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12 Abstract

13 Delimiting, characterizing, and monitoring active sinkholes in urban areas are fundamental

14 steps for effectively managing the associated risks. These high-exposure scenarios require

15 accurate data on hazard parameters (e.g., spatially-distributed subsidence rates), but the current

16 investigation and monitoring techniques for sinkholes remain relatively undeveloped in

17 comparison to other geological hazards, such as landslides. In this regard, we present the first

18 comparative analysis of the performance of Terrestrial Laser Scanner (TLS) and ground-based

19 Structure from Motion (SfM) photogrammetry for delimiting the actively deforming areas and

20 characterizing the spatial patterns of ground displacement through the comparison of two pairs

21 of high-resolution 3D point clouds. To assess their performance this work utilizes vertical

22 displacement data measured by high-precision leveling. The main finding is that, despite TLS

23 provides displacement data with less noise and internal distortion, the less expensive and

24 easier-to-implement SfM photogrammetry using ground-based conventional cameras yields a

25 comparable performance when accurate geodetic data is available. However, according to high-

26 precision leveling data, both techniques may underestimate the extent and rate of the

27 deformation, indicating that there is still the need to complement these high-resolution

28 techniques with the use of high-precision methods such as leveling or additional geodetic

29 benchmarks.

30 Keywords: sinkhole hazard, TLS, SfM, high-precision leveling, M3C2, subsidence rate
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31 Introduction

32 The identification and contextualization of active sinkholes, the delimitation of the area

33 affected by deformation, and the quantitative spatio-temporal characterization of ground

34 displacement are key elements for sinkhole hazard assessment and risk management (Parise et

35 al., 2015; Gutiérrez, 2016; De Waele and Gutierrez, 2022). A thorough understanding of these

36 elements is particularly important in the case of active sinkholes affecting urban areas, where

37 they may cause significant social and economic damage, including the destruction of human

38 structures and even fatalities. Numerous publications have reported on damaging sinkholes in

39 urban areas worldwide, including the state of Florida, US (Waltham et al., 2005; Jones and

40 Blom, 2014; Gutiérrez, 2016), Maceió City, Brazil (Vassileva et al., 2021), Guangxi region,

41 China (Daoxian, 1988; Lei et al., 2013), Gauteng Province, South Africa (Bezuidenhout and

42 Enslin, 1970; Buttrick et al., 2011; Theron et al., 2017), Karapınar area, Türkiye (Dursun,

43 2022; Orhan et al., 2023), Kuwait City, Kuwait (Goodings and Abdulla, 2002), Camaiore City

44 (Buchignani et al., 2008) and Quinis Village (Zini et al., 2015), Italy, and the city of Zaragoza

45 and its surroundings, in Spain, which is considered to be the area of the country where sinkhole

46 activity has the greatest economic impact, making it one of the most dangerous areas in Europe

47 in this regard (Gutiérrez et al., 2008a).

48 Sinkholes occurring in this sector of northeastern Spain are commonly related to the rapid

49 karstification of thick salt-bearing evaporitic bedrock mantled by alluvium (Gutiérrez et al.,

50 2007; Salvany et al., 2007; Salvany, 2009). In addition to sinkhole activity affecting

51 transportation infrastructure, agricultural areas, and industrial zones (Galve et al., 2009; Desir

52 et al., 2018; Guerrero et al., 2021; Sevil et al., 2021), the city of Zaragoza itself experiences

53 substantial sinkhole damage involving pavement repair (Carbonel et al., 2015), the demolition

54 of buildings (Sevil et al., 2017), and the implementation of costly remediation programs with

55 accumulated direct losses of the order of tens of million euro (Gutiérrez et al., 2009; Anchuela

56 et al., 2012; Sevil et al., 2020). The high exposure of vulnerable elements in urban areas,

57 together with their intrinsic constraints, demands the development of specific sinkholes

58 investigation and monitoring techniques, which are relatively undeveloped in comparison to

59 other geological hazards such as landslides.

60 The main objective of this work is to compare and assess the performance of Terrestrial Laser

61 Scanner (TLS) and close-range Structure from Motion (SfM) photogrammetry, with the

62 assistance of high-precision leveling as control method, for delimiting the area affected by
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63 deformation and monitoring sinkhole activity in urban areas. These techniques are non-

64 invasive investigation methods that have been successfully applied in the past to characterize

65 and monitor the ground displacement associated with active sinkholes. High-precision leveling

66 allows monitoring the vertical deformation related to sinkhole activity with the highest

67 accuracy (submillimeter) and precision, but the measurements are restricted to the benchmarks

68 installed on the surface (Kersten et al., 2017; Sevil et al., 2017, 2020; Desir et al., 2018; Kobe

69 et al., 2019). TLS (Benito-Calvo et al., 2018; Sevil et al., 2021) and close-range SfM

70 photogrammetry (Chakra et al., 2019; Al-Halbouni et al., 2022) can be used to model the

71 terrain with high-resolution 3D point clouds of centimeter to millimeter accuracy. The

72 comparison between consecutive point clouds allows resolving surface deformation related to

73 sinkhole activity. The integration of high-precision leveling and TLS- or SfM-derived surface

74 deformation models has proved to be a successful approach to address the aforementioned key

75 sinkhole-related elements with hazard implications. This is achieved through the combination

76 of a high-accuracy, low-resolution method with a lower-accuracy, very high-resolution

77 investigation technique. However, this work explores two novel issues related to sinkhole

78 monitoring in urban areas: (1) the performance of close-range SfM photogrammetry using a

79 conventional ground-based camera, which is not affected by the restrictions that suffer the use

80 of drones; and (2) the comparison of the performance of TLS and the more affordable SfM

81 photogrammetry using a conventional ground-based camera.

