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ABSTRACT 28 

Sinkhole occurrence along the Tyrrhenian margin of the Central Apennines is of great importance 29 
for applied research, land management and civil protection. This study reports on GPS-altimetry 30 
magnetic, gravity, geoelectric, seismic, and soil gas measurements of a rapidly developing sinkhole 31 
near the Guindonia military airport. The measurements revealed an elliptical 2-m depression 32 
elongated 220 m in the NNE-SSW direction with the minor axis of 110 m. In spring of 2013, two 33 
vertical cavities formed in the eastern and northeastern flanks of the depression whose depths and 34 
shapes are rapidly evolving with the formation of widespread fracturing along the same side. The 35 
geophysical observations image the developing sinkhole to a depth of some 50 m, the presence of 36 
the Travertino lithotype around the depression (down to at least 40 m), and the lack of this lithotype 37 
below the lowered area. The sinkhole's evolution appears to be structurally controlled by local and 38 
regional faulting. These results are useful for designing further geophysical, geotechnical and 39 
geochemical studies to monitor the sinkhole's evolution and to assess the hazard it presents in 40 
densely urbanized area. 41 
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Some 25 kilometers northeast of Rome (Italy), a wide agricultural area in the northern Acque 47 

Albule Basin (AAB, Figure 1a), has exhibited subsidence since the early 2000s. This subsidence 48 

was not visible in 1994 aerial photograpy (Figure 2a), but it starts to appear in 2002 photo (Figure 49 

2b) and deepens in August 2013 up to 2-m (Figure 3a). The developing sinkhole is an ellipsoidal 50 

with NNE-SSW oriented the major axis some 220 m long and the minor axis about 110 m long. It 51 

includes two minor 80 m diameter depressions along the southern border, two vertical roughly 3-m 52 

deep holes, and extensive fracturing with 40-50 cm displacements along its southeastern steeper 53 

flank (Figure 3a and Figure 4a and b). 54 

The AAB is a well known sinkhole area (Nisio and Salvati, 2004; Meloni et al., 2012) with 55 

outcropping Plio-Pleistocene marine sediments, volcanic deposits and thermogene travertine 56 

(Albertini et al., 1967). Since hystorical times, AAB subsidence (Ferretti et al. 2001; Salvi et al. 57 

2004, 2005), collapses (Colombi et al., 2001; Nisio, 2008) and surface karst phenomena (Maxia, 58 

1950; Annunziatellis et al., 2010) have been well documented. Cover deposits generally mask the 59 

subsurface development and propagation of the deformation to the topographic surface. Moreover, 60 

the high urbanization activities in the Guidonia- Bagni di Tivoli area, often make it difficult to 61 

observe the first stages of the sinkhole’s formation. Recent strong subsidence in the Villalba, 62 

Villanova and Bagni di Tivoli villages, caused  considerable building damage and a consequent 63 

civil protection emergency. Therefore, sinkhole development in the study area has considerable 64 

societal impact ranging from travertine quarrying to infrastructure and agriculture preservation and 65 

other urbanization and land transformation issues. 66 

Mechanisms proposed for sinkhole genesis (e.g. Waltham et al. 2005; Gutiérrez et al., 2008) 67 

include karstic collapse (Annunziatellis et al., 2010) forming Colonnelle, Regina and San Giovanni 68 

lakes in the central part of the basin in pre-Roman times (Maxia, 1950; Caramanna, 2002; Nisio, 69 

2003, 2008). In addition, the Tartare lake was produced by collapse events and subsequently 70 

inundated at the beginning of the 20th century (Figure 1b). 71 

National and local authorities have become increasingly aware of the sinkhole hazard, and thus 72 

are promoting risk assessment based on integrated drilling, geophysical and geochemical methods 73 

(Regione Lazio, 2002). Despite the increased emphasis on locating and classifying these 74 

phenomena, only a few cases has been documented on the early stages of formation like for 75 

example, the Camaiore (Buchignani 2002, Buchignani and Chines 2002, Buchignani et al., 2002), 76 

Grosseto (Berti et al., 2001) and Marcellina (Argentieri et al., 2004a) sinkholes. Accordingly, the 77 

present study represents an important contribution to monitoring and understanding the genesis and 78 

early stage evolution of a sinkhole using different integrated methodologies. Due to the sinkhole 79 
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threat to roads and buildings in the subsiding area, the Istituto Nazionale di Geofisica and 80 

