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Abstract. The Akçakale cave is a significant natural and cultural heritage site in the Black Sea region of eastern 
Turkey. The complex geometry and difficult-to-access areas of the cave have made the use of traditional mapping 
methods challenging. To overcome these limitations, this study utilized TLS and UAV technology to produce 
highly accurate 2D and 3D data for cave management and risk assessment purposes. The TLS system was used to 
create a detailed 3D point cloud of the cave interior, while the UAV system generated a 3D model of the surface 
topography outside the cave. The two sets of data were combined in the GIS environment using a geodetic net-
work established in the study area, providing a common geodetic reference system for both TLS and UAV data. 
The study found that the cave area is 13,750 m2, which is smaller than the area of 18,000 m2 that was previously 
estimated using conventional measurement methods. The volume and ceiling heights of the cave were calculated 
using the elevation models generated from TLS point cloud data. The 3D point cloud data were also used to map 
dripstone locations on the floor and ceiling of the cave, and the boundaries of rock blocks on the ground were 
precisely determined. The study identified potential risks associated with the cave, particularly the risk of rockfall 
in the source rock areas around the cave entrance and the southern part of the cave. The nearest building to the 
cave is approximately 35 meters away, and all the buildings in the area are less than 300 meters from the cave. 
In the event of the cave collapse, the buildings in the southern part of the cave are at risk of rockfall. This study 
demonstrates the effectiveness of combining data from TLS and UAV systems to generate broad and sensitive 
cave mapping and risk assessment data, which are critical for cave management and safety. The collected data 
can be used for cave stability investigations and rockfall risk assessments. This study provides a foundation for 
future explorations of the Akcakale cave and highlights the potential for modern surveying techniques to enhance 
our understanding of complex geological structures such as caves.
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IntroDuctIon

Cave surveying is an essential process for numer-
ous purposes such as cave mapping, 3D modeling, 
examination of cave morphology, and investiga-
tion of cave stability (Albert 2017). Since caves are 
subsurface formations, it is very difficult to measure 
caves in detail using classical methods, due to the ir-
regular geometric shapes, high ceilings, and insuffi-
cient lighting conditions in caves (Lindgren, Galea-
zzi 2013). Cave mappings are carried out applying 
traditional measurement methods, caves are usually 
represented as longitudinal or cross sections, and the 
details on the floor of the caves are presented on a 
2D map (De Waele et al. 2018). Nowadays, with the 
low cost of access and the ability to capture a large 
3D scene quickly and accurately in a session, high-
resolution 3D measurement systems such as TLS are 
being widely adopted for detail-rich cave represen-
tation instead of traditional methods. The ability of 
advanced measurement systems to represent the cave 
morphology in unprecedented detail made them in-
dispensable tools for the morphological examination 
of caves, determination of their stability against col-
lapse, and detailed 3D representation of caves (Lind-
gren, Galeazzi 2013; Armstrong et al. 2018).

Terrestrial laser scanner (TLS) systems have been 
used effectively in cave measurements in recent years. 
TLS has become an effective system for producing 
3D information about the floor, walls, and ceilings of 
caves with the ability to collect data in a lightless, 
complex environment and to produce thousands of 
3D points per second (Idrees, Pradhan 2016). There 
are applications such as 3D modeling and mapping of 
caves (Gallay et al. 2015; Fabbri et al. 2017), mor-
phological analysis (Fabbri et al. 2017; De Waele 
et al. 2018), cave stability analysis (Idrees, Pradhan 
2018) and understanding of cave systems ( upinský 
et al. 2022; Hoffmeister et al. 2016) using the TLS 
measurements. In addition, there are studies in which 
TLS and terrestrial photogrammetry methods are 
used together to produce cave models (Pukanská et 
al. 2020; De Waele et al. 2018). In these studies, TLS 
systems have been shown to provide effective results 
in extracting detailed 3D information about caves.

Cave systems are complex geological formations 
that are subject to various risks such as collapses and 
rockfalls due to cave instability. Therefore, in order 
to assess potential risks and take necessary precau-
tions, it is crucial to determine the relationship of the 
cave with the surface topography. In the last decade, 
unmanned aerial vehicles (UAVs) emerged as an es-
sential tool for 3D mapping due to their ability to 
generate high-resolution 2D and 3D maps, includ-
ing orthophotos, Digital Elevation Models (DEM), 
and point clouds, using a wide range of imaging and 

