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Discontinuous deformations, such as sinkholes, pose significant challenges in post-mining areas 
due to their unpredictable nature and potential hazard to surface development and the safety of local 
communities. therefore, monitoring the post-mining regions should be treated as a continuing task. this 
study addresses the ongoing problem of sinkhole formation in the former “Przyjaźń Narodów – szyb 
Babina” (Babina) lignite mine located in the glaciotectonic region of Muskau arch in western Poland. 
the research uses airborne and terrestrial laser scanning methods to identify and monitor discontinuous 
deformations, focusing on a newly discovered sinkhole. The methodology involves differential analysis 
of Digital Elevation Models (DEMs) and their derivatives obtained from airborne laser scanning (AlS) 
and periodic terrestrial laser scanning (TLs) measurements. The results of aLs DeM analysis allowed 
the successful identification of 75 confirmed sinkholes, the largest measuring 12.8 m in diameter and 
4.8 m deep. whereas, differential DeM analysis indicated new sinkholes that developed between 2011 
and 2020 in the area of shallow underground mining. Two-year TLs monitoring of the new sinkhole 
showed no progression in its dimensions. However, localised erosion processes associated with water 
transport were detected. The study shows that sinkhole formation processes are active 5 decades after 
the end of mining and highlights the importance of continuous monitoring of post-mining areas with 
advanced laser scanning methodss.
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1. introduction

Discontinuous deformations such as sinkholes are one of the potential, undesirable, difficult-
to-predict, and hazardous phenomena associated with underground mining. sinkholes can occur 
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in post-mining areas decades after the termination of mining operations [1-3]. the sinkhole 
development mechanism is related to cavities developing in the subsurface caused by the overly-
ing strata moving into underground excavations due to deterioration of roof support. Gradually, 
these movements continue to the surface, in the form of a chimney, and a depression forms on 
the ground surface. shallow underground mining operations, up to 100 m below ground surface, 
abandoned without proper liquidation measures, are particularly susceptible [4]. surface cave-
ins 2 m wide and up to 17 m deep have been observed over shallow lignite workings leading 
to open chimneys [5]. Tajduś et al. [6], based on a detailed analysis of case studies, have high-
lighted the lack of detailed knowledge about the locations of old underground mine workings, 
including shafts and drifts, and their current conditions, as the primary reasons for ineffective 
subsidence risk management. Predicting discontinuous deformations such as sinkholes involves 
mainly analysing the conditions conducive to their formation and development [7]. Sinkhole 
risk research includes among other things: geophysical measurements of the rock mass to detect 
voids and remnants of underground mining activity [8-10], analysis of archival cartographic 
materials documenting extraction of minerals from deposits [11-13], setting up systems such as 
stations and networks for recording microseismicity [14], developing various risk assessment 
models based on machine learning assumptions, analytical hierarchy process analysis, weight of 
evidence, rock mass pressure theories, that are designed to identify areas at risk of discontinuous 
deformations [15-18]. An example of sinkhole occurrence information and prevention measures 
is the Upper Silesian Surface hazard information System for Decommissioned Mines, available 
at https://zapadliska.gig.eu/ [19]. The service provides information on the location of shallow 
coal and metal ore mining areas in the Upper silesian coal Basin (gzw).

Due to the localised nature of subsidence formation in mining areas and karst regions, 
geodetic techniques such as precise levelling and terrestrial laser scanning (TLs) are the most 
commonly used for terrain movement monitoring [20-21]. Low-altitude photogrammetry is also 
used under favourable terrain coverage conditions. For example, [22] used Unmanned Aerial 
vehicle (Uav) to register images for constructing a digital terrain model (DTM) with 5 cm 
spatial resolution and 14 cm vertical accuracy, which was considered acceptable for subsidence 
mapping purposes, and [23] tested UAV photogrammetry and liDAr data for detection and 
measurement of terrain deformations caused by underground mining regarding tlS data. the 
authors determined that the UAV photogrammetry provided more accurate results of the terrain 
subsidence measurement than the unmanned aerial system (UAS) liDAr sensors for a test site 
in an underground hard coal mining area. there are also studies describing the use of satellite 
radar interferometry (inSAr) for monitoring and predicting such subsidence events in karst 
areas in italy [24] and in mining areas in turkey [25]. Authors of [26] successfully identified 
11 sinkholes in mining areas in Poland with a maximum depth of 16 m using Persistent scat-
terer interferometry (PSi) and indicated that the density of coherent points should be higher than 
1 point per 30,000 m2. However, applications of airborne and satellite methods are limited in 
vegetated and woodland areas.

