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Preface to “"The November 23rd, 1980 Irpinia-Lucania,
Southern Italy Earthquake: Insights and Reviews
40 Years Later”

A little less than two months after 23 November 1980. While on 15 and 16 January 1981, the
“Antonio Gramsci” Institute gathered together intellectuals from every sector in Avellino to define
“Politics and culture for the reconstruction of the Mezzogiorno”, the editor Einaudi published the
report of the study group directed by Manlio Rossi-Doria on the Situazione, problemi e prospettive
dell’area pii1 colpita dal terremoto del 23 Novembre 1980- Situation, problems and prospects of the
area most affected by the earthquake of 23 November 1980".

At the Avellino conference, Alberto Samona, Professor at the Faculty of Architecture of
the Federico II University in Naples, gave a clear, precise presentation calling for analysis and
accountancy of the dramatic events that occurred in the Belice area (Sicily), when it was hit by the
earthquake on 15 January 1968; he urged that this case inform responsibility in urban planning and
architecture; on the one hand, removing the tendency to be alienated by localised differences and, on
the other, implementing a genuine form of participation in the choices to be made. In other words,
not locking decisions into academic or professional alternatives between rebuilding towns and cities
where they were and as they were, or building them from scratch, which is, after all, the forbidden dream

of every architect.

“I believe that town planning and architecture would be completely powerless if they did not
change their attitude”, he warned, to invoke “completely different ways of expressing all the capacity
for renewal that the situation requires in both practice and theory”.

If I look up today and see the outline of the houses built in Bisaccia or Conza della Campania,
in Teora or San Mango, and in the many other places in the epicentral area between Irpinia, north of

Salerno and Basilicata at that time, I realize that Samona’s appeal has gone tragically unheeded.

Not only has respect for the spirit of the places been betrayed and the lesson of Christian
Norberg-Schulz mortified, but what Vezio De Lucia described in a 30 September 1990 article for the
Pci newspaper ‘I’'Unita’: “I have seen architectural havoc, they have called it reconstruction”. The

heart of the southern Apennines had become a marginalized area, like a suburb without a metropolis.

The analysis by Rossi-Doria and his Center for Specialisation and Economic-Agricultural
Research for the Southern Italy in Portici, instead, contained special indications of merit for planning
development of the earthquake-affected territory, in timely accordance with vocations and within the
framework of a more general economic development plan. “This requirement corresponds not only
to a sort of moral commitment that the Nation has contracted with itself over the last month, but
also to an objective situation”, said Manlio Rossi-Doria, strongly emphasizing the work. The area
had been divided into zones, and for each one there was a detailed description of the socio-economic
situation, land structures, natural features, atmospheric and climatic conditions, and the extent of
damages caused by the earthquake. I always go back and reread these reflections whenever there
is a discussion about an agri-food prospect for Irpinia, about plans to revive a productive role for
“the province of bone”, a landscape enhancement to accommodate tourists: in comparison with
what Manlio Rossi-Doria foreshadowed, with the meticulous care and passion in the approach by
the Center’s group, so much debate now seems to me an exercise in unbearable rhetoric, the tired and
downright ritualistic ceremony of desires that inconsistency causes to degrade into wishful thinking

and of plans that fade into utter inadequacy.



One should assign the reasons for the current state of Irpinia in the lack of response to that
call for ideas in January 1981. The reasons for the state of Irpinia today should be sought in the
failure to respond to the suggestions offered in January 1981. Four decades after the earthquake that
destroyed it, progressively emptied of population and hopes, nailed to a marginality that preludes
to irrelevance, I wonder why the content of those documents was not adequately taken into account
when defining strategies and choices: why the suggestion of establishing the laboratory of a new
and better South on the rubble of the earthquake soon gave way to the to the old politics of welfare
and exploitation and the priority of a long vision that reconsidered the mistakes of the past was not
affirmed and amended to gain a perspective for the future.

We should start from here and retrace the various events that have taken place, from judicial
enquiries to political complaints, from scandals to controversies, from exploitation to convenience.
Remembering in order to understand, in an in-depth examination—sincere and merciless—an
examination of the reasons for the failure to implement the proposals presented in the conference of
the “Gramsci” Institute and in the survey of the Manlio Rossi-Doria Center would lead to identifying
the truths.

Forty years constitute the epochal threshold that lan Assmann describes as “the moment
when living memory is threatened with decline and the forms of cultural remembrance become
problematic”. For another, there is no event such as an earthquake that one wants to forget so quickly:
it may be that this is the only way that one is able to calm the awareness that the ground on which one
lives will inevitably suddenly begin to shake again, and then setting aside this certainty constitutes
the only possibility of continuing to inhabit the places of catastrophes and tragedies. But it also
happens, however, that earthquakes never come to pass, and that the aftermath, the consequences
and reconstructions go hopelessly into a kind of temporal loop, almost as if they were on a Moebius
strip that twists onto itself endlessly toward eternity.

113 years since Messina’s earthquake on 28 December 1908, there was a measure to dismantle
the shacks erected during the emergency and evidently inhabited by the successors of that enduring
temporary status. And it comes as no surprise that there are still some funds being allocated for the
reconstruction of private buildings destroyed or damaged in Campania by the 23 November 1980
earthquake, a residual expense 41 years after the enactment of Law 219, which has overcome the
barriers of the euro, centuries, millennia, and modesty, entrusted by the Region to a paradoxical
“Committee for the simplification and speeding up of bureaucratic procedures”.

The past and present chase each other, the clock hands stop, and the course of history grinds to
a halt.

In a paper written in 1992, “Sulle rovine”, Ettore Sottsass states that “the present always has its
tail in some form of the past”.

According to Sottsass, the present and the past end up narrowing the perspective, taking away
space from the future, and in this way, he adds, “there are few possibilities left. All we are left with is
the present as a place to meet with existence; an ambiguous present, a curious present, an uncertain
present, both for the projects of the future and for what we find when we enter the desert—or
cemetery—of the ruins of the past”. The Irpinia of the villages emptied by the new emigration and
the towns of lunar architecture, the dismay of the generation of emptiness and the anger of those who
have the stubbornness to want to remain, the nostalgia for an invented past and the struggle to reflect

themselves in a sincere memory.



The text is collected in a valuable posthumous book with a title that seems to refer precisely to

the inland areas of this time: “Di chi sono le case vuote? Whose empty houses are they?”.

Generoso Picone

Journalist, Writer
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After more than forty years since the 1980 Irpinia-Lucania earthquake, with this
Special Issue “The 23 November 1980 Irpinia-Lucania, Southern Italy Earthquake: Insights
and Reviews 40 Years Later” we revisit this milestone geological and seismological event,
bringing together the latest views and news on this earthquake, with the aim of improving
the dissemination of wide-ranging information on this remarkable case history.

This earthquake struck Irpinia-Lucania region (Lucania is also called Basilicata; South-
ern Italy) on 23 November 1980 (Ms 6.9, Io X MCS) [1,2], and it is remembered in Italy not
only for being the strongest earthquake recorded in the last 100 years causing devastation
of entire regions and severe loss of human life, but also for the destruction of the cultural
heritage in the epicentral area.

It was felt throughout Italy, from Sicily in the South, to Emilia Romagna and Liguria
in the North (Figure 1) causing damage in over 800 localities spread in the regions of
Campania and Basilicata with a total of 75,000 houses destroyed and 275,000 seriously
damaged. The number of victims was about 3000, with 10,000 injured people [1-8].

23 November 1980 18:34:52.00, Irpinia-Basilicata cPTINS 40.842,15.283 Mw 6.8110.10 . 3 - N B
106071 \ i

= X
Imex 5 [ Torino §5 b Banjaluka (A9

b, Istituto Nazionale di
Gealisica e Vulcanolagia

Figure 1. Intensity felt reports of the Irpinia-Basilicata 23 November 1980 earthquake (modified by
CPTI15 [2]).

Geosciences 2022, 12, 173. https:/ /doi.org/10.3390/ geosciences12040173 1 https:/ /www.mdpi.com/journal/geosciences
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The earthquake also caused several striking effects on the natural environment, in-
cluding extensive coseismic surface faulting which is still visible today (Figures 2 and 3),
and was mapped in the following years for a total length of about 40 km [9-19].

Figure 2. The photos (a,b), taken in 2004, show the coseismic 1980 fault scarps along M.te Carpineta;
the photo (c) shows a paleoseismological trench wall along the Piano di Pecore plain (Photos by
Rosa Nappi).

Figure 3. The coseismic 1980 fault scarp along M.te Carpineta, 40 years later (Photos by Giuliana
Alessio, October 2020).

Moreover, over 200 landslides occurred [20-24]; also, widespread soil fracturing was
observed, and minor liquefaction effects [25,26]. Wide changes in water flow rate in some
regional karst springs [27,28] were reported. In that extremely dramatic context for Italy, the
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national scientific community played an important role, through the Geodynamic Finalized
Project of the National Research Council (“Progetto Finalizzato Geodinamica”, PFG-CNR),
that involved in the field many researchers, from different universities and research insti-
tutes, contributing to collect instrumental data, macroseismic surveys (Figures 4 and 5),
geological fieldwork and mapping (Figures 6 and 7), and seismic engineering analyses,
indispensable for the knowledge of the 1980 earthquake and for implementing a proper
risk mitigation strategy [1,28-36].

CONSIGLIO NAZIONALE DELLE RICERCHE
PROGETTO FINALIZZATO GEODINAMICA

IL TERREMOTO DEL 23-11-1980
RILIEVO MACROSISMICO
STATO DI AVANZAMENTO AL 27-1-1981

CONVEGNO STRAORDINARIO
DEL PROGETTO FINALIZZATO GEODINAMICA

Roma 27-28 Gennaio 1981

Figure 4. First macroseismic study published about two months after the 23 November 1980, earth-
quake (January 1981), showing preliminary intensity assessment by PFG researchers [29].

In particular, during the emergency activity for urban reconstruction, preliminary
seismic microzonation studies were carried out in collaboration with the Tuscany and
Emilia-Romagna regions, involving 39 towns in the epicentral area of Campania and Basili-
cata, with the objective of providing technical maps, on a scale of 1:5000, with indications
of areas with different geological characteristics and the most suitable areas for recon-
struction [35]. Other two important publications edited by the CNR- PFG in the field of
seismology were certainly the Atlas of Isoseismal maps of Italian Earthquakes, and the first
modern Italian Seismic Catalogue (Figure 8) [1,36].
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D. Postpischl, A. Branno, G.1. Esposito Eliana, G. Ferrari,
A. Marturano, 8. Porfido, V. Rinaldis, M. Stucchi

SOUTHERN ITALY NOVEMBER 23, 1980 EARTHQUAKE
MACROSEISMIC SURVEY -

Figure 5. Macroseismic survey of the 23 November 1980 earthquake presented at the 7ECEE confer-
ence in Athens in 1982 [3].

The Irpinia-Lucania 1980 earthquake is still considered a crucial seismic event for the
study of seismicity in Italy and abroad, and for the development of modern seismology,
Quaternary geology and active tectonic studies, also including the emerging methodology
of paleoseismology in Europe (Figure 2).

The recognition of the primary surface faulting due to the 1980 seismic event, and of
its extent, was not obvious at all, for the limited technological tools, difficult environmental
conditions and doubts of the scientific community; it required several months of field work
by various researchers, and was firstly properly interpreted in 1984 by Rob Westaway and
James Jackson [12] near Piano di Pecore, where a ca. 1 m high fault scarp was observed and
mapped [11], then detected in the following months and in the neighbouring areas for over
40 km [12-17].

Paleoseismological studies, based on the excavation of trenches across the coseismic
fault scarps detected on the surface, began in Italy only ten years later [15]. Thanks to these
studies it has been possible to reconstruct the seismic history of the 1980 seismogenic fault,
through the recognition of past earthquakes (historic and prehistoric) detectable by the
faulted geological strata and the relative dating.

Forty years after the earthquake and with the introduction of modern scientific knowl-
edge, it becomes important and fundamental to reconsider the many relevant and still open
research lines that have been triggered by the Irpinia-Lucania earthquake.
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Figure 6. Detail of the original 1:25,000 scale topographical map with the most important geolog-
ical effects surveyed by Italian geologists immediately after the earthquake of 23 November 1980
(fractures, landslides, faults by Carmignani et al., 1981 [11], see also Supplementary Materials S1)
right top corner, trace of the most relevant primary earthquake ruptures located at Piano di Pecore on
Monte Marzano (see also Figure 2¢; courtesy of Paolo Scandone, PFG).

e g i S| N.E.‘%’Fmgsdeug Carta d'Italia VIETRI

Internasional orisntato s Roma (4. Mario)

4

e

Figure 7. Detail of the original 1:25,000 scale topographical map with the most important geolog-
ical effects surveyed by Italian geologists immediately after the earthquake of 23 November 1980
(fractures, landslides, faults by Carmignani et al., 1981 [11], see also Supplementary Materials S1);
note the trace of the most relevant primary earthquake ruptures located at Pantano di San Gregorio

(courtesy of Paolo Scandone, PFG).
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INDAGINI DI

CATALOGO DEI
TERREMOTI ITALIANI
DALL’ANNO 1000 AL 1980

MICROZONAZIONE SISMICA

ISOSEISMAE MA
| ITALIAN EA?%THQUA

Figure 8. Some of the most important CNR-PFG publications; left, the volume of preliminary seismic
microzonation studies for 39 locations severely affected by the 1980 earthquake [35]; center, the
atlas collecting the isoseismal maps of the most important Italian earthquakes (1985, [36]); right, the
catalogue of Italian earthquake from 1000 to 1980 of the CNR-PFG [37].

The Special Issue “The 23 November 1980 Irpinia-Lucania, Southern Italy Earthquake:
Insights and Reviews 40 Years Later” contains 13 articles proposed by 44 researchers with
different expertise, with a multidisciplinary approach that highlights the most important
aspects of the earthquake from a seismological and geological point of view, without
neglecting the reconstruction of cultural heritage, the resilience of the population, and
the socioeconomic development of the internal areas of the Southern Apennines after the
earthquake. No doubt, lessons learned from the Irpinia-Lucania event are relevant at the
local level, for the whole Mediterranean region, and in similar seismotectonic and cultural
environments around the world.

The volume is organised in five virtual sections in which the authors deal different fea-
tures about the 1980 Irpinia earthquake: the historical-scientific framework, the geological
and seismotectonic setting, the seismological framework, examples of applied geophysics,
post-earthquake and resilience aspects.

The historical-scientific framework is represented by the papers of Lombardi [38] and
Gizzi and Potenza [8]. The first paper introduces the “earthquake” topic by highlighting
the far-reaching significance of this calamitous event not only in the social history of
our country, but also and above all in the context of the various disciplines, from the
scientific to the humanistic ones, giving a critical review of the academic debate that still
exists today. According to the Author, this socio-historical vision can also support the
demand for knowledge and risk mitigation coming from citizens and communities living
in seismic areas, focusing on attention to social memory and awareness of seismic risk and
natural risks.

The second paper by Gizzi and Potenza [8] can be rightly considered a milestone on
the topic because it analyses about 640 papers with a tailored methodological approach,
international and national (Italian) studies initiated and advanced since the earthquake
occurred. They built and analyzed statistically two bibliographic databanks regarding
the earthquake studies: (a) the international version of Irpinia Bibliographic database
(IR_BASE_ENG), selecting and standardizing the pertinent scientific documents extracted
from Scopus, Web of Science, and other databases and (b) the national version of the
database (IR_BASE_IT) using the Google Scholar search engine to search for the most
relevant papers in Italian. The review provides a rich and useful bibliography (123 papers)
that includes studies on seismic source, environmental effects, seismic damage, seismic
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microzonation, disaster response and recovery, disaster epidemiology, ground motion
estimates, and other research. The results of their research confirm that the 1980 Irpinia-
Lucania earthquake was a significant occasion for the scientific community to expand the
knowledge on the seismic phenomena, as well as to learn lessons in view of setting up
preventive actions to mitigate the seismic risk.

The section about geological and seismotectonic setting includes papers by Ascione
et al. [39], Matano et al. [19], and Galli [18]. Three papers that provide a broad overview
of new insights not only into the detailed geology and geomorphology of the area but
also into the seismotectonic interpretation and post seismic deformation of the epicentral
area through different methodologies: the analysis of PS-InSAR data, new stratigraphic,
petrographic, structural data, paleoseismological and archaeoseismological evidence. In
detail, Ascione et al. [39], analyzed eighteen years of PS-InSAR data after the earthquake,
showing that in the past decades soil deformation has affected the 1980 earthquake epicen-
tral area. The analysis showed that cumulative deformation is consistent with coseismic
deformation inferred from both seismological data (rupture mechanisms of the three main
shocks which occurred in a 40 s timespan), levelling data and coseismic surface faulting. It
is also consistent with evidence of Late Quaternary active faults at the surface. The Authors
identify continuing uplift of the footwall and subsidence of the hanging wall blocks of the
two major faults activated by the 23 November earthquake; they also show that the region
in the mid part between the main seismic structures is currently affected by slow uplift.
Moreover, the results of PS-InNSAR data show that postseismic deformation is still occurring
30 years after the earthquake.

Matano et al. [19] collected geological data from the studies for the excavation works
of the Pavoncelli bis hydraulic tunnel, developing between Caposele and Conza della
Campania, highly damaged during the 1980 earthquake and described the geology of the
epicentral area of the 1980 earthquake with new stratigraphic, petrographic and struc-
tural data. Through a multi-disciplinary and updated datasets the Authors have achieved
(1) new insights on the tectono-stratigraphic evolution and stratigraphic architecture of
the southern Apennines foreland and basin system, as well as on the structural and strati-
graphic relations of Apennines tectonic units (2) the timing of their kinematic evolution,
(3) a better understanding of the relationships between internal and external basin units
within the Apennine thrust belt and its tectonic evolution.

Galli [18] in his paper deals with both paleoseismological clues from the Monte
Marzano Fault System (the structure responsible for the catastrophic, Ms 6.9, 1980 earth-
quake) and archaeoseismological evidence of settlements founded in its surroundings, in
order to cast light on two poorly known earthquakes that occurred at the onset and at the
end of the first millennium CE, likely in 62 and in 989 CE. The Author tried to demonstrate
that both earthquakes should share the same seismogenic structure and the same power as
the 1980 seismic event.

With regard to the seismological section, the papers presented by Festa et al. [40] and
Piombino et al. [41] starting from the 1980 event, give precise information on the current
seismicity. Festa et al. [40], provided detailed location and characterization of events of
the 3-7 July 2020 Irpinia sequence (southern Italy) that occurred at the northern tip of the
main segment that ruptured during the 1980 Irpinia earthquake. Using an autocorrelation
technique, they detected more than 340 events within the sequence, with local magnitude
ranging between 0.5 and 3.0. The Authors provided double difference locations, source
parameter estimation, and focal mechanisms determination for the best quality events and
found that the sequence ruptured an asperity with a size of about 800 m, along a fault
structure having a strike compatible with one of the main segments of the 1980 Irpinia
earthquake fault system, and a dip of 50-55 at depth of 10.5-12 km and 60-65 at shallower
depths (7.5-9 km).

Piombino et al. [41] merged historical records of seismicity with new satellite tech-
niques to allow for the precise determination of ground movements, and then derived
physical dimensions, such as strain rate. In this way, the Authors verified that in Irpinia, the
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occurrence of new strong shocks forty years after the 1980 event (one of the strongest known
seismic events in the district) with Mw 6.8 is still a realistic possibility. They hypothesized
that the reason for this is due to the fact that, since 1990, only areas characterized by high
rates of deformation have hosted significant earthquakes, also confirmed by analyzing the
historical catalog of events with seismic completeness for magnitude M 6 over the last four
centuries. Moreover, they show that strong seismic events with magnitude M 6 generally
occurred at a relatively short time distance between one another, with a period of 200 years
without strong earthquakes between the years 1732 and 1930.

Nardone et al. [42], Forcellini [43] and Mina and Forcellini [44] provide a useful
overview of applied geophysics investigating some specific cases, both real and theoretical
on the seismic assessment, the site effects, the soil-structure interactions, the response of
the cultural heritage, applying various numerical simulations. Nardone et al. [42], analyze
the ground response in the Avellino town (Campania, Southern Italy) and its correlation
with the effects caused by the 23 November 1980 Irpinia earthquake on the historical
buildings with the aim to get some clues about the earthquake damage and the cause-effect
relationship. They use the seismic hazard disaggregation for estimating the ground motion
response for Avellino, where strong motion recordings are not available. For assessing the
seismic ground motion, the authors use borehole data to build the lithological model. The
results indicate that the complex subsoil layers influence the ground motion, particularly
in the lowest period (0.1-0.5 s). Moreover, the comparison with the observed damage of
the selected historical buildings and the maximum acceleration expected indicates that the
damage distribution cannot be explained by the surface geology effects alone.

Forcellini [43] deals with the role of the water level, closely related to changes in the
degree of soil saturation, in the assessment of seismic vulnerability for the 1980 Irpinia—
Basilicata earthquake, performing several 3D numerical finite element modeling in order
to consider the effects of soil-structure interaction (SSI) on a representative benchmark
structure. The results show the importance of considering the water level for buildings on
shallow foundations in terms of settlements, base shear forces and floor displacements.

Mina and Forcellini [44] present a systematic study of the effects caused by the strong
earthquake that struck southern Italy on 23 November 1980 (Ms = 6.9) and affected the
Campania and Basilicata regions. In detail the Authors study the response site effects by
considering several soil free-field conditions and the assessment of the role of the soil—-
structure interaction (SSI) on a representative benchmark structure through the numerical
simulations performed with the advanced platform Open Sees, which can consider non-
linear models for both the structure and the soil. The results show the importance of
considering the SSI in the seismic assessment of soil amplifications and its consequences on
the structural performance.

Last, but certainly not least, are the papers in the section relating generically to
post-earthquake, but including papers on seismic risk and resilience of heavily earthquake-
damaged villages. The paper of Wyss and Rosset [45], using the computer code QLARM,
calculates the number of dead and injured in near-real time taking into account data from
the 1980 earthquake. The results show that the number of casualties and injuries in large
and major earthquakes in Italy can be estimated correctly within less than an hour by using
QLARM, very important for definition of the seismic risk and for the civil protection actions
to be prepared.

The paper by Moscaritolo [46] approaches the post-1980 earthquake reconstruction
problem as a complex social process in which cultural backgrounds, expectations, and ideas
of the future come into play, without neglecting geological, historical, legislative, economic,
and political factors. Combining oral historical sources and archival records, the article
shows the paths taken by two small towns among the most affected by the 1980 earthquake.

The last paper by Porfido et al. [7], aims to present, through a photographic reportage,
the current state of rebuilding of the most devastated villages by the 1980 earthquake. Forty
years after the seismic event, the photographs show villages almost completely rebuilt
with modern techniques where reinforced concrete prevails. Only in few instances, the
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reconstruction was carried out trying to recover the pre-existing building heritage, without
changing the original urban planning, or modifying it. Even more than this, documenting
the rebuilding process in a large epicentral area reveals the human legacy to the natural
landscape, and our ability, or failure, to properly interpret the environmental fate of a site.

This volume, far from being exhaustive, is nevertheless intended to be an important
point of reference for the new generations, who will be able to have a historical as well
as a multidisciplinary vision a seismic event that some of the researchers involved in the
drafting of the volume have experienced personally [7,47-55]. An event that, due to its
catastrophic consequences, not only modified and conditioned the lives of many people,
but whose effects are still felt today.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ geosciences12040173/s1, File S1: Supplementary_material_Editorial_Porfido et al_2022.
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Abstract: Forty years from the 23 November 1980, Irpinia-Basilicata earthquake date represents much
more than a commemoration. It has been a fracture for the history of Italy. Important for many reasons,
this earthquake has been a watershed for the studies and the public role of research. Historians
have been solicited to work on the topic by scholars of the geological and seismological sciences:
in the face of the repetition of disastrous seismic events in Italy, earthquakes remained ‘outside the
history’. However, the real difficulty of socio-historical science is not neglecting seismic events and
their consequences, but rather the reluctance to think of ‘earthquake’ as a specific interpretative
context. This means to deal with the discipline ‘statute’ as well as the public commitment of scholars.
In this way, the circle earthquake-history-memory requires broad interdisciplinarity, which offers
insights to work on historical consciousness and cultural memory: important aspects to understand
the past as well as to favour a seismic risk awareness.

Keywords: earthquake history; memory

1. Introduction

Forty years from the 23 November 1980, much has been said about the Irpinia earth-
quake, and any socio-historical reading can be submerged by such vast records. Indeed,
the event immediately focused the world’s gaze on that little-known and remote land
of Southern Italy; the concern was also shown by the generous chain of international
solidarity. After all, the memory of this broad mobilization is alive and still visible in the
place names, as in the case of the “Villaggio Italo-Canadese” of San Mango sul Calore—
built with the help of Canadians—or the “Bergamo condominium” of Lioni, funded by
Bergamo’s citizens (Northern Italy) [1]. Furthermore, the rescues on such a large-scale
showed different visions of emergency management, exposing cultural barriers other than
solidarity between peoples [2]. Several generations have been affected by the events or
wrapped by their consequences over time. Volunteers who flocked as rescuers remained
bonded to that memory. In a land branded by emigration, some came back to help; many
others left, while the remittances from abroad supported the reconstruction. Some enriched
themselves; others simply rolled up their sleeves to go on. The lobbies looked for business.
Meanwhile, political struggle enhanced civil protection, seismic risk mapping and safe
practices. Ultimately, interests of all kinds and new settlements upset the anthropic impact
in the area, polarizing the national choices. In other words, territories and communities
visibly changed along with institutions, which were urged to rethink themselves. The
events involved scientists of every order and degree. First of all, who rushed to help and
then to study: working on the field as well as on theoretical elaboration, they rewrote the
history of earthquakes in Italy, generating tools and knowledge, nowadays patrimony of
all. The Irpinia-Basilicata earthquake appeared, from the start, a fracture in the history
of Italy.

2. About History and the Earthquake: An Interesting Relation

A careful scholar noted that earthquake disasters happened in Italy on average every
4-5 years in the last 150 years, urging more attention from historians, regretting histo-
riography with earthquakes “outside the history” and low memory of the risk [3]. The
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reflection is reasonable. Nevertheless, the question invests the role of the humanities and,
specifically, of history as a discipline. Science has gained sound knowledge, offering ideas,
proposals and hard data on the “Irpinia earthquake”. From the first days, the scientific
community arose with an unprecedented mobilization, setting up coordination around
the Vesuvius Observatory—the oldest in the world, founded in 1841. The observatory
was historically an attractor for the scholars and was close to the disaster sites. Hence, it
immediately became a reference point, hosting, just in the aftermath of the earthquake, the
earlier operative meetings. [4-6] Certainly, historical disciplines” perspective is not quite
the same as other sciences: events gain sense within the “historical” narration, and this
process needs “time”. Moreover, it depends on the contemporary viewpoint. That not for
neglecting “objectivity”—destroyed towns are destroyed towns—but for how semiotic
contexts shape the representation of the past [7]. It is interesting, for example, how the
controversial concept of resilience—adaptive resilience, post-disaster resilience and so
forth—can influence the historical interpretation in the light of present-time mechanisms—
may be showing the limits of the authoritarian/military emergency management and
the marginalization of the communities from post-disaster choices [8]. Moreover even,
it is enlightening how historical analysis can decode an interview, showing meanings
materialized only with time. However, the “free will” of the scholars is both the pivot and
matter for the discipline, judging what to highlight, transmit or leave out. Very roughly, the
contemporary perspective shapes the past as history. These issues would lead us off-topic,
but here it is just important to remember that these matters exist. Despite the instances
of objectivation and measurement influence now strongly the social sciences, historians
remain essentially anchored to holistic views.

Earthquakes come with Italian history; just to think of great twentieth-century disas-
ters like those of Messina (1908), Marsica (1915), Belice (1968), Friuli (1976), Irpinia (1980);
or the more recent of L’ Aquila (2009) and the others happened all along the Appennini
Mountain chain in the twentieth-first. The infinite seconds of any seism have marked
the “land of the thousand bell towers”. In addition to the pars destruens, all along the
centuries, the earthquake has molded the forma urbis, as the recent case of L’Aquila has
brought back to general attention [9]. Moreover, seismic events shaped the morphology
of vast territories, scattered settlements, updated governing praxis, as has been shown by
recent natural hazard studies [10]. Then the crucial issue remains how and if “earthquake”
dwells in the memory of the country. No understanding, no safety plan, zoning, prevention,
recovery or omission make sense without reference to “memory” [11]. Many events were
“unexpected” due to a lacking narrative and also by psychological and emotional removal
of disaster memory. Hence, the nexus earthquake-history-memory emerges as both a
slippery and focal point.

The issue about the historians” attention does not concern the omission of disasters
and their consequences. It rather concerns—looking at Italian historiography—a reluctance
to think of “earthquake” as a special interpretative habitat in the critical context of general
history. About the Irpinia earthquake, the historians had reflected on the social problems
arisen due to “the worst Italian disaster from the Second World War”—as it was immedi-
ately recognized by international public opinion. The State institutions have been shaken,
while the inadequacy and anachronism of the Italian ruling classes have been brought to
light [12,13]. From the beginning, aid and reconstruction also meant conflict, criminality,
material and moral ravage, and bloated investment for this endless “emergency”. In this
scenario, the historians adopted traditional approaches to studying the events. Ultimately,
the related geological and environmental studies—and in general of hard sciences—were
not really taken into account when elaborating historical analysis. Nowadays, after investi-
gations and with the new generations, the scholars began to sense the interpretative limits
of the “Irpiniagate”—to use a journalistic term—putting the earthquake of 1980 in the view
of a slightly more comprehensive version of the general Italian history [14]. Moreover,
recently, the earthquake-history connection as “disaster narrative” seems to revive the
historiography, while new studies widen the discipline on the socio-anthropological side
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and towards a sociology of disaster [15]. It sounds like an “earthquake” can shake even
academic “resilience”.

3. Shaking Land, Shake the State

The date of 23 November 1980 has been fixed in the collective memory by a jarred
audiotape aired months later on radio, in which earthquake disturbingly rumbles over a
folk music track. In 1970, a reference law had set an overall groundwork about “Rules on
relief and assistance to disaster victims—Civil Protection” [16]: it concerned the emergency,
the definition of “disasters”, and the commitment of the state. A subsequent regulation
should have ensured the law’s application, but it was not made. However, that evening of
November 1980 showed the absolute unpreparedness of the state, although only four years
had passed since another terrible earthquake, namely that of Friuli (1976). The command
chain was unclear. No information, no electricity, no telephone line, no coordination. After
the one of Rome, the Turin fire department sent right away its firemen: many men came
from the affected areas of South, and that helped the rescues. They camped in Avellino, the
main city of the area, in harsh conditions and without food: all its 119 district municipalities
were hit. Firemen most readily dealt with the difficulties of mountain localities, often
unreachable, while the Italian army—at the time, a military force of conscription—took
longer to arrive. Similar initiatives started everywhere, among the confusion and the
incompetence of territorial authority. In the villages, local “carabinieri” and volunteers
dig right away. Rescue vehicles, equipment and expertise, coffins were all missing. Food
was scarce, and squads gave up their rations to the victims. Once again, the political
agenda and social behavior had ignored the past experiences and environmental risk:
the consequences were clear. On average, the earliest significant help arrived after more
or less five days. On 23 November, the President of the Republic, Sandro Pertini, had
just returned to Rome after an unofficial state visit to the Hellenic Republic. On the 24th,
after having welcomed the UK PM Margaret Thatcher, he left for the disaster region. On
25th, Pertini reached the earthquake sites by helicopter, despite the contrariety of the PM
Arnoldo Forlani, ministers and advisers. The next day, in a discourse to the nation, the
President reported the desperate situation and denounced the political responsibilities; the
coordination centers, planned in 1970, had never been realized [17]. That day, the historical
newspaper of South Italy—"Il Mattino”—suggested 10.000 deaths: the front page had an
international echo and soon became a symbol [1,18]. Everything happened under the sight
of the world.

Much has been written on the political struggle, the interests, the dreams and the be-
trayal, the outputs due to the Irpinia 1980 [14]. To have an idea, the dossier of Deputy House
of 2009 reported, for the quake of 23-24 November 1980, around 200 municipalities affected
in Campania and Basilicata regions, about 60 of that severely damaged, 2.914 deaths,
8800 injured, 280,000 displaced /homeless, 150,000 buildings to rebuild, 47.5 billion euro
(currency evaluation at 2008) for the reconstruction of disaster areas, excluding other costs
like mortgages and tax benefits, and 17.5 billion for Naples—the last funds were related
to the earthquake, but linked to specific law 219/1981, urged by the social tension of the
city [19]. Still, the so-called “Milleproroghe Act” (2017, art. 9) included the renewal of the
commissioner for ongoing issues related to the Irpinia earthquake (considering the period
1980-1981), pointing to long-run implications. After all, several municipalities still report
sites for prefab housing that survived here and there—as in Avellino province—sometimes
used, mostly abandoned. In some localities, “temporary” housings still exist [1,20].

Different parameters about damages may touch up some estimates, but the key figures
are clear. The Irpinia-Basilicata earthquake was the strongest seismic event (Mw 6,9) in
Italy in the last 100 years. Felt throughout the peninsula, particularly affected the regions of
Campania and Basilicata—the last also named Lucania—harming more than 800 locations.
Fifteen municipalities in the Avellino, Salerno and Potenza districts were almost destroyed.
Even damages to the natural environment and the hydrogeological instability were huge,
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although the emergency needs of the populations focused for a long time on the urban
settlements [21].

On the historical horizon, the dynamics between disaster and institutions—or emer-
gency and institutions—can conceal recurrent patterns. The symbolic universe of the
dominion over nature/territory concerns the bases itself of the institutional power: not by
chance, in Ancien Régime, royal gardens ruled the reluctant nature showing, metaphori-
cally, the sovereign order over chaos. In a long-run historical perspective, symbolic and
social schemes can be repeated. One of these concerns the need to reaffirm the government
authority—shaken by the crisis and the impotence in the face of nature—and to offer a
narrative of the events. In addition, the naming of governing commissioners to deal with
an emergency, as an adaptive response, is a recurrency in history; in the past, as a step
of the state-building, in 1980 as a lack of consideration of the seismic risk in an ordinary
state commitment.

Overall, the new perception of the risk improved institutions and approaches. One of
the most visible examples was the enhancement of the civil protection department. How-
ever, above all, there was impressive enforcement of the public role of science. A grassroots
mobilization involved scholars of all kinds, from students to academics. Practically, a
generation of young graduates—among the first rescuers or subsequently involved in
assistance, studies and reconstruction—participated in the events and remained tied to this
experience also as experts and professionals. This social adherence gathered around a scien-
tific network in full reorganization. Just before the first Irpinia-Basilicata shock, earthquake
studies were a task of various institutions, including the Istituto Nazionale di Geofisica
(ING, now known as INGV). At the time, the National Research Council (CNR) had a
section for the study on the territory, involving seismic and volcanic risk [22] and, from
1976 (year of Friuli earthquake), it was carrying out the “Progetto Finalizzato Geodinamica”
(PFG). Many scholars—often students and young researchers—had known the Irpinia area
through this project as well as the Progetto Finalizzato Energetica, both promoted by CNR.
Immediately after the earthquake, the Vesuvian Observatory took on the coordination of
the “geodynamics” network and the scientific mobilization: the historical volcanology
observatory became a leading reference [6,23]. In the following years, the scientific net-
work was renewed; expertise and practices were improved, thanks to an extraordinary
collaboration among such research institutions, universities and other organizations. It is
noteworthy the strengthen of seismic mapping and historical seismology, as shown by the
catalog of strong earthquakes in Italy [24]; inquiring geological settings linked to ground
deformation and infrastructure matters [25]; zoning and building laws; the long-run studies
on seismic fragility for Italian RC buildings [26]; the evolution of paradigms and incubators
involving academy and public administration [27]; the update of financial strategies. In
short, the Irpinia earthquake prompted processes that have influenced and daily influence
the lives of millions of people beyond their awareness of these processes.

4. Memory: A Complicated Matter

Conza della Campania suffered seismic disasters in 1466, 1517, 1694 and 1732, yet
the old country was still there when, in 1980, 90% of the houses collapsed; only then
people decided to abandon the ancient settlement. It was 9 km away from the epicenter,
made by buildings with often no foundations and leaning against each other on two
unstable hills. San Mango del Calore suffered a destructive earthquake in 1732, but it
was there that night of 23 November to be destroyed, with its inadequate housing and
its landslides. The nearby Calitri was struck by the shock and by following incidents
including a slump-earth flow that moved 23 million cubic meters of land, but similar things
had already happened with the earthquakes of 1694 (X MCS), 1805, 1910 (IX MCS) and
1930 [28]. “Histoire événementielle” is not enough to explain such resilience or to avoid
such recurrent exposition to the natural hazard.

Nonetheless, the nexus history-memory came out of the Irpinia earthquake with force,
and it is crucial to understand events and behaviors. Beyond the scientific and technical
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assumption for the reconstruction, the communities had to look back to their own historical
identity. That followed many ways: the “narration” went from a reconstruction as a
continuum with the origin up to breaking the link with the past in the name of brave choices.
In this range, terms such as Genius loci, memory /oblivion, tradition/shock acquired real
meaning. Among the most known cases, San Mango sul Calore and Calitri were rebuilt
on-site, Conza della Campania was relocated. San Mango, reusing emergency wooden
buildings as touristic resources, embraced the grief shaping within a more truthful and
accepting narrative that goes beyond the practical outcomes. Conza—where the temporary
village has been quite abandoned—focalized its origin on the archaeological site discovered
on the ancient settlement—Comipsa, ancient Roman city—nowadays elevated to a symbol of
city and tourist resource. While the old village stays similar to the immediate after quake
time, the new town shows contradictory urban and architectural signs. Moreover, the
cemetery stays as a barycenter between the old hit hamlet and new town, like a memorial
with the graves of the victims. The new industrial facility is near, displaying the territorial
policies that occurred with the reconstruction. This view shows the fragmentation of
historical memory and how the meaning of the places can change [29].

Visual cesura labeled some localities [1]. Bisaccia, in the province of Avellino, has a
background of earthquakes and landslides: destroyed by the 1694 seism, devastated by
those of 1732, 1930, 1980. After the last one, the municipality rebuilt the town on a safer
site—so-called “piano”—identified in a master plan related to the 1930 event. Nowadays,
two Bisaccia exist, the medieval hamlet that clings to the castle and the new city. The
last is mostly rebuilt according to the urban plan of a renowned architect, Aldo Loris
Rossi. Many people criticize the new urban spaces far from local uses, the otherness of
its architectonic-urban codecs, the harsh contrast with a landscape dotted by wind tur-
bines [30]. Nonetheless, some appreciate the radical changes based on anti-seismic criteria
and unordinary ideas. On everything, it hovers a sense of suspended lives, perceivable
at the sight of uncompleted and run-down public housings. The last scene is common
in several post-quake localities. Moreover, beyond the cases, it coincides with a trend of
the Apennine mountains range: between 1946 and 2000, in a context of depopulation of
mountains, 3.5 new buildings were erected for every lost inhabitant, with an impressive
rate of unoccupied dwellings [14,31]. Contrasting hydrogeological instability and seismic
risk with non-essential buildings is quite a contradiction. Moreover, if the “semantization”
of the sites depends on the community, which community we are talking about is a real
question referring to holiday presences, migration and many more “absent” actors. The
“quality” of the community influenced the decision-making process as well as the leading
values of the reconstruction. These are matters that historians generally leave out, espe-
cially in the light of globalization: when, after all, there are the turbines to characterize the
new skyline of Bisaccia.

Indeed, identity memorials are never just tangible but often related to a system of
territorial relationships. In the case of Sant’Angelo dei Lombardji, the self-perception of its
role in the region—having, before the events, a Hospital, a Court and other public services
for the zone—worked as an ideal starting point, likewise to the wrecked medieval core.
Hence, people considered its lost role as a reference and recalled this feature by setting up
hosting camps, reconstruction commissions and offices. Social studies took on board these
aspects, checking local archives and recovering interesting accounts [32]. Moreover, here
and there appeared a “resilience” to change the balance between towns, an aspect that is
both related to practical interests and the need to hold onto their identity.

People affected by the Irpinia earthquake had shaped the agrarian and mountain
landscape as well as the urban scenery. Their way of life improved biodiversity, gave
semantic sense to the environment and played a part in the dynamics of the natural hazard.
This puts delicate questions upon subjects, languages and contexts of the “memory”. Melito
Irpino had suffered earthquakes and landslides during the twentieth century and before,
and it had been already relocated in 1980: the earthquake just accelerated the demolition of
the ancient site. An elderly inhabitant—a “privileged eye-witness” of the urban changes

’

17



Geosciences 2021, 11, 50

and keeper of important pictures and cinematographic patrimony—said: “In my heart,
there is that beautiful country that you do not see, but I feel” [33]. This speech reflected
the fracture among generations that did not share the same experience/imagination of the
place: the bricks crumbled, but their meaning too; material marks go together with the
gazes that give sense to them.

Very roughly, the bonds commonly collected under the concept of “memory” show
how the earthquake-history nexus could be problematic, not because simply unclear,
but because it is fundamentally open, dynamic and debatable. Yet, the semantization of
the events, the explanation of settlements and landscapes, the self-understanding of a
community, all these depend on it.

We can sum up the issues on two levels. The first concerns the commitment of
historians on the study on the earthquakes, and this case of the Irpinia earthquake. As
mentioned, we begin to include earthquakes in a more general Italian history [14]. However,
the difficulty of considering earthquakes as interpretative spaces with characteristics, and
developing approaches and languages for them, remains; not simply to add suggestions
and records. In this regard, it is interesting how a great part of the literature about the
Irpinia earthquake is fundamentally linked to memorials, experienced journalism, literary
production. In a way; it could not be otherwise for the impact of this seismic event: this
narrative expresses a collective need. On the other side, this production has not been
accompanied by an equivalent historical reflection. The wide use of the term “crater” to
indicate the area of the 1980 earthquake, as well as the reception of simple interviews as
tout court expression of oral history, are just two examples of semantic slip from a calibrated
lexicon; these simplifications introduce confusing elements, but also testify the disengage
of the historians from a disciplinary narrative. The second—but not secondary—level
concerns the contribution of the historical studies to the disaster memory and then to the
cultural memory [34]. Without dwelling on the classification details, that “memory” is
an expression of the communities/groups/individuals and how they process traumatic
events. It can keep knowledge about natural hazards and inspire adaptive behaviors
regarding risk. As long-term and future-oriented memory, it needs to be fed or/and
reinvented, using every kind of tool, such as museums, acting and narration, festivals and
commemorations. In this perspective, they also become basic communication, exercises,
education and games—especially involving young people—to raise awareness of the risk
and consciousness of history /fragility of the communities [35]. That implies working for
an intergenerational memory too and, indirectly, for the social cohesion around shared
values. Ultimately, the cultural memory appears at the same time prelusive, inclusive and
consequent of any educational process to promote a seismic risk awareness.

5. Sweeping the Past, Reshaping the Past

Forty years means a generation shift. Moreover, in the areas affected by the earthquake
of 1980, that change went along with an astonishing modification of the landscapes too. In
visual culture terms, it is not just an esthetic matter but rather a semiotic issue. The Irpinia
earthquake hit mostly mountains and rural areas with little towns, low urbanization and
people of reserved customs. Their “well-known landscape” was not a frame around the
communities but an expression of the human presence. Its springs have been poles of life
for centuries; its country lanes age-old routes; its square were crossroads of active awaiting
and encounters; its biodiversity came from centuries of hard-working lives. Briefly, the
landscape expressed ways of life. After the earthquake, the changes were deep and fast.
The urban and the rural landscape mirrored the historical fracture caused by the quake,
widespread anomie and the revolution of the social and economic structures. In this context,
the self-understanding of the communities concerning the environment, and the meaning
of the places themselves, were fragmented. The migration, which already was part of a
longer-term trend [14], favored the alienation from the settlements.

Pressed by harsh social issues, the major cities used their political weight to get as
much as possible by the emergency funds; mainly Naples and its hinterland, where the
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earthquake had struck, but, above all, inflamed housing problems [36]. A trivialization of
the core-periphery paradigms as a spot-refrain accompanied the investments. Hence, de-
mographic and political poles worked as spending outposts, fostering top-down economic
models on those interior and “periphery” areas which had been the main victims of the
disaster. The “emergency” catalyzed political-economic interests and changed the spending
centers. The involvement of crime upset the life of the whole country. It became necessary a
parliamentary anti-mafia committee face and stopped corruption and territorial mafia orga-
nizations from an extraordinary social penetration, the main one being “Camorra” [14,37].
Among the consequences, they influenced regional planning. The law 219/1981 was about
rebuilding, but it favored demolition and urban reconstruction rather than the recovery of
boroughs of historical and architectural value. A sort of general amnesia facilitated the loss
of cultural heritage, compounded by expropriations pursued by foreigners economically
stronger than residents or/and in agreement with local ruling classes. The same law made
room for infrastructures and industrial facilities—many short-lasting while some became
important for the territory—that branched out in a rural world. Industrialization involved
areas like San Mango sul Calore, Guardia dei Lombardi, Nusco, Morra de Sanctis as well
as the highway Ofantina-bis.

After forty years, some settlements are dependent on migrant remittances, exposing
the inadequacy of development models. In particular, “High Irpinia” seems a marginal
system for the general socioeconomic process; some localities come across as out of general
time. Nonplace, the disappearance of historical landmarks without a coherent rewriting
of the rural and urban landscape, poor territorial planning and urban sprawl, all that are
now debated among scholars [29]. Useless to list the cases with pros and cons. Our focus
is that the earthquake of 23 November 1980 unleashed a powerful change, but that was
accompanied by the disorientation of the memory, a disorder of the community references.
Top-down decisions, experiments, speculations and successful choices concerned a land
shocked in both seismic and metaphorical sense. Induced from the outside, some mod-
els of economic growth seem currently outdated. Therefore, there is a need for a new
participatory regional planning that would take into account comparative studies [29].

There is undergoing a recomposition of the cultural memory driven by wider civil
participation, reinventing traditions and reshaping the past. High-quality agro-food pro-
duction linked to ancient anthropic presence—for example, Irpinia has got fine grapes
varieties—rural tourism, festivals, biodiversity promotion, reflect the effort to recompose
its history, processing the trauma. These trends related to the territories hit by the Ir-
pinia earthquake can be transposed in an international context of studies on heritage and
identity [38].

Just like the current pandemic shakes the use/meaning of the spaces, the connection
earthquake-history-memory stimulates a reflection on those used, forgotten or provisory
places that marked the post-quake Irpinia territory. Between the disorder and bureaucratic
reconstruction, they are interstices of the disaster memory. As previously mentioned, in San
Mango, the provisional recoveries have been converted in a touristic hypothesis. Use and
reuse of these cabins, beyond the practical implications, recall the wish of the community
to metabolize the past and, eventually, to produce storytelling. The case of San Mango is
not isolated [1]. Romagnano al Monte—gold medal for civil merits: an honor earned for its
reconstruction effort—has been rebuilt far from its former millennial settlement. Metaphor-
ically, the wooden provisory houses signed the passage to the new village from the old one;
the last, it is now a closed ghost town. Except for some houses used by the local families,
they are now available for tourists or migrants returning to the country for a while. Beyond
the logistic solution and the economic aspects, the safekeeping of this temporary landscape
is a meaningful symbol of a shared past. There is extensive iconological documentation
on the days of the earthquake and those of the reconstruction [1]. We would like to dwell
on some aspects of a temporary nature that deal with the disaster memory. For exam-
ple, in San Potito Ultra, the local administration set thermo-igloos provided by the Sicily
Region—i.e., dome houses in expanded polystyrene. This solidarity pattern is recurrent in
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Italian history, a sign of national unity. The igloos were inhabited for over twenty years
and dismantled in 2015 [39]. There was a consistent flow of families that occupied them
one after the other. This was a common phenomenon in the first decades after the Irpinia
earthquake and reached challenging moments in the not far city of Naples. The footprint
of past lives dots the “residual” spaces of the rural and urban landscape, as well as the
material ruins of abandoned workplaces. Just recently, scholars have tried to read the
landscape of the earthquake areas as a semiotic and anthropological scenery, with an eye to
the symbolization of the space evoked by Marc Augé and to the so-called délaissé places by
Gilles Clément [40]. These sites mirrored the new hierarchies of poverty, the contrasts and
the solidarities between inhabitants, the succession of the generations. They were part of
the social recomposition. In this sense, reused or not, restored or degraded, these sites are
symptoms of a complicated memory and pieces of the post-earthquake dynamic landscape.
Tangible and intangible signs have been swept away or reinterpreted by the consequence
of the disaster. Moreover, within all these things, we can see the processing of the trauma
and a reshaping of the cultural memory. The Irpinia-Basilicata earthquake was not just
a fracture in a linear story—of course, it was too—but the beginning of a more overall
rethink of the local and national history. In this sense, it involves the historians’ role and
their interpretative approaches.

6. Conclusions

When the Irpinia-Basilicata earthquake struck, the trauma of the disaster was immedi-
ately associated with the vivid memory of Belice (1968) and Friuli earthquakes (1976). The
two events had deeply affected the country. Furthermore, the last one had coincided with
the renewal and reorganization of the studies on earthquakes and their impact [6,23,41].
Nevertheless, because of the energy released, the highest number of victims, the responsi-
bilities and the consequences, the Irpinia earthquake immediately appeared in the inter-
national press as the worst Italian disaster from the Second World War [12,13], grabbing
more attention due to the deaths, the slowness of rescue, the villages erased by maps [42].
There is a before and an after the earthquake of 23 November 1980. Italy changed, painfully,
and the disaster acted as the detonator, starting processes whose consequences are still
visible. The commemoration of the 40 years since this event may be an opportunity to
reflect, not only on the history of the earthquake itself but—it is the focus of this paper—on
the problematic connection between the Irpinia earthquake and historical discipline. The
challenge for historians is to overcome disciplinary fences, considering the “earthquake”
as an interpretive space, both specific and complex. In this view, the reference earthquake-
history-memory became, essentially, a hermeneutical circle. This attitude can shed light on
the Irpinia earthquake as well as on aspects closely connected to historical understanding.
Memory, landscape, identity, participation, processing trauma, disaster narrative are some
of many interpretative focuses. It is not just about approaching earthquakes as part of the
general history. It is about grabbing the insights that come from the study of the earthquake
to refine the disciplinary tools. This also questions the role of history and historians in
this regard.

In this view, social-historical studies can also support the demand for knowledge
and mitigation of the risk that comes from citizens and communities living in seismic
areas. This means paying attention to social memory, the consciousness of the seismic
risk and natural hazard, without forcing the historical discipline towards distant topics or
teleological instances. We have touched just some points to reflect.

“Don’t worry. She’s the Earth cradling you” is a common saying to calm the children
in some South American countries, a tender metaphor that makes “comprehensible” the
events. Pacha Mama Andine culture is far away from postmodern society yet, the need to
accept the earthquake as a possibility of life, perhaps through an inclusive narration, is an
instance sharable everywhere, in any culture.
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Abstract: The November 23rd, 1980 Irpinia-Basilicata (Southern Italy) earthquake is one of the
strongest earthquakes ever occurred in Italy. The earthquake was a natural laboratory for the scientific
community, which was engaged highly and promptly in investigating the event, thus publishing a flood
of papers in different research areas over time. Just these research outputs are the focus of the article,
which examines, with a tailored methodological approach, the international and national (Italian)
studies started and advanced since the occurrence of the earthquake. First, we built and analyzed
statistically two bibliographic databanks regarding the earthquake studies: (a) the international
version of IRpinia Bibliographic databASE (IR_BASE_ENG), selecting and standardizing the pertinent
scientific documents extracted from Scopus, Web of Science, and other databases and (b) the national
version of the database (IR_BASE_IT) using the Google Scholar search engine to search for the most
relevant papers in Italian. Second, IR_BASE_ENG was analyzed in a bibliometric perspective through
the data mining VOSviewer software (Waltman et al., 2010) that builds co-occurrence term maps
useful in perspective of investigating the wide-ranging studies on the earthquake. Third, taking a cue
from this network analysis, we recognized the main research topics and performed a minireview of
the related international studies, integrating in it a quick reference to the literature in Italian. Finally,
we associated the scientific outputs to each cluster/topic, also performing the frequency analysis of
the published documents for each subject, thus gaining information on the temporal trends of studies
and getting a more exhaustive evidence of the scientific landscape on the earthquake over the last
40 years.

Keywords: 1980 Irpinia-Basilicata earthquake; earthquake effects; environmental effects; disaster
epidemiology; disaster response

1. Introduction

The November 23rd, 1980 Irpinia-Basilicata (Southern Italy) earthquake is one of the strongest
earthquakes ever occurred in Italy (Me 6.7, [1]). The event caused over 2700 casualties while felt
effects occurred in a very wide area, from south to north, from Sicily to Liguria. Among the 687
municipalities affected, 37 were declared devastated, 314 seriously damaged, and 336 damaged [2].
Out of around 1,850,000 houses, 75,000 were destroyed, 275,000 seriously damaged, and 480,000
slightly damaged. In particular, the villages of Castelnuovo di Conza, Conza della Campania, Laviano,
Lioni, Sant’Angelo dei Lombardi, and Santomenna, in the Avellino province, were almost razed to
the ground. The damage to cultural heritage was also significant, with several hundreds of churches,
bell towers, castles, palaces, and archaeological remains damaged with different degrees of severity.
Furthermore, the event caused primary effects consisting of surface faulting extended for about 40 km
in length [3] and secondary effects with the triggering or the reactivation of numerous landslides such
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as those in Senerchia, Caposele, and Calitri in the Avellino province, San Giorgio La Molara in the
Benevento province, and Grassano in the Matera province [4-6].

Due to the broad-spectrum of effects, the area most involved in the earthquake was considered
a sort of natural and open-air laboratory to perform in-depth studies covering multidisciplinary
and interdisciplinary areas. Research activities by the scientific community promptly started in
the aftermath of the earthquake so that the first papers were published in the weeks and months
immediately following the earthquake.

That being stated, in order to shed light on these studies in qualitative and quantitative way,
the article aims to illustrate and discuss the international and national scientific publications. To do
that, we built two databanks: (1) the international version of the IRpinia Bibliographic databASE
(IR_BASE_ENG), making use mainly of Scopus and Web of Science citation indexes. Furthermore,
BIOSIS, Data Citation Index, and MEDLINE were also considered to extract and analyze the pertinent
papers published over a period of about 40 years, since 1980. Additionally, in order to increase the
database completeness, we made some manual additions of bibliographic records, (2) the national
version of the database (IR_BASE_IT) using the Google Scholar search engine to search for papers
in Italian. The combined use of the databases allowed to widely tracing the typology, amount,
and evolution of the most typologies of studies regarding the earthquake.

Once IR_BASE_ENG was built, we examined it to focus particularly on the hot issues and research
lines covered by the papers. To do that, we made use of the VOSviewer data mining bibliometric
software that builds distance-based maps (www.vosviewer.com [7]). The software is widely used to
perform analysis in different fields such as information and communication technologies, medicine,
agriculture, earth sciences, and applied geophysics [8-12].

Taking a cue from the network analysis, we identified the main research branches. We also
carried out a minireview of some relevant international studies, also including a quick look at the 1980
literature in Italian.

The article is divided into four main parts: (1) the criteria followed to build the two 1980 IR_BASE
and analyze the IR_BASE_ENG through the bibliometric software, (2) the statistical result analysis
related to the two databases, (3) the VOSviewer map analysis by identifying the main clusters/topics
and performing a minireview about each of them, and (4) the statistical analysis of the research outputs
for each topic over time.

2. Materials and Methods

As Figure 1 shows, the approaches followed to build the two 1980 literature databases were
quite different.

As regards to IR_BASE_ENG, we considered four main steps: (1) selection of the international
bibliographic databases from which the pertinent data is extracted; (2) identification of the proper
queries to interrogate the archives and extract the data; (3) checking, homogenization, and fusion of
the bibliographic data extracted by the different digital repositories; and (4) manual adding of both
missing records and incomplete bibliographic information.

Concerning the first point, we considered Scopus and Web of Science, which are the most
considered databases commonly used to search for the literature [13]. In addition, in order to expand
our searches to as many research branches as possible, these two databases were supplemented by
BIOSIS, Data Citation Index, and MEDLINE.

Scopus was launched in November 2004, and it includes over 25,000 active serial titles from more
than 5000 international publishers. Scopus delivers the most comprehensive overview of the world’s
research output in the field of science, technology, medicine, social science, and arts and humanities.
Scopus also includes “Secondary Documents” (SDs) that are documents, which have been extracted
from a Scopus, document reference list, but are not available directly in the Scopus database since
they are not indexed. In order to increase our findings for the 1980s and 1990s especially, SDs were
also considered in building the 1980 international database. This choice implied to manually adding
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some missing information to the SD records, as they are not indexed by Scopus. This aspect will be
discussed in a deeper way later.

The Web of Science Core Collection (1965 to present) consists of 10 indexes containing information
gathered from thousands of scholarly journals, books, book series, reports, conferences, and more.
Citation databases are Science Citation Index Expanded (SCI-EXPANDED), Social Sciences Citation
Index (SSCI), Arts & Humanities Citation Index (A&HCI), Conference Proceedings Citation Index-
Science (CPCI-S), Conference Proceedings Citation Index-Social Science & Humanities (CPCI-SSH),
Book Citation Index—Science (BKCI-S), Book Citation Index-Social Sciences & Humanities (BKCI-SSH),
Emerging Sources Citation Index (ESCI), Current Chemical Reactions (CCR-EXPANDED), and Index
Chemicus (IC). Web of Science includes over 12,000 highly acclaimed impact journal worldwide.

Analysis of a
paper sample

Selection of first proper
search terms

Further papers analysis

IRBASE_IT

Final selection of proper
search terms (query)

Manual addition of new
records and incomplete
bibliographic data

Search in WoS
by title, abstract,
keywords

Search in Scopus
by title, abstract,
keywords

Search in
Google Scholar by title
(italian literature)

Data download

Secondary documents
(Scopus)

Main documents

Data filtering
by relevance

IRBASE_ENG

Download

Manual addition to the
database

Record standardization Secondary Documents

Printed publications

Identification of records
with incomplete
bibliographic data

Addition of new record

Information retrieval
by manual search

Electronic publications

Oldest documents
(WoS-Scopus)

Figure 1. Flow chart summarizing the methodology used to build the two databases. In green,
the methodological path common for the two databases. In blue, the path followed only for assembling
IR_BASE_ENG. In red, the path for the building of IR_BASE_IT.

As said before, other databases were used to search for the 1980 earthquake documents: BIOSIS,
Data Citation Index, and MEDLINE. BIOSIS Citation Index, with coverage from 1926 to present,
is the world’s most comprehensive reference database for life science research. It also includes cited
references to primary journal literature on medical research findings. In addition, it covers original
research reports and reviews in traditional biological and biomedical areas. The Data Citation Index
contains source records relating to research data available in Web-based data repositories and covers
all scholarly disciplines. MEDLINE, with coverage from 1950 to present, is the premier database of the
US National Library of Medicine (NLM). It contains over 12 million records of journal articles in all
areas of the life sciences, with particular emphasis on biomedicine. Web of Science Core Collection,
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BIOSIS, Data Citation Index, and MEDLINE databases were accessed by the option “All Databases” of
the Web of Science platform.

Looking at the second point of the methodology, in order to identify the search terms and queries
useful to extract as many records as possible by the above mentioned international databases indexes,
we performed a preliminary quick reading of a few dozen of papers, taking into account the overall
time period under investigation here (1980-2020). After that, we fixed the first query to be used to pull
records from the citation indexes. From these preliminary records, we identified and selected further
search terms. This approach was followed until no new search terms were found (for the search terms
used see Appendix A). Joining all the key terms, we execute the final query to interrogate Scopus and
Web of Science by title, abstract, and keywords, both author and indexed ones. The choice to include
all keywords implies that selected documents include both direct studies on 1980 earthquake that
research where the 1980 events are not the main target of the investigations.

We executed the query considering all document typologies coming from the repositories taken
as a reference. Furthermore, we considered the search results without restriction for specific research
areas. Once executed the query, the results were saved for the two searches (Scopus and Web of
Science) separately.

The third point of the approach refers to the preprocessing of data. Due to their differences in the
format, we homogenized the data deriving from Scopus and Web of Science and fused them in an
Excel sheet, deleting duplicate records and manually checked the pertinence of each item with our
search aim, analyzing the abstract and/or the full texts.

The fourth step concerns the manual adding of information, in both Secondary Documents
of Scopus and oldest documents retrieved in Web of Science as well as in Scopus. As said before,
Secondary Documents are not indexed. Therefore, the bibliographic records are only partial and they
do not include, e.g., the abstracts and source information as they are frequently incomplete, at least for
the items published in the 1980s and early 1990s. Furthermore, such records are frequently duplicate
reflecting the different way in which the documents were cited. These limitations required a deep and
time-consuming manual check of the records, with corrections and/or adding of missing information
(authors, year of publication, abstracts, and publication source) by consulting the original scientific
works retrieved on the web and libraries. However, also the indexed documents required to be made
complete in the bibliographic data. Indeed, the documents of Web of Science and Scopus published in
the 1980s frequently did not have abstracts. Therefore, we performed the manual addition of them,
in perspective to be analyzed by the VOSviewer software (version 1.6.8).

However, the use of Scopus as well as Web of Science alone did not allow finding some documents.
We refer, e.g., to some papers published in the Special Issue of Annali di Geofisica edited in 1993 dedicated
to the Irpinia-Basilicata earthquake [14]. To overcome this drawback and increase the completeness
of the IR_BASE_ENG database as much as possible, we added manually in it some missing records
and the related abstracts, by analyzing the references of some relevant papers on the 1980 earthquake
published in the 1980s and 1990s, with particular attention to the works reported in Valensise (1993) [15].
After these steps, we built the final version of the IRpinia Bibliographic databASE (IR_BASE_EN).
Later on, the data were read in and explored by the VOSviewer software (see next sections).

As regards the construction of IR_BASE_IT, we used Google Scholar (GS). GS is not a bibliographic
database, but a specialized search engine that looks for scholarly materials that may be available online.
GS was accessed by the Publish & Perish software (https://harzing.com/resources/publish-or-perish).
However, unlike of Scopus and Web of Science, in GS, it is not possible to perform search also in
abstracts and keywords [16]. In addition, the search analysis in GS performed through the “Keywords”
field of Publish & Perish provided too much irrelevant data. Therefore, we oriented our analysis of
Italian literature to find only the most relevant documents, interrogating GS only by the title field.
Anyway, with the aim to increase the corpus of IR_BASE_IT records, the GS data were supplemented
by searches performed in the Secondary Documents of Scopus. Furthermore, also for IR_BASE_IT,
manual additions of records coming from Valensise (1993) [15] were performed. We used the following
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search terms: terremoto/i 1980 (earthquake/s 1980), sisma 1980 (earthquake/s 1980), terremotofi irpinia
(earthquake/s irpinia), and faglia irpina (fault irpinia). Then, we extracted the bibliographic data and
saved them as *.csv file to be analyzed statistically joined with the other databank (IR_BASE_ENG).
The analysis of IR_BASE_IT by the VOSviewer software was not done, but a quick discussion of
the related research items was fused within the minireview based on the international Scopus-Web
of Science derived papers, as we have discussed better later. Data for both IR_BASE_ENG and
IR_BASE_IT databases were searched and downloaded between 25th July 2020 and 3rd August 2020.

Assaid before, IR_BASE_ENG was analyzed by the VOSviewer software. This builds co-occurrence
networks, suitable to give anidea of relationships between words. Indeed, word co-occurrence networks,
among the most common linguistic networks studied in the past due to their topological features [17],
are used to detect semantic similarity between terms [18]. The software uses the text mining technique
to identify the noun phrases from titles or title and abstracts. The noun phrases are classified based
on a relevance score: high relevance score is assigned when terms co-occur mainly with a limited set
of other noun phrases so showing a more precise connotation in the field considered. This means
that noun phrases with low relevance score are those that tend to be too general and meaningless
for the domain of interest: they are omitted from the data processing. The software grouped the
high relevance noun phrases (referred as terms) together into clusters to identify possible subfield or
research topics. The default option of the software is to select the 60% most relevant terms among the
noun phrase that occurred 10 times at least [19,20].

In our analysis on the 1980 earthquake, we selected the titles and abstracts option to extract noun
phrases. Furthermore, in order to have a picture as more representative as possible of the research
activity, we lowered considerably the threshold values of noun phrase, fixing the occurrence at 3 times
at least. Conversely, regarding the percentage of most relevant terms, we considered a percentage of
70%. Furthermore, the option to insert a thesaurus text file was considered. This option is helpful in
order to merge different spellings of the same term (e.g., hypocenter and hypocentre; isnet and irpinia
seismic network). In addition, the option was considered also for merging different terms referring to
the same concept (e.g., earthquake sequence and seismic sequence). After that, the resulting terms were
cleaned by deleting the irrelevant words (e.g., March, introduction, paper, review).

