Hypogea2023

Proceedings of IV International Congress of Speleology in Artificial Cavities
ltaly, Genoa, September 29th / October 1st

EDITORS

Stefano Saj, Carla Galeazzi
Michele Betti, Francesco Faccini, Paolo Madonia




T T = ]
=
L LR OB

Journal of Speleology
in Artificial Cavities

PROCEEDINGS OF
IV INTERNATIONAL CONGRESS OF
SPELEOLOGY IN ARTIFICIAL CAVITIES

HYPOGEA2023

SEPTEMBER 29th / OCTOBER 1st
GENOA, ITALY

PALAZZO DUCALE, SALA MINOR CONSIGLIO
Piazza Matteott1 9, Genova

. “GENOVA
LlYpogea




Proceedings of IV International Congress of Speleology in Artificial Cavities

HYPOGEA2023

PALAZZO DUCALE, SALA MINOR CONSIGLIO
Piazza Matteotti 9, Genova

Edited by
CENTRO STUDI SOTTERRANEI

Supplement to issue 1-2 / 2023
Opera Ipogea - Journal of Speleology in Artificial Cavities
Memorie della Commissione Nazionale Cavita Artificiali
wWww.operaipogea.it
Semestrale della Societa Speleologica Italiana ETS
Autorizzazione del Tribunale di Bologna n. 7702 dell’11 Ottobre 2006

Editors
Stefano Saj, Carla Galeazzi
Michele Betti, Francesco Faccini, Paolo Madonia

Scientific Commitee
Michele Betti, Roberto Bixio, Francesco Faccini, Carla Galeazzi, Paolo Madonia, Roberto Maggi,
Alessandro Maifredi, Massimo Mancini, Mario Parise, Mark Pearce, Luigi Perasso, Stefano Saj,
Martino Terrone, Marco Vattano, Ali Yamac, Boaz Zissu

Organizational Secretariat
Marina Barbieri
genova.sotterranea@gmail.com

Organizing Committee
Guglielmo Barranco, Marina Barbieri, Michele Betti, Roberto Bixio, Timothy Bonassi, Beatrice Cella,
Andrea Ferrando, Rita Foglia, Carla Galeazzi, Martina Gogioso, Ivan Greco, Matteo Mammi,
Luigi Perasso, Pietro Piana, Danilo Repetto, Gabrio Taccani, Mauro Traverso, Stefania Traverso

Composition and layout
Luca Paternoster, Stefano Saj

Graphic project
Carla Galeazzi, Stefano Saj

Cover photo
Martina Gogioso

Back cover photos

Ivan Greco, Fernando Naldoni, Danilo Repetto,
Stefano Saj, Luca Torti, Mauro Traverso

Typography
Corigraf Srl — Viserba, Rimini, Italy

With the financial support of
Societa Speleologica Italiana ETS

€ 200,00 ISBN 978-88-32241-32-7



Fourth IC of Speleology in Artificial Cavities Hypogea 2023 - Genoa

CONTENTS

FOREWARD: MATFTO POTFTSE ...uoeeeeeeeeeeee et ettt et e et et e e e e e e et e e et e e e et e e e eaa e s eaaeeseteeeeaneees 7

CONGRESS PRESENTATION: Stefano Saj, Carla GAIEAZZL ..........ccccccoiiuuiiiiiiiiiiieiiiiiis e eiieee e siaaee e niaaeee s 9

SPECIAL CONTRIBUTION ABOUT GENOA HISTORY

The plague (1656-1657) in the history of the Maritime Republic of Genoa (Italy): an important testimony
of efficacious measures of safety and prevention in the field of hygiene and public health and a won-
derful discovery of a precious historical heritage to protect. A “blend” of speleology and history of
medicine

Mariano Martini, Stefano Saj, Danilo Repetto, Martino Terrone, Simon Luca Trigona, Nico Radi, Gian-
Carlo 1cardi, FrancCeSCQ FOTTANAO ......ccouuueeeeeee e e e e e e et e e e et e e et e e e et e e eaaeeeeaeeeeeneeeeanaaaees 13

UNDERGROUND ARCHITECTURE AND URBAN PLANNING

The tanks of the Regia Marina of Monte Erice (Trapani, Italy) on a project by the engineer Pier
Luigi Nervi
Roberto Grammatico, RODETtO IMAZZOO .......cccccoouuuueeiiiieeieeeee ettt e e ettt e e ettt e e e e et e e e e e eeaaans 21

Genoa Municipality GeoPortal as tool for underground and overground analysis (Italy)

Martino Terrone, Elena Ausonio, Flavio Marovic, Cristina Olivieri, Andrea Rimassa, Federico Rottura,
Emilio Vertamy, Luca Volpin, Stefanic TTQUETSO ..............couueeceiiueeeeeeeee e eeeeeeeiiieeeeeeeeeeeeeeeeessianreeeeaeeeeeeeeennnanns 29

ARTIFICIAL CAVITIES AS A POSSIBLE GEOLOGICAL RISK FACTOR

Culverted watercourses as an anthropogenic constraint of flood risk in the historical centre of Genoa
(Italy)

Francesco Faccini, Roberto Bixio, Andrea Mandarino, Pietro Piana, Stefano Saj, Martino Terrone, Mauro
Traverso, StefaniIQ TTAUETSO .........ccocevciiueeeeeee e eeeeee et e e e e e e e e ettt e e e e e e e e e e e e e et aeaeeeeeeeeeeeeeenarareraeeaeeeeas 37

