

vial deposits, which all are characteristic with intense leach- ¢ 8 ; ) '\M“’“**

ing, material erosion and soil removal. The areas of minima ’ , ; sium p—

of the '3’Cs were related to the zones of distinct material re- 4-1002 136

moval due to recent mass movements. However, one must “*" FEESSE g ' 1-1424 02313

be very careful interpreting the zones along the margins of b Dmom,,;s;};g;gggg;;i;

the surveyed area because of false results (artifacts) due to

interpolation (see Figs. 6, 7, 8 and 9). Fig. 9. Gamma ray survey: a map of Cesium combined with the

As shown by our test study, airborne geophysical surveysfault and joint pattern (black full and dot-and-dashed lines), and
especially due to their relatively low resolution in contrary the geological interpretation; the units are counts per second [cps]
to the ground-based geophysical methods, bring rather infor(Source of data: Geological Survey of Austria and Google Earth).
mation on the bedrock properties of broader areas than on
the landslides’ internal structures themselves. AEM data re-
veal the clay content and water saturation in depth, whereaavailable is necessary. One should also keep an eye on the
gamma ray indicated especially the clay content near theeliability of the results along the margins of the surveyed
ground surface (Thorium and Potassium), or indicate mateareas as non-realistic artifacts can usually occur due to data
rial removal after 1986'€7Cs). However, in the case of such interpolation. Those false areas are relatively large in respect
small areas such as the Stoze test site, the airborne geophyt®-the proportions of such small areas.
ical data have some interpretational constraints. The integra- The study also proved some practical issues of the air-
tion of the results measured on the landslide body into theéborne geophysical surveys. The best situation is when the
geophysical signature of the background of the surroundingproject budget allows several hours of training flights for
area is very difficult. Therefore, proper and detailed com-the pilot and permits to wait for optimum flying conditions.
paring the results to other geological and geomorphic dat&Buch a trained pilot could in suitable weather conditions

Nat. Hazards Earth Syst. Sci., 13, 254355Q 2013 www.nat-hazards-earth-syst-sci.net/13/2543/2013/
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