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Sinkholes and other karst structures in settled carbonate lands can be a significant source of hazard for humans
and human works. Acque Albule, the study area of this work, is a Plio-Pleistocene basin near Rome, central Italy,
superficially filled by a large and thick deposit of late Pleistocene thermogene travertine. Human activities blan-
ket large portions of the flat territory covering most evidence from geological surface processes and potentially
inducing scientists and public officials to underestimate some natural hazards including those connected with
sinkholes. To contribute to the proper assessment of these hazards, a geomorphologic study of the basinwas per-
formed using digital elevation models (DEMs), recent aerial photographs, and field surveys. Historical material
such as old aerial photographs and past geomorphologic studies both pre-dating the most part of quarrying
and village building was also used together with memories of the elderly population. This preliminary study
pointed out the presence of numerous potentially active sinkholes that are at present largely masked by either
quarrying or overbuilding. Where this first study pointed out the apparent absence of sinkholes in areas charac-
terized by high density of buildings, a detailed subsurface studywas performed using properly-calibrated electri-
cal resistivity tomography (ERT) and dynamic penetration measurements (DPSH), together with some borehole
logs made available from the local municipality. This second study highlighted the presence of sinkholes and
caves that are, this time, substantially hidden to the resolution of standard methods and materials such as aerial
photographs, DEMs, and field surveys. Active sinkhole subsidence in the Acque Albule Basinmay explain, at least
in part, the frequent damages that affect numerous buildings in the area. The main conclusion from this study is
that the mitigation of sinkhole hazard in highly populated areas has to pass through a thorough search of (hid-
den) sinkholes that can be masked by the Anthropocenic molding and blanketing of the territory. For these pur-
poses, data from historical (pre-Anthropocene) documents as well as, where possible, subsurface investigations
are fundamental.

© 2015 Published by Elsevier B.V.
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1. Introduction

Sinkholes (or dolines) are depressions or holes in the ground gener-
ated by some form of slow subsidence or sudden collapse induced by
physical–chemical erosion of rocks in the shallow subsurface (Fig. 1).
Most sinkholes are caused by carbonate karst processes (i.e., chemical
dissolution of carbonate rocks), but these structures can similarly form
also in other rocks and minerals such as salt and gypsum. Sinkholes
may vary in size from a few to hundreds of meters both in diameter
and depth, and, as mentioned above, may form gradually or, more
often, through a sudden collapse. The formation of these latter sinkholes
can be dramatic, as the surface land usually stays intact until there is not
i Scienze della Terra, Università
enough support. At this time, a sudden collapse of the land surface can
occur with possible dramatic consequences for humans, buildings, and
infrastructures (Jennings, 1985; Gillieson, 1987; Ford and Williams,
1989; Faccenna et al., 1993; Salvati and Sasowsky, 2002; van Schoor,
2002; Waltham and Fookes, 2003; Williams, 2004; Beck, 2005;
Waltham et al., 2005; Yechieli et al., 2006; Ford, 2006; Gutiérrez et al.,
2007, 2009, 2014; Bruno et al., 2008; Faulkner, 2009; Valois et al.,
2011; Brinkmann, 2013; Ezersky and Frumkin, 2013; Gulley et al.,
2013; Siart et al., 2013; Carbonel et al., 2014a; Simón et al., 2014;
Poppe et al., 2015). Hence, populated sinkhole-prone areas necessitate
specific prevention and management measures (Sowers, 1996; Ford,
2006; Epting et al., 2009; Hao et al., 2009; Song et al., 2012; Siart et al.,
2013; Carbonel et al., 2014a,b; Gill and Malamud, 2014).

In central Italy, which is the carbonate sinkhole-prone study area of
this paper (Fig. 2), sudden occurrences of sinkholes have happened on
several occasions in recent and historical times (Faccenna et al., 1993;
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Fig. 1. Conceptual sketches of two types of buried (hidden) sinkholes (modified from and inspired by Ford and Williams, 1989, Gunn, 2004, Waltham et al., 2005, and Nisio et al., 2007).
These types of sinkholes are common in the travertine substratum of the Acque Albule Basin and visible along the travertine quarry walls (Figs. 2–5). (a) Buried (hidden) cave-collapse
sinkhole filled by soil and regolith after (and partly before) the collapse of the carbonate vault. (b) Buried (hidden) solution sinkhole (also commonly known as doline) filled by soil and
regolith after the chemical (and partly physical) erosion of the carbonate substratum. Both sinkholes in (a) and (b) are drawn as apparently inactive (i.e., no surface depression).
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Salvati and Sasowsky, 2002; Nisio et al., 2007; Nisio, 2008; Caramanna
et al., 2008; Centamore et al., 2009; Guarino and Nisio, 2012; Amanti
and Nisio, 2013; Billi et al., 2014; Ciotoli et al., in press). Sinkholes, how-
ever, are dangerous and harmful for humans and humanworks not only
when the collapse abruptly occurs, but also after the collapsewhen they
are totallyfilled, apparently extinct, and de facto hidden (Fig. 1). Thefill-
ing, in fact, can be made of unconsolidated soft clay-to-sand allogenic
deposits and soil (regolith) thatmay easily be compacted and depressed
under the load of a construction or may be the locus of a new sudden
collapse through the slow process of suffosion or, more in general,
through sinkhole rejuvenation processes (i.e., cover-collapse sinkhole
and cover-subsidence sinkhole; Waltham et al., 2005; Ford, 2006;
Koutepov, 2008; Zhou and Beck, 2008; Billi et al., 2014). Suffosion, in
particular, occurs when loose soil or other non-cohesive material that
lies on top of a karst-carved limestone substratum containing fissures
and joints is gradually washed downward through the fissures and
into the caves beneath, thus creating a depression on the landscape of
varying depth and diameter.
Fig. 2.Geological setting of the geothermally- and seismically-active Acque Albule Basin close to
Pleistocene thick (maximum thickness: c. 90 m) thermogene travertine deposit (Faccenna et a
All the above-mentioned phenomena leading to sinkhole forma-
tion can be highly favored by geothermal and seismic processes lead-
ing to, for instance, pressurized geothermal circulation or seismic
shaking (Heidari et al., 2011; Santo et al., 2011; Sella et al., 2014).
The case of slow compaction and subsidence on top of sinkholes
filled by ground and regolith under the load of multi-story buildings
in a geothermal-seismic area seems to be the case of the densely-
populated and (in places) overbuilt Acque Albule Basin, Tivoli, cen-
tral Italy (Fig. 2). This is a Plio-Pleistocene basin near Rome, partly
filled by a late Pleistocene travertine large deposit that is a few tens
of meters thick and on the order of 1 km3 in volume (Maxia, 1950;
Faccenna et al., 1994, 2008; De Filippis et al., 2013a,b). The travertine
originated by the subsurface circulation through the Meso-Cenozoic
marine carbonates of groundwater enriched in CO2 and other endo-
genic elements by the nearby quiescent and degassing Colli Albani
volcano (Manfra et al., 1976; Minissale et al., 2002; Vignaroli et al.,
2015). The geothermal circulation is still active and inverse erosion
(bottom-up) is one of the causes of carbonate chemical dissolution
Rome (c. 25 kmdistant), central Italy. In its upper section, the basin is largely filled by a late
l., 2008), which is rich in various karst features and sinkholes (Figs. 3–5).
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and sinkhole formation (Billi et al., 2007; see also Frumkin et al.,
2015).