depth sensors. This technology enables easy and cost-
effective deployment over any type of terrain, includ-
ing areas where human access would be dangerous. 
UAV systems have been used in various applications 
including investigations into the effects of loess cave 
development on landslides and geomorphological 
processes (Hu et al. 2020), 3D data generation for in-
ternal and external cave modelling (Alessandri et al. 
2020), determination of the cave openings developed 
in volcanic regions (Sam et al. 2020). While TLS sys-
tems provide highly detailed 3D data for cave interi-
ors, UAVs can generate accurate topographic maps 
outside the cave, which can be utilized for analyz-
ing the interaction between the cave and the surface 
topography. These studies have shown that UAV 
systems can successfully generate accurate data for 
the surface topography of the cave. The integration 
of the data obtained from these two systems provides 
critical information when conducting 3D analyzes in 
studies where the interior morphology of the cave and 
the surface topography should be evaluated together. 
A review of past cave papers using integrated UAV 
and TLS systems to generate data from inside and 
outside the cave shows that there is only one study 
in the literature that has analyzed the stability of 
man-made monastery caves (Domej et al. 2022). The 
present study is the first one to analyze the internal 
and external relationship of a natural cave with com-
plex geometry using TLS and UAV systems.

This study aims to precisely map the internal mor-
phological formations and surface topography of 
the Akçakale natural formation cave located in the 
Gümüşhane province of Turkey, which is planned to 
be opened as a showcase for tourists in the future, to 
obtain reference data for subsequent deformation stud-
ies using TLS and UAV systems. This study contrib-
utes to the field of cave mapping and risk assessment 
by demonstrating the efficacy of modern surveying 
techniques, such as TLS and UAV technology, in 
generating highly accurate and detailed data for cave 
management and risk assessment. This study provides 
a comprehensive understanding of the Akcakale cave’s 
geometry and characteristics, such as its area, volume, 
and potential areas of instability. The study also under-
lines the importance of collecting data from multiple 
sources and their integration into a GIS environment 
for producing a complete and accurate map of the cave 
and its surroundings. The findings of this study can 
serve as a guide for future research and help enhance 
cave management and safety practices.

StuDy AreA

The Akçakale cave is located within the borders of 
the Arsa neighborhood of the Akçakale village, which 
is approximately 10 km away from the Gümüşhane 
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city center in Turkey (Fig. 1). The cave was discov-
ered in 1996 and its first mapping was carried out 
using classical surveying methods (Uzun, Zeybek 
1996). The cave was documented as a natural asset-
group B cave by the Ministry of Environment and 
Urbanization of the Republic of Turkey in 2021. B-
group caves are defined as the ones that are important 
in terms of natural aesthetics, science and ecology, 
and can be used for health and eco-tourism purposes, 
considering the natural balances and disaster risks.

The climatological features of the cave exterior 
are semi-arid climatic conditions. The annual average 
temperature is 9.7 °C and the daily temperature ampli-
tude exceeds 20 °C. The annual average precipitation 
in the region is 460 mm. Precipitation comes in the 

form of snow in winter. The temperature inside the 
cave is cooler than outside in summer, and warmer in 
winter. The temperature values measured inside the 
cave in summer are between 14°C and 18°C. The hu-
midity measured in summer months varies between 
54% and 74% (Uzun, Zeybek 1996).

The Akçakale cave is situated within the Berdiga 
Formation as a geological unit that has off-white-, 
grey-, and beige-colored, medium-thick, and massive 
lithological layers. At the top, this Berdiga Formation 
comprises clayey limestones with light-grey fresh 
surfaces, brownish weathering surfaces, and karst dis-
solution cavities, while at the bottom, dolomitic lime-
stones can be found. Dolomites and dolomitic lime-
stones are found at the base of the Berdiga Formation 

Fig. 1 Location map of the study area: (a) the Gümüşhane province in Turkey (Backround map sources: ESRI basemaps 
from ArcGIS online); (b) location of the study area in the Gümüşhane province (Backround map sources: ESRI basemaps 
from ArcGIS online); (c) location of the Akçakale cave, cave entrance and the Arsa District on the orthophoto map pro-
duced by UAV
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and further up with limestones. Being enriched with 
magnesium, the lower limestones are dolomitized 
and hardened. In places, dolomites, which are of thin-
bedded and sandy texture, are covered by thick-bed-
ded limestones. Limestone fractures are filled with 
local calcite. The weathering surfaces with dissolu-
tion cavities are in reddish-brown shades. The study 
area, where in some places the inclination angle of 
the slopes exceeds 65°, is frequently and deeply bro-
ken by the Doğankent Stream branches. Formation 
of abundant dripstones (stalactites, cave pearls, cave 
flowers, cave wall travertines, and flowstone) is tak-
ing place in the Akçakale Cave, which is due to the 
ongoing karst limestone dissolution induced by ambi-

ent conditions. The main gallery of the cave extends 
in the northeast direction followed by secondary gal-
leries extending in the northwest and southeast direc-
tions (Alemdag et al. 2019). The images of the cave 
measurement process are presented in Fig. 2.

