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Abstract 

 

Large earthquakes occur rather orderly in space and time; hence they can be somehow anticipated, 

and their effects can be projected into the future. The modern practice of seismic hazard assessment rests on 

these principles and may rely on them, but also requires a detailed knowledge of the location and 

characteristics of individual earthquake sources. 

We discuss how this knowledge base can be constructed, with an eye on the geological history, 

which provides a record of the faults capable of generating large earthquakes, and one on the human history, 

which supplies evidence for whether and how such damaging earthquakes have occurred in the past. 

How do these two records interact with each other? It is now accepted that identifying active and 

potentially seismogenic faults in Italy is especially hard. The geological record may be clear and honest 

when dealing with processes at the scale of several million years, but is very difficult to decipher if we are 

concerned with contemporary geological processes, such as the earthquakes.  

Shortening the time-window of observation of earthquake activity is why Historical Seismology is 

so crucial for constructing a seismogenic source model. To this end we exploited a number of key Italian 

destructive earthquakes, each of which illuminates a recent geological process that may not offer a 

discernible surface signature. Our findings led us to reconsider the tectonic style of large areas, changed our 

perception of their earthquake potential, hinted at the existence of unknown seismogenic zones, and even led 

to downsizing the magnitude of the largest Italian historical earthquakes.  

We maintain that the complexity of the geological setting may be counterbalanced by the potential 

richness of the historical earthquake record. We also believe that our experience in the combined 

investigation of Italy’s historical earthquakes and seismogenic sources may be replicated in all earthquake-

prone countries.  

 

Keywords: Historical Seismology, seismogenic sources, Italy, SHA 
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1. Introduction 

1.1. Why Historical Seismology? 

 Historia magistra vitae est ("history is life's teacher") is a famous quote of Cicero, who wrote this 

sentence in the first century B.C. Two thousand years later, history, intended as the story of the human kind, 

has entered the Earth Sciences, the home of the disciplines dealing with natural history, the story of our 

planet, providing crucial information for their advancement. Seismology – and more specifically, Historical 

Seismology – makes a perfect case of such an inbreeding between human history and the Earth Sciences. 

 Why is Historical Seismology so important? In his “Principles of Geology”, published nearly two 

centuries ago (1830-1833), Scottish geologist Charles Lyell (1797-1875) developed the theory of 

Uniformitarianism, according to which geological processes occur gradually over time . It was the response 

to the theory of Catastrophism, very popular back then, by which the same processes were seen as sudden, 

violent and generally global in scale. Lyell concentrated the new ideas in the simple motto that "the present 

is the key to the past", implying that geological events occur today at the same general rates as they have 

always done. It was indeed a breakthrough in the sluggish course of geological wisdom of the early XIX 

century. Our own heritage, however, compels us to recall that three centuries earlier Leonardo da Vinci 

(1452-1519), in his Codex Leicester (published ca. 1506), had already used the evidence supplied by marine 

fossils to implicitly demonstrate the cyclical – hence not catastrophic – nature of most geological processes. 

 Over time several other scientists have demonstrated that if "the present is the key to the past", then 

the past may well be the key to the future. In fact, the modern Earth Sciences are underpinned by the idea 

that our ability to predict adverse natural phenomena of the future rests largely on our understanding of how 

the same phenomena occurred in the past. Whether we are referring to a geological past, measured in 104 to 

106 years, or to the historical past, measured on a scale of 101 to 103 years, depends on the characteristic 

return period of the natural phenomena under scrutiny. To understand the dynamics of major climate cycles 

and sea level fluctuations we can hardly rely on historical evidence, and we must resort to geological 

evidence to fill the gap. On the contrary, we can rely on written history, and occasionally on archaeological 

evidence, to investigate endogenous occurrences such as earthquakes, volcanic activity or tsunami, and 

exogenous phenomena such as floods and landslides.  

 Of all these phenomena, earthquakes are the most elusive. Eruptions, tsunami and landslides usually 

leave a detectable geological record even in such a short timescale – just think of Pompeii being buried by 

the Vesuvius, or of the landscape modifications caused by the 1963 Vajont landslide in Venetian Italian 

Alps. But earthquakes generally do not, as their characteristic geological signature is either rather subdued, 

or simply invisible to the human eye. 

 Here is where and why Historical Seismology comes into play, and why its use is fundamental for 

anticipating the large earthquakes of the near future and mitigating their impact. In this work we describe the 

many ways by which Historical Seismology contributes to the understanding of any region’s seismogenic 

potential and to mitigating the ensuing risk. To this end we use examples derived from the Italian seismic 

history; generally large earthquakes that have molded the seismic geography of the country, affecting it in 

many different ways. Together they illustrate in detail how some outstanding seismological questions, 

ranging from developing earthquake recurrence models, to coping with earthquake complexity, to identifying 

the source of a blind faulting earthquake, may benefit from Historical Seismology data, theories and 

procedures. 

 

1.2. A brief history of Historical Seismology 

 Historical Seismology is a largely multidisciplinary scientific field devoted to investigating 

earthquakes of the past and to interpreting their effects against the backdrop of their sociocultural and 

economic context (Guidoboni and Ebel, 2009). Lying at the border between the exact sciences and the 

humanities, i.e. between hard and soft sciences, Historical Seismology developed in Italy as early as the 15th 

century, when the early Renaissance scholar Giannozzo Manetti (1396-1459) wrote De terraemotu libri tres 

(1457), the first known account on Italian and Mediterranean seismicity after Antiquity. His compilation was 

spurred by the occurrence of the December 1456 earthquakes, currently assigned a cumulative Mw 7.2: a 

sequence that devastated a 20,000 km2 region of central and southern Italy (notice that for Italian 
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earthquakes we will always refer to the Mw taken from the CPTI15 catalogue (Rovida et al., 2016), which 

may slightly differ from other available estimates). Manetti, who eventually fell afoul of the Inquisition (like 

many scholars of the time), described 70 earthquakes from the Antiquity.  

 About a century later Pirro Ligorio (1513-1583), a Neapolitan architect hired at the court of Duke 

Alfonso II d’Este in Ferrara, compiled the Libro di diversi terremoti (Ligorio, 1571), a large earthquake 

catalogue which included the first project for an earthquake-resistant building. He also stated that 

“Difendersi dai terremoti è un dovere dell’intelletto umano” (“To defend oneself from earthquakes is a duty 

of the human intellect”), indisputably becoming the herald of modern seismic risk mitigation strategies. 

 Terra Tremante (1691) by Marcello Bonito, motivated by the catastrophic 1688 Sannio (southern 

Italy) earthquake, is the principal expression of the historiographical erudition of the 17th century in Italy. 

Bonito was also the first to adopt a global perspective, from the Far East to the New World, and to extend the 

investigations to an extremely long chronological interval, from the times of biblical earthquakes to his own 

times. His work became the herald of modern earthquake catalogues.  

 

Fig. 1. This drawing and the accompanying text are commonly recognized to be the oldest somewhat quantitative account of 

earthquake damage. It was drawn following the 20 July 1564 earthquake (presumed Mw 5.5), which struck a large area of the Var 

basin, presently in French territory, spreading from Provence, to the west, to the Maritime Alps at the Italian-French border, to the 

east. According to Nostradamus, a coeval chronicler, the earthquake killed 800-900 people, many of whom died in the collapse of 

churches. Several villages are shown as "rovinata" (ruined in Italian), and a firing mountain shown as "Monte spezzato" (broken 
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mountain) is described as a large landslide accompanied by sulphur emissions. The map was drawn by Francesco Mogiol, a merchant 

from Genoa, and was published in Nürnberg in 1564 (collection of the University Library of Erlangen, Germany). 

 The great 1755 Lisbon earthquake generated a great interest for the large catastrophes of the past all 

over Europe, besides spurring a magisterial debate that involved scientists like Isaac Newton and 

philosophers such as Immanuel Kant (for a summary see Duarte et al., 2016). In the wake of such debates, 

with Élie Bertrand (1713–1797) – the author of Mémoires historiques et physiques sur les tremblemens de 

terre (1757) – earthquakes started being regarded as a key for understanding the physics and the recurrence 

characteristics of the seismic source.  

 It was only from about the middle of the 19th century, however, that earthquakes were acknowledged 

as a systematic phenomenon stemming from “seismic centres”, just as volcanic activity was known to take 

place always in the same spots. The 19th century earthquake catalogues, such as those complied by Karl 

Ernest Adolf von Hoff (published in 1840-41), by Alexis Perrey (1846) and by Robert Mallet and his son 

John William (Mallet and Mallet, 1858) – all describing the seismicity of large portions of Europe and of the 

Mediterranean basin – became the basis for demonstrating the regularity of seismic release, the main pillar of 

modern earthquake forecasts. 

 Meanwhile, brilliant earth scientists such as Giuseppe Mercalli spent much of their career organizing 

historical earthquake and volcanic activity data, a unique body of information that was central to all later 

compilations (Mercalli, 1893; 1897). 

 

Fig. 2. The "Abbozzo di Carta Sismica della Italia" ("Draft of a Seismic Map of Italy") by Torquato Taramelli (1886) subdivided 

Italian seismogenic areas with reference to the number of earthquake occurrences per century, starting with the year 1300. As such it 

is probably the oldest ancestor of the current probabilistic seismic hazard maps. 

 The most recent of the Italian "historic" catalogues of past earthquakes is due to Mario Baratta, who 

published I terremoti d'Italia (“The Italian earthquakes”) (Baratta, 1901). This large compilation, certainly 

the most mature and innovative outcome of the modern historical erudition, was at the forefront of 

seismological knowledge of the time and served as a basis for the elaboration of most subsequent Italian 

catalogues of the 20th century. 
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 Alfonso Cavasino extended Baratta's work from 1899 to 1933 (Cavasino, 1935): a short time interval, 

but one characterised by catastrophic earthquakes: 1905 and 1908 in Calabria (southern Italy), 1915 near 

Avezzano (central Italy), and 1920, in the Tuscan Apennines, having a magnitude in the range 6.5 to 7.1. 

Meanwhile, earthquake catalogues flourished all over the world.  

 In Italy the interest for the seismicity of the past dropped for a few decades around the mid-twentieth 

century, partially as a result of the lack of significant earthquakes. The activities resumed between the 1960s 

and the 1970s, when the Italian government approved a new national energy plan based on nuclear power. 

Most of the work, however, was devoted to reorganising the existing data into orderly, machine-readable 

files, rather than to launching new research efforts. 

Things took a different turn around the mid-1980s, following the inception of new systematic 

investigations; first in and around the sites selected for the new nuclear plants, then all over Italy and the 

Mediterranean. The results of these investigations contributed to improving the assessment of seismic hazard 

countrywide, but also played a significant cultural role by supporting the dissemination of data on several 

ancient and thus largely unknown earthquakes. These results appeared in 1994 with the Catalogue of Ancient 

Earthquakes in the Mediterranean area up to the 10th century (Guidoboni et al., 1994): a unique attempt to 

extend the available knowledge to the most ancient earthquakes of the extended Mediterranean basin. The 

interpretations presented in this compilation, which refer to 300 earthquakes and 26 tsunami, rely on 

descriptions supplied by sources written in all ancient Mediterranean languages, such as Greek, Latin, 

Arabic, Syriac, Coptic, Armenian.  

Later on, Guidoboni and Comastri (2005) published the Catalogue of Earthquakes and Tsunamis in 

the Mediterranean area: 11th-15th century, containing a description and the location of 383 earthquakes (50 

of which were previously unknown) and 22 tsunami that occurred before the beginning of the Modern age.  

Although other workers have since published summaries of previously unknown or overlooked 

earthquakes, usually due to their limited magnitude or because they were obscured by more significant 

events, over the past two decades basic research on historical seismicity has lost much of its momentum. 

Nevertheless, over the same time interval many workers have developed methods to exploit this enormous 

wealth of data for improving the accuracy of seismic hazard assessment programs at all scales. 

 

1.3. Representing and exploiting Historical Seismology data 

Ever since 1564, when an unknown scholar published the first official pictorial account of the damage 

associated with a large earthquake (Fig. 1), historical data have been used in many parts of the world to map 

and describe the effects of large earthquakes. Over time the perspective of these early seismologists turned 

from purely descriptive to prognostic, such that by the end of the XIX century Torquato Taramelli, a brilliant 

Italian scientist, had already proposed to plot earthquakes not simply as dots on a map, but in terms of their 

frequency (Fig. 2): it was possibly the first seismic hazard map in history. 

Historical Seismology data have since been primarily used for assessing seismic hazard, often 

becoming the pillar of the subsequent anti-seismic codes. Individual large historical earthquakes have 

become the only means of learning about the earthquake-proneness of large regions of the Earth, especially 

in areas of infrequent seismicity and recent settlement. The 1356, Mw 6.5 Basel, northern Switzerland, and 

the 1811-1812, Mw 7.9 New Madrid, central United States earthquakes are two perfect examples of this 

category of elusive events: a dire threat for seismologists in charge of assessing the earthquake potential of 

nuclear sites or nuclear waste repositories, which normally require seismic hazard to be assessed for 

recurrence intervals in excess of 10,000 years. 

Over time earthquake catalogues have become richer and more reliable, but until recently the 

information they supplied was restricted to the origin time, the geographic coordinates of the epicenter, and 

the intensity, either epicentral (I0) or maximum (Imax): the former indicates the largest intensity attained by 

the earthquake throughout the epicentral area and is taken as a reference value for the event, whereas the 

latter is assigned to localities that suffered an even stronger shaking due to local site amplifications or larger 

vulnerability. Notice that throughout this paper we will always use intensities assigned following the 

Mercalli-Cancani-Sieberg or MCS scale, because this is the standard adopted by our reference Italian 

earthquake catalogues. 
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Starting with the 1970s' most catalogues included also an estimate of the earthquake magnitude, 

usually obtained from the epicentral intensity trough an empirical relationship. As such, these catalogues 

were of limited use in the context of seismotectonic studies and seismic source characterization and could be 

used only for a visual comparison of the seismicity with the location of the known tectonic structures.  

The publication of the Catalogue of Strong Italian Earthquakes in 1995 (originally Catalogo dei Forti 

Terremoti in Italia, or CFTI: Boschi et al., 1995) spurred a silent revolution in Historical Seismology, giving 

new momentum to this nearly five-century-old scientific discipline. Building on the progress of computer 

databases, GIS systems and better hardware at budget costs, Historical Seismology turned from merely 

descriptive to descriptive-quantitative, transforming its outcomes from vaguely subjective to solidly 

reproducible (Fig. 3). This “new-generation” catalogue provided both descriptive and quantitative 

information for each locality affected by a damaging earthquake, based on a number of different types of 

witnesses and historical accounts. The new layer of knowledge allows the informed user to delve deeply into 

historical evidence of post-earthquake intervention measures, socio-economic shifts, cumulative effects of 

subsequent shocks, and landscape alterations.  

The second release of the Catalogue of Strong Italian Earthquakes, published in 1997 (Boschi et al., 

1997) was paralleled by the Internet-based compilation of Italy’s National group for Defence Against 

Earthquakes (GNDT: Monachesi and Stucchi, 1997). Both compilations were used for assembling the 

different versions of the Italian Parametric Earthquake Catalogue: from the original CPTI99 (CPTI Working 

Group, 1999), to the current version CPTI15 (Rovida et al., 2016). The most recent elaboration made 

available by Italian scientists is the Italian Archive of Historical Earthquake Data (originally Archivio 

Storico Macrosismico Italiano, or ASMI): a continuosly updated database collecting the basic data supplied 

by the studies used for the compilation of DBMI and CPTI, and by their sometimes numerous alternatives. 

Italian scientists have been active also at European level, by coordinating the compilation of SHEEC, 

a continent-wide catalogue prepared within the E.C. project named SHARE (Stucchi et al., 2013), and the 

initiative termed European Archive of Historical EArthquake Data (AHEAD: Locati et al, 2014). 

 

Fig. 3. Screenshot of the record proposed for the 1564 Alpi Marittime earthquake (see Fig. 1) by the European Archive of Historical 

EArthquake Data (AHEAD: Locati et al., 2014). Four and a half centuries later, a representation based on modern IT tools has 

replaced the conventional isoseismal maps to offer a geographically coherent, reliable and quantitative representation of each 

individual significant earthquake of the past. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 8 

The revolution introduced by the Catalogue of Strong Italian Earthquakes was saluted with great 

interest by seismic hazard practitioners, as historical catalogues have become richer, more robust and 

reliable, and much easier to access and use for obtaining quantitative estimates (e.g. epicentral coordinates, 

Mw, parameters of the Gutenberg-Richter relation, earthquake rates). Better yet, and largely unknown to 

many, Historical Seismology greatly increased its relevance far beyond the mere computation of “activity 

rates” in the modern seismic hazard practice. As we will show extensively in the following sections, the 

availability of modernly collected, carefully interpreted and patiently organized Historical Seismology data 

may have a fundamental impact on the definition of the potential of individual earthquake sources, often 

proving fundamental for preventing gross misrepresentations of the local seismic hazard. An improved 

understanding of earthquake sources inevitably leads to a more robust definition of the seismogenic model – 

the fundamental input for any seismic hazard application – and of a number of other parameters of 

paramount seismological and geodynamic relevance. 