82

83 Geological and geomorphological setting

84 The studied sinkhole, designated as the S. Lamberto sinkhole in this work, is located in the

85 mantled evaporite karst developed in the central sector of the Ebro Cenozoic Basin, the

86 southern foreland basin of the Pyrenees (NE Spain) (Fig. 1). This basin is longitudinally

87 drained and dissected by the Ebro River, which in its middle reach has excavated an asymmetric

88 valley into the Zaragoza Gypsum Formation, an Oligocene-Miocene evaporitic continental

89 succession deposited in an extensive high-salinity playa-lake system (Quirantes, 1978).

90 According to deep borehole data, this formation exceeds 850 m in thickness and its non-

91 weathered zones mainly consists of halite (NaCl), glauberite (Na2Ca[SO4]2) and anhydrite

92 (CaSO4) with intercalations of marls and mudstones. Only the upper part of the formation is

93 exposed at the surface. In the near-surface weathered zones, the halite units have been dissolved

94 and the glauberite and anhydrite beds have been transformed into secondary gypsum
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95 (CaSO4·2H2O) by incongruent dissolution and hydration, respectively (Salvany et al., 2007;

96 Salvany, 2009; Gutiérrez et al., 2023a). Because of the very high equilibrium solubilities of

97 halite and glauberite (411 and 130 g/L; mass of dissolved solute in 1 L of solution; (De Waele

98 and Gutierrez, 2022), their interstratal dissolution plays a major role in the development of

99 damaging subsidence processes in the region and in Zaragoza city (Fig. 1) (Guerrero et al.,

100 2008, 2021; Galve et al., 2009, 2015; Acero et al., 2015; Gutiérrez et al., 2015, 2018, 2019,

101 2023b; Benito-Calvo et al., 2018; Desir et al., 2018; Sevil et al., 2021).

102 The asymmetric Ebro River valley displays a stepped sequence of terraces and pediments on

103 the southern margin and a prominent gypsum escarpment along the opposite side. The S.

104 Lamberto sinkhole lies on terrace T2 (first terrace above the floodplain), around 13 m above

105 the valley floor (Fig. 1 and 2). Its altitudinal position (205 m a.s.l.) and data of a borehole

106 drilled 3.4 km west of the studied sinkhole at 229 m a.s.l., suggest that the Quaternary alluvium

107 at the sinkhole site is underlain by a dissolution residue and glauberite- and halite- bearing

108 evaporitic bedrock (Salvany, 2009; Carbonel et al., 2015). The fluvial terraces and pediments

109 in this sector of the valley are pockmarked by large subsidence depressions and sinkholes, some

110 experiencing very rapid subsidence (e.g., Benito-Calvo et al., 2018; Desir et al., 2018) and

111 causing damage to man-made structures (Fig. 1b).

112
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113

114 Figure 1. Geographic and geomorphological setting of the studied sinkhole (S. Lamberto

115 sinkhole). (a) Location of Zaragoza city within the Ebro Cenozoic Basin south of the
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116 Pyrenees. (b) Geomorphological map showing the studied sinkhole and the spatial

117 relationship between karst depressions and urban elements in the western sector of Zaragoza

118 city (modified after Galve et al., 2009 and Sevil et al. 2020, 2021). Coordinate system:

119 ETRS89 zone 30N.

120

121 Methodology

122 The first step in the study of the S. Lamberto sinkhole involved carrying out a detailed

123 geomorphological map that allowed us to contextualize the investigated sinkhole (Fig. 1b and

124 2). Because it is located in an urbanized area of the western sector of Zaragoza city, we used

125 aerial photographs from 1956 (American Flight B) printed at an approximate scale of 1:30.000

126 and a stereoscope to identify pre-existing geomorphologic features obliterated by decades of

127 urban development.

128 Between June 2021 and June 2022, we surveyed the sinkhole by means of Terrestrial Laser

129 Scanner (TLS) and ground-based Structure from Motion (SfM) photogrammetry. Both

130 techniques were applied in the same area in order to analyze and compare their capability to

131 resolve surface displacement through the comparison of 3D points clouds. We surveyed the

132 sinkhole site with a Faro Focus 3D X330 TLS. Each survey comprised multiple partial scans

133 that were registered into a single compound point cloud, with a mean registration error of 2.1

134 mm (Table 1), using the top-view-based placement and cloud-to-cloud tools of SCENE (2023).