MAterIAlS AnD MethoDS

Figure 3 illustrates the methodology followed in 
this study, and Figure 4 shows the instruments used 
for performing measurements. During the field meas-
urements, the researchers used a terrestrial laser scan-
ning system to measure the cave interior and an un-
manned aerial vehicle (UAV) system to take aerial 

Fig. 2 Images of the entrance to the cave and its interior

Fig. 3 Workflow of the study
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photos and to evaluate the surface topography of the 
cave (Fig. 4). The processing of the data obtained 
from the TLS and UAV systems, the mapping of the 
cave interior and the surface topography as well as 
the analysis of the relationship between the cave in-
terior and the surface topography were performed in 
the office.

To merge the 3D measurements taken both inside 
and outside the cave into a common reference system, 
a ground-based geodetic network was established that 
covered the area surrounding the cave exterior and 
extended to the end of the cave. The establishment of 
the network started with the installation of two ref-
erence points, named P1 and P2, which were placed 
near the cave entrance, fixed to the ground and meas-
ured using the GNSS-RTK method. Then, a geodetic 
network from the point P2 to the end of the cave, with 
P1 as a reference point, was established using a laser 
total station that was installed at the point P2. As the 
cave entrance was narrow and steep, finding a suit-
able location for the third reference point, P3, was 
challenging. The researchers placed the total station 
as low as possible at the point P3 and used precise re-
flectors to locate the cave floor and to identify a suit-
able location for the fourth reference point, P4. The 
total station was then placed at the point P4 inside 
the cave and P3 as a reference point. A total of seven 
points were established, including the point P4. The 
TLS targets, which were attached to the cave walls, 
were used to align the TLS point clouds to the geodet-
ic reference system that was measured using the total 
station at each point. Outside the cave, ground control 
points (GCPs) were installed on the ground (Fig. 4) 
and measured using the GNSS-RTK method to con-
vert UAV data into a common reference system.

The Interior of the cave was measured using the 
Leica ScanStation C10 TLS system, which is capable 
of measuring up to 50000 points per second and op-

erates on the principle of time of flight (ToF) meas-
urement. The scanner has 360° horizontal and 270° 
vertical viewing angles, and the measurement accu-
racy ranges from 4–6 mm to 50 m. A high-resolution 
digital camera on the scanner is used to colourize the 
scanner-collected 3D points (Leica Geosystems AG 
2011). In this study, it was impossible to use an in-
tegrated digital camera of the TLS due to the pitch-
black condition inside the cave. Due to rockfalls, the 
cave floor was covered with large rock blocks, mak-
ing movement difficult. In addition, it was hard to 
establish suitable station positions for the laser scan-
ner on such a rough surface. Before conducting the 
laser scanning in the cave, we were concerned about 
the high humidity inside the cave compared to that 
outside, as it might negatively impact the accuracy 
and operational performance of the terrestrial laser 
scanner. However, having conducted the scan and as-
sessed the data, we discovered that despite the chal-
lenging conditions, the scanner performed admirably. 
This fact indicates that the high humidity inside the 
cave had no substantial impact on the accuracy or 
operational performance of the scanner. During the 
laser scanning process, we noticed that at some points 
water was leaking from the cave ceiling. While these 
leaks were visible in the point cloud data derived 
from a few of the stations, we did not observe any 
negative effects on the quality of the overall scan re-
sults. In other words, the leaks did not seem to have 
a significant impact on the accuracy or usability of 
the scans. The team used target markers affixed to the 
cave walls for both combining the TLS point clouds 
and geo-referencing the combined point clouds with 
subsequent geodetic measurements. Specifically, the 
Leica standard targets printed on paper were attached 
to the cave walls to align the laser scans. We were 
concerned about the accuracy of the alignment be-
cause of the high humidity within the cave, due to 

Fig. 4 Instruments used in the field survey for the cave mapping campaign
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which the targets could have soon become wet, their 
utility being reduced. Upon examination of the data, 
it was determined that the high humidity had no real 
impact on the target measurements. The geodetic co-
ordinates of the targets affixed to the cave walls were 
determined using the Leica FlexLine TS03 total sta-
tion equipped with the non-prism laser measurement 
mode. The TLS data processing was conducted using 
the Leica Cyclone 9.2 Education version software. 
During the processing phase, multiple TLS point 
clouds of the cave interior were registered and inte-
grated using the cloud-to-cloud registration method 
available in the Leica Cyclone software. Moreover, 
the combined point cloud was geo-referenced using 
the target marker coordinates obtained from the ter-
restrial measurements performed using the total sta-
tion.