numerous cases of discontinuous deformations occurring in post-mining areas and caus-
ing destruction on the surface, such as recently in the former “Siersza” coal mining area in Sw 
Poland [27], indicate that monitoring and predicting sinkhole occurrence remains a current 
research problem.

this article presents the results of research aimed at identification and monitoring of discon-
tinuous deformations using modern airborne and terrestrial laser scanning methods. the specific 
objective was to assess if there is a development in the dimensions of the newly identified sinkhole. 
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The research focused on the “Pustków” mining field of the old “Przyjaźń Narodów – szyb Ba-
bina” (Babina) lignite mine in the Lubuskie voivodeship, western Poland, where new subsidence 
events continue to occur five decades after the end of mining. The study area is shown in fig. 1.

fig. 1. Boundaries of the “Pustków” mining field in the “Przyjaźń Narodów – szyb Babina” mine  
and the study area (black box)

2. study area

The lignite mine “Przyjaźń Narodów – szyb Babina” operated within the eastern part of the 
glaciotectonic structure known as the Muskau (Mużaków) arch from 1921 to 1973. The arch is 
a terminal moraine of horseshoe shape open to the north [28] and its eastern arm lies between 
the localities of łęknica and Tuplice in Poland. it is made of parallel, elongated, hills, which 
have a maximum width of 6 km and relative heights of 20-30 m. The moraine is separated into 
two symmetrical parts by the Lusatian Neisse (Nysa łużycka) river, the western one in germany 
and the eastern one in Poland [29].

Glaciotectonic processes deeply disturbed originally horizontal lignite deposits in the area. 
Mining of the resulting steeply inclined coal seams was carried out using underground (initially) 
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and open-pit (in the later stages) methods. shallow underground mining utilised the room and 
pillar mining system and because of the inclination of lignite deposits the mining levels were 
developed in a stepped manner, descending downward. The levels were connected by drifts used 
for transporting coal to lower galleries and to the main haulage level. To access the underground 
mine from the surface inclined access tunnels were constructed owing to the shallow depth of the 
lignite deposits that ranged from several to about 100 m below the ground level [30]. Underground 
mining produced distinctive deformations of the terrain surface in the form of longitudinal sub-
sidence troughs and sinkholes. the subsidence troughs emerged above the galleries shortly after 
mining began. There are two types of troughs in the topography. The first category is character-
ised by widths of up to several tens of meters and lengths of 2 to 3 km. inside these forms, there 
are numerous distinctive and frequently evenly distributed sinkholes. These are usually situated 
above former underground voids. the sinkholes are typically 2 to 4 m in diameter and in depth. 
The second type of troughs have a more irregular shape with lengths of several hundred meters 
and variable widths that range from 50 to 150 m. The shape of these forms, usually several meters 
deep and sometimes filled with water, is related to the inclination of coal seams and the distribu-
tion of underground workings [31]. additionally, larger sinkholes of spherical shape and greater 
depth developed above former shafts (e.g., ventilation shafts) and access tunnels.

2.1. state of knowledge on mining deformations  
in the Muskau Arch area

Previous studies in the post-mining area near the town of łęknica have predominantly 
focused on assessing the state of the environment, specifically the state of vegetation and soil 
in reclaimed areas. [32-34], and assessment of the water quality in anthropogenic reservoirs 
(former open-pits) [35-37].

the problem of surface deformations, particularly of a discontinuous nature, and protect-
ing the area has not yet been resolved despite the appearance of new sinkholes. efforts have 
only been made to record existing damages [38]. other studies include research of significant 
anthropogenic transformation of the land’s surface linked to open-cast and underground mining 
in the analysed part of the łuk Mużakowa region were presented by koźma and kupetz [28] 
and koźma [31]. These studies utilised archival cartographic materials (german and Polish 
topographic maps), aerial imagery, and digital elevation models (DeM) for quantitative analysis 
of anthropogenic landforms. analysis of historical mining activity in the zielona góra region 
north of the study area was presented by gontaszewska [13], and the general conditions of the 
occurrence of post-mining damage related to lignite mining in the lubuskie region have been 
described in gontaszewska [30].