The Tivoli travertine deposit is known from large exposures in huge
active quarries (Fig. 3) and inferred in the shallow subsurface from
boreholes and geophysical data in the area surrounding the quarries
(Faccenna et al., 2008). In the quarry exposures aswell as over the topo-
graphic surface, filled sinkholes and other karstic structures are clearly
visible (Figs. 3, 4, 5b–d) and constitute an important comparison term
Fig. 3. Photographs of travertine exposures and related karst structures in the Acque Albule Bas
photograph. The travertine succession is characterized by a compact poorly- to non-porous thi
named “testina” that is up to a fewmeters thick. The testina travertine is usually overlain by re
depending upon the presence of karst structures. (c) Filled sinkhole within the testina travert
below the testina. (e) Karst cavity filled by allogenic deposits within the compact travertine
travertine. (g) Large solution sinkhole filled by soil and regolith in the shallow portion of th
acquisition of ERT and penetration data (DPSH) as explained in the text and in the following fi
to correctly interpret the borehole and subsurface geophysical data
where the travertine is not exposed. In the basin, in effect, where the
travertine body is not quarried and appears as mostly covered by soil,
regolith, and cement, some recent buildings are slowly sinking and are
affected by fractures and other damages (Brunetti et al., 2013; De
Filippis et al., 2013c; Floris et al., 2014; Bozzano et al., 2015). The
study of pre-construction aerial photographs (taken in 1943) revealed
that some of these edifices were built right on top of void sinkholes
in quarries. (a) Panoramic view of a travertine quarry. (b) Enlargement from the previous
ck travertine deposit that is usually overlain by a very porous poorly-cemented travertine
golith and soil for a thickness between a few centimeters and a few meters or even more
ine. (d) Filled karst cavity (future potential sinkhole) within the compact travertine lying
. (f) Karst cavity filled by allogenic deposits and travertine breccia within the compact
e travertine deposit. We used this quarry wall exposure as the calibration site for the
gures.



Fig. 4. Further photographs of travertine exposures and related karst structures in the Acque Albule Basin quarries. These photographs and those of Fig. 3 are useful to interpret the
subsurface data presented in the next figures. (a) Large unfilled karst cavity. (b) Karst cavities filled by travertine clasts and blocks (breccia) and by travertine cement. (c) Enlargement
from the previous photograph showing the travertine filling within a karst cavity. (d) and (e) Karst cavities filled by travertine clasts and blocks (breccia) and by travertine cement.

66 A. Billi et al. / Geomorphology 255 (2016) 63–80
(compare Fig. 5a vs. b and c vs. d), which must have therefore been ar-
tificially filled before the edifice construction. In the same area, howev-
er, there are numerous other buildings that are sinking or have sunk for
apparently no reason, suggesting the presence of hidden sinkholes or
similar karst structures in the shallow subsurface that may be danger-
ous for human surface activities (Brunetti et al., 2013; Billi et al., 2013;
De Filippis et al., 2013c; Floris et al., 2014; Bozzano et al., 2015). More-
over, the Acque Albule Basin and the nearby Apennines fold–thrust
belt are seismically-active areas (Gasparini et al., 2002; Chiarabba
et al., 2009; for the corresponding seismic classification the reader is re-
ferred to http://zonesismiche.mi.ingv.it/). Seismic shakingmay have fa-
vored in the past, and may favor in the future, both the sudden collapse
of sinkholes and the gradual subsidence of sinkhole-filling-ground. Sim-
ilarly, the pressurized aggressive geothermal circulation of the Acque
Albule Basin may enhance karst dissolution and suffosion processes
(e.g., Billi et al., 2007, 2014; Caramanna et al., 2008; Santo et al., 2011;
Ciotoli et al., 2013; Pirro et al., 2013; Sella et al., 2014; Bigi et al., 2014).

For the above-reported reasons, the Acque Albule Basin in the Tivoli
area (Fig. 2) is an excellent case history where searching, discovering,
and studying hidden sinkholes or similar karst structures in the shallow
subsurface of a densely populated surface and learning how to manage
or at least assess this environmental source of hazard (e.g., Zhou and
Beck, 2008; Carbonel et al., 2014b). Ourmain aim, in particular, is to un-
derstand whether standard aerial photographic studies together with
digital elevation model (DEM) analyses and field surveys can be suffi-
cient to constrain the presence of buried (hidden) sinkholes and caves
(i.e., future potential sinkholes) or whether further analyses are neces-
sary. To do so, firstly, we have performed a general geomorphologic
study of the Acque Albule Basin using standard methods and materials
such as aerial photographs, DEMs, andfield surveys.Wehave integrated
thismaterial with historical pre-quarrying and pre-building documents.
This first study has highlighted the presence of numerous visible or
recently-visible sinkholes. Secondly, where our first study pointed out
an apparent absence of sinkholes in areas characterized by high density
of buildings, we have performed a detailed subsurface study using
properly-calibrated electric resistivity tomography (ERT) and penetra-
tion methods (DPSH) as well as borehole logs from nearby areas. Also
this second study has highlighted the presence of sinkholes and caves
that are, this time, substantially hidden to the resolution of standard
methods and materials. We believe that our results can be useful in un-
derstanding how to manage and assess the environment in overbuilt,
highly-populated, sinkhole-prone, geothermal-seismic areas such as
the Acque Albule Basin and elsewhere (e.g., Zhou and Beck, 2008;
Harley et al., 2011; Carbonel et al., 2014a,b).

2. Geological setting

The Acque Albule Basin is located in the western (Tyrrhenian) por-
tion of the central Apennines fold–thrust belt (Italy), which grew with
an eastward piggy-back sequence of thrust sheets during late
Miocene–Pliocene time. Thewestern portion of this belt has undergone
post-orogenic extensional tectonics since about Messinian–Pliocene
time onward connected with the opening, toward the west, of the
Tyrrhenian back-arc basin (Patacca et al., 1992; Cavinato and DeCelles,
1999; Billi et al., 2006; Billi and Tiberti, 2009). This extensional regime
caused the formation of numerous Pliocene–Quaternary sedimentary
basins andmagmatic districts all along the Tyrrhenian–Apennines mar-
gin (e.g., Acocella and Funiciello, 2006; Rossetti et al., 2007). One of
these districts includes the quiescent Colli Albani volcano and the adja-
cent peri-volcanic hydrothermal area of the Acque Albule Basin
(Faccenna et al., 2008; Vignaroli et al., 2015).

The Acque Albule flat area hosts a sedimentary basin of Plio-
Pleistocene age (Fig. 2). The basin is circa 30 km2 in horizontal areal ex-
tension, circa 60m in altitude a.s.l., and it is filled, in its upper section, by
a large and thick travertine body of late Pleistocene age and thermogene
origin (Figs. 3, 4). Aswewill show in the following, this deposit is rich in
various karst features and sinkholes (Figs. 4, 5; Salvati and Sasowsky,
2002; Billi et al., 2007; Caramanna et al., 2008; Faccenna et al., 2008;

http://zonesismiche.mi.ingv.it


Fig. 5. (a) Aerial photograph (from Bing Maps) of the Villalba village area in the Acque Albule Basin (see location in Fig. 2). (b) Excerpt from the geomorphologic map of Maxia (1950),
showing a series of circular depressions (sinkholes) and other geomorphologic structures in the Villalba area before the edification of the village, which has mostly grown since about
1960s. Note that the areas shown in panels (a) and (b) are roughly the same. (c) Geomorphic map of the Villalba area (excerpt from Fig. 7). See location of this image in panel (a).
(d) Aerial photograph of the Villalba area taken by the RAF (Royal Air Force) in 1943 before the construction of the village. Note the presence of void holes (sinkholes) over the land
where edifices presently occur (see panel c). Note that the areas shown in panels (c) and (d) are roughly the same.
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Argentieri et al., 2015). The subsurface thickness of the travertine,
which is flat to gently-dippingwith no topographic prominences except
for the Colle Fiorito ridge (see Fig. 2; De Filippis et al., 2013a), is on av-
erage circa 50 m and up to about 90 m at its maximum coinciding
with one or more seismically-active faults lying beneath the travertine
deposit. This deposit lies over a sequence of marine and continental
clays, sands, and conglomerates of Plio-Pleistocene age alternated, in
the upper portion, with Pleistocene volcanic products deriving from
the nearby active or recently-active (quiescent) Colli Albani and Sabati-
ni volcanic districts. The travertine deposit, which is very compact and
strong, is usually covered by a few meters of a poorly-cohesive and
poorly-diagenized travertine, locally named testina (Fig. 3a–b). The
testina, in turn, is covered by the regolith and recent-to-present soil
that can be a few decimeters to a few meters thick (Fig. 3c, g; Maxia,
1950; Faccenna et al., 1994, 2008; Gasparini et al., 2002; De Filippis
et al., 2013a,b).

