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Abstract


The Ochtiná Aragonite Cave (Slovakia, Central Europe) is a world-famous karst phenomenon of significant geological, geomorphological, and mineralogical values. Its specific origin is determined by particular lithological and hydrogeological conditions of the Ochtiná karst formed in lenses of Paleozoic crystalline limestones, partly metasomatically altered to ankerite and siderite. Although the cave is only 300 m long, it represents a combined labyrinth consisting in parallel tectonically controlled halls and passages, that are largely interconnected through transverse conduits of phreatic and epiphreatic morphology with many medium- and small-scale forms originated in slowly moving or standing water (flat solution ceilings, wall inward-inclined facets, water table notches, convectional cupolas, and spongework-like hollows). The highly dissected and irregular morphologies of the cave were surveyed with terrestrial laser scanning and digital photogrammetry. Both used surveying technologies proved to be suitable for quick and accurate mapping of the complicated cave pattern. While terrestrial laser scanning can provide a rapid survey of larger and more complex areas with results delivered directly in the field, digital photogrammetry is able to generate very high-resolution models with quality photo-texture for mapping of small-scale morphologies. Several data on cave morphometry were generated from terrestrial laser scanning (e.g., the area of cave ground plan, the peripheral surface of underground spaces, and their volume). The new detailed map, sections, and 3D model create an innovation platform for a more detailed study on the morphology and genesis of this unusual cave also for its environmental protection and use in tourism.
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1. Introduction


The Ochtiná Aragonite Cave (Revúcka vrchovina Mountains, southern Slovakia) is associated with the World Heritage property “Caves of Aggtelek Karst and Slovak Karst” from 1995. It is famous and significant not only for its rich and rare aragonite decoration but also because of the specific solution phreatic morphologies; mainly flat ceilings and facets. However, the complex morphology of this cave, especially of its medium- and small-scale morphologies, is not sufficiently visualized on the existing speleological maps.



The maps of the Ochtiná Aragonite Cave from 1955, 1956, and 1983 (see [1,2,3,4]) display predominantly the ground plan. Cross and longitudinal sections of cave passages and halls are not sufficiently frequent and precise. Only some cross and longitudinal sections along the tourist path were more precisely measured [5]. Many other cross-sections were completed while measuring the location of technical facilities in the cave [6]. However, the contours of passages and halls in the existing maps are not exactly accurate over their entire length. In addition to that, medium- and small-scale morphologies (e.g., cupolas and smaller spherical cavities deepened into the ceiling, flat ceilings, and facets) are not displayed, although they are important for a more detailed morphological study or the inventory and protection of aragonite forms. Classic surveying and mapping of bedrock surfaces with such irregular and rugged morphologies is much more time-consuming and mostly less precise. For this reason, terrestrial laser scanning was used for the new geodetic surveying and 3D mapping of the cave.



Study Site


The Ochtiná Aragonite Cave is located on the north-western slope of Hrádok hill (809 m a.s.l.) in the Revúcka vrchovina Mountains (Figure 1). It is formed in the isolated lens of Lower Devonian crystalline limestones (marble), which were partly metasomatically altered into ankerite and siderite during hydrothermal ore mineralization of the Hrádok massif by magnesium-ferrous thermal solutions ([1,7,8] and others). The lens of these carbonates is surrounded by insoluble graphitic and sericitic-graphitic phyllites (karst barré). Its underground cavities are a result of the dissolution of limestone and the oxidation of ankerite forming ochres [8,9,10,11]. It can be assumed that the crystalline limestones were more intensively dissolved due to the release of CO2 during the oxidation of siderite and ankerite by the effect of oxygenated meteoric waters, which seeped into the cave through the overlying fractured phyllites [12,13]. Recently, underground waters from the cave leak out to the north-eastern slope of Hrádok hill into the brook in the Banská valley (springs are situated about 100 m lower than the cave).