on the German side of the Muskau Arch, Munch and nestler [39] conducted an analysis of 
the potential hazards resulting from past underground mining activities, using data from aerial 
laser scanning and orthophotos. the authors indicated the potential of DEM data, in addition 
to archival mining maps, for estimating the extent of underground mining especially in densely 
vegetated areas.

the national Science centre oPUS-17 and oPUS-22 projects “Genesis and course of 
anthropogenic and natural deformations of the terrain in post-mining areas of the former brown 
coal mine “Babina”, stages 1 and 2 (number 019/33/B/St10/02975 and 2021/43/B/St10/02157) 
are the first comprehensive studies on post-mining transformations on the Polish side. in the  
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following sections selected results from these projects concerning research on sinkhole monitor-
ing are presented.

3. Methodology

various techniques are available to identify transformations occurring in the topography, 
particularly in sinkhole-prone areas [40]. one of the frequently utilised methods is to compare 
Digital elevation Models (DeMs), commonly known as DeM of Difference (DoD) [41]. in the 
raster analysis approach the data for comparing models can be acquired with photogrammetric 
techniques [42] or LiDar measurements. active LiDar sensors have the advantage of detecting 
ground movements of the surface that is covered by vegetation [43]. to generate digital elevation 
difference models, the data can be processed through point-to-point [44], point-to-continuous 
surface tin-MESh [45], or point-to-model [46] analysis. in the process, the accurate and precise 
georeferencing of liDAr data is essential. it is achieved using fixed reference points (Ground 
control Points, gcP), whose coordinates are acquired using a reliable, independent measurement 
technique, such as the global Navigation satellite system (gNss) [47].

in this study, a two-stage methodology for identifying and monitoring discontinuous deforma-
tions is proposed and tested in the Muskau Arch study area. the first stage involves differential 
analysis of Digital Elevation Models (DEMs) constructed from publicly available aerial laser scan-
ning (aLs) data acquired in 2011 and 2020. in the second one, monitoring of a newly identified 
sinkhole is conducted by comparing DEMs developed based on terrestrial laser scanning (tlS) 
data, acquired periodically between 2020 to 2022. The digital encoding of archival mining maps, 
drawn at a 1:10,000 scale between 1956 and 1973 to assist the analysis accompanied these activi-
ties. The maps were obtained from the archive of the Higher Mining office and encoded using 
esri arcgis Pro 2.9 software licensed to the wrocław University of science and Technology.

3.1. identification of ground movement with Aerial laser  
scanning data

Data from aerial laser scanning commissioned by the head office of Geodesy and cartog-
raphy carried out in april 2011 and april 2020 are represented by point clouds with 4 point/m2 
spatial resolution. Each point is defined by its horizontal coordinates and a vertical coordinate 
with an accuracy of mdh ≤ 0.15 m. in the initial analysis, points classified as “ground” repre-
senting the terrain surface free from vegetation were used to construct Digital elevation Models 
with a resolution of 0.5 m. Then, the local map algebra function was used to subtract values of 
spatially congruent raster cells to develop a differential DEM.

a processing model was constructed to identify elevation changes over the examined period. 
The model identifies clusters of pixels with differences in values (heights) greater than 0.5 and 
1.0 m. additionally, derivative DeMs representing slope and shaded relief surfaces were calculated 
to assist identification of discontinuous deformations and subsidence troughs.

3.2. Monitoring of sinkholes with terrestrial laser scanning data

This part of the research involved three main steps presented below.
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3.2.1. establishment of ground control points

a network of 7 measurement points was set up as a georeferencing control for the point 
cloud data. Due to the characteristics of the study site, 3 control points – TLs stations – were 
established in a wooded area of the study site and additional, 4 reference points were set up 
outside of the wooded zone. The location of the measured points on the ortophotomosaic and 
a scheme of the survey line is presented in fig. 2. The control points outside of the wooded site 
were measured independently using the static gNss technique and the entire control network 
was surveyed using geodetic traverse and precise levelling regarding 2 higher-class benchmarks. 
The adopted design of the control network enabled precise georeferencing of the point clouds 
collected from 3 stations.