The Acque Albule Basin and nearby areas are characterized by in-
tense karst processes with formation of numerous structures including
sinkholes and caves (Figs. 3, 4, 5). Some of these structures are clearly
visible on the surface (Fig. 5) and host, in some instances, geothermal
springs and lakes (e.g., Colonnelle and Regina lakes; Fig. 2) or dried
lakes presently filled by continental deposits (e.g., Tartari and Pantano
lakes; Fig. 2) (Billi et al., 2007; Nisio et al., 2007; Nisio, 2008;
Caramanna et al., 2008; Centamore et al., 2009; Guarino and Nisio,
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2012; Amanti and Nisio, 2013; Argentieri et al., 2015). The basin subsi-
dence, hydrothermal circuit and, consequently, travertine formation
have been controlled by the presence and activity of faults beneath
and along the boundaries of the basin. The main faults are N–S-striking
with a right-lateral strike-slip to transtensional kinematics. Other asso-
ciated faults are NE-striking with an oblique to normal kinematics. The
main N–S-striking strike-slip fault is documented on outcrops of the
Lucretili Mts. immediately to the north of the basin, whereas the fault
southward prolongation beneath the basin coincides with the two
main thermal springs (i.e., Colonnelle and Regina lakes; Fig. 2)
(Maiorani et al., 1992; Faccenna et al., 1994, 2008; Billi et al., 2007; De
Filippis et al., 2013a,b).

The Acque Albule Basin is a low seismicity area (Gasparini et al.,
2002; Frepoli et al., 2010). In 2001–2002, in particular, a long-lasting
seismic sequence was recorded using the national seismic network
and an additional local temporary one. Results showed that the shallow
earthquake hypocenters (2 km deep at the most) were aligned along
one of the known faults in the basin (Gasparini et al., 2002). Moreover,
it is important to mention that the pressurized local geothermal circuit
can be influenced by intermediate and strong (4–6 Mw classes) earth-
quakes usually occurring in nearby regions (i.e., central Apennines and
Colli Albani volcano; Frepoli et al., 2010). For instance, the seismic
waves generated by the 2009 L'Aquila earthquake (Mw 6.3; Chiarabba
et al., 2009) provoked piezometric variations in the Acque Albule
Basin, probably connected with transient changes of permeability (La
Vigna et al., 2012, 2013a; see also Plastino et al., 2010, 2011). Moreover,
in the same occasion, a remarkable transient increase of degassing
(mostly CO2 accompanied by minor H2S) from the Acque Albule geo-
thermal springs (in particular, from the Colonnelle and Regina lakes)
was observed. Due to the gas hazard, the area of the geothermal springs
was strictly forbidden to people for a period of a few days after the 2009
L'Aquila earthquake, whose epicentral area is located c. 70 km to the
northeast of the Acque Albule Basin.

The hydrogeological and geothermal regime of the Acque Albule
Basin is dominated by the large carbonate recharge area (Apennines
Mts.) to the north, northeast, and east of the basin (i.e., the Apen-
nines fold–thrust belt) and by the presence of N- to NE-striking faults
and damage zones (Billi et al., 2007; e.g. Billi and Salvini, 2000) that
carry a large amount of groundwater (partly heated by the nearby
quiescent volcanic districts) toward the basin, where the water dis-
charge is huge, around 5 m3/s. The groundwater mainly travels in
carbonate karst aquifers and, approaching the Acque Albule Basin,
is enriched in the subsurface by CO2, S, and other gases and volatile
elements deriving from the degassing processes active all around
the adjacent hydrothermally-active Colli Albani volcano. These geo-
thermal waters are characterized by a low thermality (c. 22.5 °C)
and are rich in CO2, H2S, Fe, and other elements (Capelli et al.,
1987; Carucci et al., 2012; Brunetti et al., 2013; Di Salvo et al.,
2013; La Vigna et al., 2013b). The groundwater chemical content
from the Regina Lake (see Fig. 2 for location) is presented in
Table 1 (La Vigna et al., 2012).

The hydrogeology of the Acque Albule Basin is characterized by two
main hydraulically-connected aquifers: the deep one is thermal and
partly confined into the km-thick carbonate bedrock of Meso-
Cenozoic age, whereas the shallow one is unconfined in the Pleistocene
travertine. The two aquifers are separated by a non-continuous clayey
aquiclude (La Vigna et al., 2013a). The shallow aquifer is, at present,
strongly dewatered by travertine quarry activities (Brunetti et al.,
2013; Floris et al., 2014; Bozzano et al., 2015; Del Bon et al., 2015).
Table 1
Chemical data (La Vigna et al., 2012) for the Regina Lake (see location in Fig. 2) waters. Each v

Sampling date (year) No. of samples T
(°C)

pH Eh
(mV)

EC
(mS/cm)

Na+

(mg/l)

2008 4 22.2 6.2 −9 3.5 131
3. Geomorphologic map of the Acque Albule Basin

3.1. Workflow and method

We started our work on hidden sinkholes and other karst structures
of the Acque Albule Basin by compiling a general geomorphologic map
of this area. To study themain geomorphologic features, we used a dig-
ital elevation model at a horizontal resolution of 20 × 20 m and a max-
imum vertical resolution of 5 m created after the digitalization of
contour lines and elevation points from topographic maps at the
1:25,000 scale provided by IGMI (Istituto Geografico Militare Italiano;
Fig. 6).We then used different sets of aerial photographs and images in-
cluding the 1943 RAF (Royal Air Force survey, July–November 1943;
Fig. 5d) set, the IGMI (1984–1985) set, and twomost recent sets derived
from satellite imagery of GoogleMaps and BingMaps. The set from IGMI
was, in particular, analyzed under stereoscopic view. To map and study
the geomorphologic features evident prior than the largest part of quar-
rying and edifice building occurred, we used the 1943 RAF set of aerial
photographs (e.g., Fig. 5d) and the results from the geologic–geomor-
phologic work realized by Maxia (1950); e.g. Fig. 5b). Moreover,
where possible, we interviewed local elderly inhabitants who provided
important information about pre-setting geomorphology of the sur-
rounding countryside and about past natural phenomena such as ter-
rain collapses and depressions, earthquakes, and hydrological regime
changes. Thesememories, together with the collected historical materi-
al, allowed us to generate a geomorphologic map of the study area
(Fig. 7), despite its present massive overbuilding and quarrying. Finally,
we have corroborated and integrated the remote geomorphologic study
with field surveys and in situ geomorphic mapping at various scales
(around 1:5000 or larger) depending on the situations.

3.2. Results

The Acque Albule Basin is characterized by a generally flat to gently-
dippingmorphology (Fig. 6) that roughly coincides with the top surface
of the southward-prograding travertine deposit (Faccenna et al., 2008)
with its covering regolith and present soil. The western portion is char-
acterized by altitudes between about 30 and 100 m a.s.l. and slope gra-
dients lower than about 4% generally toward the south and south-east.
The eastern portion is characterized by altitudes between about 30 and
80 m a.s.l. and slope gradients lower than about 2% toward the south
and south-east. As mentioned above, this slope gradient roughly coin-
cides with that of the underlying travertine clinostratification
(Faccenna et al., 2008). The only morphological prominence in the
study area is, toward the north-west, the N–S-oriented Colle Fiorito
ridge (Figs. 6, 7), which was studied previously and interpreted as a
travertine fissure ridge grown on top of the sequence of marine and
continental deposits of Plio-Pleistocene age, aside the main travertine
body that fills the Acque Albule Basin toward the east (De Filippis
et al., 2013a).

