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Abstract

The aim of geological field mapping is to collect and interpret data
on the relief of the Earth's surface. From thus created geological
maps, we can obtain information about mineral units and their
structure — rock and mineral types, their thickness, lithological
deposits, faults, folds, fractures, and thus interpret information as
they originated over time. However, the accessibility of such
structures is affected by various morphological elements — terrain
notches, watercourses, but also by vegetation. Simultaneous
geodetic and geological mapping could be a solution for surveying
hardly accessible morphological structures. Non-contact surveying
technologies — terrestrial laser scanning (TLS) and close-range
photogrammetry (terrestrial and remotely piloted aircraft system
(RPAS) photogrammetry) provide reliable, high-quality and
accurate data on the topographic surface with a high temporal
resolution, as the spatial accuracy of the measured point can be myy;
< 10 mm at an imaging distance of about 20 — 30 m. From the
measured data, it is possible to generate point clouds, digital terrain
models, and orthophoto maps based on automated data processing.
However, the disadvantage of photogrammetric imaging is a
proportional decrease in accuracy with increasing imaging distance.
The accuracy of TLS is not significantly affected by increasing
distance. The paper presents a case study of the use and comparison
of non-contact surveying technologies and their application for in-
situ mapping of hardly accessible geological structures in the area
of Spisskd Magura (Slovak-Polish border). The results are given for
two localities on two outcrops - Jurgéw (PL) and Bachledova valley
(SK), while analyzing the wusability of TLS and RPAS
photogrammetry, with and without the use of artificial ground
control points (GCP). The paper presents a mutual comparison of all
obtained graphical outputs in terms of 1D and 2D quality depending
on the type of GCPs used, depending on the terrain and
accessibility. The results show that by using photogrammetry when
creating map data, in comparison with TLS, we are able to get
sufficient accuracy of outputs for in-situ geological mapping.
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Introduction

Within the frame of the Entrepreneurship course and practical geology/ geodesy/ mineral processing field
education organized by the Faculty of Mining, Ecology, Process Control and Geotechnologies of the Technical
University of KoSice, geological research of rock massifs was performed in order to characterize the tectonic
structures of the selected areas in the SpiSskd Magura region in Slovakia and neighbouring Podhale region in
Poland (Fig. 1). For this purpose, an interdisciplinary approach was chosen where geological field observations
were supplemented with non-selective geodetic methods. Non-selective geodetic techniques are some of the
most used methods when an object is either physically inaccessible or must be documented with high resolution.

The paper's main aim is to explore the accuracy of photogrammetric models and present a contribution of
these models to the geological-structural analysis of the rock massifs. The digital photogrammetry, often
supplemented by TLS, has been successfully employed in the field of structural geology (Roncella et al., 2004),
for example, for orientation measurements of bedding and fractures of rocks exposed along coastal outcrops
(Vollgger and Cruden, 2016), interpretation of brittle and ductile structures (Vollgger and Cruden, 2016),
visualization the complex of tectonic structures of an outcrop (Bistacchi et al., 2015), topographic surveys of
small areas (Blistan et al., 2019), mapping of debris flows (Frastia et al., 2019), a survey of complex
topographical and morphological structures (Gallay et al., 2016), mapping post-mining sites (Urban et al., 2018),
mapping folds and fractures (Menegoni et al., 2018), and even for high-resolution mapping of geoglyphs
(Pavelka, Sedina and Matouskov4, 201 8).

