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Abstract: Earthquake Environmental Effects (EEEs) are a common occurrence following moderate
to strong seismic events. EEEs are described in literary sources even for earthquakes that occurred
hundreds of years ago, but their potential for hazard assessment is not fully exploited. Here we analyze
five earthquakes occurred in the Southern Apennines (Italy) between 1688 and 1980, to assess if EEEs
are reliable indicators of the effects caused by past earthquakes. We investigate the spatial distribution
of EEEs and their ability to repeatedly occur at the same place, and we quantitatively compare the
macroseismic fields expressed in terms of damage-based intensity (MCS: Mercalli-Cancani-Sieberg)
to the Environmental Scale Intensity (ESI) macroseismic field, derived from an intensity attenuation
relation. We computed the field “ESI-MCS”, showing that results are consistent when comparing
different seismic events and that ESI values are higher in the first ca. 10 km from the epicenter,
while at distances greater than 20 km MCS values are higher than ESI. Our research demonstrates
that (i) EEEs offer a detailed picture of earthquake effects in the near field and (ii) the reappraisal of
literary sources under a modern perspective may provide improved input parameters that are useful
for seismic hazard assessment.

Keywords: earthquake environmental effect; Apennines; ESI scale; intensity attenuation

1. Introduction

A proper and comprehensive assessment of the seismic risk of a region should include both the
characterization of potential seismogenic sources and the pattern of damage expected due to ground
shaking. Macroseismology and historical seismology analyze available documentation of the effects of
past earthquakes to gain information on the cause (i.e., the earthquake itself; [1]). The quantity and
quality of available data obviously affects the resolution and reliability of the results: information on
earthquakes that occurred decades to centuries ago is usually fragmentary or incomplete.

Traditionally, according to the Mercalli-Cancani-Sieberg (MCS), Modified Mercalli (MM) and
Medvedev-Sponheur—Karnik (MSK) scales, the assignment of macroseismic intensity is based on the
effects on humans, the natural environment and the built environment [1,2]. With the introduction of
the European Macroseismic Scale (EMS), effects on the natural environment were explicitly neglected,
because they considered unreliable and “of limited use” [3]. The EMS scale is therefore particularly
suitable for assessing the damage to different building types; however, it significantly deviates from
the original scales, hampering the comparison between different earthquakes, and especially historical
ones. In 2007, the Environmental Seismic Intensity (ESI) scale was introduced; it is based exclusively
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on Earthquake Environmental Effects (EEEs; [4,5]). The ESI scale is complementary to damage-based
scales and provides useful information, especially when traditional scales saturate (above an intensity
of ca. IX) or cannot be applied (e.g., remote areas with sparse settlements).

In this paper, our aim is to demonstrate, through the analysis of five case histories in a homogeneous
territorial setting, that EEEs repeat consistently in time and provide complementary information
when compared to traditional, damage-based intensity scales. To reach this goal, here we analyze
five earthquakes that occurred in the Southern Apennines (Italy) between 1688 and 1980, to assess if
EEEs are reliable indicators of the effects caused by past seismic events, that occurred either in the
pre-instrumental or instrumental era. We analyze the spatial distribution of EEEs and we quantitatively
compare the MCS/MSK fields with an ESI theoretical field derived from a recently published attenuation
relation [6].

In this paper we briefly present the local seismotectonic setting and seismicity and we describe
the dataset and adopted methods, explaining how we derived the ESI macroseismic fields and how
we compared them to MCS/MSK fields. Moreover, we analyze the obtained results: first, we analyze
the spatial distribution of EEEs, with particular reference to the 1694, 1930 and 1980 earthquakes that
hit the same region; then, we compute the ESI macroseismic field and the difference “ESI-MCS” and
finally we discuss the results in the broader context of a historical reading of EEEs and their reliability
as diagnostics for either historical or recent earthquakes.