The cave, with a length of 300 m, has several remarkable phreatic and epiphreatic solution morphologies that originated in slowly moving (due to thermohaline conventional flows in a rather isolated environment of the carbonate lens) or standing water [12,13,14] (Figure 2). In addition to ceiling cupolas and numerous smaller spherical cavities or spongework-like hollows, several parts of this cave are featured by well-developed triangular or trapezoidal cross-sections consisting of a flat ceiling (“Laugdecken”—[15], and others) and inward-sloping smooth walls or facets (“Facetten” in the sense of [15] and others or planes of repose in the sense of [16]). Ford and Williams [17] refer that the Ochtinská Aragonite Cave is an excellent example of “notch caves” originated by lateral corrosion along the standing water.



The oldest generation of aragonite are milky translucent kidney-shaped formations and their corroded remains (dated age of 121–138 ka) with partly recrystallized aragonite, in places metamorphosed to calcite. The prevailing second generation of aragonite occurs mostly as several cm long needles and spiral helictites (dated age of 14 ka) forming clusters or dentritic formations [11]. Aragonite of this generation is still growing, which enables it to maintain its white color and clean appearance (Figure 3). The youngest generation of aragonite, which is being formed at present on sediments and iron ochres makes tiny fans (mostly 2–4 mm in size), sporadically creating miniature helictites [12].



The Ochtiná Aragonite Cave was discovered accidentally during an excavation of the Kapusta exploratory adit for the evaluation of mineral resources in 1954. The excavation of the tunnel from the surface to the cave enabled its opening to the public in 1972. The entrance of the artificial tunnel into the cave is at an altitude of 642 m.





2. Methods


2.1. Surveying Methods


2.1.1. Terrestrial Laser Scanning


Terrestrial Laser Scanning (TLS) can be considered as a technology suitable for non-contact measurement of spatial coordinates, 3D modeling, and visualization of complex underground structures ([18] and others). During the last years, terrestrial laser scanning has been widely used for the detailed survey of cave spaces and the study of cave morphology ([19,20,21,22,23,24,25,26,27,28] and others). The high speed of scanning, accuracy, higher productivity versus common geodetic methods (such as selective measurement of individual points by total stations), significant shortening of fieldwork, and automatic data processing into digital models make this technology almost irreplaceable in rapid speleological mapping. Another important advantage is the use of own source of a laser beam, which ensures hassle-free surveying in poorly illuminated, or even not illuminated underground spaces [29]. Additionally, simpler methods exploiting laser distance measurers were used for capturing cave ceiling morphology [30], but the level of detail recorded does not reach the capabilities of TLS.



A compact all-in-one full panoramic pulse terrestrial laser scanner Leica ScanStation C10 was used for the survey, based on the points of the original survey net (Figure 4). The scanner is equipped with a scanning system based on the Time-of-Flight system (ToF), measuring the given distance based on the transit time of the emitted signal. TLS systems emit intense monochromatic, coherent, and high-directional radiation [31]. Since the laser scanner used in this work is a long-range laser scanner with the mean error in position 6 mm and mean error of distance measurement 4 mm, we used it as the main instrument for mapping and subsequent 3D modeling of the Ochtiná Aragonite Cave.



During the presented survey, suitable survey stations were chosen after the terrain reconnaissance, while points of the geodetic control monumented in the concrete tourist path were used as initial surveying points. In order to eliminate measurement errors related to the centering of an instrument over fixed survey points, we decided to use the method of dependent centering (the surveying target for scanner orientation is inserted directly into the centering plate instead of the laser scanner and vice versa). The highly reflective 6" High Definition Surveying (HDS) targets supplied by the manufacturer were used for registration of scans in the given space. This is the most common registration approach. The coordinates of the centers can be estimated from a number of phase returns covering the surface of the target—target centroiding [32].