The Phantom 4 UAV system, which consists of a 
12 MP digital camera, a Global Positioning System 
(GPS), and an onboard Inertial Measurement Unit 
(IMU) system, was used to map the surface topog-
raphy of the cave. The process of UAV photogram-
metric data production involves the following stages: 
flight planning, establishment and measurement of 
ground control points (GCPs), image acquisition, and 
image processing. The accuracy of the photogrammet-
ric products highly depends on the overlap between 
the adjacent images and stability of the flight path, 
which requires the autopilot software to precisely 
control the UAV on a determined flight path. To this 
end, a flight plan was created by specifying the flight 
altitude, the ground sampling distance, forward and 
side overlaps in the Pix4D Capture software to ensure 
a steady flight path and a consistent overlap between 
the images. Also, Pix4D Capture is used as the au-
topilot software for the UAV. During the flight, the 
camera center coordinates and the exterior orientation 
information of every image taken along the flight path 
were recorded using the GPS and IMU instruments. 
The root-mean-square error (RMSE) of the products 
produced by the processing of aerial photos obtained 
from DJI Phantom with GCPs is below 5 cm horizon-
tally and between 5–6 cm vertically. (Öztürk et al. 
2017; Chaudhry et al. 2020; Le et al. 2020).

Since the positioning accuracy of the UAV on-
board GPS is low, the homogeneously distributed 
GCPs are placed in the flight area to produce high-
accuracy data in the defined geodetic coordinate 
system. The coordinates of these GCPs are meas-
ured with a GNSS receiver. In this study, the Javad 
Triumph-2 GNSS receiver was used to measure the 
ground control points in the study area. GCPs coor-
dinates were measured based on the Turkish National 
RTK-CORS system. In the UAV image processing 
stage, the captured images are oriented and georefer-
enced using GCP coordinates and the exterior orien-

tation information acquired from the onboard INS in-
strument. After the orientation and initial processing 
had been accomplished, the dense point cloud, mesh 
model, digital elevation models, and the orthomosaic 
data of the study area were generated. In this study, 
the UAV image processing was carried out with the 
Agisoft Metashape v.1.5.1 software. The plan of the 
cave was drawn on the TLS point cloud using the Au-
toCAD 2023 software. The Autodesk ReCAP v.0.7 
software was used to combine the 3D point clouds 
produced with TLS and UAV. The Cloud Compare 
was used for the extraction of such cave interior de-
tails as stalactites, stalagmites, and travertine, and for 
the DEM generation of the cave floor, wall, and ceil-
ing. The cave data generated using different software 
were transferred to the ArcGIS 10.8 GIS software, 
and the map of the cave interior and surface topog-
raphy, the height differences between the cave floor, 
ceiling, and surface topography, volume calculations 
were carried out in the GIS environment.

The Akçakale cave formed within the limestones. 
Highly inclined limestone blocks are exposed in the 
surface topography of the cave, i.e., at the entrance of 
the cave and in the close vicinity of the cave bound-
ary.

In order to determine the source rock area where 
rockfalls may occur, a detailed field study, satellite, 
orthophoto, and aerial photographs should be used. 
For the determination of the source rock areas, previ-
ous rockfall events and their traces on the slope/slope 
surface can be used. In addition, stress cracks in the 
upper elevations of slopes and slopes, discontinuity 
surfaces, and block accumulations due to falling at 
the lower parts of the slopes can be exploited. In this 
study, source rock areas were calculated according to 
equation 1 using the DTM (Žabota et al. 2019) gen-
erated from the UAV point cloud (Bauerhansl et al. 
2010). Thus, the source rock area depending on a nu-
merical parameter was determined together with the 
field observations for the study area.
 ST = 55 * RES(DTM) -0.075 (1)

Where, ST indicates the slope threshold (ST) for the 
rockfall, and RES indicates the spatial resolution of 
the DTM in meters.

reSultS

To map the Akcakale cave and determine its rela-
tionship with the surface topography, the interior of 
the cave was measured using the TLS system and the 
surface topography of the cave using the UAV sys-
tem. The interior of the Akçakale Cave was scanned 
from six different positions, which were selected 
from safe and easy-to-reach locations providing a 
sufficient field of view for the TLS since most of the 



43

interior of the cave is blocked by rocks falling from 
the ceilings and walls. Fourteen targets were placed 
on the walls of the cave to transform the point clouds 
from the scanner coordinate system to the geodetic 
coordinate system (Fig. 5). Starting from points P1 
and P2 near the cave entrance, a geodetic network 
was established inside the cave by using the total sta-
tion instrument to geo-reference the TLS point cloud. 
The coordinates of points P1 and P2 were measured 
using the GNSS-RTK method. After establishing the 
geodetic network, the target points affixed to cave 
walls were measured from each station with the to-
tal station using the non-prism laser measurement 
mode. Point clouds from six scan positions were 
registered with each other using the target points by 
applying the cloud-to-cloud registration method and 
merged into a single point cloud representing the in-
terior of the cave in a local coordinate system. After 
the point clouds had been accurately registered and 
merged, the geo-referenced target coordinates were 
used to translate the local coordinate system of the 
point cloud into a geodetic coordinate system. The 
resulting point cloud data had 84 million points. The 
accuracy of 13 out of 14 targets was high enough 
to be used in the transformation process. In Table 1, 
the Root Mean Square Error (RMSE) of the target 
points was calculated at 15.4 cm on the X-axis, 