135 We followed this procedure, described in detail in Sevil et al. (2021), to reduce some initial

136 distortion in the point clouds related to the spatially restricted positioning of the scanner along

137 the Sánchez Rodríguez Street constrained by the presence of buildings. After this improved

138 registration, we exported and joined the partial scans to produce a single point cloud for each

139 TLS survey.

140 Additionally, we systematically took overlapping oblique photographs (.jpeg format) in June

141 2021 (875 images) and June 2022 (588 images) with a Canon EOS 5D Mark IV (full-frame

142 CMOS sensor of 30.4 MP) and a Canon 16-35 mm lens (f/4L IS USM). The camera was

143 mounted on a pole at 2.5 m above ground, with the line of sight at around 25° from the vertical,

144 and the lens fixed at a focal depth of 35 mm. To assure the acquisition of good quality images,

145 the photographs were taken with a wireless remote control, using the self-timer (2 sec), the

146 stabilizer activated, high aperture (f/8-11), ISO 100, and a variable shutter speed, but always

147 lower than the reciprocal of the focal depth (<1/35 sec). Subsequently, we used the software
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148 Agisoft Metashape Professional (2022) to produce high-density 3D point clouds and high-

149 resolution orthomosaics (ground sample distance of 0.56 and 0.51 mm for 2021 and 2022,

150 respectively) and following the procedure typically applied in SfM photogrammetry using

151 drone images (e.g., Westoby et al., 2012; Micheletti et al., 2015; Martínez-Fernández et al.,

152 2022). We installed 11 fixed ground control points (GCPs P0-P10, Fig. 2) to georeference the

153 SfM-derived models. In order to obtain accurate coordinates, we employed a Leica TCRP1205

154 total station, plus a Leica DNA03 digital level to refine and update the vertical coordinates for

155 each photogrammetric survey in such a subsiding context. For the latter procedure we installed

156 two GCPs (Pcheck and P0 in Fig. 2) outside the sinkhole to verify that the reference point for

157 refining and updating the vertical coordinates (P0) was in a stable area. We applied the same

158 SfM processing parameters and GCPs distribution for both surveys to maintain consistency

159 between models. The application of this procedure relied on the following assumptions: (1) the

160 GCP P0 is located outside the subsidence area as revealed by previous leveling surveys; and

161 (2) the GCPs needed for SfM photogrammetry are located within the subsidence area and

162 experience vertical displacement maintaining constant horizontal coordinates. The distribution

163 of these GCPs, located both inside and outside the sinkhole (Fig. 2), was determined on the

164 basis of the surface deformation data provided by a high-precision leveling line previously

165 installed along the street in November 2018, which is described below.

166 To assess the performance of TLS and ground-based SfM photogrammetry we used vertical

167 displacement data measured along a 60-m-long high-precision leveling line installed in

168 November 2018 along the Sánchez Rodríguez Street, traversing the S. Lamberto sinkhole, and

169 with benchmarks (iron steel nails) spaced at 3 m (Fig. 2). This technique, employing a digital

170 level (Leica DNA03) and a fixed-length bar-coded invar staff (Leica GPCL2), has been

171 previously applied in sinkhole-related monitoring works (Kersten et al., 2017; Sevil et al.,

172 2017, 2020, 2021; Desir et al., 2018; Kobe et al., 2019), providing the highest accuracy and

173 precision (submillimeter) for vertical displacement. We produced a multitemporal cumulative

174 vertical displacement plot (Fig. 4) with 13 leveling profiles measured between 3 and 6 months

175 apart, from 18/10/2018 to 28/06/2022 (1349 days). We stationed the level at intermediate

176 positions between benchmarks to take backsight and foresight measurements in fore and back

177 runs, with values considered valid if the difference between readings was lower than 0.3 mm.

178 This backward-forward method based on double leveling minimizes errors related to refraction

179 and the displacement of the collimation axis (ISO 17123-2, 2001). This procedure allowed us

180 to keep a vertical kilometer error below 4 mm/km.
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181 To measure the distance (ground displacement) between each set of 3D point clouds (TLS and

182 ground-based SfM photogrammetry), we used CloudCompare (2024) applying the following

183 steps: (1) We subsampled the point clouds up to 10 mm to reduce processing times. (2) We

184 cleaned, aligned, and cut all the point clouds to match the same extent. (3) We applied cloud-

185 matching techniques between each set of point clouds. The point clouds obtained in June 2021

186 by each method served as reference clouds. Because of the procedure followed to generate the

187 point clouds, they were already roughly aligned and it was only necessary to apply the

188 automatic iterative closest point tool (ICP, Zhang, 1994) to improve their registration. (4)

189 Subsequently, we conducted an initial M3C2 comparison to reduce the registration error

190 between point clouds. Instead of manually clearing the point clouds to reduce the amount of

191 noise related to changes in streets and buildings, as well as variations related to cars parked

192 within the boundaries of the scanned area, we filtered them removing M3C2 distances higher

193 than the mean subsidence rate measured by high-precision leveling over the June 2021-June

194 2022 period (-7.04 mm/yr). (5) Then, we conducted new ICP registrations between the

195 reference point clouds (June 2021) and the filtered ones (June 2022). Following this procedure

196 we were able to reduce the ICP registration errors from 7.3 to 5.0 mm, for the TLS-derived

197 cloud, and from 9.4 to 6.3 mm for the SfM-derived one (Table 1). (6) We applied the

198 transformation matrices of the second ICPs, which record the translation and rotation between

199 point clouds, to the initial complete (i.e., unfiltered) clouds corresponding to June 2022 to

200 improve their co-registration. (7) Finally, we measured the Multiscale Model-to-Model Cloud

201 Comparison (M3C2) distance between the initial reference point clouds (June 2021) and the

202 improved-registration clouds (June 2022) to measure the surface displacement related to the

203 activity of the S. Lamberto sinkhole.