Artificial cavities and geo-risk assessment: the case of “The Strade Nuove and the system of the Palazzi
dei Rolli” Unesco World Heritage site in Genoa (Italy)

Francesco Faccini, Andrea Ferrando, Giacomo Montanari, Pietro Piana, Stefano Saj, Martino Terrone,
SEELANIA TTAUCTSO ..ottt e e e e e ettt e e e e e e e e e e e ee ettt eeeeeeeeeeeseeesesteaneeeeeeeeeeeeeennnsarennes 47

A chronology of sinkholes related to artificial cavities in the hydrographic district of the Southern Apen-
nines of Italy

Isabella Serena Liso, Carmela Vennari, Maria Assunta Fabozzi, Daniela Ruberti, Marco Vigliotti, Gennaro
Capasso, Vera Corbelli, MATTO PATISE ..............oouueeeeeeieeeeeeeee e eeeeeeeeieeee e e e e e e e e ee e aaaeeeeeeeeeeeeeessaarreaeeeeeeeeeeas 57

The hidden world of artificial cavities in the hydrographic district of the Southern Apennines of Italy:
findings, architectural variability and risk assessment

Maria Assunta Fabozzi, Isabella Serena Liso, Mario Parise, Carmela Vennari, Piernicola Lollino, Marco
Vigliotti, Gennaro Capasso, Vera Corbelli, Danielad RUDETLL ........ccccvvveeeiieeeeeiiicciiiiiiieeeee e e e eseiivivvraeeeaa e 65

On the role of geo-structural features in the development of failure mechanisms affecting man-made
underground cavities

Piernicola LOLITNO, MATTO PATTSE .....cccoooeeeeeeeieeeeeeeeee ettt e e e e et e e e e et e aeee e e e e eaa e e eeeesaaaans 75



Contents

ANCIENT UNDERGROUND HYDRAULIC WORKS

Ahmet Celebi Qastel of Gaziantep (Turkey)
AL YOG oottt e ettt e e e e e e e e e ettt taaaesaeeeeeeeeeeeetttsasaaeaeaaeeeeeeeeeetstssssaeasaaeeeeeeaannsnsesees 85

Water monuments in Hittite and Neo-Hittite periods: structure, functions, and connection with the “oth-
er world”

Maria Elena Balza, Marco Capardoni, CLelich MOTQ ..............cooueeeeeiiueeeeeeeeeeeeeeeeeeeiiieeeeeee e e e eeeeetiaaneeeeeeee e 91

The ancient aqueducts of Asolo (Italy): new investigations and acquisitions
Massimiliano Zago, Daniele Davolio M., Marcello Pellegrini, Roberto Sordi, Marco Sordi ........................... 99

The Civil Forum cisterns in Pompeii (Italy)

Graziano Ferrari, Daniele De Simone, Alberta Martellone, Bruno De Nigris, Massimo Osanna ................... 107

Agqua Augusta in Campania. New section under the Posillipo ridge (Naples, Italy)
Graziano Ferrari, Daniele 1De SEMOME ...............coouuuuuuuuueeeeeeeeeeeee e e e e e e e e ettt ee s e e e s eeeaeaaaaaaaees 111

The water storage system of Marcigliana (Rome, Italy): an unusual representative of a Roman cistern
Andreas Schatzmann, Mara AbDate, ANLATEO POTeSSO ...........euuiee e eee e reaeaeeees 119

An Archaeological Survey in the Jerusalem Hills and Water Facilities for Pilgrims during the Early Ro-
man Period

Boaz Zissu, Danny BiCRSO1, DUIT RQUID ............ccooiiiiiieeeeeeeeeceeeeeeeeeeeeeeeeeaeeeeeeeeeeeeessaassab b eaeaaeaeeeaeeans 127

ROCK-CUT SETTLEMENT WORKS

Quarried underground hiding complexes in the Galilee, Israel: new evidence for their use in the Second-
Century CE Revolt against the Romans

YEROTE SPEULLCL .ot e e e e e e e e e e e e e e e e e e et e ettt et et ae et eeeeeeeeeeeaaeeeeeeeereaeressaeaenens 137

Castle of Gaziantep (Turkey). Tunnels, Dwellings, Excavations and Earthquakes
AL YOG oottt e e e ettt e e e e e e e e e et ettt baaaeaeeaeaaaaeeaassssaaaasaaaaeaaeaaaasassssssssassaasaeasessasssssssssssaeaaaseasesssnssssrens 147

Underground Shelters in Cappadocia (Turkey)
RODETt0 Bixio, ALL YAIMUAG ..ooeeeiiieieieeeeeeiieeeee ettt e e e e e e e e et ettt e e e e e e e e e e e e e eattsaaaaaaaaaaaeeeeaeeasssssaraeaeraeens 153

From Xenophon houses to Armenian rock-cut dwellings and sacristies
Samuvel M. Shahinyan, Ashkhen Shahinyan, Nerses Varderesyan, Gayane Erkoyan, Ani Badasyan ........... 161

Intended use and dating of rock-cut dovecotes in Cappadocia (Turkey)
Andrea Bixio, Roberto Bixio, Andrea De Pascale, AlL YOMOQG ...............coouveeeeereeririiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeaens 171