Digital photogrammetry, using the Structure from Motion (SfM) (Cipolla, 2008; Clini et al., 2016;
Schonberger and Frahm, 2016) algorithm facilitates the image-based 3D modelling of a given object provided
that the structure is visible on at least two photos taken from different camera stations and the texture is variable.
The process is based on computer vision; feature detection algorithms, for example, Scale Invariant Feature
Transform (SIFT) (Ke and Sukthankar, 2004; Lowe, 2004; Mach, 2012; Joglekar et al., 2014), detection of
identical points on a set of images and the calculation the relative orientation parameters based on robust
estimation techniques, for example, RANdom SAmple Consensus (RANSAC) (Fischler and Bolles, 1981) and
epipolar geometry (Fusiello and Irsara, 2011). Bundle adjustment and self-calibration are also included (Triggs
et al., 1999; Honti and Erdélyi, 2017). Measuring rock massifs using such technique results in high-resolution
outputs such as dense point clouds, spatial 3D polygonal models and orthomosaics. For the verification of such
measurements performing TLS is suitable thanks to its capabilities of distance measurement and the production
of similar point clouds. The main advantage of photogrammetry compared to TLS is its price, as a digital camera
combined with photogrammetric software is less expensive and the possibility of placing the camera to
inaccessible places using an RPAS system. Another advantage is a higher resultant resolution if the images are
taken up close. Photogrammetry performs worse in conditions where the object is not sufficiently lit or has a flat
texture, which was not the case in the given circumstances. TLS, on the other hand, can perform distance
measurements and measurements in dark places. TLS also applies a non-selective approach where the measured
points are distributed as an irregular raster and are defined using the spatial polar method (Honti and Erdélyi,
2017). The rise of affordable and consumer-friendly RPAS systems was the next milestone of photogrammetry
since these systems are usually equipped with high-resolution 4K cameras and mechanical image stabilizers.
Thus, the internal equipment facilitates the acquisition of a steady and sharp image, even in a windy
environment.

Study area

The study was performed at two localities in the Spi§skd Magura region in Slovakia and adjacent Podhale region
in Poland belonging to the Central Carpathian Paleogene Basin (CCP Basin). The CCP Basin is the largest
Paleogene basin in the Central Western Carpathians developed during the collision between the European
Platform and the Alps-Carpathians-Pannonia (ALCAPA) (Csontos and Vo6ros, 2004). The sedimentary fill of the
basin consists of the Subtatric Group subdivided into four formations reflecting different phases of the basin
evolution: Borové Fm., Huty Fm., Zuberec Fm., and Biely Potok Fm. (Gross et al., 1984). In Poland, the
continuation of the CCP basin is called Podhale basin, and the equivalent of the Subtatric Group is Podhale
flysch divided into four informal lithostratigraphic units: the Szaflary, Zakopane, Chocholéw and Ostrysz beds
(Anczkiewicz et al., 2013). The lowermost, Borové Fm. is represented by Paleocene to Oligocene continental,
deltaic and shallow-marine deposits transgressively overlying the basement of the basin (Janocko et al., 2000).
Lying above them are Huty Fm. characterized by several lithologic units in the studied area. The units are from
the base upward as follows:

* mudstones with occasional intercalations of sandstones and conglomerates,

*  Tokéreii conglomerates — conglomerates and sandstones deeply incised into underlying mudstones thick

up to 240 m,
* mudstones with occasional beds of conglomerates and sandstones,
*  Bachleda sandstones — amalgamated beds of sandstone thick up to 8 m,
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*  mudstones with minor conglomerate and sandstone beds.

The Huty Fm. is overlain by the Zuberec Fm. consisting of alternating mudstone and sandstone beds. The
youngest formation of the CCP Basin — Biely Potok Fm. (Oligocene — Early Miocene) is mostly composed of
coarse-grained sandstones and minor conglomerates (Gross et al.,1984) and does not occur in the studied area.

Orava Basin y/
S

Podhale Basin  .r~"~

ig Spisska

Magura

/ Ve
7 Levocské /
vrchy 7

- Flysh sequences |:| Cental Carpathian Paleogene Basin =~ Country borders
[ Pieniny Kiippen Belt [ Mesozoic sediments <™ Thrusts
[ ] Neogene sediments [ crystaliine basement — Faults

Fig. 1 Tectonic divisions of the Western Carpathians surrounding the Spisska Magura and Podhale regions (modified from Bezdk, 2008)

The studied sites occur in the Bachledova Valley east of the village Zdiar in the Spisskd Magura region and
on the left side of the Dunajec riverbank between village Czarna Géra and Jurgéw in Poland (Podhale region;
Fig. 2).

-

JBachleda Valley
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Methods

Geodetic and photogrammetric measurements

For the detailed geometric documentation of individual outcrop sites, different surveying techniques and

instruments have been used:

* Digital photogrammetry using the Structure-from-Motion algorithm has been used for mapping the
outcrop’s surface resulting in a 3D digital model and orthomosaic. Measurements were performed using
the camera of the Mavic 2 Pro drone, and Pentax K-5 camera (Fig. 4). The image processing has been
performed in Agisoft Metashape 1.5.0 software.