Vulcanologia of Roma (INGV) and the Provincia di Roma (Servizio Difesa del Suolo), collaborated 81 

on the geophysical and geotechnical characterization of sinkhole-and landslide-prone areas in 82 

partnership with the Regione Lazio (Servizio Geologico, Area Difesa del Suolo), “Sapienza” 83 

University of Rome (Earth Science Department), and the National Research Council ( Istituto di 84 

Geologia Ambientale e Geoingegneria) . 85 

 86 

2. GEOLOGICAL SETTING 87 

The study area is located on the western margin of the Central Apennines range within the 88 

“Aquae Albulae” basin (AAB). It is a N-S elongated depression (Figure 1b), slightly dipping 89 

southwards (Faccenna et al., 2008), with elevation varying between 70 and 80 m above sea level. 90 

The basin is bordered to the North and East by Meso-Cenozoic marine carbonate deposits of the 91 

Cornicolani and Lucretili massifs, respectively, which represent the westernmost outcropping 92 

Apennines, fold-and thrust-belts (Cosentino and Parotto, 1986), which deepen to the west below a 93 

thick Plio-Pleistocene sedimentary cover in response to extensional tectonics that formed the 94 

Tyrrhenian Sea. The Colli Albani Pleistocene volcanic area borders the southern flank of the basin, 95 

whereas the present-day alluvial Aniene River plain occurs at the west and southwest margins 96 

(Figure 1a). 97 

Structurally, the AAB is related to a Pliocene-Quaternary N-S trending, right-lateral strike-98 

slip shear zone, which displaced Neogene Appenninic tectonic units and formed a pull-apart basin 99 

(Faccenna et al., 1994). At the bottom of the local stratigraphic sequence are the Mesozoic-100 

Cenozoic marine carbonates of the Mts. Cornicolani and Lucretili, which belong to the Sabina 101 

transitional domain. Above the carbonate bedrock rests a thick sequence of Pliocene-Pleistocene 102 

blue-gray marine clays and clayey sandstones, which in turn is covered by late Pleistocene 103 

thermogenic travertine. The Pleistocene sedimentation ends with continental deposits such as 104 

argillaceous to silty and peaty sediments of fluvial-lacustrine and marshy environments 105 

The AAB travertine body has an average thickness of some 40-50 m that reaches its 106 

maximum of about 85-90 m in the depocenter (Figure 1b), which is located along the deeper branch 107 

of a N-S strike slip fault (Faccenna, 1994; De Filippis et al., 2013a). The travertine deposits are 108 

syndepositional to the final activity of the Colli Albani Volcanic District (De Rita et al., 1988, De 109 

Rita et al., 1995, Giordano et al., 2006). The volcanic units overlie marine sediments and Mesozoic-110 

Cenozoic carbonates, in some sectors of the basin's margin (Italian Geological Map, Sheet 374 111 
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Roma, Scale 1:50.000). The Acque Albule thermogenic travertine is lithoid and cohesive where 112 

younger non-cohesive carbonaceous sands or “testina” sometimes occur at the top of the sequence 113 

(Faccenna et al. 2008; Faccenna et al. 2009). Lithoid travertine has been quarried since the time of 114 

the Etruscans and became the main building material during Roman times (Lapis Tiburtinus). 115 

Currently, the mining activity continues as the main economic resource of the region. 116 

In and around the AAB area are active hydrothermal springs (Bagni di Tivoli spring), karstic 117 

caves and sinkholes (Nisio, 2008, Annuziatellis et al., 2010). The lakes of Regina and Colonnelle 118 

(Figure 1b) are the most prominent sinkholes of the area which host upwelling sulfur-carbonated 119 

waters. The warm waters of these lakes have been exploited for thermal purposes since the third 120 

century BCE with a combined flow capacity of more than 2 m3/s and gaseous emissions of H2S, 121 

CO2 and N (Nisio, 2008, Annunziatellis et al., 2010). In the northern AAB sector between the 122 

Middle Ages and 1698, the S. Giovanni lake also formed (Nisio and Ventura, 2010). It is an 123 

amphora shaped collapse within the travertine deposits that hosts a hydrothermal fresh water spring. 124 