Most importantly, matching historical earthquake data with geological and instrumental evidence 

compensates the weaknesses of all three realms. Given the typical length of the seismic cycle (centuries to 

millennia), this mutual interaction may be the only way to constrain a number of seismological issues that 

are very hard to be addressed based on instrumental or geological data alone. 

In this paper we describe the many applications of history-derived earthquake information that were 

made possible by the inception of "modern Historical Seismology". Little of this would have been possible 

without the underlying basic Historical Seismology data, an often-overlooked wealth of information that still 

awaits to be exploited in many seismogenic areas worldwide. 

In Sections 2-3 we introduce the reader to the use of historical earthquake data, from the motivations 

to the methods and to the expected results.In Sections 4-10 we discuss how some fundamental seismological 

questions, having major implications for assessing seismic hazard and risk, may be addressed using historical 

earthquake data in conjunction with instrumental, geological and tectonic evidence. To this end we will draw 

from investigations of major earthquake sequences that were carried out over the past three decades. 

Although all of these earthquakes occurred in Italy, the issues we will describe are very general and the 

approaches we will discuss can be used in the investigation of the earthquake potential of virtually any 

seismogenic area worldwide. 
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2. The quantification of historical earthquakes  

The transition from a simple description of the effects of a damaging earthquake to a full 

quantification of its parameters coincides with the inception of the new science termed Seismology in the 

mid-XIX century. The earliest attempts are due to Irish engineer Robert Mallet, who developed methods for 

locating the epicenter and the focal depth of large earthquakes using his own observations of the 16 

December 1857, Mw 7.1, southern Italy earthquake (see an ample discussion in Section 5). These methods 

were described in his memoir entitled Great Neapolitan earthquake of 1857. The first principles of 

observational seismology (Mallet, 1862) that is generally considered the first Seismology handbook in 

history but is also the last – and likely the most advanced - of a series of memoirs that Mallet wrote between 

1845 and 1862 (for detailed information on Mallet and his many scientific accomplishments the reader may 

refer to Davison, 1927; Guidoboni and Ferrari, 1987; Ferrari and McConnell, 2015). Quite surprisingly, the 

methods he used for investigating the effects of the 1857 earthquakes were not based on instrumental data, 

also because the first seismological observatories became operational only later; nevertheless, these methods 

have been used for many decades, up to the 1930s (e.g., for the 1930 Senigallia earthquake: see Section 6). 

 

Fig. 4. Summary of the effects of the 16 December 1857 earthquake in southern Italy (Mw 7.1) as reported by Mallet (1862) 

following his journey to the epicentral area in January 1858 (see Section 5). The sketch in the lower left corner is also from Mallet 

(1862). See text for further details. 

Fig. 4 shows a summary of Mallet’s observations of the effects of the 1857 earthquake (Map A in his 

1862 book). These are represented using two concentric isoseismals, each one outlined by a dot-and dash 

contour. Mallet reported also 177 P-wave paths, inferred from fallen monuments and buildings observed in 

78 individual localities. He found that as many as 32 wavepaths met within a 1-mile radius circle near 

Caggiano, which he identified as the earthquake epicenter. Mallet also carried out many observations of the 

inclination of cracks opened in damaged walls (see inset in Fig. 4), and from them estimated the focal depth 

1857 earthquake, under the assumption that they are perpendicular to the seismic raypath. He obtained an 

average depth of 6.5 miles (about 10.5 km), a figure that agrees well with the centroid depth of large nearby 

events, such as the 23 November 1980, Mw 6.8, Irpinia earthquake. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 10 

Since then there have been many attempts to derive the full source parameters of well investigated 

pre-instrumental earthquakes, on the grounds that the accuracy of seismic hazard estimates relies primarily 

on the knowledge available on the large earthquakes of the past. A notable example is summarized in Fig. 5, 

showing the results of an investigation of the 28 December 1908, Mw 7.1, Messina Straits earthquake by 

Japanese seismologist Omori (1909). He adopted the method proposed by Mallet to infer the location of the 

earthquake epicenter and of the areas of largest coseismic subsidence, likely representing the surface 

projection of areas of largest coseismic slip on the main fault plane. For the same earthquake Emilio Oddone 

(1909), a distinguished Italian physicist and experimental seismologists, used a method proposed by de 

Kövesligethy (1907) to infer a focal depth of about 9 km based on the distribution of observed intensities. 

A few years later Oddone (1915) wrote a comprehensive summary of the effects of the catastrophic 13 

January 1915, Mw 6.8, Avezzano (central Italy) earthquake, discussing important quantitative estimates he 

obtained regarding its source and its effects (see Section 10 for a discussion on this earthquake). Fig. 6 shows 

Fig. 1 of his report, summarizing the territorial impact of the earthquake. 

A significant step forward must be credited to Shebalin (1973), who proposed to estimate the 

dimension and orientation of a seismogenic fault based on the ellipticity of the highest degree isoseismals. 

His work, however, relied on hand-drawn isoseismals of a limited number of selected earthquakes, and 

therefore his conclusions remained essentially qualitative. 

 

Fig. 5. Parameterization of the 28 December 1908, Mw 7.1, Messina Straits earthquake and tsunami by Omori (modified from 

Omori, 1909). (Left) The ellipse shows the boundaries of the area of largest damage, where according to Omori the peak acceleration 

was ≥ 20% g). The arrows indicate the direction of the earthquake motion inferred from fallen buildings or monuments following 

Mallet’s method. The asterisk indicates the presumed epicenter. (Right) Characteristics of the tsunami at different locations on the 

coasts of the Messina Straits. An arrow and a number indicate the direction and height (in meters) of the tsunami wave, respectively. 

According to Omori, (B) and (A) indicate the position of the principal and of a secondary source of the tsunami, respectively; these 

locations coincide with the surface projection of the largest patches of coseismic slip detected by modern investigations based on 

historical seismographic and geodetic observations (see also Section 7 and Fig. 7.1).  

Subsequent developments aimed at modeling macroseismic intensities generated by sources of known 

geometry using various techniques, including the Kinematic Function KF, the generation of synthetic 

seismograms by normal mode summation, and the ray-tracing. Gasperini et al. (1999, 2010) summarize and 

discuss these techniques, which they consider not sufficiently reliable for a routine application to large 

bodies of intensity data. This happens because we still lack a physical model for explaining the spatial 

pattern of the macroseismic field, and more specifically, we lack a reliable relation for converting the 

observed ground displacements into earthquake intensities. Macroseismic data alone can hardly constrain 

fault parameters that do not hold a straightforward relationship with the observed intensity, such as the fault 

dip and fault rake, but have been proved reliable in determining the strike of the seismic source. 
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In fact, starting with Shebalin (1973), many researchers have attempted to derive fault strike by visual 

inspection of hand-drawn isoseismals; but the process of isoseismal drawing is known to be inherently 

arbitrary and likely to reflect the preconceptions of the drafter rather than the factual evidence. Later on, 

other workers have proposed to generate presumably objective isoseismals by automatic computer 

contouring (e.g. De Rubeis et al., 1992); but even so any inferences can only be visual and – even more 

importantly – cannot be tested objectively by statistical methods. 

 

Fig. 6. Isoseismals of the 13 January 1915, Mw 7.1, Avezzano earthquake (from Oddone, 1915). The arrows indicate observed 

directions of the wavepaths, based on the method developed by Mallet (1862): they converge in a point located near Gioa dei Marsi 

and Lecce dei Marsi, at the southeastern end of the isoseismal of largest damage, which was assigned an intensity XII. See Section 

10 for a discussion on this earthquake. 

The publication of the Catalogue of Strong Italian Earthquakes (Boschi et al., 1995) allowed 

conventional iseoseismals to be finally abandoned in favor of a more objective representation of the 

macroseismic intensity field. The design and structure of this “new generation” catalogue allowed for a more 

complete appreciation of the total energy released by any given earthquake and of its territorial impact, 

including the finest details (refer to Boschi et al., 2000, for an overview of the characteristics of CFTI). 

Unlike its predecessors, termed parametric catalogues as they supplied only synthetic earthquake 

parameters, the CFTI is an analytical catalogue, supplying all the information available for any given 

earthquake in a pre-defined and easily accessible format. Its structure was designed to accommodate also 

data and observations that may not be relevant to immediate seismic hazard applications yet could be of 

interest for broader seismic risk analyses and for several other applications. The first version of CFTI was 

followed by periodic releases (Boschi et al., 1997, 2000; Guidoboni et al., 2007), all of which took advantage 

of the progress in the development of relational databases, and later of the web-GIS technology. The latest 

release of the catalogue is termed CFTI5Med (Guidoboni et al., 2018, 2019: Fig. 7). 

 “New generation” analytical earthquake catalogues made it possible to analyze intensity data in a more 

objective and systematic fashion, because the provide intensity data for every individual locality affected by 

the earthquake. Gasperini et al. (1999) developed and popularized “Boxer”, a Fortran code that turns 

historical intensity reports into “boxes” representing the simplified surface projection of the causative 

seismogenic source. As usual, the quality of the results depends largely on the quality of the data (according 

to the known concept “garbage in-garbage out”). Fig. 8 shows a full application of the method for the 

determination of the intensity-derived seismogenic source of the 23 July 1930, Mw 6.7, Irpinia earthquake. 

The method has been subsequently applied to the full Italian historical earthquake record; in Section 3 we 
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discuss how the resulting intensity-based seismogenic sources contributed to the development of the fault 

segmentation and earthquake recurrence model summarized in the DISS database (Valensise and Pantosti, 

2001b; Basili et al., 2008; DISS Working Group, 2018). 

 

Fig. 7. The web-GIS interface of the Catalogue of Strong Italian Earthquakes, version 5 (CFTI5Med: Guidoboni et al., 2018), 

showing the intensity reports available for the 23 July 1930, Mw 6.7, Irpinia, southern Italy earthquake. In addition to the basic 

parameters, for each earthquake the database provides a series of critical summaries on the effects on the built environment, of the 

effects on the natural environment, on the social and economic impact, on the chronology of the earthquakes sequence etc. In 

addition to general earthquake information for each intensity datapoint/locality the reader may access information on the extent of 

reported damage, on the damage of significant buildings, on the number of casualties, on rescue and reconstruction operations 

(http://storing.ingv.it/cfti/cfti5/). 

 

Fig. 8. An application of the Boxer code to the 23 July 1930, Mw 6.7, Irpinia earthquake. (a) Determination of the macroseismic 

epicenter, (b) of the macroseismic moment magnitude, (c) of the source azimuth, and (d) final representation of the inferred source 

through an elongated box whose length and width are obtained from standard empirical relationships. 
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3. Developing history-driven fault segmentation and earthquake recurrence 

models 

 

Thirty-five years ago – a rather long time for a young discipline such as Seismology, Schwartz and 

Coppersmith (1984) developed a concept that was totally intuitive and nevertheless brilliant, but also very 

hard to prove (or disprove). They maintained that structural heterogeneities in the upper crust strongly 

control the nucleation, propagation, and arrest of earthquake ruptures. Such structural controls have crucial 

implications for seismic hazard assessment because they determine the size of earthquake ruptures in a 

recurrent fashion, giving rise to the fault segmentation and characteristic earthquakes concept. In 

subsequent years many other scientists strived to confirm, question or modify the original concept, bringing 

examples from virtually all seismogenic areas worldwide. Their data ranged from instrumental, for example 

in fast moving subduction zones, to paleoseismological, in most continental settings, to historical and 

archaeological, particularly in areas of ancient civilization such as Europe and much of Asia. 

 

Fig. 9. Early simplified segmentation model of the southern Apennines, highlighting the main normal faults aligned along the crest of 

the chain and the earthquakes that may have been released by such faults (Pantosti and Valensise, 1988). 

 In Italy, Pantosti and Valensise (1988) proposed to combine geological and structural evidence with 

historical data to explore the state of segmentation of the southern Apennines (Fig. 9). The idea was really 

not new, however. In the framework of the already mentioned report on the catastrophic 1908 Messina 

Straits earthquake (Mw 7.1), Omori (1909) focused on the distribution of Italian earthquakes and on how to 

predict the location and intensity of future events. He drew a map showing the approximate location of the 

area of strong ground shaking associated with 13 large earthquakes that had occurred in central and southern 

Italy between 1638 and 1908, subdividing them into three groups (Fig. 10). This is how he described the 

outcomes of this exercise: “These three groups of destructive earthquakes form together a continuous 

seismic zone, which extends from the neighborhood of Central Italy, through Calabria, down to the vicinity 

of Catania. Among the earthquakes of group A, the numbers 9 and 12 may be regarded as forming a 

secondary or radial seismic line”. 

Omori was a distinguished seismologist, who had already investigated large earthquakes vitually in all 

continents (for detailed information on his many accomplishments the reader may refer to Davison, 1927). 

What he was describing was clear, intuitive and quite obvious, even without invoking a specific knowledge 

of the geodynamics of the region under investigation: yet it had gone largely unnoticed up to that moment. 

This happened largely because – similarly to volcanoes – in the XIX century earthquakes were seen as a 

systematic phenomenon stemming from isolated “seismic centers” (e.g. Baratta, 1901, 1910; see Fig. 11). 

This latter view served as a good basis for for demonstrating the regularity of seismic release, the main pillar 

of modern earthquake forecasts, but it carried little information potential on where there could exist a gap in 

seismic release. 

Here is how Omori summarized his views in his 1909 report on the earthquake in the Messina Straits: 
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“Fig. 5 (editor’s note: our Fig. 10) illustrates very clearly the principle that great earthquakes in 

a given region occur, not everywhere at random, but along a definite line of weakness in the 

earth's crust, namely, a seismic zone. Further, the areas of violent motion of the different 

earthquakes are almost perfectly exclusive of each other, whence it may be concluded that the 

great disturbances are not repeated from one and the same centre but happen successively from 

different points or portions along the seismic zone. In other words, the places seismically most 

dangerous in Central and Southern Italy are exactly those points along the seismic zone here 

defined…”. 

 

Fig. 10. Distribution of large Italian earthquakes between 1638 and 1908, modified from Omori (1909). The number in parentheses is 

the equivalent magnitude from the CPTI15 catalogue (Rovida et al., 2016). 

 

Fig. 11. Identification of seismic centers in the Carta Sismica prepared by Baratta (1910). They are discontinuous spots that are 

known to have originated seismicity in the past but exhibit no continuity nor mutual relationships. 
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Hence, in 1909 Omori had introduced the existence of lines of weakness, something that today we 

would simply call fault systems, in place of the seismic centers advocated by previous workers. He 

concluded suggesting that the areas he identified, corresponding with central Abruzzi, to the north, and with 

the Pollino Massif, to the south, would certainly experience large earthquakes sometime in the future. As 

reported by Clancey (2006), during a lecture at the Pan-Pacific Science Conference in 1920 Omori went 

even further, stating the existence of “…‘earthquake zones,’ ‘weak links in the earth’s crust’ tens of 

thousands of miles long, one of which circumnavigated the Pacific Ocean while another linked Japan with 

the Mediterranean Basin through India and Persia …”. As widely recognized, Omori’s ideas were somehow 

running decades ahead the development of Plate Tectonics in the late 1960s. 

But Omori was also laying the foundations of earthquake prediction, for he maintained that mapping 

each segment of these linear zones based on their seismic history and on earthquake periodicity would help 

him pinpointing where a large earthquake was more likely to occur: where, but of course not when. His 

views were definitely more modern and more promising than the rather static descriptions of most of his 

predecessors, including Baratta. 

 
Fig. 12. A remake of Omori’s (1909) map, shown along with an extended version of the model of earthquake generation and 

recurrence originally proposed by Pantosti and Valensise (1988: Fig. 9). The two dotted boxes show the location of the gaps 

identified by Omori. Only a few years after Omori’s report part the Abruzzi gap was filled by the occurrence of the 1915, Avezzano 

earthquake. The pale orange boxes summarize the results of palaeoseismological excavations carried out or inferences made since 

1999. Each fault segment was assumed to be capable of generating a large normal-faulting earthquake. Most of them have already 

ruptured historically (date of earthquake indicated next to segment), while some have been detected based on 

geological/paleoseismological investigations only. From Valensise and Pantosti (2001a). 

Despite the evidence that Omori had actually predicted the location of the 13 January 1915, Mw 7.1, 

Avezzano earthquake, however, his ideas did not gain him much recognition, because most of the other 

scientists of the time believed seismicity to be essentially a random phenomenon. Of course, it was hard to 

derive a reliable seismic history in offshore areas, such as the subduction zones encircling Japan. Yet 

subduction-zone earthquakes where frequent, usually large and distributed nearly parallel to the oceanic 

trenches – hence conveying a notion of regularity – whereas the typically shallow Italian seismicity appeared 

to the investigators of the beginning of the century to be rather spread out and irregular – hence definitely 

harder to decipher. 
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Many years later, Valensise and Pantosti (2001a) gave full recognition to Omori by plotting his 

earthquake model for the central and southern Apennines (Fig. 10) next to the faults that had been 

recognized and investigated – in some instances also by paleoseismological trenching – in the aftermath of 

the 23 November 1980, Mw 6.8, Irpinia earthquake (Fig. 12). 

 
Fig. 13. Main steps leading to the elaboration of the first version of the DISS database (Valensise and Pantosti, 2001b). a) 

representation of historical seismicity known at the time; b) intensity-based seismogenic sources obtained from the seismicity shown 

in a) and main tectonic trends they reveal; c) geological-geophysical seismogenic sources. See text for further details. 

