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Abstract

:

The northern slopes of the Vipava Valley are defined by a thrust front of Mesozoic carbonates over Tertiary flysch deposits. These slopes are characterized by a variety of different surface forms, among which recent and fossil polygenetic landslides are the most prominent mass movements. We used the height variability method as a morphometric indicator, which proved to be the most useful among the various methods for quantifying and visualizing fossil landslides. Height variability is based on the difference in elevations derived from a high-resolution lidar-derived DEM. Based on geologic field mapping and geomorphometric analysis, we distinguished two main types of movements: structurally induced movement along the fault zone and movements caused by complex Quaternary gravitational slope processes. The most pronounced element is the sliding of the huge rotational carbonate massif, which was displaced partly along older fault structures in the hinterland of fossil rock avalanches and carbonate blocks. In addition to the material properties of the lithology, the level of surface roughness also depends on the depositional processes of the individual sedimentary bodies. These were formed by complex sedimentary events and are intertwined in the geological past. The sedimentary bodies indicate two large fossil rock avalanches, while the smaller gravity blocks indicate translational–rotational slides of carbonate and carbonate breccia.
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1. Introduction


Vipava valley (SW Slovenia) is located between the Karst plateau on the southwest side and the Nanos Mountain range in the northeast. The N and NE slopes of the valley are defined by a thrust front of Mesozoic carbonates over Tertiary flysch deposits [1,2,3]. This overthrusting has resulted in steep slopes and fracturing of the rock, producing highly weathered carbonates and large amounts of scree deposits in the upper part of the valley. In the lower part, these slopes are characterized by a variety of different surface forms, among which recent and fossil polygenetic landslides are the most prominent mass movements. Superficial deposits range from large-scale, deep-seated rotational and translational slides to shallow landslides, slumps, and sedimentary gravity flows in the form of debris or mudflows reworking the carbonate scree and flysch material [4,5,6,7,8]. The influence of tectonic fractures on mass movements is a common phenomenon in Slovenia, for example, the Ciprnik complex landslide in the Tamar Valley in northwestern Slovenia [9]. Due to tectonic stresses in the hinterland of the Ciprnik landslide, the initially highly bedded rocks were additionally fractured. This intense fracturing caused an increase in the effective porosity and a decrease in the strength of the material [9,10]. The relationship between tectonics and gravitational movement in the Vipava Valley and similar extreme cases in the Alps and Dinarides point to the need for a complex study of geologic processes [11].



In this paper, we present the morphometrical analysis of two large sedimentary bodies of fossil rock avalanches, Podrta gora and Gradiška gmajna, and a few smaller detached and translationally moved carbonate blocks named Stara baba, Veliki strel, and Klapačiše in Zagriža. As a morphometric indicator, we used a variation of roughness index; the variability of surface elevation was used, using five different methods [12]. Quantification of the variability of surface roughness was based on the height variability method (HV) [4]. This method is based on the differences in elevations obtained from a digital elevation model with a high spatial resolution (1 m × 1 m), derived from lidar scanning.



Based on the geomorphometric analyses of surface roughness in conjunction with geomorphological and geological mapping, two main types of displacements were analyzed in the considered work: structurally conditioned displacements (at the fault zone) and Quaternary displacements caused by gravitational processes. By studying fossil and (sub)recent landslides, we were able to identify the shape of the crown, main, and lateral edges, as well as the geomorphometric characteristics at the top of the single sedimentary body of rock avalanche.




2. Materials and Methods


2.1. Geological Setting


The general topography of the Vipava Valley is determined by thrust fronts of the Trnovo and Hrušica nappes composed of Mesozoic shallow-marine limestone and dolomites. Carbonates are thrust over gentle slopes of strongly folded Paleocene and Eocene basinal clastics deposits (flysch), which are composed of alternating sandstone, shale, and marl beds (Figure 1). The Mesozoic carbonate rocks are highly fractured along the thrust contacts and are cut by large NW–SE striking, Neogene, dextral, strike-slip faults characterized by fault zones up to 300 m wide [11,13,14].