 125 

3. METHODOLOGY  126 

Natural cavities and associated fracturing provide fairly distinct geophysical contrasts with the 127 

surrounding country rocks at roughly two or more diameters from the cavity (Bishop et al. 1997). In 128 

general, the size of the disturbed area around a cavity depends on the fracture network and 129 

connectivity, and the genesis and physical characteristics of the host rock (Bishop et al. 1997). 130 

To help differentiate shallower from deeper geological structures within the study area, GPS 131 

altimetry, vertical magnetic field gradient, magnetic anomaly, micro-gravity, seismic refraction and 132 

electrical resistivity surveys were carried out that measured various physical property variations at 133 

different resolutions (Figure 3a). These methods are particularly helpful for detecting subsurface 134 

air-, water-, and unconsolidated material-filled cavities (McDonald and Davies, 2003), and their 135 

integration furnished a comprehensive image on the area’s sinkhole development. 136 

 137 

3.1 Altimetry surveying 138 

Differential GPS measurements were established to investigate the depression’s morphology 139 

and to obtain a detailed digital elevation model (Figure 3a). Continuous kinematic surveying was 140 

conducted over the study area, whereas the “stop and go” acquisitions were used for precise 141 

positioning of the electrodes of the electrical resistivity measurements. A base station was used 142 

within four hundred meters of the rovering receiver. 143 

 144 
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3.2 Magnetic prospecting 145 

The data were collected with a scalar magnetometer (Geometrics G858, with a sensitivity of 146 

0.01 nT) in a vertical gradiometer configuration at 1-Hz sampling rate and sensors separated by 80 147 

cm. Survey profiles were acquired along a N25°E strike within the depression and surrounding 148 

areas at 2-m line spacing (Figure 3a). The surveying revealed significant insight related to the 149 

shape, extension and other features of the depression (Figure 5a). The magnetic method is 150 

particularly effective where the overburden contains high susceptibility rocks like volcanics 151 

(Speranza et al., 2009). 152 

We also computed the total magnetic intensity anomaly field (TMI) using the top sensor 153 

readings and removing the Geomagnetic Reference Field (IAGA, 2010). The TMI data were 154 

gridded with a cell size of about 1 m. To facilitate the geological interpretation, the TMI grid was 155 

Reduced-to-Pole considering the main field with an inclination of 54° and a declination of 2° (RTP, 156 

Figure 5b) (Baranov and Naudy, 1964). This analytical transformation centers the magnetic 157 

anomalies on their relative sources assuming the absence of remanent magentizations. As a 158 

consequence, the spatial relation between the anomalies and their sources is more evident. 159 

 160 

3.3 Microgravity surveying 161 

Microgravity data are widely used to detect the lower density volumes associated with cavities 162 

and/or their fillings. An homogeneous distribution of 56 microgravity stations accurately spaced at 163 

25-m intervals, were used as indicated by the green dots in Figure 6a. Elevations were determined 164 

by means of closed loop leveling with errors of ±0.01 m. Measurements were obtained with a 165 

LaCoste & Romberg microgravity meter with the standard field repeatability of less than 5 μGal. To  166 

precisely estimate instrumental drift, a microgravity network of 5 stations was used. Data 167 

processing consisted of removing tidal effects, atmospheric loading and instrumental drift. The tidal 168 

reduction was determined using the method of Tamura (1987), which generated a potential with a 169 

global gravimetric factor of 1.17. The atmospheric pressure effect was corrected with an admittance 170 

of 0.35 µGal/hPa. The corrected and weighted gravity differences between all pairs of stations were 171 

organized into joined loops and least-squares adjusted and the gravity value at each station 172 

computed relative to the base station (red triangle in Figure 6a). Readings repeated on 5 control 173 

stations provided a root-mean-square error of less than 5 μGal. This microgravity network was 174 

linked to the S. Angelo Romano Absolute Gravity Station (Di Nezza, 2007; D'Agostino et al., 2008) 175 

located on Meso-Cenozoic carbonate rocks of Mt. Cornicolani. To obtain the Bouguer anomaly, the 176 

free air and planar Bouguer slab with density of 1900 kg/m3 (Maino et al., 1969) corrections were 177 

applied. The regional trend approximated by a simple planar surface was removed from the data to 178 
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obtain residual anomalies in accordance with previous studies of the area (Maino et al., 1969; Toro, 179 