 
Fig. 14. Screenshot of the latest version of the DISS database (v. 3.2.1: April 2018: http://diss.rm.ingv.it/diss/) showing the same area 

of southern Italy as in Figs. 11, 12. Over the years the original information derived from historical information has ben greatly 

extended based on a large body of geological and tectonic evidence. DISS 3.2.1 features 127 individual sources, 188 composite 

sources, 3 subduction zones and 35 debated sources, described by ~950 equivalent pages of original documentation and backed by 

nearly 3,700 bibliographic entries (http://diss.rm.ingv.it/diss/downloads/DISS_3.2.1_AccompanyingNotes.pdf). 

Meanwhile, the Boxer code elaborated by Gasperini et al. (1999) (see Section 2) had become fully 

operational. It was hence ready to be used not only to locate all major Italian earthquakes and assess their 

magnitude, but also to make inferences about the size and orientation of their causative faults. Eventually 

these circumstances led to the elaboration of the DISS database (Valensise and Pantosti, 2001b). Fig. 13 

shows the full procedure in three steps: 
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a) organization of the intensity data into a homogeneous database formed by all the earthquakes of Mw 5.5 

and larger, ready for automatic processing (CFTI v. 3: Boschi et al., 2000); 

b) calculation of intensity-based equivalent seismogenic sources through the Boxer code, and delineation of 

basic active fault trends; 

c) derivation of a number of geological-geophysical sources, based on a combination of instrumental and 

field observations starting from the evidence represented by historical data, and delineation of well-

identified tectonic trends. 

 The DISS database presented the intensity-based sources and the geological-geophysical sources as 

separate entities, promoting field investigations that would allow converting progressively the former into 

the latter. In other words, geophysical and seismotectonic data finally took control of the situation, but 

Historical Seismology evidence remained – and still is – essential for revealing the existence of blind faults, 

stressing the continuity (or discontinuity) of poorly visible tectonic trends, and highlighting the presence (or 

absence) of significant gaps of moment release. 

 Subsequent versions of the DISS database (Basili et al., 2008: Fig. 14) turned all intensity-based 

sources into either individual seismogenic sources, representing the causative fault of an earthquake of 

known size and corresponding to the previous geological-geophysical sources, or composite seismogenic 

sources, representing unsegmented fault systems assumed to be responsible for all Mw 5.5 and larger 

earthquakes that may occur in Italy. Two additional layers included subduction zones, described by the 

geometry of their upper interface, and debated seismogenic sources, representing fault described in the 

literature as potentially seismogenic, but not yet validated as such by the compilers of DISS. For further 

information on the DISS database the reader may refer to the About and Help sections of its website: 

http://diss.rm.ingv.it/diss/. 

 The DISS database contributed to the elaborationof the Seismic Hazard Map of Italy termed MPS04, 

released in 2004 (Stucchi et al., 2011), and is contributing to the ongoing elaboration of its update, 

provisionally referred to as MPS19. Over time the database has integrated more and more effectively the 

historical information into a comprehensive and robust model of the seismogenic potential of Italy. In the 

following sections we will illustrate the many ways by which intensity data have contributed to constrain the 

main parameters of selected significant historical earthquakes, providing guidelines on how to deal with 

similar sources that have not yet been active historically. 
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4. Revealing earthquake complexity: the 1456, central and southern Italy 

earthquakes 
Open question:  Can we subdivide major earthquake sequences of the distant past into discrete large 

shocks? 

Approach:  Using historical and geological evidence jointly to identify discrete source areas. 

What we learned:  The 1456 sequence comprises at least three major, relatively distant shocks. Its reported 

compounded magnitude exceeds that derived from the sum of individual seismic 

moments. 

 

As we discussed in the previous section, many large earthquake sequences are also multiple, or even 

better, complex, i.e. they comprise two or more shocks of about the same size, generated by generally (but 

not necessarily) adjacent faults within a time frame that may range from seconds to years. Complex 

earthquake sequences have been traditionally overlooked, and still are, for at least two reasons; misleading 

geological evidence, and/or lack of seismological detail. On the one hand, over time seismotectonic models 

favored interpretations based on established tectonic schemes, while in itself earthquake complexity may be 

evidence of the interaction of a plurality of sources and tectonic styles. On the other hand, the Poisson 

hypothesis embedded in conventional seismic hazard analyses requires that complex earthquake sequences 

be declustered, i.e. reducing multiple shocks to a single “parent” one (see Eroglu Azak et al., 2018, for a 

recent discussion on this topic and on the implications of this simplification). Guidoboni and Valensise 

(2015) maintain that over time this requirement reduced the emphasis on earthquake complexity, leading 

important shocks to be overlooked by historical research. 

Complex earthquake sequences challenge modern seismological wisdom in at least three 

independent ways. The first is probably the most intuitive and has to do with basic Civil Protection 

emergency applications, where it is crucial to assess the likelihood of a large aftershock following a major 

earthquake. The second concerns the crustal volume – or simply the fault length – involved by the 

earthquake ruptures, which by the end of the sequence may end up being much larger than the volume/length 

affected by the first mainshock: this may have critical implications for the assessment of residual hazard at 

regional scale, at least in a time-dependent perspective. The third has to do with the impact on buildings and 

infrastructures, which will inevitably be much more severe at the end of the sequence than after the first 

mainshock: somehow similarly to the previous case, this may have profound implications for the assessment 

of the “residual vulnerability” of the built environment during the sequence or at its end. 

# Date Locality Mw Intensity Fault type Multiple 

1 1968, 14 Jan Valle del Belice 6.4 X Thrust Yes 

2 1976, 6 May Friuli 6.4 IX-X Thrust Yes 

3 1978, 15 Apr Golfo di Patti 6.0 VIII Strike-slip No 

4 1979, 19 Sep Valnerina 5.8 VIII-IX Normal No 

5 1980, 23 Nov Irpinia-Basilicata 6.8 X Normal Yes 

6 1984, 7 May Appennino abruzzese 5.9 VIII Normal Yes 

7 1990, 5 May Potentino 5.8 VII Strike-slip Yes 

8 1997, 26 Sep Umbria-Marche Apennines 6.0 IX Normal Yes 

9 2002, 6 Sep Palermo 5.9 VI Thrust No 

10 2002, 31 Oct Molise 5.7 VII-VIII Strike-slip Yes 

11 2009, 6 Apr L’Aquila 6.3 IX-X Normal No 

12 2012, 20 May Emilia 6.1 VIII Thrust Yes 

13 2016, 24 Aug Amatrice-Central Apennines  6.0 X-XI Normal Yes 

Table 1. Summary of the 13 largest crustal Italian earthquakes sequences (MW ≥ 5.7) of the past 50 years (1968-2018: data from 

CPTI15 except for the 2016 Central Apennines sequence). Only the first significant shock is reported. Nine out of 13 of these 

sequences were multiple or complex events, i.e. they were characterized by at least two mainshocks whose magnitude is within 0.3 

units of each other. As each sequence included at least two – but also more – individual earthquakes above the given magnitude 

threshold, the total number of events considered in this exercise is nearly 30. 
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Many examples from recent and historical earthquakes demonstrate that these three conditions have 

already had – and certainly will have again in the future – enormous practical implications; yet, so far 

modern seismology has been very slow in recognizing the importance of earthquakes not coming isolated, 

but rather in more or less complex sequences. 

But just how frequent are complex earthquake sequences? Table 1 provides an overview of the 

Italian case, showing that out of 13 sequences that occurred over the past 50 years, nine were positively 

complex, i.e. two thirds of the sample. Guidoboni and Valensise (2015) analyzed the same issue using a rich 

sample of well investigated historical earthquakes from central Italy, spanning an interval between the 

beginning of the 14th century and present times, and concluding that some sort of complexity is evident in at 

least 50% of the cases analyzed. But if we look at CPTI15 (Rovida et al., 2016), the official earthquake 

record for Italy, and count the number of sequences that are known or accepted to be complex, this ratio 

drops to 25%. This very simple calculation alone suggests that many complex earthquake sequences have not 

yet been recognized as such. 

 What happens if we misidentify a complex earthquake sequence for a single event, perhaps followed 

by a standard sequence of aftershock following the Omori decay law (Omori, 1894)? As shown by countless 

historical cases, such an oversimplification may have drastic consequences on all aspects of the seismic 

hazard assessment and risk mitigation chain. For example, in the historical record these earthquakes may 

appear larger or smaller than they were in reality, or their location may appear different from the actual one, 

depending on a number of elements which include: 

 the difference in the origin time of the different shocks; 

 the difference in the location of the different shocks; 

 the difference in magnitude between the largest and the second largest shock; 

 the number of similarly-sized shocks; 

 the historical period within which they occurred; 

 the density of population in the affected area; and 

 the quantity and quality of the available historical reports. 

 The devastating 1456 earthquake, which has long been considered the most significant sequence to 

have ever occurred in Italy, comprises a very good example of these circumstances and of how we can cope 

with them. The sequence began on 5 December with a large shock that hit a broad portion of the southern 

Apennines straddling the Irpinia and Sannio areas (Magri and Molin, 1983; Meletti et al., 1988; Gruppo di 

Lavoro CPTI, 2004; Guidoboni and Comastri, 2005). The first destructive shock also affected Naples – then, 

the capital city of the Regno delle Due Sicilie or Kingdom of the Two Sicilies – and its hinterland, along with 

numerous large localities throughout the medieval infrastructure of the Regno (Cozzetto, 1986). The whole 

month of December was punctuated by large aftershocks that eventually culminated in a further destructive, 

possibly rather large earthquake on 30 December (Guidoboni and Comastri, 2005). This new shock affected 

the Molise and Abruzzo regions to the north – likely including an additional damaging event in mid-eastern 

Abruzzo on the same day – far away from the meizoseismal area of the 5 December shock (Gruppo di 

Lavoro CPTI, 2004; Guidoboni and Comastri, 2005). The sequence continued well into 1457, but it rapidly 

lost momentum and ceased after a few months (Magri and Molin, 1983; Meletti et al., 1988; Guidoboni and 

Comastri, 2005). 

 The 1456 seismic crisis has long proven to be a major puzzle in Italy’s long seismic history, 

punctuated as it is by major destructive sequences in the magnitude range 6.8-7.2 every fifty years on 

average (Rovida et al., 2016; Guidoboni et al., 2018). What often remains hidden in the cumulative and 

clustered data nestled in conventional earthquake catalogues is precisely the complexity of long and 

destructive earthquake sequences, for a number of reasons starting with the already mentioned 

oversimplification of SHA-oriented catalogues. To begin with, there is an implicit trade-off among epicentral 

location, magnitude estimate, and identification of sub-events, if any (e.g. Gasperini et al., 1999; Pasolini et 

al., 2008a, 2008b; Gasperini et al., 2010). Moreover, meizoseismal areas are generally expected to exhibit a 

discernible and somehow regular damage distribution pattern, with a peak representing the epicentral area 

and a progressive attenuation toward far-field areas (Gasperini et al., 1999). While attenuation laws are 

meant to explain such macroseismic patterns as faithfully as possible (e.g. Bakun and Wentworth, 1997; 

Gasperini et al., 1999; Gasperini, 2001; Pasolini et al., 2008a, 2008b; Gasperini et al., 2010), anomalously 

large meizoseismal areas, showing large intensities over regions much broader than expected, may push 
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magnitude estimates to levels that are unrealistic for a single shock. 

 The experience with large earthquakes shows that any irregularities in the shape and extent of 

meizoseismal areas can be the norm, depending on various factors and on their potential interactions: these 

factors include the topography (i.e., the spatial arrangement of mountain ranges and lowlands), the pattern of 

population density (i.e., generally larger on valley floors than in mountainous areas), and some 

characteristics of regional geology (i.e., differential attenuation between basin and foreland, etc.) (e.g., 

Fracassi and Valensise, 2007; Fracassi et al., 2012, and references therein). On top of this inevitably lies the 

limited reliability of historical sources for the oldest known earthquakes, often the most crucial for the 

correct understanding of the earthquake potential of a given region; due to a number of socio-economic and 

political reasons regarding the region affected by the event, its effects may have been documented unevenly 

throughout the meizoseismal area (Guidoboni and Comastri, 2005; Fracassi and Valensise, 2007; Guidoboni 

and Ebel, 2009; Guidoboni et al., 2018). 

 Finally, anomalously large meizoseismal areas, especially if doubtfully documented, can be deceptive 

and misguiding in the search for the causative source(s) of a large earthquake. This is especially true for the 

1456 sequence (Teramo et al., 1999), whose epicentral locations and magnitude estimates reported in earlier 

catalogs (Gruppo di Lavoro CPTI, 2004) were difficult to reconcile with the known seismogenic architecture 

of the central and southern Apennines (Valensise and Pantosti, 2001a; Valensise et al., 2004; DISS Working 

Group, 2006). It is now clear that the elusive macroseismic dataset, remarkably dependent on the linguistic 

subtleties of the contemporary historical sources (Guidoboni and Comastri, 2005), initially directed the 

identification of the seismogenic sources for the 1456 events quite astray. 

 

Fig. 15. Distribution of intensities caused by the 1456 earthquake sequence (modified from Fracassi and Valensise, 2007). Notice the 

extent of the region where MCS intensities >X (shown in red) were recorded: from the northwest to the southeast they are the 

northwestern slope of the Maiella Massif, the area northeast of the Matese Massif, between Isernia and Campobasso, and the Sannio 

area north and east of Benevento. The inset shows the isoseismals proposed by Meletti et al. (1988), which suggest the existence of 

three distinct meizoseismal areas. 

 Notwithstanding all these difficulties, and based on a revised intensity dataset supplied by Guidoboni 

and Comastri (2005), Fracassi and Valensise (2007) suggested that some key features of the macroseismic 

field of the 1456 sequence stand out rather clearly (Fig. 15): 
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1) the spatial distribution of the various localities throughout the intensity classes is rather inhomogeneous, 

virtually lacking intermediate damage datapoints (VII and VIII MCS); 

2) many localities that were severely damaged or totally destroyed occur spread out rather than spatially 

concentrated. This peculiar damage pattern is not seen in most of the earthquakes that have affected the 

central and southern Apennines and suggests that the documented damage is the result of the activation of 

independent – and possibly distant – sources, rather than of a single, very large earthquake; 

3) possibly for the same reason, localities bearing intensities above the damage level (> V-VI MCS) encircle 

a region that is much larger than that associated with any other destructive well-documented earthquake 

of the region - for instance, the 23 November 1980, Mw 6.8 event; 

4) unlike other strong earthquakes, the damage pattern lacks a prevailing azimuthal trend; rather, the core of 

the meizoseismal area (intensity > IX MCS) runs very irregularly from the NW to the SE (i.e., along the 

average trend of peninsular Italy) for ca. 180 km; and 

5) the most significant damage (intensity X MCS and larger) occurs in three sub-regions. 

 

Fig. 16. Chronological breakdown of the effects of the 1456-1457 earthquake sequence based on the writing style of the historical 

reports and on the ratio casualties/dwellers deduced from coeval historical references (data in Guidoboni and Comastri, 2005; 

summary and picture in Fracassi and Valensise, 2007). Notice that the dates are those reported on the respective manuscripts 

describing the effects of the different shocks, not the dates of the shocks; as such, they were written after the date of the shock(s) to 

which they refer. In panels a)-e) damage is dated progressively; (f) includes only damage found solely in a 1457 report and not 

reported in previous accounts (data from Gudoboni and Comastri, 2005). Contours include sub-regions with peak intensities and 
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epicentral areas, except for coastal Apulia (easternmost part of the map in f)). Datapoints with associated intensities indicate 

localities that possibly suffered from multiple events. 

Based on a critical review of the information nestled in the historical sources, a closer inspection 

conducted by Guidoboni and Comastri (2005) with specific reference to the timing of the information proved 

that the damage distribution could be separated into discrete time windows throughout the sequence (Fig. 

16). Despite some uncertainties in the exact dating, in part due to the inherent delay of the historical records, 

Fracassi and Valensise (2007) proposed that the sequence propagated progressively northward from the 

onset of the first mainshock on 5 December to the rest of the month, with a peak on 30 December. This 

finding proved crucial and rather insightful, as it shed unexpected light on the apparent progression of the 

sequence. It also suggested that specific sub-areas experienced heavy damage also due to the superposition 

of two or more sub-events: a further element of caution in assessing the magnitude of the largest shocks of 

the sequence. 

 Based on this fully renovated historical background for the 1456 earthquake sequence, Fracassi and 

Valensise (2007) attempted to assign all identified subevents to known or not-so-well known potential 

earthquake sources. They initially focused on the three main sub-regions of the macroseismic field, which 

were seen to fall in-between the main extensional axis of the Apennines, to the west, and the Apulian 

foreland, to the east. This regional geological constraint led the search for the causative source of the three 

main sub-events of the 1456 sequence away from the seismogenic model commonly accepted prior to 2007. 

Based on seismogenic sources mapped at that time (DISS Working Group, 2006), it was quite difficult to 

find room for faults stretching along the axis of the Apennines and large enough to accommodate 30 km-

long ruptures. The seismotectonic wisdom was then still dominated by the 23 November 1980 earthquake, a 

typical ridge-top normal faulting event, leading to the obvious question: “Have the large, Irpinia-like 

extensional faults anything to do with the 1456 sequence?”. 