*  Terrestrial laser scanning (TLS) was used similarly for a non-selective survey of outcrops resulting in a
textured point cloud (Leica ScanStation C10 — Fig. 3 and Table 1).

* Total station and the spatial polar method were used for the control and check points measurements
(Leica TS15).

* The coordinates of stations of these instruments were measured using a Leica GPS900CS GNSS
receiver.

Tab. 1 Parameters of a terrestrial laser scanner Leica ScanStation C10

Technical specification of the laser scanner
Acc. of a single

measurement
Position/Distance 6 mm/4 mm
Angle precision
Horizontal/Vertical 12"712"
Modelled surface precision 2 mm
Range 300m @ 90%; 134 m @ 18%
Minimal step of scanning 1 mm
Scan rate 50 000/sec.
Laser class 3R, green (1 = 532 nm)
Spot size 0-50 m = 4,5 mm s
Field of view Fig. 3 Leica Scanstation C10 Scanner
Vertical/Horizontal 270°/360°

Surveying and processing workflow

Aerial oblique images were acquired using a Hasselblad L1D-20c camera, which is the integrated camera of
a Mavic 2 Pro RPAS (Tab. 2). Terrestrial images were taken using a Pentax K-5 camera with mounted lens
Pentax SMC DA 15mm f/4 ED AL Limited (Tab. 2 and Fig. 4). Image acquisition was performed handheld,
without external stabilization. Images from the RPAS were captured while the drone was hovering, with
additional mechanical image stabilization (Fig. 4). Both image sets used specific ISO and shutter speed ideal for
the given camera station.

Fig. 4 RPAS system Mavic 2 Pro and DSLR Pentax K5

Tab. 2 Technical specifications of the used cameras

Sensor Pixel size Resolution Focal length
Camera . Format
[mm] (um] [pix] [mm]
Pentax K-5 23.6x 15.7 4.77 3264 x 4928 15.0 JPEG
Hasselblad L1D-20c 132x 8.8 2.41 5472 x 3648 10.3 JPEG
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Images were processed in Agisoft Metashape software (Agisoft Metashape User Manual, 2019). The
general workflow of the photogrammetric processing was as follows:
Importing images and coordinates of control points to Metashape.
Photo alignment — calculating the parameters of interior and exterior orientation.
Measurement of the control points on the images.
Georeferencing using Helmert transformation.
Generating a dense point cloud (Figs. 5, 6).
Generating a 3D polygonal (TIN) model.
Adjusting the brightness and contrast of images.
Projection of these images onto the mesh model and generating an orthomosaic (Figs. 7, 8)
Exporting orthomosaics with a suitable scale and the creation of 2D plans.

SRR ol e

During measurements, a total station and a TLS were also used. The coordinates of stations of these instruments
were determined using a Leica GPS900CS GNSS instrument in the coordinate system Datum of Uniform
Trigonometrical Cadastral Network (Slovak: S-JTSK) in the realization UTCNO3 (Slovak: JTSKO03). The total
station Leica TS15 (accuracy of distance measurement - any surface 2 mm + 2 ppm, the accuracy of angular
measurement 1") was used for measuring photogrammetric targets and naturally signalized high-contrast points.
These points were later used for georeferencing of the photogrammetric model. The estimated accuracy of
control points (according to used instruments and methods) is m,, = 15 mm and m, = 25 mm. TLS surveys were
also performed on each site. We used a direct georeferencing method, where the scanner was set up over a
known point (and its height over the point measured by GNSS), centred, levelled and oriented towards another
known target (backsight) (Reshetyuk, 2009). The position and orientation information and the instrument height
were entered into the scanner software before the scanning.

The immediate result of scanning was a dense point cloud. When processing point clouds, textures were
also projected onto the point cloud from TLS. Unwanted points were deleted. It must be stated that for the
Bachledova valley outcrop, the internal camera of the scanner was not used due to very bad light conditions.

Geological measurements

Observations were made on two sites located in the SpiSskd Magura region in Slovakia and in the
Podhale region in Poland. We performed the structural analysis by conventional geological methods to determine
the primary sedimentary structures (plane bedding) and the secondary structures represented by faults and joints.
The collected data were processed and visualized using the structural geology software TectonicsFP and
subsequently projected on the orthomosaics acquired from photogrammetric measurements.

