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Abstract: Pompeii Archaeological Park is the best laboratory for the study of the seismic site effects
on cultural heritage: the ancient site was destroyed and buried by the 79 AD Vesuvian eruption and,
furthermore, it was also affected by the 62-63 AD strong earthquake. Large sectors of the city were
reconstructed after this earthquake while other parts were still under reconstruction when the fall-
out and pyroclastic density currents of the eruption buried the Roman city. In order to evaluate the
distribution of the damage and reconstructions due to the earthquake, detailed mappings of the
structures were carried out using multidisciplinary approaches. In addition, analyses of the topo-
graphical features, subsoil stratigraphies, and geophysical surveys, responsible for local seismic am-
plification (site effects), allow us to define the sectors of the ancient city where the Amplification
Factors (AFs) were the main ones responsible for damage. Selected areas and examples of compro-
mised and reconstructed buildings show that the ancient topography and subsoil features (both
lithological and seismic) are the main AFs. In particular, the damages caused by the 62-63 AD earth-
quakes seem to be mainly due to topographical factors such as steep scarps and slopes, ridges,
peaks, and terraces, as well as to the major thickness of the soft sediments (loose volcanoclastic
layers, paleosols, weathered lavas, and anthropogenic infillings) located over the well-lithified la-
vas. It is not uncommon to also have the combination of these two factors. For the first time, this
multidisciplinary approach allows us to draw a seismic microzonation map for one of the most
important archaeological sites of the world.

Keywords: seismic hazard; risk mitigation; cultural heritage; earthquakes; geomorphology;
stratigraphy

1. Introduction

From the beginning of the 20th century, there has been an improvement in studies
concerning the significant role of the local geological-geomorphological setting in con-
trolling the distribution of damage induced by earthquakes [1-3]. Several theoretical mod-
els based on experimental data highlighted the relationships between ground shaking and
geological-geomorphological settings. They are responsible for seismic energy trapping
and resonance phenomena in the shallowest part of the subsurface and relative interfer-
ence phenomena of engineering interest [4]. Starting from these approaches, the interna-
tional community, e.g., [5,6], adopted seismic codes to evaluate the ground motion am-
plification phenomena in order to elaborate the anti-seismic planning of new structures
and to preserve the archaeological cultural heritage. These codes distinguish between
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seismic hazard assessments on a regional scale and at the local level: the first is assessed
by considering the seismogenic processes and regional-scale radiation patterns of earth-
quakes; the second by examining the modifications induced on the ground shaking at
small-scale (tens to hundreds of meters) geological-geomorphological settings. These
modifications are estimated by numerical models that account for the seismo-stratigraph-
ical and geotechnical model of the local subsoil, e.g., [4]. The parameterization of these
models (in terms of Vp and Vs profiles) also takes into consideration borehole data and/or
surface geophysical measurements, e.g., [7,8], as well as having application in well-known
case-study tests [9-14].

The strategies developed under the denomination of seismic microzonation (herein-
after SM) are devoted to seismic hazard assessment at the scale of the settlement and sur-
rounding land (typically in urban areas). SM requires a strongly multidisciplinary ap-
proach, which takes advantage of the full interoperability between geological/geomor-
phological surveys, archaeological and architectural data, geophysical prospections, mod-
els, and testing. This approach requires a coherent methodological workflow among ge-
ologists, geophysicists, archaeologists, geotechnical engineers, and, ultimately, land plan-
ners.

The Italian scientific community (coordinated within the Centre for Seismic Micro-
zonation and Applications, https://www.centromicrozonazionesismica.it/en/ accessed on
11 June 2021, under the coordination of the Civil Protection Department) developed spe-
cific guidelines for SM studies [15-17]. Moreover, SM includes three levels of investiga-
tion.

Level 1 is based on the collection and reinterpretation of previous data concerning
shallow subsurface (i.e., borehole data, geological/geomorphological surveys, geotech-
nical, and geophysical data) [18] combined with field surveys and geomorphological anal-
ysis of detailed scale topographic maps (1:5000). The geological-geomorphological model
is drawn after reclassification of the geological units into SM units following their geotech-
nical properties [19,20]. This model subdivides the study area in homogeneous parcels of
land (seismically homogenous microzones (SHM)), each characterized by similar ex-
pected co-seismic phenomena. Despite the inherently semi-qualitative character of the SM
first level, its outcomes are of primary importance for the subsequent levels.

Level 2 represents an in-depth analysis that allows the identification of areas with
high uncertainties where further investigations are needed in order to define a SM, which
in turn derives from the combination of the previous SHM with the numerical quantifica-
tion of the local seismic amplification. The latter is quantified by means of schedules
(which varies for all the regions of the Italian territory, taking into account their seismo-
tectonic and geological settings) that define the amplification factors of elastic spectra at
the surface.

Finally, Level 3 consists of the planning and realization of new geological, geotech-
nical, and geophysical investigations in order to define the seismic site response as areas
prone to local seismic amplification and/or unstable areas [8,21,22].

Despite the fact that the first-level SM is only based on geological and geomorpho-
logical field data integrated with the collection of both borehole and geophysical investi-
gations, it can be very useful to a first definition of areas prone to local seismic amplifica-
tion, and it is preparatory for the planning of the second and the third levels of investiga-
tion.

In this paper, we present and discuss the results of the collected and reinterpreted
geological (mainly by borehole and archaeological trench data), geomorphological, and
geophysical investigations useful for the characterization of the SM of Pompeii Archaeo-
logical Park. Three main steps are defined for the characterization of Level 1 of the SM: (a)
the combination of geological/geomorphological analyses to develop a subsoil geological
model and a geomorphological map of the study area (SGM and GM, respectively); (b) an
upgraded model (geological/geophysical model (GGM)), by considering data provided
by geophysical prospecting; and (c) the definition of a SHM map based on GGM.
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In addition, an innovative and original approach was carried out in order to give
useful information to plan further investigations for the second and third levels of SM.
This approach takes into account both the available historical-archaeological data for the
sectors of the ancient town mostly damaged by the 62-63 AD earthquake, and new ar-
chaeological data and surveys on buildings buried by the 79 AD Vesuvian eruption. In
particular, the inventory of the damaged buildings was improved, adding the buildings
that were restored in 79 AD, probably as consequence of the damage of the 62-63 AD
earthquake. In this way, a map of the damage and restorations (damage/rebuilding map
(DRM)) was intersected with the SHM map, allowing us the enhancing of a strong corre-
lation between damage distribution and site effects. Finally, the work suggests several
sectors of the ancient town where further investigations are needed at the second and
third levels of SMZ.