(a) (b)

Fig. 2. location of surveying grid points on the background of orthophotomosiac (a),  
sketch of polygon sequence (b)

3.2.2. terrestrial laser scanning

The TLs measurements were conducted using the riegl vz-400i laser scanner and a 360° 
panoramic method of observations, enabling the acquisition of data in all directions from the 
sensor position. Due to the sinkhole shape and the danger of ground collapse under the weight 
of a person operating the scanner, measurement locations were positioned about 3-5 m from the 
edge of the analysed feature. the sphere of vision of a laser scanner mounted vertically on a tri-
pod is limited to 100° [48] and the measurements cannot be performed directly above or below 
the scanner head.

The stop-and-go technique with a step of approx. 5 m concerning three control points posi-
tioned outside of the sinkhole’s immediate influence was used to acquire point cloud data. Ter-
restrial laser scanning was done using a predefined panoramic scan profile – panorama 40 with 
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a scanning resolution of 360 degrees at 40 mdeg intervals. a single scanning station allowed for 
the registration of approximately 10 million points and identification of reference targets with 
150 mm diameter, mounted on two-metre poles with bipods. a gNss receiver was attached to 
the scanner head during TLs measurements and the registered point cloud was assigned initial 
coordinates in the global wgs84 coordinate system. However, precise gNss-fix solutions 
were not possible due to the presence of trees in the analysed area. Depending on the specific 
measurement campaign (T1-T5), the number of TLs stations ranged from 30 to 35. These were 
situated as shown in fig. 4a. The points registered by the terrestrial laser scanner enabled the 
integration of the project and the development of a digital terrain model, which was obtained 
through parametric and algorithmic filtration processes. 

3.2.3. Point cloud data filtering and dod analysis

the next step involved point cloud processing to extract terrain points and generate a digital 
terrain model based on these data. a panoramic measurement of 360° enables automatic registra-
tion of scans via a multi-station adjustment method [49] in the riscaN Pro software version 2.9. 
it also allows the detection of reflectors that constitute the reference system for georeferencing 
the resulting LiDar point cloud. accurate alignment of the 3D gNss scanner position, with 
the aid of iMU sensors and observations of reference targets, enables the precise reconstruction 
of a point cloud, which is subsequently subjected to post-processing to filter out terrain cover.

The resulting TLs data were filtered out, classified parametrically and processed algorithmi-
cally according to the methodology presented in [50]. The purpose was to extract class 2 data, 
which represents the ground (02 class ground Las asPrs). This procedure led to the removal 
of approximately 85% of the registered points. automatic filtering out of low vegetation and 
manual extraction of features such as trees lying on the ground and leaves from the dataset posed 
the main challenge.

Differencing Digital elevation Models is the prevalent technique for comparing point clouds 
in earth sciences, particularly applicable when the geometry of the scene is planar. in most cases, 
the raw collected data are gridded, to generate DeMs if the surface of the terrain is near horizon-
tal [51]. The differential analysis of the models was performed on point clouds using the cloud 
to Mesh distance method [40]. this study presents the results of the last (t5) tlS measurement 
campaign concerning the first surface (model t5-t1).

4. results

4.1. geodatabase of mining operation and differential  
analysis of Als deMs

Digitisation of 67 archival maps documenting mining operations in the “Pustków” field, 
produced a digital 3D reconstruction of underground workings. The resulting geodatabase was 
used for gis-based analysis of spatial associations between identified discontinuous deformations 
and the locations of underground levels, shafts, drifts and declines. the preserved and available 
documentation is incomplete and does not present a complete overview of the past mining op-
erations, as suggested by the subsidence basins and sinkholes visible on the ground’s surface.
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Differential analysis of two aLs DeMs (2011-2020) and their derivatives (slope and hill-
shade surfaces) identified 83 potential sinkholes in the study area and 75 of these were confirmed 
as sinkholes during field investigation. these are marked in Fig. 3 representing the study area 
against the background of digitised mining plans together with 2 new sinkholes that emerged 
between 2011 and 2020 (marked in red). information on these deformations was provided by the 
Lipinki forestry Management. This specific area was subjected to shallow underground mining 
between 1964 and 1968 [52].