Cavities, ponds, tourist path, as well as aragonite decoration, were scanned with high resolution and detail. Overall, more than 121 million points using 54 survey stations placed over survey control points monumented in the concrete tourist path were measured during the laser scanning. The horizontal and vertical resolution on the scanned surface of 20 × 20 mm was achieved (Figure 5). The survey was realized in the binding national coordinate system using 10 survey stations located near the cave entrance and in the connecting tunnel. The spatial coordinates of morphological structures were determined in the Slovak national coordinate system and vertical datum by the principle of direct georeferencing [33].



For the initial processing and editing of the scanned data, a professional 3D point cloud processing software Leica Cyclone version 7.3 (Leica Geosystems AG, Heerbrugg, Switzerland, 2011) was used. For the subsequent editing and modelling, the following software was used: point cloud processing and analysis software Trimble Realworks® Version 10.0.4.441 (Trimble Inc., Sunnyvale, California, United States, 2016) for subsampling and creation of Triangulated Irregular Network (TIN) model; and Computer-aided Designed (CAD) systems—Microstation V8i (Bentley Systems, Inc., PA 19341, United States, 2020) and Leica Cloudworks (Leica Geosystems AG, Heerbrugg, Switzerland, 2011) for the creation of vertical cross-sections.




2.1.2. Digital Close-Range Photogrammetry


For a high-resolution mapping of selected morphologic structures, we decided to use Structure-from-Motion (SfM) method of digital close-range photogrammetry (DCRP).



The SfM photogrammetric method is one of the most advanced methods of processing photogrammetric images. Conventional photogrammetric methods require a set of identical points present on photographic images with their known spatial position. These identical points are then manually identified on individual images, and based on them, the camera position is subsequently determined for each image. In contrast, cameras position and scene geometry in the SfM method are reconstructed simultaneously based on the automatic identification of characteristic matching features—key points, using various algorithms, for example, Scale Invariant Feature Transform (SIFT). These key points allow an initial estimation of cameras position and object coordinates, which are subsequently iteratively refined, for example, by non-linear least-squares minimization. The number of key points identified on images depends primarily on the image resolution and texture of the imaged surface. Density, sharpness, and resolution of a set of images, in combination with a textural variety of the captured scene, will determine the quality of the resulting point cloud. Similarly, the shorter distance between the camera and the imaged surface will increase the spatial resolution of the image and hence increase the density and resolution of the resulting point cloud [34,35].



Appropriate illumination of the imaged surface is a prerequisite for photogrammetric imaging of selected objects. In the case of the Ochtiná Aragonite Cave, it is a show cave accessible for the public, so most of its space is artificially illuminated. Spotlights along the tourist path provide sufficient illumination even for the parts of the cave located farther away from the path. Therefore, no additional illumination was needed. During photogrammetric imaging in such areas, it is necessary to ensure that individual camera stations do not partially or entirely cover the source of illumination and thus avoid undesirable shadows on the imaged surface. However, if illumination in the underground is not sufficient (or not present at all) and, therefore, there is a need for additional artificial illumination of the given spaces, it is necessary to ensure that this illumination is sufficiently strong, constant and stable to prevent variable lighting and the occurrence of undesirable shadows. Otherwise, it could lead to problematic image processing (image orientation, generation of the dense point cloud, lower accuracy, increased noise, etc.) [36].



For photogrammetric survey, all images were captured by digital camera DSLR Pentax K-5 with the lens Pentax SMC DA 15 mm f/4 ED AL Limited, by using a stable tripod, 12-sec self-timer, ISO 100, aperture f/13, and RAW format.



For image processing, the Agisoft PhotoScan® Professional Edition (APSC), Version 1.2 software (Agisoft LLC, St. Petersburg, Russia, 2016) for photogrammetric processing of digital images and creation of 3D spatial data was used. Subsequent high-resolution modelling of selected features into a 3D polygonal mesh model was done in the 3D point cloud and mesh processing software CloudCompare version 2.10 (GPL software, 2020).