16.3 cm on the Y-axis, and 10.6 cm on the Z-axis, 
while positioning errors of individual target points 
reached 21.4 cm, 20.6 cm, and 13.6 cm on the X, 
Y, Z axes, respectively. The positioning errors of the 
target points were higher than expected. The higher 
error rates were caused by the conditions inside the 
cave, i.e., insufficient lighting (during the geodetic 
measurements the targets were illuminated with a 
flashlight) and the rugged cave floor, which made it 
difficult to take measurements more precisely. How-
ever, this amount of error will have a minimal impact 
on the accuracy of the study since the main objective 
of the study was to successfully determine the im-
mediate risk areas by associating the cave with the 
surface topography.

During the UAV data collection stage, 10 GCPs 
were placed in the study area before the flight and 
their coordinates were measured with a GNSS re-
ceiver using the GNSS-RTK method in the Turkish 
National CORS reference frame. To fully cover the 
whole study area, 4 flights were conducted, and 953 
images were obtained. The photogrammetric prod-
ucts generated using the UAV imagery were geo-
referenced according to the GCPs coordinates, which 
were in the same geodetic coordinate system as the 
target points inside the cave. RMSE of the GCPs 
was 3.4 cm on the X axis, 3.7 cm on the Y axis, and 

Fig. 5 Distribution of points used in TLS and UAV measurements of the Akçakale cave
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4.3 cm on the Z axis, i.e., within the expected lim-
its. During the data processing stage, a point cloud 
of approximately 18 million points, a 10 cm spatial 
resolution Digital Surface Model (DSM), and a 5 cm 
spatial resolution orthomosaic were created. After fil-
tering out the non-ground points from the point cloud, 
a 10 cm spatial resolution DTM was created. The 3D 
TLS point cloud, the TLS point cloud and the UAV 
point cloud integration of the cave and the represen-
tation of the cave boundaries on the 3D hillshade are 
shown in Fig. 6.

For the cave interior mapping, the TLS point 
cloud was manually divided into two different point 
clouds. One of the point clouds represents the cave 
floor while the other point cloud the walls and the 
ceiling of the cave. The point cloud representing the 
cave floor was utilized to draw the 2D plan of the 
cave, to generate the DSM of the cave floor, and to 
extract locations of the dripstones (stalagmites and 
cave columns, dome-shaped stalagmites). The 2D 
plan of the cave was drawn using the AutoCAD 2023 
software. The CloudCompare software was used for 
extracting dripstone locations and generating a 10 cm 
spatial resolution DSM of the cave floor. The point 
cloud data representing the walls and the ceiling of 
the cave were utilized to generate the DSM and to ex-
tract locations of stalactites on the cave ceiling. The 
final map of the cave was created in GIS environment 
by transferring the data produced using different soft-
ware to the ArcMap 10.8 software.

The plan of the cave floor produced using the TLS 
point cloud data covers an area of 13 750 m2 (Fig. 7a). 
The cave floor area stretching for approximately 150 
m from the entrance is covered with rock blocks fall-
ing from the ceiling and walls (Figs 7a, 7c). Further 

away from that place in the cave, there appear such 
developed cave formations as stalagmites, cave col-
umns and dome-shaped stalagmites. The absence of 
such formations as stalactites, stalagmites and cave 
columns, and dome-shaped stalagmites in this area is 
explained by falling rock blocks. These formations 
are densely located at the intersection between the 
main, northwest, and southeast galleries. There is a 
small lake in the gallery in the southeastern part of 
the cave. The place where this lake meets the wall is 
called the coast. Since the LiDAR beam does not re-
flect from the water surface, the lake area was approxi-
mately drawn over the point cloud. A few small-sized 
(20~30 cm) stalactites were found at the entrance of 
the cave. In the middle of the cave (Fig. 7b), it is pos-
sible to see 4~6 m-sized stalactites on the ceiling. In 
the areas where cave formations are dense, the size 
of stalagmites and cave columns varies from 1 to 5 m 
(Fig. 7d).