The depths of the identified sinkholes range from 0.85 to 4.8 m with the mean of 2.2 m, 
and the diameter ranges from 2.7 to 12.8 m with the mean of 5.6 m. spatial analysis of sinkhole 
locations with the geodatabase of underground workings confirmed that the pair of new sinkholes 
formed directly above the shallow levels located up to 6-8 m below the terrain’s surface. The 
larger sinkhole has been subjected to geodetic monitoring with terrestrial laser scanning.

Fig. 3. location of identified and monitored sinkholes in the underground mining study area

4.2. results of tls data processing

The centre points of reference targets set on the measurement control points were used as 
control points. No significant changes in the coordinates of the control points were detected 
between the T1 to T5 epochs. TaBLe 1 contains the coordinates of control points used for point 
cloud georeferencing. fig. 4a presents the configuration of the control network in the riscaN 
software and fig. 4b is one of the TLs measurement stations and control point with a reference 
target placed on a bipod.
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tABlE 1

coordinates of control points for Epoch t1

target 
no X [m] Y [m] h [m] mX; mY; mh [m]

Pole length  
(to the center of 
the target) [m]

h of the target 
center [m]

t1 5712911.84 5483672.19 148.157 0.006;0.015;0.016 2.160 150.317
t2 5712943.94 5483678.79 148.864 0.006;0.014;0.015 2.160 151.024
t3 5712940.75 5483643.51 149.589 0.005; 0.014; 0.015 2.160 151.759

(a) (b)

fig. 4. a) Plan of observations between scanner positions in Prcs (project coordinate system),  
b) identification of survey control point using tlS targets

Accuracy statistics for the tlS data fitted in the multi-station adjustment approach for epoch 
t5 are presented in tABlE 2.

tABlE 2

Deviations for the registered scanner positions using multi-station adjustment algorithms (epoch t5)

dX [m] dY [m] dZ [m]
minimum deviation –0.033 –0.036 –0.015
maximum deviation 0.032 0.034 0.011
average deviation 0.001 0.004 0.001
standard deviation 0.016 0.012 0.005

mean absolute deviation 0.016 0.008 0.003

Fig. 5a represents the tlS point cloud in rGB colours before filtration and Fig. 5b the same 
point cloud symbolised with reflectance intensity colours. 
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(a) (b)

Fig. 5. a) tlS point cloud before filtration in rGB colours, b) tlS point cloud seen  
in reflectance intensity colours

4.3. tls monitoring

Up to the present date five TLs measurement campaigns (T1 to T5) were conducted, dur-
ing the autumn and spring seasons to reduce the influence of vegetation. tABlE 3 contains the 
metadata of the datasets together with the accuracy statistics. Precise processing of the point 
cloud for each measurement period allowed for the development of a digital elevation model 
of the sinkhole area without vegetation. Based on the results of these measurements accurate 
dimensions of the analysed deformation feature were determined. These are 11.5×7×3.5 m in 
length/width/depth, respectively (fig. 6).

fig. 6. 3D (isometric) view of the point cloud model of the sinkhole
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The two-year monitoring was aimed at identifying the ground’s surface changes inside the 
sinkhole and in its vicinity and analysinganalyse if there is any progress in the feature’s dimensions.

tABlE 3

acquisition dates and statistics for TLs data

Measurement epoch date Points / m2 Vertical Accuracy [m]
t1 3.06.2020 200 ≤0,03
t2 18.09.2020 220 ≤0,03
t3 16.03.2021 210 ≤0,03
t4 06.10.2021 200 ≤0,03
t5 10.05.2022 220 ≤0,03

The most straightforward way to compare two-point cloud data is by using the direct 3D 
point-to-point algorithm, which is the cloud-to-cloud distance [44]. The differential analyses were 
carried out using the cloud-to-Mesh distance approach [53]. The MesH surface was the refer-
ence point cloud T1 presented in grayscale in fig. 7a. The analysed point clouds were the T5 

(a) (b)

(c) (d)

Fig. 7. (a) Visualization of a cross-section through the t1 tlS point cloud, (b) t5 data superimposed  
on T1 data, (c) DeM of difference (T1-T5), (d) histogram of distance differences between  

the point clouds t1-t5
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data shown in yellow on the cross-section shown in fig. 7b. The DeM of the difference between 
cloud (T5) and Mesh (T1) as shown in fig. 7c indicates that there is no progression in the depth 
of the sinkhole. However, an erosion process was detected. The material transported with rain-
water flowing into the sinkhole on its western side accumulates at its bottom. This process 
causes a gradual retreat of the slope in this part of the sinkhole. The inflow of water towards the 
sinkhole can trigger further collapse due to its location above old shallow underground workings 
and possible water infiltration.