2. Seismotectonic Setting and Seismicity

The Southern Apennines are a Neogene fold-and-thrust belt dominated by carbonate and clastic
sequences and controlled by the subduction of the Adriatic plate to the East and the back-arc Tyrrhenian
Sea to the West [7-10]. The main active faults are of extensional type and arranged in a narrow
belt, which runs close to the axis of the Apennines chain. The characteristics of capable faults and
seismogenic sources are summarized in the ITHACA (ITaly HAzard from CApable faults) and DISS
(Database of Italian Seismogenetic Sources) databases [11,12]. The region hosts frequent seismicity,
often characterized by seismic sequences (i.e., series of earthquakes with comparable magnitude; [13]),
a focal depth ranging in the 5-20 km interval and a maximum magnitude of ca. Mw 7.0 [14,15].
Historical documentation and macroseismic studies are abundant [16].

Here we analyze five seismic events that occurred between 1688 and 1980 (Figure 1a); they all had
a normal-faulting mechanism and Mw between 6.7 and 7.1 [14]. The 1688 and 1805 earthquakes hit the
Molise region and part of Campania, while the 1694, 1930 and 1980 ones mainly struck the area of
the Campania, Basilicata and Puglia regions. The causative source of the 1805 Molise earthquake is
considered a NE-dipping structure along the slopes of the Matese Massif and surface faulting with
vertical displacement of up to 1.5 m were documented [11,17]. The source of the 1688 earthquake
has not been unequivocally identified so far, although there are hypotheses put forward by some
authors [18-21].

The 1980 earthquake showed a complex seismological pattern, with three sub-events that occurred
within 40 seconds. The activated faults stroke NW-SE and surface faulting was documented at several
sites [22-24]; general consensus exists about a NE dip direction of the first two shocks and a SW dip
direction of the third shock [11]. The 1694 earthquake was considered a twin of the 1980 earthquake,
but paleoseismological studies to date failed to identify surface faulting associated with the 1694
event [23]. The 1930 earthquake hit an area adjacent to the epicentral zone of the 1980 earthquake,
but slightly to the NE; offsets of up to 40 cm were documented [16,25].
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Figure 1. (a) The map shows the epicenters of the five historical earthquakes studied (green stars,
data from [14]) and the capable faults from Ithaca database [12]; (b) the workflow shows the steps of
our analysis with the input data (yellow) and output data (green).

3. Materials and Methods

We gathered available data for each of the studied earthquakes, including epicentral
coordinates [14], description and location of EEEs, and macroseismic fields expressed in terms
of MCS or MSK intensity. EEEs were categorized in five classes according to the type of effect: surface
faulting, slope movement, ground breaks, hydrological/hydrogeological anomalies and liquefaction.
Table 1 lists the five earthquakes analyzed in this study; the epicentral intensity Iy on the MCS/MSK
scale was X for all the events except for the 1688 (Iy XI). On the other hand, ESI epicentral intensity;,
assessed based on the surface rupture length or area affected by secondary effects, was X for all
earthquakes [26].

Table 1. Details of the analyzed earthquakes. Epicentral coordinates and magnitude (M) are from [14];
Ip: epicentral intensity.

Date Earthquake  Latitude Longitude M 1/01\2/;?(5 Ip ESI EEI\]{:EIE::;;:;S References
05/06/1688 Sannio 41.283 14.561 71 XI (MCS) X 15 [26,27]
08/09/1694 Irpinia 40.862 15.406 6.7 X (MCS) X 14 [26,28]
26/07/1805 Molise 41.500 14.474 6.7 X (MCS) X 49 [17,26,29]
23/07/1930 Irpinia 41.068 15.318 6.7 X (MCs) X 57 [25,26,30]
23/11/1980 Irpinia 40.842 15.283 6.8 X (MSK) X 108 [11,17,23,24,26]

The number of localities where EEEs were documented increased with time: about 15 data points
were assigned to the two 17th century earthquakes, while over 100 localities were assessed for the
1980 earthquake. EEEs descriptions were compiled at the “site” level, that is, each place where an
environmental effect was recorded; sites were then grouped into “localities” and an ESI intensity value
was assigned to each locality [5]; here we analyzed the data generalized at the locality level.