Underground living spaces in the Chinese loess

CONSLANLITL CATUQUAS .....oooveeeeieiiieeee et e e e e e e e e e e e e e e e e e e e e e e e ettt ettt eeeaeaesaeeaesaeeeeeeteseeessassseaaransnnnnnenns 177

A cave settlement in Ardahan (Turkey): Harosman
GORTUIL ATAQ oottt et e e e ettt e e e ettt e e e e abtteeeeeaabttee e e nstaeeeeansbteeeeaanssaeeesansseaessannsaeeesannnes 183

Discovery and documentation of the underground structures of Hagia Sophia (Istanbul, Turkey)

Ali Hakan Egilmez, Ozlem Kaya, Barkin Iren, Irem Kapucuoglu, Eyliil Horoz, Irem Giizel, Tugce Nur Ilbas,
Burctt COQUAAT, KQATUT GUITSES ceveeeeeeeeeeeeeeeeeeee et e e e et e e e e e e e e e e e e e e e eeaaeeeeeeaaas 189

UNDERGROUND RELIGIOUS AND CULT STRUCTURES

St. Euphemia’s cave inscriptions: ancient navigation, beliefs and devotion (Vieste, Italy)
Giuliano De Felice, Danilo Leone, Mario Mazzoli, Maria Turchiano, Giuliano Volpe .............ccccceeevevvunenn.... 197

4



Fourth IC of Speleology in Artificial Cavities Hypogea 2023 - Genoa

Use of natural caves for ritual purposes as a forerunner of the formation of architecture
Samvel M. Shahinyan, Armen Davtyan, Smbat Davtyan, BoriS GASPATYAMN .........cccccevvuveveeeeeeeeeeeeeeiiirarereeenns 205

Physical evidence of dedication rites in rock churches of Basilicata and Apulia (Italy). Some case
studies

SADTTINA COREONZE .o ee ettt e e e e e e e e e e e e e e e e e e e e e e ettt e et e s ettt seeeeeesaeaeeaaenees 213

New considerations on the Uplistsikhe rock-cut ensemble (Georgia)
WAoo Lol e - £ 7o e - OO U PP UUPPPRPN 227

Artificial cavities under worship places: case studies from the province of Caserta (ltaly)

Emilia Damiano, Francesco Fabozzi, Maria Assunta Fabozzi, Paolo Maria Guarino, Ivana Guidone, Erika
Molitierno, Lucio Olivares, Arcangelo Pellegrino, Marco Vigliotti, Daniela Ruberti ..........ccccccovvuvveveeeeeeeaann. 233

The hypogeum of San Gavino a mare in Porto Torres (Sassari, Sardinia, Italy): preliminary epigraphic,
glyptographic and speleological investigations

Giuseppe Piras, Pier PAolo DOTe .........ccccccuueueeeeeee ettt e e e e e e et et a e e e e e e e e e e eetaaaraaaaeaaeas 243

The rupestrian churches in the monastery of Geghard, Armenia
Marco Carpiceci, Fabio Colonnese, Antonio Schiavo, Rachele ZAnone ..........ccccccvvvvueeeeieeeeeeeeeciiiiienereeeeeeeeeeen 251

Lajos Bethlen’s crypt (Chirales, Romania): a geological viewpoint
Tudor Tamas, Codruta Valea, Szabolcs Attila Kovecsi, Eusebiu Szekely .......ccccovvueeeeeeeiiiiieieiiiiiiiieeeeeeeaeeeeenn, 261

MINING AND EXTRACTION WORKS

Exploration of the Quarries of Moldavanka District in Odesa City (Ukraine)
Igor Grek, Yevheniia Pechenehova, Nataliya Moldavska, Yuliia Pelovina, Mike Shyrokov ........................... 271

Quarrying Methods in the Cave of Zedekiah in Jerusalem at the Ancient time (Israel)
AUTARGIE (AUL) SQSSOTL .ot e e e e e e e et ettt a e e e e eaeeeeeeeattbasaaeaaaaeeeesaaasststssssaeasaeseeaeasassssesees 277

Antrona Valley’s Gold Mines: from ore deposits to cultural opportunity for mining heritage (Piedmont,
Italy)

Luca Palazzolo, Alex Briatico, Enrico Zanoletti, Andrea Basciu, Flavio Caffoni, Andrea Martinelli, Luca
Miglierina, Elena Mileto, Antonio Moroni, Luca Nardin, Giulio Oliva, Renato Oliva, Roberto Piatti, Edoar-

do Rota, Marco Ulivi, Marco Venegoni, Daniele PIAZZA ...............ceeeeeeeeeiiiiiiiiieeeeeeeeeeseccirareeeeeeaeeesessssesssssssees 285

Ancient mines in Valsesia (northeastern Piedmont, Italy): 25 years of historical research and speleologi-
cal exploration

Paolo Testa, RICCATAO COTTL ..c.....ouuueeeiiieeieeee ettt e e e e et e e et et e e e e ettt e e e e saaaaeeeeesaanans 293

Multidisciplinary research on two ancient mining sites in Western Liguria (Italy)

Alberto Assi, Simone Baglietto, Marco Marchesini, Simona Mordeglia, Andrea Roccatagliata, Antonio Tra-
UL, DIOTTCLE VITUQL .ot e e e e e e e e e e e e e e e e e e e et et et e ettt eeeaeeeeeaaaaaaaaaeeees 303