The histogram in fig. 7d presents the differential distances between the two analysed sur-
faces. approx. 90% of the data is between –10 to 10 cm, 5 % of the results represent distances 
less than –10 cm up to –30 cm and 5% of the total no of points is greater than 10 cm up to 33 cm.

5. discussion and conclusions

the analysis of digital elevation models and their derivatives, developed from publicly 
available airborne laser scanning data, facilitates the detection of sinkholes and other types of 
ground surface deformations in post-mining areas. DEM of difference analysis of a minimum 
of two datasets allows for identifying deformations that developed between subsequent data 
acquisitions. The characteristics of the study area (particularly vegetation cover) prohibit the use 
of photogrammetry to register and study the development of sinkholes. the accuracy of point 
clouds registered with Uas or Uav LiDar systems is not high enough [23] to detect small-
scale changes in the shape of the analysed features in addition to insufficient temporal frequency 
of acquisition of publicly available data. Thus, the applied methodology based on a sequence 
of terrestrial laser scanning (tlS) measurements facilitated the documenting of recently dis-
covered new sinkholes in a shallow underground post-mining area. whereas, gis-based digital 
reconstruction of old underground workings allowed for analysis of the feature spatial association 
with underground voids. 

The two-year series of TLs measurements were conducted to inventory the new sinkhole 
and spatio-temporal analysis of potential further deformation processes. Analysis of differential 
TLs-based DeM indicated that the sinkhole has not undergone any further development. However, 
it also highlighted the occurrence of local erosion processes, which are related to the transport 
of loose material from the sinkhole slope by water and its deposition at the bottom. Terrestrial 
laser scanning allowed us to obtain a continuous 3D terrain model with small gaps on the bot-
tom of the modelled sinkhole visible in figs. 4 and 7c. it was caused by the scanner-look angle 
occlusion and obstruction of the liDAr sensor beam.

The initial formation of the sinkhole can be explained by changes in groundwater conditions 
and the process of sediment movement into the post-mining void as a result of water infiltra-
tion and subsequent changes in saturation of the rock mass [54]. This indicates that continuous 
monitoring of ground surface movements and mapping subsidence risk zones is necessary in the 
post-mining area to mitigate risk associated with the sudden formation of new sinkholes in light 
of the ongoing tourist development of this part of the Muskau Arch Geopark.

the complex glaciotectonic geological composition of this area and the presence of various 
types of rocks in the overburden of coal seams (clays, silts, dry and saturated sands), make it chal-
lenging to predict the occurrence of such processes. Geodatabases documenting the location of old 
underground mining operations and geophysical prospecting confirming or locating underground 
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voids and disturbed rock mass [55] can aid in identifying areas susceptible to potential sinkhole 
occurrence. to ensure up-to-date information, such post-mining areas should be subjected to 
periodic monitoring using low-altitude (Uav) or airborne laser scanning.

The results of this study, along with those described in other published works underline 
that discontinuous deformations can occur many years and decades after mining operations have 
ceased [30] and monitoring of post-mining areas should be treated as an eternal task [56]. During 
the course of 2 years of observations, it was verified that TLs is a highly effective and precise 
method for generating three-dimensional surface models. tlS, as an active measuring system, 
can process ground surfaces not concealed by vegetation for further analysis. the georeferenc-
ing of the TLs point cloud-based models on a stable control network is essential. The reference 
points are measured once a year using the total station technique and their location is set away 
from the sinkhole to minimise potential point movements while enabling accurate scanning of 
the targets during subsequent TLs campaigns. The limitation of this approach is the need for 
periodic in-situ measurements, which may prove difficult and hazardous, in remote or inacces-
sible locations in other post-mining sites.
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