An ESI macroseismic field was not available for all the earthquakes, so we derived it from an
intensity prediction equation (IPE), which expresses the ESI intensity as a function of epicentral intensity
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Ip and distance. The equation was developed by the authors of [6] from over 400 ESI intensity data
points belonging to 14 earthquakes that occurred in the Central and Southern Apennines; data were
binned according to the intensity value, and the median value for each class was used to derive the
prediction equation adopting a least-squares approach. A log-linear functional form was selected
based on the fitting performance. The IPE assumed the following values [6]:

I=1Io+ (441) +4.36) — (4.86 + 4.61) x log,(R) — (0.027 + 0.068) X R 1)

where I is the ESI epicentral intensity and R is the epicentral distance in km.

The IPE assumed an isotropic attenuation of intensity with distance; thus the derived isoseismals
were circular. Macroseismic fields were generally elongated with a strike similar to the seismogenic
source, but available data for the ESI scale were not considered sufficient to fully describe this spatial
asymmetry; it must be recalled that the ESI scale was introduced ca. 15 years ago [4] and that the IPE
proposed by the authors of [6] is the first attenuation equation for the ESI scale worldwide.

The methodological workflow of our research is presented in Figure 1b. In a first step, we analyzed
the MCS/MSK intensity at each location where an EEE was documented; we focused on the 1694,
1930 and 1980 seismic events, because they hit the same region (Section 4.1). In a second step,
we compared the MCS/MSK macroseismic fields with the ESI macroseismic field derived from Equation
(1) (Section 4.2). Since all five earthquakes shared a common epicentral intensity (I ESI = X, see Table 1),
we inverted the equation and derived the radii of ESI isoseismals for intensities between VI and X.
Results are presented in Table 2. We drew the ESI isoseismals centered on the macroseismic epicenter
and we computed the difference “ESI-MCS” on a grid of 1 km? cells.

Table 2. Isoseismal radii obtained from the IPE (Intenstiy Prediction Equation, Equation (1)), considering
an ESI epicentral intensity of X.

ESI Intensity Isoseismal Radius (km)

X 7.3
IX 11.2
VIII 16.8
Vil 244
VI 344

4. Results

On the basis of the data and analysis given in Section 3, we will now illustrate the results
on EEEs distribution and the quantitative comparison of MCS/MSK and ESI macroseismic fields.
We investigated the presence of systematic differences in the intensity pattern as derived from the
damage to the built environment (MCS and MSK scales) or to the natural environment (ESI scale).
Such variations were evaluated with respect to the distance from the epicenter and the direction of the
seismogenic sources.

4.1. EEEs Distribution

In this study we compared the distribution of EEEs for each class of MCS/MSK intensity for
the five earthquakes. Figure 2 shows the distribution in frequency of the five categories of EEEs.
EEEs were widespread for an intensity value I > VII, but each type had a distinct distribution: the most
frequently documented effects were slope movements (139 occurrences), 62% of which occurred for
intensity values of I = VII-VIIIL. Hydrological and hydrogeological anomalies were recorded mainly at
values | = VI-VII (54%). These percentage values are not surprising data, since this type of effect is
also common in the far field (for example, [17,29]). The cracks in the ground were widespread for an
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intensity value of I = VII (54%) while liquefaction was an effect that occurred for intensity values of
I = VII-IX.

Slope movement Hydrological and Ground cracks Surface faulting Liquefaction
hydrogeol. anomaly 4 4
50 Nr. 139 | 30 Nr.72 | 151 Nr. 28 7 Nr. 9 7 Nr. 9
40 3 | 3
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Figure 2. Histograms of the frequency distribution of the five EEEs for each class of MCS/MSK intensity.

Primary effects (i.e., surface faulting) were documented at only nine localities, 89% of which had
an intensity value of I > VIIL This higher threshold was expected because on-fault effects occur by
definition along the main fault or on distributed faults, which are usually located close of the main fault.

The histograms in Figure 2 are consistent with the distribution of EEEs in other territorial settings
and with the overall expected distribution [5,31]. This confirms that EEEs appear at certain thresholds
and are reliable indicators, even when analyzing earthquakes that occurred up to 400 years ago.

