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PERSONAL INFORMATION Federico Marini 
 

  

 63b, Via Stefano Vai, Prato, 59100, Italy 
 
 +39/0574/596259                +39/340/1556905        

 federico.marini@unifi.it 
 federico.marini.geo@gmail.com 
Linkedin: https://it.linkedin.com/in/federicomarinigeo   
Google scholar: https://scholar.google.it/citations?user=sDiA8dMAAAAJ&hl=it 
Research gate: https://www.researchgate.net/profile/Federico_Marini3 
Academia: http://unifi.academia.edu/FedericoMarini 

 
Skype federico.marini.geo 

Sex   M | Date of birth 09/06/1987 | Nationality   Italian  
 

WORK EXPERIENCE SAV Val d’Aosta Motorway Company Ltd – DST University of Florence  
06/15/2018-07/27/2018 Quincinetto (Turin Province, Piedmont); website http://www.sav-a5.it/;   

 Design of countermeasures for the protection of the landslide affecting A5 motorway at Chiappetti 
point (Quincinetto Municipality) – Project proposal for the rockfall risk management 
 

  
WORK EXPERIENCE Municipality of Rio (Italy) – DST University of Florence  

02/01/2016-07/05/2016 Isola d’Elba (Leghorn Province, Tuscany); website: http://www.comuneriomarina.li.it/; 
http://www.comune.rionellelba.li.it/;  

 Study, risk assessment and mapping of sinkholes phenomena on “Il Piano” area within the 
Municipalities of Rio (Tuscany, Italy) 

STUDIES APPLIED FOR 

2019 PhD Engineering Geology – XXXIst cicle  
          University of Florence 
2014 Master Degree in Geological Sciences  
          curriculum GATR – Geotechnologies applied to the environment and to the 
          resources  
          University of Florence 
          valutation 110/110 cum laude 
2011 Bachelor Degree in Geological Sciences  
          curriculum RIG – Geological Risks and Environmental Gestion  
          University of Florence  
          valutation 103/110 
2006 High School diploma at ISISS Classical Lyceum Cicognini 
          valutation of 80/100 
 

WORK EXPERIENCE Department of Earth Sciences – DST University of Florence 

02/01/2016-01/31/2019 Fellowship holder 
 Florence, Largo Enrico Fermi 2, website: http://www.dst.unifi.it/ 
 Assessment of hazard scenarios in slope affected by gravitational phenomena  

 
WORK EXPERIENCE Spea Engineering S.p.a. – DST University of Florence  

12/01/2015-06/16/2016 Fonteblanda-Ansedonia (Grosseto Province, Tuscany); website: http://www.spea-engineering.it/it/; 
www.va.minambiente.it/File/Documento/192522  

 Assessment of sink-holes hazard within the ultimate planning of the artificial tunnels named 
“Fonteblanda” and “Ansedonia” along the lot nr 5B of the new Motorway A12 Genova – Roma 
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WORK EXPERIENCE INAIL National Institute for Insurance against Workplace Accidents – 

DST University of Florence  
12/01/2015-07/25/2017 website: https://www.inail.it/cs/internet/home.html;  

 Disseminate the knowledge and the awareness of the geological risks – use the knowledge, the 
innovation and the education to develop the geological safety culture within the schools 
 

WORK EXPERIENCE Department of Earth Sciences – DST University of Florence 
06/01/2019-06/30/2019 Tutor for on-field didactical activities for students within the geological mapping 

academic course 
 Florence, Largo Enrico Fermi 2, website: http://www.dst.unifi.it/ 

 
 
 

WORK EXPERIENCE Civil Protection Department – Presidency of the Council of the Ministers 
  

07/23/2014-06/02/2015 Civil National Service 
 Rome, Via Vitorchiano, website: http://www.protezionecivile.gov.it/ 
 Office III – SIV – Seismic and Volcanic Risk Office 
  

 
WORK EXPERIENCE DST Università degli Studi di Firenze – Toscogeo Co Ltd  

 
April 2012 – October 2012 

 
Curricular University trainer (tutor Prof. E. Pandeli) 
Mt Amiata geothermal district (Tuscany, Central Italy) 
Geological mapping within "Bagnolo" geothermal permit for high-medium enthalpy fluids research (Mt. 
Amiata geothermal field) 
Coordination of the field work and elaboration the interpretative geological map 
 
 
 
 
 
 

EDUCATION AND TRAINING  

 
November 2015 – April 2019 PhD Geological Sciences (Engineering Geology)  QEQ 7

PhD School in Geological Sciences, University of Florence, XXXIst cicle 
 
 PhD project thesis title: “3D rock slope modelling for rock fall risk assessment” 
 
Advisor: Prof. Giovanni Gigli 
 
fields of study: semiautomatic and manual discontinuities extraction; rockmass modelling; discrete 
fracture network modelling; rockfall; open cut mining 
 
 

WORK EXPERIENCE ENI Ltd – DST University of Florence 
  

12/15/2016-02/22/2017 Viggiano, Val d’Agri (PZ) https://www.eni.com/it_IT/home.page  
 Feasibility assessment of monitoring with ground-based interferometric radar IBIS-L.  

 
 

 
WORK EXPERIENCE ENI Ltd – DST University of Florence 

  

08/15/2016-10/20/2016 Viggiano, Val d’Agri (PZ) https://www.eni.com/it_IT/home.page  
 Improvement of the knowledge of landslides affecting the oil facilities of Val d’Agri oil permit. 
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October 2011 – February 2014 Master's degree in Geological Sciences  QEQ 7
University of Florence 
Curriculum Geotechnologies applied to the environment and to the resources 
 
 Degree thesis title: “Study of the landslide affecting Santa Maria Maddalena build-up area in the 

Municipality of San Benedetto in Val di Sambro (Bologna Province, Italy)” 
 
Advisor: Prof. Nicola Casagli 
 
fields of study in degree thesis: tunneling; slope instability; topographical relief 
 
 

 
 

October 2006 – April 2011 Bachelor’s Degree in Geological Sciences  QEQ 6
University of Florence 
Curriculum Geological Risks and Environmental Planning 
 
 Degree thesis title: “The contact between San Lorenzo schists and Asciano breccias in Guappero 

Valley (Monti Pisani)” 
 
Advisor: Prof. Enrico Pandeli 
fields of study in degree thesis: regional geology; petrography; stratigraphy  
 
 

22/05/2017 Course for general and specific job security for geologists 
 University of Florence 

 
 

05/09/2016-16/09/2016 LaRAM School - Landslide Risk Assessment and Mitigation 
 University of Salerno, Faculty of Engineering 

Fields of study: risk assessment, risk mitigation, slope modelling 
 

 
04/23/2015-04/25/2015 Shotfirer course for the preparation for the professional qualification 

exam  
 ANIM (National Society of Mining Engineers) 

 
 

05/30/2013 – 06/01/2013 Short Course on perforation, completation and testing of geothermal 
wells 
EGC2013-European Geothermal Congress 
Course on Drilling, completion and testing of geothermal wells 
 

March 2012 – October 2012 Congeoterm course 
Province of Pisa 
Vocational course for numerical control machines in geothermics 
 

September 2001 – June 2006 High School Diploma  QEQ 5
ISISS Cicognini Classical Lyceum 
 
 

 
PERSONAL SKILLS 

 
Mother tongue(s) Italian 

  

Other language(s) UNDERSTANDING  SPEAKING  WRITING  

Listening  Reading  Spoken interaction  Spoken production   

English B2 C2 B2 B2 B2 
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 IELTS English language knowledge certification released by IDP IELTS Australia on 07/04/2018 with the following 
scores: listening 5.5/9; reading 8.5/9; writing 5.5/9; speaking 6.0/9; average score 6.5/9, corresponding to B2 CEFR 
level 
 

 
 
 

Levels: A1/2: Basic user - B1/2: Independent user - C1/2 Proficient user 
Common European Framework of Reference for Languages 
 

Computer skills Operative system: Windows (XP, 7 and 10)  
Programs used in working activities: 
 
GIS: 
 ArcGis ESRI V. 8.3-10.6 

 
Programming: 

 MATLAB 
 
Photogrammetry: 

 SiroVision (Siro3D) Datamine 
 
Point cloud processing: 

 CloudCompare 
 MeshLAB 
 RIscanPro 

 
Discontinuities extraction: 

 SiroVision (SiroJoint) Datamine 
 Maptek I-Site Studio 
 Facets (CloudCompare) 

 
Discontinuities analysis: 

 Dips RocScience 
 
Slope stability modelling: 

 SiroModel 
 DiAna-K 

 
Modelling of run-out of blocks: 

 Rockyfor3D 
 RocFall RocScience 
 Rockfall Analyst 

 
Writing: 

 Microsoft Office 
 Open Office 

 
Vectorial graphic: 

 Corel Draw 
  
  



  Curriculum Vitae 

  © Unione europea, 2002-2013 | http://europass.cedefop.europa.eu  Pagina 5 / 8  

 

Driving licence 
 
 
 
 

Publications 

Driving Licence for car 
 B 
International Driver Permit (Model Geneve 1949 Convention) 

 
 
Marini F., Gigli G., Thoeni K., Giacomini A., & Farina P. (2018). Rock slope stability analysis of 
highwalls: a comparison of manual and semi-automatic detection of discontinuities from point cloud for 
kinematic analysis. Proceedings of the 6th Conference of the Italian Association for Engineering 
Geology, Courmayeur, June 27th -29th 2018, 81. 
 
Bardi F., Intrieri E., Pazzi V., Fontanelli K., Carlà T., Marini F., Di Filippo M., Fanti R. (2018).
Hydrogeological and geophysical investigation on sinkhole triggers and susceptibility at Il Piano (Elba 
Island, Italy). Proceedings of the 6th Conference of the Italian Association for Engineering Geology, 
Courmayeur, June 27th -29th 2018, 37. 
 
Pazzi, V., Di Filippo, M., Di Nezza, M., Carlà, T., Bardi, F., Marini, F., Fontanelli K., Intrieri E., & Fanti, R. 
(2018). Integrated geophysical survey in a sinkhole-prone area: Microgravity, electrical resistivity 
tomographies, and seismic noise measurements to delimit its extension. Engineering Geology, 243, 
282-293. Doi: https://doi.org/10.1016/j.enggeo.2018.07.016 
 
Intrieri, E., Fontanelli, K., Bardi, F., Marini, F., Carlà, T., Pazzi, V., Di Filippo M., & Fanti, R. (2018). 
Definition of sinkhole triggers and susceptibility based on hydrogeomorphological analyses. 
Environmental Earth Sciences, 77(1), 4. Doi: https://link.springer.com/article/10.1007/s12665-017-7179-3  
 
Morelli S., Pazzi V., Bandecchi E., Valori L., Gambacciani L., Ceccatelli M., Gracchi T., Marini F., Masi 
E.B., Pastonchi, Lotti, Fontanelli K., Casagli N. (2018). A multidimensional and interdisciplinary 
strategy for geo-hydrological risk reduction oriented towards minors. Conference: EGU General 
Assembly 2018 
 
Pastonchi, L., Pazzi, V., Morelli, S., Marini, F., Valori, L., Gambacciani, L., Casagli, N. (2017). Testing 
the awareness of landslide risk in some schools in Tuscany (Italy). World Landslide Forum 
Proceedings (Forum Theme 5), Ljubljana, 29 Maggio – 2 Giugno 2017  
 
Di Filippo, M., Di Nezza, M., Cecchini, F., Margottini, S., De Martino, C., Pazzi, V., Carlà, T., Bardi, F., 
Marini, F., Fontanelli, K., Intrieri, E., Fanti, R. (2017). Censimento e Catalogazione delle cavità di 
origine antropica mediante prospezioni geofisiche integrate nell'area de "Il Piano" (Isola d'Elba, Italia).
Conference: Cavità di origine antropica, modalità d’indagine, aspetti di catalogazione, analisi della 
pericolosità, monitoraggio e valorizzazione. Conference hall of the National Research Council, Aldo 
Moro Sq., Rome, December 1st, 2017 
 
Pazzi, V., Di Filippo, M., Di Nezza, M., Carlà, T., Bardi, F., Marini, F., Fontanelli, K., Intrieri, E., & Fanti, 
R. (2017). Single-station seismic noise measures, microgravity, and 3D electrical tomographies to 
assess the sinkhole susceptibility: the" Il Piano" area (Elba Island-Italy) case study. In EGU General 
Assembly Conference Abstracts (Vol. 19, p. 9034). 
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 Marini F., Pandeli E., Tongiorgi M., Pecchioni E., & Orti L. (accepted, under review). The Late 
Carboniferous-Early Permian successions of the Northern Apennines: new data from the Pisani Mts. 
inlier (Tuscany, Italy). Italian Journal of Geosciences 
 
Stara P., Marini F. (2018). Amphiope caronei n. sp. (Echinoidea Astriclypeidae) from the Tortonian of 
Cessaniti, Vibo Valentia Province (Calabria, Italy). Biodiversity Journal, 2018, 9 (1): 73–88 
 
Vezzoli, L., Principe, C., La Felice, S., Pandeli, E., Marini, F., Giusti, R. (2017) 5. Note alla carta 
geologica del settore meridionale del vulcano di Monte Amiata. In: Il vulcano di Monte Amiata, pagg. 
103-127 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Presentations 
 

Garassino A., Pasini G. & Marini F. (2012). Bathypluma pliocenica n. sp. (Decapoda, Brachyura, 
Retroplumidae) from the Zanclean (Early Pliocene) of Volterra (Pisa, Toscana, Italy). Atti della Soc. It. 
Di Sc. Nat. e del Mus. Civ. Sc. Nat di Milano, 153(1): 63-70 
 
Marini F. (2013) Risorse minerarie ed industria estrattiva nel Campigliese (Provincia di Livorno, 
Toscana, Appennino Settentrionale): utilizzi e tecniche estrattive. Atti del III° Convegno S.G.I. Sez. 
Giovani Geologi, Cogne (Italy), June 28-30th, 2013 
 
Marini F., Pandeli E. & Tongiorgi M. (2014). The late Carboniferous-Permian successions of the 
Northern Apennines: new data from the contact between San Lorenzo Schists and Asciano Breccias 
and Conglomerates in the Pisani Mts. inlier (Tuscany, Italy). In: “Meeting in memory of Piero Elter –
The relationships between Northern Apennine and western Alps: state of the art fifty years after the 
Ruga del Bracco” - Pisa, June 26-27th, 2014. Abstract volume: 36-37 
 
Stara P., Marini F., Carone G. & Borghi E. (2015). Distribution of two Amphiope L. Agassiz, 1840 
(Echinoidea Clypeasteroida) morphotypes in the Western-Proto-Mediterranean Sea. Biodiversity 
Journal, 6(1): 391-400 
 
 
Rock slope stability analysis of highwalls: a comparison of manual and semi-automatic detection of 
discontinuities from point cloud for kinematic analysis. Proceedings of the 6th Conference of the Italian 
Association for Engineering Geology, Courmayeur, June 27th -29th 2018 
  
Risorse minerarie ed industria estrattiva nel Campigliese (Provincia di Livorno, Toscana, Appennino 
Settentrionale): utilizzi e tecniche estrattive. Cave e miniere: coltivazione e sicurezza di ieri, oggi e 
domani, 3rd Meeting of Young Geologists section of the Italian Geological Society, Cogne June, 28-
30th, 2013 
 
Le smart cities si edificano sulla geologia. 4th Meeting of Young Geologist section of the Italian 
Geological Society. Rome, June 18-20th, 2014 
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Conferences 
Seminars 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
Characterization and monitoring of rocky slopes throughout 3D point clouds. Florence, Earth Sciences 
Department, July 12th, 2018 
 
Breakage of rock upon dynamic impact. Newcastle, NSW, Civil Engineering Department, December 
1st, 2017 
 
Particle breakage of granular soils. Newcastle, NSW, Civil Engineering Department, December 1st, 
2017 
 
Adaptive discontinuity layout optimisation for upper bound geotechnical stability analysis. Newcastle, 
NSW, Civil Engineering Department, November 3rd, 2017 
 
The shear strength of materials that cannot be tested using conventional laboratory equipment due to 
their large particle size. Newcastle, NSW, Civil Engineering Department, November 3rd, 2017 
 
New tools for geological and geotechnical survey, analysis and modelling. Florence, University of
Florence - UNESCO chair geohydrological hazard, June 11th, 2017 
 
Safety in geotechnical fieldwork. Florence, Department of Earth Sciences, March 9th, 2017 
 
Past and present experiences in the application of InSAR for the study of land subsidence due to 
groundwater.  Florence, Earth Sciences Department, July 12th, 2018 
 
The floods of Florence. Florence, Earth Sciences Department, Conference hall of parish of Our Lady 
of the Sacred Heart, May 16th, 2018 
 
Geomorphosites and geoturism in Romania.  Florence, Department of Earth Sciences, May 10th, 2017 
 
The risk perception, an old issue. Florence, Earth Sciences Department, Conference hall of 
parish of Our Lady of the Sacred Heart, May 9th, 2018 
 
Presentation of the Regional Code for Civil Protection. Florence, Regione Toscana, Auditorium of 
Sant’Apollonia, April 28th, 2018 
 
Presentation of the radar satellite monitoring project of Tuscany Region. Florence, Regione Toscana-
DPC-Earth Sciences Department-Consorzio LAMMA, Auditorium di Sant’Apollonia, 28 Aprile 2018 
 
The Engineering Geology from the early to the future: a meeting with the maesters. AIGA-Engeol, 
Sala Strozzi del Earth Sciences Department, April 20th, 2018 
 