204 A comprehensive description of the M3C2 algorithm is presented in Lague et al. (2013). In

205 summary, it measures the mean 3D distance between point clouds considering surface normals

206 within a radius consistent with the local surface roughness. Additionally, the algorithm

207 determines a local confidence interval that takes into account the surface roughness of the

208 clouds, their position uncertainty, and their registration error (Lague et al., 2013). In this study

209 we applied the M3C2 algorithm in standard mode for both sets of point clouds, using a diameter

210 of 20 cm for the normal and projection scales, and a maximum investigation depth of 4.6 cm.

211 The latter value is twice the maximum vertical displacement measured by high-precision

212 leveling in the sinkhole between June 2021 and June 2022. M3C2 distances larger than the

213 maximum depth were discarded. For estimating the final registration error we used average
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214 values computed between: (1) the mean SCENE compound point cloud and the filtered ICP

215 registration errors for the TLS-derived M3C2 displacement model; and (2) the Agisoft

216 Metashape Professional vertical error of the point clouds and the filtered ICP error of the SfM-

217 derived M3C2 displacement model (Table 1). Finally, we used both QGIS (QGIS.org, 2023)

218 and R (R Core Team, 2022) in combination to analyze and compare the M3C2 displacement

219 models and the high-precision leveling data. The latter vertical displacement data, with utmost

220 accuracy, was used to assess and compare the performance of the two ground-based methods

221 (TLS and SfM photogrammetry) for sinkhole monitoring in an urban area.

222

223 Figure 2. Detailed map of the Sánchez Rodríguez Street displaying the spatial distribution of

224 geomorphic and urban features, the scanned area, and the position of the ground control

225 points used for high-precision leveling and ground-based SfM photogrammetry. The

226 delineation of the sinkhole perimeter is based on the stereoscopic interpretation of aerial

227 photographs from 1956 printed at a scale of 1:30,000. Coordinate system: ETRS89 zone 30N

228

Point cloud origin TLS SfM

Point cloud date 18/06/2021 16/06/2022 09/06/2021 28/06/2022

Number of points 14,058,546 8,876,769 18,329,975 16,787,553

SCENE mean compound point

cloud registration error
2.1 NA

Agisoft XY error NA 10.7 5.0

Agisoft Z error NA 6.0 5.1
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RMS unfiltered ICP 7.3 9.4

RMS filtered ICP 5.0 6.3

Mean error

Reference cloud

3.5

Reference cloud

5.8

229 Table 1. TLS- and SfM-derived point cloud data and registration errors (mm).

230

231 Results

232 According to the geomorphological map interpreted using aerial photographs from 1956 (Fig.

233 1), the S. Lamberto sinkhole had an approximate area of 610 m2 and a major axis 36 m long

234 with a WNW-ESE orientation (115º azimuth). The georeferencing of this map over the most

235 recent orthoimages (PNOA Spanish National Geographic Institute) shows that the investigated

236 sinkhole affects a street, several residential buildings and an industrial warehouse now

237 demolished (Figs. 2 and 3). Surface deformation related to the sinkhole activity was evident

238 in the sidewalks and carriageway until sometime between June 2013 and August 2014, when

239 the street was resurfaced (Fig. 3). Prior to this pavement repair, the sinkhole used to display a

240 symmetric sag 25 m long in the street. Nowadays, after the maintenance works, no distinct

241 deformation features ascribable to the sinkhole have developed yet (e.g., cracks, scarps,

242 flexures), and the only clear evidence of its subsidence activity is the existence of cracks in the

243 buildings and the formation of a small puddle in the deepest part of the subsidence depression

244 after rainfall.

245

246

247 Figure 3. Evolution of the study area between (a) 21 March 2013 and (b) 11 May 2024.

248
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249 The 60 m long leveling line installed along the street shows a section at least ≥57 m-long,

250 between benchmarks 2 and 21, that is affected by subsidence operating at rather constant rates

251 (Fig. 4 and Table 2). Note that active subsidence extends into a non-accessible area beyond the

252 eastern tip of the line (benchmark 21). The 13 cumulative vertical displacement profiles

253 gathered over the monitoring period (3.7 yr) indicate mean and maximum (benchmark 11)

254 subsidence rates of 6.1 and 17.9 mm/yr, respectively. The section that records active

255 deformation can be divided into three different segments: (1) A western slowly subsiding

256 section 18 m long, between benchmarks 1 and 7, with mean and maximum subsidence rates of

257 1.4 and 2.7 mm/yr, respectively. (2) A rapidly subsiding sector 24 m long, between benchmarks

258 8 and 15, which is spatially consistent with the extent of the sinkhole interpreted using the

259 aerial photographs. The mean and maximum subsidence rates measured in this segment were

260 10.7 and 17.9 mm/yr, respectively. (3) A segment 18 m long, between benchmarks 16 and 21,

261 that records settlement related to an adjoining sinkhole, which was not identified in the

262 geomorphological map, nor in the initial onsite inspection. We are not able to identify the limits

263 of this active sinkhole because of the existence of a wall between the Sánchez Rodríguez St.