The surface hydrographic network is poorly developed, probably for
the presence of awell-developed sub-surface karst network in the Pleis-
tocene travertine deposit (Figs. 3, 4) and in the underlying Meso-
Cenozoic thick carbonate succession (Capelli et al., 1987). Toward the
south, the Aniene River is the major hydrographic feature in the area
and, with its length of c. 100 km, hydrographic basin of c. 1400 km2,
and annual average discharge of c. 35 m3/s, it is one of the main rivers
of central Italy. In the Acque Albule Basin, this river drains the majority
of both surface and subsurface waters (Capelli et al., 1987).
alue is the mean of four values corresponding to four seasonal samplings during 2008.

K+

(mg/l)
Ca2+

(mg/l)
Mg2+

(mg/l)
HCO3−

(mg/l)
SO4

2−

(mg/l)
Cl−

(mg/l)
As
(μg/l)

PCO2

(atm)

28 620 127 1616 803 154 120 0.59



Fig. 6. Digital elevationmodel of the Acque Albule Basin showing the general morphology
of the study area (20m of horizontal resolution and 5m of maximum vertical resolution).
Note, in particular, the southward gentle topographic gradient of the basin corresponding
to a similar gentle clinostratification dip (i.e., same direction and dip) of the travertine
beds prograding toward the south. Except for the Colle Fiorito ridge (interpreted as a fis-
sure ridge travertine in De Filippis et al., 2013a), the travertine body filling the Acque
Albule Basin forms no relieved topography.
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The Acque Albule Basin is affected by numerous natural depressions
(sinkholes), most of which are characterized by circular or quasi-
circular shapes, sharp rims in places, and diameters ranging between a
few meters and almost 1 km (Fig. 7; see also Fig. 5b, d). Some of these
depressions are known as present (e.g., Regina and Colonnelle lakes)
or past lakes presently dried (e.g., Inferno and Tartari lakes). The depres-
sions are particularly frequent in the areas of the Villanova, Villalba, and
Castell'Arcione villages and Guidonia town,where the depressions have
been mostly obliterated by the overbuilding. Other swarms of circular
depressions are present in the Inferno Lake locality and in the quarry
area, where these depressions have been completely obliterated by
the quarrying (Fig. 7).

Further interesting geomorphic features observed in the Acque
Albule Basin are small (less than about 3 m in diameter and 2 m in
height) circular or quasi-circular conical or truncated-conical promi-
nences. There are at least two main swarms of these features, which
are located along the Colle Fiorito ridge and immediately to the south-
west of the Guidonia airport runway (see dots in Fig. 7). As pointed
out in previous work (De Filippis et al., 2013a), we interpret these fea-
tures as connected with recent geothermal springs and degassing phe-
nomena. Locality names such as “Il Bollente” (meaning “the boiling
locality”) or “Acque Albule” (meaning “whitish waters”) together with
other geological evidence provided by De Filippis et al. (2013a) suggest
that this interpretation is correct.

Fig. 7 shows that circular depressions possibly connected with karst
processes are common andwidespread in the basin; however, these de-
pressed structures are not homogeneously distributed and are appar-
ently lacking in some areas. To understand whether in these latter
areas, sinkholes and other karst structures are absent in the subsurface
or otherwise are present but could not be sensed by the methods used
so far by us (remote and field surveys), we choose one of these areas
(i.e., the Villalba village; Fig. 7) and used subsurface geological and geo-
physical methods to explore the occurrence of hidden subsurface karst
structures. Villalba village was chosen due to the presence of buildings,
which are, in some instances, sinking anddamaged, and for its high pop-
ulation density. The results of this second phase of investigation are de-
scribed in the next section.

4. Subsurface investigation of the Villalba village

4.1. Workflow and methods

4.1.1. Workflow
For our detailed subsurface study, we chose the Via Udine locality in

the Villalba village. In this locality, which is apparently lacking in (ac-
tive) karst-related depressions and is richly populated and overbuilt
(Figs. 5a, 7, 8a), we acquired six ERT cross-sections and completed
seven penetration tests (DPSH). We calibrated the ERT cross-sections
and penetration test results by running a ERT cross-section and two
penetration tests in a nearby locality in the Acque Albule Basin, where
the subsurface geology, whichmainly consists of travertine beds affect-
ed by a large regolith-filled solution sinkhole, is exposed thanks to the
presence of adjacent quarries (i.e., the quarry wall shown in Fig. 3g).
Furthermore, we corroborated this calibration with results from previ-
ous ERT studies in similar settings (i.e., travertine beds affected by
regolith-filled sinkholes) of the Acque Albule Basin (De Filippis et al.,
2013a; Argentieri et al., 2015) and by borehole logs available for the Vil-
lalba village area, as explained below.

4.1.2. Geophysical methods
Before explaining the methods that we used in this work (see the

following sections), as a reference guide, we here mention and briefly
describe all the main subsurface geophysical methods so far used to in-
vestigate hidden sinkholes (for reviews and applications see Stierman,
2004; Waltham et al., 2005; García-Moreno and Mateos, 2011;
Margiotta et al., 2012; Gutiérrez et al., 2014): (1) electrical resistivity
(e.g., Zhou et al., 2002; Ahmed and Carpenter, 2003; Epting et al.,
2009; Frumkin et al., 2011; Valois et al., 2011; Carbonel et al., 2013;
Lollino et al., 2013); (2) ground penetrating radar (e.g., Batayneh
et al., 2002; Tallini et al., 2006; Pueyo-Anchuela et al., 2010; Frumkin
et al., 2011); (3) seismic reflection (e.g., Sargent and Goulty, 2009;
Krawczyk et al., 2012); (4) seismic refraction (e.g., Higuera-Diaz et al.,
2007; Frumkin et al., 2011; Valois et al., 2011; Samyn et al., 2014);
(5) gravimetry (e.g., Patterson et al., 1995; Buttrick and van
Schalkwyk, 1998; Matthews et al., 2000; Tuckwell et al., 2008;
Kaufmann and Romanov, 2009; Argentieri et al., 2015); and (6)magne-
tometry (e.g., Thierry et al., 2005; Argentieri et al., 2015).

(1) In electrical resistivity surveys, which we used in this work
(see the following sections), the electrical resistance of differ-
ent rock masses and layers is used to detect and map subsur-
face geological features such as sinkholes. This method
provides very clear and easy to interpret data in the case of a
marked difference of electrical resistances such as the cases
of sinkholes filled by air or water. In the first case, the resistiv-
ity will be very high (air) compared with that of humid sur-
rounding rocks, whereas it will be very low in the second
case (water) compared with that of the surrounding poorly-



Fig. 7.Geomorphicmap of the Acque Albule Basin.Morphological features aremapped over a recent aerial photograph fromGoogle Earth. Due to the recent overbuilding and quarrying of
large sectors of the Acque Albule Basin, most geomorphologic features have been detected using pre-construction and pre-quarrying material such as old aerial photographs (RAF, Royal
Air Force photograph of 1943) and geomorphic maps (Maxia, 1950).
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porous rock. This method has been successfully applied sever-
al times to sinkhole searches (e.g., Zhou et al., 2002).

(2) In ground penetrating radar (GPR) surveys, high-frequency
(usually polarized) radio waves, normally in the 10 MHz to
1 GHz range, are transmitted into the ground. When the
waves encounter a boundary between geological media hav-
ing different dielectric constants, the waves are reflected,
refracted, or scattered back to the surface, where a receiving
antenna will record the variations in the return signal. This
method can be well used in the case of geological bodies
with different dielectric constants (e.g., water- or air-filled
sinkholes) and has been successfully applied to sinkhole
searches (e.g., Frumkin et al., 2011).