The software builds three typologies of maps: network visualization, overlay visualization,
and density visualization. The first map shows the items by their label and by a circle. For each
term, the size of the term’s label and the size of the term’s circle depends on the weight of the term.
Furthermore, the color of an item is determined by the cluster to which the item belongs. The overlay
visualization is the same as the network visualization except that items are colored in a different way
depending on the user choice. Lastly, density visualization shows the density of an item at a certain
point. In our analysis, we built and analyzed comparatively the network and the density visualizations.

3. Results

The Two Databases

Overall, the two databases, made up mainly of journal articles and conference proceedings,
include 636 bibliographic records, 512 of which related to IR_BASE_ENG and 124 to IR_BASE_IT.

Figure 2 shows the yearly pattern of number of bibliographic records for both the databanks over
the period of almost 40 years. On the one hand, IR_BASE_ENG covers all the time window; on the
other hand, IR_BASE_IT shows an intermittent lacking of data for 11 years, since the early 1990s.
However, over the entire period, at least one international or national document was published yearly,
including the remaining period of just over a month after the earthquake occurrence. The average
annual number of documents is equal to 16, the maximum number of documents published in one
year (1981) is 64.

Analyzing Figure 3, which shows the cumulative yearly percentage of documents published
in the two databases taken alone and as a whole, we can see that in the 1980s, about 50% of the
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total documents was published. Considering the two databases separately, we can also realize that
approximately the same percentage (50%) of documents in Italian was reached only after 6 years since
the event occurrence, while the equivalent percentage for the Scopus and Web of Science derived
documents was reached in a double period.

Figure 4 shows the number of total authors involved in the authoring the documents yearly
(researchers that authored more papers were counted more times according to the number of papers
they signed or cosigned). Overall, 2035 authors were involved in the studies, with a yearly mean of
about 51. The maximum yearly of 197 was in 1981 and the minimum of 16 in 2001 and 2006. However,
for the most of the period, the number of authors was less than 60.

The term map obtained by analyzing the IR_BASE_ENG database with the VOSviewer software
shows three main clusters made up of about 330 words (Figure 5). However, the green and red clusters,
in turn, can be divided into a series of subclusters that identify different research areas. We will discuss
of these in the following sections. An interesting data about the mutual relationship between the three
clusters can be provided by Figure 6, where we can see the density view map. In the visualization,
the connection between the red and green clusters (171 and 131 items, respectively) appears to be
slightly stronger than of either these subfields with the blue cluster (27 terms). What is more, we can
also see that relationship within the red and green clusters are quite relevant, thus showing that
subclusters/research topics cannot be considered as independent to each other, with special attention
to the closest group of terms.
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Figure 2. Yearly number of documents in the two 1980 Irpinia earthquake databases.
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Figure 3. Cumulative percentage of yearly documents in the two databases taken both separately and
as a whole.
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Figure 4. Number of authors involved in the research on 1980 since the earthquake occurrence. The data
are represented both for each database taken individually and through the sum of the data contained

therein. In the counting, the works published as “Working Group” are considered as published by
one author.
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Figure 5. Network visualization by VOSviewer of IR_BASE_ENG database. For each term, the size of
the term’s label and the size of the term’s circle depend on the number of occurrences. The map shows
the three main clusters. The first two wider clusters may be divided into some subclusters. For example,
the green cluster can, in turn, be divided into four main subclusters whose terms and “boundaries” are
roughly drawn manually in the map. Taken overall, the map identifies seven main research fields on
the 1980 earthquake. To improve the readability of the map, we added manually some names of terms.

Figure 6. Density visualization by VOSviewer of IR_BASE_ENG database. The map shows the main

terms leading the clusters and the connection between them.
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4. Discussion

4.1. Cluster 1 (Red) (SOURCE)

The red cluster (Figure 5), led by the word normal fault (45 occurrences), may be roughly split into
two larger subclusters, which call back on studies concerning the seismic sources through: (1) (mainly)
seismological data (the upper and central-lower portion) and (2) (direct) paleoseismological and
(indirect) geophysical investigations on the Irpinia fault (lower portion).

4.1.1. Studies Concerning the Seismic Source through Mainly Seismological Data

This subcluster can be identified in the upper and central-lower portion of the red group of terms.
The richness of the words, their recurrence, and the mutual relationship of the terms well label both the
complexity and high degree of maturity of the studies. These involved also the use of multidisciplinary
approaches by integrating seismological, geodetic, and geological data, so showing the great efforts
made by the scientific community to fuse multiple data thus building a proper source model.

One of the first works on the seismic source regarded the processing of seismograms recorded at
teleseismic distance [21]. The authors gained information on the origin time, location, magnitudes,
both mb (6.1) and Ms (6.8), and the geometry of the causative (normal) fault, whose strike direction
was found to follow closely the axis of the Apennines in accordance with both the stress pattern
(4) indicated for this area by focal mechanism analysis of previous earthquakes and neotectonic
evidence. The authors also found an anomalous shift in the origin time for the earthquake, so assuming
that it might have been caused by a multiple event, which, however, was regarded as not having
caused fault breaking at the surface.

In the same year, the Gruppo di Lavoro Sismometria del Terremoto del 1980 published an important
dataset that will then be used in the following years to both constrain the location and extent of the
seismogenic source [22]. In addition, the data contained in Berardi et al. [23], which published the
accelerometric recordings of the 1980 earthquake, were subsequently the subject of in-depth analyzes
to investigate the complexity of the earthquake rupture mechanism.

As it had already emerged immediately after the event, other studies performed in the early 1980s
confirmed the normal faulting mechanism of the earthquake, supplying information about the fault
features. For example, Del Pezzo et al. [24], analyzed the seismograms from permanent and temporary
stations, located the hypocenter (13) of the event, confirming the normal faulting fault-plane solution.
Furthermore, analyzing more than 600 aftershocks, the authors found an alignment of events over
an area having a length of about 70 km. Arca et al. [25], examining the waveforms and the aftershock
distribution (7), confirmed the normal faulting mechanism suggesting an inhomogeneity of the slip.
In addition, the same authors proposed the vertical movements as to be modeled by a normal fault
segmented in various branches, with an abrupt stop of the rupture in the NW tip, where the vertical
displacement(s) (6) reached its maximum values. Deschamps and King [26], starting from far field and
local data, performed the waveform modelling (8), the fault plane and aftershocks analysis also finding
that the 1980 earthquake was a normal event with a large component of left-lateral strike slip.

The year later, the same authors [27], performed detailed analysis of over a thousand of aftershocks
founding a reverse faulting in the same area that created a large component of normal faulting in
the main event, proposing a speculative model to interpret the unusual findings. The same year,
Westaway and Jackson (1984) [28], based on a field survey in the epicentral region, recognized as
primary effects environmental evidence that had been interpreted in previous years as gravitational
phenomena. Indeed, the authors described for the first time, the 1980 surface faulting (28), so starting a
new leading research line of the following years (see below) aimed at exploring in depth the location
as well as the geometry of the surface rupture caused by the 1980 occurrence. The more than 10 km
long faulting was considered as consistent with the focal mechanisms of the event, so concluding that
deformation associated with earthquakes in the southern Apennines took place in the upper 10-15 km
of the Earth’s crust on steep planar normal faults.
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In order to gain information on the source model, next studies paid more attention to the fusion
of different datasets. For example, Westaway (1985) [29] stressed the importance of different data to
both study the complex earthquakes and constraint the sources, combined long-period teleseismic
and short-period strong motion waveform modelling with field survey of surface faulting and other
data, and pointed out that the faulting had a segmented geometry in which motion occurred on
planar normal faults which broke the surface. Crosson et al. (1986) [30] analyzed the aftershocks,
the pattern of strong ground motion, the focal mechanism of the mainshock, and two critically placed
leveling profiles, arguing that the 1980 faulting resulted in a complex and uncommon pattern of two
high-angle subperpendicular direct faults. The work spurred a scientific discussion the year later [31,32].
On the same year, Westaway and Jackson (1984) [33] correlating teleseismic waveforms, local ground
acceleration, elevation changes, surface faulting, and aftershocks investigated the three-dimensional
fault geometry (11) and the timing of the faulting, which caused about 12 km of surface faulting,
so updating the data of Westaway and Jackson [28]. The modelling of long-period teleseismic body
waves also allowed to question about the hypocenter and focal mechanism, finding a seismogenic
normal fault structure to be approximately planar, with a dip of 60°. Moreover, the authors reported
a total of six subevent(s): i) within 10 s of the origin time of the seismic event, the motion happened
on three discrete fault segments extending for 30 km along the strike, ii) a fourth subevent occurred
about 13 s after the first motion, and iii) two later fault ruptures also arose about 20 and 40 s after
the first motion. Some years later, Bernard and Zollo (1989) [34] using strong motion, leveling data,
teleseismic waveform modeling and aftershock studies, analyzed the kinematics of the 1980 normal
fault confirming the three main rupture episodes at 0, 20, and 40 s.

The use and fusion of levelling data (4) with field observations, the last useful to recognize three
main strands forming a 38-km-long northwest trending fault scarp (9), were envisaged by Pantosti
and Valensise (1990) to delineate the faulting model. The fault scarp, with an average strike of 308°,
extended between the north-facing slope of Mt. Cervialto (near Lioni, Avellino) and the Pantano di San
Gregorio Magno (Salerno). The scarp was 40-100 cm height [35]. Later on, Blumetti et al. (2002) [6]
contributed to identify a set of open fractures and south-southwest-dipping normal fault scarps around
Castelgrande, Muro Lucano, and Bella, for a total length of about 8 km. These were interpreted by the
authors as possibly primary tectonic effect, probably related to the 40 s event.

In 1992 and 1993, Westaway (1992, 1993) [36,37], relocated the nucleation (5) point of the fault,
also suggesting an updated sequence of rupture subevents. According to the author, the main shock
was characterized by seven rupture subevents, among which were the 20 and 40 s ones. The initial
fault rupture nucleated at or near the SE end of the Carpineta fault and propagated NW.

In the same years, Amato et al. (1992) [38], based on the velocity distribution at depth, argued
that 40 s rupture was the result of reactivation of an old thrust as a normal fault. Further investigations
using the inversion of strong motion waveform(s) (13) shed light on the spatiotemporal pattern of
rupture process, which propagated northwestward [39,40].

Furthermore, 1993 was the year in which many studies regarding the 1980 earthquake were
published as results of the Meeting held in Sorrento in 1990 on the 10th anniversary of the earthquake.
The works, already published in a preliminary form in the meeting Proceedings, flowed in the final
draft form in the Special Issue of “Annali di Geofisica” [14]. Therefore, several articles were published
beyond the two already cited just above [39,40].

Amato and Selvaggi (1993) [41], starting from the relocation of about 600 aftershocks, computed a
velocity model (12) highlighting that the complexity of the Irpinia mainshock was due to the rupture of
the highly heterogeneous medium. Giardini (1993) [42], making use of data recorded at teleseismic
distance, determined the main seismological parameters, including a focal mechanism with an almost
pure dip-slip mechanism. Pingue at al. (1993) [43] modeled the Irpinia source using geodetic data,
but integrating and constraining the results with different data sets useful to overcome some limitations
of geodetic data alone. The model described three fault segments each of which related to one of the
three main rupture episodes of the main shock. Other studies dealt with the investigation on both
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0 s subevent to analyze the propagation rupture [44] and second and third ones to constraint their
location and mechanism [45]. In the same year, Vaccari et al. (1993) [46] studied the rupture model by
the inversion of accelerometric waveform and the comparison between the model-derived synthetic
isoseismal and the observed damage patterns.

In the central-lower portion of the red cluster (Figure 5), we can identify some terms related to
studies on the stress change caused by the 1980 earthquake. Nostro et al. (1997) [47] assessed the
static stress change (4) induced by the normal-faulting 1980 earthquake on nearby seismogenic faults,
concluding that the Irpinia earthquake caused an increase on both the fault zone active during the 1990
and 1991 events and faults responsible of 1732 (Irpinia) and 1857 (Basilicata) earthquakes. Belardinelli
et al. (1999) [48] computed the dynamic spatiotemporal stress changes caused by the rupture of the
first subevent (0 s). The modelling showed that after a transient phase, the stress time history evolved
to the final static stress value. In particular, the dynamic stress peaked on the second subevent (4) fault
plane and it was reached between 7 and 8 s after the rupture initiation on the main fault, with the static
stress level on the second subevent (20 s) fault plane to be reached nearly after 14s.

Other studies in 2000s, continued to investigate the source and the faulting mechanism using
inversion of coseismic vertical displacement (6) data [49], relocation (4) of the main event, P-wave velocity
inversion (procedure) (5), and analysis of postseismic ground deformation (6) [50].

4.1.1.1. Studies of the Seismic Source by Paleoseismological and Geophysical Investigations

In the lower part of the cluster, we can trace some terms identifying both direct (paleoseismological)
and indirect (geophysical) investigations on the Irpinia fault.

The paleoseismological studies started in the late 1980s following the identification of 1980 surface
faulting by Westaway and Jackson (1984) [28].

Pantosti et al. (1989) [51] built a thorough mapping of the 35 km-long sector of NW trending
NE-facing scarp(s) (6) related to the earthquake. In the central part of the surface rupture (Piano di
Pecore), the trench(es) (14) dug showed a surface displacement of 85 cm, also identifying other three
previous paleoearthquakes, beyond the 1980 event.

Two new trenches were excavated in 1990 at Pantano di San Gregorio Magno, an elongated
depression located close to the southern end of the Irpinia fault. Four pre-1980 paleoearthquakes were
identified, so suggesting the first data on both earthquake recurrence intervals and slip per event,
as well as the slip rate (12) on the fault (e.g., [52-54]).

In the 2000s, some studies were also oriented to the geophysical investigations of the structure
of the Irpinia fault. For example, Improta et al. (2003) [55] performed a high-resolution multifold
wide-angle seismic survey carried out across the scarp to investigate the shallow structure of the
fault. Bruno et al. (2010) [56] carried out a two-step imaging method to dense wide-aperture data
with the goal of imaging the Irpinia fault in its complex geologic setting. Galli et al. (2014a) [57]
performed integrated and complex geophysical investigation (electrical resistivity tomography, ground
penetrating radar measurements, and horizontal-to-vertical spectral ratio microtremor analysis) along
the fault, so supplying a subsurface image of the near-surface fault architecture. Geophysical survey
jointly with previous paleoseismological studies allowed the assessment of some fault parameters and
the precise locating of the fault trace. Galli etal. (2014b) [58] identified, across the active Mount Marzano
Fault System, several clusters of inflection points that, once compared with historical seismicity (5) of
the area, gathered paleoseismological data along some significant segments of the fault, and previous
geophysical investigation (Galli et al., 2014a) [57] allowed to make new considerations about the
present slip rate and recurrence time for high-magnitude earthquakes.

Vassallo et al. (2016) [59] correlating the ambient noise recorded at broadband stations, found a
low-velocity anomaly in the area bounded by the two main faults that caused the 1980 earthquake.
Furthermore, Lo Re et al. (2016) [60] performed a microgravity survey to precisely locate and better
characterize the near-surface geometry of a segment of the Irpinia Fault.
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4.2. Cluster 2 (Green)

The green cluster may be subdivided in at least four main subclusters related to research on:
(1) Earthquake Secondary Effects (ESE); (2) Disaster Response and Recovery (DRR), (3) Disaster
EPidemiology (DEP); and (4) BUILDing and infrastructure damage, vulnerability, seismic RISK
assessment and mitigation (including seismic microzonation studies) (BUILDRISK).

4.2.1. Earthquake Secondary Effects (ESE)

The subcluster, in the lower-left portion, includes studies on slope movements, ground cracks,
hydrological anomalies, and liquefaction phenomena.

The studies dealing in some way with the landslide(s) (52) triggered by the 1980 earthquake cover
almost the entire study period analyzed in this article. First works on the subject were those examining
the reactivation (13) of old landslides in Senerchia, in the Sele River valley [61-63]. The early 1980s also
saw studies on liquefaction phenomena [64].

Further research looked at the landslide phenomena in many other localities or areas. We refer to
the Sauro torrent, near the village of Stigliano, in the basin of the Agri River [61] Calitri [65-67], an area
close to Atella [68], the Upper Valley of Sele River [69], the Valley of Tammaro River [70], and in the
Mounts Cervialto and Terminio-Tuoro [71].

While these works, as well as most of the papers published over the following decades, looked
at the earthquake-induced landslides in specific areas or towns, Alexander (1981) [72] examined the
hazard(s) (40), mechanisms and the effects of landsliding provoked by the 1980 earthquake at a wider
territorial scale, both in Basilicata and Campania regions. The effects of the induced mass-movement
were considered with respect to the slope instability and damage to both settlements and infrastructures.
Furthermore, the author also framed the landslide problem within the historical, social, political,
and economic factors. As regards the latter, the author underlined as poor conservation of soil in Italy
determined that 46% of soil was vulnerable to landslides after flooding, erosion and earthquakes.

About two decades after, Porfido et al. (2002) [73], in line with a wide-ranging analysis of
earthquake-induced landslides, performed a systematic overview of the territorial spreading of ground
effect(s) (9) induced by two strong earthquakes in the southern Italian Apennines, among which just
the 1980 event. The authors also shown a likely correlation between maximum distance of effects
and length of the reactivated fault zone. Five years later, Porfido et al. (2007) [74] discussed the
seismically induced environmental effects extending the study to three strong earthquakes occurred in
the Southern Italian Apennines.

In the term map (Figure 5), we can observe a certain closeness between the “landslide” and
“spring” terms. This link recalls, e.g., the studies relating to the change in spring flows due to the
sliding process triggered by the earthquake [75] or the influence of spring flow increase on the slope
failures in the Sele valley [76].

Other terms in the map, such as hazard, indicate the complexity and importance of the landslide
studies. Del Prete (1993) [77] discussed two examples of mudslide hazards in the Upper Sele Valley
concluding, among other things, that this type of landslide is prone to be reactivated especially due
to the seismic shaking. Some years later, Parise and Wasowski (1999) [78] dealt with the assessment
of landslide hazard in some areas of the Southern Apennines hit by the 1980 earthquake. The aim
was reached by the preliminary building of the landslide activity maps integrating different source of
information. The authors, estimating the areal frequency of active landsliding for the last 40 years,
argued the significant impact that the 1980 earthquake had on the stability of slopes located close to
epicenter. The Upper Sele Valley was also considered by investigations of Capolongo et al. (2002) [79].
The authors evaluated the earthquake-triggered landslide hazard integrating different data into a
typical earthquake stability model of slope to assess the landslide potential during the 1980 earthquake
in the Valley.

As regards the proximity between landslide and database (14) this can be justified, e.g., by the building
of the list of earthquake-induced ground failures in Italy (Italian acronym CEDIT), which collects data
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regarding landslides, liquefactions, ground cracks, surface faulting, and ground changes triggered by
strong earthquakes (e.g., [80]).

4.2.2. Disaster Response and Recovery (DRR)

The issue of reconstruction was already considered in the early 1980s jointly with the analysis of
the emergency phase (e.g., [81-83]).

D’Souza (1982) [84] dealt with the recovery and rebuilding in two communities of Southern Italy,
showing that the combination of appropriate aid and effective leadership affect strongly the efficacy
for recovery. The same author in 1984 (D’Souza, 1984) [85], analyzing one community living in a
village of Salerno province (Campania region), debated that outside aid to the affected area should
encourage and sustain indigenous solutions as well as the use of community’s own skills and resources.
The same year, Alexander (1984) [86] considered the policies implemented by the institutions in two
phases, the first involving the relocation of the survivors in temporary prefabricated homes and the
second concerning the reconstruction of permanent housings. The author sustained that the financial
aids for the rebuilding process was reduced in efficacy due to bureaucratic delays, legal complexities,
and inequality in the distribution of economic resources. The author also argued that the occurrence of
other natural hazards in the aftermath of the 1980 earthquake had an increasing effect in the formation,
in 1982, of a Ministry for Civil Protection with the consequent strengthening of both disaster relief and
prevention actions.

Caporale et al. (1985) [87] sustained that there were highly differentiated patterns of recovery
in the different villages affected by the earthquake. Therefore, the authors examined the social,
economic, and political factors responsible for the differences to draw policy implications for emergency
management, reconstruction strategies, and intervention policies.

Some years later Alexander (1989) [88], discussing on how preserving the identity of small
settlements during the large-scale phase of reconstruction, analyzed the impact on the urban landscape
of temporary shelter and reconstruction. Furthermore, the author argued that inconsistencies in
government reconstruction funding were the cause for much of the variability of postdisaster recovery
in Italy, concluding that the existing theoretical models were inadequate to predict the development of
the rebuilding phase.

Many years later, Chubb (2002) [89] analyzed comparatively the government response to three
earthquakes such as the Belice 1968, Friuli 1976, and 1980 one.

Other studies were performed on the reconstruction over the following years. For example, Forino
etal. (2015) [90] reflected on the relationship between state-driven developmental policies and postwar
territorial transformations in southern Italy. To do this, they also analyzed to what extent the measures
for industrial recovery and settlement reconstruction put into the field after the 1980 earthquake
in Campania and Basilicata affected soil resource depletion and land degradation. The authors
found manifold links between the post-war economic policy and the downward environmental spiral
observed in southern Italy.

Recently, Porfido et al. (2017) [91] scrutinized the in situ reconstruction of two villages as well
as the rebuilding of another village that was rebuilt far from its original place. Downstream of their
analyses, the authors stressed the key role of technical experts both in the built environment and in
social as well as ethical context for the proper rebuilding of villages, having particularly the people
resilience in mind.

4.2.3. Disaster Epidemiology (DEP)

Looking at the right-terminal portion of the green cluster, close and correlated to the disaster
response/recovery subcluster, we can notice a group of terms headed by the word epidemiology (10).

These terms and the related ones, reflect empirical studies carried out mainly in the 1980s on the
epidemiological consequences of the 1980 earthquake. For example, Greco et al. (1981) [92] performed
three typologies of surveys aimed at the: (1) surveillance of hospital admissions of the survivor(s),
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(2) surveillance of infectious disease(s) (4) among the survivors, and (3) statistical analysis of mortality
and traumatic injury in the survivor(s). The authors concluded that earthquakes do not necessary cause
epidemics nor make the epidemiology of infectious illness worse as respect the predisaster situation.
Alexander (1982) [93], analyzing the disease epidemiology of the earthquake and the health service
response in the emergency phase (4), concluded that there were no serious epidemics and the hospital
system was able to cope with the aftermath needs. The author also underlined as the national plan of
vaccination of both survivors and rescue volunteers was probably an overreaction of institutions with
respect to the dominant epidemiological condition.

Three years later, Bruycker et al. (1985) [94] analyzed the morbidity (number of injured) (3) and
mortality (7) after the 1980 earthquake based on a sample of over 3600 people of near-epicenter village(s).
They found that injury (6) rates were more than five times higher in trapped than in nontrapped victims
and chance for escape was vital for survival (3) and interconnected with the seismic vulnerability of
buildings. The disaster response analysis performed by the authors, also indicated that the emergency
phase for medical care was limited to the 3—4 days after the earthquake occurrence.

4.2.4. Building and Infrastructure Damage, Vulnerability, Risk Assessment,
and Mitigation (BUILDRISK)

One of the first works regarded the analysis of the damage on different structures, such as
building(s) (38) and bridge(s), was performed by a Swiss reconnaissance team who surveyed the most
affected area about 3 weeks later the earthquake occurrence [95]. In addition, Guepinar et al. (1981) [96]
performed a 7-day field trip at the end of January 1981, paying special attention to the damage caused
by soil failures or soil-structure interaction.

Postpischl together with other authors published some progress reports on the macroseismic
surveys in the affected area starting from 1981 (e.g., [97,98]) until the work of Postpischl et al. (1985) [99]
in which the isoseismal maps of the 1980 earthquake were published in an Atlas.

Coburn et al. (1982) [100] described the typical forms of local buildings classifying them.
Furthermore, the type and damage level (4) analyzed in relation to building type, location, and ground
movement were also considered. The researchers found that local damage level correlated well with
both instrumental and spectral acceleration. Further analyses on both building damage and behavior
of (reinforced) concrete building (3) (e.g., [101-103]) were also performed in the following years.

Braga et al. (1982) [104] in order to define the damage probability matrices (DPMs) for the most
common types of buildings, performed a statistical study on damaged buildings in 41 municipalities
affected by the earthquake. The vulnerability assessment through the DPMs was tested for the first
time just after the 1980 earthquake, using the MSK-1976 as reference macroseismic scale. Moreover,
the same authors [105], based on their experience on damage survey after the 1980 event discussed
a quick method for damage assessment of dwelling buildings. The approach was aimed to setup
well-grounded policy for reconstruction.

More recently, other studies analyzed statistically large data set of damaged buildings allowing
deriving empirical fragility curve(s) (4) to define seismic vulnerability of classes of buildings. For example,
Rota et al. (2008) [106] derived typological fragility curves starting from a reanalysis of a set of about
150,000 survey building records related to postearthquake data on damaged building(s) (4) for the Italian
earthquakes of the last three decades. Recently, Del Gaudio et al. (2020) [107], in order to define fragility
curves, investigated a set of about 25,000 residential (reinforced) concrete building(s) derived from a
sample originating from the Web-GIS platform named “Da.D.O.” (Observed Damage Database) [108].

Within the subcluster, we find also research related to the microzonation studies of some towns
heavily affected by the 1980 earthquake (e.g., [109-112]). After the 1980 event, the new rules imposed
that general development urban plans had to be prearranged according to site conditions [109].
However, the first studies on microzonation came back to the early 1980s when the study on
seismic microzonation in the emergency phase were performed within the framework of the Italian
Geodynamics Project [113,114].
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4.3. Cluster 3 (Blue) (GRM)

The third cluster, in the topmost portion of the VOSviewer map, refers mainly to studies concerning
the estimations of seismic ground motion of 1980 earthquake and site effect analysis in localities hit by
the 1980 earthquake also using in situ geophysical surveys.

For example, Rovelli et al. (1988) [115], analyzing horizontal components of many accelerogram
related to moderate and strong normal faulting earthquakes happened in the Italian Central and
Southern Apennines, proposed a numerical simulation of seismic ground motion (9) peak values as
a function of the earthquake size, for seismic risk purpose. Bosco et al. (1992) [116] presented a
possible procedure to build artificial acceleration time histories (peak acceleration, response spectra,
and envelope curves of the acceleration time history) of bedrock motion consistent with records of past
events such as the 1980 Irpinia earthquake. Convertito et al. (2010) [117], using the Irpinia Seismic
Network and the 1980 earthquake data, developed a fast procedure to get ground-shaking maps in view
of damages and loss assessment for seismic emergency management in high seismic risk areas, such as
Campania and Basilicata. They found the approach useful to predict peak ground-motion parameters
of high-magnitude events regarding the attenuation relationship. Cultrera et al. (2013) [118] computed
hybrid shakemaps for the 1980 earthquake integrating recorded data with deterministic-stochastic
method, finding results different from the standard analysis, in the near-fault area, especially. They also
found an agreement between peak ground velocity (PGV)-derived Mercalli-Cancani-Sieberg (MCS)
intensities and the observed damage.

Nunziata et al. (2000) [119] simulated the seismic ground motion generated by the 1980 earthquake
in Naples adopting the hybrid technique based on the mode summation (7) and the finite difference method(s)
(6). The numerical approach was validated with the 1980 earthquake data recorded at a 10 km-away site.
The application to a sample area located in the eastern district of Naples, for which the basic data were
well known, allowed modeling the seismic response. Data showed the surficial cover as responsible
of an increase in the amplitudes of the signal as respect to the bedrock. Di Giulio et al. (2008) [120]
studied the variations of local seismic response for the entire urban area of Benevento (Southern Italy),
making a large use of ambient noise recordings, seismic, geological, and geotechnical data. The authors
also generated synthetic seismograms of moderate to strong earthquakes among which was the 1980
Irpinia earthquake, finding large amplification at soft soils. Maresca et al. (2012) and Maresca et al.
(2018) [121,122] analyzed the effects of surface geology on seismic ground motion in Avellino using HVSR
(horizontal-to-vertical spectral ratio) free-field peak frequency analysis, also correlating the data with
the 1980 urban damage pattern.

5. Statistic of Documents by Topics

A cross-correlated analysis of VOSviewer outputs with the two databases allowed analyzing the
total number of documents for each topic (Figure 7) as well as its trend over time (Figure 8). The analysis
was also made for the IR_BASE_IT database, consulting the records and manually associating them to
each of the cluster(s) identified by the IR_BASE_ENG analysis. Each figure reports data both for the
two databases taken separately and fused (SUM).

Figure 7 shows the total number of records for each topic(s), the last including also the records for
which an attribution was performed for more than one category. The highest number of documents
in IR_BASE_ENG is related to the study of the seismic source (SOURCE) for which 153 (29.9%
of 512 documents) documents were published. This follows the groups of documents relating to
earthquake secondary effects (ESE) with 88 papers (17.2%), BUILDRISK (84, 16.4%), DRR (52, 10.2%),
and GRM (34, 6.6%). Regarding IR_BASE_IT, the largest amount of records in the database is relating
to the BUILDRISK topic (32, 25.8% of 124 documents). Next, the documents relating to secondary
seismic effects (ESE), with 30 (24.2%) papers are present, followed by those concerning the study of the
seismic source (SOURCE, 25, 20.2%). What is more, the database includes only one document related
to the disaster epidemiology cluster (DEP).
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Figure 7. Total number of documents for each database and topic/(sub)cluster.

Looking at the SUM of the two databases, we can see that the relative frequencies of documents
in the topics reflect those of IR_BASE_ENG, so confirming that the scientific community addressed
efforts mainly in learning about the source mechanism, as discussed in the minireview of the previous
sections. Obviously, the two databases also include records that do not mirror the belonging to the
(sub)clusters/topics discussed in the previous sections. This is due to the thresholds used to build the
term map. These records amount at about 140 (OTHER). They can be referred to different studies such
as those on the geological and seismotectonic aspects of the epicentral area of the earthquake, research
relating to the study of precursors of the seismic events, papers concerning geotechnical phenomena
as well as those dealing with the social and demographic long-term impact of the natural extreme
event. However, in order to shed light on details of these research outcomes, further investigations
are required.

Figure 8, which should be read in conjunction with Figure 7, represents the temporal trend of
documents published yearly by each topic in both the databases (IR_BASE_ENG and IR_BASE _IT) as
well as in their joint one (SUM). For clarity, the SUM section also reports the number of documents
published yearly, which is directly proportional to the bar heights.
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From the three sections of the graph, one can see that for almost all the topics, the documents are
mainly distributed by the mid-1990s. In particular, the analysis of the SUM data for the SOURCE field
shows a temporal continuity over the entire 40-year long period, even if the number of documents
is decreasing over time, with as many as 64.0% of items published by 1993. There are two main
peaks, at 1990 and 1993. These can be explained by the works published for the meeting held in
Sorrento and the publication of the Annali di Geofisica Special Issue (see previous minireview sections,
SOURCE). There is less temporal continuity for studies relating to secondary seismic effects (ESE),
which show higher concentration in the first half of the 1980s (53.4% of documents published by the
year 1986), with special attention to 1981 (28 items, 23.7%). Studies relating to DRR display higher
frequency in the first half of the 1980s, but research also continued in the following decades, albeit in a
discontinuous way. Epidemiological studies (DEP) almost exclusively characterize the 1980s, because
of the predominantly empirical nature of the research. The BUILDRISK topic also shows a higher
frequency in the first half of the 1980s, with continuity throughout the following decades. The OTHER
studies cover the whole period under examination here, thus confirming that the 1980 earthquake was
a full-scale laboratory for investigating several and different aspects.

Due to the high statistical weight of the IR_BASE_ENG records (~80%) compared to the two
databases taken cumulatively, the temporal pattern of IR_BASE_ENG can be roughly overlapped
on that of SUM. Conversely, the documents of IR_BASE_IT are mainly distributed in the 1980s and
concern chiefly papers in the SOURCE (72.0%), ESE (70.0%), BUILDRISK (65.6%), and OTHER (62.1%)
topics. Furthermore, the publication of documents is markedly irregular and decreasing for the other
three decades. This can be explained by a greater propensity on the part of scientists to publish in
international journals for higher visibility of the research.

6. Conclusions

The paper has shed light on the scientific landscape related to the 1980 Irpinia-Basilicata
earthquake (Me=6.7 [1]; Mw=6.9 [123]) from its occurrence until now. In order to reach the aim,
the authors performed a tailored procedure to build two databases of both international and national
(Ttalian) studies.

Overall, in the almost 40-year period, about 640 documents were published, which cover each
year of the time window analyzed. Furthermore, research involved a high number of authors over the
years, confirming the high complexity of the natural event that involved many different competencies
by researchers.

Publications include studies on the seismic source, environmental effects, earthquake damage,
seismic microzonation, disaster response and recovery, disaster epidemiology, ground motion
estimations, and other research. Except for the epidemiological studies, which only cover part
of the 1980s and mid-1990s, the scientific outputs are concentrated especially in the 1980s and early
1990s. However, investigations characterized also other decades, the studies of seismic source especially,
which will probably be a leading research area in the coming years as well.

The study confirms that the earthquake was a significant occasion for the scientific community
to grow the knowledge on the seismic phenomena, as well as to learn lessons in view of setting up
preventive actions to mitigate the seismic risk.

Limitations

Three main limitations can be referred to this study. First, the unfeasibility to prepare all-inclusive
search queries to search for documents might have left out some relevant items. Second, the number
of oldest documents may be underestimated, for the 1980s, especially, due to the lower coverage of
the citation indexes as well as the frequent lack of abstracts that we found both in Scopus and in Web
of Science. This prevents the query from properly interrogating the mother databases from which
we extracted the 1980 bibliographic data. Third, the search for the building of IR_BASE_IT database
was performed only considering the document titles. However, overall, the documents retrieved and
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analyzed here can be considered as a reliable cross-section of the main research activities performed on
the Irpinia-Basilicata earthquake over time.
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Appendix A

Search terms considered to interrogate Scopus and WoS. “November 1980” earthquake*; “1980
november 23”; “23 november 1980”; “november 23 1980”; “23rd November 1980”; “november 23rd,
19807; “23-11-1980”; Irpinia* 1980; “1980 earthquake*”; 1980 earthquake* Italy; 1980 “South* Ital*
earthquake*”; 1980 Basilicata earthquake®; “Irpinia* earthquake*”; “Campania-lucania” earthquake*;
“Campania earthquake*”; “campania-basilicata” earthquake*; “irpinia* fault”; “strong earthquake*”
Italy; “large earthquake*” Italy; “large earthquake*” South* Apennine; Ital* 1980 “seismic event*”;

earthquake* “South* Apennine.”
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Abstract: The Mg 6.9, 1980 Irpinia earthquake occurred in the southern Apennines, a fold and thrustbelt that
has been undergoing post-orogenic extension since ca. 400 kyr. The strongly anisotropic structure of fold
and thrust belts like the Apennines, including late-orogenic low-angle normal faults and inherited Mesozoic
extensional features besides gently dipping thrusts, result in a complex, overall layered architecture of the
orogenic edifice. Effective decoupling between deep and shallow structural levels of this mountain belt is
related to the strong rheological contrast produced by a fluid-saturated, shale-dominated mélange zone
interposed between buried autochthonous carbonates—continuous with those exposed in the foreland to
the east—and the allochthonous units. The presence of fluid reservoirs below the mélange zone is shown
by a high Vp/Vg ratio—which is a proxy for densely fractured fluid-saturated crustal volumes—recorded
by seismic tomography within the buried autochthonous carbonates and the top part of the underlying
basement. These crustal volumes, in which background seismicity is remarkably concentrated, are fed
by fluids migrating along the major active faults. High pore fluid pressures, decreasing the yield stress,
are recorded by low stress-drop values associated with the earthquakes. On the other hand, the mountain
belt is characterized by substantial gas flow to the surface, recorded as both distributed soil gas emissions
and vigorous gas vents. The accumulation of CO,-brine within a reservoir located at hypocentral depths
beneath the Irpinia region is not only interpreted to control a multiyear cyclic behavior of microseismicity,
but could also play a role in ground motions detected by space-based geodetic measurements in the
postseismic period. The analysis carried out in this study of persistent scatterer interferometry synthetic
aperture radar (PS-InSAR) data, covering a timespan ranging from 12 to 30 years after the 1980 mainshock,
points out that ground deformation has affected the Irpinia earthquake epicentral area in the last decades.
These ground motions could be a result of postseismic afterslip, which is well known to occur over
years or even decades after a large mainshock such as the 23 November 1980, Ms 6.9 earthquake due to
cycles of CO,-brine accumulation at depth and its subsequent release by My, > 3.5 earthquakes, or most
likely by a combination of both. Postseismic afterslip controls geomorphology, topography, and surface
deformation in seismically active areas such as that of the present study, characterized by ~M 7 earthquakes.
Yet, this process has been largely overlooked in the case of the 1980 Irpinia earthquake, and one of the
main aims of this study is to fill such the substantial gap of knowledge for the epicentral area of some of
the most destructive earthquakes that have ever occurred in Italy.

Keywords: 1980 Irpinia earthquake; active faults; postseismic afterslip; southern Apennines
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1. Introduction

The Irpinia Mg 6.9 earthquake occurred on 23 November 1980 [1], producing vast damage and
causing about 3000 fatalities. It nucleated on an approximately 60 km long, NW-SE-striking normal
fault system with at least three main rupture episodes at 0 s, 20 s, and 40 s (Figure 1).
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Figure 1. (A): Historical and instrumental seismicity of southern Italy (modified after Frepoli et al. [2]).
The white frame indicates the location of the map in diagram B. (B): Epicentral locations for the three
main rupture episodes at 0's, 20 s, and 40 s, with Mw 6.9, 6.4, and 6.3, of the 1980 Irpinia earthquake;
focal mechanisms from Westaway and Jackson [3]. Inset in the lower left corner are schematic sections
(location in the map), indicating the fault system activated with the 1980 earthquake (redrawn from
Barnard and Zollo [1]).

A crustal extensional stress regime controls earthquake generation processes in the Apennine mountain
chain. Background seismicity is characterized, during the postseismic to (possibly) inter-seismic period,
by micro-earthquakes (M, < 3.5) approximately confined within the same volume wherein the faults that
caused the 1980 earthquake and its aftershocks were located [4-6]. The surface faults exposed in this area are
decoupled from the seismically active deep-seated structures, which, in turn, reactivate inherited basement
faults [7]. Effective decoupling between deep and shallow structural levels is related to the strong rheological
contrast produced by the fluid-saturated, clay-rich mélange zone interposed between the foreland Apulia
Platform carbonates and the allochthonous units, which include carbonate platform (i.e., Apennine Platform)
and basin (i.e., Internal and Lagonegro) successions (Figure 2).

The identification of active faults and, more in general, the reconstruction of the active tectonic
setting on a regional scale are crucial to the assessment and mitigation of seismic hazard and related
phenomena (e.g., ground shaking, surface ruptures, landsliding, etc.), and of hazard resulting from
surface deformation (e.g., flooding, subsidence, etc.). The definition of the active tectonic setting of an
area requires the identification and geometric characterization of potentially active structures and the
estimation of rates of activity of the identified faults. An important contribution to such definition is
provided by the combination of data deriving from instrumental seismicity, from the historical record
of seismicity, and from paleoseismological techniques. Despite providing information crucial to the
seismic hazard prevention, such a combined approach is, however, partial due to the relatively narrow
time window (in general, <10° y) it explores. In fact, taking into account that rates of deformation may
be either slow (e.g., a long quiescence may separate large earthquakes) and/or uneven both spatially
(i.e., along strike of single structures over short timespans) and temporally (on single structures over
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larger timespans), short-term records may fail sampling active deformation. This may result in both an
underestimation of active fault segments and an incomplete outline of the surface deformation scenario.
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Figure 2. Tectonic setting of the 1980 Irpinia earthquake. (a) Geological sketch map of the southern
Apennines, showing location of seismic stations and main historical and instrumental earthquakes.
(b) Cross-section (after Ascione et al. [7]). Star shows hypocenter of the M 6.9, 1980 Irpinia earthquake;
SWBEF: SW Boundary Fault; CF: Central Fault; NEBF: NE Boundary Fault. (c) Outcropping Quaternary
fault arrays (modified after Ascione et al. [7]). PB-PSGM: Piani di Buccino-Pantano di San Gregorio
Magno fault zone; Og: Mount Ogna fault zone; MC: Mount Marzano-Mount Carpineta fault zone;
Li: Lioni fault; Co: Conza fault; SF: San Fele fault. (d) Results of cumulative stress inversion from
outcropping active fault segments (from Ascione et al. [7]). (e) Results of cumulative stress inversion
from earthquake focal mechanism, data are from De Matteis et al. [4] (modified from Amoroso etal. [8]).

A more comprehensive definition of the deformation scenario is obtained if information on
geometry and kinematics of deep-seated active fault segments, on spatial distribution and intensity of
seismic shaking, and on the behavior (in terms of recurrence and magnitude of surface offset) of single
fault segments is paralleled with observations encompassing larger timescales (e.g., the last 300400 ky,
i.e., ‘intermediate timescales” according to Burbank and Anderson [9]). The latter, although less detailed
on the history of single structures, may provide significant insights on the spatial distribution, pattern,
and average rates of surface deformation. In fact, deformation accumulates through time, leaving an
increasing imprint in the landscape which may be detected by an analysis of topography and may
be temporally constrained by the stratigraphic record. Although it has become common to relate the
motions during earthquakes to the Quaternary geological structures and topography in the epicentral
regions, the deformation preserved in structural and topographic features represents the combined
effects of entire earthquake cycles rather than only the coseismic period during which earthquake slip
occurs. Therefore, in order to understand the formation and evolution of geology and topography
over successive earthquake cycles, it is necessary to make observations that cover as wide a range of
the cycle as possible.
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The 23 November 1980, Mg = 6.9 Irpinia earthquake, the strongest and most destructive (Iy = X MCS)
seismic event of the last decennia in southern Italy, affected the Mt. Marzano area with widespread coseismic
ruptures (e.g., [1,10-17]). The 1980 Irpinia earthquake strongly impacted the state of knowledge on seismicity
of Italy, primarily because it was the first Italian earthquake for which coseismic surface faulting was
assessed at two sites (namely, the Piano di Pecore and Pantano di San Gregorio Magno sites) by means
of just posteventum surveys [18,19]. In addition, with further studies, a 38 km long alignment of surface
faulting was recognized, in agreement with the inferred length of the rupture at depth [12]. The history of
surface faulting in the last millennia at Piano di Pecore was assessed with the first paleoseismological study
in the Italian territory [13].

In the last 40 years, many studies have provided constraints to seismicity and tectonics active
in the 1980 event epicentral areas. According to such studies, it appears that both the earthquake
complexity and the historical and present-day seismicity represent the response to a complex active
tectonics scenario and suggest the existence of an ‘active’ graben-like structure defined by at least
two antithetic major faults, which were originally identified by Barnard and Zollo [1] (Figure 1).
However, the pattern, distribution, and localization of active structures, is still debated and, in some
instances, controversial, with major implications on both cumulative deformation rates and related
hazard. In fact, the active tectonic framework of the Irpinia earthquake epicenter area has been
related to one or more structures substantially following the surface ruptures originally identified by
Pantosti and Valensise [12,20-22], while a more articulated pattern composed by several normal faults
arrays showing substantially coeval late Quaternary activity and spanning over the seismologically
identified graben structure has been identified by detailed geomorphological analyses integrated by
age constraints on the Quaternary deposits [7]. Further constraints on fault activity were obtained by
Ciotoli et al. [23] using soil gas trace and carrier species as potential tracers of fault systems in the Piano
di Pecore, a small-sized tectono-karstic basin located in the northern Mt. Marzano massif, which was
affected by coseismic surface faulting of the 1980 Irpinia earthquake. The coseismic rupture zone in
Piano di Pecore was investigated by Ciotoli et al. [23] in order to define the relationship between
shallow distribution of gases and the main strike of the fault and verify whether the degassing process
is still active along this fault trace. In fact, crustal discontinuities, such as fractures and faults of various
dimensions, facilitate degassing flux from the Earth to the hydrosphere and the atmosphere. For this
reason, the chemical composition and transport of soil gases within fault zones have been the subject of
extensive investigations, including fault tracing and seismic surveillance as a precursor for geochemical
anomalies to seismotectonic activity, due to their potential [24-35]. Faults can be described as weakened
zones composed of highly fractured materials, gouge, and fluids. Active faults favor gas leaks because
they usually increase the permeability of rocks and even their overlying soils. Gas anomalies at
active faults can be either ‘direct leak anomalies” where the gas measured corresponds to the deep
gas phase or ‘secondary anomalies’ linked to the different mineralogical and hydrological behavior
of the fault [29,36-38]. Anomalous gas emissions primarily occur in two different environments:
Volcanic areas, where gas seepage is located both at central vents and often in large distal areas,
and seismically active zones, where evidence of preferential degassing occurs near active faults. In the
seismic zones, degassing has been shown to occur mainly as advective fluxes through soils of fractured
areas and/or as free nonmixed gas phase from thermo-mineral springs due to pressure drop during
ascent of the fluid to the surface [39]. The gas emission over seismically active faults corresponds to a
long-term permanent phenomenon (with respect to earthquake recurrence times), which indicates
that active faults are characterized by a high permeability and act as preferential conduits in the
crust [39]. Several gases with different origins and contrasting behaviors in soil have been documented
for detecting a fracture network and characterizing its extension and shape [37-40]. Because fluid
transfer in the crust is strongly promoted by fractures, high geochemical contrasts are expected in
faulted zones (e.g., [27]). The composition and distribution of gases in the soil pores are affected
by surface features, such as pedological, biogenic, and meteorological factors. Several phenomena,
like variation of the groundwater table, meteorological changes, soil porosity/permeability, and the
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degree of fracturing, may alter original gas concentrations for a single gas. However, these are thought
to have a subordinated effect on gas leakage from deep fault-related features [36,38,40], and can be
further reduced by studying a number of soil gases with different origins and contrasting behaviors.
In fact, even in a restricted fractured area, gas distribution in soil can display contrasting patterns. It has
been shown that the contrasting permeability in fault gouges and intensely sheared zones generate
complex geochemical patterns in soil atmospheres [40]. This characteristic has already been used
to search for active faults mainly using Rn emanation, but sometimes also using H,, He and CO,
distribution in soils.

The idea that CO, overpressure controls earthquake nucleation in the Apennines [41] is consistent
with large CO, and CH4 emissions at surface [23,42], while the coexistence of CO, and brine is well
documented in several wells [43]. The presence of liquid and gas fluid phases in a fault volume
has important consequences on seismicity production. In fact, the presence of fluid within the fault
gauge may enhance seismicity due to lubrication mechanisms. Seismicity may also be enhanced by an
increase of pore pressure in the country rocks embedding the faults. In the Irpinia region, modelling
of microearthquake spectra has provided a rather low average seismic radiation efficiency [44],
thus implying that rupture lubrication mechanisms are not favored. Therefore, it may be envisaged
that the dominant mechanism triggering and controlling microseismicity in the Irpinia region is the
pore pressure increase induced by fluid diffusion in the host rock medium [45,46]. In particular,
at hypocentral depths, gases may significantly increase the pore pressure compared to liquids, up to a
level for which it equals the lithostatic pressure [47]. According to Amoroso etal. [8], the high-resolution
3-D P- and S-wave velocity models of the Irpinia fault zone highlight a significant fluid accumulation
within a 15 km wide volume of highly fractured rock located between SW and NE boundary faults as
indicated in Figure 2b. A high Vp/Vg ratio recorded by seismic tomography points to the presence of
fluid reservoirs below the mélange zone [8], consisting of brine-CO,/CH, or CO,-CH, mixtures [48].
The background micro-seismicity was therefore attributed to pore pressure changes in fluid-filled cracks
surrounding major faults, which can trigger the episodic nucleation of moderate to large earthquakes.
Analyses of micro-earthquake sequences revealed that they are primarily concentrated in densely
fractured and limited regions characterized by horizontal, NE-SW-directed extension. These fault
zones could be the source of repeated earthquakes due to the internal mechanical readjustments from
local stress release and/or fluid migration along the fault damage zone [49].

2. Tectonic Framework

The southern Apennines form part of the Alpine-Apennine orogenic system, which derived from
the convergence of the African and Eurasian plates in Late Cretaceous to Quaternary times (e.g., [50,51]
and references therein). The Apennine accretionary wedge is composed of both ocean-derived [52,53] and
continental margin-derived tectonic units. The latter include Mesozoic-Tertiary carbonate platform/slope
successions (Apennine Platform) and pelagic basin successions (Lagonegro), stratigraphically covered by
Neogene foredeep and wedge-top basin sediments (e.g., [54]) (Figure 2a). At the surface, the structure is
characterized by low-angle tectonic contacts separating the Apennine Platform carbonates in the hanging
wall and the Lagonegro Basin successions in the footwall [55]. These tectonic contacts consist of both
thrusts—in part reactivated during extensional stages—and newly formed low-angle normal faults [56].
The Apennine accretionary wedge is tectonically superposed onto the buried Apulian Platform, which has
a thickness of 6 km to 8 km and consists of a Mesozoic-Tertiary shallow-water carbonate succession,
continuous with the outcropping in the foreland to the NE ([57] and references therein). The detachment
between the allochthonous units and the buried Apulian Platform unit is marked by a mélange zone of
variable thickness, locally reaching ca. 1500 m [58] (Figure 2b). The buried Apulian Platform is characterized
by reverse-fault-related, open, long-wavelength folds that form the hydrocarbon traps for the significant
oil discoveries in southern Italy [57]. Deep exploration wells also document the local occurrence of
CO; gas caps in the top part of structural culminations made of fractured Apulian Platform carbonates,
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while waters of variable salinity occur below the gas caps (where these are present) and along the sides of
the culminations [43].

Geophysical evidence has shown that the crystalline basement is involved in deep-seated reverse
faulting [59-61]. The associated deformation is represented by significant vertical offsets along steep
reverse faults, with relatively limited horizontal displacements.

Crustal shortening ceased in the Middle Pleistocene (e.g., [62]), when NE-SW-oriented horizontal
extension became dominant over the whole orogen. Extensional faults postdating and dissecting the
thrust belt (e.g., [63]) are also responsible for the active tectonics and seismogenesis in the southern
Apennines (e.g., [64-66]).

3. Geological Framework of the Study Area

The study area is dominated by the Mt. Marzano morphostructural high, with a maximum
elevation of 1579 m. The Mt. Marzano massif is composed of a pile of slope facies limestones and
dolostones more than 2000 m thick, spanning in age from the Late Triassic to the Early Miocene [67].
The carbonates of Mt. Marzano massif, as well as those of platform facies forming the backbone of
the Picentini and Alburni Mts. massifs (located to the west and south of Mt. Marzano, respectively)
and of minor ridges interposed between the different massifs, are related to the Apennine Platform.
Surface and subsurface (San Gregorio Magno 1 and Contursi 1 deep wells [68,69]) data from the
Mt. Marzano area show that the Apennine Platform carbonates are tectonically sandwiched between
the underlying Lagonegro basin strata (outcropping to the north of the Mt. Marzano massif) and the
overlying Upper Cretaceous-Burdigalian, basinal Parasicilide unit, representing the deformed distal
portion of the Apulian foreland palaeomargin [70,71] and forming part of the Internal successions in
Figure 2a. The latter are covered by Burdigalian-Langhian foredeep and wedge-top basin deposits
(Figure 2) [70,72]. In the study area, wedge-top basin deposits of Pliocene age (i.e., Zanclean and
Piacentian) [54,72,73] consist of marine sediments (clays, sands, and conglomerates), locally passing
upward to lacustrine and fluvial deposits, outcropping on top of the Mt. Marzano massif and in
the adjacent southern (Tanagro river valley) and northern topographic lows (Figure 2a). Coeval,
clayey-to-shallow marine deposits (related to the Ofanto wedge-top basin) occupy the northernmost
part of the study area, i.e., the large Ofanto River valley.

In the Mt. Marzano area, the occurrence of a structural high of the Apulian Platform below
the outcropping Apennine Platform carbonates and the underlying Lagonegro basin strata has been
evidenced by seismic reflection profiles and gravity data (Figure 2b) (e.g., [7,74-76]). Similar to the
structural traps of the oil fields of the Basilicata region south of our study area [57], the Apulian Platform
positive structure in the Mt. Marzano area appears to consist of a large inversion feature controlled
by multiple reactivation of a major SW-dipping fault of probable Triassic original age. According to
this interpretation, substantial structural relief of the Apulian Platform in this area resulted from
Late Pliocene to Early Pleistocene shortening and inversion, having been only weakly modified by
subsequent late Quaternary extension. The top of the Apulian Platform carbonates, which is overlain
by thick deposits over than 600 m thick including Messinian evaporites and mélange units (probably
involving Lower Pliocene clastics), lies at a depth of 3977 m in the San Gregorio Magno 1 well [68],
whereas in the Contursi 1 well [69], the top of the mélange, is found at a depth of c. 3100 m.

The fold and thrust structure is dissected by extensional faults, which control continental
depocentres such as those occupying the Tanagro River valley [77] and the Piani di Buccino (hereinafter,
PB) and Pantano di San Gregorio Magno (hereinafter, PSGM) basins [78,79]. The Tanagro basin,
which hosts several terraced alluvial units framed in the late Early Pleistocene to late Middle
Pleistocene timespan [77], formed along a major WNW-ESE-striking, NE-dipping normal fault (Tanagro
fault) [77,78]. This fault has recorded repeat activity over the Middle Pleistocene. The formation of
the Tanagro basin predates those of the PB and PSGM (Figure 2), which occurred in the late part of
the Middle Pleistocene, and of several minor basins within the Mt. Marzano ridge [7]. Within the
Mt. Marzano massif, high-angle WNW-ESE-trending strike-slip faults and east-trending, NE-dipping
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normal faults offset the Triassic-Miocene succession and the overlying Pliocene deposits [72]. Such faults
have been sealed by several remnants of Pliocene—Early Pleistocene erosional surfaces molded in
the top surface of the massif and graded down to the SSE, with an overall stair-like arrangement,
from around 1500 m to 600-700 m [78]. The erosional surfaces, which evidence progressive surface
lowering that has affected the Mt. Marzano topographic high in Pliocene-Early Pleistocene times,
predate the extensional faulting, which has been active in the Mt. Marzano area since the Middle
Pleistocene. Extensional tectonics activated major WNW-ESE trending, both NE and SW-dipping
faults, which caused the formation of fault-bounded mountain fronts and of the previously mentioned
intramontane basins filled with lacustrine and/or alluvial successions. Extensional faulting in the area
spanning from Mt. Marzano to the Alburni Mts. has been active in late Quaternary times, as it is
shown by widespread geomorphological-geological and paleoseismological evidence (discussed in the
following sections).

4. Morphotectonic Features of the Mt. Marzano Area

The Mt. Marzano and surrounding area are characterized by widespread evidence of
Quaternary extensional tectonics. Stratigraphic and morphotectonic evidence allows unravelling
faulting chronology. This points to a progressive younging, from the SW to the NE, of vertical
motion initiation over Middle to Late Pleistocene times in the area spanning from the Alburni
Mts. mountain front to the Mt. Marzano massif. In the whole area, in addition, several faults show
geomorphological/stratigraphical evidence for Late Pleistocene-Holocene activity.

The oldest Quaternary extensional tectonics was recorded in the Tanagro river valley, to the SW of
the Mt. Marzano massif. The Tanagro river valley follows a Quaternary continental basin formed along
a major WNW-ES-striking, NE-dipping normal fault, namely the Tanagro fault [77] shown in Figure 2c.
Seismic reflection profiles have [80] highlighted the occurrence of several NE-dipping splays synthetic
to the major NE-dipping Tanagro fault and of a horst-and-graben structure in the southern sector
of the valley, i.e., across the Alburni Mts.-Mt. S. Giacomo-Mt. Marzano transect. The sedimentary
record in the Tanagro valley basin provides evidence for repeated activity of the Tanagro fault over the
Middle Pleistocene. This is shown by (i) the backtilting of early Middle Pleistocene alluvial fans in
the SE area; (ii) SW-tilting of late Middle Pleistocene travertine-alluvial body and related terraces in
the northern Tanagro valley—NTYV (see Figure 3 for location of terraces in the NTV); and (iii) fluvial
terraces located in the hanging wall block at the northern termination of the Tanagro Fault, pointing to
renewed aggradation (following dissection of the travertine-alluvial body) in response to damming of
the Sele-Tanagro rivers valley along the Tanagro fault [77].

Post-late Middle Pleistocene activity of the Tanagro fault has not yet been proven by either geomorphic
or stratigraphic evidence. On the other hand, evidence for younger, Late Pleistocene-Holocene faulting
characterizes the Caggiano fault that bounds the southern Tanagro valley toward the NE (location in
Figure 2c). This is shown by the occurrence of a post-glacial midslope bedrock fault scarp running along
the southern slope of Mt. S. Giacomo. Holocene historical activity of this fault is also evidenced by
paleoseismological investigations [81]. Based on morphostratigraphical evidence, alluvial deposition in
the NTV depocenter predates the formation of the PB and PSGM basins. In fact, the formation of the
PB and PSGM interrupted S-flowing fluvial paths and related sedimentary (alluvial fan) inputs from the
Mt. Marzano massif to the NTV, as it is inferred from the paleo-alluvial fan related to the Palomonte wind
gap (Figure 3), which is cut into the PB southern border.
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Surface and well data show that the PB and PSGM are filled with fine-grained deposits
(mainly sandy-silts and clays), passing laterally into alluvial fans and slope debris. In those basins,
lacustrine/marshy environments were present in historical times and persisted until they were
reclaimed in the XX century [79]. The PB and PSGM basins are bounded toward the NE by a major
WNW-ESE-trending fault zone consisting of N100° to N120° en-echelon normal faults, N70°-striking
transfer faults (probably reactivating pre-existing inherited structures) [7], and minor antithetic
faults toward the SW. The occurrence of a major northern fault zone is consistent with the N-ward
thickening of the PB fill up to about 100 m [7]. The thickness of the PSGM basin fill, which exceeds
the 62 m depth of a core drilled at the basin axis, is not well constrained. The carbonate bedrock
becomes shallower (about 35 m deep) toward the eastern basin termination, as shown by geophysical
investigations [82]. Geophysical investigations have also imaged the WNW-ESE-trending northern
and southern (i.e., the NE-dipping Mt. Difesa Ripa Rossa; location in Figure 3) normal faults down to a
depth of c. 300 m. A lateral variation in the amount of offset along the PSGM northern fault zone is
made evident by the occurrence of a bedrock high between the PSGM and PB basins.
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Figure 3. Faults showing evidence of late Quaternary activity in the Mt. Marzano ridge area (redrawn
after Ascione et al. [7]).
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Scraps around a few meters high affect Holocene lacustrine terraces and alluvial fans within the
PSGM and PB basins. Furthermore, bedrock fault scarps and wineglass valley cross-profiles, as well
as faulted Upper Pleistocene-Holocene slope breccia and alluvial fan deposits, occur along the entire
northern fault-bounded mountain front. To the east, a debris slope is offset along the Balvano fault.
The heights and estimated ages of both bedrock and alluvial fault scarp along the northern fault
bounded mountain front of both PB and PSGM basins suggest that fault slip rate only slightly exceeds
the accumulation rate within the two basins (ranging from 0.1 to 0.37 mm/a, with a mean value of
0.2 mm/a in the last 240 ka in the PSGM [7]). The slip rate estimated so far is consistent with the value
(<0.5 mm/a) independently estimated by slip profiles analysis of fault scarps in the northern mountain
front [20].

Evidence for Late Pleistocene-Holocene fault activity in the Mt. Marzano massif is widespread further
to the north and east of the PB-PSGM major fault (Figure 2c). Among the faults active since the final part
of the Middle or the Late Pleistocene are the NE-dipping Mt. Valva-Mt. Marzano-Mt. Carpineta and the
Mt. Ogna-Mt. Cucuzzone fault zones, consisting of a succession of fault strands with average NW-SE to
WNW-ESE strike (Figure 3). Offsets accumulated by these younger faults have not significantly affected
topography of the Mt. Marzano massif, which culminates on the Mt. Eremita peak (1579 m) located in
the northernmost part of the massif. Recent activity of NE-dipping faults in the Mt. Marzano ridge have
interacted with surface processes, causing widespread valley damming (evidenced by several wind gaps)
and the formation of alluvial basins (Figures 3 and 4). Recent activity has also affected the longitudinal
profiles of the streams that dissect the ridge (Ascione et al. 2013).
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Figure 4. (a) Location of the Piano di Pecore basin, created by fault damming of the Pazzano stream with
an indication of the coseismic N-facing fault scarp (from Pantosti et al. [13]). (b) Seismic tomography
and inferred geological cross-section across the Piano di Pecore basin, along the red trace in diagram a,
showing thickening of the basin fill toward the southern basin border (from Ascione et al. [78], modified).
(c) Geological sketch map of the Mt. Ogna area, with the Piano il Parco and Vadursi basins, created by
damming of S-flowing stream valleys (from Ascione et al. [78], modified). (d) Geophysical investigations
of the Piano il Parco basin, showing thickening of the basin fill toward the southern basin border (from
Galli et al. [83], modified).
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Due to the carbonate nature of the rocks that form the backbone of the Mt. Marzano ridge,
the dammed valleys evolved as karst basins in several instances. One of such basins is occupied by the
Piano di Pecore plain. The Piano di Pecore basin is an undissected karst basin filled with continental
deposits with an inferred thickness around 30-40 m (Figure 4). The basin fill, based on surface evidence
and on shallow excavations (paleoseismological trenches, see Section 6), is composed of slope debris,
limited to the basin margins, as well as fine-grained colluvial, lacustrine-marshy, and volcanoclastic
sediments. The formation of the Piano di Pecore basin occurred in response to the damming of a
S-flowing stream (Pazzano stream) by the NE-dipping Mt. Valva-Mt. Marzano-Mt. Carpineta fault
zone. This is inferred from the occurrence, at the SW border of the basin, of a 200 m deep wind
gap cut across the Mt. Marzano-Mt. Carpineta ridge (Figure 3) [78]. Evidence for recent (Holocene)
activity of the Mt. Marzano-Mt. Carpineta fault is provided by the 5 m vertical separation between the
undissected basin floor and the wind gap bottom, whereas the youngest tectonic activity has been
evidenced by the 1980 coseismic rupture (see Section 6). Tomographic investigations allowed the
identification of the fault activated with the 1980 earthquake in the Piano di Pecore subsurface by a
bedrock throw of approximately 20 m, which affects the top of the carbonate bedrock of the basin
(Figure 4). The bedrock throw has most probably overestimated the total fault offset which, based on
the vertical separation between the basin bottom and the adjacent wind gap bottom, has been evaluated
at about 40 m, consistent with the 40-50 m vertical separation between displaced erosional surface cut
on both the hanging wall and the footwall blocks of the entire Mt. Valva-Mt. Marzano-Mt. Carpineta
fault zone [78].

5. Seismicity

Active tectonics evidence the intense seismicity affecting the Mt. Marzano area, which falls within
the epicentral area of some of the strongest historical earthquakes of southern Italy, i.e., those with
intensity I > X MCS occurred in 989, 1694, in 1930, 1962 and 1980 (Figure 2a) (e.g., [11,14-16,84]).
Among such events, the Mg = 6.9 1980 Irpinia earthquake dramatically struck the Mt. Marzano and
the neighboring area, which recorded widespread coseismic ruptures and a large number of secondary
geological effects, including landslides, ground cracks, liquefaction, and variations in the discharge
rate of major carbonate springs [14]. The area, which was also struck by a seismic sequence with a
My, = 4.9 mainshock [85] in 1996, is presently affected by subdued background seismicity with My,
ranging between 1 and 3.3 (Figure 5) [4,86-88]. In July 2020, the NW termination of the extensional
fault system (in the Rocca San Felice area; location in Figure 2a) was affected by a minor seismic
sequence (with maximum My, = 3.0 recorded for two shocks), including 43 events distributed over
a NW-SE-trending, narrow, ca. 5 km long zone [87]. Using the 3D velocity model described by
Amoroso et al. [8], 36 selected events were relocated, depicting a fault zone dipping 50-60° toward
the NE [87]. The related focal mechanisms show fault plane solutions characterized by dominate
dip-slip, normal fault kinematics with a subordinate strike-slip component. The seismological dataset
associated with this seismic sequence, being generally consistent with the seismogenic sources of the
Irpinia region, has recorded fault activity in the proximity of the NW tip of the regional seismogenic
structure. One of the largest nonvolcanic natural emissions of low-temperature CO, rich gases ever
measured on Earth, i.e., the Mefite d’Ansanto (e.g., [89]), is located in this area. This is consistent with
previous studies suggesting that the densely fractured ‘process zone’ surrounding fault tips represent
major conduits for fluid flow, giving rise to strong gas emissions at the surface [23]. Boreholes in this
area also indicate the occurrence of a CO; gas cap at the top of an antiformal trap involving fractured
Apulian carbonate reservoir rocks, while saline water variably occurs along the sides of the structural
trap and below the gas cap [43].
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Figure 5. (a) Seismicity of the Irpinia region from August 2005 to April 2011 in map view (in orange,
seismogenic sources from DISS working group [88]) and in cross-sections, along the profiles reported in
the map (the red lines represent the projection of the fault segments activated with the 1980 earthquake)
(from De Matteis et al. [4], modified). (b) Comparison of models for the 20 s fault, and projection of
aftershocks (crosses indicate uncertainty) localized on a vertical N31E cross-section cutting across the
PSGM; A and B (effectively slipped area: thick line): Amoruso et al. [90]; BZ: Bernard and Zollo [1];
PD: Pingue and De Natale [91]; PV: Pantosti and Valensise [12] (from Amoruso et al. [90], modified).
(c) Gravity profile, and the fault segments and aftershocks [92] (crosses indicate uncertainty) of the
1980 earthquake (partly redrawn from Improta et al. [74]).