The study used DSM data obtained from the TLS 
to determine the height of the cave ceiling from the 
cave floor and to calculate the cave volume. The 
height of the cave ceiling was calculated by subtract-
ing the upper DSM (cave walls and ceiling) from the 
cave floor DSM (Fig. 8a). The height of the cave ceil-
ing was found to be lower at the cave entrance and in 
the main gallery, while the highest point of the cave 
ceiling (46.31 m) was recorded at the location lead-
ing to secondary galleries. The volume of the cave 
was calculated from DSMs and was found to be equal 
to 233,248.60 m3. The surface topography DTM was 
created from the UAV imagery and the upper surface 
of the cave DSM was used for the calculation of the 
depth between the cave ceiling and the surface topog-
raphy (Fig. 8b). The depth between the cave ceiling 

table 1 The error distribution of points used to locate TLS and UAV data in the Turkish National CORS geodetic coor-
dinate system

TLS Target Errors UAV GCP Errors
ΔX (m) ΔY (m) ΔZ (m) ΔX (m) ΔY (m) ΔZ (m)

T_1 -0.093 0.128 0.017 GCP_1 -0.033 0.046 -0.021
T_2 -0.168 0.181 0.071 GCP_2 -0.037 -0.028 0.052
T_3 -0.137 0.091 0.012 GCP_3 0.048 0.035 -0.049
T_4 -0.102 0.179 0.071 GCP_4 0.055 -0.041 0.063
T_5 0.123 -0.102 -0.102 GCP_5 0.023 0.039 -0.036
T_6 -0.083 -0.115 0.140 GCP_6 -0.013 -0.027 0.038
T_7 -0.214 0.107 0.069 GCP_7 -0.024 -0.034 -0.021
T_8 -0.167 0.206 0.064 GCP_8 -0.031 -0.027 -0.045
T_9 -0.068 0.135 0.119 GCP_9 0.032 0.046 -0.051

T_10 -0.118 0.098 0.088 GCP_10 0.022 0.037 0.029
T_11 -0.127 0.115 0.066 rMSe 0.034 0.037 0.043
T_12 -0.162 -0.139 0.136
T_13 -0.114 -0.198 0.132

rMSe 0.154 0.163 0.106
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Fig. 6 Examples of the data obtained using TLS and UAV systems: (a) the Akcakale Cave TLS point cloud; (b) 3D repre-
sentation of the cave projection on the hillshade generated from DSM; (c) integration of the UAV and TLS point clouds

Fig. 7 Details of the Akcakale Cave created using the TLS point cloud: (a) 2D cave map, (b) 3D stalactite samples, (c) 3D 
rock blocks, (d) 3D dripstone formations on the cave floor
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Fig. 8 UAV and TLS elevation models of the Akcakale cave and data generated from the integrated point clouds: (a) ceil-
ing height, (b) depth from surface, (c, d) sample sections including cave and surface topography

Fig. 9 Relationship of the Akçakale cave with its surface topography, (a) topography details and risk zones, (b) topogra-
phy slope, and (c) source rock areas that may cause rockfalls in the vicinity of the cave
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and the surface topography from the cave entrance to 
the area opening to the galleries was found to vary 
between 35 m and 50 m. The depth of the cave from 
the surface in the galleries increases in the northwest-
ern and southeastern directions. The deepest (111.70 
m) area between the cave and the surface was found 
at the end of the southeastern gallery. The volume of 
the limestone mass above the cave calculated from 
the elevation models of the cave ceiling and surface 
topography was found to be equal to 882 961.63 m3. 
The longitudinal and cross-section examples showing 
the elevation change between the cave and the surface 
topography are presented in Figure 8c and Figure 8d, 
respectively. These sections are generated from the 
integrated TLS and UAV point clouds. The sections 
can be used for stability analysis, especially consider-
ing the actual cave size and load on the cave.

The buildings, roads, and water channels in the 
study area were digitized from the orthomosaic data 
derived from UAV images to determine the relation-
ship between the cave and the surface topography. 
The source rock areas that may cause rockfalls in 
the study area were determined using UAV-DTM 
according to equation 1. The regions with an angle 
of more than 65° in the field were determined to be 
source rock areas. According to the cave plan, three 
risk zones were distinguished at 100 m intervals.The 
evaluation of the risk zones revealed that the south-
eastern gallery of the cave and the buildings north of 
the study area fall within the 100-meter risk zone. In 
this area, the closest building to the cave is approxi-
mately 35 m away (Fig. 9a). In this region, the cave 
is 110 m below the ground surface and the surface 
topography of the cave has almost the same elevation 
level as the nearest building (Fig. 9b). The buildings 
south and southeast of the cave are located within the 
200 m and 300 m risk zones (Fig. 9a). There is a po-
tential rock source area that causes potential rockfalls 
just above the remaining buildings south of the cave 
(Fig. 9c). In this area, the height of the cave ceiling 
is 20–30 m (Fig. 8a). The depth of the cave below 
the surface is about 35–50 m (Fig. 8b). The examina-
tion of the 2D map of the cave showed that the rel-
evant part of the cave interior consists of rock blocks 
(Figs 7a and 7c), and its stability is weak. A collapse 
in this section may trigger the movement of the rock 
blocks in the southern part of the cave, causing dam-
age to the buildings in these areas. The examination 
of the source rock areas that may cause potential 
rockfalls showed that intense source rock areas are 
at the entrance of the cave, which is because of the 
high slope (Figs 9b and 9c). In order to turn the cave 
into a tourist attraction and make it suitable for tourist 
activities in the future, it is of vital importance to de-
velop protective measures against potential rockfalls 
in this region.