Ethics for suitable geological planning: Govern project #ItaliaSicuran. Florence, Department of Earth 
Sciences, May 4th, 2017 
 
Soil defence in Italy: technical and juridical issues. Florence, Department of Earth Sciences, April 28th, 
2017 
 
3rd joint seminar Korea-Italy; Modelling and early warning of landslides, new methods and 
technologies. Florence, Department of Earth Sciences, April 10th -13th, 2017 
 
Water: science and culture. Water world day, Florence, University of Florence, March 22nd, 2017 
 
To design the hydraulic and geomorphologic asset. Presentation of the results of the Govern project 
#Italiasicura. Perugia, Confindustria-Italian Industrial Federation, Regione Umbria, March 13th, 2017 
 
Italian national early warning system for landslide and flood risks. Florence, Department of Earth 
Sciences, April 20th, 2016 
 
Toward more resilient communities - Sharing Experiences on Emergency and Post-Disaster 
Management. 3rd UC Lifeline week Rome, Civil Protection Department, April 22nd, 2015 
 
La gestione tecnica dell'emergenza. Istituzione del nucleo tecnico nazionale. Dipartimento della 
Protezione Civile - La Calabria che si muove. Cosenza, March 11th, 2015 
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Memberships 
 
 
 
 

Science, uncertainty and decision making in the mitigation of natural risks. Workshop of the Cost 
Action IS1304 “Expert Judgment Network: Bridging the Gap Between Scientific Uncertainty and 
Evidence-Based Decision Making”. Rome, Civil Protection Department, October 8-10th, 2014 
 
International Conference on Mountain Risks, Bringing Science close to Society, Florence, November
24 – 26th, 2010 
 
La Geotermia del XXI° secolo. Region of Tuscany, Florence, March 15th, 2012 
 
European Geothermal Congress 2013, Palazzo dei Congressi, Pisa, June 3rd-8th, 2013 
 
Il cambiamento climatico: strategie di mitigazione e di adattamento in ambito urbano. Florence, 20th

November 2015 
 
 
I have participated as Italian Civil Protection Department observer to the communication campaign 
about natural risks “Io non rischio”  
I have partecipated to two paleontological excavation fields 
 
SPE – Society of Petroleum Engineers 
EAGE – European Association of Geoscientists and Engineers 
SGI – Italian Geological Society 
AIGA – Italian Association for Engineering Geology  
SME-Society for Mining Metallurgy and Exploration 
 

 
 
 
 
                                   References 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

             Florence, November 15th, 2019                                                                                                            

                                                                                                                  

Dr. Federico Marini PhD, MSc, BSc 
 

Academic 
title 

name, 
surname 

role e-mail 

Prof. Nicola Casagli Master’s degree thesis 
Advisor, 

Project Manager for DST-
UniFi 

nicola.casagli@unifi.it 

Eng. Agostino Goretti DPC Project tutor agostino.goretti@protezionecivile.it 
Prof. Giovanni Gigli Master’s degree thesis Co-

Advisor 
giovanni.gigli@unifi.it 

Prof. Enrico Pandeli Bachelor’s degree thesis 
Advisor; University trainer tutor 

enrico.pandeli@unifi.it 



 
 

 

 

 

 

 

Oggetto: candidatura spontanea 

Sono un Dottore di Ricerca in geologia applicata con una tesi sulla caratterizzazione geostrutturale 

dell'ammasso roccioso. 

Durante il dottorato ho inoltre seguito progetti relativi ad il monitoraggio dei fenomeni di versante con 

interferometria radar da terra (frana di Calatabiano, Sciara del Fuoco, crollo del muro d’argine di Lungarno 

Torrigiani), la caratterizzazione della stabilità di versante tramite interferometria radar da satellite tramite 

Permanent Scatterers e Discrete Scatterers, la caratterizzazione del rischio sinkhole (finalizzata alla 

progettazione infrastrutturale) e la rockfall analysis al fine di prevedere i percorsi dei massi e l’enrgia cinetica 

per la progettazione delle contromisure di protezione (viadotto Chiappetti autostrada A5 della Val d’Aosta). 

Per Spea Engineering S.p.a. ho contribuito alla caratterizzazione del rischio sinkhole nel lotto 5/B 

dell’autostrada A12; per SAV Autostrade Valdostane S.p.a. ho contribuito alla caratterizzazione del rischio 

caduta massi lungo il Viadotto Chiappetti dell’autostrada A5; per i Comuni di Rio Marina e di Rio nell’Elba 

(Provincia di Livorno) ho contribuito alla caratterizzazione del rischio sinkhole per la progettazione di un 

percorso alternativo della SP26.  

 

La progettazione di grandi infrastrutture costituiscono il motivo principale che mi hanno portato a scegliere 

il percorso formativo intrapreso all’interno dell’Università dalla laurea magistrale (oggetto della tesi: 

caratterizzazione della frana di Santa Maria Maddalena nel comune di San Benedetto in Val di Sambro e 

valutazione delle eventuali relazioni con il tunnel Val di Sambro della Variante di Valico) e del dottorato 

(oggetto della tesi: Modellazione 3D di pareti rocciose finalizzata alla valutazione della pericolosità da caduta 

massi). Ritengo infatti maggiormente interessante ed appagante da un punto di vista sia professionale 

lavorare su grandi progetti, in cui ciascuna soluzione è studiata sul singolo caso di studio, piuttosto che i lavori 

di routine di cui spesso si occupano i piccoli studi professionali ed è questo il motivo principale per cui vorrei 

lavorare con voi. 

Sono una persona dinamica. La mia disponibilità a spostarmi in Italia ed all’estero è dimostrata dal periodo 

di un anno trascorso a Roma presso il DPC e di 6 mesi in Australia presso l’Università di Newcastle. Sono una 

persona aperta ed attento ad allenare la mia conoscenza della lingua inglese partecipando a cene 



interculturali. Sono infatti fermamente convinto che oggigiorno la conoscenza professionale della lingua 

inglese e la disponibilità a trasferimenti e trasferte sia un prerequisito fondamentale per il raggiungimento 

della soddisfazione a livello lavorativo. Volersi vincolare ad un territorio, crisi o non crisi, soprattutto per un 

professionista junior, è oggettivamente un forte impedimento e, certamente non consente di sfruttare al 

meglio la formazione ricevuta. Io vorrei sfruttarla al meglio.  

In calce alla cover letter ho descritoo le esperienze lavorative più significative in ambiti attinenti ai lavori 

galleristici e autostradali. 

 

Prato, 15/11/2019 

Distinti saluti, 

 

Dr Federico Marini, BSc, MSc, PhD 

 

 

 

1) L'esperienza più rilevante che ha avuto. 

 

Le attività più rilevanti che ho svolto sono stati i progetti seguiti all’interno del gruppo di ricerca di geologia 
applicata con cui ho svolto il dottorato (gruppo di ricerca del Prof. Nicola Casagli, Dipartimento di Scienze 
della Terra dell’Università di Firenze). La mia esperienza più rilevante è stato il progetto di dottorato, avente 
come oggetto il confronto tra la caratterizzazione geostrutturale degli ammassi roccioso condotta con metodi 
manuali e con metodi semiautomatici, l’individuazione dei blocchi instabili tramite la Block Theory tramite 
un codice Discrete Fracture Network Generator (SiroModel) e il calcolo degli indici di pericolosità. La 
caratterizzazione geostrutturale dell’ammasso roccioso è stata condotta con diversi codici commerciali 
(SiroJoint Datamine, I-Site Studio Maptek), open-source (Facets CloudCompare) e sviluppati dal gruppo di 
ricerca (DiAna). È stato inoltre utilizzato un codice sviluppato dal gruppo di ricerca (DiAna-K) per il calcolo 
degli indici di pericolosità cinematica locale sui triangoli della mesh rappresentante la superficie 
dell’ammasso roccioso, consentendo quindi di avere una rappresentazione 3D della suscettibilità da rischio 
crolli sulla superficie dell’ammasso roccioso. Lo studio ha messo in luce vantaggi e svantaggi dell’estrazione 
delle discontinuità con metodi manuali e con metodi semiautomatici, e ha evidenziato come i diversi metodi 
influenzino la caratterizzazione geostrutturale dell’ammasso roccioso e l’analisi cinematica. 



Espongo brevemente quali, tra le mie esperienze, lavorative e di studio, presentano attinenza con la 
progettazione di opere stradali: 

- la tesi magistrale, avente come titolo “Studio della frana interessante l'abitato di Santa Maria 
Maddalena nel comune di San Benedetto in Val di Sambro (Provincia di Bologna, Italia)” e relativa 
alla realizzazione della galleria Val di Sambro 

- la programmazione del piano di indagini per la caratterizzazione del rischio di sprofondamenti 
catastrofici del suolo nell’ambito della Progettazione Definitiva delle gallerie artificiali Fonteblanda e 
Ansedonia della A12 Genova-Rosignano; 

- la caratterizzazione del rischio di sprofondamenti catastrofici del suolo per la realizzazione della 
variante della Starda Provinciale 12 (Livorno); 

- la caratterizzazione del rischio da caduta massi lungo un tratto dell’autostrada A5 Torino-Aosta. 

. 

La tesi magistrale ha riguardato la caratterizzazione dell’attività della frana interessante l’abitato di Santa 
Maria Maddalena di Ripoli e la realizzazione della galleria della Variante di Valico “Val di Sambro” tramite 
l’analisi degli spostamenti rilevati con rilievi topografici, inclinometri, fessurimetri ed interferometria radar 
da satellite. 

Per quanto riguarda la caratterizzazione del rischio sinkhole lungo il tracciato delle gallerie artificiali 
Fonteblanda e Ansedonia della A12 Genova-Rosignano è stato eseguito uno studio geomorfologico, su foto, 
cartografia storica e dati interferometrici radar da satellite finalizzato ad individuare evidenze di sinkhole ed 
è stato definito un piano di lavoro delle indagini geofisiche (georadar e sismica a riflessione) da attuare per 
identificare le aree maggiormente soggette a sprofondamenti catastrofici del suolo. Le evidenze di 
precedenti sinkhole sono state inoltre validate con sopralluoghi. Durante lo studio ci siamo interfacciati con 
la Geol. Barbara Tognala ed il Geol.. Vittorio Boerio di SPEA Engineering S.p.a., con cui abbiamo avuto anche 
una riunione a Firenze, e con l’Ing Alessandro Alfi e l’Ing Antonio Sibilia. È stata inoltre redatta una mappa 
della suscettibilità da sinkhole sulla base delle evidenze geomorfologiche e delle caratteristiche litologiche 
del substrato ricavate dai sondaggi. Le conclusioni del lavoro sono state inviate alla Soc. SPEA Engineering 
S.p.a. del Vs Gruppo dal Dipartimento di Scienze della Terra in data 21/06/2016 “Definizione delle indagini e 
delle prospezioni per lo studio di aree a rischio sinkhole nell’ambito della Progettazione Definitiva delle 
gallerie artificiali Fonteblanda e Ansedonia - Rapporto preliminare” (link al report sul sito del Ministero 
dell’Ambiente: https://va.minambiente.it/File/Documento/192522, entro cui sono indicati anche i nomi del 
gruppo di ricerca, compreso il mio). 

La caratterizzazione del rischio di sprofondamenti catastrofici del suolo per la realizzazione della variante 
della Starda Provinciale 12 (Livorno) ha riguardato l’esecuzione di rilievi geoelettrici e idrogeologici per 
individuare le aree maggiormente soggette al rischio sinkhole nell’area di studio. Tale studio si è avvalso 
inoltre dell’analisi geomorfologica in campagna, da foto aeree  da cartorafia storica e di dati interferometrici 
radar da satellite. 

Lo studio condotto lungo un tratto dell’autostrada A5 Torino-Aosta ha avuto come oggetto la definizione 
delle traiettorie dei massi instabili al fine di definire le aree maggiormente soggette al rischio caduta massi. 

 

 

 

 



2) Le attività che vorrebbe smettere di fare 

 

Tra le attività che ho svolto, quella che vorrei smettere di fare consiste nel referaggio degli articoli scientifici 
sottoposti all’interno di riviste scientifiche internazionali. 

Non ci sono invece attività relative al lavoro di campagna o alla modellazione che vorrei smettere di fare. 

 

 

3) Le attività che svolge con più piacere 

 

Le attività che svolgo con più piacere che sono collegate alla progettazione autostradale sono: 

- Realizzazione di sezioni geologiche; 
- Modellazione della stabilità di versante (metodo dei conci); 
- Analisi geostrutturale dell’ammasso roccioso 
- Modellazione della stabilità dei blocchi (Block Theory, Goodman & Shi, 1985), sia su versante che in 

galleria. 

Realizzazione di sezioni geologiche: comprende l’assetto tettonico e litostrutturale del sottosuolo, per 
costruire modelli geologici a partire dai dati geologici di superfice e con la validazione offerta da indagini 
geofisiche e sondaggi geognostici rappresenta per me una prova del nove delle capacità di un geologo di 
interpretare la geologia di un’area. Soprattutto nel settore delle infrastrutture, infatti, l’ipotesi del geologo è 
soggetta alla validazione legata alla realizzazione dell’opera, nel caso di tunnel e fondazioni in primis. Fare 
sezioni geologiche e potere quindi poi verificare tali ipotesi rappresenta un’importante sfida. 

Modellazione della stabilità di versante (metodo dei conci): ritengo che l’approccio dei geologi soffra spesso 
di una carente base quantitativa. Per quanto riguarda la stabilità di versante la modellazione numerica 
consente di tradurre in output -più o meno- oggettivi i pareri qualitativi sulla stabilità di un versante o sullo 
stato di attività di una frana. L’utilizzo di modelli elaborati e descritti da pubblicazioni scientifiche di rilievo 
consente di ridurre la soggettività dell’interpretazione ed eventualmente anche di motivare, spiegando la 
fisica del fenomeno, perché un eventuale fenomeno franoso occorso era o meno prevedibile oltre ogni 
ragionevole dubbio. 

Analisi geostrutturale dell’ammasso roccioso: i rilievi fotogrammetrici e laser scanning al giorno d’oggi 
consentono, sia in superficie che in galleria di ricostruire con metodi semiautomatici l’assetto geostrutturale 
dell’ammasso roccioso. I metodi semiautomatici presentano, rspetto al rilievo geostrutturale manuale 
(tradizionale) numerosi vantaggi, in primis l’abbattimento dei tempi per eseguire il rilievo. 

Modellazione della stabilità dei blocchi (Block Theory, Goodman & Shi, 1985), sia su versante che in galleria: 
comprendere come diverse unità litotecniche, con diverse fratturazioni, influenzino la rimovibilità dei blocchi 
e le loro dimensioni rappresenta per me un obiettivo importante di una corretta analisi geostrutturale per 
fornire corrette stime delle forze agenti su un’opera. 

 



 

4) Le attività che svolge con meno piacere 

 

Tra le attività che ho svolto, quella che ho svolto con meno piacere è scrivere pubblicazioni scientifiche. 
Scrivere pubblicazioni scientifiche oggi è un’attività abbastanza ripetitiva ed in cui la vera ricerca scientifica 
riveste un aspetto marginale in quanto il sistema accademico premia la quantità di pubblicazioni scritte, 
prodotti spesso con un approccio autopromozionale per ottenere più citazioni.  

 

 

5) Le attività che svolge che vorrebbe imparare a fare bene 

 

All’università si impara la teoria e quando si esce dell’università talvolta manca la capacità di capire come 
tradurre in pratica le conoscenze acquisite. Vorrei pertanto approfondire anzitutto, grazie all’interazione con 
ingegneri, tecnici esperti e periti, come applicare le conoscenze spesso troppo teoriche acquisite. Inoltre, 
ritengo che la formazione degli studenti di geologia, ancorché specializzati in geologia applicata, sia 
insufficiente per quanto riguarda la conoscenza di semplici rudimenti più ingegneristici che consentano 
un’ottimale linguaggio comune con chi poi deve progettare l’opera.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 

Elenco delle pubblicazioni scientifiche e degli atti di convegno  
 
 

Si fornisce un elenco degli atti di convegno (Tabella 1) e degli articoli scientifici su rivista internazionale (Tabella 
2) pubblicati nell’ambito delle geoscienze applicate. 
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highwalls: a comparison of 
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16 

Bardi, F., Intrieri, E., 
Pazzi, V., Fontanelli, K., 
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30 
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An accurate characterization of the rock mass discontinuities and of the rock slope stability is 

fundamental to evaluate the trajectory of the blocks and the associated kinetic energy for the design 

of the appropriate protection measures. The estimate of the blocks volume can be conducted by means 

of algorithms that use the structural features of the rock surface to identify the boundaries of the 

polygons that represent the blocks. An accurate geomechanical characterization is therefore crucial 

to gather such information. Traditional field surveys have been used for this purpose over the last few 

decades, combined with manual and semi-automatic detection tools, to obtain details of the rock mass 

structures (major and minor).  

The paper presents the study of the application of different tools to the structural characterisation and 

the assessment of the stability of two highwalls affected by rockfall in an open pit mine in Australia. 

3Dimensional models of both highwalls have been built using Siro3D code (Datamine SiroVision®, 

developed by CSIRO). SiroJoint (in built in the Siro3D package) was used to manually detect the 

rock structure, while DiAna (Gigli & Casagli, 2011) was used for a semiautomatic discontinuities 

extraction. The analysis allows to remotely and objectively quantify the main geometric input 

parameters necessary for a complete and reliable rockfall hazard analysis, such as slope high 

resolution morphology, source areas, size and volume of unstable blocks and associated kinematic 

energy. 