6. The 1980 Irpinia Earthquake

As already mentioned above, the 1980 Irpinia earthquake was characterized by a complex source
mechanism, consisting of three major subevents at 0's, 20 s and 40 s, with M,y 6.9, 6.4, and 6.3 respectively
(Figure 1) (e.g., [1,3]). The mainshock originated in the 8-13 km depth range [93]. Bernard and Zollo [1]
defined the three normal faulting ruptures as follows: (i) The Mg = 6.9 mainshock, which nucleated on
the NE-dipping Mt. Marzano and Picentini Mts. segments (about 20 km long); (ii) the 20 s subevent,
which nucleated about 15 km southwest of the first event on a circa 20 km long normal fault; (iii) the
40 s subevent, located in the Ofanto basin area, which was associated with a SW-dipping normal fault
antithetic to the first activated fault (Figures 1B and 5). According to Nostro etal. [94], the 40 s subevent
might have reactivated a fault segment which ruptured during the Me = 6.9 [95], 1694 earthquake,
which struck an area overlapping with that hit by the 1980 event (e.g., [14,15]). Pingue and De
Natale [91] estimated an 80° SW dip for the Ofanto fault. On the other hand, the NE-dipping
fault segment responsible for the Mt. Marzano mainshock is constrained in a 53°-63° dip range by
seismological data [93], whereas dip values of 60° (at depth) to 70° (at surface) have been proposed
based on breakout and log analysis of the S. Gregorio Magno 1 well [96]. Probably due to the scarce
source coverage [97], the localization and mechanism of the 20 s subevent are debated. In fact, the 20 s
nucleation has been associated with: (i) A deep-seated, NE-dipping, low angle (20°) fault [1]; (ii) a
fault plane dipping 60° to the NE [12]; and (iii) a SW-dipping fault antithetic to that of the mainshock
(and roughly aligned with the 40 s fault; Figure 5b), which is suggested to represent a reactivation of
the southernmost part of the fault activated with the 1694 earthquake [90]. On the other hand, based
on absence of record of the 1694 event in trenches dug along the 1980 ruptures, it has been proposed
that the fault responsible for the 1694 earthquake was similar to and longer than the 40 s fault [98].
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However, in the paleoseismological trenches (see below), no record of other large earthquakes that
struck the area, e.g., those that occurred in 1930 and 1962, was found.

The Mt. Marzano-Picentini Mts. fault segments and the antithetic Ofanto fault define the
boundaries of both a NW-trending zone of aftershocks (which coincide with a high P-wave velocity
zone) [92,99] and a volume affected by background microseismicity on subparallel predominantly
normal faults (Figure 5a) [4]. The 1980 earthquake affected the epicentral area with widespread
coseismic surface ruptures and ground deformation, which have been detected by geodetic levelling
surveys [1,22,91].

Post-eventum surveys in the region recording the largest intensity (Ip > IX) have reported more
than 3000 ruptures, with those with a vertical offset showing a marked N120° main trend [100].
Among such ruptures, the circa 2 km long, up to 50 cm high, WNW-ESE trending, NE-facing scarp
formed in the PSGM basin (Mt. Difesa Ripa Rossa scarp [19]; location in Figure 3) and the mainly
NW-SE trending, NE-facing scarps in the Mt. Marzano—Piano di Pecore area [18] were interpreted as
surface faulting (Figure 6).
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Figure 6. (a) Post-eventum mapping of the 1980 Irpinia earthquake surface faulting in the Mt. Marzano
peak—Piano di Pecore plain area (modified from Cinque et al. [18]). (b) Mapping of the 1980 Irpinia
earthquake coseismic surface ruptures from [12]. (c) Distribution of the 1980 Irpinia earthquake
coseismic surface faulting, after [10,12,14,18,19,101,102] (from Serva et al. [15], modified).

In particular, a high scarp ranging from several tens of centimeters to around 1 m, running
across the NE slope of the Mt. Valva-Mt. Marzano ridge and the floor of the Piano di Pecore plain
and continuing toward the SE for some hundreds of meters, was recognized [18]. The scarp was
characterized, for most of its length, by a NW-SE trend and a NE dip. A roughly E-W trending,
N-facing scarp was also recognized (Figure 6). The latter scarps, and those affecting the SW slope
of Mt. Carpineta ridge (the downthrown block being the uphill side), were interpreted as part of a
10 km long succession of right-stepping strands of the 1980 surface faulting, and the PSGM scarp was
related to a further fault segment [8]. Coseismic faulting was related to three main strands separated
by gaps (i.e., the Sele valley and San Gregorio Magno gaps), with changes in strike of about 10° [12].
Such fault strands, interpreted as part of a 38 km long, NE-dipping scarp with an average N128° strike
('Trpinia fault’), are identified with: (i) The Picentini Mts. footslope, with a N125° trend; (ii) the N135°
trending Mt. Marzano-Mt. Valva scarp coupled with the N135°-N110° trending Mt. Carpineta scarp;
and (iii) the N130°-N120°-striking PSGM scarp (Figure 5). The Mt. Marzano-Mt. Valva-Mt. Carpineta
and Picentini Mts. segments have been associated with the mainshock and the PSGM strand with the
20 s subevent. It has also been suggested that the Mt. Valva-Mt. Marzano-Mt. Carpineta and the
Picentini Mts. strands are part of single, continuous fault having a subdued topographic expression
as it crosses the Sele River Valley, which is occupied by rocks with a low resistance to erosion [20].
The 40 s subevent has been associated [101] with circa 8 km long, up to 30 cm high, SW-facing scarps
exposed between Santomenna and Muro Lucano (Figure 6¢). Paleoseismological investigations carried

60



Geosciences 2020, 10, 493

out in the Piano di Pecore site revealed a mean slip rate around 0.3 mm/a [13], and a 0.17-0.4 mm/a slip
rate in the last 20 ky was estimated for the antithetic, NE-dipping, Mt. Difesa Rossa fault [103].

Recently, Ascione et al. [7] identified several fault arrays within the epicentral area of the 1980
earthquake (Figure 2c). Within the structures belonging to the identified fault arrays, those developed
in the area spanning from the northern Mt. Marzano massif (i.e., the Marzano fault array) to the Ofanto
river valley—being characterized by a NE dip in the Mt. Marzano area and a SW dip to the NE of
such a massif—are considered as the surface expression of the deep-seated graben-like structure which
was activated with the 1980 earthquake (e.g., [1,90,91]). Their spatial distribution overlaps the belt
affected by the 1980 earthquake aftershocks (e.g., [92]) and by the present-day low magnitude seismicity,
which occurs on subparallel, predominantly normal faults (Figure 2e) [4]. A major SW-dipping active
fault system was identified to the SW of the earthquake epicenter, at the northern boundary of the
S. Gregorio Magno—Buccino basins (Figure 2c) [7]. Stress inversion from surface faults and from
instrumental earthquake focal mechanisms show a consistent pattern of NE-SW roughly horizontal
maximum extension (Figure 2d), which is compatible with the T axis obtained from the 1980 main shock
and with results of cumulative stress inversion from earthquake focal mechanism data (Figure 2e).
Surface structures are decoupled from the seismically active deep-seated structures, which, in turn,
reactivate inherited basement faults (Figure 2b) [7]. Decoupling between deep and shallow structural
levels is related to the strong rheological contrast produced by the fluid-saturated, clay-rich mélange
zone interposed between the foreland Apulian Platform carbonates and the allochthonous units,
which include carbonate platform (i.e., Apennine Platform) and basin (i.e., Internal and Lagonegro)
successions (Figure 2b). Based on such an interpretation, the surface expression of the deep SW
Boundary Fault (SWBEF) is represented by the PB-PSGM fault zone, that of the Central Fault (CF) by
the Mount Marzano-Mount Carpineta (MC) and Mount Ogna (Og) fault zones and that of the NE
Boundary Fault (NEBF) by the Conza (Co) and S. Fele fault strands (Figure 2b,c).

Amoroso et al. [8], thanks to the installation of dense, high dynamic range, seismic network
operated by INGV (Istituto Nazionale di Geofisica e Vulcanologia) and AMRA (Analisi e Monitoraggio
dei Rischi Ambientali) in the area struck by the 1980 Irpinia earthquake, recorded a massive waveform
dataset of micro-earthquakes with magnitude larger than about 1 from August 2005 through April
2011. The researchers analyzed Vp and Vg wave velocities in the upper crust of the Irpinia fault system
and the related microseismicity distribution, which appears to be confined within an uplifted block
including the main normal fault rupture of the 1980 earthquake (Figure 7). They observed high Vp/Vg
and low Vp x Vg values in the region where intense microseismicity is located, which suggests fluid
accumulation within a ~15 km wide rock volume. Further studies [48] have provided evidence for a
composition of the fluids permeating the subsurface of the 1980 Irpinia earthquake region dominated
by CO; and brine.
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Figure 7. Three-dimensional tomographic model of the 1980 Irpinia earthquake region. (a) Vp velocity
model and microearthquake locations projected onto the cross-section located in Figure 2a (refer to
Figure 2b for the tectonic contacts and geological units). Dashed curves delimit the well-resolved
regions of the model. Each curve corresponds to a different resolution scale obtained from estimating
the resolvability function for each model parametrization used in the multiscale approach, as explained
in detail by Amoroso et al. [8]. Star shows the hypocenter of the Mg 6.9, 1980 Irpinia earthquake.
(b) Vp/Vg ratio for the same depth section as in (a). (c) Horizontal slice through the P-wave tomographic
model at depths (Z) of 6 km and 8 km. (d) Horizontal slice showing Vp/Vg ratio at depths (Z) of 6 km
and 8 km (modified from Amoroso et al. [8]).

7. Postseismic Deformation

Recent studies suggest that a significant proportion of the topography and geomorphology
in tectonically active areas is controlled by deformation in the postseismic time period following
earthquakes [104-107]. The deformation during the parts of the earthquake cycle that do not involve
slip during earthquakes may be analyzed by means of satellite data to map the motion of the Earth’s
surface (known as space-based geodetic measurements, e.g., GPS and InSAR). At present, the length
of the earthquake cycle (decades to millennia) rules out examining an entire cycle on a given fault
using these space-based geodetic methods. However, even imaging parts of the coseismic, postseismic,
and interseismic periods—using the decades-long archive that is now available for exploitation—may
provide useful insights into the geometry and mechanisms of the deformation. Within this framework,
it is crucial to compare the strain in the earthquake cycle—including that produced by postseismic
afterslip—with the geology and topography of the study area by means of tectonic geomorphology
analyses, which clearly provide insights into the deformation integrated over much longer timescales
with respect to a single earthquake cycle.

Construction of Ground Deformation Maps Based on PSs Mean Vertical Velocity

In this section, we present the procedure followed to obtain two radar vertical mean velocity
ground deformation maps that cover the region around the epicentral area of the 1980, 6.9 Mw,
Irpinia earthquake. The maps were constructed using Permanent Scatterers—PS datasets processed by
images recorded along both the ascending and descending orbits by ERS 1/2 (1992-2000) and Envisat
(2003-2010) satellites. The PS datasets analyzed in this study are listed in Tables 1 and 2.
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Table 1. ERS Permanent Scatterers datasets used in this study.

PS ERS Original Dataset Number of Pss
ERS_T358_F819_CL003_CAPOSELE_A 38,864
ERS_T358_F819_CL002_BENEVENTO_A 45,672
ERS_T494_F2781_CL001_POTENZA_D 75,178

Table 2. ENVISAT Permanent Scatterers datasets used in this study.

PS ENVISAT Original Datasets Number of PSs
ENVISAT_T86_F816_CL001_FOGGIA_A 391,518
ENVISAT_T358_F801_CL001_SALERNO_A 248,986
PST2009_ENVISAT_T358_F819_CL001_BENEVENTO_A 532,482
ENVISAT_T265_F2781_CL001_AVELLINO_D 463,801

The datasets listed in Tables 1 and 2 were obtained from the Geoportale Nazionale of the Italian
Ministry of Environment (MATTM) database (www.pcn.minambiente.it/mattm) and preprocessed
with PSInSAR by the TRE Company and PSP-DIFSAR by the e-GEOS Company. Details on the
signal processing have been described by the authors of [108,109]. The PS position values for C-band
SAR satellites, such as the ERS and ENVISAT satellites, may be affected by a measurement error of
+3 mm. However, the ERS and ENVISAT PS data from the MATTM database are of high quality.
Any single pixel in a radar image is selected only if its temporal and geometrical decorrelation values
are extremely low. In fact, the coherence values (ranging from 0 to 1) of the PS of the datasets that
cover the investigated area are >0.6, which means that the PS coherence values are high. In other
words, the analyzed PS are stable with respect to the radar and, thus, their motions are measured
with high precision [109,110]. Consistently, the standard deviations of mean velocity values of single
PS, calculated over the timespans of the entire records (i.e., the 1991-2000 and 2003-2010 timespans,
respectively), are <0.5 mm/y for about the 90% of both datasets.

A GIS geospatial data analysis was used to construct, by means Arcgis 10.7® software (ESRI,
Redlands, CA, USA), a series of raster maps synthesizing the spatial distribution of various parameters
at different timespans. For the geospatial analysis, the Inverse Distance Weighting interpolator (IDW)
statistics were used. In the first steps, the entire original ERS and ENVISAT PS datasets (listed in
Tables 1 and 2) were processed. Afterward, the PS datasets were analyzed in order to select, from the
original datasets, subsets of data (hereinafter labelled PS normal subsets) by excluding outlier data
(see below).

Due to the near-polar orientation of SAR orbits, components of ground-motion-oriented N-S
are substantially undetectable, while E-W-oriented components contribute to the motion detected
by SAR satellites along its Line of Sight (LoS). Starting from PS motion recorded along SAR both
ascending and descending orbits, the displacement/velocity in the vertical plane (z) oriented E-W
may be reconstructed through the evaluation of the vertical (Dz or Vz) and horizontal (E-oriented,
Deast or Veast) components of PS displacement, or velocity using the following equations by the
authors of [111-113]:

Dz = (DLosd + Drosa)/2cosd o
Deast = (DLosd — DLosa)/2send 2
Vz = (Viosd + VLosa)/2cosd ®3)
Veast = (VLosd — Viosa)/2send 4)

where Dy os4 and Dy o5, are PS displacement values oriented along the descending and ascending LoS,
respectively; Viosq and Vi os, are PS velocity values oriented along the descending and ascending LoS,
respectively; and ¢ is the LoS angle of incidence, which is around 23° for ERS and ENVISAT satellites.
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The SAR data analysis was focused on a key area including the Mt. Marzano and Conza sites,
where surface evidence of the main NE-dipping fault responsible for the 1980 Irpinia earthquake
mainshock and the antithetic SW-dipping fault responsible for the 40-s subevent occurred [7,22].
The perimeters of the areas of interest (shown in Supplementary Figure S1) were traced along the
regions where the ascending and the descending original datasets and subsets are consistently
overlapped. This is a necessary condition to operate, subsequently, on the interpolated raster data
in order to derive the horizontal and vertical components of the ground motions by applying the
relationship [3]. As a consequence, the parameters of the analyzed ERS and ENVISAT datasets are
slightly different (Supplementary Figure S2).

The IDW analysis, with cell size 50 x 50 m, was applied to the ERS PS ‘native’ ascending and
descending datasets (i.e., the datasets that include both normal and outlier PSs) in order to construct
the LoS-oriented mean velocity maps, which are reported in Supplementary Figure S3. Afterward,
starting from the maps of the ascending (Vi ,s,) and descending (Vi osq4) mean velocities, by applying
Equation [3], the vertical component of mean velocity (Vz), or ground deformation, was constructed
for the 1992-2000 timespan (Figure 8).
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Figure 8. IDW interpolation (cell size 50 x 50 m) of ERS PS ‘native’ datasets (i.e., the datasets that
include both normal and outlier PSs), showing the vertical mean velocity/ground deformation in the
1992-2000 timespan. Fault/fault array labelling as in Figure 2b.

The maps of the LoS-oriented (ascending and descending) mean velocities in the 2003-2010
timespan, constructed using the ‘native’ ENVISAT datasets, are reported in Supplementary Figure S4.
Through the relationship [3], the vertical component of mean velocity for the ENVISAT PS original
dataset was obtained (Figure 9).

A geospatial analysis was then carried out by applying both the Hot Spot Analysis (Getis-Ord
Gi*) and the Cluster and Outlier Analysis (Anselin Local Moran’s I) mapping tools to all the PS subsets
without applying any filter based on coherence values. The data analysis started with the extraction
of ‘PS normal subsets’” from the ‘native’ datasets through the outliers” boundaries (fence) evaluation
(Supplementary Figure S5 and Table S1). Afterward, the PSs (of both the ERS and ENVISAT datasets)
falling inside the perimeters shown in Supplementary Figure S2 were selected. The data included in
the investigated perimeters form three new subsets for the ERS data, and four new subsets for the
ENVISAT data, all identified with the label ‘marzano’ (Supplementary Figures S6 and S7).
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Figure 9. IDW interpolation (cell 50 x 50 m) of ENVISAT PS ‘native’ datasets (i.e., the datasets that
include both normal and outlier PSs), showing the vertical mean velocity/ground deformation in the
2003-2010 timespan. Fault/fault array labelling as in Figure 2b.

Following, in part, the procedure by [114], both the Hot Spot Analysis (Getis-Ord Gi*) and the
Cluster and Outlier Analysis (Anselin Local Moran’s I) mapping tools for all ‘marzano’ were applied to
the PS subsets (the subsets arising from the Hot Spot Analysis are labelled with ‘HS,” and those from
the Cluster and Outlier Analysis with ‘CO’). The label 2k’ of the subsets’ names indicates the 2000 m
Threshold Distance that is ‘a cutoff distance for Inverse Distance option. Features outside the specified cutoff for
a target feature are ignored in analyses for that feature.” The label ‘IDW’ is referred to the Conceptualization
of Spatial Relationships that is ‘nearby neighbouring features have a larger influence on the computations for
a target feature than features that are far away.” The mapping results are shown in Supplementary Figures
S8 and S9 for both of the used tools. Inspecting the diagrams in Supplementary Figures S8 and S9, it is
evident that both mapping tools give a similar distribution of representative PSs (the red and blue
points), and there is a better data visualization in the maps created with the Cluster and Outlier Analysis
(CO maps). For these reasons, the CO maps were used for any subsequent elaboration.

To operate with a less but still significant number of PSs, we further removed, from the ‘CO’
subsets, the PSs defined as ‘not significant,” ‘high outlier’ (HL), and ‘low outlier’ (LH). Examples of
maps constructed using ERS and ENVISAT descending subsets composed of PSs classified as ‘not
significant” (nsig) are shown in Supplementary Figures S10 and S11. The remaining PSs, classified
as (HH) and (LL), were selected for the new subsets (identified by the ‘nout” label; Supplementary
Tables S2-S5), which were used to construct new ground deformation maps for the investigated area
(see below). Applying the IDW interpolation (cell size 50 x 50 m) to data of the PS subsets labelled
‘CO_2k_IDW_nout’, maps of the LoS-oriented ascending and descending mean velocities (Vi,os, and
VL0osd) were constructed (Supplementary Figures S12 and S13). Afterward, Equation (3) was applied to
both the ERS and ENVISAT LoS-oriented ascending and descending velocities to construct maps of the
vertical component of mean velocity/ground deformation in the 1992-2000 and 2003-2010 timespans,
which are shown in Figures 10 and 11, respectively.
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Figure 10. ERS data: Vertical mean velocity/ground deformation map 1992-2000, IDW interpolation
(cell size 50 x 50 m). Data statistical selection with the Cluster and Outlier Analysis, i.e., map constructed
using the ERS subsets labelled ‘CO_2k_IDW_nout’ (which includes only PS classified as HH and LL).
Fault/fault array labelling as in Figure 2b.
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Figure 11. ENVISAT data: Vertical mean velocity deformation map 2003-2010, IDW interpolation
(cell 50 x 50 m). Data statistical selection with Cluster and Outlier Analysis, i.e., map constructed using
the ENVISAT subsets labelled ‘CO_2k_IDW_nout’ (which includes only PS classified as HH and LL).
Fault/fault array labelling as in Figure 2b.
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8. Discussion of Postseismic Deformation

Two types of processing were used in this study. One technique (i.e., IDW analysis of ‘native’
PS datasets) requires few steps of analysis, whereas the other one (based on the Cluster and Outlier
Analysis) involves a more complex sequence of steps. The maps obtained by means of these two types
of processing are quite similar in terms of spatial distribution of vertical (up/down) motion orientations
(Figures 8-11).

Both ERS maps show that the area of interest, is for the most, part slightly uplifted (0-1 mm/y
mean velocity class). However, the ERS vertical mean velocity deformation map for the timespan of
1992-2000, obtained with the Cluster and Outlier Analysis (CO map of Figure 10), shows the presence
of areas characterized by slightly higher positive velocity (1-2 mm/y mean velocity class) in the
1992-2000 timespan more impressively than the map of Figure 8. These areas are located in the
areas corresponding to the surface projections of the footwall blocks to the major blind seismogenic
faults identified as (i) Central Fault (CF) (particularly, the northern and southern parts of such block)
and (ii) NE Boundary Fault (NEBF) [8]. The CF and NEBF correspond to the seismogenic structures
activated with the main shock (0 s) and 40 s shock of the 1980 Irpinia earthquake [1], respectively.
Furthermore, the central part of the sector bounded by the two structures described above, which has
been identified as a major graben structure based on both seismological and levelling data [1,96], is also
characterized by similar, slightly higher positive velocity.

In addition, two elongated bands, NW-SE-oriented and characterized by slight subsidence (0 to
—1 mm/y or —1 to —2 mm/y mean velocity classes), are identified in the surface projection of hanging
wall blocks of the CF and NEBE. These bands form narrow (circa 4-5 km wide) belts following the
surface projection of the CF and NEBF major structures.

In the maps derived by ENVISAT PS datasets, the area of interest is, for the most part, subject to
subsidence (the most represented is the 0 to —1 mm/y mean velocity class), but areas that in the
ERS-based maps show uplift are still visible as slightly uplifting.

In the maps derived from the ‘native’ datasets (Figures 8 and 9), localized orange or blue spots that
are widespread in almost the entire analyzed area can be noticed. Comparison of spatial distribution of
orange/blue spots with surface geology features shown in the schematic map of Figure 2a suggests that
the spots are most probably related to gravitational phenomena, which affect the shale/clay-dominated
formations (e.g., internal units and Pliocene wedge-top basin deposits) that have been cropped out in
most of the investigated region.

The tectonic setting of the 1980 Irpinia earthquake region is shown in Figure 2. As already mentioned
previously, the Irpinia earthquake was characterized by a complex source mechanism, associated with at
least three normal faulting ruptures on distinct fault segments [1] involving the activation of both the Central
Fault and the NE Boundary Fault shown in Figure 2b.

Like Peltzer et al. [115], we analyzed intermediate- and near-field postseismic surface
displacements following the Irpinia 1980 earthquake using processed ERS 1/2 and ENVISAT SAR data
with PS-InSAR technique, covering time intervals between 1992 and 2010. The PSs interpolated maps
revealed transient displacement patterns that were either not observed or only partially captured by
other geodetic techniques. In particular, the PSs interpolated maps depict vertical displacements of the
ground surface. Analysis of the range change maps, which cover an 18-year timespan, started only
12 years after the 1980 earthquake.

Both the ERS and ENVISAT vertical mean velocity deformation maps (Figures 8-12) show that
the surface projection of the footwall block to the northeast-dipping CF has uplifted over the analyzed
timespan. Such an uplift is more marked during the timespan covered by the ERS satellites (mean
velocity of about 1-2 mm/y) than in the 2003-2010 timespan (Figures 12 and 13) On the other hand,
the surface projection of the hanging wall block of the CF, near field of the fault itself, is characterized by
slow subsidence (in the —1 to 0 mm/y mean velocity range; Figure 12). Likewise, the surface projection
of the footwall block of southwest-dipping NEBF has uplifted, more markedly (mean velocity of
about 1-2 mm/y) during the timespan covered by the ERS surveys, while the hanging wall block is
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characterized by slow subsidence (Figures 12 and 13). Uplift, more evident in the timespan covered
by the ERS surveys, characterizes the sector located at the northwestern termination of the surface

projection of the CF (Figure 12).
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Figure 12. Multitemporal ground deformation patterns plotted against the pattern of active faults at
the surface (red segments, from Ascione et al. [7]) and the projections at the surface of the deep-seated
CF and NEBF (dashed black lines, from Amoroso et al. [8]; see Figure 2), which correspond to
the structures activated with the 1980 Irpinia earthquake at 0 s and 40 s, respectively. The ground

deformation patterns result from analyses of the ERS and ENVISAT datasets selected by the Cluster

and Outlier Analysis. (a,c) Ground deformation in the 1992-2000 timespan. (b,d) Ground deformation
in the 2003-2010 timespan. The map in the background of diagrams (c,d) corresponds to the spatial
distribution of the Vp/Vg ratio in a horizontal slice at 6 km depth through the P-wave tomographic model,

with micro-earthquakes (black dots) recorded from 2005 to 2011, as in Figure 7 (from Amoroso et al. [8],

modified). Traces of ground deformation profiles of Figure 13 are also shown in diagrams (a,b).

Subsidence of the surface projection of the hanging wall to the NEBE, more pronounced in the
1992-2000 timespan along the southeastern profile (Figure 13), suggests that postseismic afterslip
occurred along this major seismogenic fault segment at depth. Surface deformation around the CF
shows a more articulated pattern. The southeastern portion of the surface projection of this fault
is characterized by a pattern consistent with postseismic afterslip (footwall uplift and hanging wall
subsidence; Figure 12a,b; Figure 13). However, to the NW, uplift also characterizes the surface
projection of the hanging wall block of the CF. Such a behavior has no straightforward interpretation.
As high VP/VS values occur at depth in the region of ‘anomalous’ uplift in the CF hanging wall
(Figure 12¢,d), a correlation of subdued, positive ground deformation with fluid accumulation at depth

may be hypothesized.
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Figure 13. Postseismic ground deformation profiles across the 1980 Irpinia earthquake epicentral area
(see Figure 12a for locations of profiles A-A’” and B-B’ and Figure 12b for location of profile C-C’).
The dashed black lines indicate the locations of the projections at the surface of the deep-seated CF
and NEBF, which correspond to the structures activated with the 1980 Irpinia earthquake at 0 s and
40 s, respectively.

9. Concluding Remarks

The analysis of PS-InSAR data from the region struck by the strongest Italian earthquake of the
last century, the MS 6.9 1980 Irpinia earthquake, has shown that ground deformation has affected this
area in the last decades. The PS-InSAR data analysis covers a timespan ranging from 12 to 30 years
after the earthquake. The analysis showed that cumulative deformation is consistent with coseismic
deformation inferred from both seismological data (rupture mechanisms of the three main shocks
which occurred in a 40 s timespan) [1], levelling data [1,91] and coseismic surface faulting [10,12,18,19].
In addition, it is consistent with evidence of Late Quaternary active faults at the surface (e.g., [7,22]).
In particular, evidence for continuing uplift of the footwall—and subsidence of the hanging wall
blocks—of the two major faults activated with the 23th November earthquakes has been identified.

The results of PS-InSAR data show that postseismic deformation was still occurring 30 years after
the earthquake. The slight decrease in the uplift rate from the timespan surveyed by the ERS satellite
to that covered by the ENVISAT could represent the effect of decay in the time fault of creep/low
energy earthquakes over decades after the earthquake and of the consequent decrease in postseismic
deformation. Within this framework, we considered the ERS and ENVISAT datasets, both of which
are high quality and perfectly consistent in terms of long-term trends. Therefore, the observed
decay of postseismic deformation was interpreted as real and not induced by the different satellites.
In addition, the PS-InSAR data analysis also showed that the region in the mid part between the two
main structures activated with the 1980 earthquakes is currently affected by slow uplift. Based on
spatial superposition of this region with the rock volume (extending from ~4 km depth downward)
that has been identified as saturated of fluids, such uplift may be interpreted as the response, at the
surface, to the accumulation of fluid (particularly CO,, based on the widespread evidence discussed
in this review paper) at depth. Comparison between the ERS- and ENVISAT-based maps showed
that uplift has decreased in the analyzed 20-year time window. However, it is not possible to assess
whether such a decrease represents effective diminishing uplift—and possibly decreasing fluid input at
depth—or only a stage in a fluctuating long-term process. Previous studies on postseismic deformation
elsewhere in the world have suggested that a progressive decay of surface deformation over a 20- to
30-year timespan is compatible with the postseismic afterslip process (e.g., [104]). On the other hand,
recent results on high-resolution analysis of microseismicity suggest a multiyear cycle behavior related
to CO,-brine accumulation and sealing within a reservoir at hypocentral depths beneath the Irpinia
region [116]. According to these studies, when the pressure in the deep CO,-brine reservoir increases,
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the seismicity tends to progressively be distributed over fault zones. The process culminates with
Mw > 3.5 earthquakes, which appears to lead to the creation efficient fracture porosity and related
permeability, allowing the fluids to escape and migrate toward the surface. The sequences are then
followed by a slow decrease in the stress level until a new stress loading cycle starts. These cycles of
stress loading related to fluid accumulation in the subsurface [116] clearly point out that there may
be further mechanisms besides postseismic afterslip which is able to account for at least some of the
ground motions detected by our InSAR analysis.

The 1980 Irpinia earthquake provides a fundamental lesson on earthquake faulting in the
Apennines. Fault segmentation occurs at various scales starting from the seismogenic source.
The occurrence of at least three major subevents at 0 s, 20 s, and 40 s implies the activation of
multiple deep portions/segments of the crustal-scale seismogenic structure. The strongly anisotropic
structure of the allochthonous cover, including various thrust sheets overlying a shale-dominated and
fluid-saturated mélange zone resting on top of a more rigid substratum represented by the Apulian
Platform, produced an even more complex network of shallow, relatively small (<10 km long) fault
strands. This, in turn, resulted in a rather discontinuous and apparently chaotic pattern of surface
ruptures, as discussed in this review paper. Within this framework, results from paleoseismological
studies obtained from a single fault strand should be used, taking into account that earthquake faulting
in the Apennines is clearly a three-dimensional process involving crustal volumes rather than just
two-dimensional fault planes. As earthquake-related slip is variably and complexly distributed among
various surface fault strands, recurrence intervals and slip rates obtained from a particular fault
segment may not be representative of the activity of the seismogenic structure controlling seismicity
and the characteristic earthquake for that region. This makes the ‘hunting’ for the faults that produced
historical earthquakes particularly challenging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/10/12/493/s1,
Figure S1: Maps showing the original PS datasets, Figure S2: Spatial selection of PS data, Figure S3: LoS-oriented
ascending and descending mean velocity maps in the 1992-2000 time span, Figure S4: LoS-oriented ascending and
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Abstract: The geology of the epicentral area of the 1980 earthquake (Irpinia-Lucania, Italy) is described
with new stratigraphic, petrographic and structural data. Subsurface geological data have been
collected during the studies for the excavation works of the Pavoncelli bis hydraulic tunnel, developing
between Caposele and Conza della Campania in an area that was highly damaged during 1980
earthquake. Our approach includes geological, stratigraphic, structural studies, and petrological
analyses of rock samples collected along the tunnel profile and in outcropping sections. Stratigraphic
studies and detailed geological and structural mapping were carried out in about 200 km? wide area.
The main units cropping out have been studied and correlated in order to document the effects of
tectonic changes during the orogenic evolution on the foreland basin systems and the sandstone
detrital modes in this sector of the southern Apennines. The multi-disciplinary and updated datasets
have allowed getting new insights on the tectono-stratigraphic evolution and stratigraphic architecture
of the southern Apennines foreland basin system and on the structural and stratigraphic relations
of Apennines tectonic units and timing of their kinematic evolution. They also allowed to better
understand the relationships between internal and external basin units within the Apennine thrust
belt and its tectonic evolution.

Keywords: geological map; tunnel geology; sandstone petrology; foreland basin evolution; 1980
Irpinia-Basilicata earthquake; southern Apennines; Italy

1. Introduction

The southern Apennines divide area between Sele river and Ofanto river valleys (southern Italy)
represents a key sector for analyzing the paleogeographic conditions and the geodynamic evolution of
the Apennine thrust belt. This area is located among the Irpinia, Cilento and Lucania sectors (Figure 1)
and is characterized by very high seismic hazard due to the recurrence of strong earthquakes in the last
centuries [1-3]. Indeed, the 23rd November 1980 Irpinia-Lucania, earthquake (MS 6.9—Imax X MCS) [4-8]
has been the most devastating seismic event occurred in southern Apennines in the 20th century in
terms of loss of human life and destruction of cultural heritage (Figure 2). The earthquake caused also
severe structural damages to major civil engineering works throughout Irpinia sector, as for example
to the Pavoncelli hydraulic tunnel located between Conza dam and Caposele springs, and relevant
hydrogeological changes to several springs (i.e., Sanita spring at Caposele showed an abnormal,
temporary increase in discharge from 4.35 to 7.32 m3/s in January 1981) [9-11]. Moreover, a strong
ground deformation was caused by the seismic shakings between 30 and 74 cm in height, as resulting
by topographic leveling carried out in 1981 near Sella di Conza area [5,7,9,10,12-15]. The Pavoncelli
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water supply tunnel was built in 1911 [16] and runs just through the epicentral area, sustaining relevant
damage consisting of crushing of sidewalls and roof and in vertical to transversal ruptures of the
design section [10].

The high level of occurred damage was due to both the ineffectiveness of the technical rules in
force at that time for engineering works and buildings and the poor geological knowledge of the
stricken territory regarding to several aspects (seismology, stratigraphy, tectonics, and geomorphology).
For example, during the 1980s—early 1990s, the regional geological framework of this area was based
on the geological surveys made mainly during 1960s-1970s for the old geological sheets at 1:100,000
scale [17,18] that were summarized in the Bonardi et al. [19] geological map. A great improvement for
the regional geology framework was done during late 1910s-2010s within the national CARG (nuova
CARtografia Geologica) project for the new geological map of Italy at 1:50,000 scale [20,21], whose
results were summarized in the Bonardi et al. [22] geological map.

In recent years, new relevant data have been collected in the study area, thanks to the geological
study and investigations for the project for the works of the Pavoncelli-bis hydraulic tunnel that
was designed for replacing the old Pavoncelli tunnel, which was strongly damaged during the
1980 earthquake.

The main aim of the paper is further analyzing the relationships between internal and external
basin units of southern Apennine orogenic belt and constrain its paleogeographic and tectonic
evolution. Indeed, the multi-disciplinary updated datasets have allowed getting new insights on the
tectono-stratigraphic evolution and stratigraphic architecture of the southern Apennines foreland basin
system and on the structural and stratigraphic relations of Apennines tectonic units and timing of their
kinematic evolution.
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Figure 1. Geological sketch-map of the Southern Apennines (modified after [23]) and study area
location (inlet). Legend: 1. Quaternary and Pliocene deposits; 2. Miocene deposits; 3. Liguride
Complex; 4. Apennine carbonate platform units; 5. Molise-Lagonegro basin units; 6. Apulian carbonate
platform units; 7. Volcanoes; 8. orogenic front; 9. study area; 10. Historical earthquake epicenters [1,2];
11. 1980 earthquake epicenter [1,2]; 12. Trace of geological sketch section.
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Figure 2. Geological map of the study area [17,18,20,21] and seismic effects of 1980 earthquake. Legend:
Q, Quaternary deposits; P, pyroclastic and volcanic deposits; AR, Ariano unit (Pliocene); AL, Altavilla
unit (Late Miocene); M, flysch units (Middle-Late Miocene); SI, Sicilide and Liguride units; MA, Monte
Croce unit; TP, Apennine carbonate platform units; FR, Frigento unit (Lagonegro basin); FO, Fortore
unit (Lagonegro basin); DA, Daunia unit. Isoseismal lines by Postpischl et al. [24]; earthquake faults
by [6,7,12,14].

2. Geological Setting

The southern Italy thrust belt preserves key geodynamic signatures from the Pangaea breakup to
the Tethys opening and its closure during the growth of the mountain chains. These paleogeographic
domains include the inner domain (i.e., Paleozoic continental-crust sections), the oceanic realm
(the Flysch Basin domain), and the external domains including foreland successions (carbonate
platform to basin) and under plate stratigraphy (e.g., [25] and bibliography therein). The stratigraphic,
tectonic, and paleogeographic relationships between internal and external basin units are an unravelled
issue in the scientific debate about southern Apennines geology [22,26-29].

The “Liguride Complex Auct.” and the “Sicilide Complex Auct.” successions [30] represent
remnants of deposition in a Meso-Cenozoic remnant ocean basin related to the western subduction
of the Adria oceanic lithosphere beneath the Iberia or Mesomediterranean microplate [25,31,32].
The Liguride Complex records the consumption of the oceanic crust and the accretionary processes
along the Adria margin, and the continental accretionary processes of the Calabrian Terranes [33].
The subduction has been active for all the Paleogene and earliest Miocene, producing an accretionary
prism [31], and a diffuse calcalkaline volcanism in western Sardinia.

In response of E-NE accretionary processes along the Adria plate, immense volume of turbiditic
sedimentation took place in the Apenninic domain during early to middle Miocene. Here, the foreland
basin system developed over deformed remnant-ocean basin terranes during the early-to-middle
Miocene, over Lagonegro basin and inner Apennine platform units during the upper Miocene,
and finally over the previous deformed units and the western margin of the Apulia platform during
the Pliocene to Quaternary [33-36]. The foreland basin system migrated in time, and siliciclastic and
carbonate deposits, filling the wedge-top and the foredeep, were derived from progressive unroofing
of the Calabrian crustal block or from erosion of the forebulge [25,32,37,38].
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The Tyrrhenian back-arc extension of the last 10 Ma is responsible for the fragmentation and
dispersion of pieces of the Iberian and European plates (Calabria, Sardinia, Corsica), and increased the
displacement of the accretionary prism over the Adria plate, the eastward migration of the magmatic
arcs, and the roll-back of the Adriatic lithosphere [39-41].

More in detail, the Southern Apennine consists of a north-east verging thrust and fold belt,
interposed between the back-arc Tyrrhenian basin, to the west, and the undeformed Apulian-Adriatic
foreland, to the east. On the whole, its structural setting is the result of mainly compressive tectonic
events, related to the subduction followed by the roll-back of the Adria plate, followed by new
tectonic phases related to the opening, since the late Miocene, of the Tyrrhenian sea [40-42]. Structural
complexity characterizes the whole orogenic evolution of the EastNorthEast-verging fold-and-thrust
belt system, but the major imbrications result from the post-Messinian thrusting and refolding of more
ancient structures; this breaching [43] developed after the duplexing of the deep Apulian units [27].
Finally, the belt is widely affected by Plio-Quaternary strike-slip and extensional faults.

Several model and interpretations of stratigraphic and paleogeographic settings have been
proposed referring to the different carbonate platform and pelagic basin successions cropping out in
mountain belts. In detail, along the axial belt of the southern Apennines several basinal successions
crop out that are mainly made of calcareous-mudstone sequences; they have been alternatively assigned
to different tectonic units (i.e., Liguride, Parasicilide, Sicilide, Sannio, Lagonegro I and II), belonging to
both Molise, Lagonegro, and Lucanian basins, following different interpretations and paleogeographic
models [22,23,25-30,33,41,44-54].

Stratigraphic successions formed by the Argille Variegate Group (Argille Varicolori inferiori,
Sant’Arcangelo Fm. and Argille Varicolori Superiori) followed by Tufiti di Tusa Fm. or Corleto
Sandstone Fm. were deposited in external Lucanian Basin and can be referred to Sicilide Unit. The very
similar stratigraphic successions, formed by Argille Varicolori Fm. and Corleto Perticara Fm., followed
by the Tufiti di Tusa Fm. or Paola Doce Fm. conformably passing to Numidian Flysch Fm., are referred
to the central axial sector of the Lagonegro basin, namely to the Fortore unit. The key difference
is that the Sicilide Unit was deformed (in the southern Apennine sector) by orogenic phases in
the early Miocene, before the deposition of the Numidian Flysch that unconformably cover them.
The Fortore Unit was deformed later during the middle-late Miocene and so the Numidian Flysch
conformably lays within the sequences [22,23,27]. Due to the uncertainty in the reconstruction of
the stratigraphic succession, the Sannio unit has been considered both of internal or external origin,
and their interpretation has been finally proposed by Di Nocera et al. [26] as northern inner part of the
Lagonegro-Molise basin.

In this paper, we refer to the pre-orogenic paleogeographic model proposed by Pescatore et al. [54,55],
Di Nocera et al. [27] and Critelli [25] for the southern Apennines sector. The model shows four main
paleogeographic realms:

Lucanian Basin; it is the westernmost, oceanic basin where the stratigraphic successions of the
Liguride and Parasicilide Complex [31,56] and the Sicilide Complex [30] are deposited.

e Apenninic carbonate Platform: this is an isolated platform bank between the oceanic realm
of the Lucanian Ocean, to the west, and the deep-marine Lagonegro-Molise basin, to the
east; this platform consists of thick, shallow-marine carbonate strata from the Late Triassic to
early Miocene. The mostly continuous Mesozoic succession is formed by carbonate deposits
related to a carbonate platform and its margins [57-59] with several evidences of platform
emersion or drowning during Cretaceous. Main tectonic units are Alburno-Cervati, Mt. Picentini,
Mt. Marzano, Mt. Maddalena, Mt. Croce units.

e  Lagonegro-Molise Basin: this is located eastward of the carbonate platform and characterized by
three different sectors, i.e., western, central, and eastern ones [29,60]. The Lagonegro II [61,62],
Monte Arioso [29], Frigento [26], and Sannio [27,55,60] units refer to the internal, western portions
of the basin; they are formed by calciclastic deposits produced by the erosion of the western margin
of the Apenninic platform, interbedded with hemipelagic clays and marls. The Lagonegro1[61,62],
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Groppa d’Anzi [29], and Fortore [54,55,60] units refer to the axial sector of the basin and are
formed by cherty calcareous-mudstone sequences. The Campomaggiore, Daunia, and Vallone del
Toro units [27,63-65] refer to the eastern sectors and are characterized by clays and marls with
calciclastic layers produced by erosion of the western margin of the Apulian platform.

e  Apulian carbonate Platform: this includes a more than 7000 m thick successions formed by
Permian siliciclastics, Late Triassic evaporitic sequences (Anidridi di Burano Fm.), followed by
Mesozoic and Cenozoic to earliest Pleistocene carbonate deposits of neritic environment [66,67].

In the Southern Apennines synorogenic sequences, carbonate sand and siliciclastic turbidite
strata are widespread on diverse paleogeographic domains including the frontal portions of the
Mesomediterranean microplate (Paludi and Stilo-Capo d’Orlando formations, late Oligocene to early
Miocene), the Lucanian ocean basin (siliciclastic and carbonate turbidites of Monte Sant’Arcangelo,
Corleto, Albanella, Colle Cappella, and Tufiti di Tusa Formations, early Miocene), and the
Africa-Adriatic plate (Numidian Sandstone and Serra Palazzo formations, early-middle Miocene).
Moreover, there are several sequences of foreland basin systems (Cilento Group, Tortonian-to early
Pliocene clastics) that were first filled by deep-marine quartzarenite and carbonatoclastic turbidite
sand derived from craton and foreland areas and were later filled by deep-marine quartzolithic
and quartzofeldspathic turbidite sands. Minor volcaniclastic turbidite sandstone strata are locally
deposited; they are derived from active volcanic arc source (e.g., Oligo-Miocene Sardinian Volcanic
Arc; e.g., [25,32,68].

The carbonate turbidites are dominant in the Monte Sant’Arcangelo Formation and they are
composed of abundant intrabasinal and minor extrabasinal carbonate grains. The Cilento Group
(Pollica fm., S. Mauro fm.) is the largest exposed siliciclastic basin sequence in southern Italy [38,69].
It is a typical mixed siliciclastic/calciclastic turbiditic suite, over 2000 meters in thickness, including
thick layers of resedimented marls (megabeds) and olistostromes made up of extrabasinal materials
emplaced by catastrophic marine gravity flows [32]. Three main contemporaneous submarine fans
developed in the early-middle Miocene, in a syntectonic wedge-shaped basin [32,70]. The middle
Miocene to Pliocene southern Apennine clastics can be grouped in five key intervals [23,27,71,72]:

e  Numidian Sandstone, mostly formed by Langhian quartzarenites and conformable Serravallian
post-Numidian successions, formed by mixed quartzofeldspathic sandstones and calciclastic
arenaceous-pelitic beds (foreland depozones);

e Langhian to Tortonian San Giorgio Fm. and Serra Palazzo Fm., mostly composed of
quartzofeldspatic sandstones and calciclastic arenaceous beds (foredeep depozone);

e Tortonian to Early Messinian, quartzose-feldspatic and partly sedimentary carbonatoclastic
petrofacies, wedge-top successions (Gorgoglione, Castelvetere, and San Bartolomeo fms.);

e Late Messinian quartzolithic to quartzofeldspatic sandstones (Anzano Molasse and Tufo-Altavilla
units; Crotone basin sequence), which can be referred to infilled wedge-top basins;

e  Unconformity-bounded Pliocene quartzofeldspatic sandstone strata (wedge-top depozones),
characterized by strong synsedimentary tectonic activity.

3. Methods

Our approach includes geological, stratigraphic, structural, and petrological analyses.
Stratigraphic studies, detailed geological and structural mapping (at 1:5000 scale) were carried
out in about 200 km? wide area (Figure 3). The reference lithostratigraphy of the studied geological
units and the biostratigraphy data that characterize the studied sections derive from the Sheets n° 450
and 468 of the Geological Map of Italy [20,21]. Stratigraphic sections of geological units defined here
provide a detailed stratigraphic framework for the petrographic and tectonostratigraphic analyses.

Subsurface geological data were obtained by detailed stratigraphic and structural surveys made in
some key sections of the tunnel, lithological analyses of the excavated materials (i.e., spoil) integrated by
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petrological analyses of rock samples collected along the tunnel profile, and analysis of the stratigraphy
of 20 boreholes up to 350 m in depth.

The arenite-dominated successions have been sampled for compositional analysis along some
outcrop and tunnel stratigraphic sections. Twenty-one medium- to coarse-grained sandstones
samples were selected for composition analyses. They were impregnated in epoxy resin under
vacuum, thin-sectioned, and stained for calcium plagioclase and potassium feldspar identification
with hydrofluoric acid and sodium-cobaltonitrite, respectively.

The modal sandstone composition is determined by point-counting on stained thin sections.
Counting was performed on all samples using the Gazzi-Dickinson method [73-75]. The framework
grain types that are used for discussions of detrital modes are those of Dickinson [76,77], Zuffa [74,75],
Critelli and Le Pera [69], Critelli and Ingersoll [78], and Caracciolo et al. [79,80], and comprise:

(a) Quartz grains, including monocrystalline quartz grains (Qm), polycrystalline quartzose lithic
fragments (Qp), and total quartzose grains (Qt = Qm + Qp);

(b) Feldspar grains (F), including both plagioclase (P) and potassium feldspar (K);

(c) Aphanitic lithic fragments (L), as the sum of volcanic/metavolcanic (Lv and Lvm), sedimentary
(Ls) and metasedimentary (Lm; including Lsm as the sum of Ls and Lm). Carbonate lithic
fragments have been reported in Ls (namely, extrabasinal carbonate grains [74,75,81]), because of
their importance and occurrence in detrital modes of Apenninic sandstones;

(d) Phaneritic and aphanitic rock/lithic fragments (R), recalculated by point-counting of specific
assignment of Lm, Lv, Ls lithic fragments plus quartz, feldspar, micas, and dense minerals in
coarse-grained polymineralic fragments in which these minerals individually are larger than the
lower limit of the sand range (0.0625 mm), that during counting are summed as quartz (Qm) and
feldspar (F) or micas or dense mineral grains (e.g., [69,73-75,78]).

For diagrams, the proportions of quartzose grains, feldspar grains and aphanitic lithic fragments
are recalculated to 100 percent, and summary detrital modes are then reported as Qt%—-F%-L% and
Qm%—F%-Lt%. Description of sandstone petrofacies includes values of QmFLt%. General descriptions
of changing nature of detrital budget in terms of calculations of both phaneritic and aphanitic rock/lithic
fragments are also included in the petrofacies definition.

4. Results

The Sella di Conza study area is located along the southern Apennines Mts. divide at the borders
along the Irpinia, Cilento, and Lucania sectors (Figure 1). The rugged landscape is characterized by
high carbonate mountain reliefs, with the Picentini Mts. to the west and the Mt. Marzano massif
to the east (Figure 2). They are separated by the smooth and wide upper Sele river and Ofanto
river valleys. The former develops in a large tectonic depression bounded by roughly N-S trending
structural lineaments, where Liguride and Sicilide units largely crop out. Northward, the Ofanto river
valley develops along transversal active seismo-tectonic structures, which caused the 1980 Irpinia
earthquake (Figure 2).

4.1. Geological Map: Stratigraphic Units and Structural Elements

The geological surveys performed in the study area allowed to recognize the presence of four
main regional tectonic units (Figure 3), referred to different paleogeographic domains, such as the
Sicilide unit (Lucanian basin), the Mt. Picentini and Mt. Marzano units (Apennine platform), and the
Frigento unit (Lagonegro basin). These units are unconformably overlain by calciclastic and siliciclastic
thrust-top basin and foredeep basin fillings, ranging from Early Miocene to Pliocene in age. Quaternary
age deposits are mainly represented by debris slope talus, alluvial fan, and terraced and actual
alluvial deposits.

The Sicilide Unit includes a Cretaceous to Oligocene-Early Miocene pelagic basin calcareous-pelitic
succession, made up of pelitic deposits with a large component of carbonate resedimented deposits,
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forming the Argille Varicolori Superiori (ALV) and the Monte Sant’ Arcangelo Fm. (FMS), belonging to
the Argille Variegate Group (AV) [82]. They are overlain by siliciclastic, volcaniclastic, and calciclastic
strata, referring to Corleto Arenite and Albanella Arenite (ABA) formations.
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Figure 3. Chronostratigraphic scheme of the geological units cropping out in the study area (modified
after [82]). Legend: Monte S. Arcangelo Fm. (FMS), Argille Varicolori Superiori Fm. (ALV),
Albanella/Corleto unit (ABA), Palaeodasycladus limestone fm. (CPL), limestone and dolomitic
limestone fm. (CLU), oolitic ed oncolitic limestone fm. (CDO), Cladocoropsis and Clypeina limestone
fm. (CCM), requienia and gasteropods limestone fm. (CRQ), Radiolitidae Limestone fm. (RDT),
bio-litoclastic rudist limestone fm. (CBI), “Pseudosaccharoidal” limestone lithofacies (CBIa), Flysch
Galestrino Fm. (FYG), Flysch Rosso Fm. (FYR), limestone member (FYR2) or lithofacies (FYRa),
Numidian Flysch (FYN), Laviano calcarenites fm. (LIA), Monte Sierio Fm. (SIE), Castelvetere
Formation (CVT).

The Monte S. Arcangelo Fm. (FMS) is mainly formed by light brown, yellowish, greenish,
and greyish marly limestones, sometimes silicified; subordinately, light brown and greyish graded
and laminated calcarenites, dark clayey marls, thin bedded silty marls and micaceous arenites layers
are present. The thickness is approximately 350-400 m. The unit is stratigraphically underlying and
passing laterally into AVE. The age is referred to Eocene-Upper Oligocene [82].

The Argille Varicolori Superiori Fm. (ALV) is composed by greyish, greenish, and reddish clays
interbedded with thin layered whitish limestones and marly limestones, related to a deep marine basin
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depositional environment. Locally, thin bedded reddish marls and calcareous marls, alternated with
clayey marls, pinkish marls, fine grained greyish calcarenites with planar laminations, laminated clayey
marls, silicized marls, and radiolarites with typical prismatic fractures are present. Some horizons up to
100 m thick are made of thick bedded whitish limestones, marly limestones and marls, whitish-greyish
calcarenites, and calcilutites alternated with arenaceous-calcareous and calcareous-marly turbidites
(calcareous lithofacies, ALVc). They are also formed by light gray, green, or reddish calcareous marls in
medium layers with conchoid fracture, gray calcarenites with Tb-c Bouma sequences in thin to medium
layers. The depositional environment is marine with turbiditic distal inputs. The unit stratigraphically
overlies FMS, passes laterally and vertically into ABA. The thickness does not exceed 150 m. The age is
Oligocene-Aquitanian [82].

A sequence formed by thin bedded brownish quartz-micaceous sandstones with planar and
convolute laminations, poorly cemented yellowish and grey clayey marls, siltstones, blackish
shales with calcite veins form the Albanella/Corleto unit (ABA), stratigraphically overlying the
AV upper successions. The thickness is approximately 50-100 m. The age is Lower Miocene for the
stratigraphic position.

The Apennine Platform units are formed by several lithostratigraphic units ranging in age between
Noric and Late Maastrichtian. The lithological description, age and environment interpretation are
derived by Torre et al. [82] and Pescatore and Pinto [83]. The sedimentary paleoenvironments of
these carbonate successions can be referred to the margin of the carbonate platform, representing the
lateral transition to the Lagonegro basin. Some differences in the stratigraphic succession between the
Mt. Picentini and Mt. Marzano carbonate tectonic units are present.

The Mt. Picentini unit is Triassic to Lower Cretaceous in age in the lower portion, including several
lithostratigraphic units of lagoonal succession, while the upper portion (Late Cretaceous) consists of
bioclastic facies related to a high-energy open platform environment.

The Dolomia Superiore fm. (DBS) is formed by light grey layered dolostones, characterized by
laminated stromatolites, alternated with massive dolostones. In the area, the Megalodon limestones
and dolostones member (DBS4) is present, consisting of thin to thick layered grey limestones, dolomitic
limestones (packstone, grainstone), and dolomites, with levels rich in megalodontids valves. The age is
Norian-Hettangian p.p. and the depositional environment is peritidal. The total thickness exceeds 1000 m.

The Cladocoropsis and Clypeina limestone fm. (CCM) is formed by medium bedded grey and
light brown mudstones, wackestones and packstones interbedded with thin bedded marls rich in
Cladocoropsis mirabilis. In the upper part, limestones with dasycladacean algae (Clypeina sp.) are present.
The age is Upper Jurassic-Neocomian and the environment is lagoonal. The thickness is at least 450 m.

The limestone and dolomitic limestone fm. (CLU) is formed by bedded light brown and grey
oncolitic limestones of platform environment. The thickness is approximately 750 m. The age is Lower
Jurassic p.p.-Neocomian.

The requienia and gasteropods limestone fm. (CRQ) is composed by light brown and grey
layered limestones rich in nerineids and requienia, occasionally giving rise to bioclastic rudstones,
alternated with mudstones and wackestones. Limestones with oolites, limestones with alveolinids,
and laminated dolostones are also present. The total thickness is approximately 450 m, and the age is
Barremian-Cenomanian p.p.

The Radiolitidae Limestone fm. (RDT) are formed by thick to medium strata of gray and white
dolomitic limestone and limestone, and clastic limestone rich in rudists (Radiolitidae, Hippuritidae).
The thickness is approximately 300 m. The age is Turonian-Campanian.

The bio-litoclastic rudist limestone fm. (CBI) is formed by massive bioclastic limestones (rudstones
and floatstones) with abundant large fragments of rudists (radiolitids and hippuritids) and large
gastropods and with thin beds of yellow-greenish marly limestones. A lithofacies with thick bedded
“pseudosaccharoidal” limestones and graded calcarenites is present. The depositional environment is
from open carbonate ramp to upper slope environment. The age is Upper Cenomanian-Paleocene.
The thickness is approximately 300 m.
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The Mt. Marzano unit crops out along the norther slope of Mt. Marzano massif and consists of
the upper part of a discontinuous succession Upper Cretaceous-Lower-Middle Miocene in age, which
is composed of the typical “pseudosaccharoidal limestones” units (CBI), made of calcirudites of open
carbonate ramp and slope environments, disconformably overlain by the Laviano calcareous-pelitic
sequence (LAI) and unconformably overlain by the Mt. Sierio calciclastic Fm. The lower part is formed
by DBS, CLU, CRQ, and CPL units [82].

The Dolomia Superiore fm. (DBS) is formed by light colored, massive, and strongly fractured
dolostones with stromatolites and bivalve shells, Norian-Hettangian p.p. in age, and about 100 m
in thickness. The limestone and dolomitic limestone fm. (CLU) is composed by oncolitic light grey
limestones, calcarenites, and light brown calcilutites with rare thin shells of small sized gasteropods.
The thickness is approximately 400 m and the age is Lower Jurassic p.p.-Neocomian.

The requienia and gasteropods limestone fm. (CRQ) is formed by limestones rich in requienia,
nerineids and other bivalve shells, and by oolitic and intraclasts limestones. The thickness
is around 100 m; the age is Barremian—Cenomanian. The Palaeodasycladus limestone fm.
(CPL) is made by micritic limestones characterized by peloids, oolites, and oncolites, and with
Palaeodasycladus mediterraneus and Orbitopsella sp.; upwards calcareous-marly levels with spathized
valves of Lithiotis sp. are locally present. The thickness is approximately 350 m; the age is
Upper Hettangian-Pliensbachian.

The bio-litoclastic rudist limestone fm. (CBI) is formed by thick bedded or massive white limestones
and calcirudites with abundant rudist fragments, often referred to the “pseudosaccharoidal limestones”
lithofacies. The environment ranges from open carbonatic ramp to upper slope. The thickness is
several hundreds of meters and the age is Upper Cretaceous-Paleocene.

The Laviano calcarenites fm. (LIA) is formed by a sequence comprising medium to thin layered
laminated calcarenites and yellowish-greenish marly limestones, alternated with greyish-greenish
marls and marly and silty shales. The basal part is characterized by thin bedded marly limestones and
grey-greenish and pinkish marls about 5 m thick. The calcarenites locally contain an arenaceous fraction
and quartz grains; upwards thin layered glauconitic bioclastic calcarenites alternated with calcilutites,
marls, and whitish calcareous marls, and rare “numidian” quartzarenites are found. The thickness is
approximately 100 m. The strata are formed by turbidites related to basin-slope toe, and hemipelagic
deposits. The unit overlies in paraconformity on CBI. The age is Serravallian—-Lower Tortonian [82].

The Monte Sierio Fm. (SIE) unconformably overlies on CBI. It is formed by calcirudites and
calcarenites rich in nummulites and alveolines bioclasts; locally upwards, marly calcilutites, laminated
and silicized siltstones, laminated lithic sandstones, calcarenites with nummulites and orbitoids,
and blocks and strata composed of “numidian” sandstones are present. The thickness is not less than
150 m and the age is Upper Tortonian.

In the study area, the Frigento Unit consists mainly of Cretaceous to Early Miocene basinal
and shelf-margin facies successions (Flysch Galestrino Fm. and Flysch Rosso Fm.), characterized by
calcareous clastic and pelitic turbidite associations laterally and vertically passing to marly-calcareous
successions; a debris calcareous clastic lithofacies is present at different heights. The Flysch Rosso
Fm. pass gradually upward to the upper Burdigalian-upper Langhian p.p. Numidian Flysch with
alternations of calcarenites, marls, and quartzarenites.

The Flysch Galestrino Fm. (FYG) is formed by grey-green medium to thick bedded siliciferous
marls and clays with intercalations of medium-thin bedded silicified calcarenites and calcilutites of
dark grey color; dark grey siliceous shales with intercalations of grey calcilutite in layers up to 30 cm
thick are also present. The unit crops out discontinuously with thicknesses around a few tens of meters.
It is referred to a bathyal environment with both siliciclastic and carbonate turbiditic inputs. The age is
Upper Jurassic p.p.—Cretaceous.

The Flysch Rosso Fm. (FYR) is formed by red and grey-green marls and clays, thin bedded
calcilutites, medium bedded commonly graded and laminated calcarenites with Alveolinidae,
Nummulites, and Orbitoids, thick bedded litoclastic calcirudites with rudist fragments. The limestone

85



Geosciences 2020, 10, 247

member (FYR2) is formed by grayish and white clastic limestone (calcirudites, crystalline limestone,
breccias, calcarenites) in thick and very thick massive layers, with irregular stratification and internal
amalgamation, resting with erosive contact on grayish clayey-marly horizons cleavage fractures. In the
upper part of the formation, a “pre-numidian sequence,” showing the gradual transition to FYN,
is formed by grey-green silty clays with intercalations of medium to thick bedded yellowish calcarenites
rich in quartz granules. The environment is pelagic ranging from bathyal to carbonate slope toe.
The thickness is approximately 200 m. The age is Late Cretaceous p.p.—Early Miocene p.p.

The turbiditic, grain-flow and hemipelagic siliciclastic deposits of the Castelvetere Formation
(CVT) and the clastic Pliocene units (SAD and RVM) present an unconformable lower boundary
overlying the deformed Sicilide, Mt. Picentini, Mt. Marzano, and Frigento units. The Castelvetere Fm.
(CVT) is formed by arenites and granular conglomerates in thick beds with lens-shaped geometry and
erosive base, locally amalgamated, containing clay-chips and thin pelitic interlayers, locally reddish
and rich in coal fragments, and by quartz-feldspathic arenaceous turbidites and paraconglomerates.
The thickness is approximately 250 m. The silty-clayey-marly lithofacies (CVTa) is formed by yellowish
quartz-micaceous arenaceous siltstones in thin beds with planar and convolute laminations within
bedded clays and grey-green silty marls. The thickness is approximately 150 m. The basal coarse
sequences are composed of channeled facies rich in detrital deposits (olistolites) and clayey landslides
(olistostromes) that are present at different stratigraphic levels. The upper finer sequence is linked
to a turbidite system formed by depositional lobes and overbank deposits. The age is Upper
Tortonian-Lower Messinian.

There are two Pliocene units, the Andretta Synthem (SAD) and the Ruvo del Monte Synthem
(RVM). The Andretta Synthem (SAD) is formed by continental fan-delta conglomeratic and sandy
deposits passing to coastal marine sands and clays. On the northern slope of the Ofanto river valley,
the sequence is formed by yellowish silty-marly clays, locally interlayered with fine-grained sands
and thin arenite beds. The thickness is of about 150 m, and the age is referred to the Early Pliocene
(biozone MP13/MP14a).

The Ruvo del Monte Synthem (RVM) is approximately 200 m thick and Early-Middle Pliocene
in age (biozone MPIl4a); it consists mainly of arenitic-sandy-conglomeratic deposits from paralic to
continental environment. The synthem is formed of a fine to medium-grained sandy succession,
containing current structures and fragments of shells and valves of ostreids and pectinids, and locally
with well-cemented arenitic lenses. Very thick layers and lenses of conglomerates with intercalations
of lithic coarse sand and micro-conglomerates with a reddish yellow sandy matrix are also present.

Among the Quaternary units, the Conza della Campania synthem (CZC) crops out with terraced
fluvial deposits along the Ofanto river and around the Conza lake. Usually, the succession is formed
by gravel lens, pale yellow sands, silts, and gray to brown clayey silts, and is 10 m thick. The age is
referred to Middle Pleistocene-Holocene.

More recent deposits linked to the active geomorphic processes are mainly represented by debris
slope talus (a3), terraced and actual alluvial deposits and alluvial fan (b), and landslide deposits (al).