NEW TECHNOLOGIES FOR ANALYZING AND DOCUMENTING THE ARTIFICIAL CAVITIES

Re-defining the relationships between the tangible and intangible heritage: the rock-cut village of
Vitozza, Sorano (Tuscany, ltaly)

Carmela Crescenzi, AleSSANATIO BALAGMCCT .............uueeeiiiiiiiiiiiiieeeeee ettt e et eeeeaaaas 309

The Pozzuoli (Naples, Italy) Flavian Amphitheatre cisterns: a basic experience in 3D modelling with
LIDAR

(€ e 7o 1Yo R Ak e 7 TR 319



Contents

Notes on the survey of the Catacomb of San Senatore at Albano Laziale (Rome, Italy)
Marco Carpiceci, Fabio Colonnese, RODETtO LIDOTQ ...............ccouueeeeeieeeeeeeeeeeeeeeeeeeeeiieeeee e e e e e e e e 325

CADASTRE, CATEGORIES AND TYPOLOGIES OF ARTIFICIAL CAVITIES: UPDATES

The Modern-era technique of the semi-rupestrian architecture in the Matera area (Italy)
Franco Dell’Aquila, Francesco Foschino, Raffaele PaoliCelli ..........cccc.oouiiiiiiiiieeiiiiiiiiiiiieeee e 335

20 Years of the project “The map of ancient underground aqueducts in Italy”, and future perspectives
Paolo Madonia, Carla Galeazzi, Carlo Germani, Mario POTISE .......ccccouuueeiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee e 343

Rock-cut dovecotes in Cappadocia (Turkey): elements in comparison
Andrea Bixio, Roberto Bixio, Andrea De Pascale, All YAMAQ ..........cooueeeeeiveeeieeeeeeeeeeeeeiiiireeeeeeeeeeeeeeeeeiaareaenens 349

Underground structures inventory project of Kayseri (Turkey): a short summary
AL YOG oottt e e e e e ettt a e e e e e e e e e e e eeeaetttaasaaaaaeaeeeeaeaessesbasasesasaeaeeeeaaassssssssaeaaaaseeeeesanssrssens 359

Cadastre of artificial cavities of Piedmont and Valle d’Aosta (ltaly): new perspectives for the use and
updating of data

Arianna Paschetto, Massimo Taronna, Davide Barberis, Enrico Lana, Michelangelo Chesta, Giandomenico
Cella, MUCRELE GALILTIQ oooeoeeeeeeeeeeeeeeeeee e et e e e e e e e e e e e e e e e e e e e e enaas 365

MILITARY AND WAR WORKS

Artificial caves shelters in vertical tuff escarpments in Cappadocia (Turkey) and Upper Mustang
(Nepal)
Igor Grek, Nataliya Moldavska, MiRe SAYTOROU .........cccccuuiiiiiiiiiieeeiiiieeeeeiteeeesieeeeesiteeeeesnreeeeessraeeesennnnes 373

The place of no return in ancient Ani (Kars, Turkey): report of the explorations
VAL ARGUYOZ .ottt ettt et e e e e e e e e e tb e et e eeeeaee e e e s sssasassaaaaaaeaeaeaaaassssssssssseaaaaaessaessnssssssssaseaaeeens 383

Some aspects of the wartime work underground in the Southeastern Alps (Italy) during World War | and
carried out mainly on the Marmolada and Adamello mountain ranges and on the Trentino highlands (La-
varone, Pasubio, Asiago), but also on the so-called backward front such as the Cadorna Line

LOIMDBEITO LOUTELT ..ottt e e e e e e e e e e ettt eeeeeeeeeeeaeeeeeee et et e e e e e et enas 391

SPECIALIZED UNDERGROUND FAUNA

Hypogeal fauna of the military subterranean fortification Forte di Vernante Opera 11 “Tetto Ruinas”
(Piedmont, Italy)

Enrico Lana, Valentina Balestra, Michelangelo Chesta, Dario OlIUETO ...........ccceeeeeecueeieeeiiieeeeeeiiieeeeeccieeen 401

The caves of Finalese karstic area (Finale Ligure, Liguria, North-Western Italy): a project for the coexist-
ence between the touristic activity and the Chiroptera conservation

Anastasia Cella, Roberto Toffoli, Federico MAREOUQIT ..............eeeeeeeeeeeeiiiiiireeeeeeeeeeeeeeeeeciiiarereeeaeeeeeeeeeeeinsnseeeens 409

AUTHORS INDEX

PN L Lo =T Ve (= 415
APPENDIX

GUIDED TOURS “HY P OGEA 2D 237 ... oottt ettt e et e et e e et e e e eae e et et e e eea s e e saaeeeaaseeetaressaneeseen 417

CENTRO STUDI SOTTERRANEI FORM ..ottt ettt e e e e e e e et e e et e e s et e e e et s e e saaeesans 421

»



Fourth IC of Speleology in Artificial Cavities Hypogea 2023 - Genoa

Culverted watercourses as an anthropogenic
constraint of flood risk in the historical centre of
Genoa (Italy)

Francesco Faccini*?®, Roberto Bixio®, Andrea Mandarino!, Pietro Piana’, Stefano Saj*?,
Martino Terrone?, Mauro Traverso?, Stefania Traverso?