 

Fig. 17. Seismogenic sources proposed by Fracassi and Valensise (2007) for the three largest sub-events of the 1456 earthquake 

sequence (shown red, A through C, in order of occurrence). The line adjacent to the box (length-wise) indicates the surface projection 

of the fault plane; the small arrow (inside the rectangles) shows the motion of the fault hangingwall relative to the footwall (rake). 

The four large arrows (black & white) show the orientation of the horizontal stress (from Montone et al., 2004). Published 

seismogenic sources associated with the largest historical and instrumental earthquakes (in yellow: years of occurrence next to faults) 

are from DISS Working Group (2006). The lower-left inset shows the proposed source parameters for faults A, B and C, computed 

using empirical (Wells and Coppersmith, 1994) and analytical (Kanamori and Anderson, 1975) relationships. The upper-right inset 

outlines the relationships among all geometrical source parameters. From Fracassi and Valensise (2007). 

 Fracassi and Valensise (2007) proposed a three-events hypothesis (from SE to NW) that highlighted a 
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peculiar ca. E-W damage pattern, at least for the southern and central Apennines sub-areas. They argued that 

other recent Italian earthquakes that occurred in the same general region had been generated by roughly E-

W, strike-slip to transtensional seismogenic sources: such is the case of the 23 July 1930, Mw 6.7 Irpinia 

earthquake (Pino et al., 2008), of the 5 May 1990, Mw 5.8 Potentino earthquake (Boncio et al., 2007) and of 

the 31 October-1 November 2002, Mw 5.7 Molise twin earthquakes (Vallée and Di Luccio, 2005). The 

evidence represented by such models, along with the reinterpretation of sub-surface data (e.g., Sawyer, 2001; 

Nicolai and Gambini, 2007), led Fracassi and Valensise (2007) to hypotesize three distinct causative sources 

that could explain rather convincingly the characteristics of the 1456 sub-events (Fig. 17). 

 According to their model, the central and southern Apennines are criss-crossed by NW-SE trending 

normal faults, which are comparatively shallow (<14 km depth) and lie along the main extensional axis of 

the southern Apennines, and by E-W trending faults, which lie deeper (>14 km depth) and exhibit right-

lateral strike-slip or oblique kinematics and affect the Apulian foreland. Oblique slip on ca. E-W trending 

fault planes proposed for the three 1456 sources indicates a transition from a purely extensional domain to 

the west (such as that documented by the 23 November 1980, Mw 6.8, Irpinia earthquake) to purely strike-

slip kinematics in the foreland (such as that documented by the already mentioned 1990 and 2002 multiple 

earthquakes). The strong 23 July 1930, Mw 6.7 northern Irpinia earthquake (Pino et al., 2008) can be 

interpreted as evidence for this transition between distinct kinematic domains. The E-W oriented faults 

known in the subsurface cut the top of the Apulian platform (data from Sella et al., 1988; Sawyer, 2001; 

Nicolai and Gambini, 2007). 

 In summary, the seismogenic sources devised by Fracassi and Valensise (2007) as the causative 

sources of the 1456 earthquakes are (Fig. 17): 

 Source A (Ariano Irpino); is broadly associated with the early, southernmost part of the 1456 sequence. It 

holds the potential to generate Mw 6.9 earthquakes, consistent with the effects of the large 5 December 

mainshock (see panel a) in Fig. 16); 

 Source B (Frosolone): it is thought to have caused the largest cumulative damage in the central portion of 

the sequence, corresponding to the largest 30 December earthquake, having an estimated Mw 7.0 (see 

panel d) in Fig. 16); 

 Source C (Tocco da Casauria): the smallest of the three proposed sources, with an assumed potential for 

Mw 6.0 earthquakes. It is thought to have slipped soon after the 30 December mainshock, possibly on the 

very same day, and could explain the damage seen in the northernmost portion of the region globally 

affected by the 1456 sequence (see panel d) in Fig. 16). 

 The cumulative seismic moment of sources A, B, and C is M0 6.84E+19 Nm, equivalent to a single 

Mw 7.15 event, were all this moment released in a single mainshock. A lesson learned from this earthquake is 

that the source complexity concealed within an ancient, devastating yet puzzling seismic crisis may lead to: 

 overestimating the total seismic moment released, if late sub-events occurred away from the mainshock; 

under these circumstances, the cumulative earthquake impact may extend over a much broader region 

with respect to the impact of a single earthquake, even if its seismic moment is larger than the sum of all 

sub-events; 

 underestimating the total seismic moment released, if further events occurred close in time and space to 

the mainshock, e.g. within a fault length, resulting in poor estimation of the damage suffered and thus in a 

sort of “intensity saturation”; 

 an attempt to associate multiple events into a single, unrealistically large source that makes no sense from 

the point of view of seismotectonics, rather than to multiple, geologically-realistic smaller sources. In its 

turn this may lead to poor understanding of the seismogenic sources that affect the region, also in relation 

to any existing strain data, and thus to a misrepresentation of its earthquake potential. 

 The experience with the investigations of the 1456 earthquake sequence also illustrated the need to 

question existing seismotectonic models, changing our approach to seemingly established wisdom; in fact, 

historical earthquakes are often useful to devise unsuspected tectonic mechanisms that may greatly 

contribute to an improved understanding of the recent geological evolution. It is exactly in this perspective 

that the investigations on the 1456 earthquake sequence motivated a reconsideration of the regional 

seismogenic model (DISS Working Group, 2018), leading to the introduction of a further set of seismogenic 

sources that explain other poorly understood earthquakes affecting the eastern (Adriatic) flank of the central 

and southern Apennines. 
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5. Assessing the total rupture length: the 1857, Val d’Agri earthquake 

Open question:  What is the total length of the causative fault(s) of the 1857 southern Italy earthquake? 

Approach:  Using historical and geological evidence jointly to identify discrete source areas. 

What we learned:  The 1857 earthquakes comprise two main subevents that ruptured 2-3 minutes apart, 

totaling a fault length of nearly 50 km. 

 

 The Mw 7.1 Basilicata, Southern Italy, earthquake is one of the largest of the Italian seismic history. It 

caused extensive damage over an exceptionally large area, with macroseismic intensities larger than VIII 

MCS reported over a region in excess of 5,000 km2 and extending for about 100 km along the crest of the 

Southern Apennines, the southeast of the region hit by the 23 November 1980, Mw 6.8, Irpinia earthquake 

(Guidoboni et al., 2018). Intensities X MCS and above were reported over a 900 km2 region that includes 

four distinct intermountain tectonic valleys and basins, which from north to south are: 1) Melandro-Pergola 

Valley (MPV), 2) Vallo di Diano Basin (VDB), 3) High Agri River Valley (HAV), and 4) Sant’Arcangelo 

Basin (SAB) (Fig. 18). These observations alone suggest the activation of a complex system of seismogenic 

sources or highlight the occurrence of extensive site effects that locally enhanced the seismic shaking (e.g. 

Mucciarelli et al., 1999; Gallipoli et al., 2003), or a combination of these two end-members. 

 

Fig. 18. Intensities reported by CFTI5Med for the 1857 earthquake. 

 The 1857 event stands out among all other historical earthquakes, both Italian and worldwide, for 

having been the object of what is generally considered the first modernly scientific seismological 

investigation. The investigation was largely based on a long, extensive and dangerous field survey conducted 

by the Irish engineer Robert Mallet, who is not only considered the founder of modern earthquake science 

but is also the person who coined the very word “Seismology”. The survey, funded with a grant from the 

Royal Society of London, started in January 1858; its outcomes were described in detail in a report published 

in 1862 that is still considered as one of the most important contributions to the early development of 

seismology (Mallet, 1862; Ferrari and McConnell, 2005). It was recently republished both in Italian and 

English (Guidoboni and Ferrari, 1987; Melville and Muir-Wood, 1987; Ferrari, 2004), and includes detailed 

descriptions of the distribution of damage, observations and theories about the effects of the earthquake on 

the built environment, and hypotheses on its source parameters. It also includes several stereoscopic 
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photographs taken by two French photographers (Alphonse Bernoud and Claudio Grillet, wrongly referred to 

by Mallet as “Grellier”) and illustrating both the landscape of the area struck by the earthquake and details of 

the damaged buildings. The 1857 was also the first earthquake in history to be investigated in detail through 

such new technological tool (Ferrari and McConnell, 2005). 

 During his month-long journey through the epicentral area of the 1857 earthquake Robert Mallet 

investigated the local geology, using cross-sections and maps, and recorded information on the damage 

sustained by buildings, and specifically concerning the alignment and inclination of cracks opened in the 

walls, the direction of fall of chimneys and columns, and the rotation of objects. He collected these 

macroseismic observations not only for locating the earthquake, including its focal depth, and to assess its 

overall severity but also to analyze in detail several other parameters of seismological and engineering 

significance. 

 

Fig. 19. Route followed by Robert Mallet during his field survey and main localities inspected within the Vallo di Diano Basin 

(VDB) and the High Agri River Valley (HAV: from Ferrari and McConnell, 2005, redrawn). Note that Mallet did not visit the 

Melandro-Pergola Valley (MPV), which according to Branno et al. (1983) was struck by a strong foreshock (see text and Fig. 21), 

nor the Sant’Arcangelo Basin (SAB), where some localities suffered an intensity X. Besides, while crossing the Maddalena 

Mountains (MM) to reach the High Agri River Valley (HAV) from the Vallo di Diano (VDB), he may have not intercepted the 

Monti della Maddalena fault system, along which surface faulting effects are assumed to have occurred (Maschio et al., 2005). 

 Mallet started his journey in January 1858 from Naples. Hence approaching the epicentral area from 

the west. He first traveled through the northern end of the Vallo di Diano (VDB), where he spent a 

considerable amount of time inspecting the heavily damaged village of Polla; then crossed the Maddalena 

Mountains (MM in Fig. 19) to reach the High Agri Valley (HAV), considered as the true meizoseismal area 

of the 1857 earthquake (see Figs. 19, 20). Despite its magnitude, presumably larger than that of the surface-

faulting 1980, Irpinia earthquake, which occurred a few tens of kilometers to the northwest, during his visit 

Mallet did not describe any ground breaks that could be positively ascribed to surface faulting. This “missing 

evidence” may have different explanations, such as: (a) the road followed by Mallet during his journey runs 

perpendicular to the presumed strike of the fault, hence it crossed the fault only once, at a location where 

fortuitously no surface break was visible; (b) the surface breaks were hidden by the extensive snow cover of 

the mostly mountainous landscape; or (c) the earthquake was caused by a blind, or at least hidden fault. This 

latter option would be shared with other nearby seismogenic sources, and in particular with that responsible 

for the 1980 earthquake (Pantosti and Valensise, 1990; Valensise and Pantosti, 2001a). Altogether these 

circumstances spurred a long-standing scientific debate on the actual location and geometry of the source of 
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the 1857 earthquake; the majority of investigators proposed its occurrence along a 30 km-long stretch of the 

High Agri Valley as this was the most heavily damaged area, although intensity X damage was suffered also 

by localities of the Vallo di Diano and Sant’Arcangelo basins. 

 The hypotheses put forward in the literature differed for the location (e.g. along the SW or NE side of 

the High Agri Valley, respectively implying a fault dipping to the NE or to the SW), for the geometry, for 

the kinematic and for the total length of the coseismic rupture: all parameters that can only be loosely 

inferred from historical evidence (for a review see DISS Working Group, 2018). Only in relatively recent 

times, combined morphotectonic, paleosismological and geophysical studies highlighted the occurrence of 

NE-dipping normal fault system running along the crest of the Maddalena Mountains. This system is 

believed to have controlled the recent evolution of the basin (Maschio et al., 2005). The activity of this 

system is supported by at least three surface faulting events during the very Late Pleistocene (<20 ka) and 

Holocene (Improta et al., 2010), while structural and geomorphological analysis ruled out the current activity 

of a set of normal faults running along the eastern slope of the valley (Bucci et al., 2013). In summary, all 

active tectonics evidence suggests that the 1857 earthquake was caused by normal faulting along a 

northwest-trending plane belonging to the well-known trend running along the Apennines crest (Pantosti and 

Valensise, 1988; DISS Working Group, 2018; see also Section 3) and with a tectonic style similar to that of 

the 1980 earthquake. 

 

Fig. 20. Meizoseismal region of the 1857 earthquake as reconstructed by Mallet (1862: see map A) – same as in Fig. 4 – and 

seismogenic sources derived for the 1857 earthquake (see also Section 2). The map shows the two largest intensity isoseismals, 

roughly corresponding to MCS intensity XI and X, each one outlined by a dot-and dash contour. It also shows 177 P-wave paths 

inferred from the damage observed in 78 individual localities, and the 1-mile radius circle within which 32 wavepaths meet, which 

corresponds to Mallet’s proposed epicenter (shown by a solid white star). See text for further details. The Melando-Pergola 

(ITIS010) and the Agri Valley (ITIS008) individual seismogenic sources from the DISS database (v. 3.2.1: DISS Working Group, 

2018) are also shown for reference. From Mallet (1862), modified. 

 In contrast with this apparently simple seismotectonic explanation (i.e. the activation of an individual 

extensional seismogenic source along the axis of the principal mountain chain), the historical accounts of the 

1857 earthquake point to a substantially more complex faulting scenario. This scenario is partly suggested 

and partly constrained by the following clues, originally discussed in Burrato and Valensise (2008); 

1) the extensive damage over an exceptionally large area, extending well beyond the High Agri Valley 

where the seismogenic source has been traditionally sought for (Figs 18, 20); 
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2) the magnitude estimated from the macroseismic field is Mw 7.1 (CPTI15 Catalogue, Rovida et al., 2016), 

which ranks the 1857 earthquake among the top three largest events of the whole Italian historical record; 

3) the occurrence of a significant foreshock of estimated magnitude 6.0 or larger about 2 min before the 

mainshock (Fig. 21). According to Branno et al. (1983), this shock produced considerable damage in an 

area located to the north of High Agri Valley and roughly corresponding with the Melandro-Pergola 

Valley and its surroundings. This area falls entirely within the largest intensity isoseismal as mapped by 

Mallet in 1858, and almost entirely within the intensity X area; 

4) the epicentral location calculated by Mallet using his own estimates of the direction of the P-wave ray 

paths, based on observations of fallen monuments and buildings and on the direction of opening and 

inclination of cracks in the walls (white star in Fig. 20). 

 

Fig. 21. Map showing the area where the foreshock was strongly felt (highlighted with diagonal bands: from Branno et al., 1983, 

redrawn). Type 1 and 2 localities are those where people were able to clearly separate the foreshock from the mainshock (solid 

circles and solid squares, respectively); Type 3 localities are those where only one large shock was felt; Type 4 are localities were 

impossible to evaluate. The map shows also Quaternary basins (outlined by a gray pattern), the DISS seismogenic sources (same as 

in Fig. 20), and Mallet’s proposed epicenter (shown by a star: see Fig. 20). Valleys and basins: MPV, Melandro-Pergola Valley; 

SAB, Sant’Arcangelo basin; HAV, High Agri valley; VDB, Vallo di Diano Basin. Localities: BA, Balvano; MN, Marsico Nuovo. 

From Burrato and Valensise (2008), modified. 

Damage distribution 

 Besides potentially highlighting local site effects, the extensive damage recorded outside the High 

Agri Valley (Figs. 18, 20) is indeed an indication that the source of the earthquake extended also outside this 

intermountain tectonic basin, which has a limited length and cannot accommodate a seismogenic fault that is 

longer than about 25-30 km. But in which direction might the source of the 1857 earthquake extend? To the 

northwest, the Melandro-Pergola Valley extends within a few km between the northern end of the High Agri 

Valley and the southern end of the rupture of the 1980 Irpinia earthquake, well constrained by seismological 

and geodetic evidence and by the extent of surface ruptures (Pantosti and Valensise, 1990). The Melandro-

Pergola Valley is believed to host a 15-20 km long normal fault similar in style to those underlying the two 

adjacent areas (Moro et al., 2007). The area was affected by the 1857 earthquake, but not as much as the 

High Agri Valley. On these grounds it was believed not to have ruptured in 1857, and therefore to comprise 

a seismic gap between two large faults that ruptured in recent times; the perfect candidate for an impending, 

Mw 6.0-6.5 earthquake, an option explicitly considered by Lucente et al. (2005). 
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Fig. 22. Cascade-style rupture proposed by Burrato and Valensise (2008) for the 1857 earthquake. The stars marked with 1 and 2 are 

Mallet’s epicenter of the first shock (see Fig. 20) and the proposed nucleation for the second shock, respectively. The arrows show 

the hypothesized rupture directivity, which could explain the anomalously large damage in the southeastern portion of the felt area 

and up to the Sant’Arcangelo Basin (SAB). The Quaternary basins are highlighted in dark gray, the area that experienced 

macroseismic intensity X and higher is delimited with a dashed line, while the area where the foreshock was strongly felt is 

highlighted by a dotted marking. 

 Another small group of towns that experienced IX and X MCS intensities are located off the 

southeastern end of the fault, in the Quaternary thrust top basin of Sant’Arcangelo, and according to other 

investigators (e.g. Mucciarelli et al., 2007) may highlight the activation of another local fault source. 