The studied area is characterized by two structurally complex carbonate blocks, forming the
morpho-structural heights of the Picentini Mts. to the west and the Mt. Marzano massif to
the east (Figure 4). They are separated by the large tectonic depression of the Sele river valley,
bounded by roughly N-S trending structural lineaments, and are interrupted northward by the wide
E-W trending tectonic depression of the Ofanto river valley developing along transversal active
seismo-tectonic structures.

The described tectonic units are strongly deformed by mainly east-verging imbrications and
are unconformably covered by Burdigalian to Tortonian sequences. The imbrications are formed by
folds related to reverse faults located into north-east verging regional thrust sheets. The tectonic
superpositions are complicated by a polyphase structuration, which occurred during the deposition of
Late Miocene to Pliocene siliciclastic synorogenic deposits [84]. The morpho-structural setting of the
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area is controlled by the Plio-Quaternary extensional tectonics, which uplifted the two major carbonate

massifs and led to the formation of the Sele and Ofanto river valleys.
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Figure 4. Geological map of the study area, indicating the Pavoncelli-bis tunnel track and the location
of the boreholes performed in the different survey campaigns. Legend: (a) Sicilide unit—Monte
S. Arcangelo Fm. (FMS), Argille Varicolori Superiori Fm. (ALV) and calcareous lithofacies (ALVc),
Albanella/Corleto unit (ABA); (b) Mt. Picentini unit—Dolomia Superiore fm. (DBS) and Megalodon
limestones and dolostones member (DBS4), Cladocoropsis and Clypeina limestone fm. (CCM), limestone
and dolomitic limestone fm. (CLU), requienia and gasteropods limestone fm. (CRQ), Radiolitidae
Limestone fm. (RDT), bio-litoclastic rudist limestone fm. (CBI); (c) Mt. Marzano unit—DBS, CLU, CRQ,
Palaeodasycladus limestone fm. (CPL), “Pseudosaccharoidal” limestones lithofacies (CBla), Laviano
calcarenites fm. (LIA); (d) Frigento unit—Flysch Galestrino Fm. (FYG), Flysch Rosso Fm. (FYR) and
limestone member (FYR2), pre-numidian sequence (FYN); synorogenic units—Monte Sierio Fm. (SIE),
Castelvetere Formation (CVT) with silty-clayey-marly lithofacies (CVTa), Andretta Synthem (SAD),
Ruvo del Monte Synthem (RVM); Quaternary units—Conza della Campania synthem (CZC), debris
slope talus (a3), terraced and actual alluvial deposits and alluvial fan (b), landslide deposits (al).

The internal Sicilide units tectonically overly the platform carbonate units, and largely crop out
only in the tectonic depressions within the Sele and the Ofanto valleys. Only small scattered remains
of the Sicilide stratigraphic succession can be found on the carbonate massif slopes. The carbonate
platform units tectonically overly the Frigento unit, and these thrusting structures are probably linked
to those observed in the central Picentini area within the Campagna tectonic window [27]. In our
study area, these structures are hidden by Quaternary high-angle normal faults bordering the Ofanto
River valley tectonic depression. In fact, along the northern mountain front of Picentini and Marzano
Massifs, a peculiar structural setting, characterizing the entire southern Apennines axial belt, is well
evident. The regional overthrusting of the carbonate platform units onto the Lagonegro units is
characterized by a late reimbrication of the older thrust sheets [82]. The reimbrication crops out south of

87



Geosciences 2020, 10, 247

Laviano, where the Triassic carbonate units (Mt. Picentini unit) thrusted over the “pseudosaccharoidal
limestones” and detrital limestones related to the Mt. Marzano unit covered by the Laviano sequence.
This reimbrication also involve the tectonic overlapping of the Mt. Marzano unit on Sicilide unit and
Frigento unit thrusts.

The border between the Picentini Mts. massif and the Sele valley is bounded by a lateral
hanging-wall ramp of the reimbrication thrusts, locally characterized by sub-vertical reverse faults
and by a large antiformal fold, with NNE oriented axis parallel to the massif border [82]. The western
flank of the Sele valley tectonic depression is defined by this regional fold and associated to later NNE
trending high angle normal faults. Indeed, the eastern flank of the Sele valley is essentially controlled by
faults produced by mainly SSE and ESE-trending faults with a generally oblique kinematics. Southward
the study area, some large carbonate bedrock blocks, bounded by the same transtensional tectonics,
crop out also within the valley (see for example Oliveto Citra, Contursi, and Quaglietta carbonate
blocks [82]).

4.2. Subsurface Data: Tunnel and Borehole Logs

The subsurface geological data were collected along the tunnel underground line by lithological
analyses of the excavated spoil materials, integrated by petrological analyses of rock samples collected
along the tunnel excavation surfaces and by detailed stratigraphic and structural surveys made in key
sections during some technical stops of the excavation works.

The tunnel crosses three main sectors characterized by very different lithological features
(Table 1) separated by first-order tectonic structures. The western sector of the tunnel, from 0
to 655 m, was excavated within massive and fractured carbonate successions belonging to the CBI
unit. The central sector of the tunnel, from 655 to 7760 m, was characterized by complex and strongly
tectonized lithological units ranging from calcareous-pelitic to arenaceous rocks (FMS, ALV, ABA, CVT).
In this sector, based on the lithological description of the excavated spoil materials, some different
lithofacies have been recognized within the succession of the FMS unit: FMS-arg (argillaceous
lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg (marly-argillaceous lithofacies),
and FMS-cal-ma (calcareous-marly lithofacies). Arenitic strata were firstly found at 6100 m nearby
a complex fault system. The eastern sector of the tunnel, from 7760 to 8500 m, was excavated
in well stratified argillite, marl, and calcarenite sequences (FYR unit), and then up to 10,220 m in
Pliocene deposits.

A technical stop during the TBM excavation works allowed to perform detailed stratigraphic and
structural surveys along the walls of a small lateral tunnel between 6170-6190 m.

A fining-upward pelitic-arenitic stratified sequence, about 15 m thick, has been recognized
(Figure 5). The strata are tilted toward the west, where the initial sector of the tunnel is located;
the dipping is usually N240-20° (dip direction-dip angle). It is formed by coarse to medium-grained
arenites thick strata with thin layers of dark silt and clays passing to fine grained arenites, dark gray
siltstones and argillites thin strata. The thick arenitic strata (20-60 cm) show normal grading structures
passing to parallel and cross laminations in the fine-grained arenitic and silty layers (5-20 cm in
thickness); in the upper part of the stratigraphic sequence, a pebbly mudstone layer is present.

The rock mass is locally heavily jointed due to several fault systems crossing the bedding. A fault
plain, oriented N300-75° with a 10-15 cm thick shear zone, cuts and dislocates the sequence near
chainage 6175 m (Figure 6).

The analysis of the stratigraphic logs of n. 17 boreholes (Table 2), extending from 40 m to 350 m in
depth, allowed to link the geological units recognized along the tunnel profile to the underground and
surface geological units. The boreholes NP1, NP2, NP5, NP6, NP7, NP8, PR1, PB1, and PB2, located in
the western sector of the Pavoncelli bis tunnel between Caposele and Materdomini towns (Figure 7),
show the thickness variation (in the range of 11 to 120 m) of CVT pelitic-arenaceous sequences laying
on the CBI calcareous substratum. Instead, the PR1 borehole show the tectonic superposition of FMS
unit on CBI carbonate unit that is sutured by the CVT sequence.
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The boreholes PR2, PR3, PR4, S1-CdG, SV1, and SV2, located in the median sector of the
Pavoncelli bis tunnel around Cresta del Gallo and Bosco di Contra localities (Figures 7 and 8), show the
relationships between FMS and ALV units, while the SV3 and SB boreholes, located in the easternmost
tunnel sector (Figure 8), show the stratigraphy details of FYR and CVTa units.

(a) (b)

(©) (@

Figure 5. Arenaceous-pelitic stratigraphic sequences: (a) bedding; (b) coarse-grained arenite; (c) parallel
and cross lamination in silty-arenaceous layers; (d) dark silty argillite.
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Figure 6. Fault plane dislocating the stratigraphic sequence.

Table 1. Lithological units crossed by the Pavoncelli bis tunnel. Geological unit codes: ALV,
Argille Varicolori Superiori Fm.; ABA, Albanella/Corleto unit; CBI, bio-litoclastic rudist limestone
fm.; FYR, Flysch Rosso Fm.; CVT, Castelvetere Formation; FMS, Monte S. Arcangelo Fm. with four
lithofacies: FMS-arg (argillaceous lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg
(marly-argillaceous lithofacies), and FMS-cal-ma (calcareous-marly lithofacies).

Chainage Interval Description of Lithological Intervals Geological I:Jmt
Interpretation

0-655 m limestones CBI
655-2000 m clays, shale, and marls FMS-arg-ma
2000-4300 m marls and clays FMS-ma-arg
4300-5000 m marly-calcareous turbidites FMS- cal-ma
5000-5300 m clay, dark clays, and clayey silts FMS-arg
5300-5600 m calcareous-clay turbidites FMS-cal-ma
5600-6100 m clayey turbidites, calcareous fal.llt. breccia, ALV

dark clayey marls, and argillites
well stratified arenites and marly clays,
6100-6233 m interbedded w1th. thln layers of sapdy silt ABA
and dark grey argillite, quartzarenites, and
dark siltites and argillites
62336357 m coarse to fine grained quartzofeldspathic VT
sandstones

dark argillites and marls with layers of
reddish clays and whitish marly limestone,
6357-7760 m calcilutites and calcarenites; within 6448 ALV
m-6463 m and 6709-6725 m intervals, some
thick CVT arenite strata are present
grey argillites and marls with reddish
7760-8500 m clayey marls, marly limestones, and FYR
bioclastic calcirudites
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Table 2. Borehole stratigraphy data available in the study area. For unit codes see Table 1 caption.

Borehole Chainage (Approx.) Description of Lithological Intervals Geological Units (Thickness)

0-12 m, arenite; 12-21 m, arenite and
limestone; 21-40 m, limestone
0-23 m, arenite and clay; 23-27 m,
NP8 near Caposele limestone; 27-42 m, arenite and limestone; CVT (0-23 m); CBI (23-50 m)
42-50 m, limestone
0-50 m, clays with limestone; 50-58 m,

NP6 near Caposele CVT (0-21 m); CBI (21-40 m)

NP5 10 li CVT (0-50 m); CBI (50-58 m)
imestone
NP7 20 0-32 m, clay a;ld limestone; 32-60 m, CVT (0-32 m); CBI (32-60 m)
imestone
PB1 150 0-3 m, silt; 3120 m, limestone CBI (0-120 m)
PB2 200 0-11 m, silt; 11-120 m, limestone CVT (0-11m), CBI (11-120 m)
0-4 m, clay; 4-35 m, sand; 35-43 m, clays .
NP2 490 with limestone; 43-110 m, limestone CVT (0-43 m); CBI (43-110 m)
NP1 600 0-120 m, limestone CBI (0-120 m)
PRI 655 0-20 m, no data; 20-80 m, marl, clayey marl, CVT (0-20 m), FMS arg-ma
clay; 80-95 m, limestone (20-80 m), CBI (80-95 m)
PR2 1920 0-95 m, no data; 95-135 m, marl, clayey FMS ma-arg, FMS arg-ma (0-135
marl, clay m)
0-39 m, clay and marl; 39-100 m, clayey FMS ma-arg; FMS cal-ma (0-100
SV2 2150 .
marl, calcareous marl, marly limestone m)
PR3 2810 0-120 m, no data; 120-160 m, marl, clayey FMS ma-arg (0~120 m)
marl, clay
PR4 5850 0-20 m, no data; 20—351 ;n, marl, clayey marl, ALV; EMS arg (0-85 m)
S1-CdG 5920 0-65 m, marl, clayey marl, clay ALV (0-65m)
0-11 m, silty clay; 11-197 m marl, clayey
marl, calcareous marl, limestone, silty marl;
, oo, ! ! ALV (0-11 m); FMS cal-ma
SV1 5960 197-199 m clay; 199-350 m, ma}rl, clayey (11-197 m); ALV (197-350 m)
marl, calcareous marl, marly limestone,
silty marl
0-50 m, no data; 50-107 m clay and
SB 7630 quartz-feldspatic arenite; 107-130 m, CVT (0-130 m)
arenite, calcarenite, reddish clay
SV3 8540 0-100 m, reddish clay and limestone FYR (0-100 m)
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Figure 7. Detail of the Geological map of the Caposele sector of study area with borehole location.
For legend unit codes, see Figure 4 caption.
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Figure 8. Detail of the Geological map of the Sella di Conza sector of study area with borehole and
sample location. For legend unit codes, see Figure 4 caption.

4.3. Sandstone Petrology: Principal Compositional Groupings

Sandstone composition analysis includes 21 sandstone samples. Samples have been collected
both along stratigraphic sections cropping out in the area located in correspondence with the tunnel
segment comprised within 6000-8600 m chainage interval (Figure 8), and in some tunnel sections
between chainage 6100 m and 6300 m (Figure 9).

Table 3 summarizes the raw data of point-counting results of selected sandstones, while Table 4
shows recalculated grain parameters. The analyzed sandstone samples include 6 quartzolithic sandstone
of the Albanella-Corleto Formation (ABA), 12 quartzofeldspathic sandstones of the Castelvetere
Formation (CVT), and 3 quartzose and hybrid arenites of the pre-Numidian interval of FYR upper part
(Figures 10 and 11).

4.3.1. Quartzolithic Sandstone Petrofacies

The petrofacies has abundant quartz and lithic grains (Qmé60 F13 Lt26), while feldspar is minor
and dominantly plagioclase. Aphanitic lithic fragments (Lm42 Lv31 Ls27) include metavolcanic
(serpentinite, Figure 10a to serpentine schist), volcanic (mainly microlithic, Figure 10b and felsitic
textures), abundant metasedimentary (phyllite, schist, minor quartzite, and fine-grained schist;
Figure 10c—e), and sedimentary (micritic to sparitic limestone grains, and radiolarian chert) grains.
The abundant metasedimentary fragments in this petrofacies are derived from the low-to-medium
grade metamorphic Paleozoic sections of the Calabrian Terranes [25,33,34,36,37,39,40]. The abundant
volcanic lithic fragments are derived from coeval active volcanism located to the west (i.e., Sardinia
magmatic arc; [25]) and textures of the volcanic particles suggest an andesitic to dacitic volcanism [68].
Metavolcanic fragments are closely related to accreted oceanic terranes of the Lucanian Oceanic Unit
obducted at the time of deposition of the Quartzolithic sandstones of the Corleto Formation [25,31].
Sedimentary detritus can have diverse source terranes from the Mesozoic sedimentary covers of the
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Paleozoic metamorphic units, and from sedimentary strata of the accreted oceanic terranes, and from
the basinal and carbonate platform units of the internal portions of the Apenninic units [25,33,35,36].
The quartzolithic petrofacies corresponds to the Corleto and Albanella Sandstone Formations (Figure 11).

4.3.2. Quartzofeldspathic Sandstone Petrofacies

The petrofacies has abundant quartz and feldspars (Qmb51 F32 Lt15), while lithic fragments
are minor. Plagioclase grains are dominant than K-feldspar (P/F = 0.83). Aphanitic lithic grains
include abundant metasedimentary and sedimentary, minor volcanic, and ophiolite lithic particles
(Lm47Lv7 Ls46). Metasedimentary lithic fragments include abundant phyllite and fine-grained
schist. Sedimentary lithic fragments consist of abundant extrabasinal carbonate fragments,
mostly Jurassic to Lower Tertiary pelagic and shallow-marine carbonate fragments and minor
radiolarian chert, shale, and siltstone fragments. Ophiolitic detritus includes serpentinite and
serpentine-schist, whereas volcanic lithic fragments are minor and consist of lithic particles that
have a felsitic granular texture. Phaneritic rock fragments (apportioned in Qm, P, K, micas, and
dense minerals [69,78,85]) include plutonic and metamorphic detritus; plutonic detritus consists of
dominantly quartz-plagioclase-biotite particles of granodioritic to tonalitic compositions (Figure 10g,h),
and minor quartz-K-feldspar composite grains of granite composition. Phaneritic metamorphic detritus
consists of quartz-plagioclase-sillimanite, and quartz-plagioclase-garnet-sillimanite composite grains
of gneiss and micaschist.

The abundant metamorphic and plutonic detritus in the quartzofeldspathic sandstone petrofacies are
derived from the metamorphic and plutonic Paleozoic sections of the Calabrian Terranes [25,33,34,36,37,39,40].
Sedimentary detritus can have diverse source terranes from the Mesozoic sedimentary covers of the
Paleozoic metamorphic-plutonic terranes, and from sedimentary strata of the basinal and carbonate
platform units of the internal portions of the Apenninic units [25,33,35,36]. Ophiolitic fragments are
closely related to thrusted oceanic terranes of the Lucanian Oceanic Unit [25,31]. The quartzofeldspathic
petrofacies corresponds to the Castelvetere Sandstone Formation (Figure 11).

4.3.3. Hybrid Arenite and Quartzarenite Sandstone Petrofacies

This composite petrofacies has abundant quartz (Qm95 F5 Lt0), while feldspar is minor and
dominantly plagioclase. Aphanitic lithic fragments are virtually absent or minor. Quartz grains are
dominantly monocrystalline, and they are well rounded. Few dense minerals are ultrastable and consist
of zircon, tourmaline, and rutile. Quartzarenite are well cemented by quartz overgrowth and calcite.
Hybrid arenites of the pre-Numidian Sandstone Formation include abundant quartz, and extrabasinal
carbonate lithic grains. Very abundant intrabasinal carbonate particles of bioclasts (Figure 10f,
mainly planktonic forams and sponges), and minor peloids and intrabasinal non-carbonate glauconite
grains. Abundance of well-rounded quartzose detritus of the pre-Numidian and Numidian Sandstone
Formation has been interpreted as a craton-derived huge arrivals of sand-sized quartz from the African
continental margin [25,33,37,38,86,87]. The quartzose and hybrid arenite petrofacies corresponds to
the pre-Numidian (hybrid arenite) and Numidian Sandstone Formation (quartzarenite) (Figure 11).
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Table 5. Mean detrital modes of selected sandstone suites of the southern Apennines correlated with
well data of studied successions. Data source from Critelli (2018).

Description and Location of Unit N QtFL QmFLt QmKP QpLvmLsm  LmLvLs RgRsRm

Quartzolithic suite

66(x4-18  62(x4-18 58 8EaieE O (+11)-16
Corleto-Perticara Formation 55 (£ 6)-16 (= (£ 6)-20 (= (£3)-20 (= -

7 7 3)-16 (+ 4) 5)-76 (+7) 6

66 (+ 4)-16 62 (+4)-16
Albanella Fm. 15 =618 (ro)22( AEOBE SEIU0@E Bi(£60-6( 636

P 7 3)-21(£5)  6)-87(£6)  5)-10(£5)  6)-88 (+11)
64 (£4)-16 60 (+4)-16

Colle Cappella Formation 2 Gome o el e g Y A
SIS SRR RERY SOEe AE
olcomie sy z giﬁfﬁéﬁ E)%)%Z?x B0t oetn Mty -
Coret Formaton nwels 7 géié?zi“ géf_é?;i“ Deo2e senne i: e seatse

Quartzofeldspathic suite

46 (£ 4)42  45(x4)42  52(£6)-15 41 (£14)-5 54 (+16)-20

Castelvetere Formation 68 (£6)-12(+  (£6)-13(+ (5033 (+ 3)(;;)(‘:;)* (£5)-54 (£ (£9)-26 (
5) 5) 4) 16) 12)
48 (+ 4)-42 52 (+ 6)-15 41 (+ 14)-5 54 (+ 16)-20
Castelvetere Formation in wells 11 50 (& 4)-42 (£ 6)-10 (£ (£5)-33 ( 9 (& 46 (& (£5)-54 (£ (+9)-26 (+
(+6)-8 (x5 5 2 7)-85 (+ 9) 16) 12)
56(£5)22  22(+12)4 41 (145 54 (+7)-13
Sorrento Sandstone Formation 30 55 (+ 5)-40 55 (+5)-40 (£4)-22(+ (£2)-74 (£ (£ 5)-54 (= (£ 8)-33 (+
EO5) @672 ) 16 9
55 (+7)-34 52 (+7)-34 60 (+ 7)-17 25(x12)-0 45 (+18)-0 12 (+ 8)-39
San Bartolomeo Formation 16 ED1(E (E7)-14(x (#3923 (075 (x  (£0)-55(x  (+16)-49 (+
7) 5) 12) 18) 17)

Quartzarenite suite
72(£3)-2(x 69 (x3)-2(x 98(x4-0(x

pre-Numidian Hybrid arenites 3 2)-26 (+ 3) 2)-29 (+ 3) 0)-2 (+ 1) - - -
Numidian Sandstone (southern 39 95 (£ 5)-5(x 95 (£5)-5 97 (£5-0(x _ _ _
Apennines) 5)-0 (+ 0) (£5)-0 (£0)  0)-3 (1)

Legend

ovr
[ ABA
Ay
I Fus-calma

strata

—-—= thrust

normal fault
——= fault

A collected sample

S-sw 0 25 50 100 N-NE

Figure 9. Location of sample collected along tunnel section from 6100 m to 6300 m chainage (pk).
Geological unit codes: ALV, Argille Varicolori Superiori Fm.; ABA, Albanella/Corleto unit; CBI,
bio-litoclastic rudist limestone fm.; CVT, Castelvetere Formation; FMS, Monte S. Arcangelo Fm.
with calcareous-marly lithofacies (FMS-cal-ma).
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Figure 10. Photomicrographs of the main detrital fragments for quartzolithic, quartz-feldspathic
sandstone petrofacies and hybrid arenites of the derived from the borehole stratigraphy of the study
area. Quartzolithic petrofacies(a—e): (a) serpentinite having cellular texture; (b) volcanic lithic fragments
with microlithic texture; (c) low-grade metamorphic lithic fragment (Lm; phyllite); (d,e) low-to-medium
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grade metamorphic lithic fragments (Lm, phyllite to micaschist). Hybrid Arenites of the pre-Numidian
Sandstone (f): (f) hybrid arenite having abundant bioclast tests (CI) and quartz (Q), Quartzofeldspathic
Petrofacies (g,h): (g) phaneritic rock fragments of plagioclase-bearing tonalite-to-granodiorite fragments;
(h) phaneritic rock fragment of K-feldspar-Quartz granite fragment. Scale bars = 125 um; (f) plane-
polarized light; (a-h) crossed nicols.

Qm Qt

* Corleto Fm.
@ Castelvetere Fm.
[ pre-Numidian Fm.

F 5 Lt F T L
m Qp
75. 75 75 75
50. 50 50, 50
K % P Lvm Lsr
Lm Qm

Corleto Perticara Fm.

Colle Cappella Fr
Tufiti di Tusa Frr

Lv i) Ls F 70 Lt

Figure 11. Ternary compositional plots of the Corleto/Albanella, Castelvetere, and pre-Numidian
sandstones and their relations with similar sandstone suites of the southern Apennines foreland basin
system. Qm, monocrystalline quartz; Qp, polycrystalline quartz, Qt, (Qm + Qp), F, feldspars (K + P); K,
K-feldspar; P, plagioclase; Lt, aphanitic lithic fragments; Lm, aphanitic metamorphic lithic fragments; Lv
and Lvm, aphanitic volcanic (Lv) and metavolcanic (Lvm) lithic fragments; Ls, aphanitic sedimentary
lithic fragments, Lsm, metasedimentary and sedimentary lithic fragments. Latter ternary compositional
plot Qm-F-L documents the relations of the Corleto, Castelvetere, and pre-Numidian sandstones and
with related sandstone suites of the southern Apennines foreland basin system (Regional dataset of the
southern Apennines foreland sandstone suites is in Table 5).
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5. Discussion

5.1. Geological Profile along Tunnel Pavoncelli Bis

All data obtained by the geological surveys performed on the field in the study area and
the subsurface geological data derived by the tunnel excavations and the boreholes, integrated by
petrological analyses of arenitic samples, allowed to obtain a detailed geological profile along the
tunnel Pavoncelli bis track. The geological profile (Figure 12a) shows complex stratigraphic structures
and tectonic patterns and three main different structural sectors can be recognized.

In the western sectors, located between Caposele springs and chainage 655 m of the tunnel
(Figure 12a), a Late Cretaceous formation (CBI fm.) belonging to the Mt. Lattari carbonate tectonic
unit is unconformably covered by the Late Miocene arenaceous-clayey successions (CVT Fm.).
The stratigraphic sequence is faulted with horst and graben structures originated by Quaternary
NW-SE trending normal faults.

The large central sector is showed in the geological profile encompasses from chainages 655 m to
7700 m, and it is characterized by the presence of complex structures involving mainly the Sicilide
Unit. In the initial part, ranging from 665 m to 5400 m (Figure 12a), different lithofacies of the Monte
Sant’Arcangelo Fm. (FMS) are present and are locally covered by the unconformable deposits of the
Castelvetere Fm. (CVT). The stratigraphic succession if strongly folded and faulted by normal faults,
NW-SE, NE-SW, and N-S trending. The NW-SE oriented set is formed by high-angle normal faults,
dipping toward SE up to the chainage 4200 m and toward NW after that sector. This change in the
tectonic pattern allows to observe the back-thrusting of the Frigento Unit (Lagonegro basin) onto the
Sicilide Unit in the Cresta del Gallo area, corresponding to the tunnel interval ranging from 4200 m and
5400 m. In fact, in this area an approximately 150 m thick calcareous-clastic sequence of the calcareous
member (FYR2) of the Flysch Rosso Fm. forms a small calcareous ridge tectonically laying over the
calcareous-pelitic poly-folded sequences of the Monte Sant’Arcangelo Fm. (FMS), recognized along
the tunnel. The thrust surface is cut off by NE-dipping high angle normal faults; in this sector, the large
and complex Buoninventre landslide [88] was reactivated after the 1980 earthquake and is still partly
active. In the final part of this central sector, between 5400 m and 7760 m (Figure 12a), the tectonic
structures are more complex. Two thrusting surfaces, crossing the tunnel at about 5400 m and 6200 m,
involve the whole stratigraphic succession of the Sicilide Unit. The first thrust fault is characterized by
a folded strata sequence of FMS and ALV units in the hanging-wall and a sequence of ALV and ABA
units in the foot-wall, where a minor reverse fault separates the ALV and ABA units. This thrust plane
is cut and displaced by two sub-vertical normal faults at 5900 m and 6100 m and is interrupted by a
major normal fault at 6200 m. The Early Miocene arenite (ABA) strata, about 100 m thick, are entrapped
within these normal faults at the tunnel depth. The latter fault divides the described tectonic structure
by a different structural sub-sector, characterized by the thrusting of a folded strata sequence of FMS,
ALV, and CVT units (hanging-wall) onto a sequence of ALV and CVT units (foot-wall). Thick sequence
(200-300 m) of Late Miocene arenites (CVT) characterizes this area. Several normal faults cut the
stratigraphic succession and further dislocate the thrust plane.

The eastern sector of the geological profile encompasses from chainage 7700 m to 10,220 m
(Figure 12a) and is characterized by more simple tectonic structures and completely different
stratigraphic units. Animportant normal fault cut the thrust surface of the Frigento unit onto the Sicilide
unit, crossed by the tunnel at 7800 m. The Frigento unit is formed by the thick argillaceous-calcareous
sequence of the Flysch Rosso Fm. (FYR, FYR2), comprising pre-numidian strata in the uppermost
part. Several high-angle normal faults, mainly NNW-SSE oriented, have originated horst and graben
structures. At about 8925 m, the unconformity basal contact of the Pliocene stratigraphic sequences
(RVM synthem) on the Frigento unit is preserved. The RVM sandy-silty succession is little deformed.
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Figure 12. Geological sections. (a) Detailed geological section along the Pavoncelli-bis tunnel profile
(for tunnel trace, see Figures 2 and 4). The vertical scale is double respect to horizontal scale.
Legend: (a) Sicilide unit—Monte S. Arcangelo Fm. (FMS) with four lithofacies: FMS-arg (argillaceous
lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg (marly-argillaceous lithofacies),
and FMS-cal-ma (calcareous-marly lithofacies). Argille Varicolori Superiori Fm. (ALV) and calcareous
lithofacies (ALVc), Albanella/Corleto unit (ABA); (b) Mt. Picentini unit—Dbio-litoclastic rudist limestone
fm. (CBI); (c) Frigento unit—Flysch Rosso Fm. (FYR) and limestone member (FYR2); synorogenic
units—Castelvetere Formation (CVT), Ruvo del Monte Synthem (RVM); Quaternary units—Conza
della Campania synthem (CZC), landslide deposits (al). (b) Geological sketch section (for trace, see
Figures 2 and 4). Modified after [27,28,89].

5.2. Geology and Tectonic Evolution

The studied region is located at the intersection of the Irpinia, Sele Valley, and Lucania sectors
in the axial-eastern margin of the Southern Apennines (Figure 1). This sector represents a key area
for understanding the paleogeographic and tectonic evolution. Trias to Early Miocene basin to slope
successions and Middle Miocene to Pliocene foreland clastic successions widely occur. The pre-orogenic
successions are arranged into several regional tectonic units, such as the Sicilide, Picentini Mt., Marzano
Mt., and Frigento units [27,84,90]. The Sicilide Unit consists of basinal facies ranging in age from
Late Cretaceous to Early Miocene; the unit overthrusts both Picentini Mts. Unit and Frigento Unit.
The Picentini Mts. Unit is a fragment of the Southern Apenninic platform (namely “Campano-Lucana”
platform) and is formed by pre-orogenic carbonate platform successions ranging from Late Jurassic
to Paleogene; it is tectonically lying on the Frigento Unit. The Mt. Marzano unit is formed by upper
Trias-Langhian pre-orogenic carbonate platform to slope successions, followed by Serravallian foredeep
deposits (Laviano sequence. LAI). The Frigento Unit [27] includes lower Cretaceous shales with
resedimented limestones (Flysch Galestrino) and Upper Cretaceous-Lower Miocene succession of
hemipelagic mudstones and with resedimented limestones (i.e., ‘Flysch Rosso” Fm.), conformably
overlain by Numidian quartzarenites. These tectonic units are unconformable overlain by thrust-top
basin and foredeep basin fillings of mixed to siliciclastic successions, ranging from Early Miocene to
Pliocene in age (ABA, SIE, CVT, RVM). These successions are separated by regional unconformities [27].

The described units are strongly deformed and thrusted eastward, with minor westward
back-thrust structures, and testify a poly-phase orogenic evolution during Early Miocene, Middle-Late
Miocene, and latest Miocene-Pliocene times. These phases are characterized by the subduction of the
oceanic crust along the Adria margin producing an accretionary prism during Paleogene-Early
Miocene, Adria lithospheric flexing and tectonic contraction of Meso-Cenozoic platforms and
basins during Tortonian and Messinian and by the reimbrication, thrusting, and refolding of older
thrust-sheets [27,33,84].

During Early Miocene tectonic phases, the final closure of the southern and eastern Tethyan realm
and onset of accretionary processes of the Mesomediterranean microplate (e.g., Calabrian Terranes [25])
is responsible of huge volumes of clastic sedimentary sequences, dominantly deep-marine turbidite
systems, which were deposited at the front of the accretionary orogenic terranes in foreland basin
systems [25]. The latest Oligocene-to earliest Miocene correspond with the final closure of the Lucanian
Oceanic realm, where sandstone turbidite successions having dominantly a quartzolithic composition
(i.e., Corleto sandstone Formation), interbedded with volcanolithic sandstones (i.e., Tufiti di Tusa
Formation), were accommodated. After deformation of the oceanic terranes, at the end of Burdigalian,
the Langhian to Tortonian foreland sequences unconformably covered the oceanic units and correspond
with deposition of the Cilento Group.

The Tortonian phase was characterized by a north-east direction of the tectonic transport, causing
the sequential superimposition of the Sicilide Unit onto the Apennine Platform units and of these units
on the Frigento Unit. The phase produced geometric relationships of hanginwall-flat on footwall-flat
type [27]. These thrusts are suturated by the Late Tortonian-Early Messinian Castelvetere Formation.
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This latter unit, a sand-rich turbidite system, has dominantly quartzofeldspathic sandstones, which
has an abundance of coarse grained plutonic and high-grade metamorphic phaneritic rock fragments,
derived from weathered [25,33,81,91] highest tectonic units of the northern Calabrian terranes.

During Early Messinian-Middle Pliocene, a stage of collisional tectonics with sequential effects
of break-back-thrust type developed [27]. During the Early-Late Messinian phase, new geometric
relationships of the previously assembled units were produced by out of sequence thrusting structures
(breaching, [43]), which were sutured by the Late Messinian successions (Altavilla unit and Anzano
Molasse Fm. [23]). The Early-Middle Pliocene phase was characterized by the development of severe
rearrangements within the orogenic wedge. Since Early Pliocene, the breaching effects determined
high angle faults, namely fault cut-off, involving the older faults within the tectonic wedge [27].
A back-regressive evolution of the fault cut-off from the current marginal areas to that internal to the
chain (from east to west) occurred at regional scale. Middle Pliocene unit (Ruvo del Monte Synthem)
sutured the fault cut-off in the Ofanto river valley. This tectonic evolution can be attributed to the
structuring processes of the buried Apulian Unit as recorded in the more external Irpinia sector [92,93].
The uplift generated by the buried duplexing of the Apulian continental crust blocked the sequential
kinematics progression towards the Adriatic sectors. The resistance to progression, during Africa-Adria
plates convergence, generated surface dislocations towards the Tyrrhenian due to a gravity processes
of re-adjustments in the tectonic wedge behind the outer edge, causing the back-thrusting of the
Lagonegro unit onto the Sicilide unit [27].

The regional geological section (Figure 12b) shows the relationships among assembled tectonic
units, Quaternary normal faults and 1980 seismic faults. The studied axial areas of southern Apennines
are also characterized by high heat flux data suggesting the presence of melt intruded into the crust
along lithospheric faults in the zone [94,95]. A relationship between the geodynamic evolution, the melt
intrusions, and the genesis of the large earthquakes in the region is suggested [94].

The few volcanic rocks found close to the 1980 epicentral area are those of Tertiary age crossed
by deep oil drillings [28], and the allochthonous diabase within Sicilide unit cropping out near
Frigento [92,93,95], but there is no evidence of relation between these magmatic rocks and the analyzed
volcaniclastic rocks.

6. Conclusions

The geological study carried out in the southern Apennine divide area, where the new
Caposele-Conza hydraulic tunnel called Pavoncelli bis was built, allowed to obtain relevant new
elements on the tectonic and stratigraphic evolution of the Apennine thrust belt.

The excavation of the Pavoncelli bis gallery has given us a new opportunity for obtaining a
detailed knowledge of the geological structures that are present in the subsurface of the studied
sector of the Apennine chain, where the tectonic events have almost completely hidden the original
geometric relationships existing between the various geological units. The complexity of the geological
structures and the mainly pelitic nature of the lithologies here present made the reconstruction of
the geological structures crossed by the excavation very difficult, especially in correspondence with
the tunnel sections with high thickness coverage. However, the collection of original subsoil data
and the results of detailed geological surveys, supported by in-depth analysis of the petrographic
characteristics of the arenitic successions, allowed to elaborate a geological detailed model of the area
crossed by the tunnel excavations, which has been reported in the geological profile (Figure 12).

For the first time for this area, the presence of quartzolithic arenaceous successions with
volcanoclastic composition, related to the Early Miocene arenaceous successions of the Corleto/Albanella
Sandstone Formations, and a quartz-feldspathic arenaceous successions, related to the late Miocene
Castelvetere Formation, have been documented in an exhaustive way both in the outcrops and in the
tunnel sectors.

The stratigraphic and petrological data allowed to recognize the presence in the study area of the
arenitic sequence of quartzolithic petrofacies corresponding to the lower Miocene Corleto/Albanella
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Sandstone Formation. These units usually unconformably cover the Argille Varicolori Superiori Fm.,
typical of the upper part of the Sicilide Unit, and were originally deposited in the Lucanian basin.
These data may allow conforming the presence of the Sicilide unit in the axial sector of the Campania
mountain belt eastward to the Apennine carbonate units.
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Abstract: The Italian seismic compilations are among the most complete and back-in time
extended worldwide, with earthquakes on record even before the Common Era. However, we
have surely lost the memory of dozen strong events of the historical period, mostly in the first
millennium CE. Given the lack of certain or conclusive written sources, besides paleoseismological
investigations, a complementary way to infer the occurrence of lost earthquakes is to cross-check
archaeoseismic evidence from ancient settlements. This usually happens by investigating
collapses/restorations/reconstructions of buildings, the general re-organization of the urban texture,
or even the abrupt abandonment of the settlement. Exceptionally, epigraphs mentioning more or less
explicitly the effects of the earthquake strengthened the field working hypothesis. Here, I deal with
both paleoseismological clues from the Monte Marzano Fault System (the structure responsible for
the catastrophic, Mw 6.9 1980 earthquake) and archaeoseismological evidence of settlements founded
in its surroundings to cast light on two poorly known earthquakes that occurred at the onset and at
the end of the first millennium CE, likely in 62 and in 989 CE. Both should share the same seismogenic
structure and the size of the 1980 event (Mw 6.9).

Keywords: Irpinia fault; historical earthquakes; archaeoseismology; paleoseismology

1. Introduction

As widely demonstrated by several works, the Irpinia fault—which is the popular name of the
Monte Marzano Fault System (MMFS, [1])—was responsible in November 1980 for a devastating
earthquake (Mw 6.9), which was accompanied by the longest surface faulting ever observed
in Italy (>30 km), at least before the recent central Apennines event (October 2016, Mw 6.6).
Early paleoseismological studies [2] claimed that the recurrence time for 1980-like characteristic
earthquakes during the Holocene was approximately 2 kyr, which is a value clashing with both the
frequent destructive seismicity of the area affected by the fault [3] and the high GPS-derived strain
rate of the region (at least 2.9 mm/year [4,5]). This inconsistency was fixed through high-precision
topographic leveling run across the compound fault scarp [6], and new paleoseismological trenches
and pits opened on different fault segments of the 43 km long MMFS [7]. Results revealed that most of
the destructive earthquakes that hit the upper Ofanto valley in the past two millennia (e.g., events of
1980, Mw 6.9; 1694, Mw 7.0; 1466, Mw 6.3, and many others; as shown in Figure 1) might be ascribed to
the MMFS periodical activation, without the necessity of evoking other, unknown faults.

Geosciences 2020, 10, 286; doi:10.3390/geosciences10080286 www.mdpi.com/journal/geosciences

109



Geosciences 2020, 10, 286

1930

3

1525 / 155 1675
AT‘IGTIO Irpin

1732 \

J
L 2 of &
. 1851
S.Angelo L. 'Z;EO
Mt Vulture

B9®1317 1600 20

Figure 1. Macroseismic epicenters of Mw > 5.5 earthquakes in southern Irpinia (modified from [7]).
Notwithstanding possible approximate location, earthquakes cluster mainly in the hanging wall of the
Monte Marzano Fault System (MMES). CF, Caggiano fault; UF, Ufita fault. Stars are the instrumental
epicenters of 1980 (Mw 6.9; epicenter from [8]) and 1996 (Mw 5.1) events. Diverging triangles indicate
crustal extension, as deduced by GPS analyses published by [4,5].

Macroseismic studies of recent normal faulting earthquakes in Italy showed that the spatial
distribution of damage is strongly influenced by rupture directivity effects [9-14], explaining why the
same seismogenic source might generate different shaking scenarios time after time. For instance,
the 1980 rupture, nucleating from the SE tip of the MMFS toward NW [15], induced the northwestward
damage distribution depicted by [16] (Figure 2D). Conversely, in the stronger 1694 earthquake,
the rupture nucleated from the NW tip toward SE [7], as proven by the huge damage suffered by many
villages located on the eastern side of the highest-intensity data points distribution (from now: HIDD;
see Figure 2C).

This paper deals with two little-known earthquakes that were likely generated by the recurring
rupture of the Irpinia fault. The first one occurred in the second half of the 1st century CE (Common Era),
whereas the second occurred at the end of the 10th century (e.g., 989 CE). Both have left their destructive
imprint in some archaeological settlement of the region, and both are mentioned in a few primary
historical sources. Moreover, their signature can be read across the stratigraphy exposed within the
paleoseismological trenches opened in the past years along the Irpinia fault or scanning the stepped
profile of its compound scarp. By joining historical/epigraphical sources, archaeological evidence,
and paleoseismic data, I have tried to provide more reliable seismogenic hypothesis and robust
parameters for these events.

Here, I will refer to the MCS scale, which is the Mercalli-Cancani-Sieberg Macroseismic
scale [17,18] adopted in all the seismic catalogues and works in Italy. Io and Is are epicentral
and site intensity, respectively.

2. Historical Seismicity of the MMFS Region

The historical seismicity of the investigated area is among the strongest of the Apennines, both in
terms of frequency and of maximum magnitude, with epicenters mainly concentrated in the MMEFS
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hanging wall (Figure 1). As observed for the longest normal fault systems dissecting the Apennines [19],
the largest events of Irpinia (Mw > 6.9) were sourced by the contemporary rupture of the entire MMFS,
whereas minor earthquakes occurred on single or grouped segments of this system [7].

Among the latter, the strongest was on January 14, 1466 (Figure 2B), striking the upper Ofanto
and Sele Valleys, destroying the town of Conza (Is 9-10 MCS) and causing damage, collapses,
and casualties in many other villages in the area, as witnessed by both archaeoseismic indications [20]
and contemporary sources [21]. Although we have only 30 intensity points, the 1466 HIDD clearly
falls in the hanging wall of the MMFS, roughly mimicking the 1694 and 1980 effects distribution
(Figure 2C-D). Nonetheless, as the 1466 event had a lesser destructive impact, it was not sourced
by the entire rupture of the MMFS, as happened in the two forthcoming, catastrophic earthquakes.
By inverting its HIDD with the Boxer algorithm [22], its equivalent magnitude was rated as Mw 6.3 [7].
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Figure 2. Distribution of effects induced by the 989, 1466, 1694, and 1980 earthquakes (MCS
intensities from [7]). (A), 989 event; collapsing columns indicate coeval archaeoseismic evidence
(see text). Asterisks, damaged villages quoted by contemporary sources. (B), 1466 event (data
from [20,23]. (C), 1694 event; the arrows near Teora indicate the sector of the slope where contemporary
accounts describe the opening of a long chasm, which was probably due to surface faulting [7].
(D), 1980 event; yellow circles in the background are 1980 aftershocks. Focal mechanism from [24].
MCS: Mercalli-Cancani-Sieberg Macroseismic scale.

During the 16th century, two damaging earthquakes had again their epicenters in the MMFS
hanging wall. On March 29, 1517, the first one caused collapses and victims in Conza, and it was
strongly felt from Ariano Irpino to Serre [20]. The second is part of a complex seismic sequence,
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which included three mainshocks occurring between July 30 and August 19, 1561. Castelli et al. [3]
located one of these in the upper Ofanto Valley (Figure 1), where it caused heavy damage in several
settlements. However, both the 1517 and 1561 events lack conclusive parameters, as their poor or
confusing historical descriptions make it difficult to assess robust epicentral coordinates or magnitude.

Starting from the end of the 17th century, the region suffered the strongest seismic period of its
long history. Two strong long-term foreshocks in 1680 (9 November) and 1692 (4 March; Figure 1)
paved the way to the catastrophic September 8, 1694 earthquake (Mw 7.0), which caused ca. 6000
deaths, razing to the ground (i.e., Is 10-11 MCS) dozens of villages in the upper Ofanto Valley [25].
Even in 1694, the HIDD focuses on the MMFS hanging wall, with an abrupt intensity decrease in the
footwall (Figure 2C). Coeval accounts described an impressive ground rupture formed in the Teora
mountains, with a length of 10 Neapolitan miles (18.5 km), suggesting the occurrence of surface faulting
along the northern sections of the MMFS, as confirmed by paleoseismological investigations [7].

Leaving aside the catastrophic earthquake of 29 November 1732, which also struck towns located
in the upper Ofanto Valley, but with an epicentral area shifted further northwest (Figure 1; Ufita Fault),
in 1853 and 1910, the MMFS hanging wall was affected by two other moderate earthquakes. The former
(Mw 5.5) caused severe damage in the upper Sele Valley villages (e.g., Caposele and Calabritto [26]),
whereas the latter (Mw 5.7) induced collapses and victims mainly in Calitri. The 1853 earthquake can
be directly associated with the rupture of a segment of the MMFS, whereas the 1910 was likely sourced
by an antithetic fault bounding the hanging wall to the north [7].

At the end, the 23 November 1980 earthquake (Mw 6.9; Io 10) hit the same villages already
devastated in 1466 and 1694, destroying 75,000 buildings and severely damaging another 275,000
(Figure 2D). The death toll was 3000, the highest in Italy in the 20th century, after the 1908 (Messina)
and 1915 (Fucino) events, with the total destruction of some towns such as Conza (30% of the victims;
Is 11), which was abandoned and rebuilt in another place [16]. The physics of this earthquake have
been investigated in several studies [27-30] that reconstructed the complex rupture process along both
the main fault (mainshock, and 20-s sub-event) and the antithetic, SW-dipping fault (40-s sub-event).
The rupture nucleated at ca. 10 km in depth [29] and caused impressive surface faulting across the
Mount Marzano massif, especially east of the Sele Valley [7,24,31-34].

3. The Little Known Earthquake of the 1st Century CE

3.1. Archaeoseismic Evidence from Volcei

Robust proofs of multiple destructive events have been found in this ancient town, starting from
the late 3rd century BCE [35]. The Roman municipium of Volcei (today Buccino) developed over a
settlement existing since the Iron Age close to the Apennine watershed, between the Campania and
Basilicata regions (Figure 1). The modern Buccino was heavily damaged (Is 8 MCS) by the 1980 Irpinia
earthquake (Mw 6.9), with the successive reconstruction works providing an exceptional opportunity
to rediscover the buried remains of the Roman town. As Buccino shares the same ruinous destiny as
the other villages struck by the 1980, 1694, 1561, and 1466 events [3,23], the recognition of widespread,
seismically induced effects to the ancient structures was not an unexpected discovery, and it allowed
extending our information well behind the memory of the written Modern sources.

During the post-1980 reconstruction works, many indications of ancient collapses, including
butti (i.e., stacks of archeological debris), fills, and the leveling of destroyed buildings were found
everywhere in the Buccino underground. There was also evidence of restoring and/or rebuilding
several Roman houses with architectural elements from previous buildings, such as architraves and
epigraphs, which were recycled in the new constructions. Besides all these findings, a coeval epigraph
explicitly mentions the restoration made after a collapse due to an earthquake. In the whole, all the
indications point to a destructive event falling in the second half of the 1st century CE, as summarized
in the forthcoming points (see Figure 3 for sites location), which account mostly for unpublished data
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collected and discussed with A. Lagi, who was formerly responsible for the Salerno Superintendence for
the Buccino excavations, and with many other archaeologists who followed one another in the project.
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Figure 3. Map of Buccino showing the main archaeological sites attesting the 1st century CE earthquake.
Upper panel is the photomosaic of the epigraph of Otacilius Gallus, a far ancestor of mine, attesting the
collapse of the Caesareum (photo by P.G.).

3.1.1. Forcella Palace

Below this palace, which was built along the Roman Decumanus, the indications consist of a
dumping grave containing domestic pottery (lamps and dishes) datable within the first half of the 1st
century CE. As no sigillata chiara A pottery (early second half of 1st century CE) was found within the
grave, the dumping age must fall at the onset of the second half of the 1st century CE.

3.1.2. Castle

Over the southern side of the main 12th century Norman tower (i.e., the donjon, resting over the
basement of a Roman temple), the excavations unearthed a broad, rubble fill, which was supported by a
wall. The fill was rich in domestic material, bricks, tiles, and limestone masonry blocks, and it was lined
upward by a raw concrete pouring. More importantly, it also contains sigillata italica and Africana
chiara A pottery, the latter datable to the second half of the 1st century CE (maximum 60-70 CE). At the
bottom of the fill, a coin of Emperor Tiberius (23-30 CE) provides a certain post quem term for the
rubbles mass, which was thus leveled between the late 1st and the beginning of the 2nd century.

3.1.3. Sotto San Nicola Street

In the southeastern slope of Buccino, another dumping grave of both building and domestic
rubble has been found. It contains vases and lamps datable within the first half of the 1st century CE
(i-e., sigillata italica, pareti sottili pottery), being hence coeval with the castle area fill.

3.1.4. Amendola Square

In this place, along the Decumanus, three different dumping graves have been overlaid and sealed
with a restoration floor; the infill material contains pottery shards with pareti sottili (early 1st century
CE). Amongst all the pottery, the archaeologist found the relic of a pot (glilarium or vivarium in doliis)
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containing the skeleton of a dormouse (Glis glis), which was ready to be cooked. At least one of the
buildings facing the Decumanus was restored in the 2nd century CE, when also a porticus with four
pillars was added to the house. One of the pillars supported an Osco-Latin epigraph, likely recalling
the restoration of a nearby vicum venerlum (a brothel?) in the 2nd century (G. Camodeca and A. La
Regina, personal communications, 2006). Here, I sampled and dated some charred materials belonging
to the wooden structure of the porticus, which was buried by the subsequent collapse of this building
during the Early-High Middle Age (see next section). The calibrated age (110-330 CE, 20 cal.; Table 1)
fits the period of general restoration of the town, providing the ante quem term for the collapse.

Table 1. Radiocarbon ages of samples collected in the investigated area (AMS, Accelerator Mass
Spectrometry and Radiometric ages by Beta Analytic Inc., Miami, FL, USA). 20 calibration with software
Calib 7.1 [36].

Site Sample Laboratory Dated Material Dating d13C h:;is(ul;;;i 2s cal. 95%

Volcei BucAmlc  BETA-175146  Charred material AMS -26.7 1810 + 40 110-330 AD
BucAmd4b  BETA-173042  Bone Collagene AMS -21.1 900 + 40 1030-1230 AD

Compsa Conz01 BETA-180232  Charred material ~ Radiometric - 1240 + 70 660-970 AD

3.1.5. Thermal Baths

Between the 1st and the 2nd century CE, the thermal baths were restored, and their orientation
was changed, whereas the floors were completely renewed with different mosaics.

3.1.6. Macellum

In the same period (1st-2nd century CE), in the area of the macellum, the two tholoi were
dismantled, and the macellum itself was abandoned, whereas its remains were leveled and occupied
by new workshops.

3.1.7. Salimbene House

Below this house facing the Decumanus, the archaeologists found the remains of a 1st century BCE
room ceiling that abruptly collapsed and was successively buried by other structures. By removing
the fallen material, it was possible to observe that the incannucciato ceiling collapsed directly over
the mortar floor of the room, where it also buried pottery shards of the 1st century CE (Figure 4).
This clearly means that the room was in use when the collapse happened.

3.1.8. Caesareum Temple

Here, in the same period (1st century CE), an opus caementicium cistern was built with the aim of
supporting the damaged retaining wall of the temple. The severe damage suffered by this temple is
also testified by the epigraph of Otacilius Gallus that will be hereafter described.

In the whole, the archaeological data evidence a general, abrupt discontinuity within the urban
texture of the Roman Volcei, followed by a reconstruction phase focused between the 1st and 2nd
century CE. The great abundance of domestic pottery, tiles, bricks, and stones in the dumping graves,
summed to the existence of leveled rubble fills, are the proof of contemporary, extensive building
collapses in the town. Moreover, the discovery of the pot with the dormouse, ready to be cooked when
it was buried under the rubble, and the Otacilius’ epigraph, attesting the collapse of the Caesareum,
are conclusive proofs concerning the occurrence of this event. Last but not least, a further clue evocating
the tragedy caused by this earthquake comes from the funerary monument of Gresia Tertia, which is
located only 10 km SE to Volcei. Here, archaeological investigations unearthed an epigraph datable
within the 1st century CE, where an infelix mater (a desperate mother) cries over the death of her family,
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namely all the four sons and the father. Even if the cause is not declared, the simultaneous decease of
five persons in the same family could really be related to the collapse of their house.
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Figure 4. Simultaneous collapse of the incannucciato ceiling (unit 24) and of the plaster (25) over the
mortar floor (30) of the inhabited room. Unit 21 is instead the foundation of a medieval wall that
was carved within the Roman rubble. For the record, this medieval wall collapsed due to a further
earthquake, and its relics were found inside an adjacent room (photo by P.G.).

3.2. Archaeoseismic Evidence from Compsa

The municipium of Compsa (today Conza, Figure 1), similar to the nearby Volcei, starting from
the 1st century BCE, flourished throughout the whole Imperial period, surviving to the Late Antiquity
decline without dramatic urbanistic breaks [35]. However, despite the monumental buildings of the 1st
century BCE being renewed under Emperor Augustus at the beginning of the 1st century CE [37,38],
the archaeologists have found sparse indications of further works made just after a little interval,
consisting of the reworking of the Capitolium, its podium, and its staircase. Moreover, they noticed
the restoration of other new buildings surrounding the forum, with the demolition of structures built
only a few years before, as the columns of the porticus or the wall of the sacellum (F. Soriano, personal
communications, 2020). Thus, whereas the architectural improvement of the monumental buildings
during the Augustus period is typical in almost all the Roman towns of the time, the rebuilding of the
same structure only a few years after might suggest the occurrence of a destructive event, such as an
earthquake. In this case, the archaeologist placed it just after the first half of the 1st century CE.

3.3. Paleoseismic Evidence from MMFS Trenching

Besides the archaeological proofs of this earthquake, there exists also geological evidence of
its occurrence and size. As aforementioned, the authors of [6,7] performed both high-precision
topographic leveling across the MMFS scarp and new paleoseismic trenches across different segments
of the master fault. About 60 topographic profiles revealed the presence of at least 4 clusters of retreated
scarp edges (e.g., up-slope: migrating inflection points: [6]), representing as many surface faulting
events (Figure 5). These match 4 paleoseismic episodes recognized within trenches, the age of which
was successively defined by the AMS dating of numerous key samples collected there.
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Figure 5. Horizontal versus vertical separation values measured through high-precision topographic
profiles across the compound fault scarp of Monte Marzano faults (vertical values are cumulated). The
different clusters provide evidence for at least four major surface-faulting events. The older the rupture,
the higher the vertical and horizontal separation (mod. from [6]).

In detail, the fourth cluster was dated in the trenches T1 and T2 of [7]. These excavations (Figure 6)
provided robust evidence of slope debris offset that occurred just before 80-310 CE, which is a time
matching the oldest event recognized also in T3, where this was dated between 540-390 BCE and
540-650 CE. The event also fits event 2 in [2], which occurred between 620 and 230 CE. Considering all
the above, the preferred age of [7] was bracketed within the early Imperial Period (1st-2nd century CE).

Figure 6. View of trenches T1-T2 during the excavation along the >30° dipping slope of Monte
Valva-Marzano (summer 2010). Note, in the right panel, the 1980 surface offset, still visible after
30 years. The blow-up of T2 (left panel) focuses on the tectonic wedges formed in the 989 and 1694
surface faulting (see details in [7]) (photos by P.G.).

3.4. Historical Sources

In a strict sense, historical accounts concerning the effects of this earthquake in Irpinia do not
exist. Leaving aside the intriguing epigraph of Gresia Tertia and the ambiguous Osco-Latin epigraph
in Amendola square, the only certain information is provided by the epigraph of Otacilius Gallus.
This was carved on an architrave (Figure 3), and it recalls the collapse of the Caesareum, which is a
temple built only one century before, around 50-60 BCE. The text is:
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OTACILIVS EX TESTAMENTO OTACILI GALLI PATRIS CAESAREVM/[TERRAE MOTV] CONLAPSVM
P(ecVnia) [S(Va) R(estitVit)]. CVIVS OPER[IS] DEDICATIONE/[DEDIT DECVRIONIBVS] (sestertios)
XXX, AVGVSTA[LJIBVS (sestertios) XX, VICANIS (sestertios) XII, VX[ORIBVS]/ DECVRIONVM
(sestertios) XVI, AVGVSTALIVM (sestertios) VIII, VICANORVM (sestertios) 1111

which roughly means: “Otacilius, according to the will of his father, rebuilt by its own the
Cesareum which was destroyed by an earthquake ... etc.”. If the integration of the missing text
(square-brackets: [39]) is correct, the Caesareum was destroyed by an earthquake that occurred before
the end of the 1st century CE, and it was then restored by Otacilius in the 2nd century (G. Camodeca,
personal communication, 2006).

4. The 989 CE Earthquake

4.1. Historical Sources

This is the first earthquake explicitly quoted in the Irpinia area, and it was already reported by
the first Italian editors of seismic catalogues, as Giannozzo Manetti, Colanello Pacca, and Marcello
Bonito [40-42]. Manetti mentions the collapse of several buildings in Benevento and Capua, as in
Ariano, Ronza, and Conza, where many people and the Bishop died. In turn, Pacca places the
earthquake in 982 in the Naples Kingdom, describing the effects in Benevento, Capua, Ariano, Frigento,
Conza, and Ronza. Bonito places it in 989, reporting texts and sources that he painstakingly collected.
In short, the primary sources to which these three authors refer are the Annales Beneventani [43],
the Chronica Monasterii Casinensis [44], and the Chronicon of Romualdo Guarna [45]. The exact year
of the earthquake has been fixed to 989 by [46], who cross-checked other certain historical episodes
to which the event can be chronologically referred. Nevertheless, on the basis of the only historical
descriptions, its epicentral parameters were not univocally defined. The most interesting information
derives from Leone Ostiense, the author of [44], who was writing in the Montecassino Monastery and
likely used first-hand sources, which are lost today. In few words, he informs us that the earthquake
struck Vipera (this toponym still exists in the Istituto Geografico Militare maps near Benevento) and
Benevento, where 150 died and 15 towers collapsed, whereas in Capua, many houses fell down, and the
bells rung. Ariano Irpino and Frigento were almost completely destroyed, as was Conza, where many
inhabitants died together with the Bishop, while Ronza (a settlement close to Conza) was totally razed
to the ground. Leaving aside the inconsistent news from the very far town of Capua (where bell towers
just ring while houses are collapsing), on the basis of all the news, [20] assigned Is 10-11 MCS to Ronza,
10 MCS to Conza, and 9-10 MCS to Ariano and Frigento, while in Benevento, the most important and
populated town of the region, the number of casualties may suggest at least an Is 8-9 MCS intensity.

4.2. Archaeoseismic Evidence from Compsa

Here, the archaeological excavation performed after the 1980 earthquake by the former
Superintendency of Salerno, Avellino, and Benevento unearthed vast areas of the Roman and Medieval
town. As a matter of facts, buildings and tombs of Byzantine age (6th century) before, and Langobardic
(7th century) then, occupied the Forum area, always resting in phase with the Roman town levels.
A proto-cathedral was also built over the Roman Capitolium, with a staircase connecting the church to
the forum pavement [47-49]. The archaeoseismic survey conducted with the archaeologists during the
excavation in 2003 allowed collecting indications of a strong break in the Early Middle Age history
of Compsa, which was namely between the 10th and 11th century. After this break, for the first
time after its foundation, the town was not rebuilt, respecting the inherited urbanistic Roman texture.
An extended level of rubble, containing pottery shards and coins of the 10th century, buried the
limestone slabs of the Forum and all its inscriptions [50]. The first cathedral, erected on the Capitolium,
collapsed and was later rebuilt close to the Forum, although it was rotated with respect to the axes of
the Roman-Early Middle Age town. The new apse occupied a part of the previous Forum, covering the
leveled strata of destruction. Here, I made a radiocarbon dating of a huge charred fragment sampled

117



Geosciences 2020, 10, 286

within the collapse levels, which provided an age of 660-970 CE (20 cal. Age; Table 1), representing the
post quem term of the earthquake destruction (Figure 7). Unfortunately, this new basilica, consecrated in
1122 [51], will be soon destroyed by the forthcoming 1466 earthquake, and then again in 1694, 1732,
and definitely 1980 [20].
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Figure 7. Rubble and abandonment layers excavated in the Forum area of Compsa, over the limestone
slabs (below the booklet). The radiocarbon dating of a charred wood (660-970 CE; 20 cal. age)
provided the post quem term for the destruction of the Early Middle Age town in the 989 earthquake
(photo by P.G.).

4.3. Archaeoseismic Evidence in Volcei

Here, the evidence of the 989 event is represented by the synchronous and total collapse of
the buildings excavated below Amendola Square and in other neighboring insulae. Moreover, it is
witnessed by the general abandonment of the surviving Late Antiquity buildings, which were still
inhabited during the Langobardic period, and by the new urban topography that, as in Conza, drifts
apart from the Roman imprint, assuming a concentric path around the new castle. Actually, in Volcei,
it is difficult to provide univocal age brackets for this earthquake, mainly because of the paucity of
the Early Middle Age pottery. However, archaeoseismic clues are constrained between the 7th-8th
and the 12th century, even if I cannot exclude the occurrence of multiple events within this time span.
The crude set of indications can be summarized as follows (Figure 3 for location).

4.3.1. Amendola Square

The excavations have revealed the synchronous collapse of all the buildings surviving since the
Late Roman times. Below the rubble, it has been possible to read the history of these houses, with the
different redistricting of each room during times, the wall restorations, the floors overlapping, and the
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doorstep reutilization. The collapse affected all the masonry walls, the pillars of the porticus, and the
roofs, which have been found all directly overlaying the floors (Figure 8). This catastrophic collapse
also definitely buried the Decumanus, which was still in use and well maintained at least during the
7th century, as testified by the materials found in the ditches. At first glance, the collapse also killed
a small sheep, which was hit and buried by the rubble on the road basoli (see the arrow in Figure 8).
I sampled and obtained an AMS collagen dating of 1034-1214 AD (20 cal.) from the sheep bones.
Inside the porticated building, beside the collapse of the wall plasters of the incannucciato ceiling, tiles,
and masonry, it was possible to observe some walls and the four bricks/pillars that fell away from the
road, burying bande rosse pottery (used all along the Early Middle Age).

Figure 8. Amendola Square insula. View looking west of the amazing, total, and simultaneous collapse
of the porticated house over the Decumanus before the removal of the roof (reddish material). The arrow
points to the limestone basoli, where the sheep was found (photo by P.G.).

4.3.2. Salimbene House

An Early Middle Age cobble wall was founded inside the fill burying the Roman buildings
(Figure 4). The pottery shards inside the foundation trench are the same as in Amendola Square,
i.e., it contains bande rosse pottery. Therefore, this wall—which successively collapsed over a nearby
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room—might suggest the onset of the reconstruction of the Early Middle Age Buccino after and over
the earthquake rubble.

4.4. Other Settlements

In order to enrich the framework of effects distribution related to this earthquake, I collected
further indications concerning damage to ancient buildings (see Figure 2A) with the assistance of
M. Rotili (Naples University; personal Communication, 2002).

4.4.1. Frigento

Here, [52] described the burying of the right apse of the Langobardic Mother Church,
which collapsed and was successively leveled prior to the early 11th century. The rebuilding of
the church is dated between the 11th and 12th century, when the new structures were founded over
the walls of the collapsed church, or directly over the infill of its ruins.

4.4.2. Montella

In the Angevin Park, [53] found the 13th-14th century boundary wall built over the leveling of
the collapsed 9th century wall. In turn, other remains of the 9th century wall were still laying outside
the newer wall, burying tombs of the 7th-8th century.

4.4.3. Rocca San Felice

Here, [53] hypothesizes the destruction and successive reconstruction of the 7th—8th fortified
structure because of the 989 earthquake. This is also attested by the 10th—12th century donjon that was
built over the leveling of the Langobardic structures.

4.4.4. Sant’Angelo dei Lombardi

The same author [53] claims for the 989 earthquake shaking in order to explain the destruction
of the Langobardic fortified settlement, which was rebuilt in the 11th-12th century. As well as the
restoration and reinforcing of the previous damaged wall, the Norman donjon was erected over the
leveling of the Langobardic structures, as in Rocca San Felice. Moreover, it is worth noting that the
right apse of the 11th—12th century cathedral was founded over the leveling of the old, collapsed
boundary wall.

4.5. Paleoseismic Evidence from MMFS Trenching

In the trenches opened by [7] and along the fault-scarp profiles discussed in [6], between the
signatures of the 1st century CE and the 1694 earthquakes, these authors have found the clear evidence
of a Middle Age surface faulting (Figure 5). In trenches T1-T2 (Figure 6), they placed it contemporary
or slightly after 720-970 CE (age of the infilling colluvium at the bottom of a coseismic tectonic wedge),
and well before 1190-1270 CE and 1260-1390 CE (age of the units sealing offset levels). The same event
was also found in T8, where it occurred after 685-892 CE.