3. Results


3.1. New Detailed Map and Sections of the Cave


Given the fact that the scanning at individual survey stations is realized in the local coordinate system of the scanner, we also determined the orientation towards another known survey point in order to make direct georeferencing based on the known coordinates of the 6″ HDS targets. After the scanning at all survey stations in the cave, the registration of individual point clouds into the common coordinate system was performed in the Leica Cyclone software. As a result, a database of points that allows the visual inspection of individual shapes of the Ochtiná Aragonite Cave was obtained (Figure 6).



Resulting from the new survey of the cave by TLS, the area of its ground plan is 1335 m2. In terms of gross morphology and ground plan pattern, the cave is composed of parallel tectonically controlled passages and halls that are interconnected through smaller transverse conduits of phreatic and epiphreatic morphology with numerous ceiling cupolas and smaller spherical cavities, flat ceiling, inward inclined smooth facets, as well as spongework-like hollows. The whole cave represents a labyrinth with a high degree of connectivity.



Vertical cross-sections of individual parts of the cave were created from the point cloud by its subsequent processing in CAD systems—Microstation V8i and Leica Cloudworks (Figure 7). The places of cross-sections (“A”–“I”) were selected to view different morphological features significant for the reconstruction of cave origin and development (Figure 6).



The longitudinal sections A and B show that the Ochtiná Aragonite Cave is a subhorizontal cave, in several places including enlarged ceiling fissures and cupolas, as well as looped conduits below the floor level. Mostly horizontal passages and halls are located in the central part of the cave. They lead east and west into the peripheral tectonically controlled halls. The peripheral halls are featured by lower-lying floors. Measurement data testify the same altitude of the water table of lakes in the Deep Chamber and in the small cavity at the western edge of Entrance Hall (the water table of these lakes oscillate synchronously, the whole floor of the Entrance Chamber is flooded at higher water levels). The uppermost place of the cave (A, B; the northern part of the cave) relates to the highest part of the fissure passage leading through the Entrance Hall to the Marble Hall. This passage is controlled by a steep NE–SW fault that predisposed the origin of the western part of the cave (Figure 6 and Figure 12). The lowest places occur at the floor of the Entrance Hall and at the bottom of the Deep Chamber at the lake (B; the western edge of the cave or the NE edge of this chamber). The vertical span of the “dry” part of the cave is 30 m (Figure 7; cross-section “B”). Since divers have reached a depth of 3 m below the water table of this lake [37], the total vertical span of the Ochtiná Aragonite Cave is 33 m.



Flat solution ceilings and wall inward-inclined smooth solution facets, typical medium-scale morphological features of the Ochtiná Aragonite Cave [12,13,14,38], are documented by the cross-sections G and H. Facets as solution inward-inclined smooth wall surfaces generally maintain a slope of approximately 40–45 degrees, independent of an inclination of bedding planes or lamination [16]. In Ochtiná Aragonite Cave, they were detected in several morphological constellations [14,38]. In the transverse passages, facets are mostly associated with a flat ceiling (triangular cross-section—Laughöhle profile after Biese [39]). They are also observed on the lower parts of horizontal or inclined, prevailing oval passages, as well as on the lower parts of halls (the upper edges of these facets are not linear, they are not separated from upper-lying morphologies by wall water table notches). In some places, facets truncate looped phreatic conduits on the walls or floor of passages.



The cross-section F shows another morphostratigraphic relationship—an older ceiling pocket (one of the fragments of primary phreatic morphologies) is truncated by a younger solution flat ceiling that corresponds to the height position of wall water level notches in adjacent parts of the cave. Flat ceilings and associated water table notches deepened into the rock wall of halls and passages are morphological indicators of an epiphreatic developmental phase [12,13,15]. Primary phreatic cavities were enlarged and remodeled along with the stagnant and oscillating groundwater level.




3.2. 3D Model of the Cave


Computer graphics and the development of information technologies are increasingly giving new and better conditions for digital data processing. The issue of creation of 3D surfaces is widespread in the development of new algorithms in computer graphics, as it is also the issue of multiple scientific disciplines [40,41,42,43,44]. For our processing, we used the method of the Triangulated Irregular Network-TIN, where surfaces are represented as a polygonal mesh—vertices, edges, and facets defining the shape of a topographical surface.