(3) Similarly to the previous method, in seismic reflection sur-
veys, seismic waves are transmitted into the ground through
a seismic source of energy such as dynamite, air gun, or seis-
mic vibrator. The waves reflected by the boundary between
geological media having different rheological properties
(i.e., velocity of seismic waves) are recorded by geophones
and processed to map the subsurface geological boundaries.



Fig. 8. (a) Locationmap (from BingMaps) of boreholes in the Villalba village (ViaMolise locality; see location in Fig. 5a) used to construct the borehole correlation schemes of next figure.
(b) Borehole correlation schemes (see tracks in the previousfigure) beneath ViaMolise locality, Villalba village. Note the presence of a huge buried (hidden) solution sinkhole that is about
25 m deep.
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This method is rarely used in sinkhole surveys, although some
recent successful applications in this field are known
(e.g., Sargent and Goulty, 2009; Krawczyk et al., 2012).

(4) Similarly to the previous method, in seismic refraction sur-
veys, seismic waves are transmitted into the ground through
a seismic source of energy. Instead of reflected waves, the
seismic refraction method uses the refraction of seismic
waves on geological layers to characterize the subsurface geo-
logical setting, where layers with different velocities of the seis-
mic waves are recognized and mapped. Also this method is
rarely used in sinkhole surveys, although some recent successful
applications in this field are known (e.g., Higuera-Diaz et al.,
2007; Frumkin et al., 2011; Valois et al., 2011; Samyn et al.,
2014).
(5) In gravimetric surveys, the subsurfacemass distribution is inves-
tigated and defined. Gravity surveys are based on the fact that
different geological bodies can have different densities. The fun-
damental physical law behind this method is, in fact, that of
Newton (Newton's law of universal gravitation), describing the
force of attraction and therefore the acceleration between two
masses within a certain distance. The gravimetric method has
been successfully applied in the case of sinkholes empty (filled
by air) or filled by water or by loose material (regolith) with
density markedly lower than the density of the host rock
(e.g., Argentieri et al., 2015).

(6) In magnetic surveys, the spatial variation of the Earth's magnetic
field is recorded to detect andmap geological features character-
ized by a differential in the magnetic properties. Magnetic
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surveys may use a single sensor to determine the total magnetic
field strength or may use two or more separated sensors to de-
termine the gradient of themagnetic field. Themagneticmethod
is rarely used in sinkhole surveys for the slight differences in the
magnetic properties of sinkhole filling and host rock; however,
some recent successful applications to this field are known
(e.g., Thierry et al., 2005; Argentieri et al., 2015).
Fig. 9.Calibration of electrical resistivity tomography (ERT) cross-sections and penetrationmeas
tests P102 and P103 (Table 3) in the quarry area of the Acque Albule Basin (see Fig. 7 for location
brown sediments. (e) ERT 100 cross-section acquired on top of the huge filled sinkhole (see ERT
probing super heavy, DPSH). The diagrams show number of blows per 20 cm of vertical penetr
with thepenetration and ERT results, it is inferred that the travertine top occurswhere the numb
resistivity is larger than 20 Ω m. (g) P. Sella (left) and A. Billi (right) while calibrating and prob
4.1.3. Borehole stratigraphic logs
Unfortunately, in the Via Udine locality, there are no borehole logs

available to draw a general setting of the subsurface geology; however,
we were able to find a good set of borehole logs for a locality about
400 m to the south of Via Udine, namely in the Via Molise locality of
the Villalba village (Fig. 8a). The logs come from the technical office
building of the local municipality and we show them in three cross-
urements (DPSH). (a), (b), (c), and (d): locationmap of ERT 100 (Table 2) and penetration
). Note in (c) and (d) the presence of at least one huge solution sinkhole filled by allogenic
100 track in previous figures). (f) Results from P102 and P103 penetration tests (dynamic

ation (horizontal) vs. depth (vertical). See test location in (a). Comparing the photographs
er of blowsper 20 cmof vertical penetration is greater than50–70 andwhere the electrical
ing this calibration site.
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sectional correlation schemes that mimic subsurface geological cross-
sections (Fig. 8b). These logs are useful to know the shallow subsurface
setting of the Villalba village and to correctly interpret the ERT cross-
sections (Figs. 9, 10, 11), whichwe acquired in a presumably similar set-
ting.We acknowledge that, for these borehole logs, only the stratigraph-
ic data and descriptions (depth and lithology) are available. No further
instrumental borehole data are available.
Fig. 10. (a) Locationmap (see area location in Fig. 8a) for six ERT (electrical resistivity tomograph
and in Fig. 11 (Via Udine locality, Villalba village). (b) ERT cross-sections. The travertine baseme
than circa 20Ω m as also demonstrated by the penetration tests (Fig. 11b). Depressions of the
could be better defined as clay-filled caves or cavities that may become future sinkholes. Layer
resistivity layer probably made of clay-rich regolith and soil. Layer-3 is a high resistivity layer st
travertines).
4.1.4. Electrical resistivity method (ERT)
Weused the ERTmethod to obtain information about the lateral and

vertical distribution of shallow rock resistivity in the Via Udine locality.
We determined the subsurface resistivity distribution by making mea-
surements on the ground surface with an electrical device. We then es-
timated the true resistivity distribution of the subsurface rocks from
these measurements (Barker, 1992). The geoelectric method can
y) cross-sections (Table 2) and sevenDPSHpenetration tests (Table 3) shown in thisfigure
nt (undifferentiated testina plus compact travertine) is represented by a resistivity greater
resistivity isolines are indicated as possible clay-filled sinkholes. Some of these structures
-1 is made of anthropic backfill and/or travertine surface crusts (caliche). Layer-2 is a low-
arting at about 5 m depth and it is made by themain travertine body (testina and compact



Fig. 11. (a) ERT cross-sections (see location in Fig. 10a and Table 2). The travertine basement (undifferentiated testina plus compact travertine) is represented by a resistivity greater than
circa 20 Ωm as also demonstrated by the penetration tests (Fig. 11b). Depressions of the resistivity isolines are indicated as possible sinkholes. Some of these structures could be better
defined as clay-filled caves or cavities that may become future sinkholes. Note the different lengths and depths of the cross-sections (Table 2). Layer-1 ismade of anthropic backfill and/or
travertine surface crusts (caliche). Layer-2 is a low-resistivity layer probablymade of clay-rich regolith and soil. Layer-3 is a high resistivity layer starting at about 5m depth and it ismade
by the main travertine body (testina and compact travertines). Layer-4 occurs at depths deeper than c. 17.5 m and could be ascribed to the presence of low resistivity rocks such as clays
(filling caves?) or to the presence of the unconfined aquifer in the travertine (La Vigna et al., 2013b) or both. Groundwater in the Acque Albule Basin is, in effect, characterized by high
mineralization (circa 3.5 g/l; La Vigna et al., 2012), which can strongly influence (reduce) rock electric resistivity. (b) Results from dynamic probing super heavy (DPSH) tests
(i.e., number of blows per 20 cm of vertical penetration vs. depth). See test location in Fig. 10(a) and Table 3. The top of the travertine layer (Layer-3) is usually at c. 3 m depth except
where sinkholes occur increasing the depth at which the travertine top occurs (i.e., see the shading indicating the sinkhole zone).
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identify rock layers and masses of significantly different resistivities
such as clays, marls, sands, sandstones, limestones, and water-
saturated soils and rocks. For this reason, this method is one of the
most frequently used for site investigation in karst areas (e.g., Zhou
et al., 2000; Schwartz and Schreiber, 2009; Youssef et al., 2012;
Martínez-Moreno et al., 2013; Carbonel et al., 2014a,b), particularly
where the regolith overlying the carbonate is clay-dominated (Cook
and VanNostrand, 1954), as it occurs in the Via Udine locality. The elec-
trical resistivity of carbonate rocks is, in general, significantly higher
than the one of clayey soil and regolith because carbonates have much
smaller primary porosity and fewer interconnected pore spaces. The re-
sistivity is slightly reduced in travertineswith respect tomarine carbon-
ates. Travertines are, in effect, carbonate rocks that can be significantly
more porous than marine compact limestone (Ronchi and Cruciani,
2015). The resistivity contrast between travertine and clayey sediments
is, however, marked, with travertine being characterized by a resistivity
over about 20–25 Ω m and clayey regolith by a resistivity in the 0–
15 Ω m range (De Filippis et al., 2013a). As a comparison term, we ac-
knowledge that, in a similar setting within the Acque Albule Basin,
Argentieri et al. (2015) have recently found that the resistivity of a
sinkhole-filling regolith (calibrated through in situ direct investigations
in holes digging down into the filled sinkhole) is in the 0–20Ωm range,
whereas the resistivity of the host travertine is over 20–25Ωm. Such a
contrast in resistivity values favored the use of the resistivitymethod to
delineate the boundary between the travertine bedrock and clayey
overburden (regolith) below Via Udine (Figs. 10, 11).