264 and the adjacent undeveloped plot (Fig. 2). The mean and maximum subsidence rates measured

265 in this segment were 4.7 and 7.2 mm/yr, respectively. Most likely more rapid subsidence

266 operates to the east, beyond the leveling line. Regarding the temporal evolution of subsidence

267 rates measured by high-precision leveling, the S. Lamberto sinkhole experienced slightly faster

268 subsidence (mean and maximum rates) during the first 20 months of the monitoring period,

269 until May 26, 2020, with average mean a maximum rates of -8.7 and -22.8 mm/yr, respectively.

270 During the remaining 25 months of the leveling period, of which 12 months overlapped with

271 the TLS and the close-range SfM photogrammetry surveys, the studied sinkhole experienced

272 slightly slower average mean and maximum rates of -6.1 and -16.5 mm/yr, respectively (Table

273 2).

274
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275

276 Figure 4.Cumulative vertical displacement profiles generated from the high-precision leveling

277 data gathered along the Sánchez Rodríguez Street between 18 November 2018 and 28 June

278 2022. The greater spacing between the leveling profiles of September 2021 (green) and March

279 2022 (blue) is not related to an increase in the subsidence rate, but to a longer time span

280 between surveys.

281

S. Lamberto sinkhole

Measurement

dates

18
/1
0/
2
0
18 06/0

2/20

19

16/0

5/20

19

05/0

9/20

19

13/1

2/20

19

26/0

5/20

20

21/0

9/20

20

14/1

2/20

20

17/0

3/20

21

14/0

6/20

21

15/0

9/20

21

09/0

3/20

22

28/0

6/20

22

Mean kilometric

error (mm/km)

1.785

Length of

line/points

60/21

Length affected by

subsidence (m)

60-

57

57 60-

57

60-

57

57 60-

57

60-

57

57 60-

57

60-

57

60-

57

60-

57

Leveling points

with subsidence

20 19 20 20 19 20 20 19 20 20 20 20

Measurement

period (days)

111 210 322 421 586 704 788 881 970 1063 1238 1349

Mean cumulative

subsidence (mm)

-3.4 -5.4 -7.6 -8.6 -10.7 -12.2 -13.5 -14.6 -15.2 -17.7 -21.0 -22.5

Maximum

cumulative

subsidence (mm)

-9.3 -14.5 -19.7 -22.3 -27.1 -30.8 -34.1 -36.9 -42.5 -47.9 -59.3 -66.3

Mean subsidence

rate (mm/yr)

-11.2 -9.4 -8.6 -7.4 -6.7 -6.3 -6.3 -6.1 -5.7 -6.1 -6.2 -6.1

Maximum

subsidence rate

(mm/yr)

-30.5 -25.2 -22.3 -19.3 -16.9 -16.0 -15.8 -15.3 -16.0 -16.4 -17.5 -17.9
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282 Table 2. Summary of the high-precision leveling data gathered across the S. Lamberto

283 sinkhole.

284

285 The two TLS scans (June 18, 2021-June 16, 2022) and the two photogrammetric surveys (June

286 9, 2021-June 28, 2022) covered roughly coincident time spans, 0.99 and 1.05 years long,

287 respectively. Table 1 includes acquisition dates of the point clouds, their size, and the resulting

288 errors after the different registration processes. The comparison between the first and the

289 second point cloud of each set using the M3C2 algorithm allowed us to produce two vertical

290 displacement models of the sinkhole site for almost the same period but using two different

291 techniques (Fig. 5). This enables a comparison of the performance of TLS and ground-based

292 SfM photogrammetry in an urban area to accurately delimit the area affected by deformation

293 and assess quantitatively its magnitude with a very high spatial resolution.

294 The TLS-derived M3C2 displacement data display a normal frequency distribution (mean: -

295 0.4 mm, range: -66.1 ‒ 75.1 mm, median: -0.4 mm, interquartile range (IQR): -1.3 ‒ 1.0 mm)

296 and the 3D displacement model shows a semicircular area in the central sector of the street,

297 clearly affected by subsidence, which is spatially consistent with the location of the S.

298 Lamberto sinkhole identified by the interpretation of old aerial photographs and the on-site

299 inspection (Fig 5a). We have no data to the south in this area due to the existence of a building

300 in the initial scan. This model reveals subtle uplift between the subsidence area and the wall of

301 the residential building on the opposite side of the street, that might be related to the deflection

302 of the bending stresses experienced by the rigid tiles of the northern sidewalk (e.g., Desir et al.,

303 2018; Sevil et al., 2020). Additionally, the M3C2 model displays isolated points with large

304 displacement values on its boundary. We interpret these outliers as noise resulting from the

305 lack of coherence between the point clouds due to the modification of the surroundings, such

306 as building demolition, vegetation movement, and changes in parked vehicles. Despite this, the

307 clearly identifiable subcircular subsidence sector has a length of 21 m and an area of 97 m2.