The structural contact is expressed morphologically by the difference in lithology between the steep carbonate rocks in the massif and the gentler slopes of the underlying flysch in the lower part of the slope. This lithologic boundary, formed by the thrust contact, is covered by a variety of Quaternary slope deposits, broadly divided into two groups. The first group is lithified and unlithified scree deposits covering the upper part of the slope, while the second group is partially cemented complex Quaternary slope deposits covering the lower part of the slope. The latter represents a series of composite, fan-shaped sedimentary bodies with different compositions, internal structures, and textures, indicating a complex depositional history and polyphase genesis [4,6,15,16,17]. Quaternary slope deposits are moderately sorted and consist of gravel to medium boulder-sized clasts. Rarely, very large (approximately several meters in a linear direction) individual boulders are also present. In addition, carbonate megablocks reaching more than 100 m in length are found at the lower parts of the slopes (e.g., in the Lokavec area near Ajdovščina). They were detached from the stable carbonate karst plateau and were transported up to 2 km by translational and rotational slope movements [18] (Figure 2).



The structural and lithological settings also determine the hydrogeological conditions; therefore, most springs originate close to the contacts between the limestone and flysch (springs of the Vipava, Lijak, and Hubelj rivers) [14]. Many smaller springs also emerge within the gravel layers and lenses. These are very permeable and allow rapid infiltration of rainwater, which then flows within them and encounters significantly poorer permeable rocks in weathered flysch. In this area, the infiltrated rainfall water emerges in springs upon contact between the flysch below and the limestone gravel above and continues to flow superficially. The described geological structure and related hydrogeological conditions also influence the complex depositional processes of the slope deposit [3,4,15,19,20,21,22,23].
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Figure 1. (A) Geological map of the extended area of the Vipava Valley; (B) cross-section through the Trnovski gozd and Vipava Valley; (C) panoramic view from Sveti Socerb to the Vipava Valley and Trnovski gozd in the hinterland (geological map modified after [1,3,11,14,24,25,26,27]. 
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Figure 2. Photograph of carbonate gravitational blocks (upper figure) from Navrše hill (view towards W) and lithology of the wider source area and carbonate blocks (lower figure). Adapted and modified after [18]. Reprinted and adapted with permission from Ref. [18]. Copyright 2019, Založba ZRC SAZU, Geografski inštitut Antona Melika”. 
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2.2. Geomorphological Analysis


A detailed digital hillshaded terrain model (DTM) was obtained from an openly available Airborne laser scanning (ALS) dataset of Slovenia [28]. The ALS point cloud was rasterized to a 1 m × 1 m resolution and later, by a combination of filtering and removal of non-ground base points by adaptive triangulated irregular network densification [12]. Relief Visualization Toolbox (Version 1.1 [29]) was used to aid the visual inspection of the hillshaded DTM to emphasize the positive and negative geomorphological anomalies, which simplifies the geomorphological interpretation of the studied area [12,30,31].



For quantitative geomorphological analysis of the rock avalanche surfaces, we have used several surface roughness methods which, apart from the surface curvature analyses, proved to be useful parameters for the investigation and detection of fossil landslides [4,12,32,33,34,35] and recent landslides [36,37,38,39,40].



A quantitative analysis of the surface roughness of the studied sedimentary bodies of fossil rock avalanches was performed in the program ArcGIS using the height variability (HV) method, which proved to be the most useful among the several methods for the quantification and visualization of landslide parts with different sedimentary composition and genesis [12]. The height variability method is performed on a raster elevation surface with, first, a resampling of the original 1 m × 1 m lidar resolution elevation data into a coarser 3 m × 3 m resolution (performed by the replacement of the center cell with the average value in the 3 m × 3 m moving window with the ArcGIS Focal Statistics tool) and, later, by the replacement of the center cell with the difference between the highest and lowest elevation (hence the name of the method) in the same window size. The original resolution turned out to be too detailed (too noisy) for further analyses. Larger moving windows were contrarily too coarse due to lost surface details.