However, these localities are separated from the High Agri Valley by a 10-15 km-long gap displaying lower 

intensities, and the only nearby evidence of an active structure, the strike-slip Scorciabuoi Fault (Caputo et 

al., 2008) is not structurally connected and kinematically compatible with the active extensional trend of the 

High Agri Valley fault. All in all, these observations may indicate that the heavy damage was due to local 

site amplifications combined with rupture directivity toward the southeast. 

 

Data source I0 Imax M Notes 

Branno et al. (1983) X --- 6.84 
For the entire sequence, based on felt area following 

the method proposed by Galanopoulos (1961) 

CPTI15 

(Rovida et al., 2016) 
XI --- 7.1 

Mw (macroseismic magnitude obtained from 

intensities using the Boxer code) 

CFTI5Med 

(Guidoboni et al., 2018) 
XI XI 7.0 

Mw (macroseismic magnitude obtained from 

intensities using the Boxer code) 

Table 2. Summary of available magnitude estimates for the 1857 earthquake. 

 

* Assumes an average coseismic slip of 1.5 m for similarity with the adjacent causative fault of the 23 November 1980 earthquake. 

**  Based on M0 following Hanks and Kanamori (1979). 

*** Based on fault area following Wells and Coppersmith (1994). 

Table 3. Summary of fault dimensions for the potential causative sources of the 1857 earthquake (from DISS database v. 3.2.1: DISS 

Working Group, 2018). 

Source name/ 

DISS code 

Fault 

Length 

(km) 

Fault 

Width 

(km) 

Maximum 

faulting depth 

(km) 

Expected M0 

(N/m)* 

Expected 

Mw** 

Expected 

Mw*** 

Melandro-Pergola 

ITIS010 
17.9 11.3 10.8 9.4E18 6.6 6.3 

Agri Valley 

ITIS008 
23.0 13.5 12.7 1.4E19 6.7 6.5 

Both  41.0 13.5 12.7 2.6E19 6.9 6.7 
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Magnitude and rupture length 

 Table 3 summarizes the magnitudes available for the 1857 earthquake. The Mw 7.1 magnitude 

calculated using modern automatic analyses of intensity data for the CPTI15 catalogue, the reference 

compilation for Italy (see Section 2 and Table 2), implies a rupture length of more than 50 km. The 

Melando-Pergola Valley and High Agri Valley seismogenic sources that are listed in the DISS database 

(DISS Working Group, 2018) measure about 45 km end to end, and their moment magnitude obtained from 

the Hanks and Kanamori’s (1979) equation for converting the seismic moment into Mw is 6.6 and 6.7, 

making a compounded magnitude equal to 6.9 (see Table 3). For this calculation the seismic moment was 

obtained considering the length and width of the two faults (Table 3), the latter inferred from the thickness of 

the seismogenic layer and assuming coseismic slip similar to that of the nearby 1980 earthquake (Burrato 

and Valensise, 2008). From these figures Burrato and Valensise (2008) argued that even rupturing both 

faults in a single large earthquake, the resulting magnitude would be smaller up to 0.2 magnitude points than 

the estimate obtained from intensity data, and that the seismogenic source(s) (see following section) of the 

1857 earthquake may have ruptured both the Melandro-Pergola Valley and High Agri Valley fault segments. 

Multiple shocks 

 The information about the timing of the mainshock and of a strong foreshock, along with the 

reconstruction of the macroseismic intensity field by Branno et al. (1983), are evidence that the 1857 

earthquake was characterized by a complex rupture scenario involving the activation of at least two adjacent 

fault segments. Most likely these two faults correspond with the Melandro-Pergola Valley and High Agri 

Valley, based on where the first shock was felt and on the overall the damage distribution (Fig. 20). As we 

have discussed in Section 4, multiple earthquakes are a common occurrence in Italian seismic history, as also 

shown during the recent 2012 and 2016 sequences, although the time lapse between subsequent shocks may 

vary from few seconds to months. To reinforce this hypothesis, it is worth noticing that the 1980 Irpinia 

earthquake itself was a complex event caused by the rupture of two adjacent segments plus an antithetic fault 

within a 50 s time interval (Bernard and Zollo, 1989; see also ITIS077, ITIS078, ITIS079 in DISS Working 

Group, 2018). 

Mallet’s epicentral location 

 The epicenter determined by Mallet is perhaps the most compelling evidence that the 1857 earthquake 

was a complex event and that very likely it ruptured also the Melandro-Pergola Valley fault section. Mallet 

investigated the earthquake focal parameters making observations related to the wavepath direction and their 

angle of emergence (177 in 78 localities). Based on these data he developed a method to calculate the 

location and depth of the earthquake focus, i.e. the locus of the Earth crust from where the seismic energy 

originated. Mallet found that 16 wavepaths met within a circle having a radius of 500 yards (about 450 m), 

and 32 wavepaths fell within a circle of one mile (about 1,850 m) located at the northern end of the region of 

largest damage near Caggiano (partially hidden by the white star in Fig. 20) and within 5 km of the northern 

end of Melandro–Pergola seismogenic source (ITIS008). He calculated that the hypocentral depth falls in the 

range 5.1 and 15.7 km, an estimate that is broadly consistent with the hypocentral depth of the 1980 Irpinia 

earthquake and that falls within the depth of maximum seismic release in the Southern Apennines. 

 Based on the previous line of evidence stemming from the historical account of the 1857 earthquake 

provided primarily by the work of Robert Mallet, Burrato and Valensise (2008) suggested that the 

earthquake was caused by the cascade-style rupture of two adjacent, normal fault segments that together 

form a 45 km long seismogenic source. These two faults are aligned and kinematically compatible and are 

optimally oriented for an efficient triggering by Coulomb stress transfer. According to their scenario, the 

rupture started at the northern end of the area of largest damage (i.e. from near the epicenter calculated by 

Mallet) and propagated unilaterally southeastwards involving first the Melandro-Pergola Valley fault and 

then the larger High Agri Valley fault (Fig. 22). This scenario clearly contradicts the seismic gap hypothesis 

for the Melandro-Pergola Valley, drastically reducing the local seismic hazard, at least in a time-dependent 

perspective. 
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6. Dealing with blind faulting: the 1930 Senigallia earthquake 

Open question:  Can we rely on intensity data to assign an earthquake to its blind causative fault? 

Approach:  Using historical, instrumental and geological evidence to establish the earthquake 

tectonic style and constrain its source onto one of multiple faults highlighted by 

exploration seismology. 

What we learned: The 1930 earthquake was caused by slip on a thrust fault between 4 and 7.5 km depth.  

 

 On 30 October 1930 a Mw 5.8 earthquake hit the central Adriatic coastal zone, an area presently 

affected by moderate seismic activity (Fig. 23).  

 From 11 to 18 November 1930 Italian seismologist Emilio Oddone visited the epicentral area to 

investigate the effects of the event (Oddone, 1931). He attributed MCS intensities to all visited localities, 

then outlined isoseismals on the grounds of his own observations and on the damage assessment carried out 

by the Genio Civile (the Italian civil engineering administration). Notice that the original damage data 

reported by the Genio Civile after the 1930 earthquake, and formerly preserved in the Genio Civile Archive 

in Ancona, have been lost due to the bombing during World War II (Molin and Mucci, 1992). Nevertheless, 

these data have come to us thanks to the paper by Oddone (1931). 

 The earthquake caused its largest effects in Senigallia, a relatively small seaside town that had 

suffered in intensity VII-VIII following the 2 January 1924, Mw 5.3 Mondolfo earthquake, located just a few 

km to north. It is likely that the most vulnerable buildings had been already rebuilt or retrofitted as a result of 

that earthquake, and by 1930 the building stock of Senigallia was considered of relatively good quality 

(Oddone, 1931). In spite of these circumstances, 318 houses collapsed or became uninhabitable and 2,000 

were severely damaged. Total collapses and numerous unsafe houses were reported in Ancona, 20-25 km to 

the southeast, and in all neighboring areas (Fig. 23). The 1930 earthquake killed 18 people, 14 in Senigallia 

and 4 in Ancona (Oddone, 1931; Molin and Mucci, 1992; CFTI5Med, Guidoboni et al., 2018), and was 

followed by a sizeable tsunami (I = 4; strong, according to the Sieberg-Ambraseys scale; Pasarić et al., 

2012). The tsunami cut a steamer loose from its moorings and was detected by all crews in the Ancona 

harbor (Guidoboni et al., 2018). 

 

Fig. 23. Macroseismic intensities of the 30 October 1930 earthquake (CPTI15, Rovida et al., 2016) expressed using the (MCS) scale. 

The blue star shows the epicenter calculated by Oddone (1931) using the method developed by Mallet (1862). The macroseismic 

epicenter with its ellipse of uncertainty was calculated by Vannoli et al. (2015a) through the latest release of the Boxer code 

(Gasperini et al., 2010). The black box represents the intensity-based (macroseismic) seismogenic source, also computed using the 

Boxer code. 

 Vannoli et al. (2015a) used the Boxer code (Gasperini et al., 1999, 2010: see discussion in Section 2) 

and the available intensity data to derive the essential source parameters of the 1930 earthquake, including its 

location, magnitude, source orientation and size, along with the associated uncertainty estimates (Fig. 24). 
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The latest release of Boxer provides seven methods for calculating the macroseismic epicenter. The preferred 

method for the 1930 earthquake (method 0, see Vannoli et al., 2015a) is based on the size of the area 

encompassed by the largest intensities, and the associated formal uncertainty corresponds to the standard 

deviation of the parameter averages. Bootstrap simulations allow the empirical uncertainties to be quantified 

(see uncertainty ellipse in Fig. 24). 

 
Fig. 24. Geological sketch of the coastal area showing the Senigallia geological source (red box) and other seismogenic sources from 

the DISS database (black boxes): 1) Pesaro San Bartolo; 2) Fano Ardizio; 3) Mondolfo; 4) Conero offshore (DISS Working Group, 

2018; http://diss.rm.ingv.it/diss/). A blue box shows the macroseismic (i.e. intensity-based) source. The coastal anticline and the 

thrust fronts are shown in white and brown, respectively (Bigi et al., 1992). A yellow dashed line indicates the trace of the profile in 

Fig. 25. Black contours show the area of expected coseismic uplift and subsidence caused by the blind geological fault based on the 

Okada (1985) elastic dislocation code. Right inset: preferred rupture plane (thick black line) resulting from moment tensor inversion 

(Vannoli et al., 2015a). Left inset: parameters of the two sources obtained from geological investigations and macroseismic 

elaborations. 

 

Fig. 25 Comparison between the geometry of the expected displacement field produced by the seismogenic fault (above) and the 

anticlinal structure shown in the cross section resulting from seismic reflection line supplied by ENI. (below). Trace of the cross-
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section is shown in Fig. 24. L1: short-wavelength folds (0.5-1.0 km); L1/L2: upper detachment; L2+L3: long-wavelength (~ 15 km); 

L3/L4: lower detachment (modified from Basili et al., 2007). 

The Senigallia earthquake did not cause surface ruptures, and in the central Adriatic coastal area the 

rivers seemingly flow undisturbed through the poorly consolidated and easy erodible marine Plio-Pleistocene 

formations. The outer thrusts of the northern Apennines propagated toward the Adriatic offshore, through a 

system of NW-SE trending anticlines driven by SW-dipping thrust faults running parallel to the coastline 

(Fig. 24). Exploration seismology highlighted the architecture of this blind thrust system and the depth of the 

basal decollement of the thrusts (4-9 km) that controls the development and the wavelength of the anticlines 

(Vannoli et al., 2004, 2015a and references therein; Fig. 25). 

Several geomorphic features, such as river terraces converging downstream and warped terrace treads, 

suggest that these folds are still growing. In particular, the longitudinal profiles of the Misa and Esino rivers 

are warped where they cross the anticlinal coastal axis (Fig. 26). Since the deformed alluvial terraces are 

youthful geological features, the warping processes must be considered active (Vannoli et al., 2004). This is 

supported by the peculiar behavior of the rivers near the coast. The present-day Esino channel is largely 

entrenched on the southeastern side, and the northwestern wall of this valley is draped by a full series of 

fluvial terraces - while only a few remnants are preserved on the opposite side. In addition, a sequence of 

coastal terraces appears to be tectonically warped and tilted. These local-scale deformations can be due to 

avtive blind thrust faults that control the growth of the coastal anticlines. The proposed slip rate for these 

faults ranges between 0.24-0.36 mm/yr (Vannoli et al., 2004) and 0.37-0.52 mm/yr (Maesano et al., 2013), 

based on geological observations of displaced Late-Pleistocene and Plio-Pleistocene markers, respectively. 

 

Fig. 26. Comparison between the geometry of the expected displacement field produced by the seismogenic fault (below) and the 

inner edge elevations (above) of the Middle-Late Pleistocene fluvial terraces of the Misa River, on which Senigallia is built, and the 

Esino River, located 15 km more to the southeast, halfway between Senigallia and Ancona (modified from Basili et al., 2007). 

 For the 30 October 1930 earthquake high-resolution scans of the historical seismograms allowed the 

focal mechanism to be computed using a formal moment tensor inversion scheme (inset in Fig. 24 and Fig. 

27). The inferred mechanism shows that the 1930 earthquake was positively generated by a dominantly 

thrust fault. The thrust strikes parallel to the coast and dips to the southwest at ~30°, in agreement with the 

general tectonic style of the region. 
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 The computed focal mechanism provided the first instrumental evidence for thrust faulting during a 

damaging (M5.5+) earthquake along the central Adriatic coastal belt (Vannoli et al., 2015a). This 

instrumental solution is consistent with: 

 the thrust faults highlighted by exploration seismology. In particular, the dip of the selected nodal plane 

of the moment tensor is in good agreement with the dip of the thrust fault detected through geophysical 

prospecting (Fig. 25); 
 the active compression recognized along the coastal tectonic structures by tectonic geomorphology. More 

specifically, the geomorphological evidence is in agreement with the expected vertical displacement of 

the hanging wall of the blind fault (see contours of relative uplift and subsidence in Figs. 24, 25 and 26); 
 the occurrence of the tsunami. As there are no known submarine landslides in the area, also because the 

gradient of the sea floor is very small, the occurrence of the tsunami necessarily indicates that the 

earthquakes causative fault generated sizeable vertical displacement of the sea floor very near to the coast 

or just offshore (Fig. 24); 
 last but not least, the macroseismic signature of the earthquake: the earthquake epicenter, magnitude, 

source orientation and size obtained from intensity data using the Boxer code (Figs. 23, 24) are in good 

agreement with both the instrumental solution and with geological and tectonic evidenced. 

 In summary, macroseismic data allowed the source of the 30 October 1930 Senigallia earthquake to be 

characterized in detail. The inferred seismogenic source compares well with that derived from 

geomorphological and geological data and with the focal mechanism obtained from historical seismograms. 

These findings provided conclusive evidence for the current activity of the central Adriatic coastal thrusts 

and constrain the tectonic style and the location inferred for the adjacent sources reported in the DISS 

database. These blind faults pose a significant hazard for the coastal region stretching between Ancona and 

Pesaro (Fig. 24), an area characterized by a large density of population, manufacturing districts and critical 

infrastructures. 

 

Fig. 27. Power spectra amplitudes of the stations used for moment tensor inversion. Each box reports the station code, the 

seismogram component, the synthetic (dark dashed lines) and observed (gray lines) power spectra amplitudes (from Vannoli et al., 

2015a). 
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7. Testing earthquake scenarios: the 1908 Messina Straits earthquake 

Open question:  Can we test the reliability of the models proposed for the seismogenic source of the 

1908 earthquake in the Messina Straits using its damage pattern? 

Approach:  Compare the ground shaking expected for different source models with the intensity 

field.  

What we learned:  The damage scenario is compatible with slip on an E-dipping fault trending NNE and 

with strong northward directivity. 

 

 The 28 December 1908, Messina Straits (southern Italy) earthquake is quite a unique case in the 

landscape of early XX century seismology (Fig. 28). Not just because of its size (Mw 7.1), which makes it the 

strongest earthquake recorded instrumentally in Italy, or for the over 80,000 victims it caused in the cities of 

Messina and Reggio Calabria, facing the narrow straits separating Sicily from peninsular Italy, or for the 

interest it raised in the global seismological community (e.g. Omori, 1909). The 1908 earthquake is unique 

also because historical data allowed its source to be investigated with a level of detail that is totally unusual 

for an earthquake occurring virtually at the beginning of the modern instrumental era. 

 

Fig. 28. (Left) Location map of the Messina Straits, showing selected historical earthquakes and the epicentral locations calculated 

by Omori (1909) (a) and Baratta (1910) (a and b). (Right) Intensity pattern for the XI and X degrees of the 1908 earthquake (from 

Baratta 1910), also showing the location of two inferred epicentral areas (dashed patches), the main located just west of Reggio 

Calabria, a secondary one located northeast of Messina near the northern end of the Straits. These areas, also shown as a and b in the 

figure above, were derived from directions of fallen monuments (shown by small arrows) using a method developed by Irish 

seismologist Robert Mallet in 1858–1860. Notice the different decay of intensity on either side of the Straits and the strong 

asymmetry of damage toward Calabria, most likely due to the eastward dip of the earthquake causative fault. Both figures are 

modified from Pino et al. (2009). 