2. Materials and Methods
The methodological workflow is based upon the following steps (Figure 1).

Borehole Freld 1:5000 Remaote MASH Sezsmic Historical Previous Field
data Geology Cartography sensing data refraction data data Archaeology
Subsoil Geomorphological Geophysical Seismic
N 3 ¢ D 62 AD) earthquake
Geological Map Model Bcc{rorls Damage/rebuilding map
Model (SGM) (GM) (GPM) (ER) " (DRM)
1st Level
SEISMIC HOMOGENEOUS MICROZONES (SHM) }7 of Seismic
Microzonation

Figure 1. Workflow of the materials and methods and related products used for the drawing of the
Pompeii seismic microzonation.

2.1. Subsoil Geological Model (SGM) and Geomorphological Map (GM)

The first approach concerns the definition of the zones characterized by homogene-
ous lithostratigraphical and geomorphological settings, including the definition of repre-
sentative lithostratigraphical logs and their geometrical relationships. In this evaluation
the definition of the thickness ranges of the lithostratigraphical layers is relevant for geo-
metrical relationships, sensu ASTM [19] and CTMS [18]. SGM is represented by a map
made of polygons classified as bedrock (B) and cover terrains (CTs). Bedrock is made of
coherent and lithified lava of the Pompeii volcano [23] unconformably buried under CTs.
The last are made by loose deposits constituted by alternating tephra layers, buried soils,
and colluvial and anthropogenic layers; therefore, they have extremely variable lateral
extension and thickness. This variability is due to the presence of buried morphologies
carved into the bedrock or due to the anthropogenic changes of the ground level through
time. In terms of seismic behavior, the sharper impedance contrast responsible for the
main possible resonance phenomena is expected at the boundary between CTs and B, the
latter represented by more rigid material. In this first step, by the modelling of lithostrat-
igraphical cross-sections, it is possible to identify the occurrence of different lithostrati-
graphical settings or logs, expressed by the number of stacked layers, each represented in
terms of (a) their belonging to the bedrock or CT; (b) type of geological units according to
conventional classification, e.g., [19]; and (c) thickness range.
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Therefore, the SGM is a map where any polygon corresponds to a preliminary SHM,
characterized by the same subsurface lithostratigraphical setting and differs from a classic
geological map where only the surface geology is represented.

New field data (ca. 100 boreholes and archaeological trenches) were added to the GIS
database and supported by a detailed geomorphological study based on DEM elabora-
tions of 1:5000 topographical and geodetical data. This study also highlights the sectors of
the ancient town characterized by landforms that can enhance local seismic amplification,
such as isolated peaks, ridges, scarps, steep slopes, impluvium, anthropogenic fills, chan-
nels, and underground caves, according to guidelines for SM studies [15-17].

2.2. Geophysical Model (GPM)

In this phase, the aims are twofold. First, new field data corresponding to surface
geophysical prospecting were carried out in order to provide further constraints to the
geometries of the lithological bodies delineated in the SGM. Second, these measurements
will provide the seismic characterization of each lithostratigraphic unit present in the sub-
soil, in terms of Vp and Vs values. The main concern will also be the identification of the
main seismic impedance contrasts and of the identification of the seismic bedrock (SB).
All these elements play a major role in assessing the local seismic hazard. SB represents
the bottom of the seismo-stratigraphic log responsible for the expected ground motion
amplification. The SB may or may not correspond to the bedrock, depending on its char-
acteristic V values. In fact, for engineering purposes, SB is conventionally defined with Vs
values above any threshold (>800 m/s in Italy). This definition implies that, depending on
the geological characteristics and history, not all bedrocks are seismic bedrocks and even-
tually also CTs can be SB.

This phase allows the reassessment of representative lithostratigraphical logs for
each polygon of the SGM map, where the vertical sequence of geological units is deline-
ated with a more refined thickness estimate (integrating geological and geophysical ob-
servations) along with the respective V values.

The seismic characterization of each lithostratigraphic units present in the subsoil, in
terms of Vp and Vs values, was established by four seismostratigraphical tomographies
(seismic refraction) and seven Multichannel Analysis of Surface Waves (MASW). The ge-
ophysical investigations are based on the measurement of the arrival times of the seismic
waves refracted by the interfaces between soil stratifications, characterized by different
propagation speeds. The energy source is represented by an impact on the surface. The
energy radiates from the “shot point”, travelling both directly in the uppermost layer (di-
rect arrivals) and travelling deep down and laterally along layers at a higher velocity (re-
fracted arrivals), and then returning to the surface, where it is measured through the
spreading of geophones. Energizing at different positions on the surface, it will be possible
to deduce information about the geometry of the deep refractor layer, in many cases co-
inciding with the bedrock. The seismic refraction was carried out using P.A.S.I. GEA24
complete with GEA-PC acquisition software. GEA24 is a compact-sized 24-channel seis-
mograph with a 24-bit data acquisition board and USB interface for external PC.

The MASW surveys were carried out using a 24-bit and 24-channel MAE A6000-S 24
high-resolution seismograph. A 6 kg hammer that strikes on a circular aluminum plate
was used as the seismic source. A vertical geophone (14 Hz Geospace), localized close to
the plate, was used as trigger/starter. For the seismic elaboration, the source was localized
to the beginning and to the end of the geophonic line, 2 m spaced, in order to obtain a
seismic profile both directly and in reverse. The total length of the seismic profile ranges
between 30 and 50 m, sufficiently to obtain 2D seismostratigraphy units to a maximum
depth of ca. 30 m. The seismic signals were successively elaborated using SurfSeis 2.05
software of the Kansas Geological Survey.
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2.3. Assessment of Damage/Rebuilding Map (DRM)

During the last decades some studies were carried out to better identify damage and
reconstructions in relation with earthquakes in several worldwide urban contexts, both
for recent and past earthquakes [24-37]. For the Pompeii Archeological Park, the available
data on the effects of the past earthquakes on buildings are still partially lacking. Only
data from historical fonts (see Section 3.1) and publications [34,38-51] are nowadays avail-
able. More recently, other important data derived from the project RECAP have been
made available (Reconstruire aprés un séisme. Expériences antiques et innovations a Pompéi;
http://recap.huma-num.fr/ accessed on 15 April 2022) [34,51,52], in which new approaches
to the construction techniques and to the study of the building material are correlated to
the seism of 62-63 AD and to the following earthquakes. The systematic and interdiscipli-
nary research carried out during this project, in particular in the East part of the Regio VII
and in the Villa di Diomede (http://villadiomede.huma-num.fr accessed on 15 April 2022),
has produced an innovative and well-defined methodology for investigating the ancient
building in order to identify reparations or reconstruction. It is this particular type of evi-
dence that allow us to recognize traces of damage that are possibly linked to an earthquake
(Figure 2).