5. Discussion and Conclusions

Anunexpected and tragic event, such as the Mw 6.9, 1980 Irpinia earthquake, allowed rediscovering
the buried relics of the Roman municipium of Volcei (Buccino) and of Compsa (Conza). The amazing
discovery is that below the ruins of the 1980 earthquake, the archaeologists have found a palimpsest
of constructions/collapses/reconstructions attributable to as many seismic events that, each time,
have partly allowed the freezing of the buildings history below their own rubble. Although sometimes,
the unraveling of this tangled skein of construction/destruction events is a very hard task, with the
guide and help of the archaeologists, it has been possible to collect several indications from different
sectors of the towns that suggest the occurrence of different earthquakes striking Volcei/Buccino and
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Compsa/Conza in the past, and in particular, one in the 1st century CE and one in the 10th century, i.e.,
the 989 earthquake.

1st century CE earthquake—In Volcei, many archaeological evidence indicate a strong, destructive
event that occurred in the second half of the 1st century AD, as constrained well by the age of
the huge amount of pottery materials found by the archaeologists, which is supported also by the
AMS dating of wooden structures. Conversely, in Compsa, this event was not clearly identified due
to the lack of the Roman stratigraphy, which was mostly removed by the early post-1980 works.
However, here archaeologists agree that the st century BCE Forum was newly rebuilt in the early 1st
century CE [39,50], whereas it was again restored and reworked only a few years after (F. Soriano,
personal communication, 2020), i.e., contemporary to the well documented Volcei reconstruction.
This earthquake, which is unknown to the seismological compilations in this region, can be related to
the one found by means of paleoseismological analyses across the Mount Marzano Fault System [7],
where it was dated a time before 80-310 CE. Alongside the archaeoseismic and paleoseismic indications,
this event is recorded by an epigraph that, although incomplete, clearly mentions the collapse of the
Caesareum of Volcei. Given the lack of classical literary sources for the Irpinia area, a very speculative
hypothesis concerning its age may be suggested by the concurrence of the so-called Pompei earthquake
in 62 CE. Bearing in mind that the strongest earthquakes sourced by the MMFS, as well as by many
others Apennines faults [54], always induced high-intensity effects in the surrounding of Naples
(e.g., Is 7 MCS in both 1694 and 1980 events, with isolated collapses and casualties; see [55]), it could
be possible that the damage reported by the historical sources in ancient Pompei, Naples, Ercolano,
and Nocera might represent the far-field effects of the same earthquake that razed to the ground
Compsa and Volcei. It is worth remembering that Seneca in the Naturales quaestiones [56], besides
describing the effects in the aforementioned towns, also stresses that the earthquake “Campaniam . ..
magna strage vastavi” (destroyed the Region Campania with many casualties) and “non desiit enim
assidue tremere Campania” (Campania continued trembling), likely alluding that damage was spread
over a vast area. If this were true, according to the theory of elastic stress transfer, one could also
tentatively hypothesize that this Apennine earthquake was the one that triggered the forthcoming 79
CE Vesuvius eruption. This is suggested by some of the case histories presented and discussed in [57],
although more robust hypotheses were discussed in [58].

989 CE earthquake—Differently from the 1st century earthquake, Compsa was explicitly quoted
among the towns destroyed by the 989 event. In turn, even in this case, its archaeological evidence
is less detailed than in Volcei, as most of the first excavations after the 1980 earthquake were made
without a systematic description, documentation, and collection of archaeological materials. However,
the available data undoubtedly suggest that an earthquake occurred at the end of the 10th century
(i.e., post 660-970 CE, before 1122) causing the almost total destruction of Compsa, which was
successively abandoned and then slowly rebuilt and repopulated. Besides Compsa, other settlements
of the region show archaeoseismic evidence of contemporary destruction and reconstruction, such as
Frigento (also mentioned by the historical sources), Montella, Rocca San Felice, and Sant’ Angelo dei
Lombardi, which were all heavily struck by the 1980 event as well.

In Volcei, there are many indications of coeval destruction around the end of the 10th century,
although the univocal dating of collapses is problematic. Indeed, whereas the pottery shards involved
and buried by the collapses predate the onset of the second millennium, the AMS dating of the sheep
buried under the rubble would indicate a slightly later age. Considering the uncertainty that often
arises from collagen dating, the simplest hypothesis is that an event occurred between the uppermost
and lowermost boundary of the two terms, i.e., around 1000 AD, a time fitting the October 25, 989
earthquake. However, this framework is complicated by the presence of a 16th century historical
source who mentions that an earthquake occurred at the times of Pope Callistus II (1119-1124), the
destructive effects of which were still visible in Buccino in the “horti...nella parrocchia de S Maria Sollitta...”
(... in the gardens of St Mary Sollitta church [59]). The period of Pope Callistus fully matches the
AMS age of the sheep squashed under the rubble, although it is not consistent with the time span
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suggested by the pottery. Nevertheless, considering the high frequency of earthquakes occurrence in
this region [3,20], we cannot exclude that more than one event hit Buccino just before and after 1000
CE, cumulating damage and favoring the collapse of the highly vulnerable Middle Age buildings. As
a matter of fact, in one of the houses below Amendola Square, the archaeologists unearthed a small
lime furnace that was operating at the time of the collapse. The furnace overlays a thin abandonment
level on the floor, suggesting that men were working inside an uninhabited house [33]. Thus, an
attractive hypothesis, which makes no claims to being conclusive, is that while works were in progress
for repairing the damage of the 989 earthquake, another event caused the complete collapse of the
buildings around 1120 CE and the definitive burying of the ancient Decumanus.

As well as in the case of the Roman event, paleoseismic results along the MMFS support the
presence of a Middle Age surface faulting. This was dated as contemporary or slightly after 720-970 CE,
and well before 1190-1270 CE. Last but not least, the rupture of the MMES in this period matches the
distribution of the settlements destroyed by the 989 earthquake, which all fall in the hanging wall or in
the surroundings of the Irpinia fault.

As a concluding remark, I would like to stress that the results summarized in this short review
represent some intriguing case histories in the investigation of ancient earthquakes. The concurrent
presence of historical sources, archaeoseismic indications, and paleoseismic evidence of the same
earthquake have been rarely observed not just in Italy, but also worldwide. The contribution of each
discipline strengthens the parametrization of the earthquake, both in terms of age, location, and energy
released. The probable association with the seismogenic source of the 1980 earthquake suggests that
both the 1st century CE and 989 CE events had a comparable magnitude (Mw 6.9), whereas the age
brackets provided by the archaeoseismic and paleoseismic results suggest the challenging hypothesis
that the older event might be the one that in 62 CE damaged Pompei, anticipating and, dubiously
triggering, the famous Vesuvius eruption in 79 CE.
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Abstract: Seismic sequences are a powerful tool to locally infer geometrical and mechanical properties
of faults and fault systems. In this study, we provided detailed location and characterization of
events of the 3-7 July 2020 Irpinia sequence (southern Italy) that occurred at the northern tip of the
main segment that ruptured during the 1980 Irpinia earthquake. Using an autocorrelation technique,
we detected more than 340 events within the sequence, with local magnitude ranging between
—0.5 and 3.0. We thus provided double difference locations, source parameter estimation, and focal
mechanisms determination for the largest quality events. We found that the sequence ruptured an
asperity with a size of about 800 m, along a fault structure having a strike compatible with the one
of the main segments of the 1980 Irpinia earthquake, and a dip of 50-55° at depth of 10.5-12 km
and 60-65° at shallower depths (7.5-9 km). Low stress drop release (average of 0.64 MPa) indicates
a fluid-driven initiation mechanism of the sequence. We also evaluated the performance of the
earthquake early warning systems running in real-time during the sequence, retrieving a minimum
size for the blind zone in the area of about 15 km.

Keywords: earthquake seismology; microseismicity; seismic techniques; seismotectonics

1. Introduction

Seismic sequences are a useful tool to shed light on fault mechanics and geometry,
on the chemical and physical processes occurring on faults and ultimately to illuminate
the preparatory phase of large earthquakes. For the goal, diverse dense multi-disciplinary
observation infrastructures were created around faults that can potentially host large de-
structive earthquakes, to understand how those faults slip, what is the seismic and aseismic
balance during strain release, and what is the role of fluids in earthquake production.

The study of microseismicity can provide mechanical constraints on the faults, through
accurate earthquake location and source parameter computation. Earthquake location can
benefit from measurements of P and S wave arrival times and back-azimuth estimation.
In dense networks, absolute locations of microearthquakes can reach a sub-kilometric
accuracy, using global-search techniques in 3D velocity media tailored for the area [1,2].
When using relative location techniques, such as double differences [3], the accuracy can
be pushed down to a decametric scale [4], when relative arrival time determination is
performed through cross-correlation [5]. With this resolution, earthquake location can
delineate the geometry of faults [3,6] and following event space and time evolution, it is
possible to infer the role of the fluids in seismicity migration [7,8].
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Source parameters are usually inferred through the fit of a specific rupture model
with a simplified description of the observations, such as the displacement amplitude
spectrum [9]. Rupture evolution is synthesized in few macroscopic parameters, such
as the seismic moment, the source size, and the average stress drop. Large epistemic
uncertainties in source parameter estimation come from the medium description, which is
usually assumed as homogeneous [10]. This problem can be mitigated either using smaller
magnitude earthquakes as empirical Green’s functions [11] or computing a non-parametric,
data-driven attenuation function [12]. Source parameters provide insights on the stress
released during earthquakes and on the earthquake size, enabling the understanding of the
role of fluids in earthquake production [13] and the recognition of possible forcing aseismic
mechanisms in sequence generation [14].

Characterization of the seismic activity during sequences can constrain fault geometry
and mechanics in the vicinity of the swarm location. This information can be crossed with
tomographic models in velocity and attenuation, to get a picture of fluid-filled domains
and infer the role of the pore pressure in the stress distribution and release at depth [15].

While in most cases seismic sequences end into background seismicity, sometimes
acceleration of the cumulative seismic moment release during sequences can yield a large
magnitude event, especially for interplate events [16]. Capability to recognize foreshocks
before the occurrence of a large event is fundamental for risk monitoring and reduction.
There is a large debate in the seismological community on precursory seismicity before
a large event and contrasting results have been obtained in indicating the occurrence of
foreshock sequences as a persistent feature of moderate to large events (see for Califor-
nia [17,18]). Nevertheless, when a sequence clearly evolves to a large event, foreshocks
emerge only when high-resolution seismic catalogs are available, with a magnitude of com-
pleteness much smaller than the one presently available for standard monitoring networks.
Thus, advanced techniques for event detection are required to improve the catalog, such as
the template matching [19] or autocorrelation algorithms [20].

In this study, we have applied some of these advanced techniques to analyze a seismic
sequence that occurred in the area of the 1980, M 6.9, Irpinia earthquake. Since 2005, in
this region, INFO (Irpinia Near Fault Observatory) operates ISNet—the Irpinia Seismic
Network—with the goal of monitoring the seismicity evolution and its relationship with
the underlying fault system [21]. ISNet is a dense, high-dynamic range seismic network of
31 stations, covering an area of about 100 x 70 km? along the Campania-Lucania Apennine
chain, surrounding the fault system that generated the 1980 Irpinia earthquake [22]. The
seismic stations are deployed within two imaginary concentric ellipses, with the major
axis parallel to the Apennine chain. The mean distance between stations in the outer
ellipse is about 20 km, while the distance between the two ellipses is about 10 km. The
average inter-station distance within the inner ellipse is less than 10 km. All stations are
equipped with a strong-motion accelerometer and a weak motion sensor, the latter being a
short-period, a broadband velocimeter or an accelerometer with lower full-scale. Stations
of ISNet provide real-time data with controlled delay at the ISNet control center, enabling
the network to be the backbone infrastructure for earthquake early warning systems [23]
and for near real-time computation of regional ground-shaking maps.

We used ISNet data to investigate the mechanical properties of the Rocca San Felice
seismic sequence, that started on 3 July 2020 and lasted for 4 days. In this study, we
reviewed the seismotectonic setting of the area, then we applied advanced techniques
for event detection and characterization, to enlarge the automatic catalog and to provide
accurate locations, based on double-difference techniques. We thus computed source
parameters and focal mechanisms to infer the stress release and its main directions, the
size of the events, and to discriminate the rupture plane. Finally, we analyze the ground
motion and the performances of earthquake early warning systems, as real-time risk
reduction tools.
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2. Seismotectonic Setting
2.1. Structural Setting of Southern Apennines

The structure of the Southern Apennines is associated with the Meso-Cenozoic tec-
tonic processes that involved the African and European plates and, in accordance with
different tectonic phases of rifting, drifting, and shortening, deformed the Corsica-Sardinia
and Adriatic-Apulian forelands [24,25]. The backbone of the mountain belt is character-
ized by E-NE verging duplexes geometries and out-of-sequence thrusting due to orogenic
contraction that was active since upper Eocene-Oligocene Miocene up to late Pliocene [26].
Meso-Cenozoic successions of Adriatic-Apulian-African passive margin, deposited as
carbonate platforms with interposed pelagic basins, were involved in folding and thrust-
ing according to imbricated structural units detached from their crystalline basement, as
documented by seismic profiles obtained since 1980s during hydrocarbon exploration [27].
Migrating eastward over the Apulian foreland, these sheets were tectonically overthrusted
by internal units, deposited originally above the oceanic crust of Tethys. Considering the
lithostratigraphic relationships, from top to bottom, units are grouped in: (1) post-orogenic
intramontane basin units of marine, terrestrial, and volcanic origin, deposited during Plio-
Pleistocene or Holocene in the Adriatic-Bradanic foredeep; (2) syntectonic top-thrust basin
successions formed during the progressive shortening toward east; (3) orogenic wedge
tectonic units involved in the NE-verging overthrusting from upper, internal domains
(Tethyan oceanic crust or Adriatic-Apulian continental crust) to the lower, external domains
(Apennine carbonate platforms with inter-basins pelagic units); (4) Apulian carbonates,
buried, deformed, and overthrusted in the inner belt and undeformed in the outcropping
foreland [25,28]. During the Quaternary, the Southern Apennine thrust belt was dissected
by NW-SE oriented normal faults that accommodated an extensional tectonic phase, ac-
cording to a stress field with the axis of maximum extension coaxial to the axis of maximum
compression of Apennines belt (SW-NE trend [24,29,30]). In fact, contractional and exten-
sional deformations took place simultaneously in different sectors of the Apennines with
both E-migrating fronts at a similar rate of ~4 cm/year.

2.2. Seismogenic Normal Faults

In the Southern Apennines, normal faulting corresponds to a significant deformation
process in terms of regional size of structures, morphotectonics, active displacement, and
seismogenesis. Normal faults with NW-SE striking regulate the active tectonics in the
thrust belt, accommodating an extension of 3-5 mm/year as evidenced by surface geology,
borehole breakout, and available fault plane solutions of earthquakes [31,32]. Earthquakes
up to X-XI MCS intensity struck the Southern Apennine chain, indicating that this sector
is one of the highest seismic hazard areas of the Mediterranean region, with segmented,
seismogenic structures capable of generating up to M 7 earthquakes [33,34] (Figure 1). These
earthquakes occur principally in the axial sector of the Apennine chain with recurrence
periods >1000 years and depths down to 10-15 km in the upper crust, in a 30-50 km
wide belt that follows the orographic divide [35]. As proposed in different models [36-38],
normal faults that dissect Apennines show an evolutionary trend from young, high-angle
planar faults, seated in the upper crust and characterized by small extensional strains,
to mature, listric faults reaching the crystalline basal detachment with high amount of
extensional strain. A consequence of progressive E-migration of the extensional front is
that normal faults show a different aging and degree of evolution from mature faults of the
inner sector of the Apennine chain (to W, toward the Tyrrenian margin) to young faults
superimposed on the accretionary wedge along its axial sector (to E, gradually decreasing
toward the foreland). Large seismic events are believed to be associated to younger normal
faults connected to the extensional front and, in the eastern sector, to fluids reaching an
over-pressure condition at shallow depths due to the low permeability of the crust that
inhibits their circulation [34].
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Figure 1. (a) Epicentral map of the earthquakes (green circles) recorded by Irpinia Seismic Network
(ISNet, red triangles) from 2008 to 2020 (http:/ /isnet-bulletin.fisica.unina.it/cgi-bin/isnet-events/
isnet.cgi). The analyzed seismic sequence is highlighted with violet circles. The yellow and orange
stars refer to the epicentral location of the 1980, M 6.9, and of the 1996, M 4.9 earthquakes. Historical
seismicity is shown with black squares (I > 6-7 MCS). Seismogenic sources related to the Irpinia
fault system are indicated by orange rectangles; potential sources for earthquakes larger than M 5.5 in
surrounding areas are indicated in grey (Database of Individual Seismogenic Sources, DISS, Version
3.2.1). Focal mechanism solutions for four instrumental earthquakes are reported (1) M1 3.0, 3 July
2020, 16:14, Rocca San Felice sequence, from this study; (2) M1 3.0, 3 July 2020, 16:19, Rocca San Felice
sequence, from this study; (3) 1980, M 6.9, Irpinia earthquake [40]; (4) 1996, M 4.9 earthquake [57].
The area plotted in Figure 4 is identified by a dashed rectangle. (b) Histograms of magnitude and
(c) depth for the microseismicity inside ISNet. The red arrow points to the depth above which 90% of
earthquakes occur.

2.3. 1980 Irpinia Earthquake

The 1980, M 6.9, Irpinia earthquake was the most destructive, instrumental earthquake
of the Southern Apennines that occurred along NW-SE trending normal faults. This event
is characterized by a complex rupture process involving multiple fault segments according
to (at least) three different nucleation episodes delayed each other of 20 s. Several models,
characterized by different geometries and locations of activated fault segments, have
been proposed to explain its complex rupture [39-42]. Retrieved seismic moment ranges
between 2.4 x 10! Nm and 3.0 x 10! Nm, the fault dip activated by the mainshock
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ranges between 53° and 63° while the strike ranges between 305° and 33° [43]. Location of
the event epicenter and surface projection of the three main fault segments are shown in
Figure 1.

Kinematic models [41] have proposed the nucleation of the mainshock (0 s) along
30-km-long, NE-dipping, Mount Marzano and Picentini fault segments, with the first
subevent activated at 18 s toward a SW, low angle, NE-dipping fault of 20 km length and a
second subevent nucleated at 39 s in the Ofanto basin area, along a SW-dipping, antithetic
fault. The mainshock initially ruptured at the north tip of the Mount Marzano segment and
propagated bilaterally along two NW-SE striking faults. Toward south, it completed the
rupture of the Marzano segment and toward north it progressed along the Mount Picentini
segment.

The 1980 Irpinia faulting model has been also constrained on the evidence of coseismic
surface ruptures [42], and shows that the event activated three main fault segments, along
a 38-km-long, NE-dipping scarp with an average N128° direction and one main antithetic
blind fault, SW-dipping, that was not capable to reach the surface due to its smaller size,
leaving a ground deformation anomaly at NE of mainshock, near the Ofanto river. The NE-
dipping fault rupture corresponds to three main strands separated by gaps and anomalies
in the continuity of surface faulting identified as: (1) the Cervialto scarp (Mount Picentini,
strike of 125°); (2) the Mount Marzano-Valva scarp (strike of 135°) connected southward
with the Mount Carpineta scarp (strike ranging between 110° and 135°), and (3) the San
Gregorio Magno scarp and related scarplets in and close to the Pantano basin (strike of
120-130°). The Mount Cervialto and Mount Marzano-Mount Carpineta segments have
been correlated to the 0 s event (mainshock), the Pantano of San Gregorio Magno segment
has been correlated to the 20 s subevent; and the antithetic Ofanto fault segment has been
associated with the 40 s subevent. The three segments are represented on the geological
map of Figure 2.

Finally, relocated aftershocks and 3D velocity models have provided new constraints
about the 1980 Irpinia source model [44,45]: (1) the main rupture started at 10 km depth, on
a 60° dipping plane, in a high velocity region, associated with stiff Apulian carbonates and
propagated upward along the softer Meso-Cenozoic succession; (2) most of the aftershocks
are spread in a volume delimited by the NE-dipping, Marzano-Cervialto normal fault seg-
ment and the SW-dipping, antithetic normal fault, associated to the 40 s event; (3) seismicity
depth is confined in the first 12 km of the upper crust and mainly concentrated beneath the
Marzano-Valva fault segment; (4) largest magnitude aftershocks clustered between the fault
segments activated at 0 s and 20 s, near their tips; (5) the Marzano segment is bounded by
two clusters of seismicity likely separated by a lithological discontinuity, acting as a seismic
barrier, where the stress of the main ruptures was concentrated (the northern Sele Valley
and the southern tip of the Carpineta fault segment). In particular, the Marzano-Cervialto
normal fault segments have been interpreted as two asperities separated by a low-strength
zone, referred to as the Sele barrier [41,42]. New tomographic studies [34] confirm that the
mainshock nucleated in basement, below the Apulian carbonates, and propagated in the
high Vp/high-Vp/Vs region associated with fractured, water-saturated carbonates of the
Apulian platform domain, in agreement with well-data (S. Gregorio Magno 1, [25]) and
magnetotelluric surveys [46].
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Figure 2. Geological and structural map of the Irpinia region. Here, surface traces (red lines) and
sources (orange boxes, Database of Individual Seismogenic Sources, DISS, Version 3.2.1) of faults
activated during the 23 November 1980, M 6.9, Irpinia earthquake (yellow star) are shown. Key:
1 = Cervialto fault segment; 2 = Marzano-Carpineta fault segment; 3 = San Gregorio fault segment.
The seismic sequence is highlighted with violet circles and stars; the orange star refers to the epicentral
location of the 3 April 1996, M1 4.9 earthquake.

2.4. Recent Seismicity of the Irpinia Region

After the 1980 event, no large earthquakes have struck the area. In 1996, a seismic
sequence with a mainshock of M 4.9 took place inside the epicentral area of the 1980 earth-
quake. Present-day low-magnitude seismicity (Ml < 3.5) occurs mainly in the first 15 km
of the crust showing fault plane solutions with normal and normal-strike slip kinematics,
indicating a dominant SW-NE extensional regime in agreement with the inversion of
fault-slip data of the Irpinia region [32,47-49]. The background low magnitude seismicity
appears to be spread into a large volume, and the related stress field is closely linked
with the major fault segments activated during the 1980 Irpinia earthquake. In addition,
microseismicity seems to be controlled by high pore pressure of water-saturated Apulian
carbonates within a fault-bounded crustal volume [15,50]. Location of microseismicity
epicentres is shown in Figure 1.

Several studies pointed out a strong relationship between seismicity and high-fluid
pressure evidenced by the same location of crustal seismicity and CO, degassing areas
along the Apennines [38,51]. In the Irpinia area, underneath Mount Forcuso, tomographic
images reveal a low-Vp/Vs dome-shaped body, 20 km long and 15 km wide, located
between 6 km and 11 km depth [34]. This spot is interpreted as a pressurized CO,-rich rock
volume, filled below the Apulian platform carbonates by fluid-rich mantle melts intruded
into the crust. This anomaly correlates with high heat flow values (100-215 mW/m?)
observed along the Mount Forcuso antiform and with geochemical data. This area is
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characterized by a huge amount of nonvolcanic CO,-rich gas emission [52,53], the main
expression of which occurs in the Mefite d’Ansanto degassing site, where deep, mantle-
related fluids are released through the active faults, as indicated by geochemical data.

Deep CO,-rich fluids may play a key role in the seismogenesis in the Southern Apen-
nines [15,34,38]. Fluids migrating upward along lithospheric faults can be stored in reser-
voirs under the Apulian carbonates, sealed by Triassic anhydrites, reaching overpressure
conditions that can periodically trigger large normal faulting earthquakes. The influence of
high-pressure CO, in the nucleation of large earthquakes has been also observed in the
Central Apennine sector, for the 1997 Colfiorito and the 2009 L'Aquila events [54,55]. The
same mechanism has been invoked for the nucleation of the 1980 Irpinia earthquake, being
the initiation patch located in the basement, under the Apulian carbonate, at the top of a
pressurized CO, reservoir (low-Vp/Vs anomaly, [34]).

3. Data

The data used for the sequence analysis have been provided by ISNet. The available
stations are shown in Figure 1, together with the epicenters of the seismicity covering
the period 2008-2020. We used automatic event detections performed by the software
Earthworm [56] to identify the seismic sequence. Specifically, when more than three events
occur within 10 km and a couple of hours in time, an indicator light is turned on at the
network control center and few days of continuous data before and after the declaration of
the sequence are extracted for automatic and visual inspection, followed by machine and
human controlled procedures to eventually extract additional events. For this sequence,
the automatic system identified 43 events, starting from a M1 1.9 event, declared on 3 July
2020, at 09:31 and ending with a Ml 1.2 event, that occurred on 6 July 2020, at 16:55. The
two largest events in the sequence (Ml 3.0) occurred on 3 July 2020, at 16:14 and 16:19. All
these events have been manually inspected, providing revised phase pickings (372 P arrival
times and 208 S arrival times), locations, and local magnitude estimations.

During the manual revision of data, the near real-time software INERTIA [22] also pro-
vided moment magnitude estimations and ground motion maps. This information is made
promptly available at the ISNet bulletin webpage (http://isnet.unina.it/). Continuous
waveforms, event data and related information (picking, location, magnitude) were also
used as starting point for further analysis as detailed in the rest of this paper. In Figure 3,
we show an example of waveforms for a M1 2.8 event of the sequence, that occurred on 5
July 2020, at 15:18. In the section, stations are ordered for increasing distance from the event
epicenter. We can recognize the complexity of the waveforms as the distance increases
and the diverse duration and frequency content at some stations, owing to site effects and
instrumental filters.
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Figure 3. Example of seismic data, represented for the Ml 2.8 event that occurred on 5 July 2020, at 15:18. In the section,

stations are ordered from the top to the bottom for increasing epicentral distance. In the coda of the main event, we can

recognize smaller magnitude aftershocks.

4. Refined Seismic Catalog

We scanned the continuous helicorder for 4 days starting from 3 July to improve the
detection of microearthquakes during the sequence. We used the autocorrelation algorithm
FAST (Fingerprint and Similarity Thresholding) [20,58] with the twofold aim of including
in the catalog events featuring low signal-to-noise ratio and diminishing the magnitude of
completeness for the sequence.

FAST is based on a locality-sensitive hashing algorithm [59] and performs a computa-
tionally efficient similarity search, scanning the signal spectrograms, computed in broad
frequency bands, with the aim of detecting similar earthquake waveforms. In contrast with
template matching, FAST does not require any template for the detection. This feature en-
ables the technique for the detection of microevents during short and spatially constrained
sequences.

Since our goal is the search for very-low magnitude events, we applied the technique
to the velocimetric records at the five stations closest to the sequence centroid (RSF3, LIO3,
NSC3, AND3, MNTS3, Figure 4a), limiting our analysis to the vertical component. The
distance of the stations from the centroid ranges from 3 to 17 km. We computed the
spectrograms, filtering the records between 1 and 20 Hz and separating the continuous
waveforms in moving windows having 6.0 s length with a 0.2 s lag. The squared modulus
of the Fourier transform of each time window represents a column in the spectrogram, from
which we extracted overlapping fingerprints having 32 samples with a lag of 5 samples. To
declare a sequence of consecutive and correlated fingerprints as a candidate event, we fixed
uncorrelated permitted gaps at a single station to 3 s, this time being roughly related to the
maximum difference between S and P arrival times. Detection was declared if uncorrelated
gaps at couples of stations had length below 3 s, mimicking maximum P wave arrival time
differences across the selected stations. A sensitivity test was performed to determine the
best set of the other parameters (number of hash tables, number of hash functions, number

132



Geosciences 2021, 11, 28

of votes, minimum detection threshold; see [58]) minimizing the false negative events. An
event was finally declared when detected at least at 2 stations.
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Figure 4. (a) Selected stations for the FAST (Fingerprint And Similarity Thresholding) analysis: the dots represent the
events automatically detected by ISNet. (b) Gutenberg-Richter (GR) analysis for the automatic (blue circles) and FAST (red
filled dots) catalogs. For this latter case, the GR is also reported with the b-value estimation. The dashed lines mark the
magnitude of completeness for the two catalogs. (c) Cumulative moment release according to the two catalogs. The black
arrows indicate the first event automatically detected by ISNet (M1 1.9) and the two main events of the sequence (M1 3.0).

Scanning the continuous waveforms with FAST, we retrieved 342 events; the new
catalog also includes all the 43 events automatically detected by the ISNet procedures.
From a visual inspection of the traces, we retrieved only one false positive detection due to
a teleseismic event.

For the computation of the magnitude, we imposed that all the events are co-located
with the sequence centroid (40.94° N-15.15° E); the local magnitude was then estimated
through the ratio of the maximum amplitudes with the events detected and located by the
ISNet procedures.

We investigated the magnitude-frequency distribution for the refined catalog, com-
paring it with the ISNet automatic catalog (Figure 4b). We estimated a magnitude of
completeness of M1 0.2, nearly one unit smaller than that retrieved for the whole seismic
network (M1 1.1, [60]).

We also reported the b-value estimate from the refined catalog as b = 0.75 & 0.04. When
performing this computation on the automatic detections, we retrieved b = 0.70 = 0.11,
which is compatible with the FAST estimate, but shows larger uncertainty. Nevertheless,
it is worth to note that some events having magnitude larger than 1.2 have been missed
by the automatic procedures, since some of these events fall in the coda of the previous
ones. The cumulative seismic moment release (Figure 4c) is not significantly different for
the two catalogs yielding an equivalent total magnitude of 3.5. However, we can recognize
a foreshock sequence of 23 events preceding the two largest magnitude events in the
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sequence, that started about 9 h before the first automatic detection (Ml 1.9, 3 July 2020,
09:31).

5. Accurate Earthquake Location

The absolute locations of the sequence events have been obtained using the NLLoc
software [1]—http:/ /www.alomax.net/nlloc—that implements a non-linear, global-search
probabilistic location in 3D velocity models.

For double-difference (DD) locations, we applied NLDiffLoc [48], a location tool
included in the NLLoc software, that allows to perform DD locations by inverting the
differential times through a probabilistic, non-linear approach. We also used the tool
Loc2ddct, which allows to calculate differential times; initial absolute location of events
and corresponding differential travel-times were used as inputs for DD locations. The DD
algorithm performs an optimized exploration of the model parameters space using the an-
nealing Metropolis algorithm [1] seeking a solution that maximizes the likelihood function.
The latter is based on the misfit between measured and calculated differential phase arrival
times. During the exploration, the algorithm computes the posterior probability density
function (PDF), which represents the complete solution of the earthquake location problem.
The significance and uncertainty of the solution, i.e., the maximum likelihood point, cannot
be assessed independently of the complete PDFE. Indeed, Gaussian or normal estimators,
such as the expectation value and covariance matrix, can be obtained from samples of this
function. These estimators can describe location uncertainty in the case of a (non-) linear
PDF with a single maximum and an ellipsoidal form [1]. In addition, the software can
handle 3D velocity models, with arbitrary complexity and parameterization, required in
the case of crustal volumes with strong lateral variations and irregular topography [61].

We analyzed 903 traces at 21 stations from the 43 best recorded events. Within the
manual picking, a weight factor inversely proportional to the uncertainty on arrival time
picking has been assigned. In this way, we obtained an average of 14 P and S arrival times
for each event, ranging from a minimum of 5 phases to a maximum of 31 phases. We
processed the first arrival times with NLLoc using the 3D P- and S-wave velocity models
optimized for the Irpinia area through an iterative, linearized, tomographic approach in
which the P and S arrival times are jointly inverted for earthquake location and velocity
determination [62].

For the DD locations, we performed a selection on the events based on the absolute
location quality (i.e., at least 8 phases and an azimuthal gap <230°), keeping only 36 events
for the analysis. The absolute arrival times of the selected events are combined to obtain
about 4000 P and S differential times used as inputs for the DD location. Since the sequence
is clustered, we did not impose a maximum distance between event couples.

The absolute locations show events distributed along the NW-SE direction, with an
extension of the pattern of about 4-5 km. The depth of the events ranges from 5 to 15 km.
The horizontal and depth errors are within 750 m for most of the events. The rms of the
resulting absolute locations is within 0.2 s for almost all the events.

From the absolute location, we achieved the final DD locations (Figure 5). After relative
location, the events appear more clustered with an extension of the pattern covering a
size of 2-3 km and a clear alignment in the NW-SE direction (Figure 5a). The event depth
ranges between 7.5 and 12.5 km (Figure 5b). In a section view, these events are distributed
according to a direction inclined of about 45-55° with respect to the horizontal plane,
with a NE immersion (Figure 5¢,d). Horizontal and vertical location errors are within one
hundred meters (Figure 5e—g) and the rms is within 0.06 s for most of the events. Since the
location errors are estimated analyzing the likelihood function in the vicinity of the best
solution, the resulting errors could be underestimated in the case of multiple maxima in the
PDE. However, in our case, a DD location rms of 0.06 s indicates that the hypocenters are
located within a sphere of about 300 m radius, if considering a P-wave velocity of 5.5 km/s
at 8-10 km of depth [62]. Since the rms also accounts for the uncertainty on the origin time,
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the effective uncertainty on spatial coordinates could be smaller, coherently with estimates
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Figure 5. Double-difference (DD) locations. (a) DD location of 36 events of the sequence located with NLDiffLoc in a 3D
velocity model. The color of the event hypocenters is associated with time of occurrence (from yellow to red) and the size to
their magnitude. The stars represent the two M1 3.0 events. For these events, we also reported the focal mechanism. (b) East-
west vertical section of the events. (c,d) Cross-section projection of events along the profiles AA’ and BB’, respectively,
indicated in the map of panel (a). (e) Histogram of horizontal location errors. (f) Histogram of vertical location errors.

(g) Histogram of DD location rms. We reported the mean and the standard deviation of the rms distribution.

6. Source Parameters

We chose the Brune source model [63] to infer source parameters (seismic moment,
earthquake size, stress drop, and radiated energy released during the seismic event), which
corresponds to an instantaneous pulse applied to the fault. We applied the SPAR (Source
PARameters estimator) technique [64], which inverts the observed displacement spectra
relying on a probabilistic framework based on the conjunction of states of information
between data and model spaces. The inversion strategy allows to jointly retrieve source
parameters along with their uncertainties and to investigate the between-parameter cor-
relations. In this approach, theoretical Green’s functions are evaluated in a simplified
model accounting for both geometrical spreading and anelastic attenuation. We assumed a
constant, frequency independent quality factor, which corresponds to the median value
Q = 226 retrieved for the area [65]. For the Irpinia region, it has been demonstrated that
a frequency independent quality factor is a model preferable to a frequency dependent
quality factor following a power law [65]. Beyond the uncertainty estimation, the shape
of the posterior PDF is also used to evaluate the quality of the retrieved estimations and
eventually to discard unconstrained solutions. This technique has been efficiently tested
and validated on the main events (M > 4.0) of the 2016-2017 central Italy sequence [64].

In Figure 6a, the displacement amplitude spectra have been plotted for the Ml 3.0
event occurred on 3 July 2020, at 16:14. The several curves refer to the diverse stations at
which the parameters are constrained during the inversion. For this event, we estimated an
average moment magnitude of Mw = 2.91 £ 0.02, a corner frequency of fc = 5.0 = 0.2 Hz,
and a spectral fall-off y = 2.42 + 0.04. Source parameters have been estimated for 36 events
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in the sequence, the same events for which we got accurate double-difference locations.
In Figure 6b, we represent the retrieved corner frequencies as a function of the moment
magnitude (red points). Despite the large scattering in the data, we recognize that larger
magnitude events (Mw > 2.0) show larger stress drops (between 1 and 10 MPa). At smaller
moment magnitudes (1.0 < Mw < 2.0), the stress drop is on average smaller, with most
of the events having a stress drop between 0.1 and 1 MPa. However, about one-third of
the events in this magnitude range shows a stress drop larger than 1 MPa, excluding a
saturation of the corner frequency at small magnitude. In Figure 6b, we also represent
the corner frequencies as a function of the moment magnitude retrieved for ~720 events
occurred in the Irpinia, with magnitude between 1.0 and 3.5 (black points) [65]. We found
that our results are very consistent with the findings of [65]. Assuming self-similarity,
we retrieved an average stress drop of 0.64 MPa. It is worth to note that estimations of
corner frequency for the smallest magnitude events (M < 1.5) may be biased due to limited
bandwidth when inverting the spectra. For events with Ml > 1.5, we also retrieve consistent
estimates of the moment magnitude as compared to the local magnitude.
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Figure 6. (a) Displacement spectra for the main event (M1 3.0, 3 July 2020, 16:14) of the sequence; for this event, we estimated

an average moment magnitude of Mw = 2.91 £ 0.02, a corner frequency of fc = 5.0 = 0.2 Hz, and a spectral fall-off of

v =2.42 + 0.04. The intra-event variability on the seismic moment and corner frequency ranges over one order of magnitude.

The red arrows point to the mean values of the parameters. (b) Plot of the corner frequency as a function of the moment

magnitude (this study—red points; seismicity of the Irpinia region from [65]—black points). Straight lines individuate the

curves along which the stress drop is constant.

From the computation of the corner frequencies, we also retrieved the source radius
for each of the analyzed events. In Figure 7a, we show the source radius as a function of
the moment magnitude: we found that the radius ranges in the interval 150-400 m for the
largest magnitude events in the sequence and between 30 and 60 m for an Mw 1.5 event.
Looking at the double difference locations, we see that the spatial extension of the events
in the sequence is of the same order of magnitude (hundreds of meters) as the size of the
largest magnitude events, indicating that the regions fractured by the different events are
contiguous and stress transfer is likely to be the main mechanism for event production.

We finally estimated the radiated seismic energy, relying on a time domain estima-
tor [21], which is grounded on the computation of the squared velocity in the time domain
integrated over the S-wave time window [66], after its correction for attenuation along the
path. The attenuation model has been determined considering ~2300 local earthquakes
recorded by INFO over the last ten years [21].

The velocity integral is computed considering band-pass filtered signals between 0.5
and 40 Hz, and a time window starting 0.1 s before the S-wave onset and ending at different
percentages of the cumulated energy as a function of the source to site distance R: (i) 90%
when R < 25 km; (ii) 80% when 25 km < R < 50 km; (iii) 70% when R > 50 km. In addition,
we imposed a minimum time window length of 5 s and a maximum time window length
of 20 s. The radiated energy is finally obtained by averaging the estimates over several
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recording stations (minimum of 3 stations; the sum of signal to noise ratio for the three
components >200). In Figure 7b, we represent the radiated energy as a function of the
seismic moment. The energy-to-moment scaling observed for the sequence (red squares)
is in good agreement with values estimated for the Irpinia seismicity (gray points). The
radiated energy trend with seismic moment is also consistent with an average stress drop
in the sequence smaller than the value assumed by Kanamori as global average (from 2 to
6 MPa) while the steeper slope suggests a possible deviation from self-similar behavior.
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Figure 7. (a) Source radius as a function of the moment magnitude for the events in the sequence. The source radius ranges
from about 50 m for a Mw 1.5 event to about 250 m for a Mw 3.0 event. (b) Scaling of the radiated energy as a function of

the seismic moment. The red points correspond to events of this sequence, the gray points represent background events
recorded by ISNet.

7. Focal Mechanism Solutions

We computed 21 fault plane solutions from the inversion of P-wave polarities for
earthquakes with local magnitude ranging between 1.2 and 3.0. Focal mechanism solutions
are calculated from the inversion of P-wave polarities using FPFIT code [67] for all the
events showing at least 5 P-wave polarities. The two main Ml 3.0 events show a similar
normal-fault kinematics with a minor strike-slip component. The nodal planes have NW-SE
trending and a dip of about 50-60°. The remaining solutions show a common normal
faulting style with a minor and variable strike-slip component.

We classified the fault plane solutions according to the plunge of P- and T-axes to
derive the tectonic regime in which the seismic sequence originated. As shown in Figure 8,
most of the solutions (~66%) belong to a pure normal fault regime while few solutions
(~34%) belong to a normal strike-slip regime. In agreement with this classification, P-
plunges range between 45° and 85° and T-plunges range between 0° and 85°. Moreover,
T-axis orientations show an azimuth ranging between 25° and 97°, in accordance with the
regional stress tensor calculated for the Irpinia region [47].

We calculated the composite focal mechanism using the data of the two main earth-
quakes (M1 3.0), as shown in Figure 8. The normal fault kinematics of the solution with
NE-SW trending nodal planes (320, 55, —120; 185, 45, —54) is compatible with the fault
plane solutions calculated for single earthquakes and well fits all the available polarity data.
Despite the uncertainty of the solutions due to the small number of available data and the
small size of the events, a good agreement across the solutions is reached. A large group
of seismic stations show the same type of P-wave polarity highlighting a similar rupture
kinematics and fault plane geometry during the evolution of the seismic sequence. In the
lower panel of Figure 8, all the available polarities data are plotted on the composite focal
mechanism solution obtained from the inversion of P-wave polarities for the two M1 3.0
earthquakes of the sequence. Polarities from six stations (LIO3, MNT3, RDM3, SALI, SSB3,
VDS3) are the same during the whole sequence, and 4 stations (AND3, CLT3, COL3, RSF3)
show a dominant polarity. Only two stations (NSC3 and SNR3) display a large variability,
not always consistent with composite fault plane solutions. The results are summarized in
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Table 1. Discrepancies and variability can be explained with the station location on the focal
sphere, close to nodal planes: if uncertainties associated with location and focal mechanism
are considered, a little rotation of the rupture plane can justify the polarity variation.

2020-07-03 09:30 | 2020-07-03 16:14 [2020-07-03 16:18:11 2020-07-03 16:18:55 | 2020-07-03 16:19 | 2020-07-03 18:00 | 2020-07-03 19:05
ML1.9 ML3.0 L1.9 ML14 ML 3.0 ML1.2 ML2.6

2020-07-03 19:47  2020-07-03 20:50  2020-07-04 00:44 2020-07-04 12:34| 2020-07-05 13:23  2020-07-05 13:25 | 2020-07-05 14:06
ML12 ML1E ML1S ML27 ML18 ML19 ML28

2020-07-05 14:09 |2020-07-05 15:18| 2020-07-0517:45  2020-07-0518:29  2020-07-0519:12  2020-07-05 19:19 2020-07-06 05:18
ML20 ML238 ML23 ML1S M2 M2

oy

\

| P :

poun

T-plunge(’)

P-plunge(*) C

Figure 8. (a) Fault plane solutions computed for 21 earthquakes of the sequence. Earthquakes with
Ml13.0,2.5 <Ml < 3.0, and 2.0 < Ml < 2.5 are highlighted in red, orange, and yellow, respectively.
(b) Composite focal mechanism solution obtained from the inversion of P-wave polarities for the
two main events. (c) Fault plane solution classification according to the plunge of P- and T-axes with
specific tectonic regimes (Legend: NF, normal fault; NS, normal-oblique; SS, strike-slip; TF, thrust
fault; TS, thrust oblique; U, unknown). The number of earthquakes (color bar) is counted in bins of
15° x 15°.

Table 1. 235 P-wave polarity data available for the whole seismic sequence. Data are organized by
seismic stations.

Station Polar. No. Polar. No.
AND3 upP 9 DOWN 1
CLT3 upP 16 DOWN 1
COL3 UpP 1 DOWN 6
LIO3 UP 0 DOWN 30
MNT3 UuP 27 DOWN 0
NSC3 UP 8 DOWN 18
RDM3 UP 6 DOWN 0
RSF3 UP 1 DOWN 33
SALI 103 0 DOWN 38
SCL3 UP 1 DOWN 1
SNR3 UP 4 DOWN 11
SSB3 UP 22 DOWN 0
VDS3 UP 0 DOWN 1
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Focal mechanism solutions of the main earthquakes show the activation of a NW-
SE striking fault structure with 50-60° dip, in agreement with seismogenic sources of
the Irpinia region. Despite the low magnitude of the analyzed earthquakes, fault plane
solutions reveal a normal fault tectonic regime, consistent with the regional stress field.
Considering the spatial distribution of the hypocenters, the NE-dipping nodal plane can
be assumed as the preferential one along which the seismic sequence originated, showing
the same orientation of the adjacent seismogenic fault segment activated during the 1980
Irpinia earthquake.

8. Ground Motion

The ground motion characteristics were investigated through the main properties
of peak values both in terms of acceleration and velocity. A first rough estimation of the
frequency content associated with ground motion records can be obtained evaluating
the ratio of peak ground acceleration (PGA) to peak ground velocity (PGV) [68,69]. We
reported an average ratio value of 4.1 + 1.6 g/ms~! which allows to classify the records in
the class of high acceleration—low velocity. Such a high ratio suggests that the records are
mainly characterized by a short duration, high predominant frequencies, and narrow-band
spectra [70].

We also compared the peak values to the ground motion prediction equation (GMPE)
inferred for the Irpinia region [71]. The comparison for the Ml 3.0 event of the sequence
(3 July 2020, 16:19) is shown in Figure 9a. We observed a good agreement between predic-
tions and observations; these latter are almost all included within one standard deviation
in the predictions of the GMPEs.
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Figure 9. (a) Comparison between observed peak ground values and the GMPEs (Ground Motion Prediction Equations) [71]
for the Ml 3.0, 3 July 2020, 16:19 earthquake. Lines identify the mean GMPE, and the mean plus/minus one standard
deviation. Open circles represent peak observations. (b) Shakemap® computed for instrumental intensity, for the same
event. The red star corresponds to the event epicenter.

We also present, in Figure 9b, the Shakemap® [72] for the same event, in terms of
instrumental intensity, automatically generated at ISNet. The intensity distribution is
slightly elongated toward the south direction, with respect to the earthquake epicenter.
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The maximum instrumental intensity has been estimated to be III, which is consistent with
reports provided by the INGV.

9. Early Warning Analysis

During the sequence, two earthquake early warning (EEW) systems, PRESTo and
SAVE, were operating at INFO. PRESTo [23] is an open-source software platform for
regional (network-based) EEW which integrates algorithms for real-time data collection,
event detection, rapid earthquake location, magnitude estimation, and real-time ground
motion prediction in the area of interest.

For the current setting at the INFO, the alert in PRESTo is released if at least five
stations have detected the event, independently of the estimated event magnitude or
shaking intensity in the area.

SAVE is an on-site, P-wave-based EEW approach [73] which has been conceived to
operate either with a single station (i.e., a single sensor located at the target site) or with
a set of co-located seismic nodes within a small area around the target to protect. SAVE
processes the vertical component of both accelerometers and (broadband) velocimeters,
and predicts the expected ground shaking at the recording site issuing a local alert level,
together with a qualitative assessment of the earthquake magnitude and source-to-site
distance, based on measurements on the early portion of the P-wave.

Unfortunately, during the early days of the sequence, some stations of the network
suffered from a temporary failure of the communication system. This resulted in tremen-
dous delays of data transmission and in the partial loss of a few recorded data, which
prevented EEW systems from correct operation. For this reason, we could not evaluate the
performance of the systems for the whole sequence, but each system automatically detected
a smaller number of events, depending on the availability of real-time recorded data.

PRESTo detected a total of 21 events of the sequence, but only 10 of these events (with
local magnitude between 1.4 and 2.8) did not suffer for real-time data communication
problems and had real-time EEW estimates. The list of the detected events is available in
Table 2. For each detected event, the table shows the comparison between the local (Ml)
magnitude (as computed by INFO) and the estimated magnitude by PRESTo at the first
alert. The difference between the first PRESTo estimate and the local magnitude is also
reported in the table (AM). From the analysis of the PRESTo outputs, we found that the
first magnitude estimate is available on average 3.9 s after the first P wave detection at the
network and at the same time, the average difference between the estimated magnitude
and the bulletin one is 0.1 unit.

Table 2. List of events detected by PRESTo. The event is identified by its ID, as shown in the ISNet
bulletin (http:/ /isnet-bulletin.fisica.unina.it/cgi-bin/isnet-events/isnet.cgi), the local magnitude,
the first estimate from PRESTo and the difference between the two magnitudes.

Event ID Ml M_PRESTo AM
16975 1.4 1.5 0.1
16973 21 21 0
16972 2.1 2.5 0.4
16967 2.8 3.4 0.6
16964 2 2 0
16963 2.8 3 0.2
16962 1.9 1.9 0
16961 1.8 1.2 —0.6
16958 1.3 1.2 —0.1
16956 2.7 3.1 0.4
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Figure 10a shows the results of PRESTo during the Ml 2.7, event, that occurred
on 4 July 2020 at 12:34, while Figure 10b shows the evolution of real-time estimates of
magnitude, location, and number of data providing information to the system. As it can
be seen from the plot, the first estimates of location and magnitude are available at about
5 s from the origin time, using 5 stations. After 2 s, the estimates of location (epicenter
and depth) and magnitude converge and stabilize to the real values. We computed the
available lead-time at the main cities of the Campania region, as the difference between the
theoretical arrival time of the S-wave and the time of the first alert release. The lead-times
are reported in Table 3. The lead-time ranges from 5.8 s at the city of Avellino (~25 km from
the event epicenter) to 17.5 s at Naples (~70 km away from the epicenter).

Table 3. Theoretical lead-time. The table shows the epicentral distance and the theoretical lead-time
for the main cities of the Campania region.

City Epicentral Distance (km) Lead-Time (s)
Avellino 25.4 5.8
Benevento 33.4 7.7
Caserta 65.4 16.6
Napoli 69.1 17.5
Salerno 39.6 9.1

Finally, for this event, we theoretically estimated the radius of the blind zone (i.e.,
the area where the S-wave arrives before the alert release) which turned out to be around
15 km from the epicenter.

As for SAVE, at the time of the sequence, the system was running at 3 stations of the
network: RSF3, COL3, and AVG3. The station RSF3, which is the closest to the sequence,
detected 24 events, COL3 detected 11 events, while no events were detected at the farthest
station AVG3.

Figure 11a shows a screenshot of the same M1 2.7 event analyzed by PRESTo at RSF3.
For this event, using 3 s of P-wave, the on-site EEW system estimated a local intensity of II,
and no warning was declared at that station. For all the detected events, the magnitude and
distance estimates were not available, due to the low signal-to-noise ratio that prevented
from the use of the average period of the P-wave as a proxy for the earthquake magnitude.
Instead, for all the events, SAVE predicted the expected ground motion intensity at each
site. Figure 11b,c shows the cumulative performance in terms of lead-time and predicted
vs. observed intensity for RFS3 (Panel b) and COL3 (Panel c).

Intensity estimates differ from the real ones of 0 or 1 unit. For the detected events, the
available lead-time at the considered stations ranges between 1 to 6 s.

Finally, at the time of the sequence, the ISNet EWapp [74] was under testing by a
limited number of users. The smartphones were distributed over the area, but the number
was too small to perform a reliable statistical analysis. However, we can report here that
the ISNet EWapp received the alerts provided by PRESTo and correctly predicted the
expected intensity at each site. For all the events, the predicted intensity never exceeded
the threshold of intensity IV at the location of the smartphones.
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Figure 10. Performance of PRESTo during the Ml 2.7 event that occurred on 4 July 2020 at 12:34.
(a) Screenshot of PRESTo during the event. (b) Real-time estimates of magnitude and location, and
the number of available data as a function of time. From top to bottom, the figure shows: magnitude,
epicentral error, depth error, number of stations with available 2 s of S wave (2S), 4 s of P wave (4P),
2 s of P wave (2P), and number of available P-wave picks.
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recorded at RSF3. (b) Performance of SAVE at RSF3 and (c) COL3. Performances are shown in terms of lead-time (left side)
and difference between predicted and observed intensities.

10. Discussion and Conclusions

In this study, we have analyzed a seismic sequence, detecting more than 340 events
with magnitude in the range —0.5 < Ml < 3. The sequence occurred at the northern tip of
the main segment of the 1980, M 6.9, Irpinia earthquake, at the boundary of the Monte
Cervialto portion of the fault. Double difference locations and focal mechanisms agree in
recognizing that the sequence ruptured an asperity along NE-dipping plane, with a dip
angle ranging between 50° and 60°. Despite large uncertainties in the smallest magnitude
event locations, the hypocenter distribution delineates a structure dipping at 50-55° at
depths of 10 to 12 km and becoming steeper at shallower depths (between 7.5 and 9 km),
with a dip angle of 60-65°, eventually being a portion of a listric fault. Strike and dip
directions are consistent with the ones of the first fault segment that ruptured during the
1980 earthquake [42], indicating that this asperity is just ahead of the northern endpoint of
the 1980 event, on the continuation of that segment. Most of the events within the sequence
occurred at depths between 10.5 and 11.5 km, indicating that most of the slip was released
at a depth comparable with that of the 1980 hypocenter [40]; according to tomographic
models of the area [15,34], most of the events either developed in the basement or at its top
with few events rupturing the upper Apulian carbonates. This is a common feature of the
sequences that occurred in this region [4].

The size of the asperity, inferred from earthquake location is of the order of 800-900 m,
corresponding to an approximate source radius of 400-450 m (Figure 5). On the other
hand, the cumulative seismic moment results in an equivalent seismic event with moment
magnitude of 3.5. If we estimate the source radius for this latter event, using the average
stress drop retrieved from the analysis of source parameters, we get a value fully consistent
with the extension inferred from earthquake location. When representing on the fault plane
the seismic events within their own size, most of the events look contiguous, indicating
that the sequence ruptured a single patch along the fault plane. Looking at the inter-event
distance (median value of 370 m and standard deviation of 340 m), as compared to the size
of main events, we argue that the dominant triggering mechanism within the sequence is
the dynamic and static stress transfer, that allows the nucleation of individual events in
the sequence.

From the stress drop analysis, we also recognize a strong heterogeneity in the stress
release. Despite the large uncertainty in the evaluation of the stress drop, we reported a
dual behavior for the earthquakes in the sequence: largest magnitude events featured a
stress drop of 1-10 MPa, while stress drop of most of the small magnitude events ranges
in the interval 0.1-1 MPa. Those values are fully consistent with the estimates retrieved
for the seismicity of the whole region [65]. The largest stress drop values in the sequence
are comparable with the stress drop estimated for the 1980 earthquake [75], while smaller
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values of stress drop in the area are ascribed to high pore-pressure that locally decreases
the normal stress [65]. This variability has been observed also in the computation of the
apparent stress over a much larger time interval and at the scale of the whole network [21].

It is worth to note that the retrieved stress drop is based on the estimation of the corner
frequency and seismic moment from the inversion of the observed displacement spectra,
fixing the path correction due to anelastic attenuation to the value found in [65]. To check
the robustness of the stress drop estimates, we performed synthetic tests changing the value
of the quality factor. Specifically, we have investigated the hypothesis that small events
have the same stress drop as the largest magnitude events in the sequence, but their stress
drop appears smaller because of an incorrect correction for path effects. Retrieving a stress
drop one order of magnitude smaller than the input value at a source-receiver travel time
of 5 s, requires an average quality factor as low as 130. This average value is very unlikely
in the quality factor distribution represented in [65], when five or more estimates of the
source parameters are available. Alternatively, an apparent stress drop at small magnitudes
could be due to a complex, frequency dependent quality factor. This hypothesis cannot
be rejected a-priori and requires further modeling and testing with respect to the analysis
performed in [65], which is beyond the scope of this study.

The sequence started with a series of cracklings with M < 1 events and small stress
drops, possibly indicating a fluid induced sequence initiation promoted by low normal
stress and local fault lubrication. After the occurrence of many of those small magnitude
events, the stress accumulated in the main asperity has reached the yield strength, releasing
a large amount of stress in the two mainshocks of the sequence. In the later stage of the
sequence, we reported again small stress drop events, some of which also occurred at
few kilometers away from the sequence centroid, in the Apulian carbonates layer; these
events could be related to local fluid diffusion, activating small pre-existent fractures prone
to rupture.

Since the sequence occurred close to the main segment that ruptured during the
1980 earthquake, we may question why this sequence did not nucleate a large earthquake
similar to the 0 s event of the Irpinia earthquake. This may be related to the fact that
the sequence does not occur on the prolongation of the Monte Cervialto segment, but
on a subparallel fault, or the Monte Cervialto fault has a stepover, with a geometrical
discontinuity that prevented the jump on the main segment activated during the 1980
earthquake. Additionally, it is possible that the endpoint of the Monte Cervialto fault is a
mechanical barrier, with large yield strength not overcome after stress release during the
sequence. Investigating the geometrical details of these faults at such a small scale requires
the development of new tools that will allow location and characterization of those events
of small magnitude (M < 0.5) buried in the noise, and here detected with autocorrelation
techniques.

Despite missing some information at the decametric scale, detection of events with
Ml < 1, featuring low signal to noise ratio, is very useful in characterizing the time evolution
of the sequence and in identifying potential foreshock activity. This sequence has indeed
started 16 h before the main events, with initial seismic activity mainly characterized by
small cracklings with Ml < 0.5. Thus, only such high-resolution catalogs, extracted with
automatic autocorrelation techniques, enable to catch the foreshock initial phase of the
sequence, as also pointed out by other studies [17]. It is worth to note that we performed an
offline analysis of the events, with autocorrelation techniques running after the occurrence
of the main events of the sequence. The near real-time analysis looking at the continuous
data before the occurrence of the mainshocks merits further investigation, which is beyond
the scope of this study. Within the improved catalog, we also reported a b value of b = 0.70,
which is significantly different from the one related to the background seismicity of the area
(b =0.93, [60]). This decrease in the b-value can be related to an increase of the differential
stress [76], associated with fluid pressure.

Since the sequence occurred in a sector where the network density is higher and the
EEW systems worked at least for a part of the sequence, analysis of the system performance
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can highlight advantages and limits of actual systems. Specifically, we can individuate a
sort of “minimum size” of the blind zone for the regional system, which has been estimated
to be 15 km. This size represents the actual limit of regional EEW systems, within which
no actions can be activated at the occurrence of an earthquake. This poses also a lower
limit in magnitude (Ml < 6), below which EEW is not a viable risk reduction tool, because
the blind zone almost superimposes with the area damaged by the earthquake. Onsite
systems can provide a still positive, albeit very small lead-time for targets within the blind
zone of the regional system, as also shown for the 20162017 central Italy sequence [77].
A contraction of the blind zone can be also obtained by estimating the earthquake size
on an expanding P-wave time window, using for instance, the shape of the logarithm
of the peak displacement in the time domain (LPDT curves [78]). When applied to this
sequence, the average discrepancy between the predicted moment magnitude and the
value provided by SPAR is 0.36, which is slightly larger than the average uncertainty on
the magnitude estimate. This technique also provides a first rough estimate of the stress
drop of the event, modeling the LPDT curve with a displacement function characterized
by symmetric triangular function. For the sequence, the predicted average stress drop is
0.9 MPa, which is close to the estimate retrieved from spectral analysis.
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Abstract: Recently, a new strain rate map of Italy and the surrounding areas has been obtained by
processing data acquired by the persistent scatterers (PS) of the synthetic aperture radar interferome-
try (InSAR) satellites—ERS and ENVISAT—between 1990 and 2012. This map clearly shows that
there is a link between the strain rate and all the shallow earthquakes (less than 15 km deep) that
occurred from 1990 to today, with their epicenters being placed only in high strain rate areas (e.g.,
Emilia plain, NW Tuscany, Central Apennines). However, the map also presents various regions
with high strain rates but in which no damaging earthquakes have occurred since 1990. One of these
regions is the Apennine sector, formed by Sannio and Irpinia. This area represents one of the most
important seismic districts with a well-known and recorded seismicity from Roman times up to the
present day. In our study, we merged historical records with new satellite techniques that allow for
the precise determination of ground movements, and then derived physical dimensions, such as
strain rate. In this way, we verified that in Irpinia, the occurrence of new strong shocks—forty years
after one of the strongest known seismic events in the district that occurred on the 23 November 1980,
measuring Mw 6.8—is still a realistic possibility. The reason for this is that, from 1990, only areas
characterized by high strain rates have hosted significant earthquakes. This picture has been also
confirmed by analyzing the historical catalog of events with seismic completeness for magnitude
M > 6 over the last four centuries. It is easy to see that strong seismic events with magnitude M > 6
generally occurred at a relatively short time distance between one another, with a period of 200 years
without strong earthquakes between the years 1732 and 1930. This aspect must be considered as
very important from various points of view, particularly for civil protection plans, as well as civil
engineering and urban planning development.

Keywords: Irpinia; seismic hazard; earthquake; strain rate; GNSS; InNSAR

1. Introduction

This study is based on the analysis of a fine-scale ground velocity map of Italy de-
termined by the fusion of Global Navigation Satellite Systems (GNSS) with synthetic
aperture radar interferometry (InNSAR) data derived from satellites [1]. The dataset derives
from a period of observation between 1990 and 2012. The InSAR dataset is part of the
“Piano Straordinario di Telerilevamento” (Special program for Remote Sensing, promoted
by the Italian Ministry of Environment). Due to the quasi-polar orbit of the satellites,
space-borne InSAR observations can only determine the East-West (E-W) and Up-Down
(U-D) components of the movement of persistent scatterers. However, there are millions
of scatterers that are unreachable, due to the fact that only a few hundred GNSS stations
exist. The North-South (N-S) component is provided by a C? continuous bi-cubic inter-
polation function that is well suited to interpolate sparse GNSS stations displaced inside

Geosciences 2021, 11, 168. https:/ /doi.org/10.3390/geosciences11040168 149

https:/ /www.mdpi.com/journal/geosciences



Geosciences 2021, 11, 168

the study site and surrounding areas. To do this it uses a hierarchical structure at different
refinement levels.

The fusion of GNSS with InSAR is a method based on the calibration of InNSAR
with GNSS measures derived from permanent stations and survey campaigns [2,3]. The
results are a coherent fine-scale ground velocity map with a spatial resolution that is
unreachable using the previous velocity field maps determined with the GNSS technique
alone. By using this technique, Farolfi, Piombino, and Catani [1] provided new information
about the complex geodynamics of the Italian peninsula and thanks to the high spatial
resolution of the ground movements map, identified interesting patterns of small areas
with respect to the surrounding ones. Moreover, their work confirmed the division of
peninsular Italy into two sectors, with opposed E-W components of movement in the Stable
Europe Frame (Figure 1). This has been depicted by older studies based only on GNSS
station movements ([4] and references therein): the western block (Tyrrhenian) is moving
westward, while the eastern one (Adriatic) shows an eastward movement. The relative
motion of these blocks implies their divergence; the effect of which is represented by the
numerous currently active normal fault systems along the central and southern Apennines—
which are close to the border between these two sectors—and the associated seismicity.
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Figure 1. Map of the East component of the ground velocity field of the Italian Peninsula, derived
from Global Navigation Satellite Systems (GNSS) and synthetic aperture radar interferometry (INSAR)
during more than two decades of observation (1990-2017). The area of the Central Apennines
presents major earthquakes from 1990 to present day. From the figure above, it is clear that the
main seismogenic areas are linked to the boundary that divides the two blocks with opposite E-W
components of velocity.

The Apennine chain, an approximately linear belt hosting the most rapidly slipping
normal faults, and the most damaging earthquakes, are coincident with the areas in which
the morphological surface height, when averaged on a horizontal scale of tens of kilometers,
is greatest [5]. In this area, the first studies based on the relative movements of the GNSS
stations have already determined a medium value of a ca. 3 mm/a extension, linked to the
differential movements between the two blocks. This also allows the emplacement of melt
intrusions along deep-rooted faults [6]—the last occurrence of this kind probably triggered
the 2013/2014 Matese seismic swarm [7]—and the widespread emission of deep-originated
CO; [8]. This regime is dissecting the former Cenozoic east-verging thrust belt related
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to the west-dipping subduction of the Apulian lithosphere [9]. This compressive regime
ended at 650 ka in the middle Pleistocene [10].

The E-W component of INSAR movements [1] has also confirmed the frame depicted
by [11], in which the Ortona—Roccamonfina is not a single lineament, but a 30 km wide
deformation channel: this channel is characterized by prevalent west-directed velocities in
the stable Europe frame, nested in the Adriatic eastward-moving block.

The vertical component of the INSAR data highlights the current general uplift occur-
ring in most of Southern Italy, even if this uplift is lower than in the Central Apennines
(especially in the “Abruzzo Dome” [1]), confirming a wealth of the geological literature.
Conversely, few areas show subsidence, mainly because of human groundwater exploita-
tion. In this frame, the highest uplift values of the whole Southern Apennines—exceeding
1.8 mm/a—are present in the chain segment between Benevento and Potenza. This area
of higher-than-surroundings uplift roughly corresponds to the Irpinia sector, in a belt just
west of the Campania-Puglia border. Thus, it is possible to call this area the “Irpinian
Dome” (Figure 2). The Ufita and Marzano faults represent the surface traces of the two
different patterns of the East-West ground velocity component (Figure 3 (top)).
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Figure 2. (Top) Map of the distribution of persistent scatterers (PS) (red points) and the GNSS
permanent stations (white points) involved in the detection of ground surface movements of the
study area. The main geodynamic features are represented in the background of the map: the Irpinian
Dome is the cyan area and the Ufita and Marzano faults are represented with black hashed lines.
(Bottom) Map of the main seismic events (black circles) that occurred from 1466 to 2017 with the
main towns highlighted (dark blue squares).
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Figure 3. (Top) The East component of the ground velocity field of the Irpinia-Sannio area with the
main earthquakes of M > 3 occurred since 1900. For the earthquakes of M > 4, the label represents the
year of the occurrence. (Bottom) Map of the vertical component of the ground velocity in Irpinia with
the main earthquakes that occurred from 1466 to 2017. The main towns are drawn and labeled with
dark blue squares, and the main faults (see Figure 2 (top)) are represented with black hashed lines.