Abstract

In recent years, artificial cavities have raised interest among the scientific community, both due to their relevance in terms of cultur-
al and landscape heritage and because they are linked to potential hazards to surface structures. Underground voids in cities have
been often established over time with a specific purpose or have resulted from the layering of different urban evolution phases,
which in Mediterranean cities are often thousand years old, the case of culverts being particularly frequent. Generally, culverts
have been associated with the need to expand urban areas due to space constraints. Underground voids have been established
and modified (or even under-dimensioned) over time and their state of efficiency and preservation is hardly verified, leading to
very hazardous conditions. This research presents the waterways in the historical centre of Genoa, the coverage of which, now
almost complete, began in the Middle Ages. While the historical channelization of the streams of the old city can be considered as
a structure of cultural value, it should be pointed out that the subsequent modifications and state of preservation of such artifacts
have led to localized hazardous conditions and thus risk to buildings and infrastructure, some of which have been recognized as
UNESCO World Heritage Sites (“Strade Nuove and Palazzi dei Rolli”). Therefore, there is need to acquire detailed surveys of the
entire channelized and culverted hydrographical network in order to assess its hydraulic efficiency, hydrogeomorphic features, and
structural suitability, and to activate a monitoring network. Such measurements are crucial for effective management of hydrogeo-

morphic risk in urban areas, also in light of Global Climate Change.

Keywords: culvert, flood hazard, man-made landforms, artificial cavities, Genoa.

Introduction

The city of Genoa is internationally known for its re-
current floods, mainly related to the Bisagno River
(Paliaga et al., 2019). The high level of river-related
risk is linked on the one hand to meteo-hydrological
hazard, associated with an atmospheric circulation
prevailing over the Ligurian Sea, and on the other
hand to the high level of urbanization in hazardous ar-
eas and the relevant exposure of vulnerable elements
to floods (Acquaotta et al., 2019). Ongoing climate
change, which is expressed by a growth in average air
temperature and a change in the rainfall regime, in-
creases the degree of hazard, while unregulated urban
planning interventions and modifications to the hy-
draulic balances in the city increase the vulnerability
component, worsening the overall risk for buildings
and infrastructure. The present research concerns the
hydrographical network that characterises the his-

Universita degli Studi di Genova (Italia)
Centro Studi Sotterranei, Genova (Italia)

torical centre of Genoa, i.e. the natural amphitheatre
located between the Polcevera valley to the W and the
Bisagno valley to the E and which is bordered by the
seventeenth-century historical walls (fig. 1). In this
area of just 8.5 km? there are seven small catchments
and this hydrographical network flows into the old
port of Genoa.

The watercourses of the city have been subject to rel-
evant anthropic modifications (diversions, rectifica-
tions, culverts, and in general channelization, Rov-
ereto, 1938) since the Middle Ages; today the hydro-
graphical network appears almost entirely artificial,
flowing under the streets and buildings of the his-
torical centre (Brandolini et al., 2020; Faccini et al.,
2021). The name of some streets recalls the presence
of underground streams and the original morphology
of the city, which is otherwise not perceptible (Bixio
et al., 2015). Only a couple of catchments have their
main fluvial system characterised by natural riverbed

1

2

3 Opera Ipogea - Journal of Speleology in Artificial Cavities, Societa Speleologica Italiana, Bologna (Italia)
4 Ufficio SIT, Servizi Informativi, Direzione Technolgy Office, Comune di Genova (Italia)

* Reference author: mterrone@comune.genova.it
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Fig. 1 — Geographical location of study area [modified from Brandolini et al., 2018] (graphics M. Terrone).

in their upper stretch, but even in this case the land-
scape 1s significantly urbanised. These waterways
represent artificial cavities referable to the type “A-
hydraulic underground works”, category “A8-water
ways” (Parise et al., 2013).

The construction of these culverts over time and the
modifications they have undergone over the centu-
ries up to very recent times due to progressive ur-
banisation led to a reduction in the riverbed cross-
section, which can lead to possible overflows of water
under pressure and consequent floods. This makes a
better knowledge of culverted streams in Genoa his-
torical city crucial for hazard and risk assessments
and for the planning of related hydraulic risk reduc-
tion activities.

Since more than thirty years, the Centro Studi Sotter-
ranei of Genoa has been carrying out underground in-
spections and surveys of the hydrographical network,
using both traditional and innovative techniques, with
highly detailed reconstructions of the geometry of the
culverted riverbed. Among the watercourses in the
historical centre of Genoa, recent surveys along the
Carbonara and Sant’Anna streams have been carried
out. The preliminary results have highlighted both lo-

38

calised flood-hazard conditions and great elements of
cultural value.

Physical geography of Genoa historical
centre

The natural morphological amphitheatre of the old
historical town covers an area located between the two
main catchments of Genoa, the Polcevera (W) and the
Bisagno Streams (E) (fig. 1). It is a roughly triangular-
shaped area surrounded by the seventeenth-century
walls which started from the Promontory of the Light-
house up to M. Peralto (489 m asl), where Sperone
Fort is located; the eastern walls were along the west-
ern bank of the Bisagno Stream in order to protect
the hill of Carignano, which is the eastern ridge of the
natural amphitheatre of the historical centre (Brando-
lini et al., 2018).