1976; Di Filippo and Toro, 1980, 1995; Di Nezza et al., 2012). 180 

 181 

3.4 Seismic refraction surveying 182 

Seismic refraction studies image both horizontal and vertical variations of the elastic 183 

properties within and around the depression (e.g. Turker, 2004; Othman, 2005; Tezcan et al., 2006).  184 

The shallow seismic refraction survey used a 24-channel seismograph recording system 185 

(Geometrics Geode Seismograph) of 14-Hz vertical geophones (Geospace). The imput source 186 

waves were generated by a 8 kg sledge hammer impacting an aluminum plate located at the two 187 

ends and the mid-point of the profile. Hitting the ground vertically was carried out to generate P-188 

waves. The seismic line AB (Figure 3a and 6b) extending 220 m, NW-SE has along strike N110° 189 

was mapped using 24 geophones separated at 10-m intervals. The total recording time for each shot 190 

was 512 ms. The travel-time curves and the corresponding P-wave cross-sections were estimated 191 

using Wavepath Eikonal Tomography (Schuster and Quintus-Bosz, 1993). Seismic P-wave velocity 192 

variations were determined to depths of about 50 meters to constrain layer depths, morphologies, 193 

and compositions. 194 

 195 

3.5 Electrical resistivity surveying 196 

Electrical resistivity soundings are effective for mapping vertical and horizontal variations in the 197 

electrical properties of the ground hosting fractures and cavities. They also help constrain the non-198 

unique interpretations of the complementary geophysical data (e.g., magnetic, gravity, seismic) and 199 

vice versa. Resistivity measurements were carried out along three 2D profiles using two different 200 

electrode arrays (Figure 7). The profiles were selected to intersectg the observed depression and 201 

residual gravity features, and to avoid urban obstacles (e.g., roads, sheep cotes, fences and other 202 

infrastructure). In particular, the large and busy Provincial Road N° 27/b a few tens of meters north 203 

of the depression, and an industrial building to the east limited profile extensions along these 204 

directions. Profile P.1 (Figure 7a) was obtained with the IRIS SYSCAL Pro Switch 72 resistivity 205 

meter to image the regional characteristics of the depression. This profile that extends 360 meters in 206 

the East-West direction was mapped using an array of 72 electrodes at a 5-m interval. Profile P.2 207 

was mapped with the M.A.E. A6000E resistivity-meter. It consisted of two overlapping tracks 208 

designed to image the shallower layers intersected by Hole S1 (Figure 7b and c). Specifically, 209 

Profile P 2.1 was extended 144 m in the NW-SE direction using 48 electrodes spaced 3 m apart to 210 

intersect the Hole S1. Profile 2.2, on the other hand, was extended 32 m along the same strike of 211 

profile P2.1 using 32 electrodes spaced 1 m apart. The electrode data were processed for horizontal 212 
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and vertical resistivity variations using Wenner and Schlumberger solutions, respectively. Electrode 213 

station elevations were determined by differential GPS to enhance the accuracy of the resistivity 214 

profiles produced by inversion of the electrode data (deGroot-Hedlin and Constable, 1990; Sasaki et 215 

al., 1992; Sasaki 1994; Loke and Barker, 1996). 216 

 217 

3.6 Soil gas surveying  218 

Soil gas surveying was carried out to help define the shallow fracturing zone that commonly 219 

occurs in the early stage of sinkhole formation (Annunziatellis et al., 2010; Caramanna et al., 2008). 220 

In fact, faults and fractures act as conduits for gas migration to the surface. Additionally, piping 221 

sinkholes mainly occur in degassing areas or the presence of thermal acidic groundwater 222 

(Caramanna et al., 2008, Nisio et al., 2007). Therefore, the shallow spatial distribution of soil gases 223 

can help to find fractures, even where they are still buried (Ciotoli et al., 2013a; 2013b; Giustini et 224 

al., 2010, Annunziatellis et al., 2008). A detailed survey of selected soil gases was conducted on a 225 

uniform grid at roughly 50-m intervals (Figure 8a, black points) following well-established 226 

sampling techniques (Ciotoli et al., 2007). In particular, 50 soil gas samples were collected using 227 

small diameter (6.4 mm), stainless-steel probes inserted into the ground with a co-axial hammer to a 228 

depth of about 60–80 cm to minimize atmospheric air contamination (Hinkle, 1994). Soil gas 229 

samples were analyzed in the field for CO2, CH4, O2, H2 and H2S by a portable Dräger X-am 7000 230 

meter with an accuracy better than 5% using non-dispersive infrared and catalytic sensors. 231 