Out-of-plan mechanism

Figure 2. Schematic diagram of possible dissections in relation to a structure affected by a seismic
event. Out-of-plane mechanisms: (a) total simple overturning of the wall; (b) partial simple over-
turning of the wall; (c) horizontal wall deflection; (d) offset of the wall. In-plane mechanisms: (e) bi-
directional injuries at jambs; (f) bi-directional injuries in correspondence at sills and lintels; (g) one-
way diagonal injuries. Combined mechanisms: (h) partial complex overturning; (i) total complex
overturning; (j) rollover of the corner of the building; (k) vertical wall deflection [37].

More details were provided by a new methodological approach based on the recog-
nition of the Neapolitan Yellow Tuff (NYT) as lithological material used for buildings and
also for repairs in the Pompeii urban area [50]. In particular, this study takes into account
structural elements containing the NYT lithotypes spread all around the ancient city. The
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research led to identify a lot of contexts linked to interventions in the post-seismic period
(45 out of 86 studied contexts), demonstrating that the use of this lithotype particularly
increased after the well-known 62-63 AD earthquake. From a methodological point of
view, the research is based on the study of each individual structural element, which has,
as already mentioned, elements in NYT. These elements are identified according to their
construction techniques and their static-constructive aspects. First, within the buildings to
which they belong, and then, in a more general reading, at the level of each insula (block)
and each Regio (district). This leads to a general reading of the phenomenon of the spread
and use of this material, also analyzing the problems directly linked to the earthquakes
that struck Pompeii. The study was carried out using three databases and a related GIS.
The study of construction techniques was done with the help of the international database
ACOR (https://acor. huma-num.fr/ accessed on 15 April 2022) and the analysis of repairs
or reconstructions was carried out with the OPUR database (OPUR database down-
loadable at http://recap.huma-num.fr accessed on 15 April 2022). For the study strictly
related to the NYT, a special database, which communicates closely with the other two
databases, was created using the FileMaker Pro program [50]. The database entries are
based on the cataloguing system adopted by the Pompeii Archaeological Park, enhanced
with specific information on the nature of the building materials, the statics of the struc-
tures and the wall coverings present, entries related to the conservation of the structures
and elements, and the identification of damage, repair, or reconstruction.

All the data collected in the databases were then correlated to the vector plan of the
evidence within a GIS, created with the open-source program QGIS. By using this ap-
proach, a GIS-based map of the structural elements potentially damaged or restored dur-
ing or after the earthquake was elaborated [50]. The level of detail in identifying earth-
quake-related repairs and reconstructions has been raised from the particular to the gen-
eral. In other words, from the study of each piece of structural evidence, considerations
were made at the level of the buildings (some examples can be found in Section 5), which
were then used to arrive, in the present paper, at a more general discourse on the individ-
ual insulae.

Finally, all the available previous bibliographical data and new recognized data al-
low us to elaborate a GIS-based map of the damage and restorations of the sectors of the
ancient town presenting more site effects due to the earthquakes that preceded its burial
in the 79 AD.

2.4. Seismic Homogeneous Microzonation (SHM Map)

The collected data allowed us to identify homogeneous zones roughly characterized
by similar geomorphological, litho-, and seismo-stratigraphical features. The merging of
available data, managed in the Geographic Information System (GIS), allows us to divide
the Pompeii archaeological area into homogeneous parcels of land, each of which charac-
terized by similar stratigraphical, geomorphological, and geophysical features, and to
draw the SHM.

In addition, data from the strongest known earthquake (62-63 AD), derived from the
DRM map, were used to improve the database on the sectors of the ancient city where
site-effects and local seismic amplifications were stronger.

Finally, the work suggests several sectors of the ancient town where further investi-
gations are needed at the second and third levels of SM.

3. Previous Knowledges
3.1. Geomorphological and Geological Setting

The Pompeii ruins are located in the central-northern sector of the Sarno River allu-
vial coastal plain, close to the southern downslope of the Vesuvio volcano (Figure 3).

The geology of the study area consists of a complex sedimentary history, in which a
key role was played by the interaction of several processes such as volcanism, volcano-
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tectonic, sea-level changes, and climatic variations, as well as anthropogenic changes.
These processes enhanced the strong changes in landforms and environments as well as
conditioned the population distribution and settlement strategies; the rise and develop-
ment of the urbanization, land use changes, economic, and social history; and for Pompeii
also its disappearance and preservation, thanks to the burying caused by pyroclastic fall-
out and pyroclastic density currents of the 79 AD Vesuvian eruption.

14° 29" 46.74" |

e

40 m a.s.l.

30

20

0 sea leve,

_.B
; Sarno R.
= \_ﬂluvi.ﬂ plain

Palaeocliff

Bottaro
dunal ridge

79 CE e post 79 CE
dunal ridges

Figure 3. Geology of the Pompeii area. (a) Geological map (1:25,000 in scale) of the Sarno river allu-
vial coastal plain. (1) Pompeii Volcano Lava (late Pleistocene); (2) late Holocene volcaniclastic de-
posits; (3) late Holocene alluvial fan deposits; (4) Holocene lagoonal, marshy deposits; (5) Holocene
dunal deposits; (6) Holocene fluvial deposits; (7) 1800 AD Sarno river paleocourse; (8) Nowadays
beach deposits; (9) Early Holocene Pompei paleocliff; (10) 79 AD paleoshoreline; (b) Schematic ge-
ological cross-section (trace AB) showing a stratigraphic assessment of the subsoil: (a) sandy coastal
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deposits; (b) silty-clay marshy and lagoonal deposits; (c) 79 CE eruption deposits; (d) alternating of
paleosols, volcaniclastic deposits, and weathered lava; (e) Sarno river fluvial deposits; (f) Pompeii
volcano lava.

The ancient city was built on the relics of an ancient volcanic cone, named Pompei
Volcano by Cinque and Irollo [23], interpreted as a coalescence of more craters and vol-
canic landforms, separated by a volcanic complex of the Somma-Vesuvio volcano. The
period of activity of the Pompeii Volcano is constrained to the Late Pleistocene and more
precisely to the interval that occurred between 40 ka and 20 ka [23,53]. In the urban area,
several volcanic landforms were recognized by Cinque and Irollo [23] and they are illus-
trated in detail in the geomorphological map in Section 4.1.