We acquired the ERT cross-sections using a PASI (16S24N model)
electrical device enabling the use of up to 48 electrodes. We used the
32- and 48-electrodes settings depending on the site conditions. We
varied the separation between electrodes between 1 and 4m so to real-
ize resistivity sections of different lengths (32 to 188 m) and depths (6
to 35 m) (Table 2). In each cross-section, we applied both the Wenner
and the Schlumberger electrode configuration (Loke and Barker, 1996;
Loke, 1996), carrying out the measurements at a constant potential
(voltage) up to a maximum of 300 V.

We inverted the acquired data using RES2DINV (Loke, 1999), an in-
version routine based on the smoothness-constrained least squares
method (DeGroot-Hedlin and Constable, 1990). This method attempts
to minimize the square of the changes in the model resistivity values
and to smooth the boundaries. As a result, a model with a smooth vari-
ation in the resistivity values is obtained. The principle of the inversion
procedure is as follows (Zohdy, 1989; Loke, 1999): in-situmeasured ap-
parent resistivities are introduced into the software as input data. The
programgenerates initial 2D true resistivitymodel and calculates an ap-
parent resistivity pseudo-section using forward modeling software.
Measured and calculated pseudo-sections are compared while the pro-
gram corrects the true resistivity section. A new pseudo-section is then
Table 2
Acquisition parameters for the ERT cross-sections shown in Figs. 9, 10, and 11.

ERT
cross-section

Fig. End 1: latitude,
longitude

End 2: latitude,
longitude

No. of electrodes E
(

100 (calibration) 9 41° 57.542′ N
12° 44.515′ E

41° 57.555′ N
12° 44.580′ E

48 2

A 10(b) 41° 57.771′ N
12° 43.636′ E

41° 57.773′ N
12° 43.681′ E

32 2

B 10(b) 41° 57.773′ N
12° 43.636′ E

41° 57.775′ N
12° 43.681′ E

32 2

C 10(b) 41° 57.774′ N
12° 43.635′ E

41° 57.776′ N
12° 43.680′ E

32 2

D 11(a) 41° 57.789′ N
12° 43.663′ E

41° 57.772′ N
12° 43.665′ E

32 1

E 11(a) 41° 57.789′ N
12° 43.654′ E

41° 57.772′ N
12° 43.656′ E

32 1

F 11(a) 41° 57.783′ N
12° 43.532′ E

41° 57.787′ N
12° 43.668′ E

48 4
calculated and compared again with the measured one. By varying the
inverse resistivity section through multiple iterations, the program fits
the calculated apparent resistivity pseudo-section into the measured
one. In this manner, the program minimizes the Root Mean Square
(RMS) error. The final outputs of the inversion process are: (1) a mea-
sured apparent resistivity pseudo-section, (2) a calculated apparent re-
sistivity pseudo-section, and (3) a corresponding true resistivity model.
In thiswork,we showonly themodels (Figs. 9, 10, 11) and acknowledge
that the final RMS error, which is the difference between the successive
two-dimensional model inversions and the measured data, is less than
6% for all ERT cross-sections. The acquisition parameters of all ERT
cross-sections are reported in Table 2.
4.1.5. Penetration method (DPSH)
We performed a set of dynamic penetration tests using a percussion

penetrometer (e.g., Terzaghi et al., 1996; Lunne et al., 1997; Salgado and
Yoon, 2003; Sudha et al., 2009; Jung et al., 2011; Wiegand et al., 2013).
This type of test allows operators to evaluate, in a fast and cheap man-
ner, themechanical properties (in-situ resistance to penetration) of sur-
face and subsurface soils and soft rocks. More specifically, in this work,
we used a penetration method named DPSH (dynamic probing super
heavy), where a load (hammer) of 63.5 kg dropping from 75 cm is
used (e.g., MacRobert et al., 2010, 2011). The percussion penetrometer
consists of upper and lower shafts. The upper shaft has a drop load
(hammer) that strikes on the lower shaft through an anvil situated at
the upper end of the lower shaft. The lower penetrating end of the
lower shaft consists of a replaceable cone to lose with a 60° cone angle
and a 50.46 mm cone diameter. Each shaft is 1 m long and weighs
6.3 kg. A bar with marks at known distances is used as reading device
along the lower shaft (i.e., number of blows for 20 cm of vertical pene-
tration). Hammer blows are repeated to cause the penetration of the
lower shaft while the penetration depth is measured for each hammer
drop. This process is continued until a desired penetration depth is
reached or an impenetrable rock is hit (e.g., the travertine substratum).
DPSH results consist of number of blow counts versus penetration
depths (i.e., number of blow counts for each 20 cm of penetration in
thiswork; Figs. 9f, 11b). The number of blow counts provides an indirect
measurement of the soil or rock stiffness. DPSH is an optimal, fast, and
cheap method to distinguish underground soils or rocks with highly
contrasting stiffness as is the case of this work, where the travertine
substratum and the overlying regolith (loose clay and sand) are remark-
ably different in stiffness (e.g., seeMendonca et al., 1993, for penetration
tests run in a regolith-filled sinkhole-rich area). We used the DPSH re-
sults to test results from the ERT cross-sections (Figs. 9, 10, 11). As is ex-
plained below, we calibrated the DPSH results by running two tests in a
site where the subsurface geology is partly exposed (the quarry wall
lectrode separation
m)

Total length
(m)

Penetration depth
(m)

Maximum recorded
resistivity
(Ω m)

94 21 Circa 55

62 12 Circa 300

62 12 Circa 100

62 12 Circa 100

31 6 Circa 175

31 6 Circa 500

188 35 Circa 2500
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shown in Fig. 3g). The acquisition parameters of all penetration tests are
reported in Table 3.

4.1.6. ERT and DPSH calibration
We acquired ERT and DPSH data in a calibration locality (Fig. 9,

Tables 2, 3) so to better understand and interpret the ERT and DPSH re-
sults from the Via Udine locality (Figs. 10, 11). The calibration locality is
right on top of a huge quarrywall, where the travertine beds and at least
one large regolith-filled sinkhole are magnificently exposed (Fig. 9a–d).
With this calibration procedure,we intended tominimize thepossibility
of misinterpreting the ERT and DPSH penetration data from the Via
Udine locality (Figs. 10, 11). The calibration is also corroborated by pre-
vious ERT data acquired in the Acque Albule Basin in similar settings
(i.e., travertine hosting sinkholes filled by clayey regolith; De Filippis
et al., 2013a; Argentieri et al., 2015).