Results

In this paper, two problems were explored — the accuracy of photogrammetric models (depending on the
position of the photo camera — terrestrial and aerial) and the contribution of the model to geological
interpretation. The sufficiency of a lower amount of control points would mean sparing temporal and financial
expenses. Geological evaluation of results can estimate the pros and cons of geodetic documentation and suggest
some improvements for future work.

Influence of number and location of control points on accuracy

Bachledova valley

In the field, 3 survey stations were monumented as temporary points with the aim of having sufficient
overlap for the TLS measurement. The outcrop was documented using terrestrial digital photogrammetry with
the Pentax K-5 camera capturing 100 images with the Ground Sample Distance (GSD) of 3 mm/pix. The
photogrammetric imaging was realized using a tripod and 12sec self-timer from an average imaging distance of
10 m. As ground control points (either control or check points), coordinates of 4 naturally targeted points were
adopted from the point cloud obtained by terrestrial laser scanning (Fig. 5). In this case, all 4 points were used as
ground control points; the residuals and the RMSE (root-mean-square error) are given in Table 3. Due to the
smaller size of the outcrop, only terrestrial images were captured.

Jurgow
In the field, four stations were stabilized to have sufficient overlap for the TLS measurement and measure key
points using the total station. On the side of the outcrop, 4 circular coded photogrammetric markers were
temporarily marked and were measured using the total station. Additionally, 10 naturally targeted ground control
points were measured. The outcrop was documented by using a combination of RPAS and terrestrial digital
photogrammetry with the integrated Hasselblad L1D-20c camera of a Mavic 2 Pro RPAS capturing 82 images

483



Katarina PUKANSKA et al. / Acta Montanistica Slovaca, Volume 25 (2020), Number 4, 479-493

and a Pentax K-5 camera capturing 98 images with the GSD of 5.72 mm/pix. The terrestrial photogrammetric
imaging was realized using a tripod and 12sec self-timer. The common imaging was realized from an average
imaging distance of 34 m. The placement of markers is shown in Fig. 6. The values of residuals are in Tab. 4.

Tab. 1 Residuals and RMSE of GCPs for both outcrops

O X error Y error Z error RMSE RMSE
[mm] [mm] [mm] [mm] [pix]
Bachledova
4 GCP 11 12 14 21 1.26
Jurgow
14 GCP 8 12 10 18 0.79

Fig. 6 Ground control points in Bachledova valley and the camera capture positions

According to the residuals, when every marker is used for georeferencing, there are no outliers among
the control points. It is important to note that the mean square value of the reprojection error is 0.79 pixels thanks
to the RPAS systems ability to capture images from distances and angles that are impossible to achieve from
ground level; thus, the placement of markers in the image plane is far more accurate. The RMSE of 18 mm is
sufficient for such geological applications.
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Tab. 4 Control point and Check point residuals of different configurations (red points were used as control points, black as check points)

RMSE

] 1 2 5

101 102

103 104 106 107 108 109

Var.1 | 23 37 10
Var.2 | 24 29 18
Var.3 | 23 31 15

15 18 14 12 19 10 7 23
27 12 17 21 23 16 14 26
24 14 14 16 21 13 11 25

Control Check
110 111 . .
points points
7 19 18 NA
13 15 24 20
12 14 23 17

The results of testing different configurations of control and check points indicate that just as in the
previous case, no statistically significant difference in the values of residuals could be observed between var. 2
and var. 3 on point 104, var. 1 still produced results with the least mean square values.

Graphical results

One of the basic outputs of photogrammetric image processing is an orthomosaic of the mapped surface —
outcrop in our case. As defined in photogrammetric terminology, an orthoimage is represented by a differentially
rectified image (perspective transformation to an orthographic), correcting for most distortions (Granshaw,
2016). For both mapped outcrops, the final ortohomosaics were generated with the Ground Sample Distance of
Tmm/pix (Bachledova valley — Fig. 7), and 10mm/pix (Jurgéw — Fig. 8). These were then used for a geological
interpretation of morphological structures — see chap. Discussion — Geological interpretation.