For the final surface modeling of the entire cave complex, it was not suitable to use all the scanned points with the original density of points. On the one hand, the point cloud contained a number of unnecessary points that needed to be removed before the processing—such as noise, parts of the technical cave equipment (lighting and electrical installation, tourist path, handrail, etc.), but mainly, the point cloud consisted of several hundred million points, which was extremely demanding for hardware processing. However, any selected parts of the cave can be further processed and analyzed at any time at the original density.



The used Leica Cyclone software works with its custom created database that had to be exported to the exchange *.PTS format. This format provides the export of scanned data in the form of X, Y, and Z coordinates, as well as the intensity of the reflected laser signal from the scanned surface. After the initial processing, data were imported into the Trimble Realworks software and spatially subsampled. To reduce the density of points, we used the method of “spatial sampling” with the defined distance between points 100 mm to generate a homogeneously composed and reduced point cloud, which was subsequently used to create the TIN model of the cave (Figure 8, Figure 9 and Figure 10(up)). The spatial localization of the survey into the appropriate coordinate system and vertical datum enables the connection of the final 3D model with the surrounding Digital Terrain Model (DTM) and accurate determination of its positional and vertical span (and other characteristics) (Figure 8). In addition, such a digital model can then be used to derive spatial relationships with the corresponding DTM (or another nearby underground structures) for further geo-exploration (for example, geophysical surveys, civil engineering constructions, etc.) (Figure 9).



Although there is always the option to model selected parts of the cave with the full resolution point cloud to obtain a more detailed 3D digital model (Figure 10(down)), the point cloud from TLS will almost never have the same density than the point cloud that can be obtained from digital close-range photogrammetry (see Section 4. Interpretation and Discussion).



The 3D model illustrates that the Ochtiná Aragonite Cave consists of striking linear passage formed along a steep fault and longer irregular spongework labyrinth of passages and halls (Figure 10). The origin of the central and eastern parts of the cave was conditioned by less striking fractures, more or less parallel with the mentioned significant fault in the western part of the cave (the segment from the Entrance Hall to the Marble Hall). The cave volume is 4424 m3, the circumferential surface of the cave body reaches 7064 m2. The largely irregular and uneven circumferential surface of the cave body relates to numerous medium- and small-scale phreatic and epiphreatic morphologies such as cupolas, ceiling pockets and hollows, niches, or water level notches. Several parts of passages and halls, enlarged and remodeled from original phreatic irregular conduits, are characterized by flat solution ceilings (Laugdecken) and wall inward-sloping smooth solution facets (Facetten/planes of repose; Figure 7; cross-section “E” and “G”), in some places forming a flat-roofed triangular cross-section (Laughöhle profile; Figure 7; cross-section “I”). Solution flat ceilings and facets are visible not only on the constructed cross-sections but also on the 3D model of the cave (Figure 10). Observed different solution morphologies, sculptured in the phreatic and epiphreatic zone, refer to a multi-phased origin of the cave by slowly moving and standing water.




3.3. 3D Model from the Photogrammetric Survey


Additionally, some of the specific morphologies of the Ochtiná Aragonite Cave were imaged and photogrammetrically processed. For this paper, one selected part with rock surfaces featured by cusped depressions and sharply contrasting lower-lying inward-sloping smooth solution facets on the cave wall (Figure 6 and Figure 11(left)) was imaged using 62 images at four height levels (Figure 11(right)). A high-resolution of these different morphologies is necessary for a more detail study of their origin, mainly solution facets. Due to the relatively narrow space and therefore limited camera manipulation, all camera stations were chosen to cover the imaged surface with the greatest possible overlap, image density, and convergent image axes.