However, only CO2 was detected in significant concentrations, whereas the concentration of the 232 

other gas species were below the device’s sensitivity. 233 

 234 

4. RESULTS 235 

The GPS survey precisely defined depression sizes and morphologies, including circular 236 

depression (D2) west of the main depression (D1) with diameter of about 80 m (Figure 3a). The 237 

depth of the main depression is roughly 2 m. Two holes occur along the depression’s eastern steeper 238 

flank, where subsidence is evolving faster and deep fracturing appeared on February 2014. The S1 239 

Hole had been periodically monitored from September 2013 through January 2014 using 240 

photographs, video recordings, and GPS measurements. Morphological changes of the interior and 241 

outcropping structures were observed over about 100 days and modeled in Figure 4. As a result, the 242 

upper part of the hole had progressively enlarged over the observation period with the development 243 

of a fissure below 2 m  after two months striking parallel to the depression’s northern flank. During 244 

the observation period, the S1 Hole resulted from subsidence and water erosion. Soil accumulated 245 

in the hole that was periodically obstructed. Inspection of the hole reveal at least 3.75 m of soil with 246 
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a white crust of stony material. Hole S1 lies at the edge of a wider elongated depression oriented 247 

N133° (Figure 4c). Hole S2 has a diameter of about 83 cm and is 75 cm deep; its geometry did not 248 

changed during the observation period. However, starting from February 2014 marked fractures 249 

developed extending southwards from the depression’s (Figure 4b). 250 

The magnetic vertical gradient map in Figure 5a highlights features most likely caused by the 251 

presence of pyroclastic units of the Colli Albani Volcanic District, as well as soil features derived 252 

by magnetic alterations of the upper stratigraphic sequence. The anomalous magnetic field gradient 253 

is characterized by the superimposition of sources with wavelengths ranging from a few meters up 254 

to about 15 m. The pattern is mainly dominated by a ring-like feature encompassing the 255 

depression’s rim (F9, Figure 5a) and linear NW-SE and NNE-SSW trending features representing 256 

possible fractures affecting the depression (F1 to F8, Figure 5a).  257 

The RTP-TMI field (Figure 5b) is characterized by positive anomalies over the depress area 258 

with the higher intensities clustered along the depression’s eastern flank. The linear features F1-F8 259 

of the Figure 5a are also apparent in the RTP-TMI field. 260 

The residual gravimetric map in Figure 6a shows mainly a negative residual E-W trending 261 

oval anomaly. The minimum ranges from about -0.35 to 0 mGal and is flanked by a positive 262 

anomaly of about +0.40 mGal. Figure 6b shows the gravity interpretation model using the method 263 

of Talwani (Talwani et al., 1959, 1961) along the bisecting AB profile (Figure 3a). Comparing the 264 

gravity (Figure 6b) and the seismic (Figure 6c) modeling and they shows a good correlation 265 

between the lower density infill sediments with density contrasts ranging from Δρ = -700 to -500 266 

Kg/m3 and lower P-wave velocities ranging from 300 m/s to 500 m/s down to 24 meters above the 267 

sea level. Moreover, they both show a sub-vertical wall discontinuity ?in? the depression’s eastern. 268 

The resistivity data correlate positively with the depression’s central gravity low and flanking 269 

gravity maxima as shown in Figure 7a, 7b and 7c. Profile P.1 indicates a conductive (r < 30 W m) 270 

shallow layer a few meters thick, outside the depression underlain by a higher resistivity layer (800 271 

<  < 1000  m) that extends to the bottom of the section some 50-m below ground level. Within 272 

the depression, a funnel-like, low resistivity (5 << 30  m) layer is indicated from the topographic 273 

surface down to the section’s bottom. On the west side the horizontal step-like decrease in 274 

resistivity corresponds to a sub-circular minor depression that probably reflecs a depression step in 275 

the underlying lithology. Profiles P. 2.1 and P. 2.2 were located in the northeastern margin of the 276 

depression crossing the Hole S1 (Figure 3a and Figure 7a,7b and 7c). These tomographies show the 277 

same binary pattern, characterized by conductive ( < 30  m) and resistive (>100  m) layers. 278 