 The role of historical data in the investigations of the 1908 earthquake was twofold. Early 

seismograms and first order leveling observations allowed the geometry of its causative fault to be 

hypothesized in detail; they also allowed different teams of seismologists to investigate its focal mechanism, 

its rupture history and even its coseismic slip distribution (Fig. 29; see Pino et al., 2009, for a comprehensive 

summary). But instrumental data were complemented by very high-resolution field surveys of the shaken 

territories carried out by Giuseppe Mercalli (Mercalli, 1909), the father of the modern intensity scales, and 

by Mario Baratta (Baratta, 1910), who, as alredy mentioned, is the author of the first modern Italian 

earthquake catalogue ("I terremoti d'Italia", published in 1901). These surveys returned a very detailed 

portrait of the damage suffered in the large region struck by the 1908 earthquake, allowing the actual ground 

shaking to be properly evaluated after filtering out the role of the vulnerability of the damaged buildings and 

infrastructures. 
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 The combination of these historical felt reports and of historical-instrumental observations turned out 

to be crucial for assessing the distribution and characteristics of ground shaking caused by the 1908 

earthquake. But why was this assessment so important? Most investigations of the 1908 earthquake were 

spurred not only by the legitimate curiosity for a crucial event in the geodynamics of the central 

Mediterranean, and likely also a milestone in global seismology of its time, but also by the planned 

construction of a permanent crossing of the Messina Straits, to be accomplished with a 3,300 m-long, single-

span suspension bridge (see Fiammenghi et al., 2009, for a thorough review of the project). Therefore, 

following the inception of the project in the mid-1970s, much research was motivated – if not directly funded 

– with the aim to investigate the seismic hazard of the area and characterize the ground shaking that the 

bridge would suffer in case of a large earthquake in the area. To be on the safe side the 1908 earthquake was 

selected as the bridge design earthquake: quite a challenge, considering that the 1908 earthquake is believed 

by many to have an average recurrence interval of at least a millennium (Valensise and Pantosti, 1992) – and 

hence that as of today a repeat is highly unlikely – and that the planned bridge falls entirely in the near-field 

of the fault, implying very large expected accelerations. 

 

Fig. 29. Surface projection of seven published models for the causative fault of the 1908 earthquake. A red line marks the upper edge 

of the fault plane, and hence shows its dip direction. Notice, however, that all faults are implicitly or explicitly assumed to be blind. 

The dots running along the coastline indicate benchmarks of the leveling line resurveyed in 1909 and are color-coded to outline the 

areas that experienced the largest elevation changes. Modified from Pino et al. (2009). 

 In this context, determining the exact geometry, location and depth of the earthquake causative fault 

became crucial for assessing the characteristics of the ground shaking expected at the site of the bridge piers 

following a hypothetical repeat of the 1908 event. Here come into play all the good quality observations that 

were collected by contemporary scientists following the earthquake. Different teams (Faccioli et al., 2008; 

Tafaro et al., 2008; Convertito and Pino, 2014, among others) attempted to validate the outcomes of a subset 

of the historical evidence – the instrumental observations – with another subset of the same evidence: the 

intensity reports. More specifically, all of these investigators reproduced the observed intensity pattern using 

different fault models and different modeling approaches, with the aim to determine which of these models 

fits best the earthquake ground shaking scenario (Figs. 30, 31). 

 The most recent of these papers (Convertito and Pino, 2014) used the available static slip distributions 

to develop kinematic source models and compute full waveform synthetic seismograms in a 1-D structural 

model. The modeling included rupture directivity, as it is known that the 1908 earthquake nucleated near the 

southern end of the fault and ruptured northward, producing a considerable asymmetry of the effects along 

strike (Pino et al., 2000). The calculated peak ground accelerations (PGA) and peak-ground velocities (PGV) 

were then converted into macroseismic intensities using empirical relations specifically developed for Italy. 
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 Through a careful misfit analysis, the authors identified the source model proposed by Boschi et al. 

(1989; also reported in Pino et al., 2009, and in DISS Working Group, 2018), a low-angle, east-dipping fault 

striking N20°, as that fitting best the observed intensities. They confirmed the northward directivity of the 

rupture, responsible for a strong asymmetry of the damage pattern (refer to Fig. 28), and obtained realistic 

estimates of the rupture velocity and the rise-time. Convertito and Pino (2014) significantly concluded that 

their study "... confirms the great potential of the macroseismic data, demonstrating that they contain enough 

information to constrain important characteristics of the fault, which can be retrieved by using complex 

source models and computing complete wavefield.". 

 

Fig. 30. Results of modeling by Faccioli et al. (2008), showing isolines of Peak Ground Velocity (PGV) respectively for the 

components normal (left) and parallel (right) to the strike of the model fault proposed by Boschi et al. (1989; Model E in Fig. 29). 

Modeling assumes the slip distribution proposed by Boschi et al. (1989; also reported in Pino et al., 2009) and fully unilateral 

northward directivity of the rupture. The surface projection of the fault is shown by the dashed gray box. The intensity data are a 

smoothed version of the revised dataset published in Guidoboni et al. (2007, 2018). 

 

Fig. 31. Elaborations based on the model fault proposed by Boschi et al. (1989; Model E in Fig. 29), selected by Convertito and Pino 

(2014) as the source that fits best the observed 1908 intensities. Key: (a) original macroseismic intensities; (b) interpolated original 
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macroseismic intensities; (c) intensities obtained from the simulated PGV relative to the selected model; (d) same as (c), obtained 

from the simulated PGA; (e) difference between original macroseismic intensities and those obtained from the simulated PGV; (f) 

same as (e), for PGA. In all panels the black rectangle represents the surface projection of the adopted fault. From Convertito and 

Pino (2014). 

 Ironically, the combination of instrumental observations, intensity reports and seismotectonic data 

highlighted that Reggio and Messina were condemned by rupture directivity, a parameter that is hard to 

obtain for older events and that was routinely determined only starting in the second half of the XX century. 

Based on the elaborations by Faccioli et al. (2008: Fig. 30) and by Convertito and Pino (2014: Fig. 31), both 

Messina and Reggio suffered an excess intensity up to two degrees due to directivity. A bilateral rupture - or 

even better, a unilateral southward rupture – would have greatly reduced losses in these two major cities, 

definitely changing the course of history around the Messina Straits. 
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8. Highlighting the relative depth of historical earthquakes: examples from the 

Po Plain 

Open question:  What is the depth of significant historical earthquakes of the Po Plain, where 

seismogenic sources occur at widely different depth intervals? 

Approach:  Compare the intensity pattern of historical and instrumentally-recorded earthquakes. 

What we learned:  Earthquake sources in the Po Plain occur either in the upper crust (3-15 km), or at mid-

crustal levels (> 15 km), along lithospheric tears or in the foreland. 

 

 Identifying and parameterizing the seismogenic faults requires proper consideration of their geometry, 

kinematics, earthquake potential, location, and depth. The case of the depth is especially complex in the Po 

Plain in view of its extreme tectonic diversity that characterizes this region, lying over the buried suture of 

two major confronting orogens: the Alps, to the north, verging south-southwest, and the Apennines, to the 

south, verging north-northeast. This complexity is suggested also by the wide range of hypocentral depths 

displayed by current seismicity (see Table 3 in Vannoli et al., 2015b). The Po Plain is the locus of both 

shallow and relatively deep earthquakes, conventionally intended as all the events located below 15 km 

depth (Fig. 32). The shallow earthquakes are directly related to thrust tectonics, whereas the deep events are 

thought to occur below the basal detachment of the Apennines and Alps, and can be associated with (1) deep 

ramps of the Apennines thrusts, (2) transverse structures characterized by strike-slip or transpressional 

motion, usually perpendicular to the thrust fronts, or (3) inherited faults in the underlying foreland (Fig. 33). 

 
Fig. 32. Historical and instrumental seismicity of the Po Plain. Historical earthquakes are shown with squares (M≥5.3); instrumental 

with circles (M 4.5-4.9) or stars (M≥5.0). Focal mechanisms from Pondrelli et al. (2006). Deep historical and instrumental 

earthquakes are shown in blue. The four events described in the text are shown with a red pattern. SAMF: Southern Alps Mountain 

Front; SAOA: Southern Alps Outer Arc; GS: Giudicarie System; SV: Schio-Vicenza Line; NAOA: Northern Apennines Outer Arc; 

PTF: Pedeapenninic Thrust Front (modified from Vannoli et al., 2015b). 

 The focal depth is therefore a crucial parameter to identify the different families of potential 

earthquakes sources and develop a full seismotectonic model of the Po Plain. Reasonably reliable depth data, 

however, are available only for earthquakes of the past 50 years. But the seismicity of the Po Plain is rather 

episodic: the local historical record is quite rich, but the lack of instrumental data makes any estimate of the 

focal depth highly speculative. In Section 2 we introduced a method proposed by Mallet (1862) to determine 

the focal depth from the angle of emergence of the raypaths. Around the beginning of the XX century 
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numerous investigators attempted to constrain the depth of historical earthquakes from the intensity decay 

due to increasing epicentral distance (e.g. Jánosi, 1907; de Kövesligethy, 1907). A new investigation based 

on a much larger number of observations and on statistical analysis of the attenuation curves of 

macroseismic data is currently in progress (Sbarra et al., submitted). In the following we apply to Po Plain 

earthquakes the main lines of the method being developed by these workers. 

 
Fig. 33. Cartoon showing four groups of seismogenic sources proposed by Vannoli et al. (2015b). Group #1: shallow thrusts of the 

Northern Apennines; Group #2: deeper ramps of the Apennines thrusts; Group #3: inherited faults cutting the foreland; Group #4: 

transverse structures (or lineaments), interpreted as the response of the upper lithosphere to the variation of the dip of the regional 

monocline. EA: Emilia Arc; FRA: Ferrara-Romagna Arc; PTF: Pedeapenninic Thrust Front (from Vannoli et al., 2015b). 

 We rely on the ratio of epicentral intensity and felt area and on the comparison with the intensities of 

instrumental and historical earthquakes, combined with expert judgment, to separate deeper from shallower 

historical events. We carefully inspect the intensity patterns of the earthquakes, knowing that the felt areas of 

historical earthquakes can be quite different in spite of the similar estimated magnitude. For example, the felt 

area of the 13 January 1909, Mw 5.4, Emilia Romagna orientale earthquake (see Fig. 32 for location) is 

considerably larger than that of the 17 November 1570, Mw 5.4, Ferrarese event (Figs. 32, 34). Indeed, the 

effects of the 1909 earthquake are documented by 800 intensity points spread over an area of about 180,000 

km2, and by 297 points of MCS intensity V or larger (Nv, Fig. 34b). Conversely, the 1570 earthquake 

affected a small portion of the Po Plain, and its effects are documented only by 44 points with intensity V or 

larger (Nv, Fig. 34a). Notice, however, that the maximum intensity of the 1909 earthquake is VI-VII, 

substantially lower than the maximum intensity of the 1570 event (VIII). 

 We can then compare the 1570 and 1909 intensity patterns with those of instrumental earthquakes 

whose hypocentral depth is reasonably well known. The depth of 9 November 1983, Mw 5.0, Parmense event 

is 28 km (Castello et al., 2006), much greater than the 9.5 km estimate for the 20 May 2012, Mw 6.1, Pianura 

emiliana earthquake (Figs. 32, 35). The 1983 event has affected a far broader portion of the Po Plain and 

surrounding areas compared to the 2012 earthquake. Similarly, the broad felt area of the 1909 earthquake 

suggests that the depth of this earthquake is much larger than the depth of the 1570 event (Meloni and Molin, 

1987; Faccioli, 2013; Vannoli et al., 2015b). 

 Notice that these deep earthquakes may attain a significant magnitude, as shown by the 1909 event; in 

fact, their true magnitude is likely to be much larger than the 5.4 estimate obtained from intensity data with 

automatic routine procedures, normally calibrated using upper crustal events. 
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Fig. 34. Maps of macroseismic intensity V and higher for the 17 November 1570 (a) and 13 January 1909 (b) earthquakes (Locati et 

al., 2016). Notice that the two earthquakes share the same intensity-based magnitude (Mw 5.4). The earthquake epicenters are shown 

with white stars. NV is the number of the data points with MCS intensity V or larger. Notice the large number of intensities V or 

larger reported for the 1909 earthquake compared with the same intensity datapoints of the 1570 event. The large felt area of the 

1909 earthquake and its smaller epicentral intensity hence suggest that the depth of the 1909 earthquake is much larger than the depth 

of the 1570 event. 

 
Fig. 35. Maps of macroseismic intensity V and higher for the 20 May 2012 (a), and 9 November 1983 (b) earthquakes (Locati et al., 

2016). Notice that the two earthquakes have rather different instrumental magnitude (Mw 6.1 vs. 5.0). The earthquake epicenters are 

shown with white stars. NV is the number of the data points with intensity V or larger. Notice the largest number intensities V and 

larger reported for the 1983 earthquake compared to the same intensity level datapoints for the 2012 event, in spite of the lower value 

of magnitude of the former. The large felt area of the 1983 earthquake is hence due to its larger hypocentral depth of this earthquake 

(28 km). 

 The correct identification of seismogenic sources responsible for historical earthquakes in the Po Plain 

is a crucial and complex task that requires the knowledge of estimate depths of earthquakes (Figs. 33, 36). 

Based on its intensity pattern, the 1909 Emilia Romagna orientale earthquake may have been generated by a 

deep source; more specifically, because of its location in relation to the known geology, it may have been 

generated by an inherited fault cutting the foreland (i.e. the Adriatic crust). Conversely, the 1570 Ferrara 
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earthquake may have been generated by a relatively shallow source; in the geological section its causative 

source can be estimated as the most external thrust front of the Northern Apennines (Fig. 36). 

 
 

Fig. 36. Sketch of the geological section of the Northern Apennines and the Po Plain showing the estimated locations of the four 

investigated earthquakes. The instrumental locations of the 1983 and 2012 earthquakes are shown with red stars; the estimated 

locations of the 1570 and 1909 earthquakes are shown with blue stars. The red and blue lines indicate the diameter of the area with 

MCS intensity V or larger (IntV)following the two more recent (instrumental) and the two historical earthquakes, respectively. Notice 

the larger felt area reported for the 1909 and 1983 earthquakes, suggesting that the depth of these events is much larger than depth of 

the 1570 and 2012 events. The estimation of the depth of these earthquakes allows inferences to be made concerning their causative 

sources (see text). Grey thin lines indicate faults; dotted and dashed black lines display the top of the subducted portion of the 

Adriatic crust and the Moho, respectively (modified from Piana Agostinetti and Faccenna, 2018). 
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9. Beyond written sources: the archaeoseismology of the Messina Straits 

Open question:  How can we investigate the predecessors of the 1908, Messina Straits, blind faulting 

earthquake?  

Approach:  Explore archaeological evidence for changes in the distribution of settlements that may 

be indicative of the occurrence of a large, 1908-type earthquake. 

What we learned:  A sudden change in the population pattern of the Messina Straits in the second half of 

the 4th century combined with epigraphic and seismotectonic evidence is indicative of 

the occurrence of a catastrophic earthquake, similar in size to 1908. 

 

 The 28 December 1908, Mw 7.1, Messina Straits (southern Italy) earthquake is known as one of the 

largest and most deadly earthquakes to have ever occurred in Italy. Its 40-50 km-long causative fault (DISS 

Working Group, 2018), accommodating extension between mainland Italy and Sicily, is considered close to 

the maximum possible size of the many faults criss-crossing the highly heterogeneous upper crust of the 

Italian peninsula; yet no surface breaks were reported in the area, despite the many investigators who toured 

the Messina Straits in the aftermath of the event (Valensise and Pantosti, 1992; Comerci et al., 2015). The 

size and the potential of this fault, known as the Messina Straits fault, are living proof of its primary role in 

the evolution of the Calabrian Arc, one of the main actors of central Mediterranean geodynamics. 

Nevertheless, the characteristic strain rate of the Messina Straits area is relatively small. Interseismic 

extension rates across the Straits are estimated in the order of 3.0 mm/y (D’Agostino and Selvaggi, 2004; 

Serpelloni et al., 2010; Devoti et al., 2011), in rather good agreement with the estimated geological slip-rates 

for the Messina Straits fault (1. 4 mm/y according to Valensise and Pantosti, 1992; 0.93-2.00 mm/y 

according to Basili et al., 2008, Tiberti et al., 2017, and DISS Working Group, 2018). 

 Under the assumption that the current elevation of MIS 5a (125 ka) marine terraces is modulated by 

the repetition of 1908-type earthquakes, Valensise and Pantosti (1992) proposed a typical recurrence interval 

in the range 700-1,500 years. Individual repeat times in the order of 1,000 to 2,000 years are rather common 

in the Apennines (e.g. Basili et al., 2008; Galli et al., 2008), suggesting that catastrophic earthquakes are also 

rather rare. Nevertheless, the awareness of this infrequency has also raised significant concerns as to what 

exactly the seismological community can learn from traditional earthquake catalogues, no matter how 

complete they appear to be (Valensise and Guidoboni, 2000). 