The final images were subsequently processed in APSC, Version 1.2 software into the form of the textured point cloud (Figure 12). During image processing, the method of field calibration, when calibration parameters are determined during the processing using the project images was used. The resulting point cloud was transformed into the common coordinate system using four ground control points in the form of uniquely identifiable natural points whose coordinates were adopted from laser scanning. Parameters of imaging and image processing are given in Table 1.





4. Interpretation and Discussion


4.1. Surveying Small-Scale Morphologies


In the case of both technologies, a dense point cloud is the final result of the survey. However, while the laser scan data contains information on the intensity of the reflected signal for each measured point, the photogrammetric data provides textural data in the form of RGB values for each reconstructed point. Although the Leica ScanStation C10 scanner is equipped with an integrated digital camera, this camera provides only low quality and resolution of captured images. Therefore, due to the light conditions in the cave, the integrated camera was not used during the laser scanning.



Comparison of TLS and DCRP


In order to compare the final data, point clouds obtained by both technologies were compared by a difference model in CloudCompare 2.10 software using the “M3C2 distance” plugin [45], which allows determining robust signed distances directly between two point clouds. Regarding the spatial segmentation, some parts of the Ochtiná Aragonite Cave surveyed by both technologies (morphologically contrast wall surfaces represented by inward-inclined smooth solution facets and the adjacent upper part of the wall with asymmetric cusped depressions). Two smaller parts, showing the areas with the highest deviations, were selected for the comparison. The final difference models, together with the frequency distribution graphs of points and their deviations from the normal distribution (Gaussian curve), are shown in Figure 13.



Both difference models reach the mean value of real deviations of about 0 mm (−0.1 mm and +0.3 mm), with standard deviations of 2 mm and 6 mm, respectively, representing a minimal, almost zero, mutual change in size between the compared point clouds. All values of deviations range from −8.3 mm to +8.1 mm (left model), and respectively −18.8 mm to +19.0 mm (right model). Both distributions of points are sharp, which represents a low variability of deviations. The first (left) difference model has only one sharp peak; therefore, also regarding the size of deviations, there is no systematic error. However, the second (right) difference model does not have such a clear course, and there can be found several partial peaks indicating the influence of systematic errors. In both cases, the largest deviations can be found in areas with the greatest curvature of the model, especially at sharp edges, which is also the result of the higher density of point cloud obtained by photogrammetry with respect to laser scanning.



Another comparison of both models was performed by two vertical cross-sections with a width of 5 mm through both point clouds (Figure 14). This comparison confirms that the significantly denser point cloud from photogrammetry provides a more detailed and smoother course of the model surface of the selected cave wall than the laser scan data. Additionally, laser scan data points to more significant deviations at sharper edges and transitions, which is also the result of the low density of the scanned data.



For the modeling of individual morphological cave structures, the mesh models were created from both point clouds and subsequently compared in CloudCompare 2.10 software by Poisson Surface Reconstruction [46] with Octree Depth 12 (Figure 15). According to this Figure, it is obvious that the mesh model generated from the photogrammetric point cloud provides a significantly more detailed representation of morphological structures (although the visualization of two parts of the 3D model in Figure 10 may indicate that TLS point cloud is dense enough).



Based on these comparisons, it can be stated that both technologies can be suitably used in underground (cave) surveys for the needs of mapping, morphological analyses, etc. Laser scanning provides a rapid measurement of a large number of points, even for large areas, and even without the need for additional illumination of underground spaces. However, its use may be technically, logistically, and financially more demanding, and, in the case of larger areas, the size of the final data output may be excessively large. Digital photogrammetry is financially more affordable and technically less demanding, but its use for large and complex areas would be much more laborious. On the one hand, it also provides textural data on the imaged surface; however, on the other hand, its use is significantly influenced by the illumination in the given areas.