The HV method is very similar to the method of slope variability cf. [41]; the only difference is that it uses the difference between the maximum and minimum elevation instead of the slope difference: DTVmax–DTVmin [12]. The results are given as the elevation difference (range) in meters, with a more variable (“rough”) surface inside the search window giving the higher numerical values. The advantage of this method is a very distinguishable visualization of areas with different roughness, which correspond well to different sedimentary processes on the landslide body. This method was tested on the Quaternary slope sedimentary bodies of (i) Podrta gora and Gradiška gmajna fossil rock avalanches; (ii) the adjacent gravity carbonate megablocks of Stara baba, Veliki strel, Klapačiše, and Zagriža on the slopes of the Vipava Valley; and (iii) on the structural elements in the hinterland high karst plateau.



We also suggest using the additional approach for geomorphometric analysis of the surface using the VAT method [24,42]. This method was originally named visualization for archaeological topography, and although the name comes from its primary use in archeology, it can be used to explore small-scale topographic variations also in geology or in any field of geomorphology, generally. It is based on the analysis of surface elevation data, and it combines several DEM-derived input layers: hillshaded relief, positive openness [43], slope, and sky-view factor [31], and blends them to combine the information into a single image (VAT) suitable for visual or quantitative inspection of the surface morphology features, helping with the interpretation of the surface changes (landslide, erosion, construction works, etc.). The VAT method is a part of the Relief Visualization Toolbox (RVT) described in [31,42]. We have tested the VAT method and found that it is extremely useful when analyzing smaller landslide features on fossil rock avalanches [24]. However, in the presented case, in which we analyzed a much bigger (regional-scale) area several kilometers in size, the use of the VAT method did not contribute useful results to help with the interpretation of the terrain analysis.





3. Results


The HV values in the N and NE areas of the Vipava Valley reflect the differences between the surfaces of the flysch base and the surfaces of the fossil rock avalanche, gravity blocks built up of carbonate gravels, and structural elements in the hinterland of sedimentary bodies. Rock avalanches and carbonate blocks have high HV and a high degree of surface roughness at the edges, in contrast to flysch rocks, which have low HV and a low degree of surface roughness (Figure 3). The exceptions are flysch-cut ravines, where greater erosion of flysch rocks occurs and which represent areas of greater slope inclination than the surrounding area [44] and high height variability. The structural elements can be identified by linear changes in height variability.



3.1. Boundary of Individual Sedimentary Bodies and Their Source Area


The values of HV in the Podrta gora and Gradiška gmajna fossil rock avalanches are shown in Figure 3. In narrow bands along the edges of the bodies, the variability is medium and rarely high, while the central part of the sedimentary bodies is mostly an area of low HV or low surface roughness. Medium to high HV is also observed in the narrow bands in the lower (fan-shaped) part of the Gradiška gmajna rock avalanche and in two tongue-shaped bodies of the Podrta gora rock avalanche (Figure 3). Almost the entire narrow area of the margins of both sedimentary bodies is dominated by medium to large surface roughness, which is in sharp contact with the smooth surface. The boundary is partially blurred only in the SW part of the Podrta gora rock avalanche, where the difference in surface roughness is not strongly pronounced, and in the central part of the Gradiška gmajna rock avalanche, where the boundary between the sedimentary body and its surroundings is not definable. On the NE side of the Gradiška gmajna rock avalanche, the lateral edge is clearly visible, as the gorge of the Hubelj River is cut next to it (Figure 3).



Aell-recognized geomorphological element is also the upper edge of the rock face in the hinterland of the Podrta gora and Gradiška gmajna rock avalanches (Figure 3). Below the upper edge, the values of HV (in the form of a jagged convex edge) are very high and indicate a sharp boundary between the carbonate rock face and the karst surface at the top of Trnovski gozd in the area of Rob, Pravi vrh, and especially of Podrta gora (Figure 3).