On the Tyrrhenian sea front, the Pompeii Volcano flanks were cut by seawaves of the
transgressive phase of the Early Holocene sea-level rise. A steep cliff, as high as 15 m, was
modelled on the western and southern flanks of the volcanic hill. After the transgressive
phase, the Pompeii hill and the alluvial coastal plain were under the control of different
morphogenetic and sedimentary processes. The hill was mainly formed by erosion or local
sedimentation due to gravitational, fluvio-gravitational, alluvial-colluvial and pedoge-
netic processes. Several volcanic fallouts of the late Pleistocene—Holocene eruptions of the
Somma-Vesuvio and Phlegrean Field Volcanoes also were deposited and preserved in lo-
cal successions [54]. The alluvial plain was indeed formed mainly by aggradative sedi-
mentary events, due to the relative sea-level rise, fluvial dynamics, and volcano-tectonics,
and volcanism [55].

In detail, the geology of the Late Holocene was strongly controlled by a decrease in
the sea-level rise, driving the coastal sector to the new landscape conformation. Coastal
environments were made of dunal ridges and backridge depressions that progressively
shifted toward the nowadays coastline. The first dunal ridge, dated to ca. 6.0 ka, the Mes-
signo dunal ridge, was recognized several kilometers into the inner part of the plain, while
another ridge, with several phases of growth, was dated between ca. 3.8 ka and 79 CE
(Bottaro dunal ridge). Other dunal ridges also were formed after 79 AD and especially
during the Middle Age. The coastal progadation was also enhanced by volcanic supply of
the Late Holocene Vesuvio eruptions or by ground-level movement due to volcano-tec-
tonics.

The greater late Pleistocene-Holocene eruptions from the Somma Vesuvio volcano
that reached the Pompeii area were Pomici di Base (ca. 18 ka); Mercato (ca. 9 ka); Avellino
(ca. 4 ka); eruptions named AP (between ca. 3.4 ka and 2.3 ka); the 79 AD Pompeii eruption
that caused the burying of the Roman city; and other eruptions between the Late Roman
age and the last one that occurred in 1944 AD [54]. Some Phlegrean Field volcano erup-
tions also reached Pompeii: Neapolitan Yellow Tuff (ca. 15 ka), Agnano Pomici Principali
(ca. 11 ka), and Agnano Monte Spina (ca. 4.5 ka) [54].

The surficial and subsoil distributions of the main lithofacies [55] are showed in Fig-
ure 3b. They have been grouped into the following:

e  From dark-grey well-lithified to dark, poor and reddish foam lava very rich in mac-
roscopic leucite and augite phenocrists. They form the bedrock of the Pompei vol-
canic hill and are ca. 20 m thick.

e Loose volcaniclastic materials, mainly pumices, scoriae, and ash layers and lava
flows, of the Vesuvio volcano southern slopes. A large amount of this unit is com-
posed of fallout and piroclastic density current deposits of the 79 AD eruption.

e  Loose and poorly cemented volcaniclastic deposits with intercalated polygenic sandy
and gravelly layers of alluvial fan environments, mainly localized in the Lattari
mountains and Vesuvio mount footslopes.

e  Coastal and alluvial plain deposits composed of dunal and beach sands, lagoonal
clays and peats, and sandy and silty fluvial deposits, chronologically constrained to
before 79 AD.
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e  Coastal and alluvial plain deposits composed of dunal and beach sands, lagoonal and
marshy clays and peats, and sandy and silty fluvial deposits, chronologically con-
strained to after 79 AD.

An aquifer is present only in the coastal and alluvial plain deposits at a few meters
from the ground level.

As previously described, the ancient city of Pompeii rests on a volcanic hill composed
of lava layers and, to the top, by loose and poorly cemented volcaniclastic layers.

The lavic succession is made up by three overlapped lava layers. From the top to the
bottom: Unit C (weathered and not-cemented foam lava), Unit B (poorly lithified lava),
and Unit A (lithoid lava) (Figure 4). Unit C is composed of foam, scoriaceous, and porous
lava layers, from dark to reddish colour, and are very rich in leucite and augite pheno-
crists, locally named as lava schiuma, spongia, or cruma. The layer, <2 m thick, presents
scarce lithotecnical features, being mainly weathered and fractured.

79 CE urban surface on
antropogenic soils and fills .

3. Buried and anthropized soils,
pedogenized tephra layers

2. Prehistoric paleosols developed
on Mercato tephra layer

1. Weathered and pedogenized
late Pleistocene tephra layers

Unit C: Weathered and Foam lava

Unit B: medium lithified lava ¥

Unit A: well lithified lava

Figure 4. Schematic of the lithofacies log and related photos of the Pompeii subsoil units.

Unit A consists of well-lithified lava, from a dark grey to grey colour, with porphyric
assemblage of leucite, augite, sanidine and biotite phenocrists. The rock can be defined as
basaltic trachyte-andesite [56,57]. The lithotecnical feature of the lava is good and the
thickness also exceeds 15 m. Unit B, 2-3 m thick, presents intermediated features between
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the previous ones. Several outcrops of the lava successions are visible in the southern and
western slopes of the volcanic hill where the Insulae meridionalis and occidentalis of the
ancient city are found. The scarps are the relics of the ancient paleocliff successively mod-
elled by several anthropogenic changes due to quarrying of lava blocks.

On the top of the lava layers, a thin discontinuous succession of pyroclastic layers,
paleosols, and anthropogenic fills is presents. An alternating of loose and not-well-lithi-
fied fall deposits (mainly millimetric pumices and ashes), dark brown volcaniclastic pale-
osols, and scarcely sorted coarse anthropogenic deposits, of variable thickness from ab-
sent to over 5 m, forms the upper part of the city subsoil. Greater thicknesses are present
along the southern and western borders of the city, where the deposits mainly constitute
anthropogenic fills, and in local depressions on the top of the volcanic hill.

In detail, the succession to the top of the lava bedrock is composed, from the bottom
to the top, of [54]:

e  Prehistorical paleosols: made of two horizons: basal, yellow-brown silty sands with
intercalations of fine ashes and millimetric pumices of the Vesuvian Mercato erup-
tion (ca. 9.0 ka BP); and upper, dark-brown silty sands very rich in organic materials
and bitoturbations.

e  Protohistorical and historical paleosols: made of alternating fine ashes and pumices
of the Vesuvian eruptions of Pomici di Avellino (3.9 ka) and AP tephra layers (AP2
and AP3 eruptions dated between 3.4 ka and 2.8 ka) and grey-brown paleosols.

e  Alluvial and colluvial deposits: made of alternating, loose volcaniclastic silty sands
and sandy gravel layers constrained to between the AP tephra layers and 79 AD
tephra [58].

e  Anthropogenic fills: made of buried and anthropogenic soils, poorly sorted coarse
and medium anthropogenic fills, and mainly located within local depressions and
along the W and S borders of the ancient city.