In Figure 3, we focus on three out of the five earthquakes (i.e., the 1694, 1930 and 1980
events [11,17,23-26,28,30]), because they all hit the area between Campania and Basilicata Regions.
They shared a very similar magnitude (6.7-6.8), according to [14]. Figure 3a shows the EEEs together
with the VIII isoseismal for the three earthquakes. The 1930 and 1980 events affected adjacent,
partly overlapping areas. The VIII isoseismal was ca. 3900 and 2800 km? wide for the 1930 and
1980 earthquakes, respectively. The VIII isoseismal for the 1694 earthquake broadly encompassed the
area occupied by both the 1930 and 1980 isoseismals. EEEs for the 1694 earthquake were lower in
number but spread over a much wider area. The percentages of EEEs inside the VIII isoseismal were
43%, 46% and 63% for the 1694, 1930 and 1980 earthquakes, respectively. Most of the environmental
effects outside the VIII isoseismal were hydrogeological anomalies for the 1930 earthquake and slope
movements for the 1980 one.

In Figure 3b, the localities hit by at least two out of the three earthquakes are reported, for a
total of 13 localities. This figure is particularly relevant for the 1694 earthquake: in fact, five out of
the 14 localities where EEEs were reported (i.e., 36%) were affected again by the 1930 and/or 1980
earthquakes. A total of 16% of the localities with documented EEEs in 1930 were affected by the 1980
earthquake. The only place where EEEs were documented for all the three earthquakes is Calitri.
Following the 1980 earthquake, a rotational landslide of over 23 million m? affected the historical center
of the village; liquefaction phenomena were observed as well [17]. The seismic history of Calitri shows
that the village was repeatedly hit by earthquakes and that landslides occurred also during the 1805
earthquake [32].

If we analyze the type of EEEs documented at the 13 localities, the most striking observation is that
all were affected by slope movements; to a lesser extent ground cracks and hydrogeological anomalies
were recorded. Local site conditions (physiography, geomorphological or lithological setting) influence
the occurrence of EEEs, which tend to repeat at the same spot (e.g., [31,33]).
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Figure 3. Map (a) shows a comparison between the VIII isoseismals of the 1694, 1930 and 1980
earthquakes and the location of EEEs; map (b) shows the localities where EEEs were documented
for more than one seismic event (SM: slope movement, GC: ground crack, SF: surface faulting,
HA: hydrological anomaly, GS: ground settlement).

4.2. Quantitative Comparison of MCS/MSK and ESI Macroseismic Fields

We now move toward a comparison of the earthquake effects on the natural environment (ESI scale)
with the built environment (MCS and MSK scales). We considered each of the five historical earthquakes
at a time and compare the distribution of EEEs and the value and pattern of macroseismic fields.
Figures 4-8 show the obtained results for each earthquake. In the upper panel, the location of EEEs
is shown together with the MCS or MSK macroseismic field. For all the earthquakes, isoseismals
are elongated in the NW-SE direction, in accordance with the strike of the main Apennines faults.
The seismogenic faults of the older earthquakes have not been unequivocally identified so far; despite
this fact, the anisotropy of isoseismals suggests the activation of NW-SE oriented sources.

The ESI macroseismic field derived from the intensity prediction equation is shown in the second
panel of Figures 4-8; the isoseismals are circular, since the IPE does not consider along- and across-strike
anisotropies. ESI isoseismals occupy a much smaller area than MCS/MSK ones, due to the steep decay
of ESI intensity moving away from the epicenter.

We calculated the difference between ESI and MCS intensities on a grid of 1 km? cells and
expressed this value as “ESI-MCS”. In Figures 4-8 (panel c), red tones correspond to positive values
of the “ESI-MCS” descriptor (i.e., ESI > MCS), while green tones correspond to negative values
(i.e., MCS > ESI). Positive values are located closer to the epicenter; the frequency distribution of
the “ESI-MCS” field is given in the histograms in the lower left corner of Figures 4-8. For all the
earthquakes, the mode corresponds to the value —1; the only exception is the 1694 seismic event,
whose histogram (Figure 5d) looks shifted toward more negative values.
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Figure 4. (a) map of EEEs and MCS isoseismals, dashed when inferred, of the 1688 earthquake; (b) map