These profiles with respective depth extents of about 20 and 4 m also show shallower conductive 279 
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layers overlying the more resistive layers. In addition, an increased resistivity is apparent arround 280 

Hole S1 in profile P 2.2. 281 

The seismic Vp-section in Figure 6c was derived from 4-layer travel time plots. Profile AB, 282 

oriented WNW–ESE, includes a thin layer of loose low-velocity sediments that decreases in 283 

thickness towards the ends and deepens in the central part of the profile. The top #1-layer with 284 

thickness up to 5 m is characterized by soil-related P-wave velocities of 350 m/s whereas layer #2 285 

has thickness variations up to 24 m with P-wave velocities of around 600 m/s that is likely 286 

composed of lacustrine and epivolcanic deposits. The layer #3 has a primary wave velocity of about 287 

1000 m/s consistent with the presence of calcareous sand or testina. The layer #4 has P-wave 288 

velocities of about 1400-2000 m/s similar to those observed for cohesive travertine materials and 289 

compact lacustrine deposits. 290 

Table 1 reports the statistics of the measured CO2 concentrations and Fig. 8a maps the 291 

distribution of CO2 across the site, whereas Fig. 8b shows the log-normal statistical behavior of the 292 

CO2 concentrations. In general, the soil CO2 shows a linear distribution of maxima oriented about 293 

N20° - N30° along the depression eastern and western flanks (Figure 8a). The linear soil gas 294 

distribution pattern is generally linked to faulting and may reflect gas migration in the fractured 295 

zones (Ciotoli et al., 2007). Carbon dioxide provides the largest continuous ‘‘footprint’’ around a 296 

fault-related leak (Annunziatellis et al., 2008). 297 

The greatest CO2 concentrations in the study area’s eastern sector are associated with Hole S1 298 

(Figure 8a) and the F2-vertical magnetic gradient feature (Figure 5a) along the main eastern scarp. 299 

In the western side a correspondence exists between the smaller circular feature (B) in the 300 

morphology (Figure 3a) and the south western peak in the CO2 concentration. In general, the CO2 301 

features are consistent in orientation  with that revealed by the geophysical surveys. 302 

 303 

Table 1. Statistical parameters of 50 (N) measured CO2 concentrations. The Geometric Mean (GM), Lower Quartile 304 

(LQ), Upper Quartile (UQ), Standard Deviation (Std.Dev) and Skewness (Sk). 305 

 N Mean Median GM Min Max LQ UQ Std.Dev. Sk 
CO2 50 2.98 3.00 2.82 1.20 5.40 2.60 3.40 0.93 -0.07 

 306 

5. DISCUSSION 307 

The Guidonia area represents a unique opportunity to obtain the geophysical signatures for  308 

a developing sinkhole. Aerial photos, historical topographic maps, and human activities (e.g., 309 

quarries) revealed no evidence of the sinkhole up through at least the 19th century. The sinkhole 310 

began to be expressed at the surface roughly in the 2000s (Figure 2b) and continued slowly to 311 

evolve until spring 2013 when its development accelerated dramatically. 312 
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Initially, two holes appeared in the eastern depression flank marked by the highest 313 

topographic gradient as shown in the slope map of Figure 6b, which in turn accompanied by 314 

pronounced troughs and fractures. Subsequent extensive and deep fracturing developed along the 315 

depression’s southeastern border, where the subsidence was accelerating. 316 

Corresponding magnetic, gravity, seismic and geoelectrical signatures shown respectively in 317 

Figures 5a and 5b, Figure 6a and 6c, and Figure 7 provide insights on the sinkhole’s surface and 318 

subsurface features. At the surface, the depression’s boundary is well resolved by short wavelength 319 

vertical magnetic gradient anomalies (Figure 5a). These gradient anomalies are most likely due to 320 

the topographic scarp (Figure 3a and 3b) formed of high magnetic susceptibility topsoil. In addition, 321 

the boundary magnetic gradient anomalies and the depression’s major axis generally strike along a 322 

NNE-SSW to NE-SW direction commensurate with the strike of a fault that occurs a few hundred 323 

meters SW of the study area (Figure 1b, modified after De Filippis et al., 2013 a, b). Lower 324 

intensity linear magnetic features F1-F8 (Figure 5a) cross the depression at strikes N 150°, N 125° 325 

and N10° probably reflect concentrations of magnetic oxides along the fractures that accommodate 326 

the subsidence within the depression. Feature F7 intersects the northeastern boundary of the 327 

topographic scarp at Hole S1 whose bottom is also elongated along the magnetic feature’s general 328 