 



The study is aimed to: i) evaluate how artificial cuts affect the reliability of semiautomatic 

discontinuities extraction methods (DiAna) in comparison to manual discontinuities extraction 

methods (SiroJoint); ii) compare stereoplots of semiautomatic and manual discontinuities extraction 

in case of artificial cuts; iii) understand the reliability of semiautomatic discontinuities extraction 

methods by a point cloud produced by photogrammetric survey. 

The comparison of the stereoplots of the discontinuity planes produced with SiroJoint and DiAna 

shows results somehow comparable; moreover, this application revealed a number of interesting 

advantages and drawbacks of each method, which can be useful to overcome some current limitations 

and improve the quality of the rockfall simulations. 

 

Rockfall hazard, Geostructural survey, 3D photogrammetry, Geological risk, Mine safety 
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Rock slope stability analysis of highwalls: a 
comparison of manual and

semiautomatic detection of discontinuities 
from point cloud for kinematic analysis

Federico Marini, Giovanni Gigli, Klaus 
Thoeni, Anna Giacomini, Paolo Farina

• High velocity events

→ high kinetic energy value

→ high vulnerability and hazard

Rock fall risk

1

2
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Rock fall risk in mines and quarries
• 595 fatalities in New South Wales

mines in 1957-2007 period

from MacNeil, 2008 

Assessment of rockfall risk

• Rockfall susceptibility

→ Geostructural description of the rockmass

→ Kinematic analysis

• Study of the run-out tracks (rockfall analysis)
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Geostructural analysis
• Discontinuities extraction methods

Manual Semi-automatic

Geostructural analysis
• Manual discontinuities extraction methods

Pros Cons
• Detection of planes and traces as

well

• Time consume

• Results are not repeatible

• depends on the quality of digital

data and on the skill and

experience of the geologist

• Non systematic

• tends to neglect the smallest

features

5
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Geostructural analysis
• Semi-automatic discontinuities extraction methods

Pros Cons
• Low time consume

• Repeatible results

• No user-bias

• Detection of planes only (no traces)

• Diffucult detection of

discontinuities perpendicular to the

slope

• Wedge failure and block toppling

risk could be underrated

Geostructural analysis: SiroJoint
• Input surface made with (.sjt) SiroVision package

(CSIRO-Datamine)

• Remote sensing system for rock mass and

structural analysis

• Different focal length lenses and cameras

• Definition of the stereo-couples images affects the

accuracy of the results

7

8
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Geostructural analysis:
DiAna Discontinuities Analysis

• Semi-automatic discontinuities extraction methods

• Definition of the criteria for the discontinuities

extraction

Instability analysis: SiroModel

• Volume and shape of blocks

• Type of removable blocks (Goodman &

Shi, 1985): 1) unstable; 2) stable thanks

to friction; 3) stable

Input data Output data
• Simplified morphology of pit surface

• Stochastic/deterministic model

• Dip, dip direction, σdip, σdip direction,

persistence, σpersistence

• Nr of simulations

9

10
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Instability analysis: SiroModel

• Volume and shape of blocks

• Type of removable blocks (Goodman &

Shi, 1985): 1) unstable; 2) stable thanks

to friction; 3) stable

Input data Output data
• Simplified morphology of pit surface

• Stochastic/deterministic model

• Dip, dip direction, σdip, σdip direction,

persistence, σpersistence

• Nr of simulations

Nr
 o

f b
lo

ck
s

4

2’185

15’871

Kinematic analysis: DiAna
Input data Output data

• Map of the local most probable failure

mechanism

• Susceptibility maps for:

Plane Failure

Wedge Failure

Block Toppling

Flexural Toppling

Free Fall

• Point cloud of the surface

• Friction angle

• Dip and dip direction of the sets of

discontinuities

11

12
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Kinematic analysis: DiAna
Input data Output data

• Point cloud of the surface

• Friction angle

• Dip and dip direction of the sets of

discontinuities

63% 63%

63%63%

P
F

W
F

BT FT

• Most probable failure mechanism

• Susceptibility maps

Sydney basin

Singleton coal measures 
(Permian)

Sydney

Canberra
Newcastle

Brisbane

Melbourne

Adelaide

Sydney
basin

Bowen 
basin

Coal mine case study
• Geological setting: Sydney basin – Singleton area

Permian
Ps: Newcastle Coal Measure -
Sandstone, shale, mudstone, 
conglomerate, and coal seams 
Pw: Branxton Fm – Mudstone, 
sandstone, and conglomerate
Po: Greta Coal Measure -
Sandstone, shale, mudstone, 
conglomerate, and coal seams 

13
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Coal mine case study
• Geological setting: Sydney basin – Singleton area

Qa

Pswj

Pswv

Silt, sand and gravel
Quaternary

Alluvial deposits

Whittingham Coal 
Measures

Coal Seams, shale, 
tuff siltstone, 
sandstone, and 
conglomerate
Permian
Coal Seams, 
sandstone, shale, 
and conglomerate
Permian

Results: discontinuities stereo-plots
• Stereo-plot of the discontinuities extracted by

SiroJoint

7 sets of discontinuities 
(3 made by planes, 4 by traces)

Slope orientation

15

16
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Results: discontinuities stereo-plots
• Stereo-plot of the discontinuities extracted by

DiAna

3 sets of discontinuities (planes)

Slope orientation

Results: discontinuities stereo-plots
• SiroJoint/DiAna stereoplots comparison

Slope orientation

SiroJoint DiAna

17
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Results: kinematic analysis
SiroJoint: planes + traces SiroJoint: planes DiAna: planes

Plane Failure

Wedge Failure

Plane Failure

Wedge Failure

Results: SiroModel instability analysis
• Removable blocks (Goodman & Shi theory)

Classification of 
removable blocks

Type 1: unstable;  
Type 2: stable with friction;  
Type 3: stable without friction

19

20
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a b c d

Nr
 o

f b
lo

ck
s

714

3’152

1’639
2’431

17’780 7’7036’925

78

Results: SiroModel instability analysis

a) Total number of blocks
b) Unstable blocks
c) Blocks stable with friction
d) Blocks stable without friction 

• Removable blocks (Goodman & Shi theory)

Results: SiroModel instability analysis

a) Total number of blocks
b) Unstable blocks
c) Blocks stable with 

friction
d) Blocks stable without 

friction

• Removable blocks

(Goodman & Shi

theory)

d

b

c

a

Max volume for unstable blocks: 1.45 m3

21
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Results: DiAna kinematic analysis

PF

WF

FF

BT

FT

63%

Results: DiAna kinematic analysis
• Most probable failure mechanisms

23
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Conclusions
• Main failure mechanism: plane failure (DiAna) vs

wedge failure (SiroJoint);

• Position of the most prone to failure areas (DiAna);

• Dimension of the blocks (SiroModel);

• Modelling of the rockfall analysis of the slope

References
• Casagli, N., & Pini, G. (1993). Analisi cinematica della stabilità di versanti naturali e 

fronti di scavo in roccia. Geologia Applicata e Idrogeologia, No. 28: 223-232.

• Elmouttie, M., Poropat, G. & Krähenbühl, G. 2010. Polyhedral modelling of rock 
mass structure. International Journal of Rock Mechanics and Mining Sciences, Vol. 
47, No. 4: 544-552.

• Gigli, G., & Casagli, N. (2011). Semi-automatic extraction of rock mass structural 
data from high resolution LIDAR point clouds. International Journal of Rock 
Mechanics and Mining Sciences, No: 48(2): 187-198. 

• Goodman, R. E., & Shi, G. H. (1985). Block theory and its application to rock 
engineering (Vol. 26, No. 1: 103-105). Englewood Cliffs, NJ: Prentice-Hall.

• Lambert, C., Thoeni, K., Giacomini, A., Casagrande, D., & Sloan, S. (2012). Rockfall 
hazard analysis from discrete fracture network modelling with finite persistence 
discontinuities. Rock mechanics and rock engineering, No. 45(5): 871-884.

• MacNeil, P. (2008). International Mining Fatality Database. Department of Primary 
Industries.

25

26



Hydrogeological and Geophysical investigation on sinkhole triggers and susceptibility at Il Piano (Elba 

Island, Italy) 
Bardi F.1*, Intrieri E. 1, Pazzi V. 1, Fontanelli K. 1, Carlà T. 1, Marini F. 12, Di Filippo M. 3, Fanti R. 1  
 

1 Department of Earth Sciences, University of Firenze, via La Pira 4, 50124, Firenze, Italy  
2 Regional Doctoral School of Earth Sciences University of Studies of Florence, Florence Italy 
3 Department of Earth Sciences CNR-IGAG, University of La Sapienza Rome, Italy 

*Corresponding author. E-mail: federica.bardi@unifi.it 
 

The proposed research contributes to increase the knowledge of the triggering mechanisms of sinkholes, by 

investigating the sinkhole-prone area of Il Piano (Elba Island, Italy), where at least nine sinkholes occurred 

between 2008 and 2014. These sinkholes affected an urbanized area, representing a threat for the population. 

Therefore, identifying the mechanisms and the triggering factors of these events plays a significant role in the 

developing of management plans.  

The research aimed at obtaining a detailed characterization of the geology and hydrogeology of the area. 

Firstly, a deep study of historical aerial photographs and maps, supported by field surveys to assess the 

current setting of the area, has been carried out to identify forms (such as circular lakes) possibly linkable to 

past sinkholes and to reconstruct the complex evolution of the drainage network, aimed at contributing to the 

understanding of the triggering mechanisms. These investigations, focused on the surface runoff regime, 

were successively integrated with a detailed hydrogeological analysis for characteriz ing the aquifers, their 

interactions and their relations with rainfall and water pumping. In parallel, geophysical investigations were 

performed: in fact, thanks to their indirect/non-invasive nature, geophysical methods were the most suitable 

approach for the substratum characterization. 2D and 3D electrical tomography, microgravity and single 

station seismic noise measures were carried out at Il Piano with several specific aims: (i) to differentiate 

shallower (Quaternary alluvial deposits) from deeper geological layers (Triassic brecciated dolomitic limestone 

and Cretaceous slate), (ii) to detect possible cavities which could evolve in sinkholes, (iii) to assess the sinkhole 

susceptibility of the area. 

The integration between the results of the hydrogeological and geophysical investigations revealed that the 

main source of sinkhole at Il Piano is not mainly related to the karstification of the carbonate bedrock, which is 

generally one of the most typical origin of sinkholes. Instead, these sinkholes appear to be caused by ravelling 

and erosive processes occurring entirely in the sedimentary cover when heavy rainfall induces water 

overpressure within the superficial aquifer: the studied phenomena is related to the removal of fine-grained 

material related to the pressurization of the aquifer hosted in the alluvial deposits. 

 

Keywords: Electrical tomography, Seismic investigation, Hydrogeology, Geological risk 
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A multidimensional and interdisciplinary strategy for geo-hydrological

risk reduction oriented towards minors

Stefano Morelli (1), Veronica Pazzi (1), Anna Elisa Bandecchi (1), Luca Valori (2), Luca Gambacciani (2), Mattia

Ceccatelli (1), Teresa Gracchi (1), Federico Marini (1), Elena Benedetta Masi (1), Laura Pastonchi (1), Alessia

Lotti (1), Katia Fontanelli (1), and Nicola Casagli (1)

(1) University of Firenze, Department of Earth Sciences, Montespertoli (Firenze), Italy (stefano.morelli@unifi.it), (2) INAIL,

Istituto Nazionale per l’assicurazione contro gli infortuni sul lavoro, Direzione regionale Toscana

One of the targets of the Sendai Framework is to reduce disaster damage to critical infrastructure and disruption

of basic services, in particular educational facilities, developing their resilience. In this perspective, we involved

40 school (Central Italy) in a three-year project, which aims at assessing the real safety to which all the school

occupants (students, teachers and auxiliary personnel) are subjected. This project was structured in three com-

plementary lines of work: 1) improvement of the school buildings safety; 2) improvement of school occupants

awareness; 3) improvement of the measures for the minors protection within the Territorial Civil Protection Plans.

The first one consists in rapid and low cost instrumental surveys on built structures that are combined with the

observation of all natural features possibly related to local geo-hydrological risks, as well as the ordinary habits

and the planned behaviours in case of emergency. The compendium of the main results, which is represented by

the Geohazard Safety Classification (GSC), and a list of technical recommendations, is useful to inform the official

security managers that can implement the existing risk assessment documents of their school building and related

emergency plans. The second line of work consists in increasing and improving the geological risks awareness of

the students through both the involvement during the survey and the administration of questionnaires focused on

the local geo-hydrological risk perception. Therefore, the questionnaires help to assess the current resilience degree

that is included in the GSC definition and are conceived as a didactic instrument, since they allow students to reflect

on these problems. All the questionnaires are calibrated for age groups. Some unbiased and expert school educators

collaborated in assessing and testing them in advance. After the results delivery, a public meeting was held each

year. All the interested teachers, concerned operators, security supervisors and school managers were involved. The

goals of the meetings were: a) to explain the executed working methods, b) to have an open discussion about the

priorities of school security, c) to convey ideas that will serve the professional growth of teachers and the process of

transmission to students during their educational path in addition to the planned practice exercise like evacuations.

Finally, since the full management of emergencies in a school must necessarily be linked to the territorial civil

protection plans, the third line of work consists in verifying, in some sample municipalities throughout Italy, the

minimum standards for the protection of minors during emergencies. This was realized opening a dialogue with

the public administrations and looking for the presence of some specific "indicators" in their plans and operative

activities. This analytical process had also the function: i) to sensitise the local institutions of adopting suitable

measures for the protection of minors in emergency within the Civil Protection Plans; ii) to promote a culture of

safety and risk prevention, in which children are considered active subjects; iii) to disseminate the contents of the

already existing guidelines concerning the minors’ rights; iv) to highlight good practices already experimented by

institutions.
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Abstract

Sinkholes represent a geological risk that is often underrated, mainly due to its very localized nature. In fact, sinkholes occur 

only under particular circumstances and typically affect relatively small areas. Despite these characteristics, the difficulty in 

forecasting the precise location and timing of their sudden collapse creates serious problems for civil protection authorities 

and urban planners. In this framework, identifying the mechanism and thus the triggering factor of sinkholes is strategically 

pivotal in developing management plans. The present paper addresses the sinkhole-prone area of Il Piano (Elba Island, Central 

Italy). The integration of hydrogeological surveys, coupled with a thorough study of historical maps and aerial photographs, 

suggests that the main triggering factor in this area may not be related to water pumping from the karst aquifer, as initially 

hypothesized. Instead, sinkholes appear to be caused by ravelling and erosive processes occurring entirely in the sedimentary 

cover when heavy rainfall induces water overpressure within the superficial aquifer.

Keywords Karst · Hydrogeology · Risk management · Sinkholes

Introduction

Sinkholes are natural or anthropogenic ground collapses 

that occur due to a synergy of predisposing and triggering 

factors. The causes of sinkholes are often used in sinkhole 

classification, although many different classifications exist 

(Cramer 1941; Beck and Sinclair 1986; White 1988; Wil-

liams 2003; Waltham et al. 2005; Gutiérrez et al. 2008; 

Nisio 2008). Predisposing factors are usually the presence 

of underground cavities (for example, related to human exca-

vations or to a karst bedrock) under an alluvial cover and 

in conditions of groundwater circulation; triggering factors 

usually consist of strong increases in the hydraulic gradi-

ent, earthquakes (Snyder et al. 1989; Ferreli et al. 2004), 

loading (Nisio et al. 2007) and acidic fluid upwelling from 

deep fractures or faults (Nisio et al. 2007; Caramanna et al. 

2008). Since the coexistence of such features occurs only in 

specific regions, the risk of sinkholes is usually focused in 

those areas (called sinkhole-prone areas) but is practically 

null in other regions, unlike other types of geohazards such 

as landslides that are much more widespread. The localiza-

tion of sinkholes is one of the reasons why sinkhole risk 

awareness is low globally. Sinkhole-prone areas are prob-

lematic for urban planning, in part owing to this lack of 

awareness, in part due to the difficulty in finding the precise 

boundaries of the area at risk and the exact location of where 

a sinkhole may occur. For example, modern transportation 

networks, especially highways and fast train railways, have 

severe restrictions concerning their route and curvature, and 

avoiding potentially dangerous areas is a major issue. An 

inaccurate identification of such areas can result in allow-

ing urbanization over zones at risk or, on the contrary, in 

considering the entirety of the territory as unsuitable for 

construction.

Since sinkhole forecasting is not a common practice and 

still being researched (Nof et al. 2013; Jones and Blom 2014; 

Intrieri et al. 2015; Lee et al. 2016), only a detailed hydro-

geological study, coupled with underground information, 

can help planners delimit the area at risk and identify the 
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possible triggering factors, thus enabling the implementation 

of risk-reduction policies.

In this paper, the possible causes of the sinkholes occur-

ring at Il Piano (Elba Island, Central Italy), where at least 

nine events have occurred since 2008, are discussed. A pre-

vious study (Intrieri et al. 2015) focused on addressing this 

issue from a monitoring point of view, but this work did 

not include a detailed hydrogeological study of the triggers 

of the events and, in particular, their relationships with the 

water pumping, the rainfall and the aquifer activity (that is, 

the scope of the present paper).