This sort of morphological amphitheatre includes sev-
en small and steep catchments that today are barely
identifiable due to high urbanisation (fig. 2). They
are effectively represented by the “Genova Zero” map
(Barbieri, 1938) (fig. 3): from W to E we can identify
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Fig. 2 — Stream network in old Genoa city morphological amphitheatre (base map: ortophoto 2018 by Genoa Municipality): A)
poorly modified and/or natural riverbed; B) culverted stream; C) concrete channel; D) eaves channel; E) abandoned channel; F)
“Strade Nuove and Sistema dei Palazzi dei Rolli” UNESCO World Heritage limits. Main Streams: 1) Torbido; 2) Sant’Anna; 3) San
Gerolamo; 4) Carbonara; 5) Sant’'Ugo; 6) Lagaccio; 7) San Teodoro; 8) Di Negro (graphics M. Terrone).

the catchments of Dinegro (or S. Lazzaro), San Teo-
doro, Lagaccio, Sant’'Ugo, Carbonara, Sant’Anna and
Torbido.

From a geological point of view the area is charac-
terised by flysch formations belonging to the tectonic
units of Antola and Ronco and by post-orogenic de-
posits (APAT, 2008; AA.VV., 2008). The Antola Unit
is represented by the formation of Mt. Antola Flysch
- mainly consisting of marly limestones, occasionally
silty, with thin interlayers of shales, and by the for-
mations of Montoggio shales, a basal complex repre-
sented by blackish or greenish shales, which crops out
in some limited areas along the western ridge. The
Ronco Unit and formation is featured by siltstone,
marly limestone and shales and it crops out in the
western sector along the watershed divide between
the historical amphitheatre and the Polcevera valley.
The post-orogenic deposits, represented by the forma-
tion of Ortovero Clays, crop outs in the area of the me-
dieval historical centre and old harbour area, within a
graben structure with WNW — ESE direction (Limon-
celli e Marini, 1969).

The climate of Genoa is Mediterranean, with dry
and hot summers, relatively mild winters and rain-
fall mainly concentrated in spring and autumn. The
mean annual temperature is 15.8 °C, the annual
rainfall i1s 1268 mm and the rainy days (>1 mm) are
101. The historical weather station of Genoa Univer-
sity, located in the study area and in use since 1833
allowed the reconstruction of statistically significant
climate trends: the mean annual temperature shows
a positive trend, while the number of rainy days
has a negative trend. The amount of annual rainfall
does not show any significant trend and therefore
the rainfall rate increased. Based on this data, it is
possible to state that the rainfall is concentrated in
fewer days, particularly between the second decade
of October and the first decade of November and it
is more intense. This is confirmed by the numerous
flash flood events which affected Genoa in the last
50 years.

The history of Genoa probably dates back to the pre-
Roman period and the first fortified settlement was on
the hill of Castello along the Eastern edge of the nat-

39



Culverted watercourses as an anthropogenic constraint of flood risk in the historical centre of Genoa (Italy)

Fig. 3 — Geomorphological sketch map of the morphological amphitheatre of Genoa (base map: Genova Zero by Barbieri, 1938):
A) marly limestone, marly siltstones with shales and calcarenites Interlayers; B) stiff fissured clays; C) v-shaped valley; D) sandy
and gravelly beach; E) alluvial fan; F) edge of seacliff; G) catchment number: 1) Torbido; 2) Sant’/Anna; 3) San Gerolamo; 4) Car-
bonara; 5) Sant'Ugo; 6) Lagaccio; 7) San Teodoro; 8) Di Negro (see Fig. 2 for comparison with man-made landforms) (graphics

M. Terrone).

ural amphitheatre (Grossi Bianchi & Poleggi, 1980;
Melli et al., 2006). The castrum was located above the
primitive harbour which was naturally protected by
the peninsula of Il Mandraccio. In the Middle Ages the
historical centre progressively expanded around the
port and in the inland area where Strada Nuova (Via
Garibaldi), built in 1550, and the late Via Nuovissima
(Via Balbi, built in 1606) constituted for centuries the
northern limit of the city (Bixio et al., 2015).

The culverted watercourse network

The morphological amphitheatre within which the
historic city of Genoa has developed over centuries
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represents as a whole a composite catchment area
presenting a series of small basins, described below
from east to west (fig. 4).

The catchment area of the Torbido Stream (so named
for its erosive activity on the stiff fissured clays),
which is entirely urbanized, covers about 1.17 km?
and consists of two branches: the first, to the W, flows
along the axis of Via Palestro; the second originates
just upstream Via Solferino and bends to the E until it
reaches Via Assarotti.

The two waterways join underneath piazza Corvetto
in a decantation chamber; the watercourse contin-
ues following largo Eros Lanfranchi, cutting perpen-
dicularly through via Vernazza and via XX Settembre
reaching piazza Dante, then it descends via Madre di
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Fig. 4 — Stream networks in old Genoa city morphological amphitheatre (Base map: shaded relief on Lidar by Genoa Municipal-
ity): A) poorly modified and/or natural riverbed; B) culverted stream; C) eaves channel; D) abandoned channel; E) “Strade Nuove
and Sistema dei Palazzi dei Rolli” UNESCO World Heritage limits; F) historical building of Albergo dei Poveri (Hotel of the Poor)
- Catchment number: 1) Torbido; 2) Sant’/Anna; 3) San Gerolamo; 4) Carbonara; 5) Sant'Ugo; 6) Lagaccio; 7) San Teodoro; 8) Di
Negro (see Fig. 3 for a comparison without man-made landforms) (graphics M. Terrone).