3.2. Archaeological and Historical Data on the 62-63 AD Earthquake Effects in Pompeii

One of the major (high in magnitude) earthquakes that affected the ancient city of
Pompeii before its burial by the eruption of 79 AD is undoubtedly the earthquake (or seis-
mic sequence) that occurred in 62-63 AD. The earthquake of 62-63 AD has always been
the subject of debate among Pompeii specialists, first of all with regard to its dating and
then to its actual effects on the city. Even the ancient sources reporting the earthquake do
not agree on the time of the event: Seneca in his Naturales Quaestiones (VI, 1, 1,2) gives 63
AD as the year of the earthquake, while Tacitus in his Annales (XV, 22-23) gives 5 February
62 AD as the date of such an event. Very often double dating has been adopted, such as
that proposed in this paper (for recent research on dating to AD 63, see [59]). The seismic
event of 62-63 AD, however, was not the only one to precede the dramatic eruption of 79
AD, and in recent decades there have been increasing indications of at least a second large
earthquake that can be dated around 70 AD [34,38-51].

On the effects that the earthquake had on Pompeii and its structures, direct evidence
of damage is scarce, and few studies have so far attempted to identify the intensity of the
earthquake.

The only direct sources are the inscription regarding the reconstruction of the Temple
of Isis (VIII 7,28) (CIL X 846) and the reliefs of the lararium of the House of Caecilius Jucun-
dus (V 1,26), which show the effects of the earthquake in the area of the castellum aquae and
Porta Vesuvio in the relief that has now disappeared (a castis kept at the Museum of Roman
Civilization, inv. 1368) and the second panel depicting the damage caused in the northern
part of the Forum (Parco Archeologico di Pompei, inv. 20,470) (Figure 5).

Thanks to these first testimonies and to a preliminary reading of the damage to the
buildings, in Adam [38] it was estimated that the city had been hit by an earthquake of
the IX degree of the MCS scale (also reported by INGV at http://stor-
ing.ingv.it/cfti/cfti5/quake.php?50039IT accessed on 20 July 2020, and more recently by
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RECAP project [51]). Other specialist studies set the magnitude of the 62-63 AD earth-

quake at 5.0 [60,61] or 5.8 [62,63].

The urban buildings bear the signs of the earthquake of 62-63 AD and that of the
other seisms that have followed and that have certainly had repercussions for Pompeii in

political, urban planning, and building terms. In fact, the city did not remain immobile
after the earthquakes, but underwent systematic reconstruction in both public and private
buildings. There was abandonment, especially in the south-eastern part of the city, and a
strong tendency towards speculation, with the purchase of several properties by the same

person, a freedman in many cases, and the consequent transformation of houses, often
into areas for artisanal use. As far as can be seen, reconstruction did not have a univocal

and defined thrust, characterizing itself instead as something chaotic and at times disre-
garding the rules. The city still had many construction sites active at the time of Vesuvius’

eruption, a sign that the area had been extensively damaged and continued to be hit by

seismic tremors that damaged even newly rebuilt structures [50,51].
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Figure 5. Digital terrain model (DTM) of the Pompeii archaeological area with location of the avail-

able data (boreholes, outcrops and geophysical surveys). Also, locations of the case-studies high-
lighted in the Discussion section are showed.

4. Results

4.1. Geomorphological and Topographical Factors
The urban area of Pompeii is between 42.5 m. a.s.l,, in the north-western sector (Re-

giones VI and V), and 15 m. a.s.1., in the eastern (Regio II-Amphiteather) and southern (The-

aters and Porta Stabia) sectors (Figure 6). The geomorphological reconstruction highlights
a different topographic setting between the western and eastern sectors, marked by

11 of 30
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different landforms and landscapes. They are topographically separated by an ancient
concave landform, coinciding with the Porta Stabia—Porta Vesuvio road axis. It can be inter-
preted as an ancient stream landform successively anthropogenically rectified. A great
part of the water run off of the Eastern sector and all that of the Western sector flows
within it. The impluvium drained (also nowadays) the water of the city toward Porta Sta-
bia and, then, toward the Bottaro backdunal depressed sector [55].

The western and southern sectors of the city were built very close to the urban wall
circuit, in several cases overlapping and englobing it. They rest on the rim of the ancient
palaeocliff, which in these sectors are significantly higher (also >10 m) and present steep
slopes (from ca. 90° to 75°), also weathered by collapse and overturning landslides (Figure
6). For this reason, the area of the paleocliff is considered as an unstable zone, firstly for
geomorphological factors and secondly for lithotecnical factors (including more thick an-
thropogenic succession on the top of the lava bedrock).
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Figure 6. Geomorphological map of the Pompeii ancient city overlayed onto digital terrain model
(DTM).

In the eastern sector, the scarp of the paleocliff is lower than the western and southern
sectors, presenting also fewer steep slopes.

The western sector of the ancient Pompeii urban area shows very articulated land-
forms, characterized by several small hills, some of which form narrow and elongated
ridges, isolated peaks, and a plateau of reduced extension, edged by scarps and gentle
slopes, generally <3 m high [64]. A complex hydrographic network is present between the
small hills. It is likely the relic of a more ancient impluvium.
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The western and north-western water drainage was guaranteed by several little im-
pluvia (vicolo degli Augustali, vicolo del Balcone Pensile, via della Abbondanza, vicolo delle Pareti
Rosse e vicolo della Regina, in Figure 6), mainly W-E and N-S oriented. They seem to flow
firstly into a larger impluvium (Via del Lupanare and via dei Teatri in Figure 6), ca. N-S and
NW-SE oriented, and then into the Theaters area and Via Stabiana impluvium. The traces
of two other little impluvia (vicolo dei Soprastanti and via Marina in Figure 6) can be hy-
pothesized to be in the western sector of the ancient city. These impluvia were filled by
anthropogenic deposits or changed in underground channels or fully modified. Several
archaeostratigraphical data show very thick successions of loose and heterogeneous an-
thropogenic deposits in correspondence to the impluvia. For these reasons, in this work,
the traces of the ancient hydrographical network have been considered as areas prone to
local seismic amplification, both for geomorphological and litho-technical factors.

A semicircular landform can be hypothesized between the Regiones VII and VIII,
likely a relic of a volcanic landform, probably a further crater rim inside the via Stabiana
crater (Figure 6). The little crater rim can be localized between the vicolo del Lupanare and
vicolo degli Augustali in the N and N-NE sectors and the Foro area in the W sector, and
between via delle Scuole and via della Regina in the S sector. In this last sector, the rim
merges with the inner part of the via Stabiana crater rim, forming a narrow and W-E elon-
gated ridge in the Foro Triangolare and Tempio Dorico area. The semicircular shape delimits
an inside area with higher slopes and scarps, especially localized in the vicolo di Eumachia
and vicolo dei Dodici Dei. These areas also are considered as prone to local seismic amplifi-
cation.