———_ i — 009 IS 09

10 15 20m
Fig. 7 Orthomosaic of the outcrop in Bachledova valley

80m

Fig. 8 Orthomosaic of the outcrop in Jurgow

40 60
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Discussion
Analysis of results from TLS and Photogrammetry

The basic analysis and comparison of the results obtained by geodetic survey using TLS and digital
photogrammetry were carried out based on a difference models between individual point clouds. For the
Bachledova valley site, only the results from TLS vs terrestrial photogrammetry were compared. For the Jurgéw
site, the point cloud from TLS was compared against the point cloud created by a combined photogrammetric
image processing of RPAS and terrestrial images. All difference models with corresponding graphical
representations were created in CloudCompare 2.10 software using the Multiscale Model to Model Cloud
Comparison “M3C2 distance” plugin (Lague et al., 2013), which allows determining robust signed distances
directly between two point clouds.

Bachledova valley

A difference model for the outcrop in Bachledova valley was derived from the comparison of TLS point
clouds vs terrestrial photogrammetry point cloud (Fig. 9). The deviations range in the interval <-50mm,
+50mm>, with the mean value of 8§ mm. The highest deviations can be observed in the marginal parts of the
model, corresponding to the vegetation around the outcrop. The rocky parts of the outcrop show minimal
deviations.

The frequency histogram of deviations (Fig. 10) has a normal distribution represented by the Gaussian
curve, with one peak, however, with a negative shift between point clouds of — 8 mm. This can be attributed to a
minimum reduction of the compared data against the reference data. Similar values of the negative shift were
obtained for the second outcrop in Jurgéw; however, in this case, it represents a more significant deviation as the
imaging distance was 3 times shorter (10 m vs 34 m). Such a reduction of the photogrammetry data can be
attributed to the fact that ground control points for a photogrammetry model georeferencing were realized only
as 4 naturally target distinctive features on the rock surface (corners, notches) and no artificial surveying marks
(for example, coded targets) were used.

10m

Fig. 9 Difference model between two point clouds (TLS and terrestrial photogrammetry) for Bachledova valley

240000 1
360000

200000 1
300000 -

160000 i

o L 240000
[ c 4
3 120000 g ]
o O 180000 -
80000 1
120000

40000 f 60000

0 LI L A B N AL B NN AL B 0..]..r].......,\}.r].rr,...,..r
0.12 -0.06 0 0.06 0.12 0.18 24 -16 08 0 0.8 16 24
M3C2 distance M3C2 distance

Fig. 10 Graphical analysis of the frequency distribution and deviations from the normal distribution for Bachledova valley
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Jurgéw

For the outcrop in Jurgéw, the difference model between TLS data and data from the combined
photogrammetric processing (RPAS + terrestrial photogrammetry) shows smaller deviations within the interval
<-70mm, +70mm> and the mean value of deviations 23 mm (Fig. 12). The most significant deviations (approx.
100 mm) can be observed in the areas covered with vegetation, which was expected since these parts of the
outcrops are relatively densely overgrown, and the imaging was carried out in relatively windy weather.
Additionally, more significant deviations were observed in the model's left edge (from green to blue) (Fig. 11).
On the one hand, this part is the most densely covered with vegetation, and on the other hand, the least covered
with ground control points (see Fig. 4), which could have caused a distortion of the model in this part.

The graphical distribution of deviations corresponds to the normal distribution with sharp edges and one
peak. However, there is also present a negative shift of -6 mm, representing a minor reduction of the compared
model as in the previous case. This is, however, a negligible value regarding the accuracy achieved by
combining RPAS and terrestrial photogrammetry.

-10

Fig. 11 Difference model between two point clouds (TLS and combined RPAS and terrestrial photogrammetry) for Jurgow

56000
180000
48000 ]
150000 -
40000 ]
- : 120000—:
S 24000 90000
16000 60000
8000 30000

0 —pe—y——r— LN B B R S e ) O-I"‘I"'I"'7"'l'l'l"'l'

-0.09 -0.06 -0.03 0 0.03 0.06 0.09 -6 -4 -2 0 2 4 6

M3C2 distance M3C2 distance

Fig. 12 Graphical analysis of the frequency distribution and deviations from the normal distribution for Jurgow