of EEEs and ESI isoseismals derived from the intensity prediction equation (IPE); (c) map showing
the difference between ESI and MCS intensities; (d) histogram of the ESI-MCS difference. Inset shows,
in the grey rectangle, the study area in a larger map around Italy.
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Figure 5. (a) map of EEEs and MCS isoseismals, dashed when inferred, of the 1694 earthquake; (b) map
of EEEs and ESI isoseismals derived from the intensity prediction equation (IPE); (c) map showing
the difference between ESI and MCS intensities; (d) histogram of the ESI-MCS difference. Inset shows,
in the grey rectangle, the study area in a larger map around Italy.
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Figure 6. (a) map of EEEs and MCS isoseismals of the 1805 earthquake; (b) map of EEEs and ESI
isoseismals derived from the intensity prediction equation (IPE); (c) map showing the difference
between ESI and MCS intensities; (d) histogram of the ESI-MCS difference. Inset shows, in the grey
rectangle, the study area in a larger map around Italy.
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Figure 7. (a) map of EEEs and MCS isoseismals of the 1930 earthquake; (b) map of EEEs and ESI
isoseismals derived from the intensity prediction equation (IPE); (c) map showing the difference
between ESI and MCS intensities; (d) histogram of the ESI-MCS difference. Inset shows, in the grey
rectangle, the study area in a larger map around Italy.
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Figure 8. (a) map of EEEs and MSK isoseismals of the 1980 earthquake; (b) map of EEEs and ESI
isoseismals derived from the intensity prediction equation (IPE); (c) map showing the difference
between ESI and MSK intensities; (d) histogram of the ESI- MSK difference. Inset shows, in the grey
rectangle, the study area in a larger map around Italy.
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5. Discussion

5.1. The Significance of Macroseismic Historical Reading

Seismic sequences that occurred in the last few years showed a high degree of complexity in
terms of spatio-temporal evolution of the sequence, number of ruptured segments and surficial
expression of faulting. Earthquakes like the 2016 Central Italy [34], 2016 Kumamoto—]Japan [35],
2016 Kaikoura—New Zealand [36], 2019 Ridgecrest—USA [37], to name just a few, were captured
with unprecedented detail and enhanced our understanding of earthquakes and active tectonics.
There is no reason why earthquakes that occurred in the past should not have been equally complex.
The challenges we face today (variability in surface displacement, distributed faulting, cumulative
effects on the natural and built environments) were even harder for past seismic events, due to the
lower resolution of available data.

Thus, historical data bear a fundamental role and there is the need to reassess past earthquakes
under a new light. For instance, the description of the environmental effects at Teora (see Figure 5b for
location) in the 1694 earthquake is one of the first documentations of surface faulting associated with a
linear morphogenic earthquake [38]: “The mountain split with great astonishment for a length of over
10 miles and the fracture was several arms wide, slowly decreasing toward the tip [La montagna con
estrema meraviglia si é aperta per la lunghezza per lo spazio di 10 miglia sul dorso, essendo ampia I'apertura di
pitt braccia, quale si va chiudendo a poco a poco.]” [28]. Another aspect usually encountered in historical
seismicity data merits further attention: literary sources sometimes report church bell towers or
mountain peaks that were visible from a nearby village before the earthquake and no more after
(the contrary is also described many times). This indication may point toward the uplifting (or lowering)
of large areas, as nowadays demonstrated by InNSAR (Interferometric Synthetic Aperture Radar) data.

The 1694 and 1980 earthquakes were considered comparable in size and occurring from the same
seismogenic source, due to the similarity in the distribution of damage [23]. Nevertheless, the VIII
isoseismal of the 1694 earthquake (Figure 3a) was much bigger than the 1930 and 1980 earthquakes,
as well as the area where EEEs were documented. Despite that the three earthquakes had a very similar
magnitude in the most updated version of the Italian seismic catalogue (6.7-6.8, [14]), our observations
possibly suggest that the size of the 1694 earthquake was bigger than the 1930 and 1980 earthquakes.
This hypothesis seems to be confirmed by the much lower values of the “ESI-MCS” field for the 1694
earthquake (Figure 5d). An alternative explanation is that literary sources for older earthquakes tend
to record extreme rather than “average” effects (e.g., [39]), which may lead to overestimation of the
true size of the earthquake.