3.2. Boundary of Individual Sedimentary Bodies and Their Source Area


In both the Podrta gora and Gradiška gmajna rock avalanche areas and in the area between them, there are extensive areas with an extremely low degree of surface roughness (Figure 3). These areas are the locations of the gravitational carbonate blocks named the Stara baba, Veliki strel, and Klapačiše sedimentary bodies and the Zagriža sedimentary body, located within the Podrta gora rock avalanche. The mentioned areas in the lower part, towards the SW, are adjacent to the areas of high surface roughness. The contacts between the smoothed and rough areas at the Stara Baba, Veliki Strel, and Klapačišče bodies are clearly concave in the downward direction, while the contact at the Zagriža body (within the Podrta gora rock avalanche) is approximately flat or slightly convex in the downward slope (Figure 3).




3.3. Identification of Structural Elements in the Hinterland of Sedimentary Bodies


The HV method is also useful for identifying faults and fracture zones. Fracture deformation and crack structures are most evident in the area of high karst plateaus, where faults can be identified in line-by-line changes in the values of height variability. In some places, the value of surface roughness increases; in other places, the response of the rock mass to the fracture zone is just the opposite, and the HV decreases. The most pronounced are the northern part of the Predjama fault, which runs across the plateau above Rob, and the fault on Mala gora above the Slano blato (Figure 3, cf. [45]. Linearly distributed alterations are evident in the carbonate rock face in height variability, mostly oblique to the edges of the rock face. Most likely, this is a morphological reflection of fracture zones running at different angles between the main fault systems [3,14].



Generally, the middle and upper parts of the rock face of carbonate rock (yellow and red color), extending over the whole Vipava Valley, have the greatest HV values (Figure 3). In the lower parts of the rock face in the foothills, the values of HV are medium (Figure 3). The transition to the upper karst plateau of Trnovski gozd is morphologically pronounced, as medium values and sometimes low values of HV begin to predominate in the sharp line. This transition is related to the erosional frontal retraction of the overthrust fronts and to the structural features of the area. The lower boundary, at the base of the rock face, is directly related to the thrust or fault contact with the carbonate rocks and the flysch bedrock. The sharpness of the boundary is obviously determined by the thickness of the carbonate gravel or scree deposit. In places where individual sedimentary bodies with a lot of carbonate gravel are observed, higher values of surface roughness are obtained, while in areas with thin gravel, the value of HV is low.





4. Discussion


In general, landslides are complex and consist of parts with different geomorphological characteristics [46,47]. Using the visual interpretation of the digital evaluation model (DEM), and the calculated surface roughness indicator, we were able to identify the surface properties of the individual sediment bodies very well in most cases. Based on a combination of geomorphometric indicators, we conclude that the sedimentary bodies have a very complex structure formed by different Quaternary sedimentation processes. The analysis of the typical morphological elements found in the sedimentary bodies of the Podrta gora and Gradiška gmajna rock avalanches and on the rotational blocks of Stara baba, Veliki strel, Klapačiše, and Zagriža is presented in Figure 4, cf. [47,48]. It has been shown that the degree of surface roughness is most strongly influenced by various sedimentation processes, in addition to the characteristics of the sedimentary material. Similarly, Grohmann et al. [49,50] determined that different surface roughness values are attributed to landslide formation processes (recent and fossil) and time elapsed since the surface formation, in addition to material characteristics.



The high contrast between the degree of surface roughness occurring at the margins of each body and the surface belonging to the surrounding and base of the sedimentary deposit reflects the difference between the two distinct lithologic units. The carbonate gravel or breccia belongs to the Gradiška gmajna and Podrta gora rock avalanches and to the Stara baba, Veliki strel, Klapačiše, and Zagriža gravity blocks. These blocks are characterized by a high degree of roughness, while flysch bedrock forms the base and immediate surroundings of sedimentary bodies, creating a relatively smooth surface.



4.1. Podrta Gora and Gradiška Gmajna Fossil Rock Avalanches


4.1.1. Crowns and Main Scarp


Based on the surface roughness, the upper edge above the Podrta gora and Gradiška gmajna landslides is clearly visible in the area of Rob, Pravi vrh, and Podrta gora (Figure 3 and Figure 4). The values of HV in this area are very high in the form of a convex edge. The areas of fossil rock avalanches determined by remote sensing correspond with the results of geological mapping. High values of surface roughness in this area indicate that this geomorphometric element represents the crowns and main scarps of the Podrta gora and Gradiška gmajna rock avalanches (Figure 4A, points 1 and 2). The main direction of elongation of the crown and main scarp is perpendicular to the direction of mass transport, which is also one of the typical characteristics of crowns and can be detected at least in the case of the Podrta gora fossil rock avalanche, cf. [47]. In the immediate vicinity of the main scarp is also an area of carbonate gravel, representing a recent scree deposit (Figure 4A, point 7).