The electrical resistivity pattern of the ERT cross-section (Fig. 9e)
shows the presence of twomain (rock) domains: a shallow one charac-
terized by an electrical resistivity lower than circa 10 Ω m and a deep
one characterized by an electrical resistivity larger than circa 50 Ω m.
A rather narrow transitional area, characterized by an electrical resistiv-
ity between about 10 and 50 Ω m, separates the two main resistivity
domains. By comparing the ERT cross-section with the corresponding
rock exposure (Fig. 9e vs. b, d), we infer that the low resistivity domain
(0–10Ωm) corresponds to shallow regolithmainly made of clayey and
sandy allogenic depositswhereas the high resistivity domain (≥50Ωm)
corresponds to the underlying travertine. The transitional zone (10–
50Ωm) is more complicated to be interpreted. The penetration results
(Fig. 9e, f) show that the impenetrable travertine (more than 50–70
blows per 20 cm penetration) corresponds exactly to an electrical resis-
tivity of 20 Ω m and greater, but the number of blows significantly in-
creases (over 20–25 blows per 20 cm penetration) already for an
electrical resistivity larger than about 10 Ω m. We conclude that the
top of the impenetrable travertine occurs at an electrical resistivity of
about 20 Ω m; however, the occurrence, on top of the impenetrable
travertine, of a more porous or degraded travertine (e.g., Figs. 3b, 4d)
aswell as the presence of travertine breccias (e.g., Fig. 4b, e)may slight-
ly change the above defined threshold (20 Ω m). It is also known that
the same rock can sensibly change its electrical resistivity depending
upon numerous factors including fluid saturation. We therefore assess
and expect that the top of the impenetrable travertine should probably
occur at electrical resistivities larger than about 10–20Ωmand surely at
electrical resistivities larger than about 50 Ω m. These conclusions are
consistent with results from De Filippis et al. (2013a) and Argentieri
et al. (2015), for whom the top of the travertine bedrock in the Acque
Albule Basin occurs at circa 20–25 Ω m and greater.
Table 3
Acquisition parameters for the DPSH penetration tests shown in Figs. 9 and 11.

Penetration test Fig. Latitude, longitude Depth
(m)

P102 (calibration) 9(f) 41° 57.554′ N
12° 44.561′ E

6.4

P103 (calibration) 9(f) 41° 57.554′ N
12° 44.562′ E

5.4

P1 11(b) 41° 57.772′ N
12° 43.656′ E

7.8

P2 11(b) 41° 57.773′ N
12° 43.665′ E

3.2

P3 11(b) 41° 57.776′ N
12° 43.669′ E

3.2

P4 11(b) 41° 57.776′ N
12° 43.675′ E

6.0

P5 11(b) 41° 57.774′ N
12° 43.649′ E

3.6

P6 11(b) 41° 57.772′ N
12° 43.651′ E

7.8

P7 11(b) 41° 57.772′ N
12° 43.648′ E

8.0
It is also important to note that the shallow domain (soft regolith) in
Fig. 9 is characterized by heterogeneous penetration profiles with a
number of blows per 20 cm penetration up to circa 30 (Fig. 9f). We in-
terpret this result with the presence of pockets or blocks of strong ma-
terial such as breccias or travertine cement and crusts in the regolith
domain. This interpretation is based on direct observations of other
filled karst cavities in the Acque Albule Basin (e.g., Figs. 3, 4).

Eventually, from the presented calibration scheme, it is rather obvi-
ous that the ERTmethod (togetherwithDPSH results) is suitable and re-
liable in sinkhole investigations. The main central sinkhole and at least
other two smaller ones visible in Fig. 9(b) and (d) are, in effect, well rep-
resented by the electrical resistivity pattern of Fig. 9(e).

4.2. Results

The studied boreholes are between a few meters and c. 30 m deep
(Fig. 8b). From bottom to top, the stratigraphy of the area is character-
ized by: (1) the local compact lithoidal travertine (late Pleistocene),
which is overlain by (2) the porous and poorly lithoidal testina traver-
tine (late Pleistocene) or directly by (3) regolith, present soil, and an-
thropic backfill (Holocene), which, in turn, can also cover the testina
travertine. The base of the compact travertine is unknown although it
should not exceed a few tens of meters below the surface (Faccenna
et al., 2008). The thickness of the testina is variable between a few deci-
meters and a maximum of 13 m (Fig. 3b), whereas the overlying rego-
lith is between a few decimeters and a few tens of meters depending
on the karstic shaping of the underlying travertines. Empty or clay-
filled cavities are frequent in the travertine deposits (Figs. 3, 4).
Fig. 8(b) shows a distinct and obvious incision of these travertine de-
posits. The incision, which is more than 500 m wide and about 25 m
deep, is filled by regolith. It is interesting to note that this incision,
whichwe interpret as a buried solution sinkhole (cf. Fig. 1a), lies exactly
beneath the densely populated Villalba village, particularly beneath the
Via Molise locality, where most building damages and road depressions
have been observed (Brunetti et al., 2013; De Filippis et al., 2013c).

The ERT cross-sections acquired in the Via Udine locality (Figs. 10b,
11a) show a resistivity pattern including, from top to bottom:
(1) Layer-1: it is a high resistivity layer (10–200 Ω m) that occupies
the shallowest portion of the cross-sections for less than about 1 m
thickness (e.g., ERT A and D in Figs. 9b and 10a, respectively);
(2) Layer-2: it is a low resistivity layer (0–10 Ω m) that lies at about
2.5–3.0 m depth (e.g., ERT A in Fig. 9b); (3) Layer-3: it is a high and
thick resistivity layer (10–2500 Ω m) starting at about 5 m depth and
downward extending for a few meters (e.g., ERT A in Fig. 9b);
(4) Layer-4: it is a low resistivity layer (0–20 Ω m) that occupies the
deepest portion (deeper than 17.5 m) of ERT F in Fig. 10a.

From top to bottom, with the aid of the calibration tests (Fig. 9),
seven DPSH penetration test results (Fig. 11b), borehole logs (Fig. 8),
and borehole-calibrated ERT cross-sections previously acquired in sim-
ilar settings of the Acque Albule Basin (De Filippis et al., 2013a;
Argentieri et al., 2015), we interpret these layers as follows.

(1) Layer-1 is probably made of anthropic backfill and/or travertine
surface crusts (caliche).

(2) Layer-2 is a low-resistivity layer probably made of clay-rich reg-
olith and soil. The penetration tests (Table 3) show that this elec-
trical low resistivity material is also low in resistivity to
penetration; however, blocks of material resistant to penetration
occur in this layer in correspondence of the penetration tests P6
and P7 (Figs. 10b, 11b). We do not know the lithological nature
of these blocks and hypothesize that they could be travertine
blocks, breccias, and/or cement filling sinkholes as observed in
the quarry exposures (Figs. 3, 4).

(3) Layer-3 is a high resistivity layer starting at about 5 m depth
and it is made by the main travertine body (testina and com-
pact travertines).
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(4) We cannot interpret the low resistivity Layer-4 occurring at
depths deeper than circa 17.5 m in the ERT F (Fig. 11a). This
low resistivity could be, in effect, ascribed to the presence of
low resistivity rocks such as clays or to the presence of large cav-
ities filled by clayey deposits. The presence of the unconfined
aquifer in the travertine (La Vigna et al., 2013b)may also partial-
ly reduce the resistivity of this layer. Groundwater in the Acque
Albule Basin is, in effect, characterized by high mineralization
(circa 3.5 g/l; La Vigna et al., 2012), which can strongly influence
(reduce) rock electrical resistivity.
5. Discussion and conclusions

Our research on and brief discussion of hidden sinkholes in the
Acque Albule Basin focus on human-environment interaction and even-
tually aim at evaluating the general significance of results including
practical and policy applications without expanding, if not superficially,
on the topic of the sinkhole driving processes. To do so, in this section,
first we interpret our data from the Via Udine locality and then discuss
these results framing them within the Acque Albule Basin surface pro-
cesses. We conclude with some insights into the management of such
a densely-populated land of sinkholes and active geological processes
and human works.