The uplifting area is divided into two different parts and, between them, exists a
narrow corridor of lower uplift <1 mm/a, (Figure 3 (bottom)). It is interesting to note that
this corridor is placed near the epicentral areas of the 1930 and 1980 earthquakes.

The geographical axis of the Irpinian dome is placed east of the main NE-dipping
faults, on the surface projection of the hanging wall. Any useful information of the N-S
component of the ground movement can be detected by InSAR satellites because their quasi-
polar orbits only make the detection of vertical and E-W velocity components possible.
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2. Relationship between Strain Rate and Earthquakes

The strain rate provides a measure of the superficial deformation, and for this reason, is
useful information for studying and analyzing geodynamics. Many authors have produced
strain rate maps of the Italian territory using GPS station data. In the last decade, for
example, Riguzzi et al., (2012) [12] estimated the strain rate, using the GPS velocity solution,
of the Italian area—provided by Devoti et al., (2011) [13].

Palano (2015) [14] carried out an analysis of the stress and strain-rate fields of Italy.
He performed a comparison of GPS inferred strain-rate data and 308 stress datasets inter-
polated at each node of a regular grid.

Montone and Mariucci (2016) [15] provided an updated present day stress map for the
Italian territory combining seismicity, data retrieved from a breakout analysis in deep wells,
and fault data. Starting from this base Mastrolembo and Caporali (2017) [16] presented a
direct comparison of the principal horizontal directions of stress and strain-rate directions
of extension, estimated at the position of each stress measurement in their data set. For this,
they used GPS data coming from over 500 stations distributed on the Italian peninsula,
however, they did not provide a general map.

This work instead benefits from a new fine-scale strain rate field of the whole con-
tinental Italy and Sicily (Figure 4) [17], determined from the surface ground movements
map obtained by the satellite INSAR observations between 1990 and 2012 [1]. The two-
dimensional velocity gradient tensor is calculated by applying the infinitesimal strain
approach [18,19] with a grid of 20 km x 20 km. The known horizontal incremental velocity
vector V; of the i-vertex polygon is defined as:

aV;

Vi Ak 5y = At ti )
where A, is the unknown velocity at the origin of the coordinate system, x; is the position
of the station, and #;; is the displacement gradient tensor. Following the tensor theory, we
separated the second-rank tensor into a symmetric and an anti-symmetric tensor. Then, t;;
can be additively decomposed as follows:

(tij + i) | (t—ti)
iyt

t = ejj + wjj @
The symmetric and anti-symmetric parts of the infinitesimal strain rates can be associ-
ated with the infinitesimal strain ¢;; and rotation wj; tensors. Principal strains e; e; were
computed as:
1 1 2
eq,6 = 5 (6,‘,‘ + e]'j) + 5 (Ei,' - E]‘]‘) + 461-2]- 3)
and the horizontal second invariant of the strain rate (SR) tensor was also evaluated as the
scalars and is presented in Figure 4:

SR = V/e12 + e52 4

The determination of the second invariant of the strain rate provides important
additional information to support the analysis of the geodynamics and the earthquake
distribution of the study area. A recent study [17] based on the analysis of the seismic
events that have occurred since 1990 in the Italian peninsula, shows that the probability
of earthquakes occurring is linked to SR by a linear correlation. More specifically, the
probability that a strong seismic event will occur doubles with the doubling of SR. Then,
the SR is used as an independent and quantitative tool to spatially forecast seismicity.

The results of this study agree with these former studies, especially for the detection
of the high strain rate along the Central and Southern Apennines axis and in Northern
Sicily [19].
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Figure 4. Map of the horizontal strain rate field of the Italian peninsula, determined by an infinitesi-
mal approach from the horizontal velocity field derived from GNSS and InSAR during more than
two decades of observation (1990-2017). Main earthquakes that occurred from 1990 to 2017 are
represented on the map.

This new theory, based on observables, identifies significant earthquake (M > 5.5)
prone areas with high strain rate areas. It gives a new perspective for the interpretation
of recent earthquakes and this theory also predicts the events that occurred after the
observation period of the study. For example, in the outer side of the Alps, the strongest
earthquakes recorded in the past decades occurred in just two of the four areas of this sector
showing high strain rate value: the M 5.3 20 December 1991 Graubunden [20] and the M 5.3
22 March 2020 Zagabria earthquake [21]. The others selected areas located around the cities
of Marseille and Innsbruck. Furthermore, after 1990 in Italy, all earthquakes with M > 5.1
and a hypocenter less than 15 km deep only occurred in areas showing a high strain rate:
1997, 2009 and 2016 Central Apennines seismic sequences, the 2012 Emilia earthquakes,
and the 2013 Lunigiana earthquake (on the surface of the Po Plain the SR is lower than in
the buried and seismic Apenninic units because of its attenuation in the plastic Neogene
sedimentary cover).

Outside these areas no shallow significant earthquakes occurred until 1990, even
though strong events occurred after 1940, such as Friuli (the M 6.5 6 May 1976), Western
Sicily (the Mw 6.4 15 January 1968), and Valais (the M 6.1 25 January 1946). In addition to
these high strain rate areas that have been hit by strong earthquakes, there are others that,
while showing high values of this value, have not been hit by relevant earthquakes since
1990. In recent years, only areas characterized by high strain rates have been affected by
significant earthquakes, therefore, it is not unreasonable to empirically hypothesize that
significant seismic events of the next decades have a greater chance of occurring only in
the areas characterized by high strain rates. The year 1990 is taken as a milestone because,
after beginning the survey in 1991, the former earthquakes do not influence the data.

154



Geosciences 2021, 11, 168

3. Stain Rate in Irpinia

Irpinia is one of the main areas of the core of the Central and Southern Apennines
chain. The differential movements between the two blocks, in which the Italian peninsula
is divided imply a medium strain rate of 50 nstrain/a [5]. Here, the main fault systems are
the Ufita, Monte Marzano, and Caggiano faults [22] (Figure 2 (top)). However, deformation
is also linked to faults with a highly different orientation, well constrained in the historical
record. For this issue, it is interesting to note that the focal mechanism solutions of the
1930 and 1962 earthquakes are significantly different from the kinematics of the typical
large earthquakes that occurred along the crest of the Southern Apennines. Instead, these
are well-fitted by the Mw 6.9 23 November 1980 earthquake, caused by predominant
normal faulting along NW-SE-striking planes. The fault linked to the Mw 6.7 23 July
1930 earthquake is blind and its magnitude and focal mechanism are debated ([23] and
references therein). Many focal mechanisms have been proposed, from a “classical” NW-
SE to an ESE-WNW striking plane. These belong to an array of oblique dextral slips on
the EW-trending planes crossing the whole Southern Apennines which is dissecting the
orogen in various contiguous sectors. The level of the transcurrent component is debated
as well. However, the effects of the earthquake presented in [24] fit better with a NW-SE
striking fault.

The 1962 sequence is composed of three different shocks at 18:09, 18:19, and 18:44 UTC,
the second being the most destructive (Io IXMCS, Mw 6.1, [25]). Additionally, identification
of the faults responsible for these earthquakes is difficult because of the lack of reported
surface faulting. Only in 2016 was a reliable focal mechanism produced [25] with two
solutions: dominant strike-slip rupture along a north-dipping, E-W striking plane, or along
a west-dipping, N-S striking plane. Its depth is still controversial, varying between 7 and
35 km. Therefore, the focal mechanism solutions of the 1962 earthquakes are significantly
different from the kinematics of the typical large earthquakes occurring along the crest of
the Southern Apennines, well-fitted instead by the Mw 6.9 23 November 1980 earthquake,
caused by predominant normal faulting along NW-SE-striking planes.

Irpinia is one of the areas in Italy showing a higher strain rate (Figures 4 and 5) during
the 19912011 InSAR survey: currently north of it, in the Sannio sector, the strain rate is at
a low level with a value of 20 nstrain/a 10 km north of Benevento. However, to the SE of
Benevento, the value increases to 35 nstrain/a in less than 30 km at Grottaminarda, reaching
the highest levels (48 nstrain/a) 15 km south of the epicenter of the 23 November 1980
earthquake. Therefore, Irpinia is still currently one of the areas with a higher strain rate in
Italy, with values always >32 nstrain/a, and showing a maxima over the hanging wall of the
Monte Marzano fault system. The southward strain rate dramatically drops to 35 nstrain/a
near Polla. However, while north of Irpinia along the chain axis the value drops rapidly
under 30 nstrain/a, the southward values remain above this value for much longer, up to
the Pollino line (the border between Central Apennines and Calabria—Peloritani arc). In
the picture of the EW-trending lithospheric faults dissecting the Apenninic orogen, these
sudden strain rate drops north and south of Irpinia can be related to different strain rate
conditions occurring in the adjacent sectors.
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Figure 5. Map of the horizontal strain rate field of Irpinia derived from GNSS and InSAR during
more than two decades of observation (1990-2017). The main earthquakes that occurred from 1466
to 2017 are represented on the map. The main towns of the area are drawn and labeled with dark
blue squares, and the main faults (see Figure 2 (top)) are represented with black hashed lines. Since
the strongest shallow events that occurred inland in Italy from 1990 to today are placed only in
areas characterized by high strain rates [17], the high strain rate detected in Irpinia implies—from a
theoretical point of view—a scenario where a new strong earthquake seems more likely. This can be
somehow counterintuitive, because this area hosted most of the strongest earthquakes in southern
Italy after 1908, in 1930, 1962, and 1980: only the Mw 6.4 1968 Belice and the Mw 6.0 1978 Patti gulf
events (both in Sicily) reached similar magnitudes [26]. Only in the NE Sicily 1978 earthquake was
the strain rate as high as in Irpinia. Therefore, from this point of view, we can hypothesize that in
Irpinia, the probability of a new strong event is still very high.

4. The Historical Record of Earthquakes in Irpinia

Additionally, historical seismicity can allow this—somehow unexpected—statement,
given the time intervals between Irpinian earthquakes. “Irpinia” is a historical-geographical
area of southern Italy, located in the Campania region, approximately corresponding to
the territory of the current province of Avellino, which in turn, largely recalls the historic
province of Principato Ultra of the Kingdom of Naples.

The Irpinia area is one of the most seismically active sectors of the entire Italian
territory. The seismogenic belt that runs along the Apennine chain, in fact, crosses the
northern and eastern part of the province of Avellino, where strong earthquakes have
frequently occurred over centuries.

The most important historical seismic events are placed in the hanging wall of the
Monte Marzano fault system [22]. If we take a polygon with vertices at the coordinate
points 41.314° N, 14.971° E; 41.105° N, 14.874° E; 40.739° N, 15.352° E; 41.056° N, 15.574° E
(depicted in dark red in Figure 6 (bottom)), corresponding to the Apennine seismic belt
site of the major historical and instrumental seismicity, the parametric catalog of Italian
earthquakes CPTI15 [26] reports about twenty earthquakes with magnitude Mw > 5.0,
starting from the year 1000 (see Table 1). Of these, seven have a Mw between 6.0 and
6.8. It must be said that the catalog can be considered complete, for the strongest events
(Mw > 6.0) only for the last 400 years, namely from 1620 up to today [27]. From the
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diagram in Figure 6 (top), it can be seen that until the end of the 17th century, the seismic
history of the Irpinia sector is largely incomplete and poorly documented. This, obviously,
is not because there were no earthquakes at all, but because only little and partial historical
information about that area for those ancient periods exists today. Only a couple of
earthquakes are known (in 1466 and 1517) to have occurred in this period, plus two events
before the year 1000, which occurred in the year 989 and 62 CE [28]; thus, outside the
reference window of the historical catalog. Both these events originated from the monte
Marzano Fault [29]. The earthquake of 5 December 1456 [30] was deliberately not taken
into consideration in the present study, because it is a complex event that affected a very
large area of southern Italy, causing damage from Puglia to Abruzzo, and whose epicenter
is not well located nor defined. Probably, that earthquake was made up of several shocks
that occurred in different sectors of the central-southern Apennines a few days apart, and
Irpinia was only one of the several areas that were struck [28].

Table 1. List of the main Irpinia earthquakes (Mw > 5.0) extracted from the CPTI15 catalog [26].
For the description of the various parameters see this catalog at https:/ /emidius.mi.ingv.it/ CPTI15-
DBMI15/index_en.htm (accessed on 30 January 2021) As attested by Rovida et al. [27], this historical
record can be considered complete since 1620 for M 6.0+ earthquakes.

Year Mo Da Epicentral Area Lat Lon Io (MCS) Mw
1466 01 15 Irpinia—Basilicata 40.765 15.334 8-9 6.0
1517 03 29 Irpinia 41.011 15.210 7-8 5.3
1692 03 04 Irpinia 40.903 15.196 8 5.9
1694 09 08 Irpinia-Basilicata 40.862 15.406 10 6.7
1702 03 14 Sannio-Irpinia 41.120 14.989 10 6.6
17321129 Irpinia 41.064 15.059 10-11 6.8
1741 08 06 Irpinia 41.049 14.970 7-8 54
1794 06 12 Irpinia 41.108 14.924 7 5.3
1853 04 09 Irpinia 40.818 15.215 8 5.6
1905 11 26 Irpinia 41.134 15.028 7-8 5.2
1910 06 07 Irpinia—Basilicata 40.898 15.421 8 5.8
1930 07 23 Irpinia 41.068 15.318 10 6.7
1962 08 21 Irpinia 41.248 15.069 5.7
1962 08 21 Irpinia 41.230 14.953 9 6.2
1962 08 21 Irpinia 41.158 15.065 5.3
1980 11 23 Irpinia-Basilicata 40.842 15.283 10 6.8
1980 11 24 Irpinia—Basilicata 40.811 15.268 5.0
198101 16 Irpinia—Basilicata 40.890 15.439 5.2
1982 08 15 Irpinia 40.832 15.244 6 5.3

A lack of seismic events in the historical record for a given area can be due to the
following reasons:
(a) an area of genuinely low long-term seismicity;
(b) either the incompleteness or a too-short time-span of the earthquake catalog;
(c) aquiescent period in an area characterized by temporal clustering, followed by a long
recurrence interval [31].

The seismic history of Irpinia is better documented, starting from the end of 1600, and
as minor events (4.0 < Mw < 5.0) can be considered well documented only starting from
the end of the 19th century (Figure 6)
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Figure 6. (Top) Seismic history of the Irpinia area as from the CPTI15 catalog [26]. The dark red polygonal area shows the
Irpinian main seismic belt, the coordinates of its vertices are: 41.314° N, 14.971° E; 41.105° N, 14.874° E; 40.739° N, 15.352°
E; 41.056° N, 15.574° E. Such a historical record is well documented only for the last 400 years (namely since 1620 [27]),
whereas for the previous centuries it is poorly known, with long timespans lacking information. The figure also shows
that inside the catalog completeness span-time of 400 years (since 1620), there are a couple of evident clusters of strong
earthquakes (Mw > 6.0) which are 200-years apart. The first, between 1694 and 1732, when three M 6.5+ events occurred
over a period of 38 years. The second, between 1930 and 1980, when three M 6.0+ events occurred over a period of 50 years.
(Bottom). Map of the main historical seismic events of Irpinia from 1466 until 1982, reported in Table 1. The main towns of
the area are drawn and labeled with dark blue squares, and the main faults (see Figure 2 (top)) are represented with black
hashed lines.

From: its seismic history it can also be seen that, over the 400 year time-span of seismic
catalog completeness for M > 6.0 events, in Irpinia, the strongest earthquakes (Mw > 6.0)
tend to group over time, spaced from long phases characterized by lower and less frequent

158



Geosciences 2021, 11, 168

seismicity (Figure 6 (top and bottom)). At the turn of the seventeenth and eighteenth
centuries, over a period of 40 years, Irpinia was affected by four damaging earthquakes,
three of which occurred in just 10 years (1692, 1694, 1702, and 1732). Of these, the ones that
occurred in 1694 (considered as a sort of twin of the 1980 earthquake), in 1702 and in 1732
were large events of Mw > 6.5. Each of these caused extensive destruction over large areas
and many casualties. Another cluster of strong earthquakes is the one that hit the sector in
the twentieth century, between 1930 and 1980 (three events with Mw > 6.0 over a period
of 50 years). So, Irpinia belongs to the belt of very high seismic hazard running along the
Central and Southern Apennines (Figure 7).
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Figure 7. Map of seismic hazards in Irpinia (see [32]) and adjoining areas (colors in the background),
derived mostly from the historical seismic records, as shown by the overlapping of strong seismic
events within the map itself. The main towns of the area are drawn and labeled with dark blue
squares, and the main faults (see Figure 2 (top)) are represented with black hashed lines.

It is unlikely that in the 200-year time-span between 1732 and 1930 there were large
(M 6.0+) earthquakes in the Irpinia area, since these are not present in the historical record.
In the same time interval, not just “minor” earthquakes are well documented in the very
same area (i.e., the 1741 Mw 5.4, 1794 Mw 5.3, and 1853 Mw 5.6 Irpinian events; see Table 1,
Figure 5), but strong events are also well known to have struck other adjacent Apennine
areas (the 1805 Mw 6.7 Matese earthquake; those of 1851 Mw 6.5 and 1857 Mw 7.1 in
Basilicata [26]). Therefore, it can be assumed that the historical seismicity of Irpinia has
been characterized by periods of intense activity, with strong earthquakes over a few years
or decades, interspersed with long periods of minor-to-moderate activity, with earthquakes
of magnitude lower than 6.0.

The spatio-temporal clustering of earthquakes in the Southern Apennines is well
documented in the scientific literature. By comparing the number of earthquakes on record
in the last five to seven centuries, with the number implied by slip-rates on active normal
faults averaged over 18 kyrs in the Southern Apennines, Papanikolaou and Roberts [33]
demonstrated that the long history of earthquakes in the Italian Apennines may indeed
contain evidence for earthquake clustering. In particular, according to Papanikolaou and
Roberts [33], Irpinia and northern Basilicata show a very high number of earthquakes and
this indicates that this area may be in a temporal earthquake cluster phase. Meanwhile,
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the sector located slightly further south, up to the Pollino massif, could be in a temporary
anti-clustering process.

The strain rate map in Farolfi et al. [17], in which the Irpinia—Basilicata sector is
characterized by a much higher strain rate than the Pollino sector (and the intermediate
sector, Vallo di Diano, shows intermediate values), fits well with these results.

In the Central and Northern Apennines, earthquake clustering is known to exist.
For example, Tondi and Cello [34] observed a time interval of ca. 350 years among the
beginning of seismic clusters in the Central Apennines Fault System. The current sequence,
which started in 1997 and continued with the events of 2009 and 2016, has arrived on
time if we consider that two main seismic clusters in the past began in the years 1349
and 1688 [35]. In the Northern Apennines, a major seismic crisis occurred between 1915
and 1921 [36], while in this area, the historical record before 1915 is composed of a few
destructive events [26]. Additionally, the two-year period 2012-2013 showed a high level
of activity, not only in the area of the Emilia seismic sequence, but also in the Garfagnana
sector, accompanied by a high strain rate.

Currently, the most likely explanation for seismic clustering is the “stress transfer”
between faults [36] and references therein, due to coseismic movement rearranging the
Coulomb failure stress on other nearby faults [37]. However, this explanation falls short
when there is the occurrence of an isolated, single event (such as the Mw 6.1 6 Novem-
ber 1599 Valnerina, and the Mw 6.4 13 January 1832 Valle Umbra earthquakes) that do
not trigger a level of Coulomb stress transfer, resulting in strong earthquakes on other
neighboring faults.

For other researchers, there is a sort of “domino effect” between the crustal blocks that
make up the Apennines [38].

In conclusion, we suppose that the deformation rate value, as described in Farolfi
et al. [18], represents a conditio sine qua non for the occurrence of strong earthquakes
(M > 5.5). This hypothesis was corroborated by the observation that all the strongest shocks
of the last three decades in the Italian territory are located in areas characterized by a high
rate of deformation [17].

5. Conclusions

In the last twenty years, the main shallow earthquakes (depth < 15 km) in Italy and the
Alps have occurred only in some of the horizontal strain rate zones, as depicted by Montone
and Mariucci [15]. Meanwhile, the strain rate is currently low in other areas affected by
recent earthquakes that occurred before the 19902012 survey, such as Belice (1968) and
Friuli (1976). These areas are also where the higher seismic events from 1915 to now have
occurred. The area of the 1915 Marsica earthquake also shows lower-than-surroundings
strain rate values, such as in the Central and Eastern sections of the Northern Apennines
(in the Western sector, higher seismicity barely corresponds to a slightly higher strain rate).
In this picture, the high strain rate level indicates that the scenario of a new strong shake in
Irpinia is not unlikely. Additionally, the historical record is in agreement with this, given
the short temporal distance between strong (M6+) seismic events in Irpinia during the
400 years of catalog completeness (i.e., from 1620 to present), and a long 200-years period
without M6+ seismic events occurring between 1732 and 1930.

Moreover, by merging historical seismicity and InSAR satellite data, we think that, in
the future, a hypothesis related to the following scenarios should be explored:

e theshort time gap between strong events in Irpinia during the 1694-1732 and 1930-1980
periods is linked to periods of continuous high strain rates;

e instead, the long seismic gap (a lack of strong seismicity) between 1732 and 1930 could
have originated from a strain rate drop after the 1732 earthquake.
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Abstract: Cultural heritage represents our legacy with the past and our identity. However, to assure
heritage can be passed on to future generations, it is required to put into the field knowledge as
well as preventive and safeguard actions, especially for heritage located in seismic hazard-prone
areas. With this in mind, the article deals with the analysis of ground response in the Avellino town
(Campania, Southern Italy) and its correlation with the effects caused by the 23rd November 1980
Irpinia earthquake on the historical buildings. The aim is to get some clues about the earthquake
damage cause-effect relationship. To estimate the ground motion response for Avellino, where strong-
motion recordings are not available, we made use of the seismic hazard disaggregation. Then, we made
extensive use of borehole data to build the lithological model so being able to assess the seismic
ground response. Overall, results indicate that the complex subsoil layers influence the ground
motion, particularly in the lowest period (0.1-0.5 s). The comparison with the observed damage of
the selected historical buildings and the maximum acceleration expected indicates that the damage
distribution cannot be explained by the surface geology effects alone.

Keywords: ground response; 2D numerical analysis; soil-structure effects; cultural heritage

1. Introduction

Avellino is a town of historical interest, which is located in a structural depression of the Campanian
Apennines, in the Irpinia region (Southern Italy) (Figure 1). This is an area with a high seismic hazard
where the peak ground acceleration (PGA) with a 10% probability of being exceeded in 50 years
has been estimated in the range 0.20-0.27 g (http://essel.mi.ingv.it/d2.html). The hazard reflects the
seismic history of the locality, which was affected by several strong earthquakes [1] (Figure 2). The 23rd
November 1980 Irpinia-Basilicata earthquake (Me = 6.7; Mw = 6.9 [2]) was the last significant event
that strongly hit Avellino (Is = VIII of the Mercalli-Cancani-Sieberg Macroseismic Scale, (MCS) [3]).
The earthquake, which caused about 3000 casualties, hit a wide area of the Campania and Basilicata
regions that recorded serious damage, especially the provinces of Avellino, Potenza, and Salerno.
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Clock Tower

Figure 1. (A) Isoseismal lines of the 23rd November 1980 Irpinia-Basilicata earthquake (modified
after [3]). The green star identifies the epicenter of the earthquake. (B) Geographical localization of the
historical center of Avellino. Examples of the damage of the earthquake are shown in the two pictures:
(C) Piazza Liberta (Data Source: sisma80.it/avellino.html accessed on 30 November 2020) and (D) Torre
dell’Orologio (Data Source: www.avellinesi.it, accessed on 30 November2020).
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Figure 2. Seismic history of Avellino. The locality was hit by about ten earthquakes with site intensity
greater than or equal to VIIMCS (Data Source: [1], intensities in MCS scale). The dates of the earthquakes

with Is > VIII are reported in red (5 December 1456, 5 June 1688, 29 November 1732, 26 July 1805,
23 November 1980).

The town of Avellino was founded in Roman times (Abellinum), in the same site where Atripalda
town is located today. In the Middle Ages, Avellino developed around the Cathedral, built in the XII
century, later restored and transformed several times due to earthquake consequences. Near the end
of century XVIII, the new districts extended mainly towards the west. Numerous religious and civil
architectures remain in Avellino downtown at present, testifying with their restoration history and
scars the seismic hazard of the territory as well as the vulnerability of the heritage.
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To get some clues about the cause-effect relationship, in this work we investigated the ground
response and the damage levels in some historical buildings of Avellino, taking advantage of a detailed
knowledge of the surface geology of the Avellino urban area. Previous works highlighted resonance
effects in a wide period range (0.08-0.62 s) due to the complexity of the surface geology [4], and also
soil/building resonance effects [5].

Starting from the geological model based on previous investigations, we performed a 2D ground
response analysis for the sites where the heritage lies, using an equivalent linear finite element approach.
However, considering that strong-motion recordings in Avellino are not available, the definition of the
seismic input in the assessment of the ground response was performed making use of a probabilistic
approach, using the seismic hazard disaggregation. This method is aimed at defining seismic events
by classes of magnitude and distance from the site, which provides the largest contribution to ground
motion exceedance for defined hazard levels. Finally, we correlated retrospectively the estimated
seismic response to the damage produced by the 1980 earthquake for the historical buildings.

2. Previous Studies

Earthquake damage distribution depends on multiple aspects: energy of the earthquake and its
focal mechanism, attenuation in the crust, site effects, and vulnerability of buildings. At the municipality
scale, the impact of an earthquake on the territory is essentially due to local geological effects and
the vulnerability of buildings. This aspect relates to the seismic risk, which is of a higher level for
historic cities with architectural and religious heritage as several studies performed also on more recent
earthquakes highlighted [6-11]. The main problem associated with the use of macroseismic data lies
in the difficulty of separating the different contributions. To overcome this difficulty an integrated
approach, which combines macroseismic, geological, and geophysical data, is advantageous, mostly for
seismic hazard assessment. The vulnerability, which is involved in seismic risk by affecting the damage
distribution in the urban environment, concerns the condition of the buildings before the earthquake,
which may not be easy to come by. An example of the multi-disciplinary approach is offered by [11]
who studied the effects caused by the 1930 Irpinia earthquake and other two historical ones in a
small historical town of the Basilicata region. These authors correlated the uneven damage to the soil
conditions, combining geological and geophysical surveys with the analysis of archive sources and
vulnerability data. Guidoboni et al. [12] depicted the damage scenario for the city of Palermo (Sicily,
Southern Italy) for three damaging historical earthquakes. They correlated the damage distribution as
inferred by historical sources with the near-surface geology, operating with a geological database in
the GIS framework. They found some correlation between damage level and sediment thickness.

Many authors have correlated macroseismic data with Horizontal to Vertical Spectral Ratio (HVSR)
seismic noise measurements. This has been seen as an effective tool for verifying the contribution of
the local geology on earthquake damage. Noise HVSR measurements provide the resonant frequencies
that are a function of the surface geology [13-15]. Free-field noise HVSR measurements are very useful
in the absence of earthquake recordings, but they do not allow correlating the amount of damage
with seismic site amplification. Maresca et al. [5] found that the measured noise HVSR amplifications
were not effective in correlating with the damage produced by the 1980 Irpinia earthquake in Avellino.
Additionally, they found that amplitude peaks were mostly associated with high-velocity contrast
zones. To study the effects of earthquakes in the urban environment some authors carried out noise
measurements in buildings coupled with noise free-field measurements (review paper by [5,16-18]).
Soil/building resonance effects produce amplification of ground motion, resulting in more damage in
case of strong earthquakes.

In regions of moderate seismicity, it is important to be able to anticipate the effects of a large
event by simulating the ground motion it may generate [19]. Several studies make use of geological
and geophysical prospecting data for modeling of the local seismic response, even for microzoning
planning [20-23]. Nunziata and Costanzo [24] computed the ground motion at the historical center of
Napoli for two historical earthquakes, based on a detailed physical model of subsoil. These authors
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used a hybrid technique based on the mode summation and finite difference methods, fitting synthetics
with a recording of a moderate earthquake, for a preventive definition of the expected shaking. If strong
motion data are available, the modeled seismic response can be effectively validated by data and
then compared to the damage produced [25,26]. Reference [27] correlated earthquake damage to the
computed site amplification, focusing the attention on two historic centers of the Abruzzi region,
which were damaged by the 2016-2017 Central Italy seismic sequence. These authors correlated
amplification phenomena, which they evaluated through detailed seismic microzonation studies [28,29],
with damage.

Earthquake damage in Italy often concerns villages built on top of a relief. More easily, studies on
topographical effects have focused on seismic propagation in a homogeneous medium [30,31]. In more
realistic cases the methodological approach for modeling the local seismic response takes into account
both the stratigraphic and the topographical effect [32-35].

One of the aspects connected to the seismic response modeling is that of having one or more
reference earthquakes for using as input motion in the computing. However, strong motion recordings
may be unavailable. An alternative approach involves Probabilistic Seismic Hazard Analysis (PSHA).
The seismic hazard model for Italy (MPS04) was drawn up by the Istituto Nazionale di Geofisica e
Vulcanologia (http://essel.mi.ingv.it) [36,37], and its main use concerns the definition of the design
spectra of the Italian Building Code [38,39]. The MPS04 model provides PGA and spectral accelerations
computed for 10 periods (from 0.1 to 2 s), for 9 probabilities of exceedance in 50 years (from 2% to
81%, corresponding to return periods from 2475 to 44 years), considering rocky soil conditions and flat
topography. It was estimated on a grid of points, located every 0.05 degrees. Through disaggregation
of seismic hazard, we gain the magnitudes and distances, which contribute the most to the hazard at a
specific site [40—42]. The main advantage of this approach is to guarantee the definition of a group
of earthquakes scenario; in fact, the selection of a unique design earthquake does not allow taking
into account all the features of ground motion expected at that site [43]. In this study, to estimate the
ground response in the historical center of Avellino, where strong-motion recordings are not available,
we operated seismic hazard disaggregation. So, we drew on the seismic hazard database, and on
the strong motion ITACA database [44] produced for the Italian territory in the framework of the
agreements between the Italian Department of Civil Protection (Dipartimento della Protezione Civile,
DPC) and the Istituto Nazionale di Geofisica e Vulcanologia (INGV).

3. Cultural Heritage and 1980 Earthquake Damage

The current location of Avellino does not correspond to the place where the ancient one stood.
The ancient Abellinum was in fact destroyed following the wars between the Byzantines and the
Longobard and the consequent Longobard conquest of large continental portions of Italy after they
invaded the peninsula (568 AD). The new inhabited center, which was built at a distance of about
4 km from the old one, quickly assumed considerable importance linked to its strategic position in the
geopolitical framework of the time.

From an urbanistic point of view, the town rapidly extended around the Cathedral and even today
the ancient and limited medieval layout of the town, of the mainly modern matrix, is recognizable in
the area between the ruins of the medieval Castle and the Cathedral.

The building of the Cathedral took place starting from 1132 on the remains of the Longobard
one. The fagade is in neoclassical style and the interior is a Latin cross with three naves. However, the
building has undergone many restorations as a result of the damage caused by the manifold earthquakes
that hit the site historically. Among these, we remember the Irpinia earthquake of 29 November 1732
(Me = 6.6, Is = IX MCS [1]) as a result of which the Cathedral partially collapsed [1] subsequently
restored and reopened for cult in 1736 [45]. Before the earthquake of 1980, the 23 July 1930 Irpinia
earthquake (Me = 6.7, Is = VII-VIII MCS [1]) caused significant damage to the building to make it
unsafe. With the earthquake of 1980, the Cathedral was made totally unfit for use: the tympanum of
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the facade and part of the dome collapsed, serious injuries were opened in the walls and a chapel on
the left collapsed [1].

Among the other religious buildings that suffered significant damage as a consequence of the
1980 earthquake, we remember the Church of Sant’Antonio Abate, Santa Maria di Costantinopoli and
Santa Maria del Rifugio. The Church of Sant’Antonio Abate is located in a district that was severely
damaged by the earthquake of 1980. Located in the ancient center of the town, the church was built in
the sixteenth century and underwent subsequent and significant alterations. The interior has a single
nave, with decorative and stylistic elements of a later age. During the 1980 earthquake, there was very
significant damage to all the structures of the church, with partial collapses and cutting lesions on all
the walls, especially in the corner walls [46]. The Church of Santa Maria di Costantinopoli was built in
the 16th century and has a plan in the shape of a Latin cross. The building was restored several times
following various earthquakes such as that of 1688, 1732, and 1930. As a result of the 1980 earthquake
there was very significant damage, with the roof collapsing on the right side of the apse area and
collapses that had affected the higher parts of the building, the masonry had undergone various injuries
both in the longitudinal and transverse walls of the transept, towards the east, while on the west side
and in the apse there were considerable lesions due to the rotation to the east of the post wall south.
The square-plan bell tower had completely collapsed [46,47]. The Church of Santa Maria del Rifugio
was built in the seventeenth century and has a single nave with a triumphal arch. The 1980 earthquake
caused serious damage with a crack pattern that caused significant water infiltrations, with damage to
the works of art. The Church of Santa Maria del Carmine, which was designed as a private chapel,
stood in the historic center until the earthquake of 23 November 1980. It had a single nave plan with
two small side chapels, with a valuable altar, the most valuable artistic element of the Church [46,47].

Regarding non-religious buildings, the effects were different. The Balestrieri palace, dating back
to the nineteenth century, is developed on four floors and defines, together with other buildings and
the Torre dell’Orologio (Clock Tower), the early medieval urban core. Important damage occurred to
the palace, while very serious damage occurred to the Clock Tower, with the collapse of the terminal
part bearing the clock (see the picture in Figure 1) and internal injuries to the two orders below the
collapsed part with widespread detachment of ashlars constituting the covering of the tower and
different portions of the masonry in unsafe summits. The palace Festa, dating back to the seventeenth
century, is on two floors above the ground floor, is located in the upper part of the historic center of
Avellino and the main fagade faces the palace Greco founded between the end of the sixteenth and the
beginning of the seventeenth century, in the near the Cathedral [46]. Both suffered significant damage.

4. Damage Levels and Classification

To classify the damage suffered by the architectonic heritage after the 1980 earthquake, we made
use of the inclusion/exclusion criteria indicated in Table 1. The classification takes advantage of the
European Macroseismic Scale (EMS-98, [48]), simplifying and grouping the damage levels that it
indicates. The SLD damage level reflects the Grade 1 fixed in the Scale, the other two damage levels were
established grouping Grade 2 and Grade 3 (MHD) as well as merging Grade 4 and Grade 5 (VHDC).
The first level is the slight damage, where no structural damage occurs; the second, intermediate level
of damage, includes structural damage from slight to moderate, the heaviest level is the third in which
are included buildings that suffered heavy and very heavy structural damage, including partial and
total collapse.
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Table 1. Damage level classification: outline of the main inclusion/exclusion criteria used for the
architectonic heritage of Avellino.

Slight Damage (SLD) Moderate :g/l }:Ie];\)/y Damage Very Heavy (E‘);;_xln];gf to Collapse
Slight to moderate
structural damage
No structural damage Cracks with breadth and Heavy and very heavy
Slight non-structural damage  frequency in walls increasing from structural damage
Capillary cracks moderate to heavy level Partial and total collapse

Isolate collapse of
non-structural elements

According to these pre-fixed levels, Table 2 reports the synthesis of the damage level for
each building.

Table 2. The historical monuments of Avellino damaged by the 1980 earthquake with the main
information and the level of damage assessed based on bibliographic sources (SLD, Slight Damage;
MHD, Moderate to Heavy Damage; VHDC, Very Heavy Damage to Collapse).

Site Code Local Name Heritage Typology La:;l;de Lon(gEl:ude Cen];ﬁli'{dohféust D::‘z%e
Mo1 Duomo Cathedral 40.915295 14.797219 XII VHDC
MO02 Chiesa e Convento di S. Maria delle Grazie ~ Church and Convent ~ 40.920927  14.795772 XVI MHD
MO03 Chiesa del S.S. Rosario Church 40913279 14.787485 XX MHD
Mo4 Chiesa di S. Francesco Saverio Church 40.916301 14.795762 XVIIT MHD
MO05 Torre dell’Orologio Clock Tower 40.915034 14.79597 XVII VHDC
Mo6 Palazzo de Conciliis Palace 40915392 14.798211 XVIII MHD
Mo07 Chiesa di S. Maria di Costantinopoli Church 40914128  14.797541 XVI VHDC
M08 Chiesa di S. Antonio Abate Church 40913221 14.795846 XVI VHDC
M09 Palazzo Balestrieri Palace 40915345  14.795645 XIX MHD
M10 Palazzo Festa Palace 40915497  14.796319 XVII MHD
Mi1 Palazzo Greco Palace 40915301  14.796331 XVI-XVII MHD
Mi12 Chiesa di Santa Maria del Carmine Church 40913997  14.794816 XV, no longer existing VHDC
M13 Chiesa del Gesu Sacramentato Church 40915075  14.793691 XVIIT MHD
Mi14 Chiesa di Santa Maria del Rifugio Church 40.914127 14.7942 Xvi MHD

5. Ground Motion Modelling

5.1. Disaggregation of Seismic Hazard and Input Motion Selection

The study of the seismic response requires accelerometric recordings to design the seismic input
motion representative of the seismic hazard at the site. In the study area, strong-motion recordings
are lacking. Indeed, the AVL accelerometric station, belonging to the Italian strong motion network
(ISMD), operates in Avellino since 2015 (http://terremoti.ingv.it/instruments/station/AVL), but no strong
earthquakes occurred in the region since that time. For this reason, we made use of a probabilistic
approach, as suggested for microzoning and engineering planning.

Our goal was to select suitable records, which reflect: (i) the seismogenic features of the sources;
(ii) the ground motion intensity measures; (iii) and the soil conditions appropriate to the site. We referred
to the seismic hazard database of the national territory (http://essel.mi.ingv.it). This database provides
the ground shaking on a hard rock on 16,852 sites (grid nodes) spaced with 0.05 degrees step, for nine
return periods (RP). Following the New Italian Building Code (NIBC), [38,39], the ground shaking is
expressed in terms of maximum horizontal acceleration (ag), and its spectral parameters (maximum
value of the amplification factor of the horizontal acceleration spectrum [Fy]; period corresponding to
the beginning of the constant velocity section in the horizontal acceleration spectrum [T¢]).

Table 3 shows the values of these parameters for the historical center of Avellino, with geographic
coordinates 40.915325N and 14.795909E, included between nodes 32,764, 32,765, 32,986, and 32,987 of
the grid, for a return period of 475 years.
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Table 3. Ground shaking parameters for the historical center of Avellino for a return period of 475 years.

ag [g] Fo Tc [s]
0.197 2371  0.368

Through disaggregation of seismic hazards, we separated contributions from different seismogenic
sources. The disaggregation process allows us to define the contribution of seismogenic sources located
at distance R from the historical center of Avellino, able to generate earthquakes of magnitude M,
thus identifying earthquakes that dominate the hazard scenario. Disaggregation results are expressed
in the M-R-¢ space, where ¢ expresses the degree of scattering of empirical parameters, and it is equal
to the number of (logarithmic) standard deviations by which the (logarithmic) ground motion deviates
from the median value predicted by the attenuation equation used in the analysis [49,50]. Based on the
disaggregation of the peak horizontal acceleration value (ag) for rock condition with a probability of
exceeding 10% in 50 years, we derived the percentage contribution to hazard, as a function of mean
magnitude M, mean site-source distance R, and ¢ (Figure 3), (http://essel.mi.ingv.it/), [51,52].

Istituto Mazionale di Geofisica e Yulcanclogia
Disaggregation of PGA with probability of exceedance
of 104 in 50 years

(Coordinates of the point lat: 40,9273, lon: 14.8136, ID: 327652

Hagnitude
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

] 20 40 24 80 100 120 140 160 180 200
distance {kn}

o 123455 7 9 11 15 20 2l 30 40 EE%

Percentual contribution to the hazard

Figure 3. Percentage of contribution to seismic hazard of the 32,765 node which is the nearest to the
historical center of Avellino (from http://essel-gis.mi.ingv.it), as a function of magnitude (M) and
distance (R). Mean values: M = 5.8; R = 14.0; ¢ = 1.13.

The M-R disaggregation grid (Figure 3) highlights that the maximum contribution to seismic
hazard in the study area is due to earthquakes with a magnitude between 4.5 and 7.0, located within
a 30 km distance. Events with greater magnitude are expected progressively at greater distances,
with lower contribution to hazard.

The choice of seismic records must be made in terms of magnitude and distance bins,
site classification, and supporting a good match with the target acceleration response spectrum.
This last is defined based on the site features (level of seismic hazard, soil, and topographic conditions,
buildings design). In this study, we used the tool REXELite [53] to select the set of time histories
compatible with the target acceleration response spectrum. This tool generated the target response
spectrum, according to Eurocode 8 (ECS; [54]), and to NIBC. It was built taking into account the site
(A,B,C,D, or E) and topographic (T1,T2,T3,T4) codifications, based on the building features (Building
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Nominal Life (vn), Building functional type (cu), and Damage Limit State). To build the target response
spectrum, we chose the Damage Limit State SLV (life-saving limit state) for a structure located in the
historical center of Avellino, on soil type A, flat topography (T1), with a Nominal Life of 50 years,
which corresponds to the design for a 50-year return period according to the code (Figure 4).

Response spectrum - 5%

er feriod upper periad

12 15 18 20 22 25 28 2.0 3.2 25 28 a
Period [s]

~ Upper tolerance - Lower tolerance - Reference spectrum sssAverzge ITACC..HGE.D.20161030.064018.C. 54 ASC
— M. T1212, .HNE.D.20161030.064018.C.SAASC V. T1212. HNN.D.20161026.171035.C.5A.A5C

IT.MMO..HGE.D.20151030.064018.C.5A.ASC — W.T1212. HNE.D.2016.025.171036.C.SA ASC — IT.MMO..HGN.D.20151030.064018.C, 5A.ASC
— IT.CLO..HGN.D.20161026.191806.C.5A.ASC

Figure 4. Horizontal reference spectrum (green line) within upper (30%, red line) and lower
(10%, blue line) tolerance limits, and not-scaled acceleration spectra, compatible with the reference
response spectrum. The thick grey line is the average of the seven selected acceleration spectra.

Time-histories were extracted from the Italian Strong-Motion Database (ISMD), [44,55],
whose average was compatible with the target spectrum. Records were selected through seismic hazard
disaggregation, by expressing the mean annual rate of exceedance as a function of magnitude and
source-to-site distance (Figure 3). Moreover, only normal fault type events were selected, consistently
with predominant focal mechanisms in the study area, as reported by the Seismogenic Zonation
ZS9 [37,56]. Disaggregation has provided a scenario event for the 475-year return period with
magnitude M = 5.8 and distance R = 14 km. A set of seven accelerograms that satisfied the selection
criteria was identified (Figures 4 and 5), assigning as tolerance for the average spectra 10% lower and
30% upper in the period range 0.1-1.1 s. The list of seismic events related to these recordings is shown
in Table 4. All the selected seismograms belong to the 1996 Amatrice-Visso-Norcia seismic sequence.
Accelerograms produced by different seismogenic zones that meet the required features were not
available in the database.
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Figure 5. Not scaled accelerometric time series selected with REXELite tool, as representative of
earthquakes scenario for the historical center of Avellino. Numbers in the small boxes indicate the
event-numbers listed in the Table 4.

Table 4. List of seismic events, which produced the accelerometric waveforms chosen for this study.

PP— . Epicentral
. Origin-Time . . Depth Station .
N  Epicentral Area (mm/dd/yyyy; hhimm) Latitude Longitude (km) Mw Code Dl(it;r;ce
1 Norcia (PG) 10/30/16 6:40 42.8322 13.1107 9.2 65  ACCHGE 18.6
2 Visso (MC) 10/26/16 19:18 42.9087 13.1288 7.5 59 CLO.HGN 10.8
3 Norcia (PG) 10/30/16 6:40 42.8322 13.1107 9.2 6.5 MMO.HGE 19.2
4 Norcia (PG) 10/30/16 6:40 42.8322 13.1107 9.2 65 MMO.HGN 19.2
Castelsantangelo .
5 sul Nera (MC) 10/26/16 17:10 42.8747 13.1243 8.1 54  TI212HNE 15.2
6 Norcia (PG) 10/30/16 6:40 42.8322 13.1107 9.2 6.5  T1212.HNE 10.5
Castelsantangelo .
7 sul Nera (MC) 10/26/16 17:10 42.8747 13.1243 8.1 54  TI212.HNN 15.2

5.2. Geological Model

The historical center of Avellino is located on a complex geology raised area (Figures 6 and 7).
To have a detailed picture of a complex geomorphological high, we made an accurate selection of the
data available for the historical center, especially the drilled boreholes. We used valuable information
acquired both from the PUC (Piano Urbanistico Comunale) and from the geotechnical investigation,
available on the web, carried out on sites where constructions were done.
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Figure 6. Geological map of the historical center of Avellino (modified from [5]). The white arrows
indicate the position of the Piazza Liberta and the Torre dell’Orologio (Clock Tower, M05). Coordinates
are in UTM (meters).
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Figure 7. Lithostratigraphic cross-section along the trace indicated in Figure 6. The noise Horizontal to
Vertical Spectral Ratio (HVSR) measurement sites with the HVSR curves are also reported. The orange
vertical lines indicate the depth of each well.
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We revised the geological cross-section reported in [4], using the stratigraphic wells located in
the historical center, thus providing the new lithostratigraphic cross-section (Figure 7). The trace of
the section was chosen to highlight the differences in both lithological and morphological settings,
following the boreholes and seismic surveys. Moreover, most of the architectonic heritage listed in
Table 2 stands along this section.

The lithostratigraphic cross-section intercepts the stratigraphic wells signed as S1_N, 143, 136, 137,
138, 159, and the downhole D11. The seismic bedrock in the study area is represented by the Miocenic
clay and sand-gravel (A), which outcrops to the north and east of the studied area. Tuffs belonging to
the Campanian Ignimbrite formation (39,000 years) follow in the succession. These tuffs consist of
lapideous, weakly cemented, or fractured (Tcf), and incoherent lithofacies (Ta). A layer of silty sand
(SsPlin Figure 7 Early Pleistocene) overlaying the clayey Miocene basement, is intercepted in the area
between S1_N and 143. Pyroclastic deposits (P) cover all the previous lithological units.

All the wells intercept the top of the seismic bedrock, except S1_N well, which is located in
Piazza Liberta, where the depth of the seismic bedrock is higher than 30 m. The lithostratigraphic
cross-section points out that the subsoil of the historical center is particularly complex, mostly for
the presence of different lithofacies of the same tuff formation, and for the irregular geometries of
discontinuity surfaces.

5.3. Ground Response Analysis

We carried out a 2D numerical modeling of the subsoil along the section shown in Figure 7, using the
LSR2D software provided by Stacecs.r.l. (http://stacec.it/Prodotto/92/Isr-2d). The algorithm implements
the Finite Element Method and performs total stress analyses in the time domain. By applying a
standard linear-equivalent approach it computes the horizontal response spectrum at the surface.
The analysis domain is subdivided into triangular elements, or cells, which belong to five kinds of
lithotypes (as reported in the legend of Figure 7). For each lithotype, the software requires the following
parameters:

- volume weight, shear modulus, damping at low strain, Poisson’s ratio;

- normalized shear modulus (G/Gp) and damping ratio (D) curves versus shear strain (v);

- constant « for the calculation of the characteristic value of the shear deformation starting from
the maximum value of y () (typically equal to 0.65).

As output, the code provides:

- maximum accelerations in all nodes of the mesh;
- maximum tangential stresses and strains in each element;
- time history of the acceleration in the selected nodes (vertical and horizontal components).

In this way, we got effective modeling of a complex subsoil model. The S-wave velocity models
were reconstructed from the DH11 and DH8 downholes as well as from the HVSR inversion procedures
reported in [4]. In light of this, we can assign the ranges of velocity for all the lithotypes. The volume
weights were averaged using the geotechnical data collected from PUC.

The dynamic soil properties (Table 5), namely the G/Gy and D/Dy curves, were derived from the
literature or suggested by recent microzonation measures obtained in other Campanian areas where the
same lithotypes are present. In detail, for the volcanic lithotypes (P, Tcf, and Ta) we used the modulus
and the damping curves obtained from microzonation studies at Ischia Island. For the lithotype SsPl,
which behaves like clay sands, we applied the curves proposed by [57]. Rocky lithotype, characterized
by high values of stiffness, was considered as linear elastic lithotype with 5% damping (D).
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Table 5. Mechanical and dynamic lithotype parameters assigned to each lithological unit used

for the computational analysis. The curves marked by an asterisk are from the Level 3 Seismic

Microzonation of Casamicciola Terme, Lacco Ameno, and Forio (Ischia Island, Naples) (http://www.

commissarioricostruzioneischia.it).

Lithotype S wave Velocity (m/s) Density (kg/m®) Poisson Ratio  G/Gg and D/D, Curves
P 180 1500 0.4 Piroclastic_CMS_Ischia*
Tef 635 2000 0.35 Tuff CMS_Ischia*
Ta 475 1500 0.4 Tuff CMS_Ischia*
SsP1 300 1800 0.35 [57]
A 825 1900 0.35 Average Rock

The seismic input motion (Table 3) is applied simultaneously to all the nodes at the base boundary
of the analysis domain and the equation system is solved in the time domain using the constant
average acceleration (CAA) method. The results of the 2D numerical simulations were expressed
in terms of the Amplification Factor (AF), calculated as the ratio between the integral of the output
pseudo-acceleration spectrum and the integral of the corresponding spectrum of the input signal,
over three different period intervals (0.1-0.5 s, 0.4-0.8 s, and 0.7-1.1 s)

2 PSAgu(T)dT
AF = ————— @
le PSA;,(T)dT

where Tq and T, are the minimum and maximum period in the interval. Using Equation (1),
for all the output points and each period interval, the logarithmic mean of the amplification factor
values relating to the seven input accelerograms was calculated, as reported in the following equation:

my = %21'7:1 ln(FAi)

FArif = ¢/"n (2)

We inserted 14 control points along the topographic surface (red points in Figure 8), choosing
these as the points with the most relevant stratigraphic variations, or corresponding to the position of
the buildings. The side boundary nodes were constrained along the Z direction and damped along the
X direction (red box in Figure 8), to avoid the presence of reflected waves over the edges.

C\e:kower W

Track of the

i

106 159 212 265 318 371 424 477 530

Figure 8. Subsoil model adopted for the 2D ground response analysis. The red box highlights the
damped conditions imposed at the lateral boundaries. Mechanical and dynamic lithotypes parameters
are reported in Table 5.
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The output of the program, after 10 iterations, returned the acceleration model shown in Figure 9.
The distribution of the acceleration values (along the X direction) shows that the maximum occurs
where the stratigraphic variations along the vertical are more significant. The low acceleration and

amplification factor values at the edges of the section are the effect of damping conditions imposed
at boundaries.
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Figure 9. Top: 2D amplification factors obtained with Equation (1) in three different period ranges.
Bottom: contour map of the maximum acceleration (peak ground acceleration—PGA) over imposed to
the geological section.

The higher acceleration values obtained in the area between Piazza Liberta and the historical
center are due to the presence of loose and incoherent deposits (Loose Tuff (Ta), Pyroclastic deposits (P))
at the top of the sequence. This effect also influences the HVSR curves of O01 and G7 sites (Figure 7),
where the higher amplitude has been related to a high impedance contrast [5]. The scheme is different
in the historical center, where the Tuff is compact or fractured, with Vs equal to 635 m/s; here the
higher acceleration values are probably linked to coupled stratigraphic and topographic effects. This is
particularly evident in the area between M06 (Palazzo de Conciliis) and the well 159, where the
amplification is related to edge effects.

The highest values of the amplification factor, along the geological cross-section, are in the low
period range 0.1-0.5 s (red curve in Figure 9). This means that the ground motion is significantly
amplified in the ranges of the period of engineering interest. The HVSR curves of O01 and G7 sites,
that highlight amplifications as high as 8 in the range 0.3-0.5 s (Figure 7), experimentally confirm
these results.

Along the section, the amplification decreases by almost 60 percent for the intermediate (0.4-0.8 s,
the green curve in Figure 9) and high (0.7-1.1 s, the blue curve in Figure 9) periods. The results obtained
are substantially compatible with HVSR observations: the HVSR curves show almost flat spectral
ratios for periods higher than 1 s, whereas amplification peaks appear in the period range 0.1-0.3 s.
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6. Discussion and Conclusions

The historic center of Avellino is characterized by a complex morpho-lithological structure. It is
located on a topographic relief, formed by the raising of the Miocene basement, on which the tuffaceous
Campanian Ignimbrite formation was emplaced. We chose a west-east trending section for a twofold
reason: (i) to highlight the variability of both morphological and geological features, (ii) to correlate
the lithological pattern of the subsoil to the sites hosting the most important architectonical heritage
of Avellino.

We calculated the 2D ground response in a linear-equivalent regime using realistic and detailed
modeling along the representative section. We used a probabilistic approach to define the input motion
and used the software REXELite to automatically select real ground acceleration records from the
Italian Strong-Motion Database, compatible with a target acceleration response spectrum.

The modeled ground acceleration shows the highest values in the period range of engineering
interest (0.1-0.4 s) and is controlled by the seismic impedance contrast in the subsoil within the
first tens of meters, as well as by the topography. This result is in agreement with the experimental
data, consisting of HVSR ambient noise measurements, previously acquired. At higher periods,
the accelerations decrease by almost 60 percent.

The town of Avellino experienced a different level of damage to heritage during the 23 November
1980 earthquake. In the historical center, the damage was from the MHD to the VHDC level (see Table 2).
Our study was focused on identifying clues about possible relationships between the ground motion
amplification and the damage level observed. In a previous work [5], some of the authors of this article
performed noise HVSR measurements in a wider area of the town, both free-field and inside civil
buildings. We verified the existence of soil/building resonance effects in the 0.22-0.83 s period band,
that have influenced the distribution of the damage produced by this earthquake.

The historical buildings taken into consideration here are variable in typology, shape, and structure,
and, at present, we do not have their estimates of the vibration modes in the dynamic regime.
By comparing the level of damage suffered by these monuments with the ground response computed
in the historical center of Avellino, we suggest that the variability in the damage distribution couldn’t
be solely explained with effects due to surface geology. Even topographical effects, particularly evident
at the edge of the ignimbritic high (MO06 location, in the sections shown in Figures 7 and 9), did not
have a decisive impact, as the MHD damage level of Palazzo de Conciiliis demonstrated. Nearby
monuments, Balestrieri Palace (M09) and the Clock Tower (M05) have suffered different damage levels.
The tower, the tallest of the selected buildings likely to be placed in the highest examined period band
(0.4-0.8 s), suffered extensive damage, contrary to what the modeling foresees. The Cathedral (M01)
the Greco Palace (M11) and the Festa Place (M10), which are placed where the same local geological
features are present, show the different extent of the damage. This diversity could be due to the
different dynamic responses of the structures and hence to their degree of vulnerability.

From all the results we can infer that the state of conservation of the buildings has played a key
role in the occurrence of damage to the historical heritage in response to the 1980 Irpinia-Basilicata
earthquake. It is worth noting that [58] also have already proved that the vulnerability of buildings
due to their poor quality and poor maintenance caused the most damage in response to this strong
earthquake. To assess whether soil/building resonance effects could have contributed to the damage
experienced by the historical buildings, most of them of irregular shape and structure, dynamic
regime measures would be required, which are currently not available. Therefore, this research is
to be considered a preliminary study that could provide useful clues for the preservation of the
artistic and architectural heritage of the town of Avellino. Further analyses will aim to investigate the
dynamic behavior of the historical buildings as well as their vulnerability, thus making it possible
to unequivocally discern among the different factors that threaten the heritage in the event of an
earthquake occurrence.
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Finally, the research of factors that correlate damage distribution to surface geology plays a crucial
role in the appropriate design of seismic risk mitigation interventions aimed at the conservation of our
architectural heritage.

Author Contributions: Conceptualization, R.M.; methodology, L.N. and ET.G.; software, L.N.; validation, L.N.,
ET.G., and RM,; formal analysis, L.N., ET.G., and R.M.; investigation, ET.G.; writing—original draft preparation,
R.M.; writing—review and editing, L.N., ET.G., and R.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We wish to thanks three anonymous reviewers for their useful comments, which contributed
to improving the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guidoboni, E.; Ferrari, G.; Mariotti, D.; Comastri, A.; Tarabusi, G.; Sgattoni, G.; Valensise, G. CFTI5Med,
Catalogo dei Forti Terremoti in Italia (461 a.C.-1997) e Nell’area Mediterranea (760 a.C.-1500); Istituto Nazionale di
Geofisica e Vulcanologia (INGV): Rome, Italy, 2018. [CrossRef]

2. Bernard, P; Zollo, A. The Irpinia (Italy) 1980 Earthquake: Detailed Analysis of a Complex Normal Faulting.
J. Geophys. Res. 1989, 94, 1631-1647. [CrossRef]

3. Postpischl, D.; Branno, A.; Esposito, E.; Ferrari, G.; Marturano, A.; Porfido, S.; Rinaldis, V.; Stucchi, M.
The Irpinia earthquake of November 23, 1980. In Atlas of Isoseismal Maps of Italian Earthquakes, CNR-PFG;
CNR: Irpinia, Italy, 1985; pp. 152-157.

4. Maresca, R.; Nardone, L.; Pasquale, G.; Pinto, F,; Bianco, F. Effects of surface geology on seismic ground
motion deduced from ambient-noise measurements in the town of Avellino, Irpinia region (Italy). Pure Appl.
Geophys. 2012, 169, 1173-1188. [CrossRef]

5. Maresca, R.; Nardone, L.; Gizzi, ET.; Potenza, M.R. Ambient noise HVSR measurements in the Avellino
historical centre and surrounding area (southern Italy). Correlation with surface geology and damage caused
by the 1980 Irpinia-Basilicata earthquake. Measurement 2018, 130, 211-222. [CrossRef]

6.  Gaudiosi, G.; Alessio, G.; Nappi, R.; Noviello, V.; Spiga, E.; Porfido, S. Evaluation of Damages to the
Architectural Heritage of Naples as a Result of the Strongest Earthquakes of the Southern Apennines.
Appl. Sci. 2020, 10, 6880. [CrossRef]

7. Lagomarsino, S.; Podesta, S. Damage and vulnerability assessment of churches after the Molise earthquake
(2002). Earthg. Spectr. 2004, 20, S271-S283. [CrossRef]

8.  Lagomarsino, S. Damage assessment of churches after L’Aquila earthquake (2009). Bull. Earthq. Eng. 2012,
10, 73-92. [CrossRef]

9.  Sorrentino, L.; Liberatore, L.; Decanini, L.D. The performance of churches in the 2012 Emilia earthquakes.
Bull. Earthq. Eng. 2014, 12, 2299-2331. [CrossRef]

10. Hofer, L.; Zampieri, P.; Zanini, M.A.; Faleschini, F.; Pellegrino, C. Seismic damage survey and empirical
fragility curves for churches after the August 24, 2016 Central Italy earthquake. Soil Dyn. Earthq. Eng. 2018,
111,98-109.

11.  Gallipoli, M.R.; Gizzi, ET.; Rizzo, E.; Masini, N.; Potenza, M.R.; Albarello, D.; Lapenna, V. Site features
responsible for uneven seismic effects in historical centre of Melfi (Basilicata, Southern Italy). Disaster Adv.
2012, 5, 125-137.

12.  Guidoboni, E.; Mariotti, D.; Giammarinaro, M.S.; Rovelli, A. Identification of amplified damage zones in
Palermo, Sicily (Italy), during the earthquakes of the last three centuries. Bull. Seismol. Soc. Am. 2003, 93,
1649-1669. [CrossRef]

13.  Gosar, A. Microtremor HVSR study for assessing site effects in the Bovec basin (NW Slovenia) related to 1998
Mwb. 6 and 2004 Mwb. 2 earthquakes. Eng. Geol. 2007, 91, 178-193. [CrossRef]

14.  Del Monaco, F.; Tallini, M.; De Rose, C.; Durante, F. HVNSR survey in historical downtown L’Aquila (central
Italy): Site resonance properties vs. subsoil model. Eng. Geol. 2013, 158, 34-47. [CrossRef]

177



Geosciences 2020, 10, 503

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Leyton, F; Ruiz, S.; Sepulveda, S.A.; Contreras, ].P.; Rebolledo, S.; Astroza, M. Microtremors” HVSR and its
correlation with surface geology and damage observed after the 2010 Maule earthquake (Mw 8.8) at Talca
and Curico, Central Chile. Eng. Geol. 2013, 161, 26-33. [CrossRef]

Mucciarelli, M. Ambient noise measurements on soil and buildings. Bull. Earthq. Eng. 2010, 8, 481-482.
[CrossRef]

Castellaro, S.; Padron, L.A.; & Mulargia, F. The different response of apparently identical structures: A far-field
lesson from the Mirandola 20th May 2012 earthquake. Bull. Earthq. Eng. 2014, 12, 2481-2493. [CrossRef]
Moisidi, M. Site-building resonance response in a complex geological setting: Ground motions recorded in
the centre of Paleohora Basin and at a rock fractured outcrop site close to the basin edge (SW Crete, Greece).
Phys. Chem. Earth Parts A/B/C 2017, 98, 73-89. [CrossRef]

Honoré, L.; Courboulex, E; Souriau, A. Ground motion simulations of a major historical earthquake (1660) in
the French Pyrenees using recent moderate size earthquakes. Geophys. . Int. 2011, 187, 1001-1018. [CrossRef]
Albarello, D.; Cesi, C.; Eulilli, V.; Guerrini, F; Lunedei, E.; Paolucci, E.; Pileggi, D.; Puzzilli, L.M.
The contribution of the ambient vibration prospecting in seismic microzoning: An example from the
area damaged by the April 6, 2009 L'Aquila (Italy) earthquake. Boll. Geof. Teor. Appl. 2011, 52, 513-538.
Khanbabazadeh, H.; Hasal, M.E.; lyisan, R. 2D seismic response of the Duzce Basin, Turkey. Soil Dyn.
Earthq. Eng. 2019, 125, 105754. [CrossRef]

Mouzakiotis, E.; Karastathis, V.; Voulgaris, N.; Papadimitriou, P. Site Amplification Assessment in the East
Corinth Gulf Using 3D Finite-Difference Modeling and Local Geophysical Data. Pure Appl. Geophys. 2020,
1-19. [CrossRef]

Senatore, M.R.; Boscaino, M.; Pinto, F. The Quaternary geology of the Benevento urban area (Southern Italy)
for seismic microzonation purposes. Ital. ]. Geosci. 2019, 138, 66-87. [CrossRef]

Nunziata, C.; Costanzo, M.R. Ground Shaking Scenario at the Historical Center of Napoli (Southern Italy)
for the 1456 and 1688 Earthquakes. Pure Appl. Geophys 2020, 1-16. [CrossRef]

Macerola, L.; Tallini, M.; Di Giulio, G.; Nocentini, M.; Milana, G. The 1-D and 2-D Seismic Modeling of Deep
Quaternary Basin (Downtown L’Aquila, Central Italy). Earthq. Spectra 2019, 35, 1689-1710. [CrossRef]
Giallini, S.; Pizzi, A.; Pagliaroli, A.; Moscatelli, M.; Vignaroli, G.; Sirianni, P.; Mancini, M.; Laurenzano, G.
Evaluation of complex site effects through experimental methods and numerical modelling: The case history
of Arquata del Tronto, central Italy. Eng. Geol. 2020, 2020, 105646. [CrossRef]

Brando, G.; Pagliaroli, A.; Cocco, G.; Di Buccio, F. Site effects and damage scenarios: The case study of two
historic centers following the 2016 Central Italy earthquake. Eng. Geol. 2020, 2020, 105647. [CrossRef]
Pergalani, F.; Pagliaroli, A.; Bourdeau, C.; Compagnoni, M.; Lenti, L.; Lualdi, M.; Madiai, C.; Martino, S.;
Razzano, R.; Varone, C.; et al. Seismic microzoning map: Approaches, results and applications after the
2016-2017 Central Italy seismic sequence. Bull. Earthq. Eng. 2019, 18. [CrossRef]

Pagliaroli, A.; Gaudiosi, I.; Razzano, R.; Giallini, S.; De Siva, F; Chiaradonna, A.; Ciancimino, A.; Foti, S.
Site response analyses for seismic microzonation: Case-histories, results and applications in Central Italy.
In Proceedings of the 7th International Conference on Earthquake Geotechnical Engineering (VII ICEGE),
Roma, Italy, 17-20 June 2019.