308 The subsiding area with statistically significant change at a confidence interval of 95% covers

309 a smaller area (13 m across and 29 m2, Fig. 5b). Regarding the points with statistically

310 significant change which location is consistent with that of the sinkhole, the median and

311 maximum subsidence rates are 10.3 and 18.7 mm/yr, respectively. The described outliers also

312 record statistically significant displacement values because of their high magnitude but have

313 not been included in the analysis.
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314 The SfM-derived M3C2 displacement data displays a normal frequency distribution with a

315 slight negative skewness (mean: -1.3 mm, range: -76.3 ‒ 76.1 mm, median: -0.1 mm, IQR: -

316 6.3 ‒ 4.2 mm, skewness: -0.6) and the 3D displacement model shows a subcircular area affected

317 by subsidence in the central sector of the street (Fig. 5c). Its location is spatially consistent with

318 that of the S. Lamberto sinkhole identified in the aerial photographs, albeit with a smaller area

319 as in the TLS-derived model. The subsidence zone is surrounded by areas that according to the

320 M3C2 displacement model undergo uplift. Additionally, the model displays two apparent

321 subsidence areas at the NW and SE corners with the highest deformation rates. Although the

322 position of the central sector affected by subsidence matches with the studied sinkhole, the

323 distribution of the surrounding areas affected by uplift and subsidence, together with their

324 displacement magnitude, seem to indicate that the model has undergone some artificial

325 distortion during the photogrammetric processing. Additionally, as in the TLS-derived M3C2

326 displacement model, there are outliers related to the lack of coherence between the consecutive

327 3D point clouds attributable to changes non-related to the sinkhole activity. Despite the

328 potential artificial distortion and the noise, the SfM-derived M3C2 displacement model allows

329 identifying a subcircular area affected by subsidence with a length of 17 m and an area of 81

330 m2, with only a small fraction showing statistically significant change at a confidence interval

331 of 95% (Fig. 5d). According to the SfM-derived model, this sector experienced median and

332 maximum subsidence rates of 11.6 and 38.3 mm/yr, respectively.
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333

334 Figure 5. M3C2 displacements models produced from the TLS (a) and ground-based SfM

335 photogrammetry (c) data gathered in the study area between June 2021 and 2022, and areas

336 where the surface displacement (b and d) can be considered as statistically significant with a

337 confidence threshold of 95%. The figure includes the identification of the benchmarks used

338 for high-precision leveling and the deformation rates in mm/yr measured at each one

339 between June 2021 and 2022. The ‘s’ identifies the point of origin of the leveling profiles.

340 Coordinate system: ETRS89 zone 30N

341

342
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343 Discussion

344 As shown in the scientific literature, TLS (Benito-Calvo et al., 2018; Sevil et al., 2021) and

345 close-range SfM photogrammetry (Al-Halbouni et al., 2017; Petschko et al., 2022) are suitable

346 techniques for investigating the activity of sinkholes with high spatial resolution and accuracy

347 through the comparison of consecutive high-resolution surface data (e.g., 3D point clouds,

348 Digital Surface Models). Some features of these techniques make them particularly suitable for

349 urban areas, including their non-invasive nature, relative quick and flexible data collection (no

350 need for traffic interruption), and the straightforward installation of benchmarks, if needed

351 (Sevil et al., 2021). TLS and close-range SfM photogrammetry have been successfully applied

352 in the past but, to date, no scientific work has comparatively assessed their performance to: (1)

353 delimit the area affected by deformation; and (2) determine the magnitude and spatial patterns

354 of surface displacement. In order to have independent vertical displacement data for the

355 assessment of the two techniques, this work included the monitoring of the sinkhole by means

356 of high-precision leveling. Despite its restricted spatial resolution, this technique has proved to

357 be able to provide vertical displacement measurements with the highest accuracy and precision

358 (Kersten et al., 2017; Sevil et al., 2017, 2020, 2021; Desir et al., 2018; Gutiérrez et al., 2019;

359 Kobe et al., 2019).

360 According to all the information gathered during the present investigation, the S. Lamberto

361 sinkhole can be classified as an active cover-sagging sinkhole, following the genetic

362 classification proposed by Gutiérrez et al. (2008b). During the leveling period (October 2018 -

363 June 2022) it has experienced stationary and progressive subsidence. Mean and maximum

364 subsidence rates display an initial slowdown period (October 2018 – May 2020), followed by

365 the stabilization of the subsidence rates, including the period of the TLS and SfM surveys. It is

366 important to note that the recorded continuous sagging subsidence does not allow ruling out a

367 potential collapse event. Previous investigation in the same sector of the city of Zaragoza have

368 identified collapse (e.g., Sevil et al., 2017) and sagging-collapse sinkholes (e.g., Carbonel et

369 al., 2014, 2015).