Based on the calibration tests (Fig. 9), borehole logs (Fig. 8), available
exposures (Figs. 3, 4), and previous subsurface studies in the Acque
Albule Basin (De Filippis et al., 2013a; Argentieri et al., 2015), we inter-
pret our ERT and DPSH penetration data (Figs. 10, 11) from the Via
Udine locality as consisting of a travertine substratum (Layer-3 in
Figs. 10, 11) lying at depths equal or larger than about 3 m below two
covering layers consisting of anthropic backfill, travertine surface crusts
(caliche), and, in general, soft regolith (i.e., Layer-1 and Layer-2 in
Figs. 10, 11). The travertine substratum has a good lateral continuity
(electrical resistivity greater than about 20 Ω m in Figs. 10b, 11a) that
is, however, interrupted in places. As demonstrated by both ERT and
penetration data, these interruptions are characterized by a downward
thickening of the regolith and consistent deepening of the travertine top
surface down to circa 8 m (P1 in Fig. 11b) or even deeper (ERT F in
Fig. 11a). The lateral correlation of penetration results (i.e., number of
blows per 20 cm vs. depth), in particular, shows that the travertine
top surface is, in places, depressed down to about 6–8 m depth from
its minimum depth of about 3 m (Fig. 11b).

Comparing our ERT and penetration data from the Via Udine locality
with exposures from the near travertine quarry walls (Figs. 3, 4, 9) and
with borehole logs from the near Via Molise locality (Fig. 8), we inter-
pret the lateral interruptions of Layer-3 in the ERT cross-sections as a se-
ries of shallow clay-filled sinkholes affecting the travertine substratum
in Via Udine as happens in the case of the exposed travertine-hosted
sinkhole of Fig. 9. Some of these structures could be better defined as
clay-filled caves or cavities that may become future sinkholes. We do
not know exactly the origin of these sinkholes as they could be either
cave-collapse or solution sinkholes (Figs. 1, 12) of the type observed
on the quarry exposures (Figs. 3, 4). In Fig. 11(b), we collectively
name the travertine depressed sectors between 3 and 8 m as the ‘sink-
hole zone’. The presence, in this zone, of blocks highly resistant to the
penetrometer conical head (see P6 and P7 in Fig. 11b) makes the inter-
pretation of this zone complex, indicating the probable occurrence of re-
sistant blocks, fragments, breccias, or cemented layers within the filling
matrix (regolith) of the sinkhole zone, as it is often observed in many
exposed sinkholes (e.g., Fig. 4; Song et al., 2012).

We emphasize the fact that the sinkholes shown in Fig. 7 are at pres-
entmostlymasked byquarrying andhuman settlements,whereas those
ones discovered in the subsurface of the Via Udine locality (Figs. 10, 11)
were previously unknown and totally hidden to the resolution of other
used methods such as aerial photographs, DEMs, and field surveys. Our
new data (Figs. 7–11), in particular, together with other previous evi-
dence (e.g., Figs. 3, 4, 5), show that the Acque Albule Basin is a karst
land where sinkholes, focused subsidence as well as seismic and hydro-
thermal processes are active or recently-active (e.g., Maxia, 1950;
Gasparini et al., 2002; Caramanna et al., 2008; Faccenna et al., 2008;
Amanti and Nisio, 2013; Brunetti et al., 2013; De Filippis et al., 2013a;
Floris et al., 2014; Argentieri et al., 2015; Bozzano et al., 2015). Sinkholes
and related subsidence, in particular, are active over large sectors of the
Acque Albule Basin as observed on photographic and geomorphologic
materials recorded before the substantial overbuilding and quarrying
of the study area (Figs. 5, 7). Hydrothermal springs are active in the
Colonnelle and Regina lakes and many other localities of the basin
(Capelli et al., 1987), but must have been recently active also elsewhere
in the basin, as evidenced by dried travertine lakes or degassing conical
structures such as those observed in the 1943 aerial photographs on the
Colle Fiorito fissure ridge by De Filippis et al. (2013a) (see also Maxia,
1950).

In a recent study, Argentieri et al. (2015) showed the development
of a rapidly evolving (subsiding) elliptical sinkhole (c. 220 by 110 m in
horizontal size) located in the Acque Albule Basin only about 1.5 km
from Via Udine (see location in Fig. 7). The sinkhole was totally hidden
and apparently inactive until at least all the 19th Century and probably
more recently. The sinkhole began to be expressed at the surface rough-
ly in the 2000s and continued slowly to evolve until spring 2013 when
its development (subsidence) accelerated dramatically. This important
case history (Argentieri et al., 2015) corroborates our suggestion that
the Acque Albule Basin is a land of sinkholes and other active geological
processes. Many sinkholes are manifest and visible with standard
methods of Earth's surface observations; some other sinkholes, howev-
er, are hidden and apparently inactive, but can unexpectedly reactivate
at any time.

The main conclusive message arising from the geomorphologic
study of the Acque Albule Basin is that sinkhole activity in anthropically
exploited and inhabited areas can be masked by constructions, villages,
quarries and other human works that are obviously exposed at great
risk for this shallow subsurface erosional activity. Even where the sink-
holes are filled and apparently inactive or hidden, rejuvenation process-
esmay reactivate these sinkholesmaking them an almost inexhaustible
source of hazard for humans and human works. We here consider reg-
olith suffosion and compaction among other possible sinkhole-
rejuvenating-processes (Fig. 12). The anthropic masking of potentially
rejuvenating sinkholes has to be carefully considered by both geoscien-
tists and officials in charge of the environment management. In this
paper, we have demonstrated that the sinkhole anthropic masking can
be efficiently “unmasked” using two main strategies:

(1) where available, which is often the case in densely-populated
areas, past and historical documents have to be searched,
found, and carefully studied. Moreover, also collecting memo-
ries of elderly inhabitants may provide fundamental informa-
tion. In the case of the Acque Albule Basin, past and historical
documents (pre-edification and pre-quarrying) such as aerial
photographs flown by the RAF and old geomorphologic stud-
ies (Maxia, 1950) together with memories from the elderly
population allowed us to compile a geomorphologic map
(Fig. 7) rich in sinkholes and geothermal springs-degassing
structures, which are now completely obliterated but poten-
tially active or re-activable;

(2) where previous studies, such as those mentioned in the latter
point, evidenced the presence of potentially active sinkholes,
then detailed subsurface studies such as those performed in this
study in the ViaUdine andViaMolise localities (using, for instance,
boreholes, geophysical prospecting, and penetration tests) should
be accomplished. This second strategy of sinkhole investigation is
luckily becoming a standard in many sinkhole-prone areas as
also demonstrated by numerous previous scientific papers (Zhou



Fig. 12. (a) and (b) (top) Two types of buried (hidden) sinkholes shown in Fig. 1. (bottom) In both cases, sediment compaction, suffosion, and other processes may lead to the sinkhole
rejuvenation with formation of a new surface depression (cover-subsidence sinkholes). Hydrothermal fluid circulation and pressurization or seismic shaking may enhance sinkhole
rejuvenation in hydrothermal-seismic areas as is the case of the Acque Albule Basin.
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et al., 2000; Ezersky, 2008;Martínez-Moreno et al., 2013; Carbonel
et al., 2014a; Argentieri et al., 2015).

In synthesis, the mitigation of sinkhole hazard in highly populated
areas such as the Acque Albule Basin has to pass through a thorough
search of (hidden) sinkholes that can bemasked by the anthropicmold-
ing and blanketing of the territory. For these purposes, instruments such
as historical pre-setting documents aswell as, where possible, geophys-
ical subsurface investigations are fundamental.
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