In this study, sinkhole research has been developed at 

different levels. First, a detailed study of historical aerial 

photographs and maps, supported by field surveys aimed at 

assessing the current setting of the area, has been carried out 

in order to identify forms (such as circular lakes) possibly 

linkable to past sinkholes and to reconstruct the complex 

evolution of the drainage network, in order to contribute to 

the understanding of the trigger mechanisms. These investi-

gations, focused on the surface runoff regime, were succes-

sively integrated with a detailed hydrogeological analysis 

for characterizing the aquifers, their interactions and their 

relations with rainfall and water pumping (Fig. 1). Ground 

displacement data (provided by satellite and ground-based 

interferometry; Intrieri et al. 2015) were taken into account 

but not used for this work.

The case study

The sinkhole-prone area discussed in this study is located 

in the NE sector of Elba Island (Central Italy), between 

the Municipalities of Rio nell’Elba and Rio Marina, and is 

called Il Piano (The Plain) (Fig. 2).

The Il Piano catchment is characterized by a natural, 

narrow pass just upstream of the village of Rio Marina. 

During the Pleistocene and Holocene, continuous oscil-

lations of the sea level caused several cycles of erosion 

and sedimentation, as proved by the alternation of lacus-

trine, fluvial and hillslope sediments. These sedimentary 

layers lie above the bedrock, which consists of the Cavo 

Formation (metamorphic shale) in the western part of the 

study area and the Rialbano Breccia (formerly defined as 

Calcare Cavernoso, that is “cave limestone”; Bortolotti 

et al. 2001). The latter is a karst limestone formation that 

constitutes the small reliefs present in this area; the karstic 

nature of the rock is evidenced by the presence of natural 

Fig. 1  Flowchart of the integrated geological study carried out in the Il Piano area
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caves, scattered around the eastern part of the island. The 

Cavo Formation overlays the Rialbano Breccia by means 

of a tectonic contact.

Drillings and geoelectric studies revealed the high het-

erogeneity of the alluvial sediments, consisting of pre-

dominantly very fine sediments (silt to clay) at the base and 

coarser sediments shallower (silt to gravel). Within this sedi-

mentary cover (which is approximately 10–30 m thick), len-

ticular or elongated bodies, constituted by coarse sediments 

and attributable to recent and ancient riverbeds, are present.

Nine sinkholes have been recorded in the easternmost 

part of Il Piano (Intrieri et al. 2015), where the Rialbano 

Breccia are overlaid by the alluvial sediments and are in 

close proximity to wells used for providing drinking water 

(Fig. 2). These sinkholes threaten nearby communities and 

have already severely damaged an important communica-

tion route, to the extent that a bypass had to be constructed. 

Other sinkhole locations, spread to the westernmost sector 

of the plain, have been noted, although they are considered 

uncertain, since their presence is based on unconfirmed 

Fig. 2  Geographical and geological framing of the study area. Modified after Bortolotti et al. (2001)
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reports by locals. Due to the geomorphological restraints 

described above, the road going through the pass represents 

an important route connecting the village of Rio Marina 

and its port to the rest of the island, which is famous for 

tourism. In 2013, a sinkhole timely forecasted by Intrieri 

et al. (2015) led to the disruption of the road pavement and 

to the construction of a bypass that still passes through an 

area considered at risk. Additionally, dwellings are included 

among the elements at risk.

Assessment of the surface runoff

To address all the possible causes of sinkholes, a study of the 

drainage system, both natural and artificial, was carried out. 

The first part of this study focuses on the analysis of histori-

cal maps and aerial photographs, to detect possible signs of 

older sinkholes and to assess the evolution of land use in 

the Il Piano area. The second part of this study consists of 

the characterization of the current surface runoff through 

surveys and discharge measurements.

Historical research

Milling had occurred in the Il Piano area (which is, in fact, 

also called Valle dei Mulini, i.e. watermills valley) from the 

second half of the sixteenth century until the 1950s. The 

word “Rio” within the name of the towns themselves can 

be translated as “stream”, denoting that a significant water 

discharge existed in the past but is no longer observable. The 

presence of 22 watermills in total, as well as millponds and 

ditches that supplied water for hydraulic energy, is docu-

mented (Pierotti 1993), and their ruins are still largely visible 

(although at different states of conservation). The hydraulic 

setting during the last two centuries has been reconstructed 

by analysing historical cartography (French Land Registry, 

1802–1803; Grand-ducal Land Registry 1840; topographic 

map of Elba Island 1895) and aerial photographs (1945, 

1954, 1978, 1988, 1990, 1994, 1996, 2012) (Figs. 3, 4). The 

cartography is derived by CASTORE (2016), the 1945 pho-

tograph is from IGM (2016), and the other data are from the 

Tuscany Region (2016).

This historical analysis does not show the presence of 

geomorphological features that could be related to the occur-

rence of previous sinkhole events (for instance, circular or 

subcircular lakes, depressions, and damp areas). The French 

Land Registry and Grand-ducal Land Registry (Fig. 3) show 

the same watermills, millponds and ditches; the slight dis-

crepancies between the two registries are related to the low 

georeferencing precision of ancient charts. These two charts 

show the same stream patterns (the Mulini stream origi-

nating from the Cinque Bocche spring, Riale stream, San 

Giuseppe stream, Chiusa stream and Giudimente stream; 

Fig. 3) and supply ditch locations for the hydraulic energy 

mills. In particular, the analysis of the historical cartography 

has enabled the identification (Fig. 3) of a ditch network 

for the hydraulic energy supply of the watermills; this net-

work splits from the Mulini stream and flows into the Riale 

stream.

The 1945 and 1954 aerial photographs show that the 

drainage system had not changed very much since the draft-

ing of the Grand-ducal Land Registry (Fig. 3); in fact, the 

ditch network for the hydraulic energy supply of the water-

mills is still visible in these images. The 1978 aerial pho-

tograph testifies to the urbanization of the area with the 

construction of Togliatti Village, industrial sheds in the Il 

Piano locality, tubing of the ditches flowing in these areas 

and enlargement of Provincial Road 26 (Fig. 4). Later aerial 

photographs show that a well field had been built, and indus-

trial buildings had been constructed (Fig. 4).

Current setting

Surveys were carried out to assess the actual path of runoff 

water and to evaluate water infiltration. Discharge measure-

ments were performed at different points of the drainage 

network on the same day (13 April 2016), after the rainy sea-

son. Due to the shallowness of the streams, a current metre 

could not be used; therefore, measurements were performed 

by deriving the channel cross-section and by calculating the 

stream flow velocity from the time required to float a known 

distance along a regular section of the stream. When pos-

sible, the discharge was instead measured with a graduated 

bucket. In either case, at least 5 measurements were per-

formed, and the average of those measurements was calcu-

lated; measurements that clearly deviated from the typical 

range of the observed values were discarded and not used to 

compute the average.

Given the high variability in the discharges during the 

year, the measurements were not aimed at identifying a rep-

resentative value; instead, they were used to evaluate the per-

centage of water lost due to infiltration or instead collected 

within in the upstream drainage basin. Evapotranspiration 

within the riverbeds is considered negligible given the short 

length of the streams.

Figure 5 depicts the findings of the survey performed 

on 13 April 2016, representing intermediate conditions 

between the dry season and the maximum discharge (wet 

season). The blue lines indicate those tracts where a flux 

was observed and measurable, indicating a semi-permanent 

(i.e. at least seasonal) flux. The green lines are those tracts 

where flux is present only occasionally, after consistent 

rainfall. The dashed red lines indicate artificial channels, 

which in some cases are buried but are still easily detect-

able because they are marked by belts of reed or visible 

through open manholes. These channels correspond to those 
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Fig. 3  Evolution of the drainage system and land use shown on the 1840–1841 Grand-ducal Land Registry (top, CASTORE 2016) and on the 1954 aerial photo-

graph (bottom, IGM 2016; Tuscany Region 2016)
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Fig. 4  Evolution of the drainage system and land use shown on the 1978 (top) and 2012 (bottom) aerial photographs (IGM 2016; Tuscany Region 2016)
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detected through the historical research (Fig. 5) with only 

a few modern additions, while many tracts are no longer 

used nor visible. The areas in Fig. 5 filled by orange dashed 

lines are wet and marshy areas, revealing diffuse infiltration 

and an ineffective draining; the black dots show where the 

discharge measurements were performed, and the diameter 

of the dot is proportional to the measured value.

The flux measured at Cinque Bocche (4.64 × 10−3  m3/s, 

Fig. 5) is then diverted into two separate channels: the stre-

ambed is deflected by a domestic change to irrigate a vegetable 

garden (measured discharge of 2.19 × 10−3  m3/s) and then 

redirected back into the riverbed. Proceeding downstream, 

other channels or pipes intercept the water that flows parallel to 

the riverbed. Summing the discharge measured in the riverbed 

and in the channel at the same location, it is noted that the total 

discharge does not vary with that measured at Cinque Bocche, 

but the stream flow measured within the riverbed increases 

with respect to that measured in the channel. Further down-

stream, the superficial water flux of the Riale stream ceases 

to exist (corresponding to the green line), as it quickly infil-

trates. This phenomenon does not always occur in the same 

location; for example, in the spring, it was observed that the 

point where the stream disappears could change within a few 

tens of metres. On the other hand, the flux within the channels 

continues, although with small discharge values (see the small 

black dot within the red dashed line on the right part of Fig. 5, 

corresponding to a measured discharge of 0.26 × 10−3  m3/s), 

until it flows into the Riale riverbed and disappears.

The San Giuseppe stream is characterized by a lower, 

although increasing, discharge than that of the Riale stream. 

Interestingly, for a certain tract, the flow disappears and prob-

ably continues as hypodermic flow, since it emerges again after 

a few tens of metres. The water infiltrates definitively further 

downstream.

For both streams, the water infiltrates in an area where the 

tectonic contact between the Cavo Formation and Rialbano 

Breccia occurs, under the sedimentary cover. This observation 

would indicate that the lithology or man-made buried channels 

control the surface runoff, as infiltration increases over a more 

permeable medium.

Fig. 5  Map of the discharges measured on 13 April 2016. The diameter of each of the black dots is proportional to the measured discharge at 

that location
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Hydrogeological study

Given the influence of groundwater on sinkhole formation, 

a detailed hydrogeological study was carried out. This study 

mainly aimed to accomplish the following:

• acquiring data concerning the variation in the piezomet-

ric level, in relation to water pumping and rainfall;

• defining a conceptual hydrogeological model identifying 

the existing aquifers, their characteristics and interrela-

tions.

Rainfall data

On 16 October 2015, a meteorological station equipped with 

a rain gauge, thermometer and anemometer was installed 

close to well no. 12, within the Rio Marina territory. This 

meteorological station experienced a few interruptions of 

activity over a total of 36 days: 22 October 2015, from 30 

December 2015 to 27 January 2016, 29 February 2016, 5–8 

April 2016 and 11 June 2016. To integrate the missing data, 

the data from this station were correlated with the precipita-

tion measurements gathered by the rain gauge in Portoferraio 

(located approximately 10 km away from the study area).

To this aim, all the rainfall events that occurred in Rio 

Marina and Portoferraio between 16 October 2015 and 19 

June 2016 were identified. For the definition of a rainfall 

event, a similar approach to that used by Del Ventisette et al. 

(2012) was adopted. The beginning of an event was defined 

as a day recording any value higher than 0 mm of rainfall, 

and the ending was considered to be when the total pre-

cipitation recorded was equal to or lower than 0.2 mm for at 

least 48 h. By using this approach, 36 events (correspond-

ing to 432.6 mm during 107 rainy days) were detected at 

Portoferraio, while 24 (corresponding to 266.8 mm during 

98 rainy days) were detected at Rio Marina. The rain gauge 

installed in Portoferraio consistently recorded longer and 

more intense rainfall than the one in Rio Marina (Fig. 6). 

Considering only the events in common between the two 

stations, a ratio between the precipitation measured at 

Portoferraio and at Rio Marina has been calculated for each 

event. On average, this ratio is 1.16. The good correlation 

between data is proved also by a correlation coefficient R2 

equal to 0.92 (obtained without considering two outliers, as 

discussed below).

Some of the days that the Rio Marina rain gauge was 

not operating occurred during dry periods (as confirmed by 

the station in Portoferraio). For the remaining days, missing 

data have been integrated by using the Portoferraio data and 

assuming a 1.16 ratio. This resulted in a further 89.8 mm 

that was added to the Rio Marina dataset and evenly distrib-

uted among the days of inactivity.

The comparison between the precipitation measured in 

Portoferraio and Rio Marina also highlighted the occurrence 

Fig. 6  Daily rainfall measured at the Portoferraio and Rio Marina rain gauges. In the inset graph, the same data with a different scale are 

reported, in order to include the highest values
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of two particularly interesting events (previously defined 

as “outliers”), which occurred during the periods 16–19 

October 2015 and 27–29 October 2016 in Rio Marina and 

lasted for one additional day in Portoferraio. The intensities 

of these two events were, respectively, 82.4 and 151.2 mm 

in Rio Marina, while in Portoferraio they were 15.6 and 

38.8 mm. Therefore, despite the fact that Rio Marina gener-

ally appears to experience slightly less intense precipita-

tion than that at Portoferraio, Rio Marina can suffer from 

very localized, short and strong rainfall that do not affect 

Portoferraio.

Piezometric monitoring

Monitoring consisted of the manual measurement of the 

water level within all the measurable wells in the Il Piano 

area (Figs. 7, 8). In addition, well no. 5 was also auto-

matically monitored through a datalogger (CTD-Diver by 

Schlumberger Water Services) coupled with a barometer to 

compensate for the effect of the air pressure (Baro-Diver by 

Schlumberger Water Services) (Fig. 9).

Based on Fig. 8, the existence of two separate aquifers 

can be distinguished. The superficial aquifer is identifiable 

by the water level in well no. 13. Between October 2015 

and June 2016, the superficial aquifer displayed little varia-

tion (equal to 0.7 m). On the other hand, the deeper aquifer 

showed a maximum variation of 4.5 m. During the days 

when the wells used for extracting drinking water were not 

operated, the deeper aquifer reached its maximum piezo-

metric level. The start of pumping from well no. 9 caused a 

gradual decrease of approximately 1 m, eventually leading 

to a stable water level.

The piezometric level recorded by the datalogger with 

an acquisition frequency of 30 min enabled a comparison 

of that data with the rainfall data. It can be noted that the 

groundwater level increase is directly related to the rainfall 

events (Fig. 9), with a time lag of roughly 3 days.

Characterization of the deeper aquifer

To assess the features of the deeper aquifer, a pumping test 

and a recovery test were executed in well no. 12, which 

Fig. 7  Location of all the wells in the Il Piano area. The position of the Rio Marina rain gauge is also shown. Wells no. 3 and 14 were dry, while 

data could not be measured from wells no. 6 and 11 due to accessibility or damage to the well tubing



 Environmental Earth Sciences (2018) 77:4

1 3

4 Page 10 of 18

was equipped with a 13 kW pump placed 65 m below the 

wellhead. The test started on 22 October 2015. During 

the test, the piezometric level was monitored both in well 

no. 12 and in well no. 7, which was 60 m to the NE. The 

stainless steel well tubing is 0.219 m wide. The filters are 

placed between − 35 and − 47 m and between − 53 and 

− 59 m below ground level.

The stratigraphy of the well consists of:

• alluvial sediments (from 0 to − 13 m),

• fractured dolomitic limestone (from − 13 to − 55 m, 

called the Rialbano Breccia), and

• quartz phyllites (from − 55 to − 100 m, called the Ver-

rucano Formation).

The results of the tests are shown in Tables 1 and 2, 

where s is the lowering of the piezometric level measured 

in well no. 7 and defined as the difference between the 

level measured at the beginning of the test and that meas-

ured at time t.

Fig. 8  a Piezometric levels of all the measurable wells in the Il Piano 

area for the period 24 September 2015–10 June 2016; the numbers 

indicate the respective wells. The periods when the wells used for 

drinking purposes were active is indicated at the top of the graph. b 

Daily rainfall measured at the Rio Marina rain gauge, integrated as 

described in the text; note that the measurements started on 16 Octo-

ber 2015
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By using these data and the Cooper–Jacob approxima-

tion (Cooper and Jacob 1946), it is possible to calculate 

the transmissivity T of the aquifer as 6.7 × 10−3  m2/s.

Geophysical characterization

Non-invasive high-resolution geophysical methods are com-

monly accepted as the best approach to identify and map 

local subsurface heterogeneities such as sinkholes (Butler 

1984; Piro et al. 2001; Ezersky 2008; Cardarelli et al. 2014; 

Giampaolo et al. 2016). Natural cavities, in fact, may be 

filled with water, air or collapsed/unconsolidated material 

and therefore provide distinct geophysical contrasts. Select-

ing the appropriate geophysical methods depends on the 

main parameters of interest (e.g. depth of investigation, 

resolution, or diagnostic capability), on the consideration 

of a number of intrinsic limitations and ambiguities and on 

the cost-to-time ratio (Ezersky 2008; Cardarelli et al. 2014; 

Pazzi et al. 2016, 2017a). To characterize the study area 

and delineate the Il Piano sinkhole-prone area, the follow-

ing activities were performed (Fig. 10): (a) a microgravity 

survey with 964 measurements to detect subsuperficial caves 

(Butler 1984; Bishop et al. 1997; Argentieri et al. 2015; Di 

Nezza et al. 2015) in primarily the inhabited areas and the 

ground along the two main roadways; (b) 8 2D electrical 

tomographies (2D-ERT) and 13 3D-ERT to characterize the 

heterogeneity of the sediments and to derive the geometry 

of the aquifers and/or aquicludes (Giampaolo et al. 2016; 

Pazzi et al. 2016); and (c) 120 single-station seismic noise 

measurements (H/V technique) to gain insight into the thick-

ness of the alluvial sediment cover (Lane et al. 2008; Lotti 

et al. 2015; Del Soldato et al. 2016; Pazzi et al. 2017b). The 

geophysical measurements were calibrated with respect to 

the subsoil data obtained from the borehole logs collected 

along the SP26 road after the 2013 sinkhole.