 The hypothesized infrequency of large earthquakes was welcomed with relief both by the local 

communities and by the proponents of the planned permanent crossing of the Messina Straits (see discussion 

in Section 7): but could this inference be confirmed by the local historical record? The answer to this 

question is controversial. The Messina Straits region is known to have been inhabited for well over two 

millennia, but no clear historical evidence exists of a predecessor of the 1908 earthquake. Given its size, the 

causative fault of the 1908 earthquake appears to be the only seismogenic source capable of inducing the 

collapse of buildings along the shores of the Messina Straits: a circumstance seemingly confirmed by the 

observation that over the past 15 centuries no earthquake has ever exceeded intensity VIII-IX, either in 

Messina (http://storing.ingv.it/cfti/cfti5/locality.php?066973.00IT) or in Reggio Calabria 

(http://storing.ingv.it/cfti/cfti5/locality.php?065695.00IT: both seismic histories are from Guidoboni et al., 

2018). But a simple visual inspection of these histories shows that very little is reported prior to the year 

1000, despite the geographic significance of the Messina Straits, probably the most frequented sea-route 

since the Antiquity. Hence, can we trust this record? 

 Guidoboni et al. (2000) proposed to tackle this important issue by a joint analysis of historical and 

archaeological evidence. Over the past 40 years or so the seismological community has relied more and more 

frequently on archaeological sources. In fact, Earthquake Archaeology is often seen as the only way of 

constraining the recurrence interval of major earthquake sources in areas where strain rates are rather low, 

where large active faults are blind and their geological expression of is hence hard to decipher or totally 

absent, such as in the Messina Straits (see Section 7), and where written sources are limited. 

 They first explored the two most common approaches: one where deductions are drawn from 

architectural collapses at a specific site and its subsequent abandonment; the other based on combining 

written sources with archaeological evidence. They established that both these methods were unsuitable for 

the case being investigated and proposed to develop an approach based on territorial evidence of a major 

earthquake. This approach assumes that any M~7 earthquake striking a diffusely inhabited area causes 
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considerable territorial perturbations: these include destructions, abandonments, contractions of the urban 

areas and of the density of population, emigrations, reconstructions, and general disruptions of the natural 

environment. These phenomena generally stretch for several decades; for example, the 28 December 1908 

earthquake has left a territorial imprint that has already lasted for over a century (Fig. 37; see also Fig. 28 in 

Section 7). 

 

Fig. 37. Intensity distribution of the 28 December 1908, Messina Straits earthquake (data from Guidoboni and Mariotti, 2008; 

Guidoboni et al., 2018). The dashed line encircles the area that suffered the largest damage (intensity X and larger). From Guidoboni 

et al. (2008). 

 Guidoboni et al. (2000) started off from the existing archaeological literature concerning the Messina 

Straits. All data were subdivided into a historically significant six-phase chronology, which allowed for a 

critical reappraisal of known earthquakes within a more precise conceptual framework (Table 4). Each phase 

is marked by a major political event, likely to have caused a discernible and long-lasting effect on territorial 

dynamics. The most recent of such events is the onset of the Byzantine rule in the area in 535 A.D. (Phase 

6), which brought about a period of peace and prosperity during which also conventional historical sources 

flourished. Subsequent earthquakes – even moderate-sized ones, such as the 31 August 853 event reported 

by the CFTI5Med (Mw 5.4) – are thus expected to be documented by conventional written sources. 

 The elaboration of all existing population estimates allowed Guidoboni et al. (2000) to perform a 

diachronic analysis aimed at identifying any significant perturbations of the population density, from 

classical and Hellenistic times to the late antique and Byzantine periods. 

Table 4 - Six-phase chronology adopted for the Messina Straits (modified from Guidoboni et al., 2000). 

Phases Chronological span Historical reference 

Phase 1 510/509-406 BC From the fall of Sybaris to the ascent of Dionysius I of Syracuse  

Phase 2 406-273/212 BC  From Dionysius I to the Roman conquest  

Phase 3 273/212-27 BC The age of the Roman republic  

Phase 4 27 BC-313 AD The Imperial age, from Augustus to Constantine (Edict of Milan)  

Phase 5 313-535 AD From Constantine to Justinian  

Phase 6 
535 AD to the end of the sixth 

century 
The Graeco-Gothic War and the Byzantine rule  

 They then gathered a series of observations concerning anomalies in the urban and territorial setting of 

the Messina Straits area, often supported by specific evidence for possible earthquake-related damage. These 

anomalies can hardly be explained invoking standard population dynamics, but rather suggest that a strong 

earthquake shattered the region around the middle of the fourth century, causing a significant territorial 

upheaval. Key observations supporting this hypothesis include (see Fig. 38): 
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(1) a substantial contraction of the settlement network in Phase 5; 

(2) a substantial contraction of the inhabited area of Messina, which began in Phase 5 and continued until the 

beginning of Phase 6, to an extent that was interpreted as abandonment by some archaeologists; 

(3) the reuse of third- and fourth-century inscriptions at the beginning of the fifth century in the urban area of 

Reggio Calabria; 

(4) the presence of tombs within the city of Reggio Calabria during Phase 5; 

(5) evidence for the collapse of the baths at Reggio Calabria in the form of an inscription dated 374 A.D. 

(Fig. 39); 

(6) evidence for further collapses in Reggio Calabria Lido around the middle of the fourth century; 

(7) evidence for tsunami deposits along the shoreline of Reggio Calabria-Lido (reported in Spadea, 1993). 

 Guidoboni et al. (2000) discussed in detail some of these indicators, with the specific goal to rule out 

any possible non-seismic motivations for the observed phenomena. With reference to Observation 1), for 

instance, the alleged contraction of the settlement network in Calabria could also be due to the sacking of 

Reggio Calabria by Alaric in 410 A.D.; this could have led to mass abandonment of the area, except that 

some of the other observations set the time of contraction of settlements a few decades earlier. Observation 

3), which concerns the documented reutilization in Reggio Calabria of six third- and fourth-century A.D. 

inscriptions as building materials, or their abandonment as erratic architectural elements, is also quite 

suggestive of the occurrence of a destructive earthquake sometime in the fourth century A.D.. Guidoboni et 

al. (2000) interpreted the reuse of public inscriptions in private contexts as evidence for rapid decay of the 

city and of its administrative structures. The collapse of the Reggio Calabria baths as a result of strong 

ground shaking is indeed testified by an inscription dated 374 A.D. (Observation 5), which also sets an upper 

limit for the occurrence of the earthquake. The reported evidence for tsunami deposits support the hypothesis 

of a sizable earthquake (M 6.5 and larger). 

 

Fig. 38. Distribution of settlements in the Messina Straits between Phase 4 and Phase 5 (see text), taken from Guidoboni et al. 

(2000). Notice the drastic reduction in the number of settlements around the Messina Straits, interpreted by the authors as evidence of 

the disruption caused by a large earthquake between 350 and 363 A.D. A red dashed line outlines the area of largest destruction 

following the 1908 earthquake. 

 Guidoboni et al. (2000) went on discussing why and how the alleged IV century earthquake is not 

mentioned in the surviving written records from the late antique period. To answer such question, they 

pointed out that a simple analysis of written sources (Guidoboni et al., 1994) had already unveiled possible 

traces of a major earthquake around the mid-fourth century both in Sicily and in Calabria; but these studies 

described the effects attested by the sources as due to separate regional events. In fact, ancient written 

sources can be misleading as they may locally preserve the record of even small earthquakes. The 

archaeological work carried out on both sides of the Straits has provided new and convergent evidence in 

support of the hypothesis that a strong earthquake – that is to say, large enough to cause extensive 

destruction on both sides of the Straits – hit the area between 350 and 363 AD, an interval later narrowed to 

361-363 A.D. by Guidoboni et al. (2008). 

 The hypothesis that the 1908 disaster is a sort of “modern analogue” of this fourth century earthquake 

is indeed very attractive, especially in view of the apparent lack of intermediate-size earthquakes during the 
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fifteen and a half centuries prior to 1908. Valensise and Pantosti (1992) suggested on a geological basis that 

the 1908 earthquake may have been characteristic (sensu Schwartz and Coppersmith 1984); not necessarily 

in terms of regularity, but primarily in terms of the extent of the ruptured portion of the Messina Straits fault 

system. More specifically, they have shown that the main landscape features of the Straits (including the 

sharpness of the Peloritani range, the steepness of the fiumare (characteristic large, episodic streams) and the 

existence of several emergent marine terraces) are controlled by composite tectonic processes. This 

complexity is well explained by the superposition of the pattern of diffuse coastal subsidence observed 

following the 1908 earthquake over continuous, regional-scale land uplift. In other words, the present 

structure of the Straits is compatible with the repetition of earthquakes similar to that in 1908 as the main 

local tectonic agent. 

 

Fig. 39. Epigraph in Latin mentioning the reconstruction of the Reggio Calabria baths, destroyed by the combination of an 

earthquake (“Terraemotu”, outlined in red) with the poor state of preservation of the building. The epigraph is dated 374 A.D. and is 

currently located in the National Museum of Reggio Calabria. Traditional historical and archaeological works dated the earthquake to 

365 A.D., assuming it was the same earthquake that struck western Crete in that year, or to 374 A.D. From Guidoboni et al. (2008). 

 If the 1908 earthquake was characteristic, we may expect any of its predecessors to have produced 

roughly the same pattern of damage and land modification as that seen in the 20th century earthquake (Fig. 

37). This is especially important in view of the fact that the 1908 event also generated a tsunami that was 

especially intense around and south Reggio Calabria and, on the opposite shore, south of Messina. 

 The combination of archaeological and seismological evidence therefore suggests that the 361-363 

A.D. earthquake can be taken as a 1,500 years older ancestor of the 1908 catastrophe. Such a long interval 

falls at the upper limit of the geological estimate proposed by Valensise and Pantosti (1992) for repeated 

1908-type earthquakes (an average repeat time of 1000+500, -300 years), and agrees well with average repeat 

times estimated for other large Italian earthquakes (Basili et al., 2008; Galli et al., 2008). 
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10. Historical geodesy investigations of the 1915 Avezzano earthquake 

Open question:  What were the geometry and the kinematics of the fault that caused the 1915 Avezzano 

earthquake? 

Approach:  Use the post-1915 re-leveling of a number of benchmarks fortuitously located along the 

shores of the Fucino Lake to investigate co-seismic strains as we would do today. 

What we learned:  The 1915 was a Mw 6.8-7.1 earthquake caused by slip on a normal fault located beneath 

the lake, and in fact responsible for its recent evolution. 

 

 “O io prosciugo il Fucino, o il Fucino prosciuga me…” (“Either I drain Lake Fucino, or Lake Fucino 

will drain me”) is a famous quote attributed to Alessandro Torlonia; a rich Italian businessman, a banker and 

a distinguished member of an affluent family of merchants of French descent. On 26 April 1852 Torlonia, 

who later became Prince Torlonia by appointment of the King Vittorio Emanuele I of Italy, had signed an 

agreement with the Bourbon king to reclaim the Fucino Lake (Fig. 40); a shallow water basin located in an 

actively subsiding endoreic area of Central Abruzzi, surrounded by the Velino-Sirente Massif and by the 

Marsica Mountains (Abruzzi was part of the Regno delle Due Sicilie or Kingdom of the Two Sicilies until 

1860, and became part of the Kingdom of Italy in 1861). In exchange for his endeavor he would be granted 

most of the land he was able to repossess, mostly valuable fertile soil that had been exploited since Roman 

times for agriculture. But the project was colossal, and Torlonia’s chances for success rather slim: his 

reported wordplay shows he was well aware of the risks involved in the project. 

 

Fig. 40. View of Lake Fucino from Avezzano, i.e. from the northwest to the southeast, painted by the French artist Jean-Joseph-

Xavier Bidauld in 1789. The painting is at the National Gallery of Art in Washington, D.C. (U.S.A.). 

The Fucino Lake, the third largest lake in Italy, developed within a structural low located in between 

adjacent thrust fronts of the Abruzzi Apennines; its oldest deposits are normally attributed to the Pliocene 

(Zarlenga, 1987) and attain a maximum thickness of 1,000 m (Cavinato et al., 2002). It was fed by the 

Giovenco river, its main tributary, but the lack of natural outlets caused enormous fluctuations of the water 

level. In the mid-1800s the French engineers Brisse and De Rotrou (1876) documented lake level 

fluctuations of nearly 23 m due to natural causes in the relatively short 1783-1835 interval. During major 

floods the water invaded most of the flat areas, in particular between Ortucchio and Venere dei Marsi on the 

eastern shore of the lake. The floods heavily affected both the fishing community and the farming 

community living and working on the lake shores, potentially causing food shortages even in Rome, located 

about 80 km to the west. 

The problem had been well known since Roman times, to the point that in 52 AD the Emperor Claudio 

built a system of tunnels to drain the Fucino water across the Salviano mountain ridge, west of the lake, and 

into the adjacent Liri river. The Roman outlets were meant to simply regulate the level of the lake; but the 
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lack of maintenance of the tunnels caused by the fall of the Western Roman Empire in the 4th century 

inevitably brought the water back into Lake Fucino for fifteen centuries. 

In the early 1800 the Kings of Naples Ferdinand I and Francis I spurred a few unsuccessful attempts to 

repair the tunnels. Following a number of severe floods in the 1840s and 1850s, Alessandro Torlonia finally 

scented his deal, proposing to completely reclaim the lake and to turn into farmland 140-160 km2 of fertile 

plain (Linoli, 2005). He had initially purchased 50% of the private company that had been established for the 

restoration works, but then, taking advantage of the financial difficulties of the other shareholders, took over 

the remaining 50% of the company capital, becoming the sole leader and beneficiary of the project. 

 

Fig. 41. One of the Virgin Mary (Madonna, in Italian) monuments put on the shoreline of Lake Fucino in 1862, in 

preparation for the beginning of the draining operations. The monument is #11 and is located about 1 km east of Ortucchio. A 

red arrow in the far right indicates the Serrone fault, reported rejuvenated by the 1915 earthquake by (Oddone 1915; see text). 

Torlonia entrusted an Italian-French company led by Brisse and De Rotrou, and after a quarter of a 

century of hard work the operations were declared complete in 1878. In fact, a 4,562 m section of the outlet 

that used the terminal part of Emperor Claudio’s outlet had alredy become operational by 1862, making it 

possible to lower the lake level by 4.3 m. But before starting this partial drainage Torlonia ordered that the 

lake shorelines be accurately marked off by 17 heavy stone blocks, nine of which were surmounted by cast-

iron statues of the Madonna (Figures 41, 42). An additional mark was cemented directly to a wall of the 

Ortucchio castle, built on a small island. Each pedestal bore a progressive number and the following 

inscription: 

A DEVOZIONE DI ALESSANDRO TORLONIA 

POSTA ALLE SPONDA DEL FUCINO 

ANNO MDCCCLXII 

(Placed on the shore of the Fucino Lake for the devotion of Alessandro Torlonia - Anno Domini 1862) 

 The holy symbols were meant to discourage the owners of lakefront properties from altering the 

surveyed positions and fraudulently expand their properties during lake drainage. Most of the new land 

belonged to Torlonia, as established by the deal he signed with the government, and he was reportedly not 

very inclined toward acts of liberality of any sort. All 18 monuments were precisely leveled in 1862 

(Loperfido, 1919). By lying at water level, all monuments were by definition at the same elevation. 

Unbeknown to him, Torlonia had deployed the first geodetic network to be used in history for 

investigating elevation changes caused by a large upper crustal earthquake. Less than 40 years after the 

drainage, right when the area was being developed by thousands of settlers, on 13 January 1915 an estimated 
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Mw 6.8-7.1 earthquake hit, causing extensive damage over a large portion of central Italy (the 7.1 magnitude 

was obtained from intensity data in CPTI15; the 6.8 magnitude was obtained from geodetic data by Ward 

and Valensise, 1989). Unlike most surrounding areas, prior to 1915 there was no memory of large 

earthquakes in the Fucino basin (Baratta, 1915), although Omori (1909) had somehow anticipated its 

occurrence only 6 years earlier (see Section 3). At any rate, the presence of Roman and medieval settlements 

in the area and the proximity of Rome itself ensures that any major shock would have been reported by 

historians, unless it occurred during the Early Middle Ages. 

The earthquake was absolutely catastrophic. Significant ground shaking (intensity VIII and above) 

was sustained within an area of 50 km radius, but the heaviest damage was suffered by the communities 

living within the Fucino basin (Fig. 42). Total destruction was reported over an area of 380 km2 

encompassing at least 20 significant settlements, the largest being Avezzano. Due to its rapid colonization, to 

the lack of memory of previous damaging earthquakes and to the limited resources of the populations that 

were brought in to take possession of the reclaimed area, the Fucino area was settled with very poor building 

standards. The lack of historical seismicity in the area fostered the widespread belief, even among scientists, 

that the lake drainage itself might have provoked the event. The issue has been recently settled by Cucci et 

al. (2018), who maintain that, if anything, the occurrence of the 1915 earthquake has been postponed by the 

lake drainage; not anticipated, and less than less caused by it. 

 

Fig. 42. Intensity distribution for the 13 January 1915 earthquake (from DBMI11: Locati et al., 2011). The largest intensities align in 

the NW-SE direction and are centered on the Fucino basin. The box centered on the epicenter, obtained using the Boxer code 

(Gasperini et al., 1999: see also Section 2), confirms on an objective basis the average orientation of the source. 