370 Geomorphological mapping through the stereoscopic interpretation of aerial photographs from

371 1956 served to identify the S. Lamberto sinkhole, understand its context, and roughly estimate

372 an area affected by deformation of 610 m2 with a major axis of 36 m. Regarding the size and

373 limits of the sinkhole, high-precision leveling provided the most accurate information, although

374 restricted to the leveling line, with a section at least 60 m long affected by subsidence. This
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375 section comprises three different segments: an inner sector 24 m long experiencing faster

376 subsidence surrounded by slower segments of 18 m long to the west and at least 18 m to the

377 east. This eastern subsiding segment corresponds to an additional adjoining subsidence

378 structure not identified in the initial geomorphological map. The M3C2 displacement models

379 obtained through the comparison of 3D point clouds gathered by TLS and close-range SfM

380 photogrammetry display a smaller area affected by active deformation, covering 97 and 81 m2,

381 and with major axes 21 m and 17 m long, respectively. These subsidence areas essentially

382 coincide with the section of the leveling line affected by relatively fast subsidence. However,

383 neither the M3C2 models nor the interpretation of low-resolution aerial photographs allowed

384 the identification of the slow-subsidence aureoles detected by high-precision leveling. The

385 underestimation of the extent affected by subsidence based on geomorphological mapping

386 using conventional data compared to the results of other more precise site investigation

387 techniques, such as leveling, photogrammetry or trenching has been illustrated in the scientific

388 literature (Al-Halbouni et al., 2017; Desir et al., 2018; Gutiérrez et al., 2018; Menezes et al.,

389 2020; Sevil et al., 2020). The underestimation of the subsidence area from the M3C2

390 displacement models, that only detect the faster and most hazardous subsiding zone, compared

391 to leveling data can be attributed to the lower precision and accuracy of TLS and SfM

392 photogrammetry compared to leveling (e.g., Sevil et al., 2021). Thus, the detection of the slow-

393 subsidence zones by TLS and SfM photogrammetry would require longer monitoring periods.

394 High-precision leveling served to monitor vertical displacement with the highest accuracy,

395 even detecting surface deformation in the western sector of the sinkhole despite its very slow

396 subsidence rates (≤ 1 mm/yr, Fig. 4 and 5). As mentioned before, this technique suffers from

397 limitations related to the restricted spatial resolution of the data and the potential loss of

398 benchmarks during long monitoring periods. Still, regarding the last constraint, the installation

399 of the benchmarks in accessible areas considering the street dynamics, such as the vehicle

400 passing areas, the location of dumpsters, and the layout of parking spaces, allowed us to

401 monitor the sinkhole over 3.7 years without losing any control point despite the demolition of

402 the adjacent buildings Previous works have shown the usefulness of high-precision leveling for

403 identifying sinkhole boundaries (e.g., Desir et al., 2018). However, in the present investigation

404 the whole leveling line most probably has experienced subsidence, (the start point is assumed

405 to be stable; ‘s’ in Fig. 5), and therefore it is not possible to identify the sinkhole edge with

406 absolute certainty and the measured vertical displacements and rates should be considered as

407 minimum values. Nevertheless, the fact that between November 2018 and June 2022 (3.7 yr)
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408 the high-precision leveling benchmark 2 only recorded a cumulative subsidence of 0.5 mm

409 seems to indicate that such edge is very near and that the deviation between the measurements

410 and the actual values is negligible. This is a common limitation when dealing with sagging

411 sinkholes typical of evaporitic terrains, which are characterized by slow-moving marginal areas

412 (De Waele and Gutierrez, 2022), for which it is advisable to install much longer leveling

413 profiles while maintaining a relatively short spacing between benchmarks, even though this

414 would substantially increase the time needed to measure the profile.

415 The two M3C2 displacement models generated from two pairs of 3D point clouds taken one

416 year apart by TLS and close-range SfM photogrammetry detected an area affected by

417 subsidence with very similar spatial distribution (Fig. 5), similar size (97 m2 for TLS versus 81

418 m2 for SfM), and with comparable median subsidence rates of 10.3 mm/yr (TLS) and 11.6

419 mm/yr (SfM). This means that the more affordable and easier-to-implement close-range SfM

420 photogrammetric method, assisted with geodetic measurements including high-precision

421 leveling, is able to detect and monitor an active sinkhole in an urban area with results

422 comparable to those obtained using TLS, a technique that requires a much more expensive and

423 delicate measuring equipment. Nevertheless, it is important to note that the TLS-derived M3C2

424 displacement model showed substantially lower noise, probably due the capability of the TLS

425 to obtain 3D point clouds with reduced error and internal distortion (Table 1). The central sector

426 of both M3C2 displacement models show outliers at the central and southern boundary of the

427 street due to the lack of coherence between the consecutive 3D point clouds after the demolition

428 of the warehouse (Fig. 5). Additionally, the SfM-derived displacement model displays a small

429 area around 1 m2 with spurious high subsidence rates of up to 38.2 mm/yr (Fig. 5c), which it is

430 not identifiable onsite and should be related to the internal distortion of one of the

431 photogrammetric models. In order to better compare the performance of TLS and close-range

432 SfM photogrammetry for monitoring the investigated sinkhole we have disregarded these non-

433 reliable extreme values from the datasets. A common approach for normal distributions is to

434 calculate their upper and lower bounds. Regarding the subsidence rate values derived from the

435 M3C2 displacement models, the lower bound can be defined as 1 ― 1.5 ∗  (Inter-

436 Quartile Range), that is 17.2 and 15.2 mm/year for the TLS- and the SfM-derived models,

437 respectively. These values are smaller but consistent with the maximum subsidence rate

438 measured by means of high-precision levelling for the same time interval, 22.9 mm/yr,

439 The comparison of the various deformation rates computed for the same time span along the

440 high-precision leveling line reveals a general underestimation of the subsidence rates derived
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441 from the M3C2 displacement models compared to the more accurate rates obtained by high-