The sector located to the east of the Via Stabiana presents less articulated landforms,
marked by gentle slopes, without significative scarps, and planar surfaces gently degrad-
ing toward SE. Only the western flanks of the eastern sector present slopes slightly
steeper. They can be due to the presence of the eastern inner crater rim of via Stabiana and,
also, to the large impluvium of via Stabiana. A less articulated hydrographic network is
traceable for this sector. It seems to flow from NW to SE, in the Porta Nocera and Am-
phiteather area, and from E to W in the via Stabiana impluvium. The inner slope of the via
Stabiana crater and the ancient impluvium are considered as areas prone to local seismic
amplification for geomorphological and lithotechnical factors.

Geomorphological Zonation

The geomorphological study allowed us to divide the Pompeii area int homogeneous
zone (GM in Figure 7) characterized by three classes of stability/instability.

A. Unstable zones are considered to be those areas presenting scarps higher than 5 m.
Insulae Occidentalis and Meridionalis paleocliff and Theatres areas are included in this
category.

B. Stable zones prone to local amplification are considered to be those areas presenting
scarps lower than 5 m. There are high gradient slopes (>15°), isolated peaks, ridges,
and ancient impluvia, all infilled by anthropogenic deposits and used as underground
channels, and are considered to be prone to local amplification.

C. Stable zones are considered to be those showing low gradient surfaces, several meters
from unstable areas and all those areas not yet excavated. With regard to those ones,
we assume that there are ca. 5 m of 79 AD piroclastic deposits and more recent soils,
which have made these areas stable.
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Figure 7. Geomorphological zonation (GM): (A) unstable zones; (B) stable zones prone to local
amplification; (C) stable zones.

4.2. Subsoil Data and Stratigraphical Reconstruction

The subsoil of excavated areas of Pompeii Archaeological Park is classified in terms
of cover terrain (CT) and bedrock (B). CT are those areas presenting different thicknesses
of soft sediments over the bedrock. Buried soils, tephra layers, anthropogenic fills, and
unit C of the lava hill are included in this category. The stratigraphical investigation by
available boreholes and outcrops (Tables 1 and 2) allowed us to divide the subsoil into
four classes (Figure 8): (1) areas without data; (2) areas with a CT thickness less than 2 m;
(3) areas with a CT thickness between 2 and 4 m; (4) areas with a CT thickness higher than
4 m. Unit B and C of the lava hill are considered bedrock.
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Figure 8. Geological zonation (SGM) and CT thickness distribution. The Regiones (I-IX) are showed.

Table 1. Stratigraphical data from boreholes with indication of the CT thickness and B depth from
the 79 AD ground level.

Borehole Data
Code Site h (m. a.s.1.) CT (m Thick) B (m Depth)

1 Porta Vesuvio 41 3.1 3.5
2 Regio VI Insula 13 38 13 13
3 Insula occidentalis 35 15 >15
4 Insula meridionalis 25 4 5

5 Insula meridionalis 25 5 5.5
6 Casti Amanti 27.5 3.5 4

7 Casti Amanti 28.5 3.5 4

8 Insula occidentalis 10 1 2.5
9 Villa dei Misteri 40 2 2.5
10 Regio V 37 4 4.5
11 Regio V 35 5 55
12 Regio 1 13 0.5 0.5
13 Palestra grande 14 0 1

a Vicolo dei Vettii 36 3 3.5
f Porta Nocera 15 3 3.5
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Table 2. Stratigraphical data from outcrops and archaeological excavations with indication of the
CT thickness and B depth from the 79 AD ground level.

Outcrop and Archaeological Trench Data

Code Site h (m. aisl.) CT Thickness (m) B Depth (m)
A Insula meridionalis 25 0 1
B Porta Nocera 16.5 1 1.5
C Anfiteatro 15 0 0
D Foro triangolare 24 0 0.5
E Regio 1 14 0.5 0.5
F Casa di Giuseppe II 23 3 3.5
G Casa dei Postumii 24 3 3.5
H Porta Sarno 23 0 1
I Regio V 40 4 4.5
L Regio VII 40 1 2
M Foro Triangolare cisterne 23 >10 >10
N Casti Amanti 28 3.5 4
O Forum 34 1 2
P Vicolo del Lupanare 27 5 5.5
Q Porta Nola 30 1 2
R Via Consolare 38 15 2
S Tempio di Venere 32 3 3.5
T Insula meridionalis 24 3-8 5

The first class includes non-excavated areas.

The second class (<2 m of CT thickness) is mainly concentrated in the NW and N
sectors of the ancient city between Porta Ercolano and Torre IX, in the E sector between
Porta Sarno and Anfitheater, in the area of Porta Stabia and along the ridge of the ancient
volcanic rim in the W sector.

The third class includes a large sector of the ancient city, mainly localized in the cen-
tral part between Regiones VII, VIII, IX, and I.

The fourth class includes the sectors of the paleocliff of the Insulae occidentalis and
meridionalis between the ancient city walls and several houses and villas built directly on
them. In several cases, the foundations of the buildings rest on thick anthropogenic fills,
anciently reported to be on the scarp in order to enlarge the size of the houses. CT thick-
nesses higher than 4m are present also between the Foro Triangolare and Theaters area and
in the ancient impluvium paleomorphologies.

4.3. Geophysical Data and Seismo-Stratigraphy

The available geophysical data consist of 4 seismic tomographies (seismic refraction)
carried out for Regiones IV, V, and I, and in 7 MASW carried out for Regiones IV, V, VI, VII,
and I (Figure 5). The seismic tomographies allow us to characterize the velocity of the P
waves (Vp) in the subsoil of the Pompei Archeological Park until to ca. 30 m of depth. The
MASW analyses allow us to characterize also the S wave velocity (Vs) and to evaluate the
Vs30.

In detail, the seismic tomographies show three main seismo-layers (Table 3):

A. From the ground level to ca. 2-5 m of depth, a layer with values of Vp less than 300
m/s, linkable to the presence of anthropogenic fills and loose pyroclastic layers and
paleosols (CT).

B. From 2-5m to 7-10 m of depth, a layer with values of Vp between 300 and 600 m/s,
linkable to unit C of the lava bedrock.
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C. From cca. 10 m to cca. 30 m of depth, a layer with values of Vp higher than 600 m/s
and progressively exceeding 1000 m/s in depth, linkable to unit A and B of the lava
bedrock.

Starting from these data, it is possible to interpret the A and B seismo-layers as CT
and the C seismo-layer as SB.

MASW analyses, relative to the velocity of the Vs in the subsoil of Pompei, also con-
firm these seismo-stratigraphical features. In detail, the analyses show three main seismo-
layers:

A. From the ground level to cca. 5 m of depth, a layer with values between 300 and 500
my/s, linkable to the presence of anthropogenic fills, paleosols, and pre 79 AD pyro-
clastic layers.