[image: Remotesensing 14 02016 g004 550] 





Figure 4. Geomorphometric elements of sedimentary bodies: (A) Podrta gora fossil rock avalanche; (B) Gradiška gmajna fossil rock avalanche; and (C) Stara baba, Veliki strel, and Klapačiše carbonate blocks, based on the classification of the schematic representation of the landslide. Adapted from [46,47,48]. 
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4.1.2. Minor (Lateral) Scarp of Fossil Rock Avalanches


At the border of sedimentary bodies, especially in the lower part, sharp transitions of HV values occur. These locations are the steep boundaries between the flysch bedrock and the sedimentary bodies of the Podrta gora and Gradiška gmajna fossil rock avalanches, which are made of carbonate gravel, mostly lithified in a slope breccia (Figure 5). Lateral scarps are areas of medium to high surface roughness, while the flysch bedrock is primarily a smooth area with an extremely low degree of HV (Figure 3 and Figure 4). The lateral scarps of sedimentary bodies are approximately parallel to the main direction of transport, which is one of the characteristic elements of landslides [48]. The sharp transitions of HV at the periphery of the sedimentary bodies are also affected by the erosion of carbonate gravels and breccias. This is especially marked in the eastern part of the Gradiška gmajna fan-shaped sedimentary body, where the Hubelj River erodes part of the fan and changes its original shape (Figure 3. Shulz [51], for example, explained the lower reliability in detecting the lateral scarp and the toe of the Gradiška gmajna body precisely with the reworked surface of the fossil rock avalanches. The toe of the Gradiška gmajna rock avalanche with a high degree of surface roughness has also been eroded.




4.1.3. Geomorphometry of the Central Part of Sedimentary Bodies


The surface roughness is low in the interior of the Podrta gora and Gradiška gmajna fossil rock avalanche. It is particularly low in the central part of the tongue- or fan-shaped areas of the body. Similarly, Glenn et al. [37] recognized the high surface roughness at the head scarp and the toe of rock avalanches. Surface roughness is different in different parts of a single landslide; namely, it is high in the areas of erosion and low in the body of the landslide [36,37].



The central parts of the sedimentary bodies were well identified at the Podrta gora rock avalanche, but this was the least accurate compared to other geomorphological elements. This is due to erosional processes that change the shape of the fan and increase the surface roughness. This can be seen in the eastern part of the Gradiška gmajna rock avalanche, where carbonate gravels occur at quite high elevations, at the source of the Hubelj, and the riverbed is cut to the flysch base (Figure 3. Habič [52] even stated that the water of the Hubelj River caused the sliding of the Gradiška gmajna breccia material, and the Gradišče carbonate breccia was displaced and transported when the breccia had already formed. The presence of the Hubelj karst spring [53] even before the lithification of the older gravel into the breccia indicates that this carbonate gravel had dammed the karst spring for a long time, and such a dam could only form when larger quantities of gravel poured into the original riverbed in a relatively short time during stronger earthquakes [52].