Dio, always having on its orographic left the hill of
Carignano, and it flows at the docks. In 1519 the wa-
tercourse was still uncovered while today the riverbed
is entirely culverted, with a rectangular cross-section
and an estimated flood discharge for T=200 years of
55 m?/s (Autorita di Bacino, 2019).

The Sant’Anna stream catchment area, which is ful-
ly urbanized and covers 0.72 km?2, is also composite,
as two main axes join approximately at Piazza Por-
tello while the watershed has its edge along Salita
Sant’Anna.

The right tributary flows under Via Caffaro, the left
one under the route of the Portello-Magenta funicular.
The watercourse then follows Via Luccoli, it contin-
ues through Piazza Campetto and Piazza Banchi, and
it flows to Piazza Caricamento. The lower part of the
catchment, partly due to inadequate hydraulic sec-
tion, is characterized by flood hazard (Lanza, 2003):
the estimated maximum flow rate for T=200 years is
44 m®/s (Autorita di Bacino, 2019.

The Carbonara Stream basin is articulated, as it also
includes the basin of the San Gerolamo Stream, once
independent and later diverted into the Carbonara

stream itself (Bixio et al. 2015). Overall, the basin
is 1.10 km? and only % of the surface area is not or
scarcely urbanised.

The San Gerolamo Stream (also called Vallechiara)
originates at the top of Via Pertinace, crosses Corso
Carbonara, Via Lomellini and Piazza Fossatello to
flow into Ponte Calvi. In the 13%™ century, the riv-
erbed was diverted at Largo della Zecca toward via
Bensa. This diversion made this creek a tributary
of the Carbonara; their confluence is located in Via
delle Fontane (Bixio et al. 2017). The Carbonara
catchment (also known as Nunziata) presents two
main valleys in its upper part. Their main channels
join in a collector that, between Via Bellucci and Pi-
azza F.lli Bandiera, crosses Piazza della Nunziata
and continues along Via delle Fontane, flowing into
the sea at Ponte Morosini. In the stretch between Al-
bergo dei Poveri and Piazza della Nunziata, the riv-
erbed shows several hydraulic works, such as weirs,
waterfalls, settling chambers, spillways and anthro-
pogenic secondary branches. In 1336 the Carbonara
Stream was uncovered, while today the entire river-
bed is culverted.
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The downstream-most stretch has a reduced hydrau-
lic section due to foundation structures that partial-
ly obstruct the conduit; the flood discharge for T=200
yr is estimated to reach 68 m?®s (Autorita di Bacino,
2019.

The Sant’Ugo stream shows an almost entirely urban-
ized basin of only 0.80 km?, and an estimated maxi-
mum flood discharge for T=200 years of 45 m?s. The
watercourse flows at the S. Limbania inlet, originates
in Oregina, crosses Acquaverde Square (the name
suggesting the old presence of a pond made green
by marsh grass), and at its mouth it flows under the
Commenda di San Giovanni di Pre, which dates back
to the twelfth century.

The Lagaccio stream is the largest basin of the histor-
ical Genoese amphitheatre with 2.3 km? More than
50% of the area (at higher elevation) presents agricul-
tural areas, woodlands, shrubs, and herbaceous vege-
tation, with maximum flood discharge for T=200 years
of 103 m%s (Autorita di Bacino, 2019. This catchment
is made up of 5 sub-basins whose main fluvial stems
merge into the Lagaccio ditch (formerly San Tomaso)
and flows near Ponte dei Mille, at Via Adua, alongside
Palazzo del Principe. Two tributaries drain the upper
basin: one is close to Via Bartolomeo Bianco; the oth-
er one originates at Via Vesuvio and it flows into the
main collector at Via Ponza. The hydraulic situation
is critical in the downstream-most section because the
slope of the culvert, built in the 19th century, is mod-
erate and some foundation structures obstruct the wa-
ter flow.

The San Teodoro stream has a catchment area of 0.54
km? and a discharge of 44 m®s for T=200 yr (Autorita
di Bacino, 2019); about 50 percent of the basin is ur-
banised. This fluvial stem has no tributary, and it
flows into the sea in the middle of via Buozzi (next to
Ponte Doria). The downstream-most section presents
critical conditions with potential flood hazard due to
the limited hydraulic section and the slope of the cul-
vert.

The San Lazzaro stream, formerly Di Negro ditch,
has a catchment area of 1.33 km? and a discharge for
T=200 years of 74 m®/s (Autorita di Bacino, 2019). Ap-
proximately 60 percent of the basin is urbanised and
is characterised by a series of small, parallel-axis trib-
utaries leading to a collector that flows into the sea
at Ponte Colombo. Piazza Di Negro is located on the
ancient alluvial fan shaped at the outlet (or mouth) of
this stream, which was modified in the terminal sec-
tion as early as 1150 (Limoncelli, Marini, 1969). The
hydrogeomorphic hazard is related to the first culvert-
ed section after the confluence of the stream into the
San Lazzaro channel.