Fig. 9  Comparison between the 

daily rainfall and the piezomet-

ric level of well no. 5 measured 

with the datalogger

Table 1  Lowering values (s) of 

the piezometric level measured 

at time t during the pumping 

test

t (s) s (m) t (s) s (m)

0 0.000 1800 0.160

120 0.020 3000 0.240

240 0.040 6000 0.270

480 0.060 10,800 0.360

900 0.090 70,500 0.660

Table 2  Lowering values (s) of the piezometric level measured at 

time t during the recovery test

t (s) s (m) t (s) s (m) t (s) s (m)

70,500 0.660 70,770 0.630 72,300 0.540

70,530 0.660 70,800 0.630 72,900 0.525

70,560 0.660 70,860 0.620 73,500 0.500

70,590 0.655 70,920 0.620 74,100 0.480

70,620 0.650 70,980 0.610 75,300 0.440

70,650 0.645 71,040 0.610 76,500 0.415

70,680 0.640 71,100 0.605 77,700 0.390

70,710 0.635 71,400 0.560 81,300 0.340

70,740 0.635 71,700 0.570 90,300 0.250
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A LaCoste & Romberg model D gravimeter (sensitiv-

ity of 5 μGal) was used for the microgravity survey in the 

study area. The gravity was estimated relative to the gravity 

of the Santa Barbara church in the village of Rio Marina 

and to altitude measurements by the IGM (Italian Military 

Geographic Institute) at benchmark no. 126902 at the San 

Pietro church in Rio nell’Elba. The Bouguer gravity anomaly 

was calculated with both the polynomial fitting approach 

and Griffin’s technique (1949). The 2D- and 3D-ERTs were 

collected by means of a SyscalPro georesistivimeter (IRIS 

Instrument) with a pole–dipole array (min electrode spacing: 

1 m; max electrode spacing: 5 m). ERT inversions were per-

formed by the commercial software ErtLab (Geostudi Astier 

srl, Multi-Phase Technologies LLC). The single-station seis-

mic noise measurements were collected by means of five 

Tromino: each acquisition ran for 30 min at 256 Hz, and 

the data were elaborated according to the SESAME (2004) 

standard by the commercial software Grilla (Pazzi et al. 

2017a, b).

The results (Fig.  11) showed that the main negative 

microgravity anomalies in the study area are located in sec-

tors affected by collapse (white dots in Fig. 11). The whole 

Fig. 10  Location of the geophysical surveys at Il Piano: microgravity measurements (orange dots), 2D-ERT (red lines) and 3D-ERT (light blue 

dots mark the location of the electrodes, while the light green areas delimit the extension of the areas effectively investigated)
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area is characterized by a generally increasing trend in nega-

tive anomalies from the SW to the NE, with a spatial dis-

tribution that suggests a complex geological setting. These 

negative anomalies could be associated with the presence of 

lenticular gravel and sand bodies within a sandy silt matrix, 

highlighted by the ERT results as non-homogeneous high- 

and low-resistivity anomalies. Finally, the geoelectric inves-

tigation of the subsurface confirmed that the area has a mean 

resistivity value within the resistivity range of the Quater-

nary alluvial deposits, and the H/V measurements indicated 

that the thickness of the valley replenishment material is 

between 10.5 and 35 m. The ERT results also permit the 

delimitation of the gravel and sand bodies in the SW portion 

of the area surveyed by microgravity; in this area, the posi-

tive anomalies are probably caused by the road.

In conclusion, the integrated geophysical surveys showed 

that the anomalies, interpreted as gravel and sand bodies, (a) 

are mainly located along or on riverbeds, or where the mill 

pools used to be located, (b) are connected to each other 

by persistent channels and (c) are in agreement with the 

hydraulic system of the original natural waterways; further-

more, (d) the younger streams are superimposed on an older 

hydrological system, which has been covered by anthropo-

genic activity.

Discussion of the results

Within a few metres of the superficial sedimentary 

cover, an unconfined aquifer exists and has been scarcely 

exploited. The groundwater level is at a shallow depth and 

is affected by limited oscillations. The lower bound of the 

aquifer is clay, as evidenced by drillings.

A deeper unconfined aquifer is located within the Rial-

bano Breccia and is characterized by secondary poros-

ity caused by karst processes, possibly favoured by acidic 

water (given the presence of pyrite mines on the hills bor-

dering the Il Piano area). This aquifer is largely exploited 

for drinking water. The pumping activity and rainfall pro-

duce moderate variations in the groundwater level (Figs. 8, 

9); this implies a large extension of this aquifer, probably 

reaching outside of the Il Piano area and catchment basin. 

The average depth of this groundwater table is approxi-

mately 30 m, which is deeper than the top of the Rialbano 

Breccia formation, which is therefore not saturated. As 

a result, it is inferred that the two aquifers do not com-

municate; this inference was confirmed by the monitoring 

of the water levels (Fig. 8), showing that the superficial 

water table is not affected by the oscillations (both caused 

by natural or anthropic factors) experienced by the deeper 

one. Therefore, the sinkholes that formed were not deep 

enough to reach the bedrock (as confirmed by observation) 

and interconnect the aquifers.

Despite the presence of a karst bedrock and active water 

pumping activities, the abovementioned observations sug-

gest that the events occurred in Il Piano area may not be 

attributed to cover collapse sinkholes (that is, sinkholes 

caused by underground cavities and triggered by water 

pumping that induced piping in the sedimentary cover). In 

fact, although this mechanism surely cannot be completely 

excluded, the independence between the two aquifers sug-

gests, in this case, that a different process might occur 

Fig. 11  a Residual anomalies (mGal) calculated by a third-order pol-

ynomial fitting. The white dashed line is the SP26, while the white 

dots are the sinkholes reported in the literature. b 2D slice of the 

geoelectric results at different depths below ground level (−  2 and 

− 4 m). The black line is the SP26
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entirely within the sedimentary cover and produce ravelling 

sinkholes, as explained in detail below.

Concerning the surface runoff, the surveys evidenced the 

presence of several ephemeral or intermittent streams, and 

in particular, of water flowing subsuperficially or infiltrating 

and then emerging again in a channelized or diffuse fash-

ion. Such a condition is partially due to a drainage network 

that has been complicated by an intricate system of artifi-

cial channels and millponds (partially underground), created 

to serve 22 mills gathered in a small area (Pierotti 1993). 

These structures have been gradually abandoned over the 

last 150 years, especially since the second half of the twen-

tieth century, causing the concealment, damage or oblitera-

tion of the existing system and a disorganized evolution and 

alteration of the drainage network owing to the rapid growth 

of infrastructures and industrial facilities and to the uncon-

trolled water diversions for domestic purposes (Figs. 3, 5).

The presence of buried channels contributes to the under-

ground heterogeneity of ancient riverbeds and different sedi-

mentary bodies, characterized by different permeabilities, 

that were detected through drillings and geophysical inves-

tigation. Therefore, the observed infiltration phenomena are 

likely to occur within these natural bodies and old channels. 

Although this infiltration may not have consequences during 

dry periods, it may cause a turbulent (and, in some cases, 

pressurized) flow in response to strong rainfall events, which 

have been observed in the area (Fig. 6). This process may 

cause erosion and piping entirely within the sedimentary 

cover, possibly leading to the eventual formation of small 

cavities, similar to that explained by Higgins and Schoner 

(1993) and Strini (2004). Higgins and Schoner (1993), in 

particular, described the formation of 2–3-m-wide sinkholes 

resulting from piping in silty clay fans laced with intersect-

ing strings of permeable sand and gravel. These sand and 

gravel strings are surrounded by less permeable sediments 

that are cohesive enough to maintain the pipe walls but are 

also capable of dispersing into separate grains that the inflow 

can entrain and remove (Dunne 1990). Interestingly, these 

processes occur in a region where piping never exists.

In the case of the Il Piano area, discharge and disposal of 

the entrained sediment may occur within the loose, coarse 

sediment bodies (Marr 1955; Higgins and Schoner 1993), 

cracks, riverbeds and buried channels or karst cavities of 

the Rialbano Breccia, which, in this case, would play only a 

passive role in the formation of sinkholes.

In this framework, the most susceptible areas are those 

where permeable underground bodies experience a rela-

tively fast water flow, favoured by the extension of the 

drained area that may induce possible overpressure. There-

fore, Il Piano has been subdivided into smaller catchments 

(Fig. 12). The northern basins drain a much larger area. 

All the ascertained (and two uncertain) sinkholes occurred 

within subbasins E and F, and 3 unconfirmed sinkholes 

occurred within subbasins D and H. These areas drain the 

largest part of the total catchment area of Il Piano. This 

model explains why the southern part of the region (which 

drains only subbasins I and L) has not been affected by 

sinkholes yet, despite the presence of active wells and bur-

ied riverbeds (for example those related to the Giudimente 

stream, see Fig. 5). The same reasoning can be applied to 

explain why the upstream areas of the plain are also unaf-

fected by such events, which are instead all located within 

a relatively small portion of the territory (areas H, F, E), 

where the drained water converges into a narrow section.

To interpret the trigger of the sinkhole phenomena at Il 

Piano and to delimit and characterize the sinkhole-prone 

areas into zones (Fig. 13), (a) the 3D spatial distribution of 

the microgravity and electrical anomalies, (b) the hydroge-

omorphological data derived from water level monitor-

ing and (c) an accurate historical reconstruction of the 

urban and environmental development in the area were 

integrated. This led to the definition of four zones (light 

yellow, yellow, orange and red) characterized by increas-

ing susceptibility to sinkholes.

As shown in Fig. 12, the whole hydrographic basin has 

been divided in subbasins, and without taking into account 

the deeper groundwater flows, the northern portion of Il 

Piano (subbasins A-H) collects 79.9% of the superficial 

and subsuperficial water, while the southern part collects 

only 20.1%.

This information has been transposed into a susceptibil-

ity map (Fig. 11) and is the reason why the northern part 

of the area is generally characterized by a higher suscep-

tibility (orange or red). The precise shapes of the coloured 

areas are drawn following critical lithologic bodies that 

have been traced from the microgravimetry and geoelectric 

surveys and the reconstruction of old riverbeds or man-

made buried channels. For example, in the southern part of 

the map (generally characterized by lower susceptibility), 

the areas with relatively higher susceptibility (yellow) cor-

respond to the Giudimente stream (identified through the 

surface runoff and historical analyses and then precisely 

delimited thanks to the geoelectric surveys; see Figs. 3, 

5, 11), where permeable sediments allow faster under-

ground water flow, which can trigger ravelling processes. 

The identification of this buried riverbed (red area in the 

geoelectric tomography of Fig. 11) permitted the calibra-

tion of the interpretation of the geoelectric surveys and 

determination of the localization of other bodies across 

the site that were then mapped. In the northern portion of 

the map, where the microgravimetric measurements were 

focused, the delimitation of the most susceptible areas fol-

lowed an intersection between areas with negative gravity 

anomalies (indicating possible voids or less compacted 

sediments; see green and blue areas in Fig. 11) and per-

meable bodies, such as natural or man-made channels 
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Fig. 12  Subbasins and their respective outlets located upstream of the sinkhole-prone area
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(identified through geoelectric surveys and historical and 

surface runoff analyses).

Consequently, the following four classes of susceptibil-

ity have been mapped (Fig. 13):

• Red Area—Class 4: covers 25.16% of the area and is 

the most prone to sinkholes because of the presence 

of subsoil lenticular bodies and a high hydraulic load 

(northern subbasin).

• Orange Area—Class 3: in 13.58% of the area, the inte-

grated geophysical surveys did not identify any subsoil 

lenticular bodies, but the hydraulic load is very high 

(northern subbasin).

• Yellow Area—Class 2: in 27.65% of the area, the inte-

grated geophysical surveys identified subsoil lenticular 

bodies, and the hydraulic load is limited (southern sub-

basin).

• Light Yellow Area—Class 1: in 33.61% of the area, the 

integrated geophysical surveys did not identify sub-

soil lenticular bodies, and the hydraulic load is limited 

(southern subbasin).

Finally, outside the sinkhole-prone zone an “attention 

area” (Fig. 13) has been indicated: this area is characterized 

by poor management of the superficial waters. Taking into 

account the location of this area (within the northern hydro-

graphic subbasin, above old milling features and close to the 

sinkhole-prone areas), in the absence of corrective measures, 

sinkholes may develop in the future.

Conclusions

The Il Piano region has been affected by a series of sink-

holes localized within a small area. The study of histori-

cal maps and aerial photographs has not identified possible 

forms ascribable to older sinkholes, although the occurrence 

of past and undiscovered events cannot be excluded. Field 

Fig. 13  Sinkhole susceptibility map: colours from red (class 4–high-

est susceptibility) to light yellow (class 1–lowest susceptibility) 

indicate the areas where sinkholes could occur because of shallow 

hydrogeomorphological mechanisms. The extension of the different 

areas  (m2 and percentage) is listed in the table. The rock substratum 

is indicated as either FCV (Formazione del Cavo) and RBC (Brecce 

di Rialbano)
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surveys and historical research highlighted the presence of 

a complex network of artificial ditches used to power water 

mills until the middle of the twentieth century. Because of 

the fast development of the study area, these channels are 

now abandoned if not disrupted, although they still consti-

tute an important drainage network capable of diverting sig-

nificant quantities of water, often at a subsuperficial level.

Hydrogeological tests and monitoring showed that the 

region is characterized by two unconfined, non-communi-

cating aquifers separated by an impermeable layer of pre-

dominantly clay. The upper aquifer is scarcely exploited and 

is identified within a heterogeneous sedimentary cover with 

permeable bodies (corresponding to ancient riverbeds and 

buried ditches) and finer and more cohesive sediments. The 

deeper aquifer is more heavily exploited and is found within 

the karst limestone of the Rialbano Breccia. The extension 

and permeability of this aquifer are such that the lowering 

of the water table is limited in both depth and areal extent 

and, most importantly, does not affect the upper sedimentary 

cover. For this reason, a cover collapse mechanism in which 

the sediments are drawn into karst cavities due to an increase 

in the hydraulic gradient cannot be considered likely.

As a consequence, the triggering mechanism was associ-

ated with superficial processes that involve a relatively fast 

and possibly pressurized water flow within buried but shal-

low permeable bodies, which cause ravelling and erosion of 

the finer sediments and may eventually evolve into small and 

sudden sinkholes entirely localized within the deposits. The 

removed material can then be transported through the loose 

sediments and cracks and end up in the riverbeds of nearby 

streams or in deeper karst cavities. Therefore, the karst bed-

rock plays a passive role, if any. It is thought that the occur-

rence of fast, pressurized water flows is due to heavy rainfall 

events and especially to the extension of the subbasins of 

the Il Piano catchment. In particular, the northern subbasins 

are characterized by large areal extents and short and nar-

row streams; given the documented infiltration process, it 

is hypothesized that subsuperficial ravelling processes may 

occur mainly downstream of the larger basins. This hypoth-

esis corresponds to the observation of the locations of the 

sinkholes and explains why no sinkholes have been recorded 

yet in the southern part of the region, where the geologi-

cal conditions and water pumping activities are basically 

equivalent to the northern part of the region. According to 

this conceptual model, a sinkhole susceptibility map was 

produced for the area.

Although the occurrence of cover collapse sinkholes 

directly involving water pumping and karst cavities cannot 

be completely excluded, it must be considered a secondary 

mechanism.

All considered, the predisposing factors identified in 

this work are geological (related to the presence of het-

erogeneous deposits), geomorphological (the extension of 

the subbasins) and anthropogenic (the presence of buried 

channels). The triggering factors are rainfall events that, 

as described above, can be intense. Uncontrolled domestic 

water diversions or inflows and a poorly maintained natural 

and artificial drainage network aggravate the sinkhole risk.
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A B S T R A C T

Detection, forecasting, early warning, and effective monitoring are key aspects for the delimitation of sinkhole-

prone areas and for susceptibility assessment and risk mitigation. To attain these goals, direct and indirect

techniques can be employed, and the integration of different indirect/non-invasive geophysical methods in-

cluding 2D- and 3D-electrical resistivity tomography, microgravity, and single-station seismic noise measures

was carried out at “Il Piano” (Elba Island – Italy), where at least nine sinkholes occurred between 2008 and 2014.

The most likely origin for these sinkholes had been considered related to net erosion of sediment from the

alluvium, caused by downward water circulation between the aquifer hosted in the upper layer (Quaternary

alluvial deposits) and that in the lower (Triassic brecciated dolomitic limestone and Cretaceous slate). The

integrated geophysical survey, therefore, was carried out a) to differentiate shallower from deeper geological

layers, b) to detect possible cavities that could evolve into sinkholes, c) to suggest possible triggers, and d) to

delimit the sinkhole-prone area. The results of the integrated geophysical surveys suggest that the study area is

mainly characterised by paleochannels, and that the sinkhole-prone area boundaries correspond to these pa-

leochannels.