In the upper part of the Podrta gora rock avalanche is a large area of an accumulation of carbonate rocks with low surface roughness, most likely representing a huge rotational block that slid on the weathering flysch bedrock or muddy sediment at its base (Figure 3). The block, which is divided into three parts, consists of strongly cracked carbonate rocks, while carbonate breccias and slope gravels occur only in the hinterland. Similar gravity blocks were recorded near the Lokavec slide in a combination of translational and rotational block-type slope movements [18]. The gravitational block of Podrta gora most likely represented the first transport phase of the complex Podrta gora rock avalanche, from which a huge gravel landslide further developed and was transported in the form of a rock avalanche in the Vipava Valley. The two phases of the Podrta gora rock avalanche mass movement are also evidenced by the forms of the secondary scarp (convexity in the downward direction) in the Zagriža area (Figure 3). The latest proposed classification system by Hungr et al. [54], modified after Varnes [55] and Cruden and Varnes [48], classifies two-phase landslides in the class of complex landslides, and their transport complexity is referred to as a two-phase event [56]. In contrast to the two-phase Podrta gora rock avalanche, the two-phase transport process is not observed in the case of the Gradiška gmajna rock avalanche. The large area of the main scarp and the well-defined upper crown, as well as the large fan-shaped body in the lower part of the avalanche, may indicate that Gradiška gmajna represents a huge rockfall in the initial (first) phase, which further developed into a debris avalanche.





4.2. Gravitational Blocks


4.2.1. Planation Surface Area


Based on the analyses, we have identified many areas of extremely low surface roughness (Stara baba, Veliki strel, and Klapačiše), which spread upwards to individual scree deposits in the foothills. Individual planation surfaces were formed by large rotational slides, where individual blocks of the carbonate breccias rotated along the sliding surface at the contact of the gravel with the underlying flysch bedrock. The blocks of breccia also tilted towards the slope as they slid (Figure 6). At the outer edges, there was even a reverse tilt of the breccia blocks and the formation of steep rock faces with an extremely high degree of surface roughness and smooth areas in the hinterland depression. Similar geomorphometric features in the Rebrnice area were also recognized [6,19].




4.2.2. Structurally Conditioned Movement


By analyzing the geomorphometric features, we can recognize the structurally induced movement. Today, the blocks are generally inactive and are important mainly because of their influence on the geological structure of the area [14,26,45,57]. The contact between the flysch and carbonate bedrock in the northwestern part of the area (north of the Gradiška gmajna rock avalanche) is at significantly higher elevations than in the central part. Thus, we find the highest flysch outcrops in the area of Gosta meja at 475 m and at the source of Hubelj at 240 m above sea level [14]. The structure in this area is a depressional synclinal bend of the overthrust surface of the Trnovo nappe with an axis in a northeast–southwest direction [57]. In addition, a regionally significant Avče fault was explored in the area, which would be at least a partially displaced thrust fault in this area [26,57]. In the Hubelj Spring area, detailed geological mapping identified a complex, highly branched NW–SE oriented fault system, one segment of which merges with the northern branch of the Predjama fault [14]. Thus, in the studied area, we are dealing with a complex structure, within which we cannot determine the structural significance of a single segment of the contact between the carbonates and flysch on the basis of the outcrops alone due to the overlap of the outcrops. Indeed, it can be assumed that the structures triggered a significant reduction of the thrust fault and, thus, influence the formation and hydrogeological characteristics of the area. At the same time, the diversity and intensity of the slope processes in this part of the examined area have significantly increased.



On the nearby Mala gora on the other side of the valley of the Lokavšček stream (Figure 7A), Placer et al. [45] suggested so-called structural landslides, reportedly also known in the Rebrnice area [58]. The exposed carbonate massif of Mala gora slides in the form of a large (deep-seated) rotational slide about 300 m down the slope toward the valley, including the flysch layers in the slide. The sliding surfaces (main scarps) in the carbonate massif represent the shape of normal faults in the hinterland of the Mala gora block [45].



A comparison of the results of the geomorphometric characteristics of the whole study area with the situation in Mala gora provides some details, namely:




	(1)

	
The linear distribution of the change in the degree of HV values along the northern branch of the Predjama fault is comparable to the main ridge of the Mala gora carbonate block (Figure 7A,C, point 1);




	(2)

	
Areas north of both lines show greater HV values than those southwest (Figure 7A,C, point 2);




	(3)

	
The lines are arcuately curved (Figure 7A,C, point 3);




	(4)

	
The southern carbonate massifs (Mala gora and Block A) in the concave part of the lines are subsided (Figure 7A,C, point 4);




	(5)

	
Intense recent and sub-recent gravitational movements are observed on the lower slopes in the concave part of these lines (Figure 7A,C, point 5).