Another important consideration can be done regarding the amount of time and effort it takes to implement these methods. Generally, digital photogrammetry can be less time and effort demanding in terrain survey, since the only terrain process encompasses photogrammetric imaging (including possible illuminating, referencing/scaling). However, the subsequent image processing can be quite demanding, especially in terms of computer’s computational power. Furthermore, the surveyor cannot be sure of the quality of the results until the computer image processing is complete. On the other hand, terrestrial laser scanning takes more time and effort in the field (regarding the manipulation with instruments, individual set-ups at survey stations, scanning time, etc.). However, the surveyor can get, and initially quality-check, the point cloud directly after the scanning.



A general comparison of the advantages and disadvantages of both methods is given in Table 2.





4.2. Implications for the Origin of Some Specific Morphologies


New surveying of the Ochtiná Aragonite Cave has created a more precise and complete topographic basis for a more detailed study of its morphology, origin, and development.



Within the study of small-scale morphologies, the slightly asymmetrical shape of cusped depressions was documented by their high-resolution visualization. They are observed on the cave walls above inward-sloping smooth solution facets (Figure 13 and Figure 14). These morphologically different and sharply bounded rock shapes on the cave wall originated by limestone dissolution under different conditions.



Since the cusped depressions resemble large scallops (asymmetrical with the downstream and being shallower than the upstream), probably were developed by downward slowly moving water, while smooth facets were not shaped by it. In the sense of [16] (see also [47]), facets as specific solution rock shapes develop during sedimentation of fine-grained insoluble rock particles on the floor and inward-inclined parts of the cave walls that protect the covered bedrock from further dissolution (facets extend upward from initial conduits, only not covered steeper and overhanging parts of the walls and the ceiling are enlarged). According to [15], Facetten (facets) form synchronously with Laugdecken (horizontal/flat ceiling) below a water table. They consider that the dissolution rate along the facets is uniform, and the flat ceiling rises upward at the same time as the facets retreat. However, the facets in Ochtiná Aragonite Cave are not associated only with flat ceilings. They are also known in conduits with an oval ceiling as well as around the halls, almost all parts of the cave.



In addition to that, the floor and flat ceilings in the transverse conduits of the Ochtiná Aragonite Cave are not dissected by a central vertical fracture (Figure 7, cross-sections “G” and “I”), as assumed by Kempe’s model. From these reasons, it is more likely that facets in this cave were probably developed by limestone dissolution under conditions of slowly circulating or stagnating water, possibly assisted by sedimentation of insoluble fine-grained rock particles (in the sense of [16]; see [14,38]). The Ochtiná Aragonite Cave is a very important site for a study of the origin of solution facets on the limestone walls.





5. Conclusions


Surveying the Ochtiná Aragonite Cave with terrestrial laser scanning provided the most actual and precise map of this very remarkable cave. This map, in several sectors refined by surveying with digital photogrammetry, is an important tool for a more detailed study of cave morphology including its structural and tectonic control as well as medium- and small-scale solution forms (ceiling cupolas and smaller spherical cavities, flat ceilings, facets, cusped depressions, and some other morphologies originated in slowly moving or standing water). Morphostratigraphical cross-cutting relationships of some rock shapes, documented by several cross-sections of cave passages, reflect the main speleogenetic phases of the cave, especially the transition between phreatic and epiphreatic sculpturing resulting from the water table drop and its stagnation. Moreover, the terrestrial laser scanning made it possible to determine the basic surface and volumetric values of the cave. On the other hand, digital close-range photogrammetry allows obtaining detailed photo-textured 3D models of selected morphological structures in a relatively short time and with a high density of final data.



Since both technologies have specific requirements, advantages, and disadvantages (accuracy, financial demands, demands of work especially in narrow cave spaces, and illumination of the surface); therefore, the combination of these methods has been shown as the most suitable for detailed mapping of complex cave spaces and capturing all of their specific features. The TLS makes it possible to obtain accurate spatial data on the overall shape and extension of underground spaces in a short time, while digital close-range photogrammetry (namely the SfM method) provides tools for very-high-resolution mapping of small-scale morphologies with the ability to use photo-texture from digital images, so a comprehensive data on the overall morphology in the most accurate and detailed way can be created.