Macroseismic intensity assignment is based on a certain degree of expert judgement [1];
some authors considered the maximum observed effects, as in the original definition of the intensity
parameter (e.g., [5]), while others preferred the average value [39]. We stress that this choice should be
based on the specific needs: in some cases, the average scenario should be preferred; in other cases,
it is necessary to consider the worst-case scenario and thus the maximum effects.

In Figure 9, we analyze the “ESI-MCS” field and plot it as a function of epicentral distance.
At distances lower than 10 km, the ESI intensity is higher than MCS, while the opposite is true at
distances higher than ca. 20 km. ESI and MCS have the same value at 14 + 7 km from the epicenter.
It must be recalled that we are not aiming at forcing the two scales to be equal, which would have no
meaning; we simply want to highlight consistent features that can enable the comparison of different
earthquakes. The higher steepness of the ESI attenuation [6] means that ESI is particularly useful in
the near field [4,5], where traditional scales tend to saturate. A possible pitfall of the present analysis is
that the earthquakes investigated in this research were already used for deriving the IPE: these results
must be confirmed by analyzing independent case histories.
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Figure 9. (a) Median values of the ESI-MCS field as a function of epicentral distance for each of the five
historical earthquakes; (b) boxplots showing the mean value and standard deviation of the data shown
in panel (a).

5.2. Environmental Effects and ESI Scale: Are They Reliable?

The number of EEEs documented for each of the five earthquakes ranges between 14 and 108
(see Table 1). This figure is well below the thousands of points available for the most recent earthquakes
(e.g., over 4000 points for the 2016 Central Italy sequence [40]). This points toward a potential significant
incompleteness of the data for older earthquakes (i.e., not all the localities where EEEs occurred are
included in the reports); as a possible explanation, we argue that the careful search of ground effects
has not been common practice until few years ago.

The number of documented EEEs for the five earthquakes analyzed in this study increased with
time, indicating a better focusing on the ground effects produced by earthquakes. Even for the 1980
earthquake (EEEs reported for over 100 localities), the ESI scale was nonexistent; this means, in our
opinion, that the adoption of the ESI involves, by default, a significant increase of the EEEs data,
as demonstrated by the recent earthquakes in Italy (e.g., 2016 Central Italy seismic sequence [40,41]).
We argue that the best practice for future earthquakes should include the adoption of both traditional
scales and the ESI scale, because environmental effects may add a significant contribution in terms of
seismic hazard assessment [5].

EEEs can be triggered at the same location by different seismic events (see Figure 3b), implying
the presence of predisposing factors. In our opinion, this is a demonstration of the reliability of EEEs
through time in a homogenous territorial setting. The repeatability of EEEs at the same location
resembles one of the basic assumptions in earthquake geology, that is, tectonic reactivation of faults
can occur only on existing active faults (i.e., no new faults are generated in the short term [42]).

Another point worth mentioning is that the attenuation of MCS intensity with distance is variable
with time: 21st century earthquakes show a different behavior relative to older ones; on the contrary,
the ESI attenuation was found to be more stable [6]. The introduction of the ESI scale is much
more recent than traditional scales like the MCS; for this reason, available case histories documented
through the ESI scale are not sufficient for developing empirical regressions with regional validity.
A first attempt to relate ESI intensity and magnitude was performed in the Mediterranean region [43],
whereas the only regression of ESI intensity with distance was developed in the Italian Apennines [6].
A possible improvement in the performance of ESI intensity prediction equation is the development of
an anisotropic attenuation law, which takes into account the elongation of isoseismals in the direction
of the seismogenic source (e.g., [44,45]).

6. Conclusions

In this study, we investigated the environmental effects triggered by five historical earthquakes
that occurred in the Southern Apennines. We analyzed the spatial distribution of EEEs and their
repeatability through time; we then compared the effects on the natural environment with the pattern
of damage on the built environment, as documented by traditional intensity scales (MCS and MSK).
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Our results demonstrated that EEEs are reliable indicators for determining the size and effects of
past earthquakes; the reappraisal of literary sources under a modern perspective may help depicting a
more detailed scenario of earthquake effects, thus providing improved input parameters for seismic
hazard assessment. We argue that the reference practice in macroseismic assessment for future
earthquakes should be to apply both the ESI and damage-based scales, which complement each other.
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