Surveying interpretation

TLS technology represents a fast and accurate method of non-contact data collection also for the needs of
geological mapping of inaccessible morphological structure. However, its main disadvantage is significantly
higher financial costs. Moreover, in some cases, it may not be possible to use the instrument's integrated camera
to record the RGB texture of the measured surface, which results in the loss of important data. Therefore
generating textural outputs, for example, orthomosaics is impossible; thus, no geological interpretation can be
performed. We encountered this problem during the survey of the outcrop in Bachleda valley, as difficult
lighting conditions did not allow us to use the integrated digital camera of the TLS (i.e. it would not be
practical). Based on a test imaging of the outcrop, we evaluated the texture quality as maximally insufficient.
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On the other hand, modern technologies in digital photogrammetry provide cheap, fast, and accurate survey,
even in such hardly accessible outcrops. Depending on the camera and equipment used (tripod, self-timer, type
of the camera and lens, etc.), it is possible to capture high-quality images even in poor lighting conditions and
thus obtain data of the same quality (in terms of spatial accuracy) as when using TLS. This was confirmed by
comparing such data in the previous chapter for Bachledova valley. In addition, when using RPAS technology
and a camera of satisfactory quality, we can extend the photogrammetric imaging by aerial imaging and thus get
a view of the parts of the outcrop that are partially or even completely obscured from ground camera stations.

Based on the previous results, we can say that the combination of terrestrial and RPAS photogrammetry can
result in similar quality and accuracy outputs as terrestrial laser scanning, moreover with lower financial
demands and a photo-texture with higher resolution. In photogrammetry, however, it is necessary to consider the
use of artificial targets and precisely measured ground control points if high-quality results are required. This
may not be feasible in the case of inaccessible outcrops or hardly accessible terrain; therefore, it is then
necessary to find and use sufficiently high-contrast natural targets directly on the mapped structure. Since such
points cannot provide the consistency of coded targets, it is important to take into account the possibility of
lower resultant accuracy of the outputs.

Geological interpretation

Bachledova valley

The first study site is located in the open sandstone pit in the Bachleda valley (Fig. 1). The massive and
faintly laminated sandstone is up to 7 m thick, is separated from the underlying mudstone of the Huty Fm. by a
sharp boundary. The upper boundary is transitional with a fining-upward trend to the overlying mudstones of the
same formation is intensively tectonically deformed, resulting in several structurally restricted blocks (Fig. 14).
The bedding of the sandstone varies from 355-8°/20-26° (Fig. 13, Table 5 and 6).

24 datasets

Fig. 13 Bedding position and orientation of tectonic structures in Bachledova valley

Tab. 5 Bedding position and orientation in Bachledova valley

Bedding | Bl B2 B3 B4 B5
Dip direction [°] 8 8 15 9 355
Dip [°] 22 25 24 26 20

Tab. 6 Position and orientation of tectonic structures in Bachledova valley

Tectonic Structures

Dip direction [°] | 235 235 245 245 239 230 230 60 345 235 235 40

Dip [°] 60 55 75 70 68 72 70 70 &9 70 74 80

Dip direction [°] | 240 230 249 240 245 240 238 240 234 226 60 25

Dip [°] 80 73 55 85 68 50 65 80 55 78 70 60
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Based on our measurements, we recognized two groups of fractures:

1. Extensional tectonic structures with orientations NW-SE, dipping 60-85°.
2. Tectonic structures with ENE-WSW direction resulted from NNW-SSE extension (Fig. 14).

According to geometry and correlation of tectonic structures in the Bachleda sandstones, we observed cross-
cutting faults, which produce the characteristic X in cross-section (Fig. 14). These types of faults are generally
termed conjugate faults or "hourglass" structures and are interpreted as resulting from strike-slip movement (e.g.
Thatcher and Hill, 1991).

Fig. 14 Sketch of the outcrop in Bachledova valley drawn into the orthomosaic

Jurgow

The outcrop on the left side of the Bialka river near the Jurgéw village is approximately 46 m high;
therefore, it belongs to hardly accessible locality in the aspect of collecting geological data.

This outcrop is represented by the Oligocene Zuberec Fm. (Chocholow Beds in Poland) of deep-water
origin. The sediments consist of grey mudstone alternating with fine to medium-grained sandstone. The
sandstone is massive, parallelly laminated and ripple cross-laminated. They form both thin (up to 100 mm thick)
beds intermittently occurring in the mudstone and thick beds organized in up to 6 m thick sandstone intervals.
There are 6 such intervals in the entire outcrop profile (Fig. 15).

Dominating bedding strikes are 130 — 145°, and dips are ranging from 5 — 20° (Fig. 16, Table 7 and 8).
Locally, the dip direction is 45° (Fig. 15).

According to the structural analysis, dominant tectonic structures with N-S, NW-SE, ENE-WSW, and NE-
SW direction were observed (Fig. 14).