Since the Ochtiná Aragonite Cave has opened to the public, the results of its new surveying are useable also for a solution of some other tasks related to human impacts on the cave environment; for example, microclimatic changes due to the movements of visitors in cave parts with different volumes and their negative influences on the fragile aragonite formations (following the studies of Klaučo [48]; and others).
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Figure 1. Location of the Ochtiná Aragonite Cave. 
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Figure 2. Morphology of phreatic passage with wall inward-sloping smooth solution facets in Ochtiná Aragonite Cave. 
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Figure 3. Aragonite formations, Ochtiná Aragonite Cave. 
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Figure 4. Leica ScanStation C10 during the survey and its technical specification. 
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Figure 5. New detailed map of the Ochtiná Aragonite Cave with the overall situation of scanning survey stations. 
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Figure 6. Top view of the final point cloud with a position of cross-sections through the point cloud and site of the survey realized by digital close-range photogrammetry (DCRP). 
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Figure 7. Cross-sections “A”–“I” of the cave through the final point cloud. 
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Figure 8. A general overview of the final 3D model by height color ramp; its ground plan and side views. 
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Figure 9. Position of the 3D model of the cave with respect to the surrounding digital terrain model. 
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Figure 10. Up—top and isometric perspective view of the final 3D model; down—two inside views of the detailed 3D model created from the full resolution point cloud with characteristics features. 
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Figure 11. Left—detail of the imaged surface; right—overview of imaging stations. 
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Figure 12. Final photo-textured point cloud from the photogrammetric imaging and processing. 
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Figure 13. Difference models between two selected parts of the cave wall surface with graphical analysis of their frequency distribution, and their deviations from the normal distribution. 
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Figure 14. Two vertical cross-sections through both point clouds with their location. 
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Figure 15. Mesh models created by Poisson Surface Reconstruction with Octree depth 12; left—laser scanning, right—photogrammetry. 
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Table 1. Parameters of imaging and image processing in APSC, Version 1.2 software.
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Parameters of Imaging and Image Processing






	
No. of used images

	
62




	
Average imaging distances

	
2.5 m




	
No. of tie points 1

	
97,000




	
No. of reconstructed points

	
23 mil.




	
Ground Sample Distance 2

	
0.8 mm




	
Maximal error 3

	
0.9 pix




	
Reprojection error 4

	
0.3 pix




	
Accuracy in the reference system 5 (Total error)

	
3.7 mm








1 Tie points represent matches between points (referred to also as “key points”) detected on two (or more) different images. 2 Pixel size in object space units. 3 Distance between the point on the image where a reconstructed 3D point can be projected, and the original projection of that 3D point detected on the photo and used as a basis for the 3D point reconstruction procedure. 4 Root mean square reprojection error averaged over all tie points on all images. 5 Root mean square error of all the ground control points.













 





Table 2. A general comparison between Terrestrial Laser Scanning (TLS) and Structure-from-Motion (SfM).
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	TLS
	
	SfM





	✓
	high accuracy guaranteed by the manufacturer of LS
	✓
	accuracy comparable to TLS for distances typical in cave spaces



	✓
	quicker terrain survey of complex areas
	✓
	high-resolution of small-scale morphological features



	✓
	artificial targets only for registration of individual scans
	✓
	more suitable financial demands



	✓
	direct result of the terrain survey is the final point cloud
	✓
	easy recording of all parts



	✓
	no need for special illumination (only if photo-textured point cloud is not needed)
	✓
	alternate methods of scaling and orientation



	✕
	high financial demands
	✕
	need for sufficient artificial illumination



	✕
	instrumentation handling in narrow cave spaces
	✕
	more time and data demanding survey of larger areas



	✕
	more time and effort demanding terrain survey
	✕
	getting the final data (point cloud) can be computationally demanding







✓ - advantages; ✕ - disadvantages.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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