DIScuSSIon

The use of TLS and UAV technology has made 
the measurement process of caves with complex ge-
ometry and difficult-to-access areas easier. The TLS 
with its light-free measurement capability and dense 
point cloud generation capacity is a useful system for 
producing detailed data for the cave interior, while 
UAVs are useful for mapping the surrounding topog-
raphy outside the cave in terms of reducing the land 
surveying time and generating data from places inac-
cessible to humans. Combining the data of these two 
systems in a geo-located manner and presenting them 
in the GIS environment is important for documenting 
caves as well as for cave management and risk assess-
ment purposes. The collected data are accurate within 
a small margin of error, making it suitable for 2D and 
3D cave investigations. The relationship between the 
cave and the surface topography was established, and 
locations of the source rock and potential rockfalls 
were identified. These data can be used in the future 
to analyze cave stability, determine the protection 
boundary around the cave in case of possible risk, and 
to take the necessary measures to promote cave tour-
ism in the area. When applied to such complicated 
geological structures as caves, the combined use of 
TLS and UAV technology has allowed collecting 
precise and important data that can improve our un-
derstanding of these features and the way they should 
be managed for the benefit of future generations. Pri-
or to data collection using the TLS and UAV systems, 
a geodetic network was established in the study area 
so as to establish a common geodetic reference sys-
tem for both TLS and UAV data. This allowed com-
bining the TLS and UAV data and analyzing them 
together in a georeferenced and accurate manner. The 
ground-based geodetic network was established by 
installing reference points using the GNSS-RTK 
method and a laser total station, which extended from 
the entrance to the end of the cave. The total station 
measurements at each position were utilized to align 
the TLS point clouds to the geodetic reference system 
established by the TLS targets attached to the cave 
walls. To do the same with the data collected by the 
UAV, GCPs were set up outside the cave and meas-
ured using the GNSS-RTK method. By implementing 
this methodology, the TLS and UAV data were inte-
grated and analyzed together, producing a complete 
and accurate map of the cave and its surroundings. 
The data produced by the UAV system had an ex-
pected level of error margin. However, the conver-
sion of the point cloud of the TLS system to the geo-
detic coordinate system yielded a larger margin of 
error than expected. The margin of the error obtained 
from both systems is minimal enough not to affect the 
accuracy of the study. The georeferencing error of the 
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TLS survey inside the cave was higher than expected 
due to several factors, i.e., lightless environment, 
complex geometry, and difficult ground conditions 
inside the cave which made the terrestrial geodetic 
measurements challenging. The lightless environ-
ment made it difficult to capture accurate measure-
ments, and the complex geometry and difficult ground 
conditions made it challenging to establish reference 
points for the system. Despite these challenges, the 
margins of error obtained from both the TLS and 
UAV systems were lower than 0.25 meter which is 
acceptable for most applications (Šašak et al. 2019; 
Domej et al. 2022). Overall, the combination of TLS 
and UAV systems in producing sensitive and accu-
rate data for the cave interior and its surface topogra-
phy was successful. Also, it should be noted that the 
TLS measurements are highly precise, as the TLS 
system measures the relative distances between each 
point with a millimeter accuracy at each station, how-
ever, the errors occur when rotating and translating 
the generated point cloud to align with the geodetic 
reference system. The data obtained can be useful for 
a variety of applications, including the cave stability 
analysis, determination of protection boundaries 
around the cave in case of risk, and the promotion of 
tourism in the cave. The 2D ground plan of the 
Akçakale cave was produced using the 3D point cloud 
data obtained with a TLS. The cave was found to cov-
er an area of 13,750 m2, which is smaller than the area 
of 18,000 m2 previously calculated using classical 
measurement methods (Uzun, Zeybek 1996). The 
precision measurement systems used in this study 
provided a more accurate estimation of the cave area. 
The volume and ceiling heights of the cave were cal-
culated using elevation models generated from the 
TLS point cloud data to understand the cave geome-
try. This information is valuable for understanding 
the size and shape of the cave and for identifying po-
tential areas of instability. Locations of dripstones on 
the cave floor and ceiling as well as the boundaries of 
the rock blocks on the ground were precisely deter-
mined using the 3D point cloud data and mapped in 
the GIS environment. These data are sensitive and ac-
curate enough to be used in determining safe walking 
routes if the cave is suitable for tourism in the future. 
Overall, the data obtained from the TLS measure-
ments allowed for a more comprehensive understand-
ing of the cave geometry and features, which can be 
useful for future management decisions and risk as-
sessments. The precise measurements obtained in this 
study demonstrate the effectiveness of using modern 
surveying techniques to accurately document and 
analyze caves. In this study, the 3D data for both the 
cave interior and exterior, obtained using the TLS and 
UAV systems were integrated, and imported into the 
GIS environment. The data were then combined with 