Natural hazard and final remarks

Mediterranean cities have undergone significant an-
thropogenic changes in recent centuries, especially in
riverine, slope, and coastal areas: although still de-
bated by the scientific community, the term Anthropo-
cene has become commonly used, at least to highlight
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the anthropogenic impact on the natural processes of
the earth’s surface (Brown et al., 2017).

A first analysis of the hydrographical network in the
historical centre of Genoa revealed a very articulated
situation, as anthropogenic modifications over the
centuries have led to the almost complete transforma-
tion of the riverbeds into artificial cavities (sensu Par-
ise et al., 2013) (figs. 5, 6) and a progressive urbani-
zation of the catchments, which now reaches values
around 75 percent.

Hydraulic sections, sometimes under-dimensioned
since their construction or designed in another geo-
morphological and climatic context, are now inad-
equate: sealed surface areas have changed over time,
and experimental data useful for determining the
relationship between surface water flowing to the ur-
banized catchment area and the actual flow rate flow-
ing through the culvert are not updated.

As mentioned in the introduction, Genoa is a Medi-
terranean city in which climate change is evidenced
by an increase in average air temperature and a
change in rainfall patterns (Acquaotta et al., 2018).
Recent years have experienced an increase in flood-
ing episodes in the metropolitan city of Genoa, con-
centrated mainly in the autumn period and often
characterised by exceptional rainfall values with
records even at the international level (Cat Berro,
2021): 181 mm/1h were recorded in November 2011,
while in October 2021 378 mm/3h, 496 mm/6h, 741
mm/12h, and 884 mm/24h were measured (not far
from the Italian historical record of 948 mm regis-
tered in October 1970 in Genoa). Flood hazard in
the historical city is also associated with pluvial
flood hazard, due to the inefficiency of the urban
drainage system because of the intensity of rainfall,
which has been particularly frequent in the past 30
years.

In situations such as those of Genoa’s historical centre,
with such a high anthropogenic impact on the natural
morphogenetic system, it is particularly difficult to de-
sign risk mitigation actions: it is not possible to oper-
ate with structural interventions aimed at increasing
the hydraulic section due to urbanization, nor is it pos-
sible to significantly reduce the impervious area. One
possible solution could be to use cisterns connected to
buildings as temporary floodwater storage basins in
order to laminate the peak discharges, which is usu-
ally very rapid given the physical-geographical layout
of Genoa’s historical centre.

Based on preliminary research, it has been verified
that there are 2 hectares of cisterns with an average
height of 4 m and, thus, about 80 million litres of res-
ervoir capacity in the historic centre. These structures
could be also useful for sanitary and hygienic purpos-
es during possible drought periods.

To the light of the above considerations, it is crucial
to carry out detailed surveys of all the culverted wa-
tercourses that characterise the historical centre of
Genoa. The first relevant inventory began in 2000
within the frame of the Civis project supported by the
Municipality of Genoa; this work allowed a first fun-
damental collection and overlap between urban fabric
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Fig. 5 — A) Rio Torbido [see n. 1 in Fig. 2] (photo L. Perasso); B) Rio Torbido [see n. 1 in Fig. 2] (photo L. Perasso); C) Rio
Sant'/Anna [see n. 2 in Fig. 2] (photo S. Saj); D) Rio Sant’Anna [see n. 2 in Fig. 2] (photo S. Saj); E) Rio Carbonara [see n. 4 in
Fig. 2] (photo F. Faccini).
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Fig. 6 — A) Rio Carbonara [see n. 4 in Fig. 2] (photo M. Traverso); B) Rio San Gerolamo [see n. 3 in Fig. 2] (photo M. Traverso);
C) Rio San Barnaba, Carbonara catchment [see n. 4 in Fig. 2] (photo L. Perasso); D) Rio Sant'Ugo [see n. 5 in Fig. 2] (photo M.

Traverso); E) Rio Lagaccio [see n. 6 in Fig. 2] (photo L. Rosselli).
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Fig. 7 — Overlap between urban fabric and culverted hydrographical network (Civis project, 2000).
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Fig. 8 — Longitudinal section of Carbonara Stream below the historical building of Albergo dei Poveri (see point F in Fig. 4). In-
strumental relief was carried out with Faro Laser Scanner Focus 3D and Leica ScanStation 2. Digital restitution was carried out
with BIM Design Software of Autodesk and was graphically divided with three consecutive parts (A, B, C). The drawing shows the
information of the relief point cloud (graphics T. Bonassi).
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and underground development of watercourses and
other artificial cavities (fig. 7).

However, thanks to the intervention of the Municipal-
ity of Genoa, knowledge of the landscape and of geo-
environmental dynamics has assumed a relevant im-
portance as a fundamental element for hydrogeomor-
phic risk management only over the last years. The
systematic survey of underground cavities by means
of traditional and innovative techniques has recently
begun and is ongoing. Some preliminary results have
been obtained along reaches of the Carbonara Stream

(fig. 8), the Sant’Anna Stream and at the cistern below
Piazza Fontane Marose.

A second key activity is related to the implementation
of a meteo-hydrological and structural monitoring sys-
tem of culverted watercourses and related structures,
both for cognitive and warning purposes. The involve-
ment of experienced and scientifically qualified spele-
ologists and professionals is crucial in order to collect
data for both hazard assessment and consequent risk
management, as well as for the analysis of artificial
cavities under cultural and historical perspectives.
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