442 precision leveling (Fig. 6). Along the western part of the profiles, where the displacement rate

443 is slower, high-precision leveling and TLS recorded comparable subsidence rates, while

444 ground-based SfM photogrammetry provided mostly uplift rates with a fluctuating pattern. The

445 central sectors of the profiles describe a trough-like M3C2 displacement rate profile consistent

446 with the sinkhole location. There, TLS and SfM measured similar rates but up to two times

447 slower than the displacement values recorded by high-precision leveling. In the eastern part of

448 the profiles, high-precision leveling measured negative displacement rates corresponding to the

449 additional subsidence structure detected in the leveling line. Here, TLS recorded negligible

450 fluctuating positive and negative displacement rates without detecting the sinkhole, and SfM

451 measured fast subsidence rates spatially consistent with the sinkhole location but with much

452 higher displacement rates compared to high-precision leveling. Additionally, the easternmost

453 section of the SfM displacement profile displayed outliers spatially coincident with the position

454 of sewerage intakes and which may be related to discrepancies between incidence angles and

455 their related occlusion areas. Overall, SfM provided more inconsistent data throughout the

456 whole profile and given its serrated wavy pattern, the maximum positive and negative rates

457 could be related to photogrammetric model distortion and might be reduced using a denser or

458 an alternative GCPs distribution.

459

460

461 Figure 6. Displacement rates measured between June 2021 and June 2022 across the S.

462 Lamberto sinkhole with high-precision leveling, TLS, and ground-based SfM

463 photogrammetry. TLS- and SfM-derived M3C2 displacement rates have been gathered along

464 the profile defined by high-precision leveling. The error bands display the mean error of the

465 M3C2 models listed in table 1.
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466

467 As shown in this work, TLS- and SfM-derived M3C2 displacement models may significantly

468 underestimate the extent and magnitude of the deformation but provide high-resolution

469 spatially distributed data. Moreover, this areal information, in particular the TLS-derived

470 model (Fig. 5a), has revealed that the high-precision leveling line was not installed across the

471 most rapidly sinking point of the sinkhole and therefore it does not record its maximum

472 subsidence rate. This means that neither the leveling profiles, nor the M3C2 displacement

473 models provided accurate maximum subsiding rates for the S. Lamberto sinkhole, but

474 minimum values. Combining TLS or close-range SfM photogrammetry with a dense network

475 of geodetic benchmarks, including points in the sector of the sinkhole with greatest subsidence,

476 could help reducing the underestimation issues of M3C2 displacement models while providing

477 data with high spatial resolution that high-precision leveling lacks.

478 Regarding the data-acquisition process, although the capture of the photographs used for

479 photogrammetry in this work required considerable time (manual shooting), its duration can be

480 reduced substantially by taking the images automatically at walking pace using time lapse. This

481 would allow equating the data gathering time of the close-range SfM photogrammetry to the

482 that of the TLS, improving the benefit/effort ratio of the former approach.

483

484 Conclusions

485 This investigation presents for the first time a comparison of the performance of Terrestrial

486 Laser Scanner (TLS) and close-range Structure from Motion (SfM) photogrammetry using a

487 conventional ground-based camera for monitoring a slowly subsiding active sagging sinkhole

488 in an urban area, through the generation of high-resolution Multiscale Model-to-Model Cloud

489 Comparison (M3C2) displacement maps. The displacement models derived from two pairs of

490 3D point clouds gathered one year apart allowed to detect and measure surface deformation in

491 the most rapidly moving sector of the sinkhole, although underestimating subsidence rates. The

492 TLS-derived M3C2 displacement model provided data with overall less noise and internal

493 distortion, allowing us to identify the extent of the area affected by subsidence and to quantify

494 the deformation rates with greater confidence. However, the more affordable and easier-to-

495 produce SfM-derived M3C2 displacement model supplied comparable data on the extent of the

496 area affected by the sinkhole and subsidence rates.
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497 According to the cumulative vertical deformation profiles constructed with high-precision

498 leveling data, both TLS- and SfM-derived M3C2 displacement models underestimated the

499 extent and subsidence rate of the studied sinkhole. Leveling provided highly accurate and

500 precise quantitative vertical displacement data, including a slow-moving aureole, and served

501 to detect an additional adjoining sinkhole not identified in the geomorphological map produced

502 with conventional data. However, this high-quality information was restricted to the position

503 of the benchmarks and the length of the line, restricted by urban elements, was not long enough

504 to precisely locate the boundary of the S. Lamberto sinkhole.

505 Close-range SfM photogrammetry, even when implemented with ground-based conventional

506 cameras, can be successfully applied to identify the most rapidly deforming areas of a sinkhole

507 provided that accurate geodetic data (ground control points) are available. It is important to

508 note that at the present time these techniques cannot be used to precisely identify the boundaries

509 of active sinkholes with slow-moving marginal areas. This requires the installation of long

510 high-precision leveling lines extended well beyond the edges of the subsidence areas. The

511 synergistic combination of M3C2 displacement models and high-precision leveling constitute

512 a highly valuable strategy for the comprehensive monitoring of active sinkholes in developed

513 areas.

514

515 Data availability

516 Data will be made available on request
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