B. From 5 m to cca. 10 m of depth, a layer with Vs values between 500 and 600 m/s,
linkable to weathered lava bedrock (Unit C).

C. From ca. 10 m to ca 30 m., a layer with Vs values higher than 600 m/s, linkable to lava
bedrock.

The Vs 30 evaluation shows values between 300 and 500 m/s.

Table 3. Geophysical data and seismostratigraphy of the Pompeii subsoil. Characterization of the
Vp and Vs wave velocity and evaluation of the Vs30.

Reei Layer A Layer B Layer C
egiones
g Depth (m) V (m/s) Depth (m) V (m/s) Depth (m) V (m/s)  Vs30 (m/s)
Vp 234-361 35-10 467748 10-30 867-1198
Regio 1 3. 42
€810 Vs 0-35 94-253 35-8.9 436-470  8.9-30 605-845 3
, Vp 0-5.5 198-389  55-112 486802  11.2-30 899-1219
RegiolV v 0-5.7 94257 5.7-8.6 317-399  8.6-30 499-808 457
Reoio V Vp 0-5.1 245288 5199 378-792  9.9-30 852-1344 s
€810 Vs 0-5.7 107-215  5.7-122  271-405  12.2-30 4470-645
Regiovl  'P - ; ) - ; ; 316
egro Vs 0-5.5 185-315 55-11 340-382 11-30 431-600
Vp ; - - ; - ;
Regio VII 4
egro Vs 0-4.6 207-216 46-10 265-397 10-30 482-654 36
Regiovil  'P ) ; - - ; ; 324
€sro Vs 0-4.7 115-197 4.7-10 284-316 10-30 372-665
. Vp 315412 3393 506-807  9.3-30 1134-1394
Regio IX Vs 0-3.3 149-228 ; 421-543 ; 602-868 486

These data allow us to elaborate the geophysical model of the subsoil of Pompeii and
to draw the geological/geophysical map (GGM) that include also lithostratigraphical char-
acterization of the subsoils. In addition, a better evaluation of the CT thicknesses and SB
depth was carried out. First of all, total CT thicknesses includes CT + Unit C of lava bed-
rock and only the lava not showing weathering and fracture can be considered SB. For
this reason, the lithostratigraphical distribution of the CT showed in Figure 6 was cor-
rected, adding further thicknesses of the weathered lava (seismo-layer B). The schematic
representation of the geological-geophysical model map (GGM) is showed in Figure 9.
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Figure 9. Geological/geophysical model map (GGM) and corrected CT thicknesses (CT + Unit C of
the lava bedrock). The Regiones (I-IX) are showed.

4.4. Archaeological and Architectural Field Recognition and Distribution of the Main Damage
and Reconstruction due to the 62-63 AD Earthquake in Some Selected Buildings

Previous studies ([34,38,40-51], and references therein) concerning the identification
of some damage, repairs, and reconstruction, made it possible to produce a first chart
mapping the level of damage, repairs, reconstructions, and construction sites still in pro-
gress in Pompeii.

As can be seen in Figure 10, the areas in which there is the highest amount of evidence

of earthquake-related damage or construction works are in the southern (VIII 2) and west-
ern parts of the city (VI 17 and VII 16).
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Figure 10. Assessment of damage and post-seismic repairs based on recent scientific literature (elab.
M. Covolan); data from [38,40-51,65-81].

Taking also into consideration the data from the study of the structures made of Ne-
apolitan Yellow Tuff, it was possible to investigate the presence of repairs made with this
building material all over Pompeii.

The types of interventions most commonly presented and attested are repair of the
corner chain (portion in correspondence of the corner formed by two structures, often
masonry); creation of a buttress (masonry structure unrelated to the damaged structural
element, but with the function of static support to it, which may be either a pillar or a
larger structural element); complete reconstruction (the original portion of the structure
is preserved only in small points in the same structural element or in those directly con-
nected); reconstruction of the piers of an opening (reconstruction may also involve a por-
tion of the masonry adjacent to the pier, and may therefore present a reconstructed part
of the facing in addition to the limit of the opening); and plugging (an operation that may
be linked either to a change in the pathways within a building, or from a static point of
view, when the intention is to strengthen a structure that risks collapsing in correspond-
ence with the opening that is being obliterated).

The data about the number of repairs made with this material is obviously partial,
compared to the total number of repairs and reconstruction in the city. For example, look-
ing at the data from the RECAP study [51], it can be seen that repairs or reconstructions
in NYT are a small fraction (only 8,5%) compared to those made of clay elements. This
aspect is very important because even if only considering the repairs made with this ma-
terial, we have an important clue about the trend in the number of repairs for each Regione.
A high number of elements reconstructed or repaired with the NYT can therefore denote
a high degree of reconstruction in those areas and it is on this assumption that the follow-
ing discussion is based. If we refer to the graph regarding the distribution of reconstruc-
tions at the Regiones level (Figure 11), we can clearly see that these interventions are more
concentrated in Regiones VII, VI, and VIII, with respectively 40, 31, and 16 attestations,
thus covering 89.6% of all cases identified in the research. Particularly, in Regiones VI and
VII, it can be seen that all the types of repairs mentioned above are widespread.
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Figure 11. Graph of the distribution of the various types of repairs realized in NYT within the dif-
ferent Regiones [50].

From these data and the fact that Regiones VI and VII also have the highest number
of NYT structural elements, especially those that can be dated to the post-seismic period,
some interesting questions emerged, which we decided to investigate more specifically.

The possibility of cross-referencing geomorphological and archaeological data was
thus considered in order to produce a first version of a seismic microzonation map of the
territory of the ancient city of Pompeii, with the aim of defining predisposing and causa-
tive factors for the assessment of vulnerability and seismic hazard.

As can be seen from the intersection of the geomorphological map with the volume
of contexts in which the NYT is used, it is clear that some buildings, which also have a
fairly high number of structures in NYT, are located in areas that can be considered as
unstable zones or stable zones prone to local amplification. Other buildings are located in
points where, from the topographical point of view, there is the presence of pre-existing
underground structures, in conjunction with anthropogenic deposits (soft-sediment), for
example, along the circuit wall; others are located in points where it is possible to highlight
the presence of impluvial lines or topographical contexts capable of amplifying the seis-
mic waves of an earthquake.

Obviously, the first reading that is given here does not take into account characteris-
tics related to construction techniques or materials used, since such a study is very exten-
sive and would require a specific analysis for each individual building, with the interven-
tion of numerous experts from different disciplines. The first conclusion that can be drawn
from the crossing of data is that, if there is a certain number of structural elements within
the same context or in neighboring buildings that date back to the post-seismic period and
that present NYT within them, we are very likely in a context or area of the city where
there has been a lot of damage.