1. Introduction

The term “sinkhole” was first introduced in the late sixties to in-

dicate the subcircular surface depressions or collapse structures formed

by the collapse of small subterranean karst cavities. Currently, sink-

holes are related to subterranean cavities propagating up to the surface,

regardless of their trigger and shape. According to the USGS (http://

water.usgs.gov/edu/sinkholes.html) and the scientific literature

(Guerrero et al., 2004; Waltham et al., 2005; Kaufmann, 2014;

Argentieri et al., 2015; Sevil et al., 2017), sinkholes can be classified

according to a large variety of schemes depending on the dominant

process of formation and on the geological scenario behind the devel-

opment of the phenomenon. Specifically, three main factors can be

identified: i) predisposing causes, such as the nature of the sub-super-

ficial geology and the bedrock and the presence of sub-superficial an-

thropogenic structures; ii) triggering causes, such as rain or the

superficial drainage of water infiltrating into the soil; and iii) con-

current causes, such as the anthropic effect on the continuity of the

superficial drainage network and the extraction of superficial water.

Sinkholes can cause spatially dispersed damage. In particular, re-

lated losses are direct (e.g., human casualties and damage to property),

indirect (e.g., interruption to businesses, transport infrastructure and

communication networks) and intangible, especially if they occur in

urban areas (Galve et al., 2012; Intrieri et al., 2015; Sevil et al., 2017).

Knowing the formation mechanism, some general actions may be

identified as countermeasures to mitigate the sinkhole susceptibility of

the area and to overcome the environmental and infrastructure pro-

blems. In addition, considering that in general, sinkholes are densely

clustered in “sinkhole-prone areas” while completely absent in others,

key aspects of sinkhole risk mitigation are setting up early warning

systems on the basis of effective monitoring programmes (to predict

where and when new phenomena will occur) and assessing how
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existing systems will evolve (Guerrero et al., 2004; Kaufmann, 2014).

However, techniques developed specifically for sinkhole detection,

forecasting and monitoring are missing, probably because of a general

lack of sinkhole risk awareness and of the intrinsic difficulties involved

in detecting precursory sinkhole deformations before collapse (Intrieri

et al., 2015). Therefore, direct and indirect techniques able at least to

detect existing subterranean cavities are important. Among the direct

methods, blind drillings in sinkhole-prone areas and electric cone pe-

netration tests (CPT) are common applications; nevertheless, these

methods puncture the surface, may be disadvantageous in urban areas

and may exacerbate sinkhole development (Zhou et al., 2002; Krawczyk

et al., 2012; Samyn et al., 2014; Lee et al., 2016; Sevil et al., 2017). On

the other hand, indirect techniques allow for the extrapolation of data

concerning sinkhole location and risk by means of a) the back-analysis

of past events, b) the stratigraphy of the sediments filling existing

sinkholes, and c) the susceptibility models generated by analysing the

statistical relationship between the spatial distribution of sinkholes and

that of specific conditioning factors (Pueyo Anchuela et al., 2013;

Kaufmann, 2014; Zini et al., 2015).

Currently, non-invasive high-resolution geophysical methods for

shallow exploration and imaging of local subsurface heterogeneities are

recognised as the best practice approaches to identify and map sink-

holes, especially if they are actively developing (Smith, 1986; Zhou

et al., 2002; Ezersky, 2008; Krawczyk et al., 2012; Martinez-Moreno

et al., 2013; Pueyo Anchuela et al., 2013; Cardarelli et al., 2014;

Kaufmann, 2014; Samyn et al., 2014; Argentieri et al., 2015; Zini et al.,

2015). Natural cavities, in fact, can be filled with air, water, or col-

lapsed/unconsolidated material, resulting in variations in the ground

physical properties and therefore providing fairly distinct geophysical

contrasts, which may be detected (Bishop et al., 1997). Moreover, since

the rock surrounding the cavity is often disturbed, the associated frac-

turing may extend up to two or more diameters away from the cavity.

In this paper, we present the results of an integrated geophysical

survey at “Il Piano” (meaning “Flat” in Italian, Elba Island – Italy),

where at least nine sinkholes occurred between 2008 and 2014 (Intrieri

et al., 2015), with the aims of a) obtaining a suitable geological and

hydrogeological model of the area, b) detecting possible cavities that

could evolve in sinkholes, c) suggesting possible triggers, and d) deli-

miting the sinkhole-prone area. The most likely origin for these sink-

holes has been considered related to net erosion of sediment from the

alluvium caused by downward water circulation between the super-

ficial aquifer and the main karst aquifer represented by the local rock

substratum (Intrieri et al., 2015). Therefore, to differentiate shallower

(Quaternary alluvial deposits) from deeper (Triassic brecciated dolo-

mitic limestone and Cretaceous slate) geological layers and to detect

possible cavities in the karst bedrock, investigations by means of 2D-

and 3D-electrical resistivity tomography (ERT), microgravity, and

single-station seismic noise measurements (H/V) were carried out. This

integrated geophysical approach is included in a wider project (Fig. 1)

aimed at characterising the geomorphology and hydrogeology of the

area (Intrieri et al., 2018). The key result of this study is that the ha-

zards of the area are ascribable to shallow causes (i.e., water infiltrating

into the soil and related fine material transport) instead of deeper ones

(i.e., karst caves).

The paper is structured as follows: Section 2 provides a geological

and geomorphological description of the study area; Section 3 details a

brief overview of the employed techniques and methodology; Section 4

presents the results of the geophysical survey independently for each

technique, while in Section 5, the overall data are integrated and dis-

cussed.

2. Study area

The complex Elba Island stack of nappes is identified as the wes-

ternmost part of the Northern Apennine chain (Bortolotti et al., 2001).

From a geological point of view, the western part of the island is

dominated by a large granodiorite pluton (Monte Capanne), whereas

the eastern part is composed of a set of Ligurian and Tuscan tectonic

units, mostly composed of sedimentary formations and Messinian-

Pliocene intrusive magmatic bodies (Ferrara and Tonarini, 1985;

Rocchi et al., 2002; Maineri et al., 2003). Bortolotti et al. (2001) pro-

vided an updated model of the structure of central and eastern Elba

Island and defined nine, generally east-vergent, different tectonic

complexes.

The study area is located in the northeastern part of the island

(Fig. 2a) and corresponds to the mostly flat terrain separating the

municipalities of Rio nell'Elba and Rio Marina. The most recent 1:25000

geologic map by ISPRA (http://sgi1.isprambiente.it/website/

isolaelbageo/carta_geologica_isola_elba.htm) is dated 2015 and shows

that the Cavo Formation (FCV in Fig. 2c, d) and the Rialbano Breccia

(RBC in Fig. 2c, d), previously known as Calcare Cavernoso (Bortolotti

et al., 2001; Intrieri et al., 2015), constitute the rock substrata herein.

The Cavo Formation, a metamorphosed siltstone characterised by

polyschistose calc-schists and varicoloured slates, tectonically overlies,

by means of a NeS oriented, W-dipping fault, the Rialbano Breccia, a

brecciated dolomitic limestone (Bortolotti et al., 2001). In the east-

ernmost portion of the study area, the substratum consists of the Ver-

rucano sequence, a HP-LT metamorphic sedimentary sequence. This

substratum is extensively covered by approximately 20–30m of alluvial

(b in Fig. 2c, d) and erosional (a in Fig. 2c) deposits (Quaternary al-

luvium) composed of lenticular gravel and sand bodies within a sandy

silt matrix. For a detailed lithologic description of these formations, see

Bortolotti et al. (2001).

From a hydrogeological point of view, the outcropping formations

are quite different: the Rialbano Breccia shows high permeability,

mainly owing to tectonic fracturing and karst phenomena, while the

permeability of the Cavo Formation metasiltstone is very low. The

hydrographic basin is characterised by a narrow topography that se-

parates “Il Piano” by means of the downhill end section from the outlet

into the sea. This topography is the result of the geological and geo-

morphological evolution of the area, which reached its present ap-

pearance because of the fluctuations in sea level and the alternation of

depositional and erosional events that occurred in the late Pleistocene

and Holocene epochs (Bortolotti et al., 2001). Consequently, the area

was gradually filled with continental deposits (i.e., of lacustrine, fluvial,

hillslope, and mass transport origin). In the study area, two main

aquifers can be recognised: a superficial one hosted by the Quaternary

alluvium and the main one of karst origin hosted in the fractured

limestone and deeply exploited for industrial, agricultural, and drinking

purposes (Intrieri et al., 2015). The presence of water in the area is also

witnessed by the past presence of at least 22 watermills, many mill-

ponds, and ditches for their hydraulic energy supply, the ruins of which

are still largely visible (although in different states of preservation).

3. Material and methods

To detect caves, gravity and/or electrical methods were mainly

employed and combined with other techniques (Martinez-Moreno et al.,

2013). The integration of microgravity, ERT, and H/V technique was

performed to characterise the study area and delineate the sinkhole-

prone area (Fig. 3). Direct information about the subsoil properties was

obtained from the Lefranc permeability test, SPTs, and stratigraphy

boreholes carried out along the road SP26 (Fig. 2b, c) after the sink-

holes developed in 2013. The microgravity surveys were conducted

mostly in the inhabited areas around houses and along the two main

roadways (Fig. 3). On the other hand, H/V measurements and ERT were

carried out to characterise a wider area, although their distribution was

influenced by field accessibility.

3.1. 2D- and 3D-ERT

To achieve the aims of this work, eight 2D- and seventeen 3D-ERT
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Fig. 1. Flow chart of the whole project: in black are the steps described in this paper; in grey are the steps that aim to characterise the geomorphology and

hydrogeology of the area illustrated in detail in Intrieri et al., 2018.

Fig. 2. a) Location of the study area with respect to the Tuscany Region and the municipalities of Rio nell'Elba and Rio Marina; b) satellite view of the study area; c)

detailed geologic map (modified after Intrieri et al., 2015): the AA’ section, which follows the borehole locations, is shown in d); d) geological section (AA’ in c)

derived from borehole surveys. In b) and c), the red line delimits the study area, the red and blue dots are verified and supposed sinkholes, respectively, and the white

line marks the provincial road “SP26”. In c), the black dots identify the boreholes while the blue lines denote the drainage network. Moreover, in c), “a” represents

terraced alluvial sediments; “b”, recent alluvial sediments; and “d”, eluvial and colluvial debris. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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were carried out at “Il Piano” (Fig. 3). The spatial distribution of the

underground electrical resistivity, in fact, can provide useful informa-

tion to characterise subsoil anomalies of both geological and human-

made origin (Smith, 1986; Zhou et al., 2002; Santarato et al., 2011;

Pazzi et al., 2016c). These ERT data were collected by means of a

SyscalPro georesistivimeter (IRIS Instrument), coupled with either two

or three multichannel cables with 24 channels (i.e., forty-eight or

seventy-two electrodes, respectively), with a maximum electrode spa-

cing of 5m (Table 1). The electrodes were standard stainless-steel

stakes. The pole-dipole array was employed for both 2D- and 3D-ERT

measurements, as it combines consistent signal strength with good re-

solution and depth of investigation (Smith, 1986; Zhou et al., 2002;

Samyn et al., 2014). Moreover, to collect 2D-ERT data as well, the di-

pole-dipole and Wenner-Schlumberger reciprocal arrays were used, the

Fig. 3. Details of the geophysical campaign at “Il Piano”: H/V single-station seismic noise measures (red triangles), microgravity measures (blue squares), 2D-ERT

(green lines), and 3D-ERT (the green dots mark the location of the electrodes, while the light green areas delimit the extension of the areas effectively investigated).

In a) is shown, as an example, the 3D distribution of the acquired quadripoles (blue dots) for the 3D-ERT11 survey (the green dots mark the location of the

electrodes). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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first to enhance the lateral resolution at shallow depth and the second

to increase the depth of investigation and to take advantage of the in-

strument multichannel acquisition system (Santarato et al., 2011). The

3D-ERT acquisition sequences, which allow collecting data not only

above the electrodes but also in the volume surrounded by the elec-

trodes (Fig. 3a), were optimised for each ERT on the basis of the elec-

trode geometry (Santarato et al., 2011; Viero et al., 2015): this proce-

dure resulted in a variable number of acquired data during each

measurement campaign (Table 1). All the electrodes were georeferred

using a Leica 1200 differential GPS (mean 3D coordinate quality of

2.0 cm) in Real Time Kinematic mode (Pazzi et al., 2016b), and detailed

terrestrial topographic surveys of the surrounding areas were per-

formed to optimise the inversion procedure.

ERT inversions were carried out by the commercial software

ErtLab© (Geostudi Astier S.r.l., Multi-Phase Technologies LLC) that

implements Occam's regularisation to optimally manage data noise

(Santarato et al., 2011; Viero et al., 2015). To remove outliers, i) the

measures quality, ii) the voltage, iii) the current intensity, iv) the

geometric factor, and v) the apparent resistivity distribution of each

dataset was statistically analysed (i.e., the software calculated the fre-

quency distribution of the analysed parameters), and the extreme tails

of each distribution were thus removed. The iterative procedure needed

to solve the inverse problem necessitated having an initial hypothesis,

i.e., an apparent resistivity value for the starting homogeneous half-

space. This initial value was chosen as the mean apparent resistivity

value, or the value with the highest count in the histogram distribution

(Viero et al., 2015). All the ERT inversions converged, meaning that the

resistivity models of the last inversion had a residual value lower than

the misfit function between the field and modelled data, as defined in

Santarato et al. (2011).

3.2. Microgravity

The microgravity technique is effective to detect areas of con-

trasting or anomalous density by measuring the variation of the grav-

itational acceleration of the Earth. Currently, this method is still em-

ployed even though it is not cost-effective as a result of the large

amount of fieldwork and number of post-processing corrections re-

quired. A LaCoste & Romberg model D gravimeter with a sensitivity of 5

μGal was used for microgravity observations in the study area. The

station elevations were measured with a total station model Pentax

R125N reflector Rless with an accuracy of 5–10mm in horizontal and

vertical coordinates. The gravity was estimated with respect to the

gravity branch of Santa Barbara church in Rio Marina village and the

elevation measurements of IGM (Italian Military Geographic Institute)

benchmark n. 126,902 of San Pietro church in Rio nell'Elba. Gravity

readings repeated on four control stations provided a root-mean-square

error of< 5 μGal. The Santa Barbara Church base point was selected in

the area, and all the gravity measurements were referenced to this

point. This local microgravity network was linked to the S. Angelo

Romano Absolute Gravity Station (D'Agostino et al., 2008) located on

Meso-Cenozoic carbonate rocks of Mt. Cornicolani close to Rome. The

microgravity survey consisted of 964 measurement points spaced in a

grid of 6m to 8m. The observed gravity data are the sum of gravity

fields produced by all underground sources. The targets for these spe-

cific surveys are often small-scale structures buried at shallow depths,

and these targets are embedded in a regional field that arises from re-

sidual sources that are usually larger or deeper than the targets or are

located farther away. Correct estimation and removal of the regional

field from the initial field observations yields the residual field pro-

duced by the target sources. Therefore, to detect the deeper regional

geological trend, to improve the coverage, and to obtain more precise

contours in the eastern part of the island, an additional gravity survey

was conducted. Sixty gravity stations were established and used to

compute the Bouguer anomalies. The locations of the stations were

obtained using differential GPS measurements.

The microgravity and gravity anomalies were computed with re-

ference to the 1980 ellipsoid (Moritz, 1984). Density values of 2150 kg/

m3 (Quaternary alluvial deposits) and 2650 kg/m3 (deeper geological

bedrock: Cavo Formation and Rialbano Breccia) were used for the

Bouguer anomaly computation and the terrain effects, respectively.

These density values were estimated by laboratory measurements on

rocks sampled in the study area and by means of analytical or graphical

methods such as those proposed by Nettleton (1942). The terrain cor-

rection was the most sensitive stage among the different gravity re-

ductions because of the rough topography of the study area (Regional

Technical Map, CTR 1:10000; bathymetric survey). After applying

Earth tide, free-air and Bouguer corrections, the Bouguer gravity

anomalies were computed. The evaluation of the accuracy of gravity

anomalies included estimation of measurement precision and of the

errors in anomaly calculations. Most of the uncertainty components in

the Bouguer anomaly accuracy estimations were negligible in com-

parison with the terrain correction component. The final microgravity

and gravity Bouguer anomaly accuracies were here estimated

at± 0.005 mGal and ± 0.05 mGal, respectively.

The separation of the Bouguer gravity anomaly, i.e., the process of

discerning local structures (residual gravity anomalies) from the re-

gional gravity trend, was carried out using both the polynomial fitting

approach and Griffin (1949). In the radial weights method (Griffin,

1949), the averaged values are those on the circumference of a circle

centred at the station. Usually, the values are obtained by interpolation

from the gravity map contours. The result slightly depends on the

number of selected points, and even more on the radius of the circle.

The radius is usually of the same order of magnitude as the depth of the

anomaly to be emphasised, but both shallower and deeper anomalies

still contribute to the results. The acquisition grid is generally ap-

proximately half the radius used for averaging. Six circles with different

Table 1

2D- and 3D-ERT: ERT name, inter-electrode distance, 2D-ERT total length or

3D-ERT area investigated, total number of acquired measures, percentage of

removed data, and total number of iterations needed to obtain a converging

model (a model with a small enough misfit between field and modelled data,

Santarato et al., 2011).