NW-SE strike. The small depressed area surrounding Hole S1 is also elongated in this direction 329 

(Figures 4c and 5a). 330 

The prominent gravity minimum in Figure 6a over the sinkhole attests to an underlying low-331 

density sedimentary deposit up to 40 m thick likely composed of alluvial, lacustrine, and 332 

epivolcanic materials, surrounded by the travertine lithoid and underlain by the Plio-Pleistocene 333 

sedimentary sequence (Italian Geological Map, Sheet 374 Roma, Scale 1:50.000). The eastern flank 334 

of the sinkhole is characterized by the steepest gradient gravity anomaly along the eastern flank of 335 

the sinkhole. This is also highlighted by the interpretative forward model in Figure 6b, where the 336 

deepened, lower density #3-layer is surrounded by the higher density  #4-layer.  337 

In consideration of the roughly 40-m of Travertine (Figure 1) and the P-wave seismic 338 

velocities (Figure 6c), the #4 layer most likely represents the lithoid travertine in the upper portion, 339 

whereas in the lower portion and underneath the depression it likely incorporates the Plio-340 

Pleistocene sedimentary sequence. This model also highlights the asymmetric deepening of the 341 

depression with the depocenter located in the eastern part of the depression. In addition, the RTP-342 

TMI field anomalies suggest the concentration of higher magnetic susceptibility material along the 343 

eastern sector of the depression on the sedimentary depocenter. 344 

The transition between high- and low-density materials overlaps the transition between high 345 

and low-resistivity rocks in the geoelectrical cross-sections (Figure 7). Moreover, the resistivity 346 
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values range from  < 30  m for the sinkhole’s fill to 800 <  < 1000  m for the surrounding 347 

calcareous and travertine country rocks, which is consistent with the lithotypes suggested from the 348 

gravity modeling. Profiles 1 and 2.1 show a funnel-like resistivity pattern with a steep, near vertical 349 

transition from higher to lower resistivities in the eastern flank. The seismic depth model (Figure 350 

6c) is also broadly consistent with the subsurface framework inferred from the other geophysical 351 

data. Seismic velocities within the depression are appropriated for the lithologies inferred from the 352 

gravity and geoelectrical investigations, including a sub-vertical discontinuity along the 353 

depression’s eastern side. Therefore, the geophysical data suggest the general absence of travertine 354 

within the depression although its presence in secondary cavities cannot completely excluded. 355 

The NE-SW orientation of the higher CO2 concentrations (Figure 8a) suggests preferential 356 

upwelling of the gas along fractures and discontinuities near the depression’s boundary. This results 357 

illustrates the utility of mapping of  CO2 for constraining the underlying structures of the sinkhole. 358 

 359 

6. CONCLUSIONS 360 

The GPS, geophysical and geochemical measurements of this study imaged common surface 361 

and subsurface features of a recently formed sinkhole in the Guidonia area. In particular, the 362 

measurements revealed an ellipsoidal depression with a NE-SW oriented major axis, and an eastern 363 

border characterized by a topographic scarp with near vertical geophysical discontinuities of the 364 

subsurface. The western border, by contrast, is marked with gentler gradients in topography and 365 

geophysical properties. At least 40 m of infill, probably of fluvial and/or lacustrine origins, is 366 

characterized by lower resistivity, density and seismic velocity values. More cohesive travertine and 367 

“testina” calcareous sands.Vertical magnetic gradient anomalies overlap  the flanks of the 368 

depression, as well as the related gravimetric, seismic and electrical resistivity signatures.  369 