The shock was attributed over 33,000 casualties, making it the fourth deadliest Italian earthquake 

since the 1700s. This estimate includes about 10,000 residents of Avezzano (over 90% of the town's 

inhabitants), where only one building survived the event (Beal, 1915). For many years the high death toll and 

the extreme vulnerability of the affected settlements caused a tendency to overestimate the size of the 

earthquake.  

The Italian seismological community was stunned by the 1915 earthquake. Several observational and 

theoretical investigations were carried out in the following years, starting with the extraordinary report by 

Oddone (1915) and with the releveling of the 18 monument-benchmarks carried out in 1915-1916 by Italian 

Army engineer Loperfido (1919; Fig. 43). More recently, Basili and Valensise (1986) used original 

seismograms to locate the earthquake nucleation near Ortucchio, at the southeastern end of the basin; a few 

km southeast of the macroseismic location, but nearly coincident with the epicenter determined by Oddone 
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(1915) and others based on the direction of fallen monuments. Serva et al. (1986) investigated in detail the 

extensive surface breaks reported by Oddone (1915) between Gioia dei Marsi and Cerchio, suggesting that 

the earthquake was caused by normal faulting. Nevertheless, due to the publication of poorly constrained 

focal mechanisms based on a handful of first motions and to deeply-rooted geodynamic preconceptions, for 

several years the earthquake was erroneously interpreted as the result of strike-slip tectonics. 

 

Fig. 43. Geographical sketch of the Fucino basin, summarizing of the elevation changes (in cm) measured by Loperfido (1919). The 

largest subsidence (54 cm) was observed at benchmark #11, located near Ortucchio and shown in Fig. 10.2. Overall, the survey 

highlighted a region of largest subsidence along the eastern shore of the lake, and a region of no subsidence or uplift along the 

opposite (western) shore. From D’Addezio and Valensise (1998). 

Prince Torlonia’s monuments turned out to be crucial for unraveling the real nature of active faulting 

in the region. Ward and Valensise (1989) analyzed the elevation changes measured by Loperfido (1919) with 

a standard elastic dislocation approach and concluded that the earthquake had a Mw 6.8 and was caused by 

pure dip-slip along a southwest-dipping, northwest-striking, about 30 km-long normal fault (Fig. 44). The 

inferred fault fits rather convincingly the recent evolution of the basin, and specifically the location of its 

depocenter close to the eastern shore of the former lake and the backtilting of former lake floor surfaces 

currently located in the fault footwall, near Pescina. 
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Fig. 44. (left) Isolines of elevation changes at 0.1 m intervals for the best fitting uniform slip, southwest-dipping rectangular fault 

inferred by Ward and Valensise (1989). The top edge of the fault coincides with the reported surface breaks and with the eastern 

shore of the former Fucino Lake. Light dots represent the surface projection of the fault plane. (right) Section across the same fault, 

here referred to as Gioia-San Benedetto, showing a summary of geomorphic observations concerning its long-term signature. 

The fault inferred by Ward and Valensise (1989) fits well also the elongation of the observed intensity 

pattern. According to Berardi et al. (1995), the earthquake may have nucleated around the southeastern 

corner of the basin, as suggested by Oddone (1915) and by Basili and Valensise (1986), and ruptured 

northwestward, thus justifying the large intensities observed to the northwest of the Fucino basin (see Fig. 

42). 

The confirmation of normal faulting kinematics for the causative fault of the 1915 earthquake changed 

drastically the understanding of the active tectonic all over the central Apennines, spurring more detailed 

investigations of adjacent large faults (see Vannoli et al., 2012, for a summary; Fig. 45). All the most recent 

earthquakes that have occurred in the region over the past 30 years have shown pure normal faulting 

kinematics, in agreement with the GPS observations and geodynamic models. 

 

 
 

Fig. 45. (left) Geological map of the Fucino basin and its surroundings, probably taken from the “Relazione sulla Marsica del 

Sottintendente Borbonico Romeo” (Report on Marsica of a Bourbon superintendent named Romeo), prepared in 1842-1845, i.e. 

before the lake was drained. (right) The same general area as it appears in the Database of Individual Seismogenic Sources (DISS, v. 

3.2.1: DISS Working Group, 2018). The region is crisscrossed by a number of large normal faults, some of which have ruptured in 

large historical earthquakes (Fucino, 13 January 1915, Mw 6.8-7.1; L’Aquila, 6 April 2009, Mw 6.3), while others are currently 

quiescent. 
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11. Discussion: Historical Seismology is no lesser science 

 11.1. A question of time-scales 

 Between 1975 and 1992 the Italian Progetto Finalizzato Geodinamica (PFG), the first large national 

program dedicated to assessing seismic risk nationwide, published several large-scale geological and 

geodynamic maps of Italy, including the Carta Neotettonica dell’Italia meridionale (Ciaranfi et al., 1983); a 

large, multifaceted mapping effort of the neotectonics of southern Italy at the scale 1:500,000. These maps 

were indeed faithful representations of the fundamental geological and tectonic fabric of the Italian peninsula 

and of its orogens; but over the years it has become clear that these compilations had failed in achieving their 

most important goal; contributing to seismic risk mitigation by identifying potential earthquake sources. This 

failure is well summarized by the words of one of the leaders of the Progetto, who reportedly wondered why 

“…Italian historical earthquakes always fall away from mapped (presumed active) faults…”. He was not 

hinting at the poor location of the historical earthquakes, which on the contrary is generally known with great 

accuracy, but rather suggesting that (a) their causative faults often lie unknown, and, even more importantly, 

that (b) many faults mapped as active are in fact fossilized, i.e. they are no longer active in the current stress 

regime. 

Years later it has become widely accepted that investigating seismogenic faulting in Italy is much 

harder than originally assumed (e.g. Valensise and Pantosti, 2001a, and references therein). Many 

seismogenic faults are blind, some are rooted in the lower crust, while others reach the surface at unexpected 

locations; where unexpected means away from the well-exposed faults occurring at obvious locations. 

Meanwhile, it is becoming more and more clear that many highly visible faults dominating the landscape are 

fresh-looking only due to their rejuvenation caused by regional uplift – a widespread occurrence over much 

of the Alps and of the Apennines – running at up to 3 mm/y (e.g. Kastelic et al., 2017). In addition, the 

extensional regime that dominates over the core of these two orogens is definitely youthful – less than 1 Ma, 

according to several investigators (e.g., Hippolyte et al., 1994; Galadini et al., 2012); as such, it has not yet 

had the time to shape up the landscape, which is hence largely reminiscent of previous tectonic phases, now 

positively extinct. Overall, the geology and the geomorphology of Italy bear little resemblance of the strains 

induced by current tectonic activity – especially in its peninsular portion; instead, they are deceitfully 

dominated by the past tectonic history, spanning a geological interval that is simply too long to resolve the 

current seismogenic activity. 

Shortening the time-window of observation of earthquake activity is precisely the reason why 

Historical Seismology is so crucial for deciphering the current seismotectonics of Italy. The short-lived yet 

detailed signal supplied by human history is what we need to contrast the fuzzy and noisy nature and the 

inherent ambiguity of the signal supplied by tectonic history. 

 This paper exploits a number of key Italian destructive earthquakes, different in magnitude, tectonic 

context and means of study, with the goal to explore seismological occurrences going much beyond the 

simple assessment of their location and magnitude. Our findings have led us to reconsider the tectonic style 

of large areas, have changed our perception of their earthquake potential, have illuminated the existence of 

totally unknown seismogenic zones, and have even led to downsizing the magnitude of the largest 

earthquakes of the Italian historical record.  

 

11.2. Learning tectonic history from human history 

 We started off by recounting the long trail of Historical Seismology, from the early compilations, 

presented in the form of essays, to the modern, Web GIS-based databases (Section 1). Historical Seismology 

also tells a story of many great scientists of the past, true visionaries who shaped up Seismology from its 

very early stages. But being a visionary is just the beginning: we emphasized the importance of standardizing 

and carefully organizing the information supplied, so that it could be used in objective and repeatable 

procedures. 

 We then summarized the many ways by which original information on past earthquakes can be used to 

derive seismological parameters, including some whose existence was unknown to the observers who let 

their observations pass on to us (Section 2). These include not only basic descriptions of the damage suffered 

by buildings, forming the basis for assigning earthquake intensity, but also data on the location of the 

earthquake epicenter and on its focal depth, evidence for earthquake-induced modifications of the landscape, 
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indications on the distribution of the areas of largest moment release, and even hypotheses on rupture 

directivity. 

 With a few exceptions (e.g. Paleoseismology), geological and tectonic observations usually bring 

information on processes that are – or at least appear – continuous in space and time. But the sudden release 

of energy by a large seismogenic fault indicates that such processes are in fact highly discontinuous, both in 

space and in time; their geological and tectonic evidence simply illustrates their long-term average and 

cumulative effects. Historical Seismology data are crucial for discretizing this continuity, because seismic 

hazard is inherently concerned with here and now and does not care much for what happens over timescales 

much longer than human life. The lesson taught by Japanese seismologist Fusakichi Omori (Section 3) on 

the predictability of earthquakes based on the past seismic history is an extraordinary accomplishment for 

Seismology of the early 20th century. 

 Simple vs. complex is an attribute of the inner mechanism of many natural phenomena, earthquakes 

included; and earthquake complexity – or multiplicity – is indeed a recurrent trait of the seismicity observed 

in many countries, which led scientists to theorize the existence of earthquake storms (Nur and Cline, 2000): 

a concept somehow anticipated over a century earlier by De Rossi (1879) in the context of his Meteorologia 

endogena. Many Italian earthquake sequences included two, three or more similarly-sized mainshocks. As 

stated earlier, Nature does not care much how it discretizes its processes, but humans do. In Section 4 we 

discussed the 5 December 1456, Mw 7.1-7.2 southern Italy earthquake, whose reported meizoseismal area is 

just too big to be explained with a single earthquake, hence with a single fault segment. Stacking distinct 

earthquakes into a single larger shock inevitably results in an apparently larger magnitude; this may have 

important implications, as the Mmax attained by earthquakes in any given region is a crucial parameter in the 

seismic hazard assessment practice. Even more importantly, if these multiple shocks were not generated by 

aligned faults, but say, by parallel faults, we may end up identifying an imaginary seismogenic source that 

represents the average of two really existing ones, both of which remain undetected. 

 Likewise, the damage pattern of the catastrophic, Mw 7.1 earthquake that devastated the southern 

Apennines on 16 December 1857, and particularly the sheer length of its meizoseismal area, was difficult to 

reconcile with a single seismogenic source (Section 5). Irish engineer Robert Mallet outlined with great 

accuracy the region of largest devastation and was perhaps surprised to notice that his estimated epicenter 

fell at the far northern end of this region. His skills in Italian language probably did not allow him to find out 

what became clear over a century later: the largest earthquake had been preceded by a strong and damaging 

foreshock that ruptured the northernmost portion of the seismogenic zone. This earthquake fell in the shade 

of the mainshock, to the point that its causative fault ended up being considered a threatening seismic gap. 

 On 30 October 1930 a Mw 5.8 earthquake hit a densely inhabited coastal area along the central 

Adriatic coastline, causing extensive damage in Senigallia and Ancona and even a small tsunami, but 

without leaving any surface ruptures. For years scientists wondered about the nature of this shock: was it 

evidence of the activity of a buried thrust fault running all along the Adriatic coasts of central Italy, or had it 

been caused by some other unknown tectonic process? Intensity data could only constrain the location and 

the strike of the seismic source, while geological and geomorphic data where somewhat ambiguous. In 

Section 6 we discussed how this puzzle was solved by introducing waveform modeling of the available 

seismograms to constrain source kinematics, and hence to constrain the characteristic style of faulting of the 

region. The available geological information can now be used more confidently to anticipate the existence of 

similar faults to the north and to the south of Senigallia and constrain their state of segmentation. 

 In Section 7 we discussed a case where the historical intensity data have been used “backwards”: not 

to obtain an earthquake source model, but for ranking existing models obtained from instrumental data. The 

28 December 1908, Mw 7.1 earthquake that devastated the area of the Messina Straits, separating Sicily from 

mainland Italy, was generated by a blind fault, but its source was explored by a number of investigators 

thanks to seismographic and geodetic data. The models they obtained, however, where inevitably rather 

scattered. In the late 1970s, when the Italian government planned to build a 3 km-long, single-span bridge 

across the Straits, the 1908 earthquake inevitably became the design earthquake: but which of the available 

source models should be used to obtain design spectra at the bridge piers? And what could be the role of 

rupture directivity? The answer lies in the dense and good quality intensity data available for the 1908 

earthquake. 
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 Following the destructive 20 and 29 May 2012, Mw 6.1 and 6.0 earthquakes in the southern Po Plain, it 

became mandatory to reassess the earthquake potential of the most densely populated, heavily industrialized 

and fully infrastructured portion of the Italian territory. Recent instrumental data have clearly shown that the 

Po Plain seismicity is a result of diverse tectonic processes occurring at widely different depths; but 

seismicity is sparse and infrequent, making it inevitable to focus on a handful of damaging historical 

earthquakes. The shallowest earthquakes are the most hazardous, both because they induce stronger ground 

shaking and because they may interact with the ongoing hydrocarbon exploration. In Section 8 we discussed 

the foundations of an approach that allows the depth of historical earthquakes to be assessed, at least with 

reference to that of instrumentally-recorded earthquakes. In its turn, this new information should allow the 

seismic geography of the Po Plain to be re-written with greater confidence. 

 The earthquake recurrence intervals of Italian earthquakes are (luckily) rather long, ranging from 

many centuries to millennia. This makes it crucial to investigate in detail the earthquakes that occurred in 

historical times, because they can be used as a template to constrain the characteristics of earthquakes we 

have not yet seen in the historical record; but it also stresses the incompleteness of this record, whose length 

in Italy (but probably also in most other countries) amounts to just a fraction of the typical length of the 

seismic cycle. In most areas of ancient civilization of the Mediterranean basin, Europe and Asia, 

archaeological data may be used to extend the historical record. In Section 9 we again discussed the case of 

the Messina Straits, where the archaeological sources can be used to document a contraction of settlements 

in the same localities devastated by the 1908 earthquake during the second half of the 4th century AD. If 

other causes such as wars and epidemies can be ruled out, the mass abandonment of the shores of the 

Messina Straits is likely to be evidence for a predecessor of the 1908 earthquake. 

 We concluded our journey with a rather unique case, even in Italian seismotectonics, concerning the 

investigation of the source of the 13 January 1915, Mw 6.8-7.1 Avezzano-Lake Fucino earthquake in central 

Italy (Section 10). A set of rudimentary benchmarks had been deployed around Lake Fucino in preparation 

for its complete drainage in 1862. Their main purpose was very practical – preventing lakeshore owners 

from stealing the newly reclaimed land; but their location at lake level 50 years later suggested that they 

could be used for documenting the coseismic strains caused by the earthquake and for exploring in detail the 

parameters of its causative fault. An incredible saga intertwining vision, entrepreneurial courage, cutting-

edge technology and a catastrophic earthquake with the gloomy fate of 30,000 innocent victims. 

   

11.3. The importance of staying open-minded 

 We hope all readers are now convinced that Historical Seismology is by no means lesser science. Its 

data and methods comprise an often-overlooked treasure that still awaits to be exploited in many 

seismogenic areas worldwide. Historical earthquake data are a fundamental ingredient in any seismic hazard 

assessment application: not simply for determining earthquake productivity rates, but also for constructing 

and testing the adopted seismogenic model. 

 We strived to demonstrate that matching historical earthquake data with geological and instrumental 

evidence compensates the inherent and inevitable weaknesses of all three realms. Given the typical length of 

the seismic cycle (centuries to millennia), this mutual interaction may be the only way to constrain a number 

of seismological issues that would be very hard to address using instrumental data alone. 

 We firmly believe that there is a lot to be learned from an intelligent use of Historical Seismology data 

in most earthquake-prone areas worldwide. But if there is a thread running across the fabric of the diverse 

cases we discussed in this paper, it is the openness of the approach that must be adopted. The 30-year 

experience we summarized has shown that any progress in understanding the seismotectonics of hard-to-

investigate areas requires the ability to combine diverse lines of evidence belonging to distant academic 

disciplines.  

 The landscape holds numerous, overriding voices that speak of people and settlements, environment 

and architecture, active tectonics and memories. Like a preserved radio broadcast from a distant past, such 

kaleidoscopic language carries the voice of time, both geological and historical, but needs a proper approach 

and much patience to be carefully listened to. But being patient implies being aware that “opportunities" 

such as the case of the benchmarks laid around the Fucino Lake (Section 10), or even the archaeological 

evidence found around the Messina Straits (Section 9), are clearly unique, and show that it is hard to devise 
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common guidelines. Also, the need to develop a "new strategy" for each scientific issue, as in most of the 

cases described in this paper, makes such investigations fascinating but also time-consuming, and potentially 

not very attractive for the fast publication pace of today’s citation-obsessed academic environment. 

 Genius and visionary as he was, Giuseppe Verdi, the great classical composer, in 1871 stated 

“Torniamo all’antico e sarà un progresso!” (“Let’s turn to the past: that will be progress!”) (reported in 

Florimo, 1883). Indeed, our journey set off by stating the priceless role of history in matching and 

complementing the information gathered from landscape, terrain, and faulting. We have illustrated important 

lessons emerging from a distant geological past as seen through the fascinating and revelatory lenses of the 

memory of time and terrain: historia magistra vitae est. 
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