Based on these results, we propose that the whole area between Rob and Podrta gora, analogous to the Mala gora massif, could be part of a large carbonate block, settled relative to the hinterland. The movement of the carbonate block (Block A; Figure 7A,C) occurred along the fracture surface of the Predjama fault in the western part and most likely along roughly parallel fracture zones in the eastern part. Consequently, the displacement of Block A also affected the increased intensity and diversity of gravitational movements in the lower part of the slopes, such as the large fossil rock avalanches Podrta gora and Gradiška gmajna. Based on the observed similarities, two questions regarding the geological history of the area are still unanswered: whether the lowered thrust fault in the area under consideration is only an influencing factor or if it is an active participant in the gravitational movement of rock masses. The other question is if the linear geomorphometric elements indicate a connection with the Mala gora main scarp and the fault zone of the northern branch of the Predjama fault. It is possible that both displacements could belong to a large-scale structural movement of Mala gora and Block A (Figure 7C).






5. Conclusions


Based on the geomorphometric analyses of surface roughness, we have roughly distinguished two main types of displacements: structurally induced displacements (along the fault zone) and displacements caused by Quaternary gravitational slope processes. Quaternary slope deposits were studied geomorphometrically on two larger sedimentary bodies, the Podrta gora and Gradiška gmajna fossil rock avalanches, and on some smaller gravitational carbonate bodies—Stara baba, Veliki strel, Klapačiše, and Zagriža. It turns out that the quantitative parameter of surface roughness proved to be very useful in the studies of fossil and recent or sub-recent rock avalanches or landslides, generally. Specifically, we were able to detect very well the shapes of the main and minor scarps, as well as the geomorphometric characteristics of the deposits within individual bodies. In addition, structural elements that influence mass movements have been successfully identified.



The degree of surface roughness depends mainly on various deposition processes, in addition to material properties. The visualization of roughness values in a GIS environment allowed us to understand the two phases of complex avalanches that evolved from a sliding rotational landslide, in the case of Podrta gora, or a large rockfall, in the case of Gradiška gmajna, to a rock avalanche. The cases of the Stara baba, Veliki strel, and Klapačiše gravity blocks indicate large translational–rotational slides. In this sense, we strongly recommend the use of surface roughness analysis in future research of mass movements induced by various displacement causes. In addition, the geomorphometric analyses also revealed some peculiarities in the structural observation, the most pronounced element being the sliding of the huge carbonate block on the Predjama fault in the hinterland of the fossil rock avalanches and carbonate blocks. A comparison of the geomorphometric elements of the carbonate block (A) with the Mala gora rotational block above Lokavec shows that the whole area may be a part of a major rotational slide of the carbonate massif that was displaced partly along older fault structures.
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Figure 3. Map of HV with marked individual sedimentary bodies of Gradiška Gmajna and Podrta gora rock avalanches and larger leveling area of Stara baba, Veliki strel, Klapačiše, and Zagriža gravity carbonate blocks. 
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Figure 5. Up to a 10 m high wall of carbonate gravel, partly strongly lithified to breccia, in the lower part of the lateral scarp of the Podrta gora fossil rock avalanche in the abandoned Apnenec quarry, above the village of Kožmani. 
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Figure 6. Rotational Zagriža carbonate block, which is part of the complex two-phase Podrta gora rock avalanche. The detail of rotational Zagriža carbonate block is on the right side of the image (area a). 
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Figure 7. Interpretation of the processes in the area around Ajdovščina, where the whole area (Block A) above the hinterland of the fossil rock avalanche of Gradiška gmajna and Podrta gora could be classified as part of a large slide block by analogy with Mala gora. (A) HV map, (B) geological map, and (C) map with individual geomorphometric elements marked: 1 = linear distribution of change in the degree of HV along the northern branch of the Predjama fault is comparable to the main scarp of Mala gora; 2 = areas north to northeast of both lines have greater HV than southwestern areas; 3 = arcuate curvature of lines; 4 = southwestern carbonate massifs in the concave part of the lines, which are subsided; 5 = slopes below the concave margin where recent and sub-recent gravitational processes are intense. 
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