Hudson, J.A.; Boore, D.M. Comments on ‘Scattered Surface Waves from a Surface Obstacle’. Geophys. J. R.
Astr. Soc. 1980, 60, 123-127. [CrossRef]

Lee, S.J.; Chan, Y.C.; Komatitsch, D.; Huang, B.S.; Tromp, J. Effects of realistic surface topography on seismic
ground motion in the Yangminshan region of Taiwan based upon the spectral-element method and LiDAR
DTM. Bull. Seismol. Soc. Am. 2009, 99, 681-693. [CrossRef]

Geli, L.; Bard, P.Y,; Jullien, B. The effect of topography on earthquake ground motion: A review and new
results. Bull. Seismol. Soc. Am. 1988, 78, 42—63.

Cavallaro, A.; Ferraro, A.; Grasso, S.; Maugeri, M. Topographic effects on the Monte Po hill in Catania (Italy).
Soil Dyn. Earthq. Eng. 2012, 43, 97-113. [CrossRef]

Sohrabi-Bidar, A.; Kamalian, M. Effects of three-dimensionality on seismic response of Gaussian-shaped hills
for simple incident pulses. Soil Dyn. Earthq. Eng. 2013, 52, 1-12. [CrossRef]

Grelle, G.; Gargini, E.; Facciorusso, J.; Maresca, R.; Madiai, C. Seismic site effects in the Red Zone of Amatrice
hill detected via the mutual sustainment of experimental and computational approaches. Bull. Earthq. Eng.
2020, 18, 1-30.

178



Geosciences 2020, 10, 503

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

Meletti, C.; Montaldo, V. Stime Di Pericolosita Sismica Per Diverse Probabilita Di Superamento In 50 Anni: Valori
Di Ag. Progetto INGV-DPC S1, Deliverable D2; Istituto Nazionale di Geofisica e Vulcanologia (INGV): Rome,
Italy, 2007. (In Italian)

Meletti, C.; Galadini, F.,; Valensise, G.; Stucchi, M.; Basili, R.; Barba, S.; Vannucci, G.; Boschi, E. A seismic
source zone model for the seismic hazard assessment of the Italian territory. Tectonophysics 2008, 450, 85-108.
[CrossRef]

C.S.LL.PP (Consiglio Superiore del Lavori Pubblici). Norme tecniche per le costruzioni. Gazzetta Ufficiale
della Repubblica Italiana, 4 February 2008. (In Italian)

C.S.LL.PP (Consiglio Superiore del Lavori Pubblici). Aggiornamento delle Norme tecniche per le costruzioni.
Gazzetta Ufficiale della Repubblica Italiana, 20 February 2018. (In Italian)

Harmsen, S.; Frankel, A. Geographic deaggregation of seismic hazard in the United States. Bull. Seismol.
Soc. Am. 2001, 91, 13-26. [CrossRef]

Akinci, A.; Galadini, F; Pantosti, D.; Petersen, M.; Malagnini, L.; Perkins, D. Effect of time dependence on
probabilistic seismic-hazard maps and deaggregation for the Central Apennines, Italy. Bull. Seismol. Soc. Am.
2009, 99, 585-610. [CrossRef]

Wang, ].P.; Huang, D.; Cheng, C.T,; Shao, K.S.; Wu, Y.C.; Chang, C.W. Seismic hazard analyses for Taipei city
including deaggregation, design spectra, and time history with excel applications. Comput. Geosci. 2013, 52,
146-154. [CrossRef]

Jarahi, H. Probabilistic seismic hazard deaggregation for Karaj City (Iran). Am. . Eng. Appl. Sci. 2016, 9,
520-529. [CrossRef]

Pacor, F; Paolucci, R.; Luzi, L.; Sabetta, F.; Spinelli, A.; Gorini, A.; Nicoletti, M.; Marcucci, S.; Filippi, L.;
Dolce, M. Overview of the Italian strong motion database ITACA 1.0. Bull. Earthq. Eng. 2011, 9, 1723-1739.
[CrossRef]

Gambino, N. Cronistoria dei Restauri Nelle Iscrizioni Commemorative; Gambino, N., Ed.; La Cattedrale di
Avellino: Cava dei Tirreni, Italy, 1985; pp. 85-86. (In Italian)

Proietti, G. Ministero Per I Beni Culturali E Ambientali—Soprintendenza Generale Agli Interventi Post-Sismici In
Campania E Basilicata, Dopo La Polvere. Rilevazione Degli Interventi Di Recupero Post-Sismico Del Patrimonio
Archeologico, Architettonico Ed Artistico Delle Regioni Campania E Basilicata Danneggiato Dal Terremoto Del
23 Novembre 1980 e del 14 Febbraio 1981 (Anni 1985-1989); Tomo II, Avellino, Istituto Poligrafico e Zecca dello
Stato: Roma, Italy, 1994. (In Italian)

Frattani, P. Sisma 1980. Effetti Sul Patrimonio Artistico Della Campania E Basilicata. Campania. Supplemento Del
Bollettino d’Arte; Istituto Poligrafico e Zecca dello Stato: Rome, Italy, 1982. (In Italian)

Griinthal, G. European Macroseismic Scale 1998 (EMS-98). Cahiers du Centre Européen de Géodynamique et de
Séismologie 15; Centre Européen de Géodynamique et de Séismologie: Luxembourg, 1998; p. 99.

Bazzurro, P.; Allin Cornell, C. Deaggregation of seismic hazard. Bull. Seismol. Soc. Am. 1999, 89, 501-520.
Bommer, J.J.; Acevedo, A.B. The use of real earthquake accelerograms as input to dynamic analysis. J. Earthq. Eng.
2004, 8, 43-91. [CrossRef]

Spallarossa, D.; Barani, S. Disaggregazione della pericolosita sismica in termini di M-R-¢. Progetto DPC-INGV
S1, Deliverable D14. 2007. Available online: http://essel.mi.ingv.it/d14.html (accessed on 10 September 2020).
Barani, S.; Spallarossa, D.; Bazzurro, P. Disaggregation of Probabilistic Ground-Motion Hazard in Italy.
Bull. Seismol. Soc. Am. 2009, 99, 2638-2661. [CrossRef]

Iervolino, I.; Galasso, C.; Paolucci, R.; Pacor, F. Engineering ground motion record selection in the ITalian
ACcelerometric Archive. Bull. Earthqg. Eng. 2011, 9, 1761-1778. [CrossRef]

C.E.N. Eurocode 8: Design Provisions for Earthquake Resistance of Structures, Part 1.1: General Rules, Seismic
Actions and Rules for Buildings; European Committee for Standardization: Brussels, Belgium, 2003.

Luzi, L.; Hailemikael, S.; Bindi, D.; Pacor, E;; Mele, E.; Sabetta, F. ITACA (ITalian ACcelerometric Archive):
A web portal for the dissemination of Italian strong-motion data. Seismol. Res. Lett. 2008, 79, 716-722.
[CrossRef]

Stucchi, M.; Akinci, A.; Faccioli, E.; Gasperini, P.; Malagnini, L.; Meletti, C.; Montaldo, V.; Valensise, G.
Redazione della Mappa di Pericolosita Sismica prevista dall’Ordinanza PC del 20 marzo 2003, n. 3274, All. 1 Rapporto
Conclusivo; Istituto Nazionale di Geofisica e Vulcanologia (INGV): Rome, Italy, 2004.

179



Geosciences 2020, 10, 503

57. Seed, H.B.; Sun, ].H. Implication of Site Effects in the Mexico City Earthquake of September 19, 1985 for
Earthquake-Resistant Design Criteria in the San Francisco Bay Area of California; Report No. UCB/ EERC-89/03;
Earthquake Engineering Research Center: Berkeley, CA, USA, 1989.

58. Candela, M.; Viggiani, C. The effects of the Irpinia earthquake in the ancient centre of Avellino, Italy.
In Proceedings of the International Symposium of IAEG, Athens, Greece, 19-23 September 1988; Volume 3:
Earthquakes, Vibrations and Other Hazards in Relation to the Study and the Protection of Monuments and
Historical Sites Athens, Greece; Marinos, P.G., Koukis, G.C., Eds.; 1988.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

180



= geosciences ﬁw\l)\l’y

Article

The Role of the Water Level in the Assessment of
Seismic Vulnerability for the 23 November 1980
Irpinia-Basilicata Earthquake

Davide Forcellini

Department of Civil and Environmental Engineering, University of Auckland, 20 Symonds Street,
Auckland 1010, New Zealand; dfor295@aucklanduni.ac.nz

Received: 30 April 2020; Accepted: 12 June 2020; Published: 13 June 2020

Abstract: The seismic vulnerability of structures is closely related to changes in the degree of soil
saturation that may cause significant changes in volume and shear strength, and consequently, bearing
capacity. This paper aims to consider this issue during the strong earthquake that struck Southern
Italy on 23 November 1980 (Ms = 6.9) and affected the Campania and Basilicata regions. Several 3D
numerical finite element models were performed in order to consider the effects of soil-structure
interaction (SSI) on a representative benchmark structure. In particular, the role of the water level
depth is herein considered as one of the most significant parameters to control the shear deformations
inside the soil, and thus the performance of the superstructure. Results show the importance of
considering the water level for buildings on shallow foundations in terms of settlements, base shear
forces and floor displacements.

Keywords: Irpinia—Basilicata earthquake; seismic assessment; soil-structure interaction; numerical
simulations; OpenSees

1. Background

The historical 23 November 1980 Irpinia-Basilicata (Southern Italy) earthquake (Ms = 6.9) showed
the importance of assessing seismic risk for Italian communities. In particular, earthquake vulnerability
depends on the mechanisms occurring inside the superficial layers that filter the input motion from the
bedrock. Many parameters may drive these mechanisms, such as soil properties, bedrock characteristics,
layers depth, stratification and water level. In particular, the effects caused by water level may modify
the vertical pressures on the soil layers, as observed and discussed by [1,2]. Other contributions showed
the importance of controlling the water table as a soil improvement [3,4]. In addition, the correlation
between shallow groundwater levels and liquefaction occurrence is proposed by [5] for the May 2006
earthquake at Yogyakarta (Indonesia). In addition, [6] showed the effects of water level on analytical
indexes for liquefaction susceptibility, while [7] investigated the effects of water table level during the
recent Emilia Romagna earthquake, where the oscillations were shown to be limited to less than 2 m.

In this regard, there are many approaches to measure the depth of the water table. One of the
most common consists of applying piezometers that are typically inserted into the soil at different
depths below the surface with measurements made manually or automatically with a continuous
registration [8]. As shown in [9], other interesting issues are the density, the frequency of measurement
sites, the spatially interpolating point data and the extrapolating of the water table depth procedures.
In this regard, interpreting redoximorphic features [10] is another common methodology in routine
soil surveys. More extended approaches that allow for the prediction of the variation of shallow water
table are based on climatic records, field evidences from soil morphology and properties, outputs of
physically based water balance models and combinations of the different approaches. Soil morphology
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is particularly valuable for interpreting water table dynamics in the soil profile [11], and simulation
models were recently proposed (e.g., [12]).

After the 23 November 1980 Irpinia—Basilicata earthquake, several contributions considered
the various mechanisms of rupture [13-17] and estimated damages [18], which focused on the
effects of spectral accelerations [19-21] or quantified the consequences [22-24], and proposed several
models [25,26]. Even with such extended literature, information regarding the level of the water table
was not registered; this paper proposes numerical simulations of 3D models with different water levels
in order to investigate the role of this parameter on the seismic vulnerability of the structure, which was
previously investigated [27]. In particular, the effects of water level are relevant especially in the case
of shallow foundations, since they are more sensitive to the change of the vertical stresses due to
changing water level. For example, [28] showed that structures with shallow foundations on soft soils
are expected to experience big damages and losses due to soil-structure interaction (SSI), which can
be beneficial, detrimental or uninfluential on the seismic vulnerability. In addition, [29] showed that
considering SSI for unreinforced masonry (URM) buildings with shallow foundations is non-negligible
and that taking into account the inelastic behaviour of the soil foundation system may lead to smaller
structural displacements. Furthermore, [30] focused on the mechanisms at the base of the permanent
deformation of the soil to conclude that buildings founded on shallow foundations are particularly
vulnerable to seismically induced settlements.

With this background, the present paper aims firstly at covering the lack of information regarding
the position of the water level during the Irpinia—Basilicata earthquake by presenting a case study to
assess the most detrimental water level conditions under which the earthquake may have occurred.
Secondly, this paper proposes an attempt to generalize the outcomes presented to other seismic
assessments by accounting the water level position, which is an important source of uncertainty,
and sometimes underestimated or even neglected. The methodology applied in this paper consists of
performing advanced 3D finite element models of the entire system (soil + foundation + structure)
that allow consideration of the soil nonlinear mechanisms of shear deformation. In particular,
different positions of water level were considered in order to assess several saturated conditions
among the homogenous 20 m layer selected in the previous work [27]. The structural configuration
performed is representative of the Italian residential buildings that were mainly damaged during
the Irpinia—Basilicata earthquake, and consists of a reinforced concrete (RC) structure with infilled
masonry walls. In particular, the documentary sources are based on two main typologies of technical
data preserved in local archives: the “Scheda A” and “Scheda B” (Figure 1), which report the damages
to the buildings and were fundamental tools to detect the level of damage to the buildings, [31,32].
These were used to summarize the data from the surveys that were carried out in two phases: the first,
to evaluate the conditions of the entire building (Scheda A) and the second, to verify the effects on each
housing unit (Scheda B) [18]. Other important documents are the recovery plans (named “Piani di
Recupero”) of the historical centres, and sources used to analyse the outcomes of the earthquake at the
urban scale. For an extended literature review, please refer to [27]. Results in terms of settlements,
accelerations, base shear forces and floor displacements are calculated in order to assess the most
detrimental positions of the water level.
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] distrutto

Note teeniche

Figure 1. Example of Scheda B [31].
2. The Irpinia-Basilicata Earthquake

The 23 November 1980 Irpinia—Basilicata earthquake (Figure 2) may be considered one of the
strongest earthquakes recorded in Italy [18,24,33-37], causing profound changes in communities and
extended damages to civil structures and infrastructures. In particular, [18] conducted an extended
literature review showing that the knowledge of the damages focused on some of Campania’s and
Basilicata’s most heavily damaged towns, but without a systematic study. In particular, estimations
assessed that approximately 1.85 million buildings were involved in the event, with 75,000 destroyed,
275,000 seriously damaged and 480,000 slightly damaged. In addition, the environmental effects
induced by the 23 November 1980 Irpinia—Basilicata earthquake were also significantly severe since
primary and secondary effects (such as hydrological variations and liquefaction-induced mechanism)
brought important natural modifications to the natural conditions [27], such as ground deformations,
slopes, landslides, lateral displacements and settlements, which were extensively documented by
several contributions [37-43].

The damaged buildings consisted mostly of reinforced concrete (RC) structures characterised
by infilled masonry walls (IMWs), the object of this paper (see next section). Specific studies were
carried on as recovery plans (named “Piani di Recupero”) and described the procedures to recover the
historical centres. These plans are useful as sources of information regarding the seismic effects at the
urban scale [27,44-49].
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Figure 2. Macroseismic field of the 23 November 1980 Irpinia—Basilicata earthquake [18] (MCS = Mercalli
Cancani Sieberg scale).

3. Methodology

SSI consists of several mechanisms that define the mutual behaviour of the soil, the foundation
and the building, and consequently affect the structural performance. The water level depth modifies
the vertical pressures in the soil and thus the shear mechanisms that cause soil deformations and
settlements at foundation levels, and, consequently, stresses in the superstructures that affect the
whole behaviour of the system. The proposed 3D finite element models (Figure 3) aim to reproduce
these complex nonlinear mechanisms to represent realistically the behaviour of the entire system
(soil + foundation + structure). This goal is particularly challenging because of the mutual effects of
two sources of nonlinearity: the shear mechanisms in the soil and the structural behaviours. The study

proposed here is based on the previous contribution [27], here extended to consider the role of water
level depth.

Figure 3. Mesh 2: soil-structure interaction (SSI) model; uniform soil layer (blue), infill (green) and
foundation (yellow) [27].
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The input motion performed (Figure 4), selected from the Italian Accelerometric Archive [50],
consists of the registration at the Sturno (STN) station (latitude: 41.0183°, longitude: 15.1117°) in
Avellino, Campania, which is defined on soil B (following the Eurocode 8 classification); more details
are available in [27].
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Figure 4. Selected input motion (longitudinal direction) [27].

The tridimensional (3D) models performed are based on the u—p formulation (u is the displacement
of the soil skeleton and p is the pore pressure), defined in detail in [51] and [52]. The Pressure Depend
Multi Yield02 model [53,54], selected to represent the soil layer, consists of a multi-yield-surface
plasticity framework that may reproduce the mechanism of cycle-by-cycle permanent shear strain
accumulation in incoherent soil materials, as shown in [55]. The model is based on the definition
of several parameters, such as the low-strain shear modulus, the friction angle, shear wave velocity
and permeability, shown in Table 1. In particular, an equivalent uniform linear layer was adopted
in order to calculate the soil fundamental periods [56]. Note that the paper aims to reproduce a
historical event and geotechnical parameters for superficial layers are currently not available for the
Irpinia—Basilicata earthquake, as specified in [27]. The data that are necessary to be implemented in
a numerical model require material characterizations with in situ tests that are impossible 40 years
after the earthquake occurred, since soil materials and hydraulic conditions have changed significantly.
Therefore, the values in Table 1 were defined on the available information (mainly [20]) and the
free-field study that was carried out in [27].

Table 1. Soil characteristics.

Soil S1 S2 S3 S4
Density (Mg/m®) 1.7 1.9 1.9 2.1
Reference shear modulus (kPa) 3.83 x 10* 428 x 10* 5.50 x 10* 1.32 x 10°
Reference bulk modulus (kPa) 1.50 x 10° 2.00 x 10° 2.00 x 105 3.90 x 10°
Shear wave velocity (m/s) 150 150 170 250
Soil fundamental period (s) 0.53 0.53 047 0.32
Cohesion (kPa) 5 5 5 5
Friction angle (°) 27 29 35 40
Horizontal permeability (m/s) 1.0 x 1077 1.0x 1077 1.0x 1077 1.0 x 1077
Vertical permeability (m/s) 1.0 x 1077 1.0 x 1077 1.0 x 1077 1.0 x 1077

Figure 5 shows the water levels performed, corresponding to the six numerical models that were
performed in this study. The dimensions of the mesh were calibrated with a calibration procedure [27]
and the final ones were 118.4 x 124.4 x 20.5 m. A total of 31,860 nodes and 35,868 20-node BrickUP
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elements were applied, following the previous contributions [57-59]. As explained in [27], S2 is
implemented amongst the soil materials that were considered in Table 1.
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Figure 5. Performed water levels.

Boundary conditions are fundamental when SSI analyses are carried out, especially to represent
correctly the development of pore pressures. The penalty method with a tolerance value of 107
was chosen to ensure strong constrain conditions without computational problems associated with
conditioning of the system of equations (more details in [60,61]). Base boundaries (20.5 m depth)
were considered rigid and all the directions were constrained. In order to allow shear deformations,
longitudinal and transversal directions were left unconstrained in correspondence with the lateral
boundaries, while the vertical direction (described by the third Degree of Freedom (DOF) of the
nodes) was constrained. Hydraulic conditions were defined on the fourth DOF of each node that were
blocked during the gravity analyses (step 1) and then released when hydraulic conditions were applied
(more details in [60,61]).

The structure consists of an RC building with infill masonry walls (RCIMW) as a benchmark,
in order to represent the Italian residential buildings that were mostly damaged during the 1980
Irpinia—Basilicata earthquake, and already studied in [27]. Figure 6 shows the structural scheme
consisting of 4 X 2 columns (4 columns in the transversal direction (spaced 8 m apart) and 2 columns
in the longitudinal direction (spaced 10 m apart) and 3 floors (a 3.4 m-storey height, 10.2 m total
height). RCMIW is a typical Italian system based on two schemes (Figure 6): RC concrete columns and
beams are superposed on vertical masonry walls. It is worth noting that the structural configuration
performed here is a simplified version of frame-type buildings because detailed information should
have required material characterizations with in situ tests that are almost impossible after 40 years from
the earthquake, since the conditions of the materials could have changed significantly. Both vertical and
horizontal elements are composed by RC concrete columns and beams, respectively, and characterized
by fibre section models. Concrete02 material (Figure 7a,b [27]) is chosen to model the core and the cover
portions. A total of 30 bars are used and represented by Steel02 material (Figure 7c [27]). The masonry
walls are modelled as equivalent diagonal elastic Bean Column elements [53,54], in both longitudinal
and transversal directions. The masonry walls properties are selected based on the Italian code
provisions, as shown in [27]. Table 2 shows the vibration periods of the structure with and without the
infill masonry walls, related to the fixed-base condition (no SSI effects included). It is worth seeing that
the masonry walls affect the structural natural period (from 0.3012 to 0.2085 s), since they increase the
lateral stiffness of the whole structure (as shown in [27]).
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Figure 7. Shear stress vs. shear strain relationship for Concrete02: core (a) and cover (b) and
Steel02 (c) [27].

Table 2. Structural periods; reinforced concrete (RC), infill masonry walls (IMWs).

Models T1 (s) T2 (s) T3 (s)
RC 0.301 0.107 0.073
RC with IMWs 0.209 0.074 0.049

The foundation is modelled as a 0.50 m-deep rectangular concrete raft foundation (28.4 x 34.4 m)
in order to represent recurring shallow foundation typologies for residential buildings. The foundation
considered is assumed to be rigid, by tying all the columns base nodes together with those of the
soil domain surface, using equalDOF [53,54]. The foundation is modelled with an equivalent concrete
material, by applying the Pressure Independent Multi-Yield model [53,54] (Table 3). The first 0.5 m-deep
soil layer around the foundation is modelled with a backfill defined by the Pressure Depend Multi
Yield model [53,54] and Table 4 shows the adopted parameters, such as the low-strain shear modulus,
the friction angle and the permeability. The number of yield surfaces is equal to 20.

Table 3. Foundation.

Parameters Concrete

Density (Mg/m3) 2.4
Reference Shear Modulus (kPa) 1.25 x 107
Reference Bulk Modulus (kPa) 1.67 x 107

Table 4. Infill soil characteristics.

Soil S1

Density (Mg/m3) 1.7
Reference shear modulus (kPa) 3.83 x 10*
Reference bulk modulus (kPa) 1.50 x 10°

Shear wave velocity (m/s) 150

Cohesion (kPa) 5

Friction angle (°) 27
Horizontal permeability (m/s) 1.0 x 1077
Vertical permeability (m/s) 1.0 x 1077

4. Results

This section shows the results of the models performed, focusing on the performance of the soil,
the foundation and the structure. The vertical stresses in the soil depend on the weight of the water
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for those models where the material is submerged and saturated conditions occur. It is worth noting
that the effects connected with the water level can potentially be related with liquefaction occurrence,
which is not considered in this paper because no historical relevancies of such phenomenon were
found in the literature.

4.1. Soil Results

Significant values of the main soil parameters are herein compared in correspondence with
different positions and different water depths, with particular attention to the role of water level.
Figures 8-12 show the relationship between the effective confinement pressures and the shear stress
at various depths in correspondence with model-10 m that was chosen herein to underline the two
different conditions of saturated and dry soil. It is worth noticing the role of the water in generating
several levels of confinement and the increase of the shear stress with the soil depth. In order to ensure
that liquefaction did not occurred, the pore pressure ratio (ru), defined as the ratio between the total
pore pressure and the total overburden pressure [60,61], was calculated and it was verified that the
maximum value (0.57) was significantly smaller than 1, the value that is considered for liquefaction
occurrence. Figures 7 and 8 show the conditions of dry soil and that the effective confinement pressures
depend on the vertical stresses. The role of the water in increasing the effective confinement is
shown in Figures 10-12, where it is possible to see the maximum level reached for the several depths:
approximately 170, 220 and 250 kPa corresponding to depths of 11.50, 15.50 and 19.50 m, respectively.
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Figure 8. Model-10 m: effective confinement vs. shear stress at 3.50 m depth.
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Figure 9. Model-10 m: effective confinement vs. shear stress at 7.50 m depth.

189



Geosciences 2020, 10, 229

100
80
60
40
20

-20
-40

shear stress (kPa)

60 —1150m
-80

-100
0 50 100 150 200 250

effective confinement (kPa)

Figure 10. Model-10 m: effective confinement vs. shear stress at 11.50 m depth.
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Figure 11. Model-10 m: effective confinement vs. shear stress at 15.50 m depth.
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Figure 12. Model-10 m: Effective confinement vs. shear stress at 19.50 m depth.

Figures 13 and 14 show the acceleration time histories in correspondence with the two extreme
conditions (fully saturated and dry) at the surface and at —16.5 m depth. It is worth seeing that in the
lower layers, dry conditions (water level at —20 m, Figure 14) are shown to be more detrimental while
at the surface fully saturated conditions show large acceleration values (Figure 13).
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Figure 14. Acceleration time histories at —16.5 m depth model-0 m and model-20 m.
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4.2. Foundation Results

Foundation settlements (mainly differential) are one of the most significant causes of damage,
depending on several parameters, like material quality, geometry of the structure, amount of openings,
type of foundation or the actual state of preservation. Figure 15 shows the time history of absolute
settlements (in the centre of the foundation) for the various models, demonstrating the role of the
water level depth in the development of settlements. It is worth noting that the settlements start in
correspondence with the peak of the input motion (compare with Figure 4); they increase and then
they remain stable around the residual values (Table 5). These values were verified to be lower than
the condition defined as serviceability level SLS1 (1/25) in the New Zealand code (NZS 1170.0:2002).
It is worth considering that the calculated values are not comparable with liquefaction occurrence
(compare with the values assessed in [60,61]).
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Figure 15. Foundation settlements.

Table 5. Foundation settlements.

Models Settlement (cm)
Model-0 m 1.49
Model-2 m 1.29
Model-6 m 0.99
Model-10 m 0.64
Model-15 m 0.43
Model-20 m 0.33

Figure 16 shows the normalized foundation tilt time histories, defined as the ratio between the
differential foundation settlements and the width (along the longitudinal direction: 15 m). It is worth
seeing that the tilts are related with the water level depths (maximum values: 1.20% and 0.60% for
water levels at the surface and at =2 m depth, respectively). In addition, the main tilts are shown
between 5-12 s, where the water level at the surface is shown to be at the most detrimental condition.
At the end of the motion, the values of the tilts (particularly for 0 and —2 m) increase due to shear
resistance and associated accumulation of permanent deformations in the soil [52]. It is important
to notice that these nonlinear mechanisms were reproduced thanks to the 3D numerical models
performed, which implemented advanced material models and procedures developed inside the
OpenSees platform [53,54]. The permanent deformations in the soil and the foundation tilts are both
responsible for transferring significant stress to the superstructure and thus contribute to the SSI effects
(shown in [27,60,61]) and described in the next section.
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Figure 16. Foundation tilts.

4.3. Structural Results

This section investigates the role of the water level on the structural performance in terms of
shear forces at the base of the column and floor displacements at the top of the structure. Figures 17
and 18 show the relationship between the longitudinal displacements and base shear forces in the
fully saturated case (0 m) and the dry case (20 m). It is worth noticing the different values of the
displacements, due to the levels of deformations that occur in the soil, in correspondence with the two
different water levels and that depend on the local soil effects, as discussed in [27]. The fully saturated
case shows values of displacement that are more than two times the ones that occur for the dry case.
The values of the shear forces are different as well, with maximum values of 390 kN for the case of 0 m
(Figure 17 and [27]) and 307 kN for the case of 20 m (Figure 18). In particular, the maximum tensile
stresses are approximately 65 kPa (for Model-0 m) and 53 kPa (for model-20 m), corresponding to two
different levels of damage and thus the potential collapse mechanisms of the masonry wall [27].
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Figure 17. Model-0 m: base shear.

-0.02 -0.015 -0.01 0.01 0.015 0.02

base shear (kN)

—20m

-400
displacement (m)

Figure 18. Model-20 m: base shear.
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To consider the effects of the structural performance, Figure 19 shows the time histories of the
floor displacements (for all the performed models) in correspondence with the top of the building.
Table 6 shows the maximum displacements, demonstrating that in the case of fully saturated conditions
(0 m), maximum displacements are more than four times the values reached for the dry conditions
(20 m). Comparing the results in correspondence with the different levels, it is possible to see that
the peak values (around 6 and 12 s) of the displacements are reached for the highest positions of the
water level (at the surface and —2 m). Regarding the values of the displacements at the end of the
transient, intermediate water level positions (=6, =10 and —15 m) are shown to be the most detrimental
conditions. These results may depend on the delay in developing permanent deformations due to
the highly nonlinear mechanisms, both in the soil and in the structure. The results also show the
importance of performing the 3D advanced models to represent realistically the interaction between
soil deformability and structural flexibility.
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Figure 19. Top displacement time histories.

Table 6. Maximum top displacements.

Models Max. Displacement (cm)
Model-0 m 1.67
Model-2 m 1.30
Model-6 m 1.15
Model-10 m 1.22
Model-15 m 0.93
Model-20 m 0.39

5. Discussion

The results demonstrated the role of the water level in modifying the response of the entire
system (ground—foundation-structure), with particular attention to the consequences on the structure.
In this regard, as shown in [62], the presence of the masonry infill walls increases the lateral stiffness
and introduces different mechanisms that significantly modify the seismic behaviour, and thus the
structural vulnerability of the structure. In particular, the role of the shallow foundation is important in
affecting the global stability of the system, being particularly sensitive to the nonlinear soil behaviour
(such as gapping, sliding and uplift) that may lead to an unconservative prediction of the superstructure
response, as shown in [29]. The role of the water level was demonstrated to be relevant, especially in
correspondence with the base floors, which are characterized by large displacements that contribute to
the failure of the diagonal elements (representing the masonry infill walls). In this regard, the global
behaviour of the system is affected by the complex of mutual nonlinear effects of the soil and of the
structure that is generally recognized as SSI, and that depends on the dynamic characteristics of the
structure and the foundation soil. By this way, performing 3D advanced nonlinear numerical models
was fundamental in order to assess realistic estimations of the structural vulnerability.
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6. Conclusions

The paper investigates the role of the water level on a typical Italian building during the
23 November 1980 Irpinia-Basilicata earthquake by performing several 3D numerical models of the
entire system (soil-foundation—structure). The finite element models were built with the advanced
computational framework OpenSeesPL in order to assess the several mechanisms known globally
as soil-structure interaction (SSI). The results show that the shear mechanisms and the consequent
permanent deformations inside the soil are driven by the presence of the water. Therefore, knowing
the position of the water level (and eventually how it changes during the seasons) is fundamental in
order to assess the seismic vulnerability of structural configurations. In the case of masonry buildings,
the water level may affect significantly the whole stability of the buildings, both in terms of settlements
(absolute or tilts) and the failure mechanisms in correspondence with the structural wall. Although the
findings are limited to the specified conditions performed, they may potentially be useful to propose
formulations within code provisions.
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Abstract: This paper aimed to present a systematic study of the effects caused by the strong
earthquake that struck southern Italy on 23 November 1980 (Ms = 6.9) and affected the Campania
and Basilicata regions. Two aspects are discussed here: The broadening of the knowledge of the
response site effects by considering several soil free-field conditions and the assessment of the role
of the soil-structure interaction (SSI) on a representative benchmark structure. This research study,
based on the state-of-the-art knowledge, may be applied to assess future seismic events and to
propose new original code provisions. The numerical simulations were herein performed with the
advanced platform OpenSees, which can consider non-linear models for both the structure and
the soil. The results show the importance of considering the SSI in the seismic assessment of soil
amplifications and its consequences on the structural performance.

Keywords: Irpinia-Basilicata earthquake; seismic assessment; soil structure interaction; numerical
simulations; OpenSees

1. Background

The 23 November 1980 Irpinia—Basilicata (Southern Italy) earthquake (Ms = 6.9) caused deep
changes in the urban socio-economic layout, and primary and secondary effects that brought about
changes to the natural environment, such as landslides (e.g., Senerchia, Buoninventre, Caposele, Calitri,
San Giorgio La Molara, and Grassano) [1-4]. It consisted of several rupture episodes, which occurred
at 0.18 and 40 s from the foreshock, and it was assigned a surface-wave magnitude of Ms = 6.9 [5,6].
A wide area (about 3500 km?) recorded serious damage, many casualties, and 15 localities were almost
destroyed, including Sant’Angelo dei Lombardi, Laviano, Lione, Santomenna, Senerchia, Pescopagano,
and Balvano. It was estimated that of a total of approximately 1.85 million buildings involved in the
event, 75,000 were destroyed, 275,000 seriously damaged, and 480,000 slightly damaged [6].

With respect to this event, the documentary sources are based on two main typologies of technical
data preserved in local archives: The “Scheda A” and “Scheda B”, which report the damages to the
buildings, consisting mostly of reinforced concrete (RC) structures characterized by infill masonry
walls (IMWs), which are representative of the Italian residential buildings. Eight damage levels
were defined by considering the action to be undertaken, such as repairing works, evacuation, or
demolition [6]. Other important documents are the recovery plans (named “Piani di Recupero”) of the
historical centers, the other sources used to analyze the outcomes of the earthquake at the urban scale.
An important study regarding the effects of spectral accelerations was proposed by [7], who analyzed
the effects of the soil on the accelerations in several locations, with particular attention to the Naples
area. In addition, [8] simulated the recorded strong-motion data by computing spectral accelerations
and peak amplitude residual distributions in order to investigate the influence of site effects and
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compute synthetic ground motions around the fault. They simulated the expected ground motions
varying the hypocenters, the rupture velocities, and the slip distributions and compared the median
ground motions and related standard deviations from all scenario events with empirical ground-motion
prediction equations (GMPEs). Recent earthquakes, such as the Athens (Greece, 1999) [9], the Kocaeli
(Turkey, 1999) [10], the Haiti (2010) [11], and the Gorkha (Nepal, 2015) [12-14] earthquakes, showed
the importance of taking into account soil amplifications. In the literature, several approaches have
been applied to perform ground motion analyses including site effects: hybrid analyses that consist
of a combination of probabilistic and deterministic methods (e.g., [15,16]), convolution approaches
that provide modifications of the rocking hazard (e.g., [17,18]), and 1D seismic site response analyses
(e.g., [19,20]).

Even if the 1980 Irpinia—Basilicata (southern Italy) earthquake is well documented with several
contributions (e.g., [21-24]) and models proposed [25,26], the assessment of the role of the soil on
the structural damage is still a relatively unexplored issue and this paper aimed to fill this gap. In
particular, the principal aim was to propose numerical simulations of different soil conditions and
assess the effects of the soil-structure interaction (SSI), which can significantly affect the seismic
vulnerability of structures [27-29]. In this regard, when the superficial deposits overlie the bedrock,
amplifications of the surface seismic accelerations may not be conservatively predicted by the codes.
The so-called site effects consist of a combination of soil and topographical effects, which can modify
(amplify and attenuate) the characteristics (amplitude, frequency content, and duration) of the incoming
wave field and are primarily based on the geotechnical properties of the subsurface materials [30].
In particular, the response of the superficial layers is strongly influenced by the uncertainty associated
to the definition of the soil properties and model parameters that are fundamental to assess the
well-known mechanism of seismic amplifications of ground motion [31]. Therefore, accounting for the
amplification effects of superficial layers has become critically important in seismic design [32] and
widely adopted in many codes’ prescriptions, such as Eurocode 8 [33], ASCE (American Association of
Civil Engineering) standards 7-05 [34], and 4-98 [35]. These codes provide soil parameters, generally
determined through geological investigations [36—40], that can largely vary even within the same
area [41,42]. The methodology followed in this paper consists of a first step, where free-field (FF)
analyses were computed on several layers of soil, and secondly, an SSI (Soil-Structure Interaction)
analysis was performed on a selected structural configuration that is representative of the buildings
that were damaged during the Irpinia-Basilicata earthquake.

2. Case Study

SSI analyses require the definition of geomechanical parameters that are fundamental to describe
the dynamic soil behavior, such as the modulus reduction and damping curves (see [43,44]). According
to the current state of knowledge on the Irpinia-Basilicata earthquake, strength parameters for
superficial layers are not available. Therefore, it was necessary to select representative values based on
available information, such as [8], for a preliminary study. These values are herein determined with
free-field analyses since the actual values at each building site will slightly differ when the building
characteristics are considered. In particular, the present paper aimed to model a low-rise building
based on a relatively shallow foundation assuming that the ground motion amplitude, which decreases
at the foundation level with respect to the free field, may be negligible [42].

The study here proposed was divided into two steps. First of all, several FF models with different
soil conditions were considered (Figure 1), in order to study the effects of soil deformability on the
amplification of the motion. In particular, four incoherent soils were performed on the basis of the
contributions that were found in the literature. Then, a complete 3D numerical model with the
soil-foundation-structure system was performed (Figure 2). The FF soil models consist of a one-layer
20-m-deep homogenous incoherent material with a 3D mesh (Figure 1). The penalty method was
adopted for the boundary conditions (tolerance of 107#), chosen as a compromise for the soil domain
definition, which was modelled large enough to ensure strong constraint conditions but not too large
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in order to avoid problems associated with the equations system conditions. Base boundaries (depth of
20 m) were considered as rigid. Base and lateral boundaries vertical direction (described by the third
degree of freedom (DOF)) were constrained, while longitudinal and transversal directions were left
unconstrained on the lateral boundaries, in order to allow shear deformations of the soil. The definition
of the mesh elements dimension follows the approach already adopted [45-48] and, in order to verify
proper simulation of FF conditions, accelerations at the top of the mesh were compared with the FF ones,
which were found to be identical, confirming the effective performance of the mesh. The benchmark
structure was calibrated in order to be representative of the buildings that were present in Irpinia in
1980. In this regard, a 3-storey concrete building with masonry walls was considered.
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Figure 1. Mesh 1: free-field analysis.

Figure 2. Mesh 2: SSI model; uniform soil layer (blue), infill (green), and foundation (yellow).

Dynamic analyses were performed with OpenSeesPL. The selected input motion was chosen from
the Italian Accelerometric Archive [49] and it represents the acceleration registered in Sturno (STN)
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station (lat: 41.0183°, long: 15.1117°) in Avellino, Campania (Figure 3), and located less than 5 km
from the fault and 33 km from the epicenter (41.76°N, 15.31°E). For more details, see [8]. The input
was defined on soil B, as classified by Eurocode 8, and applied at the base of the model along the
longitudinal direction.
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Figure 3. Selected input motion: acceleration (a) and spectrum (b).

2.1. Step 1: FF Analyses

The soil models were built up on a two-phase material following the u-p formulation [50], where
u is the displacement of the soil skeleton and p is the pore pressure. The soil material was based on
the following assumptions: (1) Small deformations and rotations, as well as solid and fluid densities
remain constant in both time and space; (2) porosity is locally homogeneous and constant with
time; (3) soil grains are incompressible; and (4) solid and fluid phases are accelerated equally [51].
The 20-m-deep soil layer was defined by the PressureDependMultiYield02 model [52,53], based on the
multi-yield-surface plasticity framework developed by [54], in order to reproduce the mechanism
of cycle-by-cycle permanent shear strain accumulation in clean sands (Figure 4). Table 1 shows the
adopted parameters, such as the low-strain shear modulus and friction angle, as well as the shear
wave velocities and permeability. Soil fundamental periods were estimated considering an equivalent
uniform linear layer, following [55]. The number of yield surfaces was equal to 20 for all soil models.
Figure 5 shows the backbone curves for all the selected soil models.
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Figure 4. Multi-yield surfaces in principal stress space and deviatoric plane [53].

Table 1. Soil characteristics.

Soil s1 S2 S3 S4
Density [Mg/m®] 1.7 1.9 1.9 2.1
Reference Shear Modulus [kPa] 3.83 x 10* 428 x 10* 5.50 x 10* 1.32 x 10°
Reference Bulk Modulus [kPa] 1.50 x 10° 2.00 x 10° 2.00 x 10° 3.90 x 10°
Shear wave velocity [m/s] 150 150 170 250
Soil fundamental period [s] 0.53 0.53 0.47 0.32
Cohesion [kPa] 5 5 5 5
Friction angle [°] 27 29 35 40
Hor. Permeability [m/s] 1.0x 1077 1.0 x 1077 1.0x1077 1.0x 1077
Ver. Permeability [m/s] 1.0x 1077 1.0 x 1077 1.0x 1077 1.0 %1077
90
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wv
g o0 =
&
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Figure 5. Backbone curves (selected soils).

The 3D soil models consist of a 100 m X 100 m x 20 m mesh, built up with 8000 20-node BrickUP
elements and 9163 nodes to simulate the dynamic response of solid-fluid fully coupled material [52,53].
For each BrickUP element, 20 nodes describe the solid translational degrees of freedom, while the eight
nodes on the corners represent the fluid pressure 4 degrees of freedom. For each node, Degree of
Freedom (DOF)s 1, 2, and 3 represent solid displacement (1) and DOF 4 describes fluid pressure (p),
which were recorded using OpenSees Node Recorder [52,53] at the corresponding integration points.
The element dimension increases from the structure (center of the model) to the lateral boundaries,
which were modelled to behave in pure shear and located far away from the center of the mesh.
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2.2. Step 2: SSI Analyses

The study considered an RC structure with infill masonry walls as a benchmark, in order to
represent the Italian residential buildings that were mostly damaged during the 1980 Irpinia—Basilicata
earthquake. The benchmark structure was built with a 4 X 2 column scheme (4 columns in the
transversal direction (8 m spaced) and 2 in the longitudinal direction (10 m spaced)) and modelled to
have periods in the range of those of residential buildings, considering 3 floors (a 3.4 m storey height,
with a total structure height of 10.2 m). The structure was modelled as a superposition of two schemes
(Figure 6). Both vertical and horizontal elements were composed by RC concrete columns and beams,
respectively, and characterized by fiber section models. Concrete02 material [56,57] was chosen to
model the core and the cover portions (Figure 7a,b, respectively) of the section (0.40 m x 0.40 m) and
with the parameters defined in Table 2. The ratio between the unloading slope (related to the maximum
strength) and the initial slope was taken as equal to 0.1. A total of 30 bars were used and represented
by Steel02 material [58], with the properties shown in Table 3 and the ratio between the post-yield
tangent and initial elastic tangent equal to 0.01 (Figure 8). The parameters that control the transition
from elastic to plastic branches were assumed RO = 15, CR1 = 0.925 and CR2 = 0.15, as suggested
by [53]. The masonry walls were modelled as equivalent diagonal elasticBeamColumn elements [52,53],
in both the longitudinal and transversal directions. The masonry walls’ properties were selected based
on the Italian code provisions, with low-to-medium mechanical characteristics (Table C8A.2.1 [59]),
as shown in Table 4. Table 5 shows the vibration periods of the structure with and without the infill
masonry walls. It is worth noting that the masonry walls affect the structural natural period (from
0.3012 s to 0.2085 s), since they increase the lateral stiffness of the whole structure (as shown in [60]).
In particular, the infill masonry walls introduce different mechanisms that may significantly modify the
seismic behavior of the structure. The foundation was modelled as a 0.50-m-deep rectangular concrete
raft foundation (28.4 m x 34.4 m) in order to represent the recurring shallow foundation typologies for
residential buildings. These types of foundation can be particularly vulnerable due to their bearing
capacity, which depends only on the contact pressure and not on the frictional mechanisms (as in
the case of deep foundations). The considered foundation was assumed to be rigid, by tying all the
columns base nodes together with those of the soil domain surface, using equal DOF [52,53]. Horizontal
rigid beam-column links were set normal to the column longitudinal axis to simulate the interface
between the column and the foundation. The foundation was designed by calculating the eccentricity
(the ratio between the overturning bending moment at the foundation level and the vertical forces)
in the most detrimental condition of the minimum vertical loads (gravity and seismic loads) and
maximum bending moments. The foundation was modelled with an equivalent concrete material, by
applying the Pressure Independent Multi-Yield model [52,53] (Table 6). This model consists of a non-linear
hysteretic material with a Von Mises multi-surface kinematic plasticity model, which can simulate
a monotonic or cyclic response of materials whose shear behavior is insensitive to the confinement
change. The nonlinear shear stress-strain backbone curve is represented by the hyperbolic relation,
defined by the two material constants (low-strain shear modulus and ultimate shear strength) [52,53].

Table 2. Concrete02 (core and cover).

Concrete02 Core Cover
Compressive strength at 28 days [kPa] —4.630423 x 10* —2.757900 x 10*
Strain at maximum strength [%] —3.484000 x 1073 —2.00000 x 1073
Crushing strength [kPa] —4.466062 x 10* 0
Strain at crushing strength [%] -3.572200 x 1073 —6.0000 x 1073
Tensile strength [kPa] 6.482592 x 103 3.861060 x 103
Tension softening stiffness [kPa] 1.860438 x 10° 1.930530 x 10°
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Figure 6. Structural 3D model.
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Figure 7. Shear stress vs. shear strain relationship for Concrete02: core (a) and cover (b).
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Table 3. Steel02 (bars).

Steel02 Core Cover

Yield Strength [kPa] 455054 X 10°  —2.757900 x 10*
Initial elastic tangent [kPa] 2.00000 x 108 —2.00000 x 103

800000
600000
400000
200000

-0.150 -0.100 -0.050 _og000@-§00 0050 0.100 0.150

Shear Stress [kPa]

-800000
Shear strain [%]

Figure 8. Shear stress vs. shear strain relationship for Steel02 (bars).

Table 4. Masonry characteristics [53].

Diagonals Masonry
Density [Mg/m3 ] 1.8
Young Modulus [kPa] 1.50 x 10°
Shear Modulus [kPa] 5.00 x 10°
Compressive strength [kPa] 3.00 x 103
Shear strength [kPa] 70

Table 5. Structural periods.

Models T1 [s] T2 [s] T3 [s]

RC 0.301 0.107 0.073
RC with IMWs 0.209 0.074 0.049

Table 6. Foundation.

Parameters Concrete

Density [Mg/m®] 2.4
Reference Shear Modulus [kPa] 1.25 x 107
Reference Bulk Modulus [kPa] 1.67 x 107

The 3D soil models consist of a 118.4 m X 124.4 m (20.5 m thick) mesh, built up with 31,860 nodes
and 35,868 20-node BrickUP elements to simulate the dynamic response of solid-fluid fully coupled
material [52,53] and with the same assumptions considered for the free-field models (Section 2.1).
As explained in Section 3.1, S2 was implemented amongst the soil materials that were considered in
step 1. The first 0.5-m-deep soil layer around the foundation was modelled with a backfill defined
by the PressureDependMultiYield [52,53] model, based on the multi-yield-surface plasticity framework
developed by [54]. Table 7 shows the adopted parameters, such as the low-strain shear modulus,

the friction angle, and the permeability. The number of yield surfaces was equal to 20. Figure 9 shows
the backbone curves.
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Table 7. Infill soil characteristics.

Soil S1
Density [Mg/m3 ] 1.7
Reference Shear Modulus [kPa] 3.83 x 10%
Reference Bulk Modulus [kPa] 1.50 x 10°
Soil fundamental period [s] 150
Cohesion [kPa] 0.53
Friction angle [°] 5
Hor. Permeability [m/s] 27
Ver. Permeability [m/s] 1.0x 1077
60
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Figure 9. Backbone curve (infill soil).
3. Results

In this section, the results are discussed on the basis of the assumptions made so far. In particular,
it is important to state that the findings are limited to the conditions considered herein, especially to
those regarding the selected soils.

3.1. FF Analyses

The selected soil profiles were considered under the assumption that the superficial layers are
characterized by sand deposits with shear wave velocities in the range of 150-250 m/s. In this regard,
the four materials were selected to be representative of real soil conditions from low to medium-low
stiffness. Saturated and dry conditions were chosen in order to perform dynamic analyses. The position
of the water table is fundamental in order to assess the performance of the system (soil + structure).
However, it is extremely difficult to know this parameter in real situations. In this study, the water
table depth was set at a depth of 2 m from the ground surface for the saturated condition and for all
soil models. For each soil condition, transfer functions (TFs) were calculated as the ratio between the
acceleration at the ground surface (depth of 0 m) and the one at the base of the soil domain (depth of
20 m), considering the selected input motion (Figure 3) along the longitudinal axis.

Figure 10 compares the behavior of S1, S2, S3, and S4 for both saturated and dry conditions for
the range of periods between 0 and 1 s. It is worth considering that the role of soil deformability in
the mechanism of amplification inside the range of periods of the selected structure is paramount
(Table 5). In particular, S2 with the saturated condition is shown to be the most detrimental soil above
which the structure can be founded (maximum amplification equal to 1.66), since the TF peak occurs in
conjunction with the fundamental period of the structure (Table 5), and thus S2 is applied in the SSI
model (see Section 3.2). Moreover, dry conditions are noticeable for those periods that are far from the
structural ones. In general, it is possible to state that S2, S3, and 54 with the saturated condition are the
most detrimental cases. On the other hand, S1 seems to behave differently from the other cases, since
dry conditions are more detrimental for the structural configurations that were herein considered.
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Figure 10. Transfer functions: S1, S2, S3, and S4 with dry and saturated conditions.

3.2. SSI Analyses

With the recent development of the performance-based earthquake engineering (PBEE)
methodology [61-63], there has been an increasing attention in the new engineering demand parameter
(EDP) to assess the structural performance of buildings, such as the floor accelerations. In particular,
many codes [64—67] are implementing new provisions based on floor performance. In this regard, the
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paper aimed to move in the direction of this new approach by calculating not only the peak values
of the aforementioned EDP but also the top floor accelerations. This section presents the structural
performance at the foundation level and along the height of the building, considering the soil S2 under
saturated conditions, which was found to be the most detrimental (Section 3.1).

Figure 11 represents the rotation versus bending moment related to an RC column at the base of
the structure. It is possible to see that the diagram presents the typical hysteretic mechanism registered
during a seismic event. In particular, the values of the rotations are not significant, meaning that the
rocking component of the foundation does not relevantly affect the performance of the structure, which
is tied to the ground. The settlement of the foundation is not substantial as well (maximum 1.8 mm)
and this is the reason for the low level of overturning moments and interstorey drifts (Figure 12),
calculated as the ratio between the relative longitudinal displacement and the height of the floor from
the foundation level.
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Figure 11. Rotation vs. bending moment.
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Figure 12. Drift floor time histories.
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The floor spectra (5% damping), which were considered in order to assess the amplifications of
the longitudinal accelerations, and thus the seismic performance of the structure, are represented in
Figure 13. It is worth noticing that the peaks correspond to the fundamental period of the structure (as
expected), demonstrating that the numerical model performed properly. Moreover, the accelerations
increase with the height of the structure (0.426, 0.628, and 0.776 g, respectively, for floor 1, floor 2, and
floor 3), with amplifications for floor 2 and floor 3 of 23.5% and 82.1% greater than those resulted for
floor 1. Additionally, the significant peak related to the period of 0.6 s is noticeable, where all the
structures show the same level of amplification (nearly 0.9 g). This peak corresponds to a period that is
close to the fundamental period of the S2 soil, and thus may be a consequence of the mutual behavior
of the soil and the structure [68].

—3F

0.7 —2F
0.6 ES— 1F

Sa (g)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Tis)
Figure 13. Spectra at various floors (damping ratio = 5%).

Figure 14 shows the maximum longitudinal displacements along the height of the structure. It is
noticeable that the foundation maximum displacement is 1.725 cm, which means that a considerable
translation occurred. In addition, since the structure is a low-rise building, the structural stiffness
drives the increase in displacements along the height of the buildings and in relation to the various
floors. The maximum displacement at the top of the structure is 1.885 cm, which is significant for a
three-storey building in terms of structural performance.
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Figure 14. Maximum longitudinal displacements.

Figure 15 represents the shear forces versus longitudinal displacements for the masonry walls.
These outputs are fundamental in order to define the damage conditions of the wall and to determine
the potential collapse mechanism. It is worth noticing that the results are somewhat significant,
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demonstrating that the masonry walls are the weakest elements in the structure, as expected by
the historical evidence during the 23 November 1980 Irpinia—Basilicata (southern Italy) earthquake.
In particular, the maximum base shear was 390 kN and the corresponding maximum tensile stresses
were approximately 65 kPa, which is close to the ultimate tensile stress. This aspect suggests that the
potential damage is primarily due to the shear failure of the masonry walls.
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Figure 15. Shear forces vs. longitudinal displacements at various floors.

Overall, the results demonstrate that the numerical model is in good agreement with the
assumptions made so far, and thus the ground-foundation-structure system was simulated properly.
The paper assessed the role of soil deformability in the amplification of accelerations, and thus its
consequences on the structure. In particular, the outputs were chosen in accordance with the new
approach proposed by the recent code provisions and the top floor accelerations and other significant
EDP were calculated for the performed structure. In this regard, the values of the shear forces that
occurred in the masonry elements show that shear failure may potentially occur in these elements, as
expected and as proved by the damage that occurred during the 23 November 1980 Irpinia-Basilicata
(southern Italy) earthquake.

4. Conclusions

The paper investigated the effects of soil deformability on a typical structural configuration by
analyzing a 3-D soil-structure model built up with OpenSeesPL. The results are the consequence
of several mechanisms known globally as the soil-structure interaction (SSI). The principal novelty
of the paper consisted of proposing a model that performs detailed 3-D simulations of both the
soil and the structure and assessing the structural performance in terms of displacements, drifts,
and accelerations at various floors. Overall, the paper demonstrated that the soil may cause several
spectral amplifications under free-field conditions (maximum amplifications: 1.66) and that a rigid
low-rise building is sensitive to SSI effects, which need to be considered. Although the findings
were limited to the specified conditions, they may potentially be useful to propose formulations that
include SSI effects within code provisions. In this regard, future parametric numerical simulations
on the response of other structural typologies and soil characteristics (e.g., water-level depth) will
be performed.
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Abstract: The number of fatalities and injured was calculated, using the computer code QLARM
and its data set and assuming information about the Irpinia 1980 earthquake became available
in near-real-time. The casualties calculated for a point source, an approximate line source and a
well-defined line source would have become available about 30 min, 60 min and years after the main
shock, respectively. The first estimate would have been satisfactory, indicating the seriousness of the
disaster. The subsequent loss estimate after 60 min would have defined the human losses accurately,
and the ultimate estimate was most accurate. In 2009, QLARM issued a correct estimate of the number
of fatalities within 22 min of the M6.3 L’Aquila main shock. These two results show that the number
of casualties and injuries in large and major earthquakes in Italy can be estimated correctly within
less than an hour by using QLARM.

Keywords: earthquake risk; earthquake fatalities; Italian earthquakes; Irpinia earthquake

1. Introduction

At the time of the M6.9 Irpinia earthquake of 1980, near-real-time loss estimates for earthquakes
did not exist. Today however, two teams distribute these estimates for major earthquakes worldwide.
The PAGER (USGS) and the QLARM (Quake Loss Assessment for Response and Mitigation) teams
distribute loss alerts within 25 min and 29 min of potential earthquake disasters, respectively [1].

The question we ask in this article is how reliable are theoretical fast loss assessments in cases of
major and large earthquakes in Italy? The M6.9 Irpinia earthquake is used as an example. Calculations
are presented of what the estimates of fatalities and injured would have been immediately after the
Irpinia earthquake. The results are an indication of the quality of loss estimates by QLARM within less
than an hour of the next large earthquake neighboring the Irpinia or L’Aquila areas and, by implication,
in all of Italy.

The routine by which QLARM alerts are issued in near-real-time is described by Wyss [1].
The details of the program and data sets in QLARM are given by Trendafiloski et al. [2]. Different
aspects and uses of QLARM have been discussed in several articles [3-6]. Here, we do not repeat these
explanations; rather, we focus on the Irpinia earthquake and the quality of near-real-time earthquake
loss assessments in Italy.

Geosciences 2020, 10, 165; doi:10.3390/geosciences10050165 www.mdpi.com/journal/geosciences
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Our aim in loss calculations is to estimate the total sum of fatalities that are likely as a measure of
the extent of earthquake disasters. The unknown parameters within minutes after an earthquake are
numerous, as all initial earthquake parameters are afflicted by significant uncertainties [7]. The direction
of rupture and consequential focusing of radiated energy becomes known only later, if ever. The local
wave attenuation was not known, so we used an average. Soil conditions that might amplify
accelerations are not known for any specific location. Building resistance to shaking was only known
approximately in an average sense, so we used an approximate model for the building types. Finally,
the occupancy rate was also largely unknown, so we used 99% occupancy at night and 26% during
the day:.

All these unknowns mean that we cannot attempt to calculate what happens to a specific building.
Instead, we rely on an average. We only have confidence in the overall sum of casualties, not even in
those within one settlement, and much less those within a building. It is this overall average estimate
of fatalities that we distribute minutes after earthquakes, and it is this value that would have been
calculated by QLARM after the Irpinia earthquake that we are testing here.

2. Building Stock Used

An aspect of QLARM application to Italy that has not previously been explained is the distribution
of buildings into vulnerability classes and their occupants. As QLARM is a tool operated pro-bono
for worldwide application, we did not have the information or the resources necessary to construct
detailed information on the specific buildings in each settlement. This information can be developed by
special projects [8,9], but, on a worldwide basis, it was available to us only for Greece. The Greek 2001
population and building census includes information about the construction material, age and number
of floors for each building (Hellenic Statistical Authority). This information allowed the classification
of all building types in each settlement according to the European Macroseismic Scale 1998 (EMS98) [9]
for Greece only. For other regions, like southern Europe, we used averages with three size categories.
The population limits for building models we used for Italy were pop1 < 2000 < pop2 < 20,000 < pop3
(Table 1).

Table 1. Percentage of building types and percentage of the population in buildings in the three class
sizes of settlements used by QLARM for Italy.

Cities Above 20,000 Inhabitants Towns Villages Below 2000 Inhabitants
Buildings  People Buildings  People Buildings  People
e ) @ P ) w P ) %)
A 0 0 A 13 11 A 27 22
B 70 27 B 69 41 B 68 55
C 27 63 C 16 43 C 5 23
D 3 10 D 2 5 D 0 0
E 0 0 E 0 0 E 0 0

The building distribution used for Italy and people in them are listed in Table 1 and shown in
Figure 1. We are not advocating these approximations to the built environment as the best option for a
specific local environment, we simply needed models for all countries of the word that would yield
correct results. For several countries, we verified the appropriateness of the models for building stock
by determining if the theoretical estimates of the total numbers of fatalities agreed with the reported
numbers in large earthquakes [5,6,10].
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Figure 1. Percentage of building types (a) and percentage of the population in them (b) in the three
class sizes of settlements used by QLARM for Italy.

3. The M6.3 L’Aquila Earthquake

In the case of the L’Aquila earthquake, the QLARM alert was correct (Table 2). This type of
estimate can serve as a guide for first responders at a time when no information is available from the
devastated area.
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Table 2. Copy of the estimate of fatalities and injuries distributed by email 22 min after the M6.3
earthquake of L’Aquila in 2009 to interested parties.

From wapmerr@sed.ethz.ch
To wapmerr@sed.ethz.ch
Date Monday, April 06, 2009 03:54 am
Subject Earthquake in Italy

The Following Earthquake has been Reported:
Date: 2009/04/04 01:31:57.6
Region: Italy
Magnitude: M 6.3
Latitude: 42.42 N
Longitude: 13.39 E
Depth (km): 5.0
Source: GHZ
Injured Exp. min/max: 100/1300
Fatalities Exp. min/max: 50/500
L’Aquila is the nearest town at 5 km distance

4. Loss Estimates for the M6.9 Irpinia Earthquake

The loss estimates for the Irpinia event presented here were calculated as if the earthquake’s
parameters became available in near-real-time by SMS and no other information existed, as in the
aforementioned L’Aquila earthquake. The hypocenters and magnitudes of significant earthquakes
worldwide are received by users, such as QLARM, from the GFZ (GeoForschungsZentrum) and the
USGS (United States Geological Survey) within 7 and 18 min, respectively. After receiving this message,
shaking intensities, damage to buildings and the impact on occupants are immediately calculated.
At first, only the hypocenter is known, not the extent and direction of the rupture. Also, initial
hypocenter and magnitude values tend to be inaccurate. In the case of the Irpinia earthquake, it is not
known by what errors the first parameter estimates were afflicted, so those parameters currently listed
by the USGS (M6.9, 1980-11-23 18:34:53 (UTC) 40.914° N 15.366° E) must be used.

The map showing settlements with color-coded damage due to an M6.9 earthquake at the Irpinia
epicenter modeled as a point source is shown in Figure 2. The mean damage is given on a scale from 0
to 5. The calculated pattern is circular because the direction of rupture would not have been known.
This map and the casualties (both fatalities and injured) given in the first row of Table 3 would have
been distributed by the QLARM team about 30 min after the rupture.

Table 3. Casualties calculated for a hypothetical repeat of the M6.9 Irpinia earthquake. The results
are presented for three source models that would have become available with increasing accuracy
as a function of time and would have been distributed with the delays given in the first column.
The calculated casualties are good estimates of the reported ones and become better with the assumed
increase of information.

. . Fatalities L Injured .
Delay Longitude Latitude Source Depth . Fatalities Injured
(Minute)  (Degree) (Degree) Model (km) Magnitude M (Reported) m (Reported)
Min. Max. Min. Max.
30 1537 40.91 Point 10 6.9 300 1840 2483 1480 9064 7700
152 4111  Lineend
60 528 ineendN 5 6.9 410 3120 2483 2110 14790 7700
15.61 40.67 Line end S
15. 41, Line end
Ultimate 500 00 ineendN 5 6.9 780 5840 2483 3860 26660 7700
15515 40355  LineendS
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Figure 2. Map of estimated mean damage in the 1980 Irpinia epicenter area, calculated for a point source
with M6.9 located at 40.914° N 15.366° E and occurring at 19:35 local time. Each dot is a settlement
with size proportional to population.

The location of an aftershock can provide hints about the direction and length of the rupture.
In November 1980, the USGS calculated the aftershock hypocenters given in Table 4 during the first
32 min after the initiation of the rupture. Since QLARM distributes loss estimates about 30 min after a
given earthquake, estimates of losses based on a line source (defined by the aftershocks), would have
been distributed within about one hour of the main shock.

Table 4. Parameters listed by the USGS for the Irpinia main shock and the first three aftershocks
that occurred within 32 min of the main shock (delay in third to last column). The distance of each
aftershock from the initial rupture point (second to last column) allows an early estimate of the rupture
length (last column) as the separation of the most distant aftershocks from each other.

. . . . Time . Length
Year Month Day Hour Minute Second. Latitude Longitude Depth Magnitude Difference Distance Estimate
1980 11 23 18 34 53 40.91 15.37 10 6.9 (Min.) (km) (km)
1980 11 23 18 52 63 41.11 15.28 10 46 17 24
1980 11 23 19 4 2.7 40.67 15.61 10 45 29 37 61
1980 11 23 19 6 45 40.72 15.59 10 4.4 32 32

The three aftershocks listed in Table 4 define an approximate direction of the rupture NW to
SE. Therefore, in real time, the QLARM operator would have made the usual assumption that the
aftershocks most distant from the initiation of the rupture give an approximate indication of the rupture
length and direction. In this case, aftershocks 1 and 2 (origin times 18:52 and 19:04) were separated by
61 km. This length agrees with an M6.9 rupture [11,12]. That means it supports the hypothesis that
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after 30 min the full length of the rupture was approximately defined as 61 km. Assuming that this
was the case, a second estimate of the casualties, as given in the second row of Table 3, would have
been distributed by QLARM within about an hour of the earthquake.

The final estimate of casualties (Figure 3) is based on a line source connecting the endpoints of
the surface rupture (row three of Table 3) and the aftershock distribution as published years after the
event [13-15]. This estimate would not have been available in real time but is given here as the best
estimate of the reliability of QLARM alerts for losses in Italian earthquakes.

g T
r . ; _. *Eplcemer

@ Damage and Population
mean Damage 0.01-0.5

@ mean Damage 0.5- 1.5

o mean Damage 15-25

® mean Damage 2.5-35

0 36 72 108 144 kn

Figure 3. Map of estimated mean damage in the 1980 Irpinia epicenter area, calculated for a line source
with M6.9, end points at 41° N/15° E and 40.355° N/15.515° E with occurrence at 19:35 local time.
Each dot marks a settlement. The distribution of strong damage is seen better when the rupture is
modelled as a line rather than a point (Figure 2).