Tab.7 Bedding position and orientation in Jurgow

Bedding B6 B7 B8 B9 BI10

Dip

direction[¢] | 135 130 175 145 140

Dip [°] 10 15 5 15 15

Bedding B11 B12 B13 Bl14 BI15

Dip

direction[7] | 107 145 345 265 358

Dip [°] 5 15 15 20 48

24 datasets

Fig. 3 Bedding position and orientation of tectonic structures in Jurgow
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Tab. 8 Position and orientation of tectonic structures in Jurgow

Tectonic Structures

Dip direction [°] 82 80 82 90 200 196 205 83 80 80 78 345

Dip [°] 85 85 89 89 88 87 8 88 88 89 89 85

Dip direction [°] 87 340 85 88 345 330 200 75 310 325 340 194

Dip [°] 89 88 84 88 87 85 80 80 70 70 87 87

Based on geometry and orientation, we classified tectonic structures into 4 groups:
1. Joint system consisting of the parallel joints with N-S direction and joints with NW-SE direction (Fig.

16, A).

2. System of calcite-filled parallel fractures with orientation N-S and NE-SW to ENE-WSW direction
(Fig. 16, B).

3. Mesoscale fractures in intervals of alternating mudstones and sandstones with NNW-SSE direction
(Fig.16, C).

4. Normal fault (probably with strike slip component) with NW-SE direction (Fig. 17 and Fig. 18).

et W 4 2 : '
\‘J_:L/ - . g b
Fig. 16 Systems of observed fractures in Jurgow

We identified a normal fault which is observable due to different dip and dip direction around the fault (Fig.
17 and Table 9) and by the direct observation of sandstone intervals at the left and right side of the outcrop. Fig.
18 illustrates a normal fault with NW-SE direction related to NE-SW extension, which caused subsidence of the
right side of the outcrop. Observation from a greater distance helped to identify this type of tectonic structure.
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N
1
1 dataset
4 A By )
Fig. 17 Field observation of normal faulting in Jurgow
Tab. 9 Bedding position and orientation in Jurgow
Bedding ‘ Bll B13 Bl4 BI5
Dip direction [°] 157 345 265 358

Dip [°] 5 15 20 45

Fig. 18 Sketch of the outcrop in Jurgow

Conclusion

Close-range digital photogrammetry using the combination of an RPAS system and a DSLR camera
mounted on a tripod performed well in the given conditions. The structure and texture of the measured objects
were various enough to enable the processing of the images using the general workflow of the SfM algorithm.
The acquired mean square values of residuals of 21 mm and 18 mm respectively when using all control points
represent an accuracy that is sufficient for the production of an accurate and high-resolution orthomosaic, which
is then suitable for such geological measurements. The results of photogrammetric image processing can be
enhanced by optimizing the camera configuration, the placement of markers, and performing a bundle
adjustment to minimise the residual on control points. Also, more accurate results can be achieved by using
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ground control points in the form of artificial coded targets, whose centres can be automatically determined with
sub-pixel accuracy. However, in cases of such hardly accessible outcrops (Jurgéw), or if other conditions do not
allow to use of artificial targets (Bachledova valley), it is enough to measure a minimum necessary control points
on the edges of the object and use natural points of the surface as ground control points. A further enhancement
would be combining the acquired range data of the TLS system with the high-resolution outputs of
photogrammetry. This would be justifiable, as both technologies can provide similar quality and accuracy of
results, even for various imaging distances, as we proved for these two locations/outcrops. Overall, the use of
non-contact surveying technologies of the selected outcrops was successful.

In the results, we have presented the photogrammetric method combined with geological structural
analysis to detect tectonic structures in large-scale geological outcrops. The results of photogrammetry were used
by geologists to interpret the geological situation in the outcrop in Bachledowa valley and in the outcrop near
Jurgéw village. The presence of geological structures was identified in the orthomosaic and supplemented with
geological measurements only in such parts of outcrops that were accessible for geologists. For this reason, the
combination of geological methods and non-contact surveying technologies appear to be a progressive solution
in Structural geology. This method's advantage is the speed of the obtained data, efficiency, accuracy, ability to
continue to work and receive new information in the office environment. An interesting extension of the issue
would be the joint processing of the point clouds acquired from photogrammetry and TLS.
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