Name Electrode

spacing

[m]

2D-total

length

[m]/3D-

total area

[m2]

Acquired

data

[adim]

Removed

data [%]

Iteration

number

[adim]

2D-ERT 02a 1.5 70.50 3054 6.4 5

02b 1.5 70.50 3054 4.9 3

03 5.0 235.00 3054 37.0 6

05 3.0 141.00 3054 10.9 3

07 2.5 117.50 3054 21.2 3

08 1.5 70.50 3054 11.0 4

10 1.0 47.00 3054 21.0 4

18 2.2 103.40 3054 3.9 3

3D-ERT 01 5.0 6024.60 9616 17.3 8

04 5.0 5707.43 9507 16.2 8

04b 5.0 822.90 2058 7.0 7

05a 4.0 585.90 2058 8.2 4

05b 4.0 377.20 2058 8.2 4

05c 2.0 140.30 2058 5.9 4

06 2.5 819.10 3160 9.2 7

06b 5.0 5321.80 8889 25.3 7

07 2.5 2010.10 3770 8.5 6

08 5.0 10,188.90 11,303 19.0 7

09 5.0 5817.60 11,303 14.7 6

10 5.0 6852.30 6868 23.4 7

11 5.0 3123.20 8828 11.1 7

13a 2.0 141.70 2058 7.8 4

13b 2.0 152.70 2058 7.8 4

14 3.5 8051.50 8281 11.2 8

15 5.0 4135.70 8206 16.1 4
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radii were used: 10m, 15m, 20m, 30m, 40m, and 50m. Finally, a

three-dimensional model of the spatial distribution of the gravity

anomalies was computed. This final model was a range of elementary

gravity distributions used as the source of the anomalies (methods of

Griffin, 1949).

3.3. H/V measurement

Passive seismic methods (Sgarlato et al., 2011; Samyn et al., 2014)

are commonly employed to detect sinkholes. Among these, the hor-

izontal to vertical spectral ratio (H/V) technique (Nakamura, 1989;

SESAME, 2004; Del Gaudio et al., 2014) has proven to be one of the

most appropriate methods to estimate the fundamental/resonance fre-

quency of soft deposits, as well as to study the interactions between soil

and buildings (Pazzi et al., 2016a, 2017a). Nowadays, the application of

H/V measurement is also a challenge issue in mountainous areas (Pazzi

et al., 2017b). The spectral features and polarisation of seismic noise, in

fact, show strong correlations with the site geological setting (Lotti

et al., 2015, 2017). To achieve the aims of this project, H/V measure-

ments were carried out to characterise the alluvial sediment cover (Del

Soldato et al., 2018). One hundred twenty single-station seismic noise

traces were recorded at “Il Piano” by means of five Tromino®, the all-in-

one compact 3-directional 24-bit digital tromometer developed by

MoHo S.r.l. (1 dm3 volume and 1 kg weight). The instrument-soil cou-

pling was obtained by the pin set supplied with these instruments. Each

acquisition was run for 30min at 256 Hz. These instruments were

chosen according to the SESAME (2004) owing to their i) simplicity of

use, ii) compact size, and iii) absence of connection cables between

geophones, seismographs and dataloggers, considerably reducing the

noise induced by instrumentation on measures of seismic noise. For the

ERT, all the single-station measures were georeferred using a Leica

1200 differential GPS (mean 3D coordinate quality of 2.0 cm) in Real

Time Kinematic mode (Pazzi et al., 2016b).

The Grilla® software program (by MoHo S.r.l.) was used a) to ana-

lyse and process each single-station seismic noise acquisition, since it

applies the SESAME (2004) standards and guidelines for processing

ambient vibration data; b) to evaluate the directionality of each spectral

peak; and c) to reconstruct the local seismic velocity profiles, con-

straining each acquisition with soil density and porosity values derived

from the literature, and first-layer velocity measured as explained in

Pazzi et al. (2017b). It is known, in fact, that the sedimentary layer

thickness (h) and the layer shear velocity (Vs) in a single-layer strati-

graphy are related to the H/V peak frequency (f) by means of the

equation f = Vs/4 h. When no constraints are imposed, each H/V curve

can be fitted by infinite synthetic models. In contrast, constraining the

shallow subsoil stratigraphy or the first-layer Vs, it is possible to re-

construct the Vs profile, obtaining the thicknesses and velocity values of

each layer (Castellaro, 2016). Finally, some alignments across the study

area were defined, and single-station seismic noise acquisitions, ac-

quired along each alignment, were elaborated to generate synthetic

contour maps of the H/V (Pazzi et al., 2017b).

4. Results

4.1. Geoelectrical results

The 2D-ERT reached a mean depth of 20m (minimum depth value:

8 m, 2D-ERT10; maximum depth value: 40m, 2D-ERT03), while the

mean depth of the 3D-ERT was approximately 30m (minimum depth

value: 3 m, 3D-ERT05c; maximum depth value: 40 m, 3D-ERT01). As

already mentioned in Section 3, the ERT results were calibrated by

means of the subsoil stratigraphies obtained from borehole logs carried

out along the road SP26 (Fig. 2b, c). Fig. 2d shows the geological sec-

tion, which follows the borehole locations, gathered from the boreholes

themselves and employed to interpret the geophysical results. The area

has a resistivity mean value in the range of 50–100 Ωm (green in

Fig. 4), according to the resistivity range of the Quaternary alluvial

deposits (b in Fig. 2). Saturated loose sand and/or clay levels, whose

presence was found up to a depth of 30m, appear as low-resistivity

zones, characterised by resistivity values< 50 Ωm (cool colours, from

dark to violet/white in Fig. 4). Gravel, dry sand or high-porosity ma-

terials containing voids appear to have high resistivity values, > 100

Ωm (green and yellow in Fig. 4) (Ezersky, 2008). Brecciated dolomitic

limestones (Rialbano Breccia, 3DERT06-06b; RBC in Fig. 2) and very

weathered metamorphosed siltstones (Cavo Formation, 3DERT15; FCV

in Fig. 2) have resistivities> 150 Ωm (red in Fig. 4).

4.2. Microgravity results

Minima (negative anomalies) in microgravity data are caused by

shallow low-density zones, such as cavities or soils with low compact-

ness or high void ratios. The effective size of a gravity anomaly caused

by a cavity is also dependent on the connectivity of cracks in its sur-

roundings and on the genesis of the cavity in its host rock (Bishop et al.,

1997). The Bouguer anomaly map (Fig. 5a) shows that the regional

anomalies are quite dominant, especially in the west sector (Fig. 5a). In

particular, the “Il Piano” study area (red line in Fig. 5a, enlarged in

Fig. 5b) is characterised by an increasing trend from SW to NE (from

33.60 to 35.75 mGal, Fig. 5b). In this sector of the island, a strong

gradient borders the area of microgravity surveying. The regional

anomalies reflect the density, geometry and thickness variations of the

regional basement and the lower crust. These anomalies have been

computed using the third-order polynomial fitting method and removed

from the Bouguer data to obtain residual anomalies to highlight local

anomalies. The results are shown in Fig. 5c. Several relative negative

anomalies (from green to dark blue/violet in Fig. 5c) are detected,

mainly located in the eastern part of the microgravity survey area. A

prevalently negative, oval-shaped residual anomaly characterised by a

NE–SW trend is located in the northeast sector of the figure. Its

minimum ranges from approximately −0.050 mGal to −0.100 mGal

and is flanked by a positive anomaly of approximately +0.100 mGal

(from yellow to red in Fig. 5c). The SP26 road (white dashed line in

Fig. 5), which splits the surveyed area, is characterised in the western

section by the alternation of negative and positive anomalies. More-

over, in correspondence with the dwellings of Villaggio Togliatti

overlooking the road, there is a large subcircular negative gravity area

up to −0.100 mGal. To estimate the maximum depth of these

anomalies (Fig. 5c), the second-derivative Griffin (1949) with a 30-m

radius has been calculated. In this method, the half-distance of upward

continuation is considered as the depth of the downward continuation.

Fig. 5d shows the results: several other negative anomalies are distin-

guishable, and they seem to branch from the main channel of negative

anomalies.

4.3. H/V results

The distribution of the seismic noise single-station measures is

shown in Fig. 3. It is well known that high-frequency peaks in the mean

H/V curve are related to shallow depth interfaces and low-frequency H/

V peaks to deep interfaces (Castellaro, 2016). In the whole dataset, at

most three natural peaks may be identified (Fig. 6) that correspond to

three different interfaces for which depths could be calculated as de-

scribed in Section 3.3. These depths were obtained starting from a first-

layer shear velocity value ranging from 100m/s up to 250m/s. The

shallowest natural peak is in the range of 60–90 Hz and corresponds to

the first discontinuity located at a depth of approximately 0.2–1.5 m,

the second is in the frequency range of 12–30 Hz that corresponds to a

discontinuity located at a depth of approximately 1.5–7.6m, and the

deepest is in the frequency range of 3.5–7.8 Hz that corresponds to a

depth of approximately 10.5–35m. These last values could also be in-

terpreted as the thickness range of the valley replenishment material.

Since it is not possible to show here all the acquired traces, a
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Fig. 4. a) 3D view (from south to north) of the geoelectrical results and b) 2D slice at different depths from ground level (from −2m to −26m). The black dashed

line in a) is the SP26 road.

Fig. 5. a) Bouguer anomalies (mGal) of the eastern part of Elba Island overlaid on the geological map by ISPRA: the red line delimits the “Il Piano” microgravity

survey area, while the red dots are some of the sixty gravity stations used as references to calculate the Bouguer anomaly. b) Bouguer anomalies (mGal) of “Il Piano”

overlaid on the Regional Technical Map (CTR – 1:10000): the red dots indicate the locations of the gravity stations; the light blue dots, the control stations where

measures were repeated to calculate the root-mean-square error; and the light blue arrows, the net gravity variation ∆G (mGal). c) Residual anomalies (mGal)

calculated by a third-order polynomial fitting. d) Residual anomalies (mGal) using the second-derivative Griffin (1949) method with a 30-m radius. In both images:

the white dashed line is the SP26 road, the light blue dashed lines are the old drainage network, while the solid ones the current, and finally the blue areas are

millpond present in the Grand-ducal Land Registry. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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selection of the most significant results is displayed in Fig. 6 as follows:

i) the RMA23, RMA43, RMA44, RMA45, RMA79, RMA94, and RMA100

traces (Fig. 6b), clearly showing the natural peaks (range 20–30 Hz)

corresponding to the second (B in Fig. 6) and third interfaces (range

4–7 Hz, A in Fig. 6b); ii) the flat traces RMA75, RMA 76 and RMA108

(Fig. 6c), acquired on outcropping seismic bedrock (Castellaro, 2016;

Pazzi et al., 2017b); iii) the RMA69 and RMA74 traces (Fig. 6d), ac-

quired on nearly outcropping bedrock and depicting an

Fig. 6. Most significant H/V results: a) an overview map of the selected H/V single-station measures (green triangles) and of the verified (red dots) and supposed

(blue dots) sinkholes. b) Traces with two natural peaks corresponding to the interfaces of siltstone/limestone (A, range 4–7 Hz) and alluvium/siltstone (B, range

20–30 Hz). c) Flat traces acquired on outcropping bedrock. d) Traces acquired on the outcropping bedrock, which show an amplification<2. e) Traces with H/V

amplitude< 1 associated with a velocity inversion (C and D are the spectra of these traces where the velocity inversion is clear). f) and g) Traces acquired beside/on

verified or supposed sinkholes. Black dots in a) are the single-station measures selected to draw the H/V contour map shown in Fig. 7. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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amplification< 2 because of the very low seismic impedance contrast;

iv) the RMA01 and RMA114 traces (Fig. 6e), showing a velocity in-

version in the upper layers: the first (D in Fig. 6e) because it was ac-

quired on asphalt (Castellaro, 2016) and the second (C in Fig. 6e) be-

cause of unspecified geological causes; and v) the H/V mean curves of

the seismic noise traces acquired on or in proximity of the verified

(RMA01, RMA10–17, RMA77, RMA80) or supposed (RMA61) sinkholes

(Fig. 6f, g).

5. Discussion

The sinkholes at “Il Piano” (Elba Island, Italy) have represented a

serious problem in the past years: at least nine sinkholes affected the

area between 2008 and 2014 without any apparent triggering factor.

Geophysical integrated investigations (2D- and 3D-electrical tomo-

graphy, microgravity and H/V measurements) were performed in the

area together with an accurate historical and hydrogeological re-

construction (Intrieri et al., 2018). The great amount of collected data

was employed to extensively reconstruct the subsurface stratigraphy

and to draw the boundaries of the sinkhole-prone area.

First, the information derived from the boreholes drilled after the

2013 sinkhole along the SP26 road was employed to qualitatively

evaluate the microgravity anomalies, the resistivity values, and the Vs

profiles derived from the fitting of the H/V curves (Fig. 7). Even

thought the huge amount of acquired data and the high sensitivity of

the whole dataset, the evaluation was qualitative and not quantitative

because of the different precision in measuring data of each employed

techniques. From the comparison between the boreholes (black dots in

Fig. 7a) and the Vs profiles (red dots in Fig. 7a), a) the first dis-

continuity (frequency range of 60–90 Hz, depth of approximately

0.2–1.5 m) is between the anthropogenic altered layer and the Qua-

ternary alluvial deposits; b) the second interface (frequency range of

12–30 Hz, depth of approximately 1.5–7.6 m) is between the alluvium

and the locally weathered siltstones; and c) the deepest impedance

contrast (frequency range of 3.5–7.8 Hz, depth of approximately

10.5–35m) is between siltstones and brecciated dolomitic limestones

(Rialbano Breccia). In Fig. 7c, the boreholes are compared with an

electrical resistivity section extracted from 3DERT-4 (light blue line in

Fig. 7a). It is possible to observe that the resistivity of the first layer

(alluvial deposits) varies widely because of the extreme heterogeneity

of the detrital material (Quaternary alluvium deposits) and also the

saturation status. It is well known, in fact, that the resistivity is affected

by the soil water content. According to Intrieri et al. (2018) the period

October 2015 – June 2016 was quite dry, with respect to the rainfall

seasonal mean values, and the piezometric level was constant. There-

fore, the resistivity anomalies can be interpreted as an alternation of

variable grain size deposits, characterised by heteropic facies, inter-

digitations and lenticular bodies of gravel and sand within a horizontal

medium- to fine-grained layer with particle size increasing upwards. In

the recent and Holocene epochs, in fact, the superficial streams de-

ployed depositional and erosional material. These bodies and elements

are highlighted at different depths by the geognostic and geophysical

analysis as contrasts in the physical parameters, which may result in

different rheological behaviour depending on various aspects (geo-

technical, hydrological, hydraulic). Moreover, low-resistivity zones

(< 50 Ωm, Fig. 4), located up to 30m in depth and having a sinuous

morphology, have been interpreted as old channels, mainly composed

of saturated loose sand and clay levels.

Fig. 7 also shows the comparison between the alignment RMA21–28

(black dots in Fig. 6) and a parallel 2D section obtained from 3DERT-4b.

In the H/V contour map (Fig. 7d), warm colours (from yellow to red)

are associated with positive impedance contrasts (log10 H/V > 0), such

as the contrast between the less saturated lenticular sand/gravel bodies

(resistivity higher than 80 Ωm in Fig. 7e) and the sand/clay deposits

Fig. 7. a) Locations of the measurements employed for the qualitative comparison of the integrated geophysical survey data. Black dots are boreholes; red dots are H/

V measurements; light blue line is the vertical slice extracted from 3DERT-4; blue line is the H/V alignment and the vertical slice extracted from 3DERT-4b. b)

Comparison between boreholes and the Vs profiles derived from the fitting of the H/V measurements. c) Comparison between the Sd5, S2, Sd4, and Sd3 boreholes

and the 3D-ERT-4 vertical slice carried out near the SP26 road. d) H/V contour map of the alignments RMA21–28 (black dots in Fig. 6). e) A parallel 2D vertical

section extracted from the 3DERT0-4b. A and B are two lenticular gravel bodies characterised by positive seismic impedance contrasts and resistivity values higher

than 80 Ωm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(resistivity lower than 80 Ωm in Fig. 7e). Cold colours (from light to

dark blue in Fig. 7d) are associated with negative impedance contrasts

(log10 H/V < 0) corresponding to velocity inversion in the uppermost

layers. Green areas correspond to an absence of impedance contrast

(log10 H/V=0 in Fig. 7d) and therefore to an absence of seismic ve-

locity variations between layers. Both electrical investigations and mi-

crogravity analyses reached a depth that was at least enough to identify

the bedrock, while H/V measures allowed obtaining this information

(the third interface, associated with the lowest natural peaks, located at

a maximum depth of 35m). In contrast, the H/V traces were not useful

to identify sinkholes since the traces performed near verified sinkholes

look qualitatively similar to the others as shown in Fig. 6b, f, and g.

The spatial distribution of gravity anomalies shows a complex

geological setting; as the sources of microgravity anomalies are shallow

minor geological structures, their effects are commonly between 0.010

and 0.040 mGal (from yellow to red in Fig. 5b). The main negative

anomalies (dark blue/violet in Fig. 5b) correspond to the collapsed

areas and expand towards the east. Negative anomaly zones indicate a

mass depletion region, which may be associated with Quaternary al-

luvial deposits affected by sinkhole risk. The relative positive anomalies

are associated with high density values (Cavo Formation, Rialbano

Breccia). Finally, the negative zones are connected to each other by

persistent subterranean channels within deposits of higher compactness

(conglomerates). The negative anomalies are mainly located on or

along riverbeds or near the pools of water accumulation when the

various mills were active. Generally, the negative anomalies are in

agreement with the hydraulic system of old natural waterways. How-

ever, these streams are superimposed upon another older hydrological

system, which has been covered on the surface by the construction of

the SP26 road. This hydrological system is still visible based on the

location of the negative anomalies.