QLARM also estimates numbers of affected people. We defined strongly affected people as those
living in the area of intensity VIII+ because serious damage occurs in this area. The number of people
in the area of intensity VI + VII were considered moderately affected because some damage occurs,
and some casualties may result. The total number of affected people was defined as the sum of these
two categories, that is, all in the area of intensities VI+ (Table 5).
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Table 5. Estimates of numbers of affected people for the three types of earthquake source models of
Table 3, and in three categories of shaking (intensities VI + VII, VIII + IX, and VI+).

. Intensities Intensities Total Affected
Delay Source Model Magnitude VI + VII VIII + IX Vit
Min. Million Million Million
30 Point 7 22 0.1 2.3
60 Approximate line 7 24 0.3 2.7
Ultimate Final line 7 54 0.6 6.0

5. Discussion

The loss estimates we have distributed over the last 17 years and presented here are not intended
to be highly accurate and applicable to single settlements. They are intended to be order of magnitude
assessments of the extent of disasters. Unknowns, such as local soil conditions, tend to average out
when many settlements receive strong shaking. Therefore, loss estimates for large earthquakes are
more stable than for small ones. Loss estimates for small earthquakes with relatively few fatalities are
less reliable because the collapse of a single apartment building or school can kill 100 people, possibly
doubling the number of fatalities. For example, on 31 October, 2002, a school collapsed in an M5.9
earthquake in Molise, Italy, killing 27 out of 28 reported fatalities.

The number of fatalities is taken as the best measure of the extent of an earthquake disaster,
especially soon after the event. It is a number that is relatively accurate for most earthquakes after
months once all the information has been gathered. The number of injured is more uncertain and often
not given. Even more nebulous are economic losses.

Comparison of the reported numbers of fatalities with the theoretical ones in Table 3 is a measure
of the quality of QLARM performance. It shows the estimates of the number of fatalities at 30 min,
60 min and after a year compared with final reported numbers. The result of the initial point source
calculation (distribution with 30 min delay) is already acceptable, given that the maximum fatality
estimate is 74% of the ultimate count (row 1 in Table 3). Based on the aftershock locations that would
have become known within an additional 30 min, the approximate line source model for the rupture
yields a range of numbers of fatalities that encompasses the observed number (row 2 in Table 3).
This good agreement is achieved, even though rapidly calculated epicenters can be wrong by about
10 km [4], which means that the preliminary estimate of the rupture line is poorly defined.

The final and best source model of a line is defined by the aftershock distribution and surface
ruptures published years later [13-15]. This final model gives the best agreement between calculated
and observed fatalities, but it does not become available within an hour after the shock. It is, however,
a measure of QLARM performance for Italy with final earthquake source parameters known. The three
agreements in Table 3 are most encouraging because they indicate that the program QLARM yields
correct estimates of fatalities in Italian earthquakes.

The hypothetically calculated number of injured matches the reported numbers surprisingly well
(Table 3). In all models (three rows in Table 3), the minimum and maximum estimates of injuries
encompass the reported number.

The history of casualty underestimates by news media is not known to us in the case of the 1980
Irpinia earthquake, but we assume it was similar to the cases documented [16]. Figure 4 shows the
delay of assessing the size of the disaster in the case of the L’Aquila M6.3 earthquake on 6 April, 2009,
compared to the mean value estimates by QLARM 22 min after the earthquake. The slow reporting of
correct fatality numbers by media is not surprising because no information is flowing from regions of
earthquake disasters for hours or even days. Even in the case of a small earthquake like in L’Aquila,
it takes some time for the extent of the losses to become clear (Figure 4). This is more pronounced
in larger disasters [16] as in the Wenchuan M8 and Kashmir M7.6 earthquakes that killed more than
87,000 people. In these instances, more than a week passed before the extent of the disaster became
apparent. Given that the Irpinia earthquake’s magnitude was intermediary between that of L’Aquila,

223



Geosciences 2020, 10, 165

Wenchuan and Kashmir, one has to assume that in a future Italian earthquake of M7+, there will be
several days of fatality underestimates by the news media. The reports by PAGER and QLARM could
correct this misunderstanding by highlighting the need of major rescue efforts.

350

300 .:

4

250

200

150

Reported Fatalities

100
M6.3 L'Aquila Earthquake

0 50 100 150 200

Hours

Figure 4. Reports of fatalities as a function of time after the L’Aquila M6.3 earthquake. The average
estimate by QLARM was correct and given after 22 min.

Initial epicenter errors can map into large errors in fatality estimates when the population present
is concentrated in one spot [7]. However, in the center of Italy, this is a less severe problem because the
population is distributed. The results by three models for the Irpinia source with increasing precision
do not yield vastly different fatality estimates (Table 3). Nevertheless, in Italy, loss estimators must pay
attention to the possibility of one of the larger metropolitan areas being affected.

Back projections of the rupture line source [17] and estimates of early warning [18] may become
available in near-real-time. This will replace the need to rely on aftershocks to estimate the rupture
direction and length. After the Irpinia earthquake, relevant aftershocks were recorded within about
half an hour, but this is not always the case. Therefore, near-real-time back projections and early
warnings will become important to increase the accuracy of fast loss estimates after earthquakes.

The Irpinia source was a complex multiple rupture. It is known that large and great earthquakes
tend to be multiple ruptures since this was established for the M9.2 Alaskan earthquake of 1964 [19].
One might therefore ask how strong ground motion should be modelled for multiple ruptures. One
answer comes from the strong motion record at right angles and at 43 km distance from the M7.2
Kalapana rupture in 1975. The aftershock area in 1975 was 50 km long and six separate sub-earthquakes
were identified [20]. In Harvey, D. 1986 [20], Figure 2 demonstrates that pulses of seismic energy were
emitted for more than 60 seconds with intervals as long as 10 seconds of no energy being released.
The amplitudes of these pulses were not much larger than those of the M5.9 foreshock (Figure 2 of [20]),
which means that, for engineering purposes, the Kalapana seismic radiation consisted of a sequence of
pulses corresponding to earthquakes in the range of 6.0 < M < 6.5. The overall rupture, as measured
by long period surface waves, however, indicated an M7.2 earthquake.
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The complexity of the Irpinia earthquake must have similarly modified the local radiation of high
frequency seismic waves. Nevertheless, the sum of the damage and the human losses is estimated
correctly using a ground motion prediction equation for an M6.9 earthquake.

Admittedly, the size of the error bars for estimating casualties (minima and maxima in Table 3)
are large. This is because minutes after an earthquake there are many poorly known parameters
including location, depth, M, direction of rupture, length of rupture, energy propagation effects,
local soil conditions, condition of the built environment and occupation rate of buildings. In spite of
these numerous uncertainties, casualties and injured in the Irpinia M6.9 and L’ Aquila M6.3 earthquakes
are estimated correctly.

Satellite images could provide the strongest refinements of estimates of rupture location and
extent. An example of this has been shown for the Bam earthquake [21]. In this case, interferometry
could have shown that the rupture went straight through the city of Bam, while early estimates placed
the epicenter 5 to 10 km west of the city. The difference in fatality estimates in this case was nearly two
orders of magnitude. In Italy, the difference would not be that large because the population is more
evenly distributed than in the area of Bam, Iran. Nevertheless, rapidly constructed interferograms
that would define the crustal deformation due to an earthquake could help greatly in improving
rapid loss assessments. For this to be possible, the necessary satellite passes have to become available
without delay.

6. Conclusions

Rupture dimensions of disastrous earthquakes in Italy are not very long, only in the range of 20 to
80 km. Therefore, point source estimates of shaking, damage and casualties are reasonably reliable.
Definitions of the direction and length of ruptures improve the loss estimates to a level that can be
called excellent in the case of the M6.9 Irpinia earthquake. The correct estimates of casualties presented
in this paper for Irpinia calculated in 2020 have also been achieved in near-real-time by QLARM for the
M6.3 L’Aquila earthquake. This means that QLARM can be expected to correctly estimate casualties
after Italian earthquakes within less than an hour. Since two groups, QLARM and PAGER, issue
earthquake loss alerts that are similar and reliable, media, government and the general population
should base their response to earthquake disasters on these estimates, which become available within
less than an hour, instead of relying on the notorious underestimates by media that can last for weeks.
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Abstract: Reconstruction after an earthquake is often seen as a material issue, which concerns “objects”
such as houses, roofs, and streets. This point of view is supported by the mass media showing
the work progress in the disaster areas, especially in conjunction with anniversaries. Rather, we should
consider reconstruction as a complex social process in which cultural backgrounds, expectations,
and ideas of the future come into play, without neglecting geological, historical, legislative, economic,
and political factors. Combining oral history sources and archival records, the article shows the paths
taken by two small towns among the most affected by the earthquake of 23rd November 1980 (Mw 6.9).
These towns have made opposite reconstruction choices (in situ and ex novo) representing two
classical and different ways in which human societies can face their past and think their own future.
A careful analysis of these forty-year experiences, with a special focus on cultural heritage, provides
useful indications for post-disaster reconstructions in which more attention to the process, and not
just to the final product, should be paid.

Keywords: disasters; earthquake; reconstruction; cultural heritage; experiences; oral history; memory;
1980 earthquake

1. Introduction

The earthquake occurred on 23rd November 1980 has been one of the most disastrous seismic
events in recent Italian history. It affected a large area in Southern Italy, destroyed dozens of towns,
and there were 2735 victims, 9000 injured, and 394,000 homeless [1]. Over the last few decades,
the media have recounted this event by emphasizing the central government’s unpreparedness in
managing relief efforts or by remembering the corruption and the wastefulness during the reconstruction
phase. Moreover, many Italian scholars have concentrated their attention on political and economic
aspects [2,3], especially in the area around Naples [4-6].

This study is part of another line of research, in which the experiences and memories of the affected
populations have been investigated [7-11]. More specifically, it retraces the history of Sant’ Angelo
dei Lombardi and Conza della Campania (province of Avellino) (Figure 1)—two towns where the X
MCS was reached [12,13]—which adopted opposite approaches to reconstruction. A “philological
reconstruction” [14] of the old town center was the choice in Sant’Angelo dei Lombardi, whereas
Conza della Campania opted for a new settlement rebuilt ex novo near the ancient center, which today
has become an archaeological site. These special cases represent both future-oriented choices and two
ways in which the past and cultural heritage can be preserved. The aim is to illustrate how a natural
phenomenon interacts with human society and how different responses may arise from the same event.
Furthermore, another purpose is to show the complex social process of reconstruction and how people
after forty years evaluate and rationalize it. From this perspective, the 1980 earthquake is an extremely
interesting case study, because the reconstruction act of law (Act. 219/81) granted much autonomy to
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the local municipality and, after four decades, a broad spectrum of different choices and outcomes
is observable.

Cornza délla Campania

 Potenza

Figure 1. Isoseismal lines of the 1980 earthquake and localization of the two studied towns (modified
after Postpischl et al. [13]).

To fully understand the impact of an earthquake on human societies an ecological perspective
is necessary. “The natural world and human societies are more easily understandable when they
are considered as two systemic and complex realities, fully interactive with each other. They are
the most strongly interactive with each other because they rest on the same material, physical, chemical
and biological base” [15] (p. vi). Accordingly, “disasters occur at the intersection of nature and culture
and illustrate, often dramatically, the mutuality of each in the constitution of the other” [16] (p. 24).
Time is also a fundamental factor in understanding catastrophes, because the complex relationship
between man and nature is historically constructed and it is based on short or long-duration social
processes whereby human beings adapt to their environment [17]. Therefore, an approach capable
of encompassing environment, culture, and history becomes essential. In this complex interaction,
it is useful to consider the notion of “resilience”, which is widely used in disaster studies. The term
has received some criticism because diverse actors infuse the concept with diverse meanings [18] but
an agreement on its definition may be very productive in this field [19]. Today, the most common
definition is provided by United Nations Office for Disaster Risk Reduction (UNDRR): “The ability
of a system, community or society exposed to hazards to resist, absorb, accommodate, adapt to,
transform and recover from the effects of a hazard in a timely and efficient manner, including
through the preservation and restoration of its essential basic structures and functions through risk
management” [20].

From this perspective, it is interesting to consider how disasters affect tangible cultural heritage
and, consequently, how people try (or do not try) to preserve it. In any area that has been settled for
centuries, historic buildings and monuments tend to be a highly visible part of daily life. They embody
the continuity of time between the generations and help define the genius loci, or spirit of place,
of a settlement [21]. When a disaster occurs, the tangible legacy inherited from past generations
can be damaged and at the same time, the cultural identity of a geographical locality is threatened.
As Jan Convery et al. underline: “Disasters and catastrophic events can be seen as ‘happenings’ that
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entangle people, place and their heritage, and disasters and displacement can leave people overcome by
a ‘loss of self” and a ‘loss of place’ [ ... ]. While the intangible cultural heritage of a community might
be considered as less at risk from catastrophe, in extreme cases the loss of culture bearers, or dramatic
shifts in society, can result in the loss of these heritage assets” [22] (p. 2).

We will see how two small towns with a thousand-year history have decided to rebuild their
settlement and cultural heritage differently. After crucial choices, a long social process started,
and the witnesses interpret it in the light of the present.

2. Materials and Methods

This study is based on both archival records and oral interviews. The archives are Archivio Storico
Protezione Civile (ASPC), Archivio di Stato di Avellino (ASAV), Comune di Conza della Campania
(CCC), and Comune di Sant’Angelo dei Lombardi (CSL). ASPC and ASAV allow us to reconstruct
how the central state dealt with the impact of the earthquake. In particular, about 600 documents have
been examined, concerning both relief operations and the emergency structure that was organized in
the following months [23-40]. The local archives (CSL, CCC) show how local authorities discussed
and then planned the material reconstruction of the towns. Here, about 240 documents have been
consulted, including scripts of council meetings, reconstruction plans, and maps [41-58]. Additionally,
oral testimonies have been used. They provide important insights into the affected populations’ point
of view [59]. In particular, the study of memory can help us to understand what are the reasons behind
important choices, how these are interpreted after 40 years, and how the whole reconstruction process
influences both the material circumstances and the lives of populations. All the interviews have been
collected by the author between 2014 and 2017 [60,61]. Witnesses belong to different generations
and social classes: there are “institutional” people (mayors or municipal administrators), adult residents
in 1980, and the new generations (born after 1980, but to whom memories have been transmitted)
(Table 1). Contact with the witnesses took place in different ways. In some cases, the support of
municipalities and local associations was central, in others, personal knowledge networks have been
activated. The use of multiple channels to know new witnesses allowed us to reach different points of
view and experiences. In general, people told their stories with pleasure, except in some cases where
they did not want to speak about the evening of 23rd November. This is a very significant fact, as it is
a sign that for someone the trauma has not yet been worked out. The interviews were videotaped
and the transcriptions in original language are available upon request. Some of them are also available
on the Multimedia Archive of the Memory (Archivio Multimediale delle Memorie) [62], hosted by
the Department of Social Sciences at the University of Naples “Federico II”.

Table 1. List of witnesses with description, year of birth, and date of the interview.

Name Description Year of Birth Date of the Interview
Sant’Angelo dei Lombardi
Franco A. Council employee and volunteer in 1980 1957 14 July 2015
Tonino C. Lawyer 1950 3 June 2016
Angela C. Council employee 1957 13 June 2016
Giovanna C. Council employee 1957 13 June 2016
Assunta F. Student in 1980 1966 12 July 2013
Giulio D. Journalist 1978 3 February 2016
Angelo E. Doctor 1951 6 February 2013
Elisa F. Journalist 1981 6 February 2016
Michele G. Council employee and volunteer in 1980 1955 2 September 2016
Concetta M. Housewife 1932 4 October 2014
Luigi M. Municipal councilor in 1980 1950 17 July 2015
Giuseppe L. Municipal councilor 1989 1 April 2015
Vincenzo L. Municipal councilor in 1980 1948 1 September 2016
Tony L. Hospital employee in 1980 1956 31 May 2016
Romualdo M. Historian 1943 2 February 2016
Carmine M. Hairdresser 1950 3 February 2016
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Table 1. Cont.

Name Description Year of Birth Date of the Interview
Francesco P. Council employee and volunteer in 1980 1945 19 August 2015
Rosanna R. Mayor in 1980 1950 3 September 2016

Rosaria S. Social worker during the emergency 1947 22 September 2015
Michele V. Teacher 1949 4 February 2016
Conza della Campania

Vito C. Mayor from 2013 to 2017 1959 19 February 2016

Vincenzo C. Ex miner 1933 19 September 2016
Erberto C. Architect 1962 2 February 2016
Giuseppe E. Soldier in 1980 1960 18 February 2016

Vito F. Mayor from 2003 to 2008 1962 17 November 2015

Antonia G. Housewife 1937 19 February 2016
Felice I Mayor in 1980 1949 17 November 2015
Luigi L. Historian 1951 17 November 2015

Maria M. Student in 1980 1971 18 February 2016
Gerardina M. Housewife 1942 19 September 2016
Antonia P. President “Pro Loco Compsa” 1981 1 February 2016
Michele P. Worker 1977 18 February 2016
Domenico T. Merchant in 1980 1928 18 February 2016
Mario T. Bricklayer 1958 17 November 2015

3. Results: Impact, Choices and Experiences

3.1. The Earthquake and Its Impact

“I remember a beautiful day... with a hot sun and a crowded square... full of people with
children” says Rosanna. The 23rd November 1980 was an unusually sweet day, and this is a leitmotiv
in the collective memory of witnesses. After this pleasant picture, many people use terms such as
“apocalypse” or “end of the world” to indicate the sudden impact and effects of the earthquake.
In the words of Romualdo: “I heard a noise... terrible... of irons... an explosion... and instinctively I
headed for the exit... but I realized that the stairs were beginning to writhe ... the building collapsed
on the other floors, and then the door collapsed on me... I could not go back into the house and I was in
that condition overnight” (Romualdo R.). The interruption of roads and communication lines, the delay
in the arrival of reliefs, and the absence of a civil protection plan were the causes that amplified
the tragedy [24]. The final toll was 2735 victims, 9000 injured, and 394,000 homeless; 687 municipalities
were affected, including 37 declared “devastated”, 314 “seriously damaged” and 336 “damaged” [63].

After the first moments of shock, people and communities faced different situations.
Before the earthquake, Conza della Campania retained its original medieval configuration of narrow
streets and closely-packed houses. These buildings collapsed in a tragic domino effect becoming a
pile of stones and sand. Destruction reached 95% of the settlement (Figure 2). There were 184 dead
and first aid came from the inhabitants themselves. Hence, the population abandoned the hill on 24th
November, found shelter in a construction site located down the valley, and here spent the first months.
“Fortunately, that building was able to accommodate many people [ ... ] we were really very crowded,
but safe” remembers Luigi. The availability of a safe building to house the survivors allowed people to
overcome some initial difficulties, such as the removal of rubble and the construction of temporary
lodging. In the following days and months, the situation improved, thanks to the province of Bologna,
which provided hundreds of volunteers and means to deal with the emergency [40].

The old city center of Sant’Angelo dei Lombardi also retained a medieval configuration.
After the quake, it became a pile of rubble but most of the 432 deaths occurred in the “new”
buildings, those that had arisen since the 1960s around the main square. These ones did not always
comply with anti-seismic standards and collapsed generating the well-known pancake effect (Figure 3).
“You could touch the roof of all of these buildings with your hands... they had become like an accordion”
recalls Carmine. Compared to Conza, the situation was complicated, due to both the larger devastated
area and the lack of the means to remove the reinforced concrete. There was no immediate availability
of facilities to accommodate people, and the survivors spent the first few days in different ways as in
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their car or hosts by relatives in other towns. Then, the situation was brought under control thanks
to the intervention of the volunteers from the Regione Toscana, and from the Provinces of Brescia
and Pesaro-Urbino, who set up camps for homeless [36,37].

Figure 3. The earthquake in Sant’Angelo dei Lombardi. On the background, the “pancake effect”
(Courtesy of Michele V.).
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Thanks to the famous speech by President Sandro Pertini, and to the headlines of the Italian press,
the devastating impact of the eartquake had a global echo, and economic aid came from all over Italy
and other nations. However, while the central state and rescuers were still dealing with the emergency,
local populations, experts, and politicians began to debate the future reconstruction.

3.2. A Persistent Dilemma: Reform vs Continuity

As noted by Ian Davis and David Alexander [21], this is the first planning dilemma that authorities
had to face after a disaster. Post-seism destruction certainly creates a “window of opportunity”.
On the one hand, this is an occasion to change what was wrong in the past, on the other it can generate
the desire to restore the old world remembered with nostalgia. Likewise, within the post-1980 debate,
we can distinguish these two opposite positions. “Reformers”advocated the relocation of whole
towns closer to the main roads continuing a trend that had already started before the earthquake.
However, “conservers” criticized the relocation, because it was not in harmony with the agricultural
vocation of the countryside, and would not have allowed the recovery of the historical-artistic heritage
of the old towns. These two options, but also various intermediate solutions, could be realized
thanks to both the possibilities offered by the reconstruction law and the huge amount of funds
allocated. In May 1981, the government issued Act. 219, based on two keywords: “reconstruction”
and “development”. The aim was to “modernize” the affected areas, still considered in a state of
backwardness. More precisely, the article 27 reads: “Rebuilding takes place in the area of existing
settlements and, if there are geological, technical and social reasons for it, in the municipal area as
a whole. It can also be carried out by means of extensions, completions and adaptations, technical
and functional, or by means of new works deemed necessary for the reorganization of an area and for
its economic and social development”. All the choices took into account the Progetto Finalizzato
Geodinamica—CNR, the first major national project for seismic risk assessment. This programme
produced maps of seismicity and seismo-tectonics in Italy before the earthquake, and carried out
surveys of damage and the potential risk to the stricken towns from seismic sources afterwards.
In particular, the most important activities were focused on the production of the Structural Model of
Italy, the Neotectonic Map, the Seismic Catalogue, the Atlas of Isoseismala for the largest historical
events, the Seismic Hazard Map, the National Seismic Zoning, the Guidelines for seismic risk mitigation
of ancient buildings, and the microzonation investigations in the epicentral areas of the 1976 Friuli
and 1980 Campania and Basilicata [64,65].

In Conza della Campania the choice of relocation was shared by a large part of the population.
Various reasons emerge from the field research:

e Archeological. After the removal of debris, the remains of Compsa (the original name of the ancient
Roman city) came to light. The local heritage protection institution (‘Soprintendenza’) intervened
to protect the archeological heritage. According to the official communication, no construction
work should be undertaken in the historic center [53].

e  Geological. Investigations by prof. Franco Ortolani (Department of Geology—Federico II
University of Naples) underline the phenomenon of seismic site amplification on Conza hill,
whereby the destructive effects of the earthquake were greater. Reconstruction in situ was not
recommended [54]. More specifically, the town “was built on two small hills made by clay
and sandy clay in the lower part, conglomerates with sands and sandstones in the middle part,
and conglomerates of middle-low resistance in the upper part” [66] (p. 127) [67].

e Personal. For many inhabitants, the old town had become associated with the trauma they had
experienced. For example, Maria went back to the hilltop for the first time in thirty years.

e Pre-existing trends. From the 1960s, a building and commercial development towards the main
roads had already started. As the major in charge remembers: “Our emigrants had invested
their savings to build their house there ... it was along the Ofantina that commercial and craft
businesses sprung up, not on the hilltop of Conza della Campania, so we started to entertain
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the notion of building, commercial and artisanal expansion along the slopes going down towards
the valley” (Felice ).

Differently, the townspeople of Sant’Angelo intended to restore the lost past. This choice was
possible thanks to the geological investigations which considered the area of the ancient center suitable
for reconstruction [68]. Various reasons can be identified:

e Status of the town. Compared to other towns of the affected area, Sant’Angelo was perceived as
very relevant due to the presence of public facilities such as a prison, a court, a tax office, an ASL
(local health districts) and a hospital (inaugurated in 1979). The destruction of the new buildings
led also to huge economic losses. As the major in charge remembers: “Sant’Angelo was the leader
town of the district [...] we thought to get the court back, to get the hospital back, to continue to
playing that role” (Rosanna R.). A municipal resolution fully documents this position [42].

o Culturaljhistorical. In the early aftermath of the earthquake, hasty demolitions of historic buildings
occurred in many small towns. In Sant’Angelo, many scholars opposed the destruction of
medieval monuments and tried to recover archaeological heritage creating a “Village of cultural
heritage” [43]. In Romualdo’s words, we note the intent to preserve the genius loci of the place:
“We all got together united by the common intent to save identity, because if you destroy the site
where a community has lived for centuries, you destroy its identity, we said: ‘we don’t need
industries... let us use local resources, transplanting is useless’” (Romualdo R.).

e Personal. Unlike Conza, many people did not want to abandon the places of the tragedy. As Michele
remembers: “I intended to rebuild the town where it used to be... with its history and its culture...
this intent was largely shared by the townspeople ... in my opinion, there was a prevalence of
personal feelings, of affection, of memory, a wish to stay in the very place where these tragic
things had happened ... what most people wanted was to stay together, to remain at the site of
the tragedy... of the memory” (Michele G.).

Therefore, starting from various reasons, these two small towns have decided to rebuild their
settlement differently. In both cases, the tangible cultural heritage and the ancient history of the centers
have played an important role in the decisions.

3.3. Preserving Cultural Heritage

Historical monuments and buildings, but also modern structure or landscape features, are
often elements that embody the spirit of a place, or genius loci. They help to create a sense of
belonging and a special connection between people who identify them as part of their own identity [69].
For these reasons, cultural heritage protection and restoration are often among the immediate
priorities of recovery from disaster, although they are expensive, complex, and time-consuming
processes. For example, the earthquakes that hit Italy in 1997 (in the regions of Umbria and Marche)
damaged about 1200 religious buildings, and a large recovery project was set up in the aftermath [70].
In the post-1980 reconstruction debate, the recovery of historical buildings was central and each town
headed for different choices [71,72]. Both of the case studies discussed here represent two ways of
preserving and celebrating ancient origins, although they pursue two opposite choices for the future.

Sant’Angelo dei Lombardi became the seat of the Plan Office of Soprintendenza (Ufficio di Piano)
and a strong collaboration between local scholars and from all over Italy was created. They opposed
the demolitions of the old town center and established the “Cultural and Environmental Heritage
Service” with the task of coordinating recovery initiatives [43]. The “Earthquake archaeologists”,
as the press nicknamed the group, created a “Village of cultural heritage” and requested funding for
interventions in the historic center. After the approval of the Act. 219, the Technical Commission
of Cultural Heritage was formed, and it worked on the preparation of the Recovery Plan [41,46].
The aim was to consider the old town center as a whole, and not as a mere sum of buildings [44].
This conception was not applied in other Recovery Plans and, therefore, in Sant’Angelo, the technical
standards were established for the specific case. Moreover, among the aims of the Plan, there were both
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the resettlement of the population and the start of economic activities. The restoration of the entire
old town center took many years compared to the new homes. The overall time was approximately
20 years (Figure 4).

Figure 4. The cathedral of Sant’Angelo dei Lombardi, before (above) and after (below) the earthquake.
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In comparison to Sant’Angelo, the recovery of the ancient Compsa had different purposes.
On the one hand, the resettlement of the population was not planned, as a new town close to the main
road would be built. On the other, there were Roman archeological finds to bring to light, and no
damaged buildings to restore. Professor Corrado Beguinot (School of Architecture—“Federico II”
University of Naples) designed the Recovery Plan which was approved in September 1982. The project
considered the old settlement an economic and cultural asset, as supported by the most recent debate
on the safeguarding and protection of historic centers. For this reason, interventions and restorations
for tourist and cultural activities would have been scheduled. After the removal of debris, excavation
and restoration campaigns were planned to create the archaeological park where an antiquarium
(a sort of museum) and a seismological center would be built. The park was inaugurated in 2003
(Figure 5) [71].

Figure 5. In the foreground, the “new Conza”. On the hilltop, the archeological park (Courtesy of Pro
Loco Compsa).

3.4. After the Choices, Life Continues

Reconstruction after an earthquake is not a mere material issue concerning “objects” such as houses,
roofs, and streets. To fully understand its outcomes, we should consider it as a complex social process,
rather than just observing the final product. Thus, in order to illuminate the relationship between
people and the environment, we have to study the various stages that the populations go through
while waiting for the completion of the work. These phases constituted an important part of their own
experience and help us understand how people adapt to their environment, especially after the sudden
transformations caused by a major earthquake. As Sara Zizzari has shown in her study—where she
combines the L’ Aquila post-earthquake urban transformations with oral sources—the path to returning
home is a complex social-spatial issue, which has consequences for both individual and collective
paths [73]. In the cases presented here, the implementation of the plans was the starting point of a
long path.

After the first months spent in the construction site, the inhabitants of Conza lived for twelve years
in a valley settlement: “The urbanised area was built by the Province of Bologna according to really
valid urban criteria... It really was a model of extraordinary urban cohabitation. All the spaces were
well arranged... the prefabricated homes, although small, were comfortable... you got a sense of privacy,
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of intimacy, in short, of family, not separated, because they were contiguous and therefore in a way
they restored the downhome dimension of the old town, of the neighborhood” (Luigi L.). This positive
memory is largely shared among townspeople. The settlement allowed people to be as close together
as they had been in the old town center. Gerardina, in turn, remembers how the condition of being
“all earthquake victims” contributed to strengthening ties: “It was good in the prefabricated homes...
this was a good experience... because we lived closer to each other... we were all equal and being
all equal is important... there were no rich, there were no poor” (Gerardina M.). Unfortunately,
after this good period, the transfer to the new town was traumatic. The “new Conza” had an urban
structure very different from the old city (Figure 5). This was a long-lasting cause of disorientation for
the population. As Antonia recalls: “This is a dark moment in my mind, the move to the new Conza
della Campania, because at that time Conza was not a town, it was a group of houses where there
were no facilities for the community... the square was not a square, there were no memories associated
with those places, there was nothing for us” (Antonia P.). Since 1992, the appearance of the town has
changed a lot, as new urban furniture has made the center more livable. For the younger generations,
it is certainly easier to adapt to the new places, but for those who used to live in a different spatial
context, the “old” Conza remains a world remembered with nostalgia.

As we have seen (Section 3.1), in Sant’Angelo there was no immediate availability of facilities
to accommodate people and even establishing temporary settlements was a complicated matter.
The population was larger than Conza, and they did not want to leave the destroyed town center.
Thus, temporary housing sprung up in various available areas around the ruins, creating a patchwork
spatial pattern. This sudden change led to a sense of displacement among the citizens, who were
accustomed to a social life concentrated around the main square and the town center. Tony’s words
show this lasting sense of disorientation: “For many years, this patchwork layout caused us to lose
the centrality of the agora, of the main square ... and perhaps we are still bearing the consequences...
the square that is usually the heart of the community, where you meet, where you argue, where
you walk, where you discuss... it was empty for many years... it was the ghost of the town’s main
square... in the evening there was nothing at all... you could meet at one or two bars, located within
these settlements or near them... for too long a period... settlement at the margins of the town led to
the loss of the sense of community” (Tony L.). If in the case of Conza there are well-defined stages
that the population has gone through, the transition to the “new” Sant’Angelo has been more gradual.
Here, the intent was to recover the destroyed old town, to preserve its artistic and cultural identity,
and to allow the resettlement of the population. Of course, restoration of ancient buildings is a
time-consuming process and most of the population, after spending about fifteen years in prefabricated
buildings, preferred to go and live in the new buildings at the edge of town. As Tonino underlines:
“When the earthquake occurred, the historic center of Sant’ Angelo was almost empty. Indeed, there were
very few deaths in the historic center. People were resettled in expansion areas... this means that those
whose house had collapsed in the expansion area preferred to return to the expansion area and to opt to
have their home in the historic center as a second residence, because its construction would take much
longer” (Tonino C.). Thus, today we can distinguish between the old part, which is well reconstructed
but underpopulated, and the fragmented outskirts, where most of the inhabitants live [51].

4. Discussion

In their book, Christof Mauch and Christian Pfister recall the notion of “societies as weaving daily
tapestries” [74] (p. 6). Following this metaphor, a disaster is “a gash or a sharply discordant thread
suddenly introduced into the pattern”. Accordingly, a historical perspective forces analysts to see “how
a society repairs/reweaves itself and moves on. In many cases, the tapestry takes off in a dramatically
different direction, with new colors and designs” [75] (pp. 1-2). This fascinating idea underlies
the study presented here. Forty years after the 1980 earthquake, it is possible to adopt a long-term
perspective, retrace the paths taken by the affected communities, and to show how different responses
may arise from the same event. Moreover, from a memory studies perspective, forty years represent
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a significant time frame because “after forty years those who have witnessed an important event as
an adult will leave their future-oriented professional career, and will enter the age group in which
memory grows as does the desire to fix it and pass it on” [76] (p. 36). As we have seen, the witnesses’
stories allow us to fully understand the upheavals caused by a great earthquake and illuminate how
important decisions are made, decisions having an impact both on the environment and on the lives
of populations. In other words, the memory perspective helps us to deeply investigate the complex
relationship between human beings and their environment.

Sant’Angelo dei Lombardi and Conza della Campania represent two classical and different ways
in which, after a great calamity, people can face their past and think their own future. The Italian
sociologist Alessandro Cavalli proposed three ways whereby communities deal with the experience
of space-time discontinuity. These are “ideal types”, an idea-construct of social phenomena that
do not fully correspond to reality, but are meant to stress certain elements common to most cases
of the given phenomenon [77]. These types are the “re-localization” (the move of the entire town),
the “philological reconstruction” (which aims to restore the pre-disaster state), and the “selective
reconstruction” (which preserves some symbolic elements of the past) [14]. The model of re-localization,
which concerns the case of Conza, is a sort of “year zero model”, because it represents a real rebirth
for the affected communities. In this case, the breaking event is celebrated in order “not to forget”,
but also to symbolically mark the start of the new course. In some cases, the past may be removed.
However, this does not represent the case of Conza, as the town’s ancient history is now preserved in
the archaeological park, an open-air museum where the pre-quake memory has been “frozen”. The case
of Sant’Angelo’s old town center corresponds to the “philological reconstruction”, which aims to
restore the past from where it left off. This choice reflects the desire to reclaim both lost time and space
but, in this possibility, there is also an attempt to remove the disastrous event and to delete the element
of discontinuity.

Both in the “ideal types” by Cavalli and in our studied cases, tangible cultural heritage plays an
important role, as buildings and historical monuments are among the elements that contribute to create
the sense of a place. This is Tony’s opinion on the reconstruction of Sant’Angelo: “The choice was
fundamental, the historic centre where it was, even if some mistakes were made [...] I think so... both
the town as a whole and the old town centre; thanks to the choice to rebuild as it was, the mayor earned
the Zanotti Bianco prize... I have shared and still share this choice today... I am in love with the historic
centre” (Tony L.). However, as pointed out above, the reconstruction process is not a mere material
issue. Rather, it is a complex social process involving many aspects of community life. For example,
the choice to restore the past may also include the desire for a cohesive community. In the words of
Tonino: “The story is interpreted in a certain way... as one of successes... that are possibly measured on
the ‘material’ reconstruction... but as regards the ‘spiritual” reconstruction, so to speak... I think that
Sant’Angelo stopped existing on that exact day... in the sense that... there are still ruins” (Tonino C.).
Thus, in this case, the desire to get back the lost past seems to have been partially fulfilled.

Otherwise, the old center of Conza has changed its meaning, as it has become an open-air
museum from an inhabited place. Thus, while a tourist can imagine ancient civilizations by observing
the remains of the ancient Roman and medieval Compsa, the inhabitants have different sensations.
For some, the hilltop has become a place of death and they have had difficulty returning over time.
For others, like Domenico, there is the pleasure of being a tourist guide for his friends, but also
the sadness of not seeing the places of youth anymore: “Sometimes I go there... friends come and I take
them to see... I bring them but when I get there... the heart suffers” (Domenico T.). Finally, Antonia,
born after 1980, during her visits imagines life, stories and places transmitted by photos and family
stories: “I imagine these narrow streets made of stone, these houses... always full of life, of people with
their coming and going because the cars could not get the hilltop, so people in their daily lives gave
life to the town because they went back and forth to do the daily chores... I imagine it as a coloured
town” (Antonia P.).
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What lesson can we learn from these stories? Does studying the experiences of communities
affected by disasters have a purely historical interest? Or can we use this knowledge for future
experiences? What is the role played by people’s memory?

According to Christian Pfister, “natural hazards are of course retained in memory if they recur
frequently, and the more frequently they occur, the more likely people are to anticipate them and to try
to develop adequate adaptive strategies, which are always the result of learning processes and which
can take different forms” [78] (p. 4). Consequently, the memory of disasters would be able to
develop a “culture of disasters” whereby human societies adapt to risky environments [79]. However,
this adaptation process is not obvious because “the manner, scope and thus benefit of this implicit or
explicit ‘learning’ varies greatly and depends on epoch and culture. This variation reveals the role
played by history and culture in the learning process” [80] (p. 76).

Starting from historical knowledge, it may be possible to draw lessons that can be useful for
living with environmental risk. In other words, stop building vulnerable settlements, being able to
manage future emergencies, and planning reconstructions from a long-term perspective. All these
actions should take into account the social dimension of the disaster and not only the material one.
As the geographer Robert Geipel pointed out: “Disaster and reconstruction are incisive events in
the life of the individual and group [ ... ]. Planning that follows only laws of a technical rationality
would endanger the already injured identity” [81] (p. 152). For example, our cases inform us about
the importance of maintaining social/spatial relations as similar as possible to the pre-disaster state,
in order to favor the social cohesion after a traumatic experience. Furthermore, the importance of
the recovery of cultural heritage is certainly a fundamental aspect of the reconstructions, as it allows
establishing connection and common reference point between generations. However, a “spiritual
reconstruction”, which aims to repair the social ties of the affected community, should also be pursued.
In conclusion, we should start from people’s stories, because “local actors play such a crucial role
in the transmission of social memory. We lack stories that can translate knowledge into a renewed
sense of place and cultural identity. Local communities [ ... ] teach us about the possibility of living
differently on (and with) an unstable earth” [82] (p. 77).
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Abstract: This paper aims to present, through a photographic reportage, the current state of rebuild-
ing of the most devastated villages by the earthquake that hit the Southern Italy on 23 November
1980, in Irpinia-Basilicata. The earthquake was characterized by magnitude Ml = 6.9 and epicentral
intensity Iy = X MCS. It was felt throughout Italy with the epicenter in the Southern Apennines, be-
tween the regions of Campania and Basilicata that were the most damaged areas. About 800 localities
were serious damaged; 7,500 houses were completely destroyed and 27,500 seriously damaged. The
photographic survey has been done in 23 towns during the last five years: Castelnuovo di Conza,
Conza della Campania, Laviano, Lioni, Santomenna, Sant’Angelo dei Lombardi, Balvano, Caposele,
Calabritto and the hamlet of Quaglietta, San Mango sul Calore, San Michele di Serino, Pescopagano,
Guardia dei Lombardi, Torella dei Lombardi, Colliano, Romagnano al Monte, Salvitelle, Senerchia,
Teora, Bisaccia, Calitri and Avellino. Forty years after the 1980 earthquake, the photographs show
villages almost completely rebuilt with modern techniques where reinforced concrete prevails. Only
in few instances, the reconstruction was carried out trying to recover the pre-existing building her-
itage, without changing the original urban planning, or modifying it. We argue that this photography
collection allows to assess the real understanding of the geological information for urban planning
after a major destructive seismic event. Even more than this, documenting the rebuilding process in
a large epicentral area reveals the human legacy to the natural landscape, and our ability, or failure,
to properly interpret the environmental fate of a site.

Keywords: 1980 Irpinia-Basilicata earthquake; photographic reportage; rebuilding

1. Introduction

The earthquake of 23 November 1980, more commonly known as the Irpinia-Basilicata
earthquake, was the strongest seismic event to hit the Southern Apennines in the last
100 years. It was characterized by magnitude Mw = 6.9 and intensity Io = X Mercalli Cancani
Sieberg (MCS) scale and/or X Environmental Seismic Intensity 2007 (ESI-07) scale [1-4]. It
was felt throughout Italy, from Sicily in the South, to Emilia Romagna and Liguria in the
North (Figure 1). It caused devastating effects in over 800 localities distributed in the regions
of Campania and Basilicata with a total of 75,000 houses destroyed and 275,000 seriously
damaged. The number of victims was about 3000, with 10,000 injured people. Several
municipalities distributed in the provinces of Avellino, Salerno and Potenza were almost
totally destroyed, since the local felt intensity was I > VIII MCS. In the Campania region, the
level of damage of 542 towns was classified as follows: 28 towns destroyed, 250 seriously
damaged, 264 damaged; in the Basilicata region, 131 municipalities were classified of which
nine were destroyed, 63 seriously damaged and 59 damaged [5-7].
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The earthquake also caused several striking effects on the natural environment in-
cluding extensive coseismic surface faulting, observed between Lioni (Avellino) and San
Gregorio Magno (Salerno) [8-18]. Moreover, over 200 landslides occurred, the most dev-
asting hit the territories of Calitri in the urban center [11,19-22], Caposele (Buoninventre
landslide) and Senerchia (Serra d’Acquara landslide) (Figure 2) [11,23]; also, widespread
soil fracturing was observed, and minor liquefaction effects [24-27]. Furthermore, the
coseismic faulting of the regional karst aquifer induced important hydrological variations
in the springs of Caposele and Cassano Irpino [25] (Table 1).

Forty years after the 1980 earthquake, we decided to record, through a photographic
reportage, the state of the rebuilding, the urban changes that the earthquake had induced
mainly in the epicenter and near field areas. This study represents a realistic documentation
of what has been achieved over all these years, even with the considerable state economic
funding, and the resilience of each community [28]. The study of the various localities
portrayed is accompanied by a detailed bibliography starting from 1981 until today.

THE IRPINIA EARTHQUAKE
OF NOVEMBER 23, 1980

Compied by

Figure 1. Isoseismal Map of the 23 November 1980 Irpinia-Basilicata earthquake [1].
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Figure 2. Environmental effects induced in the epicentral area by the 23 November 1980 Irpinia-Basilicata earthquake [21].
The Ortophoto image from Google Earth.

Table 1. The table contains the visited localities, their geographic coordinates and MCS and ESI inten-
sity with the most significant environmental effects observed after the 1980 earthquake (SF surface
fault; F fractures, L landslide, SC Soil Compaction, HC Hydrological Changes, LQ Liquefaction)
[1-3,11,12,14,19-23,25-27].

. (MCS) ESI07 Environmental
Locality Lat. Long. Intensity Intensity Effects
Castelnuovodi= 448190910 15.319704° X 8 SE L, F
Conza
Conza della 40.870562°  15.330818° X 9 L,F SC
Campania
Laviano 40.786800° 15.309247° X 9 SEE L
Lioni 40.877996° 15.189476° X 8 L, SE, LQ, SC
S. Angelo dei . o L, temporary
Lombardi 40.927716 15.177733 X 8 lake, F
Santomenna 40.808495° 15.321044° X - L F
Balvano 40.650928° 15.511861° X 7 L
Calabritto 40.650928° 15.511861° IX 9 SE, L, F, HC
Quaglietta 40.745299° 15.235847° IX 9 L F
Caposele 40.815372° 15.220236° IX 10 L, SE, SC, HC
Guardia dei 40.953346°  15.209175° IX 8 L F
Lombardi
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Table 1. Cont.

. (MCS) ESI07 Environmental
Locality Lat. Long. Intensity Intensity Effects
Pescopagano 40.835588°  15.399507° IX 8 L F
San galgfé’ sul - 40963896°  14.975828° X 8 L F
San gglrclﬂgle di 40.876228°  14.855731° IX 6 FELQ
Senerchia 40.740248°  15.203956° X 9 SE L, F LQ
Teora 40.852752°  15.253197° X 6 F
{fﬁ;ﬁl 40.940058°  15.114519° X 8 F
Colliano 40.725860°  15.291517° VII-IX 9-10 SEE L
Rom&i’;::" al 40.628289°  15.456647° VIILIX - L F
Salvitelle 40.591196°  15.459109° VIILIX - FL
Avellino 40916753  14.797924° VI - FL
Calitri 40.899432°  15.439435° VI 8 L ELQ
Bisaccia 41.013215°  15.375352° VI 8 L ESC

2. Discussion

The photographic journey, carried out in the last five years, includes the documen-
tation of the villages almost completely destroyed or seriously damaged (Figure 3), with
damage levels evaluated at I > VIII MCS, Table 1): Castelnuovo di Conza (Figures 4-9),
Conza della Campania (Figures 10-18), Laviano (Figures 19-22), Lioni (Figures 23-28),
Santomenna (Figures 29-33), Sant’Angelo dei Lombardi (Figures 34-39), Balvano (Figures
40-43), Caposele (Figures 44-47), Calabritto-Quaglietta (Figures 48-53), San Mango sul
Calore (Figures 54-58), San Michele di Serino (Figures 59-65), Pescopagano (Figures 66—
70), Guardia dei Lombardi (Figures 71-74), Torella dei Lombardi (Figures 75-79), Colliano
(Figures 80-85), Romagnano al Monte (Figures 86-89), Salvitelle (Figures 90-94), Senerchia
(Figures 95-99) and Teora (Figures 100-104) [1,2,4,7,29]. In some cases, we also took into ac-
count the preliminary seismic microzonation maps drawn up by the PFG of CNR (Finalized
Geodynamic Project (PFG) of the National Research Council (CNR), the first major national
project for seismic risk assessment and reduction), which provided useful indications for
reconstruction [29]. Moreover, two others towns, Bisaccia (Figures 105-108) and Calitri
(Figures 109-114), although characterized by a lower intensity (I = VIII MCS), have been
added to our study due to the different pathways for reconstruction, despite having both
serious hydrogeological problems. Bisaccia has been often affected by landslides, due to its
geological formations, mostly made by conglomerates resting on varicolored clays; indeed
it was among the villages admitted to consolidation as early as 1917. Nowadays there are
two Bisaccia villages: the old, ancient village recovered around the ducal castle and the
new Bisaccia of the ‘Piano di Zona’, the latter almost completely rebuilt according to the
urban plan drawn up by the architect Aldo Loris Rossi. Regards Calitri, it was built on
the top of a hill made of sandstone and conglomerate rocks, with the middle-lower slopes
made of intensely tectonized clay-rich units; therefore, it was often affected by landslides.
A great landslide occurred due to the 1980 earthquake, approximately 850 m long and
up to 100 m deep; it had terrible consequences on the urban and road structure of the
village [19]. Moreover, other significant coseismic environmental effects occurred such as
fracturing and liquefaction phenomena. Further landslides occurred in Calitri due to the
1694, 1805, 1910 and 1930 earthquakes [1,7,11,21,22,29-31]. We also added the Avellino city
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(Figures 115-119), because it is one of the largest cities in Campania, with level of damage
1= VII [32].

In this photographic reportage, we have deliberately chosen not to reproduce the
tragic images of the catastrophe, destruction, death of the places visited, that characterized
all the front pages of the newspapers of the time (e.g., Figure 3) [33]. We have chosen to
show the current, rebuilt urban centers.

ma [T, MATTINO

RESCE IN MANIERA CATASTROFICA 1L NUMERO DEL M

(SONO 10.0002) E DEI RIMASTI SENZA TETTO (25001

FATE PRESIC

lvare chi ¢ ancora tito
we chinon ha pin /mllu -

NALVLES DEvy
JONNIRE A vrvine

Figure 3. The front page of “Il Mattino” newspaper (26 November 1980) transformed by Andy
Warhol into a pop art manifesto [33].

We analyzed the reconstruction through the representative buildings as the churches,
the town halls, the sports centers. In some cases, there are pictures of temporary villages,
generally made of wooden houses, where people lived for many years waiting for the final
accommodation, now used for local tourism. Almost all the villages were rebuilt in the
same place despite some of them were completely razed to the ground not only by the
earthquake but also by bulldozers that destroyed everything, even more than necessary.

The buildings of the old urban centers were mostly made in natural stone or baked
bricks with poor mortar and wooden floors while the rebuilding involved reinforced
concrete buildings, earthquake-proof. The new urban centers were rebuilt with wide roads
and outsized areas for new housing compared to the current number of inhabitants, that
over the last forty years has decreased dramatically, especially for the most internal areas.

As mentioned above, all of the villages affected by the earthquake were rebuilt in
situ, with the exception of Conza della Campania, Romagnano al Monte and Bisaccia. For
Conza della Campania, a town almost completely destroyed by the earthquake with a
high number of deaths (184 victims), the political choice of the urban center relocation
prevailed, supported also by the results of the numerous geological surveys some of which
also emphasized local amplification phenomena due to morphology. Indeed, Conza was
built on two small hills made by clay and sandy clay in the lower part, conglomerates with
sands and sandstones in the middle part, and conglomerates of middle-low resistance in
the upper part. The 1980 earthquake induced in this village several different environmental
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effects such as landslides, ground cracks and ground settlement. Moreover, this choice was
also due to the historical memory of the destruction suffered by the community in past
earthquakes (1466, 1517,1694, 1732 and 1930 seismic events) [7,18,29-31,34]. At present
two Conza villages f coexist: the ancient village recovered and enhanced with the creation
of an archaeological park that preserves the remains of the ancient Roman ‘Compsa’; and
the new Conza, built in Piano delle Briglie, 4 km far from the original nucleus where the
topography of this flat area ensured safer conditions. This is a modern village characterized
by earthquake-proof houses and wide roads, designed by the architect Beguinot of the
University of Naples, [35-38].

Even for Romagnano al Monte, a small village in the Salerno province with only
370 inhabitants, located 650 m a.s.l., overlooking the gorges of the Platano River a few
kilometres from the epicentre of the 1980 earthquake, the political decision to relocate
prevailed. The main reason was due to the declared inhabitability of 446 residential units,
after the earthquake, that also caused the collapse of some churches and heavy damage
to the town hall. The geomorphological and geological assessment, that accentuated the
seismic shaking, also contributed to the choice in the reconstruction process. The old
town, in fact, is located at the highest point on the ridge and along the slopes are frequent
phenomena of rock fall caused by the high degree of fracturing bedrock.

The village was evacuated and abandoned becoming a “ghost town” [39]. The new
town was located in Ariola, 2 km from the old center, in a less panoramic position, but
providing more convenient access for the inhabitants.

More complex and longer is the history of Bisaccia’s relocation. The village located at
860 m a.s.l., was affected by landslides due to the geological conditions on which it stands
and was already destroyed by historical earthquakes (1694 1732, 1930 and 1980 seismic
events). These aspects have heavily conditioned its rebuilding. The 1980 earthquake,
once again highlighted the territory’s extremely unstable conditions, so the Municipal
Administrations opted for the reconstruction of the village in another site, more stable
from a geological point of view, called “Piano di Zona”, which was already identified in a
previous urban planning, following the 1930 earthquake [7,40,41].

As a matter of fact, there are currently two Bisaccia towns: the old one, an ancient
village recovered around the ducal castle; and the new Bisaccia of the Piano di Zona, the
latter almost completely rebuilt according to the urban planning drawn up by architect
Aldo Loris Rossi [42].

About the other villages we can say that among those among those which have
decided to rebuild in situ, some of them have chosen the recovery or rebuilding of the old
urban center, respecting the original architectural design, combined with new buildings in
the expansion areas.

Among these we mention certainly Sant’Angelo dei Lombardi, with a careful recon-
struction of the historical centre and the Abbey of Goleto (Figure 36) [7,29,31,43]; Calitri de-
spite the historical large landslide triggered by the earthquakes (Figure 110) [7,29]; Guardia
dei Lombardi (Figure 73) [7,29]; Torella dei Lombardi [7,29];(Figure 75); Caposele [29,34];
Lioni (Figure 28); Balvano (Figure 41); Pescopagano (Figure 66); and Quaglietta (Figure 53),
whose medieval village has been recovered to transform it into an “albergo diffuso” (“scat-
tered hotel”) for tourism purposes [34,44].

Even Senerchia, which has been currently rebuilt, tries to recover the remaining houses
of the ancient village built on the solid calcareous substratum (Figure 98) [7,29,34]. In all the
other villages the new buildings are predominant with some valuable innovative edifices
such as the town hall of Lioni (Figure 25), a modern and functional building realized
by the architect Verderosa, or in Balvano where the artists Boffo and Eibl designed the
houses, or architectural structures often in contrast with the original planning of the village
(Figures 42 and 43).
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Unfortunately, in many cases during the rebuilding process the identity of Apennine
villages such as Laviano (Figures 19 and 22), San Michele di Serino (Figure 62), Castelnuovo
di Conza (Figure 5), Santomenna (Figure 30), where the new buildings prevail over the old
ones, was lost, becoming only “rebuilt villages”.
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Figure 4. Original map of the seismic microzonation of Castelnuovo di Conza according to [29].
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Figure 5. Castelnuovo di Conza: overview of the new village completely rebuilt after the1980 earthquake (photos by [35,36]).

Figure 6. Castelnuovo di Conza: detail of the new village completely rebuilt after the1980 earthquake (photos by [35,36]).
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Figure 8. Castelnuovo di Conza: Temporary village, consisting of wooden chalets, built immediately after the 1980
earthquake and still used today (photos by [35,36]).
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Figure 9. Castelnuovo di Conza: detail of new reinforced concrete buildings (photos by [35,36]).
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Figure 10. Original map of the seismic microzonation of Conza della Campania according to [29].
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Figure 11. Conza della Campania: overview of the old village destroyed by the 1980 earthquake (photos by [35,36]).
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Figure 12. Conza della Campania: old village with ruins of houses after the 1980 earthquake (photos by [35,36]).
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Figure 13. Conza della Campania: old village with houses rebuilt after the 1980 earthquake (photos
by [35,36]).
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Figure 14. Conza della Campania: old village with the Archaeological Park realized a few years ago for the tourists (photos
by [35,36]).

Figure 15. Conza della Campania: detail of the Archaeological Park (photos by [35,36]).
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Figure 16. Conza della Campania: temporary village, consisting of wooden housing, built immediately after the earthquake
of 1980 and now almost completely abandoned (photos by [35,36]).

Figure 17. Conza della Campania: new village with the new Cathedral “Concattedrale di Santa Maria Assunta” in the
center of village built after the 1980 earthquake (photos by [35,36]).
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Figure 18. Conza della Campania: panoramic view of the new Conza built in Piano delle Briglie locality, 4 km far from the
original nucleus of the old Conza (photos by [35,36]).

Figure 19. Laviano: the village completely rebuilt after the 1980 earthquake (photos by [35,36]).
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Figure 21. Laviano: the new Town Hall of Laviano (photos by [35,36]).
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Figure 23. Lioni: one of the first buildings built in 1985, the “Bergamo condominium” is in reinforced concrete, built thanks
to the solidarity of the inhabitants of Bergamo (Northern Italy) (photos by [35,36]).
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Figure 24. Lioni: a detail of the “Bergamo condominium”, the recent murales was done to remember the solidarity of the
people forty years after the catastrophic earthquake (photos by [35,36]).

Figure 25. Lioni: part of modern Town Hall built by the architect A. Verderosa (1984-1994) (photos by [35,36]).
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Figure 27. Lioni: the new sports facilities (photos by [35,36]).
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Figure 28. Lioni: restored Church and bell tower of S. Maria Assunta (photos by [35,36]).
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Figure 29. Santomenna: overview of the village completely rebuilt (photos by [35,36]).

Figure 30. Santomenna: the center of the village completely rebuilt (photos by [35,36]).
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Figure 32. Santomenna: the new Town Hall in reinforced concrete (photos by [35,36]).
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Figure 34. Sant’Angelo dei Lombardi: original map of the seismic microzonation according to [29].
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Figure 35. Sant’Angelo dei Lombardi: the historical center with the Town Hall, reconstructed taking into account the
original urban design (photos by [35,36]).

Figure 36. Sant’ Angelo dei Lombardi: the remains of the Goleto Abbey (photos by [35,36]).
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Figure 38. Sant’Angelo dei Lombardi: Castle of the Imperials of Sant’Angelo dei Lombardi in the Historical center (photos
by [35,36]).
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Figure 39. Sant’Angelo dei Lombardi: overview of new buildings and the football field (photos by [35,36]).

Figure 40. Balvano: Panoramic view with the Castle in the foreground (photos by [35,36]).
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Figure 41. Balvano: overview of new buildings (photos by [35,36]).

Figure 42. Balvano: the new buildings details of the architecture by R. Boffo and K. Eibl (photos by [35,36]).
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Figure 43. Balvano: the new buildings details of the architecture by R. Boffo and K. Eibl (photos by [35,36]).

Figure 44. Caposele: the Town Hall in the historical center (photos by [35,36]).
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Figure 45. Caposele: the historical center with the new buildings reconstructed taking into account the original urban
design (photos by [35,36]).

Figure 46. Caposele: the historical center with the new buildings reconstructed taking into account the original urban
design (photos by [35,36]).
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Figure 47. Caposele: the historical center with artistic murals (photos by [35,36]).

Figure 48. Calabritto: panoramic view of the village completely rebuilt (photos by [35,36]).
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Figure 49. Calabritto: The new Church of Santissima Trinita (photos by [35,36]).

Figure 50. Calabritto: “Largo 23 November 1980”"—Memorial dedicated to the earthquake victims (photos by [35,36]).
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Figure 51. Quaglietta: Panoramic view of the castle and its medieval village completely restored after the 1980 hearthquake.
Currently the medieval village is a tourist attraction as “albergo diffuso” (photos by [35,36]).

Figure 52. Quaglietta: detail of the medieval village (photos by [35,36]).
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Figure 53. Quaglietta: detail of the medieval village (photos by [35,36]).
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Figure 55. San Mango sul Calore: Panoramic view of the village completely rebuilt after the 1980 earthquake (photos
by [35,36]).
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Figure 56. San Mango sul Calore: the new Church of Santa Maria degli Angeli (photos by [35,36]).

Figure 57. San Mango sul Calore: “villaggio italo-canadese” new homes built with the help of Canadians (photos by [35,36]).
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Figure 58. San Mango sul Calore: “Villaggio S. Stefano”. Temporary village, consisting of wooden chalets, built immediately
after the 1980 earthquake (photos by [35,36]).
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Figure 59. Original map of the seismic microzonation of San Michele di Serino according to [29].
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Figure 60. San Michele di Serino: “Mariconda” palace facade, one of the few historical facades not destroyed by the 1980
earthquake (photos by [35,36]).

Figure 61. San Michele di Serino: the new municipal building (photos by [35,36]).
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Figure 63. San Michele di Serino: the new Church of San Michele Arcangelo (photos by [35,36]).
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Figure 64. San Michele di Serino: the monument to the victims of the 1980 earthquake (photos
by [35,36]).

Figure 65. San Michele di Serino: detail of Cotone Street in which there were phenomena liquefaction triggered by the
earthquake [22], (photos by [35,36]).
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Figure 66. Pescopagano: a panoramic view of the new village (photos by [35,36]).
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Figure 67. Pescopagano: panoramic view of a part of village (photos by [35,36]).
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Figure 69. Pescopagano: “Porta della Sibilla” into the historical centre (photos by [35,36]).
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Figure 71. Guardia dei Lombardi: panoramic view of the new village (photos by [35,36]).
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Figure 72. Guardia dei Lombardi: the restored Church of Santa Maria delle Grazie (photos by [35,36]).
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Figure 73. Guardia dei Lombardi: the restored historical centre (photos by [35,36]).
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Figure 74. Guardia dei Lombardi: the new Town Hall of village (photos by [35,36]).

Figure 75. Torella dei Lombardi: the restored castle of Ruspoli di Candriano (photos by [35,36]).
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Figure 77. Torella dei Lombardi: stone plaque to remember the victims of the 1980 earthquake
(photos by [35,36]).
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Figure 79. Torella dei Lombardi: details of the new buildings (photos by [35,36]).
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Figure 81. Colliano: modern access structure with lift to Piazza Epifani (photos by [35,36]).
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Figure 83. Colliano: New Epifani Square (photos by [35,36]).
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Figure 85. Colliano: new residential settlement known as “Piano di zona” (photos by [35,36]).
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Figure 86. Romagnano al Monte: panoramic view of the village, completely abandoned after 1980 earthquake, now ghost
town (photos by [35,36]).

Figure 87. Romagnano al Monte: details of the old village completely abandoned after 1980 earthquake, (photos by [35,36]).
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Figure 88. Romagnano al Monte: the Church of Maria SS. del Rosario in the new town, located in Ariola, 2 km from the old
center (photos by [35,36]).

Figure 89. Romagnano al Monte: details of new buildings in the new town (photos by [35,36]).
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Figure 91. Salvitelle: the new Town Hall of the village (photos by [35,36]).
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Figure 92. Salvitelle: new buildings mainly in reinforced concrete (photos by [35,36]).

Figure 93. Salvitelle: details of new buildings (photos by [35,36]).
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Figure 94. Salvitelle: plaque of a new street that remember the earthquake of 23 November 1980 (photos by [35,36]).

Figure 95. Senerchia: Overview of the remains of the old village (photos by [35,36]).
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Figure 96. Senerchia: a small street of the old village (photos by [35,36]).
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Figure 97. Senerchia: the new village, “Piazza 23 Novembre 1980” and monument dedicated to the
earthquake victims (photos by [35,36]).
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Figure 99. Senerchia: new school complex (photos by [35,36]).
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Figure 100. Teora: panorama of the reconstructed village (photos by [35,36]).

Figure 101. Teora: the new Church of S. Nicola di Mira (photos by [35,36]).
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Figure 103. Teora: part of the restored historical centre (photos by [35,36]).
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Figure 104. Teora: new reinforced concrete houses (photos by [35,36].

Figure 105. Bisaccia: the new village (Piano di Zona) with new Church of Sacro Cuore built by the
architect A. L. Rossi, 1998 (photos by [41]).
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Figure 106. Bisaccia: the new village (Piano di Zona) with a details of some reinforced concrete buildings realized by
architect A. L. Rossi, (photos by [41]).

Figure 107. Bisaccia: the new village (Piano di Zona) with a detail of the new reinforced concrete homes designed by the
architect A. L. Rossi, (photos by [41]).
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Figure 108. Bisaccia: the new village (Piano di Zona) with the remains of the new social housing still to be completed
(Istituto Autonomo Case Popolari-IACP). A part of them has been demolished in 2020 (photos by [41]).

Figure 109. Calitri: panoramic view of the village (photos by [35,36]).
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Figure 110. Original map of the seismic microzonation of Calitri according to [29].
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Figure 111. Calitri: historical centre, remains of some buildings that were recovered after the 1980 earthquake (photos
by [35,36]).

Figure 112. Calitri: historical centre, remains of some buildings that were recovered after the 1980 earthquake (photos
by [35,36]).
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Figure 113. Calitri: panoramic view of new buildings (photos by [35,36]).

Figure 114. Calitri: panoramic view of the new constructions, the historical centre and the remains of the castle on the hill
(photos by [35,36]).
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Figure 116. Avellino: Rifugio Street after 1980 earthquake (cortesy of F. Capossela).
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Figure 117. Avellino: Rifugio Street today completely reconstructed (photos by [35,36]).

Figure 118. Avellino: “Piazza del popolo” after the 1980 earthquake (courtesy of F. Capossela).
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Figure 119. Avellino: “Piazza del Popolo” today completely reconstructed (photos by [35,36]).

3. Conclusions

The rebuilding process, in many localities, has been driven by microzonation maps
drawn up as part of the Finalized Geodynamic Project (PFG) of the National Research
Council (CNR), created immediately after the 1980 earthquake [29].

The seismic microzonation maps show the areas with different seismic characteristics,
illustrating the morphological structure of the territory, the distribution of the building
heritage existing in 1980, and in some cases, the level of damage suffered due the 1980
event and provide suggestions for reconstruction. We reported some examples of these
maps: Castelnuovo di Conza (Figure 4), Conza della Campania (Figure 11), S. Angelo dei
Lombardi (Figure 34), San Mango sul Calore (Figure 55), San Michele di Serino (Figure 60),
Calitri (Figure 110).

However, the choices made for the reconstruction did not depend only on the geologi-
cal assessment of the territory and therefore on the indications given by the microzoning
maps, but also on the urban and socio-economic context. Nevertheless, there has not
been a socio-economic redevelopment policy for the entire territory which, despite the
settlement of some important factories, is currently suffering from unemployment and
depopulation [45-49].

Our reportage is certainly not exhaustive, in fact there are still many other places
that have undergone considerable transformations during the reconstruction process.
The images can guide the future urban development of ancient villages after a major
destructive seismic event, with a view to safeguarding the territory and cultural heritage.
Even more than this, documenting the rebuilding process in a large epicentral area reveals
the human legacy to the natural landscape, and our ability, or failure, to properly interpret
the environmental fate of a site. Often in the post-earthquake reconstruction process of
1980, instead of taking into accounts the socio-economic, historical and geological local
conditions, different case by case for each affected village, the policy of rebuilding at
any cost has prevailed, even with buildings unsuitable for the context of the Apennine
inland areas.
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