various features such as buildings, roads, and water 
channels for the rockfall risk assessment and further 
investigations. The depth of the cave was determined 
using the TLS data, and the total load mass on the 
cave was calculated by integrating the TLS and UAV 
point clouds. Additionally, the source rock areas that 
may cause potential rockfall risk were identified 
around the cave. It was perceived that the source rock 
areas around the entrance of the cave and south of the 
cave are the most critical in terms of risk to visitors 
and nearby buildings when the cave is opened for 
tourism. The source rock areas around the entrance of 
the cave are dense enough to cause rockfalls, while 
the source rock areas in the southern part of the cave 
may pose a threat to the buildings in this area. To de-
termine the potential rockfall risk more precisely, ob-
lique images of the source rock areas will be taken 
with the UAV system in future studies. By using the 
data obtained from the oblique images, suspended 
blocks will be detected, and their rockfall risks will 
be determined more accurately (Zhan et al. 2022). 
Moreover, stability analysis will be made for each 
gallery of the cave with the sections to be produced 
from the integrated TLS and UAV point clouds. In 
this way, stability of the cave will be updated, which 
was previously analyzed based on the data obtained 
from conventional measurements. The updated sta-
bility analysis is critical for ensuring the safety of 
visitors and nearby buildings if the cave is opened for 
tourism. The data obtained from the integration of 
TLS and UAV point clouds can be used to determine 
the walking routes and the protection boundaries 
around the cave to reduce potential risks. These data 
can also be used to update the cave management plan, 
which is essential for preserving the natural and cul-
tural heritage of the cave while promoting its tourism 
potential. In addition, stability analysis will be made 
for each gallery of the cave with the sections to be 
produced from the integrated TLS and UAV point 
clouds, and the stability of the cave, which was previ-
ously analyzed based on the data produced by con-
ventional measurements (Alemdag et al. 2019), will 
be updated. Overall, the integrated 3D data of the 
cave and its surroundings in the GIS environment, in 
combination with the mapping of various features in 
the field, have provided valuable information for as-
sessing the rockfall risk and for further investiga-
tions.

concluSIon

The objective of this study was to map the 
Akçakale cave in detail and to integrate both inside 
and outside topography data in the GIS environment, 
using the TLS and UAV systems, in order to produce 
high-accuracy data for cave management and risk 
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assessment. The mapping process involved produc-
ing 2D data such as cave plans and surface topogra-
phy details, and 3D data such as the volume, height, 
depth, and rock areas that may cause rockfall. The 
TLS system was used to create a detailed 3D point 
cloud of the cave interior, and the UAV system was 
utilized to generate a 3D model of the surface topog-
raphy. These two systems were combined using a 
geodetic network established in the study area, pro-
viding a common geodetic reference system for both 
TLS and UAV data. The obtained data can be used 
for cave stability analysis, rockfall risk assessment, 
cave interior, and surface topography management, 
and the production of cave management plans in the 
GIS environment.

The study revealed that the cave has an area of 
13,750 m2, which is smaller than the previous estimate 
of 18,000 m2 obtained using conventional measure-
ment methods. The volume and ceiling heights of the 
cave were calculated using elevation models produced 
from the TLS point cloud. The 3D point cloud data 
were also used to map locations of dripstones on the 
floor and ceiling of the cave, and the boundaries of the 
rock blocks on the ground were precisely determined. 
These data can be used in the future to determine walk-
ing routes if the cave is deemed suitable for tourism. 
The study also identified potential risks associated with 
the cave, particularly the risk of rockfall in the source 
rock areas around the cave entrance and the southern 
part of the cave. The nearest building to the cave is ap-
proximately 35 meters away, and all the buildings in 
the area are less than 300 meters from the cave. In the 
event of a cave collapse, the buildings in the southern 
part of the cave are at risk of rockfall. It is recommend-
ed that the cave entrance be improved with rockfall 
prevention structures before it is opened to tourism.

In conclusion, the combination of TLS and UAV 
technologies has enabled a comprehensive mapping 
of the Akcakale cave and its surrounding topography, 
yielding accurate and highly detailed data for cave 
management and risk assessment. The data from this 
study can be used for GIS-based cave stability analy-
sis, rockfall risk assessment, and the design of cave 
management strategies. The study also identified po-
tential risks associated with the cave, namely the risk 
of rockfall in the source rock areas surrounding the 
cave entrance and in the southern portion of the cave, 
highlighting the necessity of implementing rockfall 
prevention structures prior to opening the cave to 
tourists. The contribution of this work is the dem-
onstration of the effectiveness of combining current 
surveying techniques to provide detailed and precise 
data for cave mapping and management, which can 
inspire future studies and management decisions to 
preserve and promote the natural and cultural herit-
age of caves.
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