In addition, the anisotropic distribution of CO2 in the soil confirms the presence of NE-SW 370 

striking fractures and increased gas emissions. These observations along with the inferred 371 

subsurface attributes of the depression suggest that local and regional faults system and other 372 

tectonics control on the depression’s formation (Argentier et al., 2004b). 373 

In general, the geophysical framework developed in this study suggests an overall absence 374 

of travertine within the depression. In the AAB, travertine overlies the Plio-Pleistocene marine and 375 

continental deposits (Faccenna et al. 2008), whereas the top of the Meso-Cenozoic marine 376 

carbonate deposits is ascribed to a depth of roughly 350 m (Di Nezza et al., 2010). Therefore, the 377 

inferred geological framework generally precludes the presence or formation of cavities below the 378 

depression. The time sequence of aerial photos indicates that the subsidence began after 1994, and 379 

was clearly apparent in the early 2000s, and accelerated in August 2013. This sinkhole development 380 
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reflects the extensive aquifer pumping related to quarrying activities which has lowered the ground-381 

water level (Capelli, 2006), thereby likely triggering compaction of the depression’s deposits. 382 

Accordingly, the above mentioned observations are ascribed to the development of a buried 383 

sinkhole (Waltham, 2008) which is continuously being monitored. Drilling is also being planned to 384 

detail the stratigraphy further to better constrain geophysical modeling of the geological and 385 

tectonic parameters that promoted the general absence of travertine in the study site. 386 

Clearly, sinkhole development significantly impacts local anthropic facilities (e.g., military 387 

airport, quarries, and roads) and seriously affects the area’s hazard and risk assessment efforts. 388 

Thus, efforts to investigate and monitor this sinkhole’s development need to continue into the 389 

immediate future. The present study furnished new elements for imaging sinkhole formation 390 

mechanisms and their relationships to the operational tectonic framework. 391 

 392 
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 602 

Figure Captions 603 

FIGURE 1 604 

(a) Regional tectonic and geological framework (modified after Faccenna et al., 2008; red dot 605 
representing the geographical position in the inset), with the red bordered box showing the AAB 606 
that includes (b) the study area (red oval) and shaded travertine plateau with superimposed isopach 607 
contours(modified from De Filippis et al., 2013a). 608 

FIGURE 2 609 

Orthophotographs in time sequence from the Regione Lazio data file; (a) a year 1994 photo of the 610 
study area before the surficial appearence of subsidence (red boundary); (b) a year 2003 photo after 611 
subsidence was initiated. 612 

 613 

FIGURE 3 614 
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(a) Digital elevation model (contoured color map) overlaid on the “Regional Technical Map” (CTR 615 
- 1:5000 scale) and geophysical measurements positions and depressions D1 and D2. The 616 
transparent dot line oriented N25E are the magnetic survey lines; the red, black and sky-blue dot 617 
respectively indicate the electrical resistivity profiles P.1, P2.1 and P2.2, while the AB line is where 618 
the seismic data were taken; (b) slope map (color raster representing the % of the degree of 619 
inclination of the topographic surface relative to the horizontal plane) overlaid on the “Regional 620 
Technical Map” (CTR - 1:5000 scale) and on the contouring of the Digital Elevation Model . 621 

FIGURE 4 622 

(a) Depression’s landscape with Holes S1 and S2, and its eastern flank highlighted by red dashed 623 
lines; (b) Holes S2 and the fracturing affecting the depression’s eastern and southeastern flanks; (c) 624 
photogrammetry map of Hole S1, including photos of Hole S1 recorded on Nov. 7th and December 625 
11th 2013, and the evolution model for the Hole S1. 626 

 627 

FIGURE 5 628 

(a) Vertical magnetic gradient anomalies, overlain on the “Regional Technical Map” (CTR - 1:5000 629 
scale), where dashed lines represent the depression’s rim magnetic signature, dotted lines its inner 630 
fracturing magnetic signature; (b) Reduced-to pole (RTP) magnetic anomalies adjusted for the map 631 
main field’s inclination of 54° and declination of 2°. 632 

 633 

FIGURE 6 634 

(a) Residual gravimetric Bouguer anomalies and the survey network with superimposed gravity 635 
discontinuities marked by red dashed double half ticks overlain on the “Regional Technical Map” 636 
(CTR - 1:5000 scale);. (b) 2D gravity model with density variation that account for the gravity 637 
observations along Profile AB (Figure 3a); c) corresponding seismic depth model derived from the 638 
arival Vp time. 639 

 640 

FIGURE 7 641 

Electrical resistivity tomographies (ERT) for (a) Profile P.1; (b) profile P.2.1; and  (c) profile P.2.2. 642 

 643 

FIGURE 8 644 

(a) CO2 distribution in the soil overlaid on the “Regional Technical Map” (CTR - 1:5000 scale); (b) 645 
normal probability plot of CO2 data, 646 