The overlapping between electrical tomographies and microgravity

surveys (Fig. 8a) reveals that in correspondence with zones char-

acterised by low resistivity values, the microgravity detected negative

anomalies (dark blue/violet in Fig. 8a). These anomalies mainly cor-

respond to old channels and pools that have been used in the past to

provide water to mills. These mills have been progressively abandoned

since the second half of the XX century and completely fallen into

disuse in the first half of the 1990s; consequently, these channels have

been abandoned. Indeed, sinkholes mainly occurred along these pa-

leochannels. Nevertheless, an accurate 3D-delimitation of the pa-

leochannel boundaries is not feasible. Fig. 8b shows the 2D projection

on the surface of the maximum lateral extension of these 3D bodies,

without considering their distribution in depth. This delimitation was

qualitatively performed in a GIS environment. The horizontal 2D maps

of the resistivity and microgravity anomalies at intervals of 1.0m were

imported. For each map, all the areas characterised by low resistivity

values (< 50 Ωm) or a negative microgravity values were delimited. At

the end, the maximum extensions of all these delimited areas were

taken into account. This heterogeneity may be more marked in the

easternmost portion of “Il Piano”, where the slope angle is reduced to

zero and the water drained from the largest part of the whole “Il Piano”

catchment basin converges.

This study represents an advancement with respect to the previous

conceptual triggering model, according to which sinkholes were caused

by the high hydraulic gradient in the first aquifer (possibly due to

pumping), which produced erosion of fine particles (suffusion) that

were drained within pre-existing subterranean cavities (Intrieri et al.,

2015). Therefore, the first perimeter of the area susceptible to sinkholes

was mostly based on the geology of the karst bedrock. Even though this

trigger phenomenon cannot be completely excluded, the results of the

integrated geophysical surveys indicate that no cavities are expected to

be present in the bedrock. The microgravity survey, in fact, reveals no

anomalies linkable to cavities of significant dimensions. The results of

the hydrogeological survey evidence the presence of several ephemeral

or intermittent streams, shallow water flows, and infiltrations (Intrieri

et al., 2018). Moreover, they highlight that the sinkholes are mainly

concentrated in a small area downstream and in the northern portion of

the catchment basin (Intrieri et al., 2018). Therefore, the main cause of

sinkhole formation in this area is not the dissolution of the karst bed-

rock but the sub-superficial water circulation in the aquifer hosted in

the upper layer. This shallow circulation, in fact, during heavy rain

events could be responsible to erode and transport fine sediments which

removal produce macroscopic voids.

Fig. 8. a) Overlapping of the ERT and microgravity survey results. In the colour scales resistivity values> 50 Ωm and gravity positive values were turned white. b)

2D projection on the surface of the maximum lateral extension of the 3D interdigitations and lenticular bodies of gravel and sand within the horizontal medium- to

fine-grained layer, highlighted at different depths by the integrated geophysical survey. This 2D projection does not take into account the bodies in depth dis-

tribution.
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6. Conclusions

In an area where the most likely origin of sinkholes had been con-

sidered related to the erosion of sediments from the alluvium, the

combined application of 2D- and 3D-ERT, microgravity, and H/V

techniques was aimed at detecting possible cavities in the brecciated

dolomite limestones, which could evolve into sinkholes, and therefore

delimit the sinkhole-prone area. Among the results of the integrated

geophysical survey are the following: a) the H/V method allows esti-

mating the mean thickness of the alluvium, b) the 2D- and 3D-ERT

permits characterising the electrical behaviour of the materials, and c)

the microgravity provides suitable information on the spatial distribu-

tion of lower-density materials and does not detect significant cavities

in the karst bedrock.

Overlapping the spatial distribution of the microgravity negative

anomalies with the ERT values, it is possible to demonstrate that the

lower-density masses are located in correspondence of the paleo-

channels that are mainly characterised by lenticular sand and gravel

bodies within a sandy silt layer. It is also possible to draw the 2D

projection of their maximum lateral extension on the surface, without

considering their 3D distribution at depth. Despite the presence of karst

bedrock, typically related to sinkhole formation, the integrated geo-

physical survey carried out in the study area permits dismissing the

presence of cavities in the bedrock as the cause of the frequent col-

lapses, and the main hazards of the area are ascribable to shallow

causes (i.e., water infiltrating into the soil and related fine material

transport).

Acknowledgments

This project was funded by the Municipality of Rio Marina together

with the Municipality of Rio nell'Elba (grant number: Rep. 42/2015),

thanks to Tuscany Region financing (grant number: Regional Council

Resolution 319/2015). The authors would like to thank Niccolò Galfo,

Lorenzo Giardi, and Gabriele Bicocchi for their fieldwork support and

all the other people who helped them during the data collection, in

addition to the inhabitants and the local authorities for their avail-

ability. The authors are also grateful to the anonymous reviewers and

the Editor for their help improving the manuscript.

References

Argentieri, A., Carluccio, R., Cecchini, F., Chiappini, M., De Ritis, R., Di Filippo, M., Di

Nezza, M., Marchetti, M., Margottini, S., Materni, V., Meloni, F., Nardi, A., Rotella,

G., Sapia, V., Venuti, A., 2015. Early stage sinkhole formation in the Acque Albule

basinof central Italy from geophysical and geochemical observation. Eng. Geol. 191,

36–47. https://doi.org/10.1016/j.enggeo.2015.03.010.

Bishop, I., Styles, P., Emsley, S.J., Ferguson, N.S., 1997. The Detection of Cavities Using

the Microgravity Techniques: Case Histories from Mining and Karstic Environments.

12. Engineering Geology Special Publications, pp. 153–166. https://doi.org/10.

1144/GSL.ENG.1997.012.01.13.

Bortolotti, V., Fazzuoli, M., Pandeli, E., Principi, G., Babbini, A., Corti, S., 2001. Geology

of central and eastern Elba Island, Italy. Ofioliti 26 (2), 97–150.

Cardarelli, E., Cercato, M., De Donno, G., Di Filippo, G., 2014. Detection and imaging of

piping sinkhole by integrated geophysical methods. Near Surf. Geophys. 12,

439–450.

Castellaro, S., 2016. The complementarity of H/V and dispersion curves. Geophysics 81,

T323–T338. https://doi.org/10.1190/GEO2015-0399.1.

D'Agostino, G., Desogus, S., Germak, A., Origlia, C., Quagliotti, D., Berrino, G., Corrado,

G., D'Errico, V., Ricciardi, G., 2008. The new IMGC-02 transportable absolute

gravimeter: measurement apparatus and applications in geophysics and volcanology.

Ann. Geophys. 51, 39–49.

Del Gaudio, V., Muscillo, S., Wasowski, J., 2014. What we can learn about slope response

to earthquake from ambient noise analysis: an overview. Eng. Geol. 182, 182–200.

https://doi.org/10.1016/j.enggeo.2014.05.010.

Del Soldato, M., Pazzi, V., Segoni, S., De Vita, P., Tofani, V., Moretti, S., 2018. Spatial

modelling of depth to bedrock in peri-volcanic areas of Campania (southern Italy).

Earth Surf. Process. https://doi.org/10.1002/esp.4350. (In Press).

Ezersky, M., 2008. Geoelectric structure of the Ein Gedi sinkhole occurrence site at the

Dead Sea shore in Israel. J. Appl. Geophys. 64, 56–69. https://doi.org/10.1016/j.

jappgeo.2007.12.003.

Ferrara, G., Tonarini, S., 1985. Radiometric geochronology in Tuscany: result and pro-

blems. Rend. Soc. It. Miner. Petrol. 40, 11–124.

Galve, J.P., Gutiérrez, F., Guerrero, J., Alonso, J., Ignacio, D., 2012. Application of risk,

cost-benefit and acceptability analyses to identify the most appropriate geogrid so-

lution to mitigate sinkhole damage on roads. Eng. Geol. 145-146, 65–77.

Griffin, W.P., 1949. Residual gravity in theory and practice. Geophysics 14, 39–56.

Guerrero, J., Gutiérrez, F., Lucha, P., 2004. Paleosubsidence and active subsidente due to

evaporite dissolution in the Zaragoza area (Huerva River valley, NE Spain): processes,

spatial distribution and protection measures for transport routes. Eng. Geol. 72,

309–329.

Intrieri, E., Gigli, G., Nocentini, M., Lombardi, L., Mugnai, F., Fidolini, F., Casagli, N.,

2015. Sinkhole monitoring and early warning: an experimental and successful GB-

InSAR application. Geomorphology 241, 304–314. https://doi.org/10.1016/j.

geomorph.2015.04.018.

Intrieri, E., Fontanelli, K., Bardi, F., Marini, F., Carlà, T., Pazzi, V., Di Michele, F., Fanti,

R., 2018. Definition of sinkhole triggers and susceptibility based on hydro-

geomorphological analyses. Environ. Earth Sci. 77, 4. https://doi.org/10.1007/

s12665-017-7179-3.

Kaufmann, G., 2014. Geophysical mapping of solution and collapse sinkholes. J. Appl.

Geophys. 111, 271–288. https://doi.org/10.1016/j.jappgeo.2014.10.011.

Krawczyk, C.M., Polom, U., Trabs, S., Dahm, T., 2012. Sinkholes in the city of Hamburg -

new urban shear-wave reflection seismic system enables high-resolution imaging of

suberosion structures. J. Appl. Geophys. 78, 133–143. https://doi.org/10.1016/j.

jappgeo.2011.02.003.

Lee, E.J., Shin, S.Y., Ko, B.C., Chang, C., 2016. Early sinkhole detection using a drone-

based thermal camera image. Infrared Phys. Technol. 78, 223–232. https://doi.org/

10.1016/j.infrared.2016.08.009.

Lotti, A., Saccorotti, G., Fiaschi, A., Matassoni, L., Gigli, G., Pazzi, V., Casagli, N., 2015.

Seismic monitoring of rockslide: the Torgiovannetto quarry (Central Apennines,

Italy). In: Lollino, G. (Ed.), Engineering Geology for Society and Territory. vol.2.

Springer International Publishing, Switzerland, pp. 1537–1540. https://doi.org/10.

1007/978-3-319-09057-3_272.

Lotti, A., Lazzeri, A.M., Beja, S., Pazzi, V., 2017. Could ambient vibration be related to

Cerithidea decollata migration? Int. J. Geosci. 8, 286–295. https://doi.org/10.4236/

ijg.2017.83013.

Maineri, C., Benvenuti, M., Costagliola, P., Dini, A., Lattanti, P., Ruggeri, G., Villa, I.M.,

2003. Sericitic alteration at the La Crocetta deposits (Elba Island, Italy): interplay

between magmatism, tectonic and hydrothermal activity. Mineral. Deposita 38, 6–86.

Martinez-Moreno, F.J., Pedrera, A., Ruano, P., Galindo-Zaldivar, J., Martos-Rosillo, S.,

Gonzalez-Castillo, L., Sanchez-Ubeda, J.P., Marin-Lechado, C., 2013. Combined mi-

crogravity, electrical resistivity tomography and induced polarization to detect

deeply buried caves: algaidilla cave (Southern Spain). Eng. Geol. 162, 67–78. https://

doi.org/10.1016/j.enggeo.2013.05.008.

Moritz, A., 1984. Geodetic reference system 1980. In: Tscherning (Ed.), The Geodesist's

Handbook. C.C. Bulletin Geodesy. 58. pp. 388–398.

Nakamura, Y., 1989. A method for dynamic characteristics estimation of subsurface using

microtremor on the ground surface. Q. Rep.Railw. Tech. Res. Inst. 30, 25–33.

Nettleton, L.L., 1942. Gravity and magnetic calculations. Geophysics 7, 293–310.

Pazzi, V., Morelli, S., Fidolini, F., Krymi, E., Casagli, N., Fanti, R., 2016a. Testing cost-

effective methodologies for flood and seismic vulnerability assessment in commu-

nities of developing countries (Dajç northern Albania). In: Geomatics, Natural

Hazards and Risk. 7. pp. 971–999. https://doi.org/10.1080/19475705.2015.

1004374.

Pazzi, V., Morelli, S., Pratesi, F., Sodi, T., Valori, L., Gambacciani, L., Casagli, N., 2016b.

Assessing the safety of schools affected by geo-hydrologic hazards: the geohazard

safety classification (GSC). Int. J. Disaster Risk Reduction 15, 80–93. https://doi.org/

10.1016/j.ijdrr.2015.11.006.

Pazzi, V., Tapete, D., Cappuccini, L., Fanti, R., 2016c. An electric and electromagnetic

geophysical approach for subsurface investigation of anthropogenic mounds in an

urban environment. Geomorphology 273, 335–347. https://doi.org/10.1016/j.

geomorph.2016.07.035.

Pazzi, V., Lotti, A., Chiara, P., Lombardi, L., Nocentini, M., Casagli, N., 2017a. Monitoring

of the vibration induced on the Arno masonry embankment wall by the conservation

works after the May 25, 2016 riverbank landslide. Geoenviron. Disasters 4, 6. https://

doi.org/10.1186/s40677-017-0072-2.

Pazzi, V., Tanteri, L., Bicocchi, G., D'Ambrosio, M., Caselli, A., Fanti, R., 2017b. H/V

measurements as an effective tool for the reliable detection of landslide slip surfaces:

case studies of Castagnola (La Spezia, Italy) and Roccalbegna (Grosseto, Italy). Phys.

Chem. Earth 98, 136–153. https://doi.org/10.1016/j.pce.2016.10.014.

Pueyo Anchuela, O., Pocovi Juan, A., Casas-Sainz, A.M., Anson-Lopez, D., Gil-Garbi, H.,

2013. Actual extension of sinkholes: considerations about geophysical, geomorpho-

logical, and field inspection techniques in urban palnning projects in the Ebro basin

(NE Spain). Geomorphology 189, 135–149. https://doi.org/10.1016/j.geomorph.

2013.01.024.

Rocchi, S., Westerman, D.S., Dini, A., Innocenti, F., Tonarini, S., 2002. Two-stage growth

of laccoliths at Elba Island, Italy. Geology 30, 938–986.

Samyn, K., Mathieu, F., Bitri, A., Nachbaur, A., Closset, L., 2014. Integrated geophysical

approach in assessing karst presence and sinkhole susceptibility along flood-protec-

tion dykes of the Loire River, Orléans, France. Eng. Geol. 183, 170–184. https://doi.

org/10.1016/j.enggeo.2014.10.013.

Santarato, G., Ranieri, G., Occhi, M., Morelli, G., Fischanger, F., Gualerzi, D., 2011. Three-

dimensional electrical resistivity tomography to control the injection of expanding

resins for the treatment and stabilization of foundation soils. Eng. Geol. 119, 18–30.

https://doi.org/10.1016/j.enggeo.2011.01.009.

SESAME, 2004. Guidelines for the implementation of the H/V spectral ratio technique on

ambient vibrations. In: Measurements, processing and interpretation. SESAME

European research project, WP12 – deliverable D23.12. European Commission –

Research General Directorate (Project No. EVG1-CT-2000-00026 SESAME).

V. Pazzi et al. Engineering Geology 243 (2018) 282–293

292



Sevil, J., Gutiérrez, F., Zarroca, M., Desir, G., Carbonel, D., Guerrero, J., Linares, R.,

Roqué, C., Fabregat, I., 2017. Sinkhole investigation in an urban area by trenching in

combination with GPR, ERT and high-precision leveling. Mantled evaporite karst of

Zaragoza city, NE Spain. Eng. Geol. 231, 9–20.

Sgarlato, G., Lombardo, G., Rigano, R., 2011. Evaluation of seismic site response nearby

underground cavities using earthquake and ambient noise recordings: a case study in

Catania area, Italy. Eng. Geol. 122, 281–291. https://doi.org/10.1016/j.enggeo.

2011.06.002.

Smith, D.L., 1986. Application of the pole-dipole resistivity technique to the detection of

solution cavities beneath highways. Geophysics 51, 833–837.

Viero, A., Galgaro, A., Morelli, G., Breda, A., Francese, R.G., 2015. Investigations on the

structural setting of a landslide-prone slope by means of three-dimensional electrical

resistivity tomography. Nat. Hazards 78, 1369–1385. https://doi.org/10.1007/

s11069-015-1777-8.

Waltham, T., Bell, F., Culshaw, M., 2005. Sinkholes and Subsidence – Karst and

Cavernous Rocks in Engineering and Construction. Springer Verlag, Berlin

Heidelberg, New York.

Zhou, W., Beck, B.F., Adams, A.L., 2002. Effective electrode array in mapping karst ha-

zards in electrical resistivity tomography. Environ. Geol. 42, 922–928. https://doi.

org/10.1007/s00254-002-0594-z.

Zini, L., Calligaris, C., Forte, E., Petronio, L., Zavagno, E., Boccali, C., Cucchi, F., 2015. A

multidisciplinary approach in sinkhole analysis: the Quinis village case study (NE-

Italy). Eng. Geol. 197, 132–144. https://doi.org/10.1016/j.enggeo.2015.07.004.

V. Pazzi et al. Engineering Geology 243 (2018) 282–293

293


	Definition of sinkhole triggers and susceptibility based on hydrogeomorphological analyses
	Abstract
	Introduction
	The case study
	Assessment of the surface runoff
	Historical research
	Current setting

	Hydrogeological study
	Rainfall data
	Piezometric monitoring
	Characterization of the deeper aquifer

	Geophysical characterization
	Discussion of the results
	Conclusions
	Acknowledgements 
	References

	Integrated geophysical survey in a sinkhole-prone area: Microgravity, electrical resistivity tomographies, and seismic noise measurements to delimit its extension
	Introduction
	Study area
	Material and methods
	2D- and 3D-ERT
	Microgravity
	H/V measurement

	Results
	Geoelectrical results
	Microgravity results
	H/V results

	Discussion
	Conclusions
	Acknowledgments
	References