In the following section, we analyze three case studies for which it is particularly
evident that the rule of geological and geomorphological site effects connected to damage
or restorations due to earthquakes are highlighted with the NYT study.
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5. Discussion and Seismic Microzonation of the Pompeii Archaeological Park

Geomorphological, lithostratigraphical, geophysical, and archaeological data merg-
ing allow us to identify five classes of seismic homogenous microzones: four SHM stable
zones and one SHM unstable zone (Figure 12).
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Figure 12. Seismic homogeneous microzones and seismic microzonation map of the Pompeii Ar-
chaeological Park.

The stable zone can be divided in two sub-classes: two SHM stable zones and two
SHM stable zones prone to local amplification. The stable zones include still unexcavated
areas (SHM 1) of the ancient city and areas of lava outcropping without CT and topo-
graphical site effects (SHM 2), characterized by values of Vp and Vs higher than 600 m/s
and progressively exceeding 1000 m/s in depth.
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The stable zones prone to local amplification include areas with CT thickness variable
from <5 m (SHM 3) to ca 10 m (SHM 4), also including unit C of the lava bedrock, charac-
terized by values of Vp and Vs between 300 and 600 m/s or lower than 300 m/s. In SMH
4, also topographical site effects are included.

The unstable zone includes areas where greater topographical, lithotecnical and ge-
ophysical site-effects are expected.

SHM 1 are mainly localized in the eastern sector of the city (Amphitheater and Pales-
tra Grande areas) and secondly in several small-size areas where CT and topographical
factors are absent.

SHM 2 is related to still unexcavated areas of the archaeological park, mainly local-
ized in the E and NE sectors. In these sectors, the 79 AD eruptive deposits cover the ancient
ground level of the city with ca. 5 m of medium thickness. Being archaeological heritage
buried in the subsoils, these unexcavated areas can be considered as stable zones.

SHM 3 are related to little zones showing a CT thickness <5 m and significantly far
from local topographical factors.

In these SHMs, a great part of the buildings do not show significant traces of damage
or restoration during the post-seismic period (between 62-63 AD and 79 AD), as in the
case study of the House of the Naviglio (VI 10, 8-9.11; Figure 13) [82-86].

Geomorphology

—— Ridge

v— Scarp

IDI'M from level curves 1.25m
: 33.64-36.59 m a.sl

[ 36.59-39.55

B 3055
Structural elements

62/63-79AD

D Building

Figure 13. On the left is the plan of House of the Nawviglio (VI 10, 8-10), with in red the structures
built up with NYT elements. On the right the plan of the geomorphological evidence in the same
area (elab. M. Covolan).

The house is the result of the union of two buildings, which originated as independ-
ent in the first half of the 3rd century BC. One dwelling has remained fairly unchanged
over the centuries, the one accessible at No. 11, while the other, which must have been
accessible from No. 8, is nowadays not preserved except for the remains of the impluvium
of the atrium. The two dwellings were incorporated into one already around the end of
the 2nd century BC, creating a garden in the northern part.

In the post-seismic period (between 62-63 AD and 79 AD), some changes were made,
with newly formed spaces and perhaps an upper floor, which were previously non-exist-
ent, being added. No heavy interventions on the structures can be identified, except for
some reinforcements in some of the garden walls. This is the case of the three interventions
made in NYT and clay elements. In all three cases, these are reinforcements of corner
chains in walls that are not aligned with each other and are therefore weak from a static
point of view.
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The house is quite far from significant topographical factors and presents a CT thick-
ness <5 m. Likely, it reflects a lesser presence of structures in NYT elements of the post-
seismic period, and the limited interventions identified relate to structures that are already
weak in themselves.

SMH 4 are mainly localized in correspondence to significant local topographical fac-
tors (peaks, little hills, ridges, scarps, underground channels, and ancient impluvium
landforms). Furthermore, the sectors showing CT thicknesses >5 m are included in this
SMH.

In these SHMs, a great number of buildings shows traces of damage or restoration
after the 62-63 AD earthquakes, as in the case study of the House of Francesco Giuseppe
(VIII 2, 29-30; Figure 14) [87-91].
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Figure 14. On the left is the plan of House of Francesco Giuseppe (VIII 2, 29-30), with in red the struc-
tures built up with NYT elements. On the right, the plan of the topographical factors in the same
area (elab. M. Covolan).

The original building plan and structures date back to the 2nd century BC and here,
originally, there were two separate houses. One of the edifices, accessible from No. 30,
was at first developed southwards till the city walls, and has two levels, the ground floor
and the below terrace structures. The second house, the one at No. 29, was shorter and its
facade was set back with respect to the present walls: the ancient facade had the same
orientation of the front part of the nearest west building. In the middle of the 1st century
BC the two houses were joint and a lot of modifications were carried out, especially with
regards to the rebuilding of the edifice facades. The new big building was characterized
by two atria, an underground floor occupying the entire width of the building and a first
floor, at least partially over the occidental portion of the house. The house suffered a lot
during the 62-63 AD earthquake: lots of damage occurred in all the sectors of the dwelling
and these caused a redistribution of the internal paths and the destination of the east part
of the house as the representative area. The basement seemed no longer accessible and
various walls, especially the ones of the facade, were rebuilt. The restoration works were
not concluded in 79 AD: at that time some plastering was still under maintenance or had
not been made yet; moreover, there was a basin for mixing mortar still in use in the south-
east corner of the western atrium.

In this building, in particular considering the structures presenting elements NYT, it
is possible to better analyze what happened after the earthquake. Some of the damaged
walls were rebuilt completely (structures No. 331-336, 338, 342-345, 349-352, 354-356, and
471) or partially reconstructed, such as the wall at No. 337. In one particular case (No. 357),
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a buttress was realized in order to prevent the collapse of a wall that suffered the seism,
but that did not need a complete reconstruction.

There is also a series of interventions (structures built up only with NYT rectangular
elements) that allowed us to identify a second phase of the works (structures No. 339-341,
346-348, and 469). If we analyze the position in the plan of some of these new structures
(No. 346-348 and 469) and their static function, it is possible to suggest that they might
have been the consequence of a second big earthquake, which hit Pompeii between 62-63
AD and the year 79 AD. These last new walls were erected in order to close some doors
or passages, which might have been too fragile to resist another seism. In another case
(No. 339-341), the interventions seem merely due to a change in the internal paths of these
big complex.

Connecting this construction information with the geological and geomorphological
settings of the area (Figure 14), it can be immediately noticed that the building is located
in an area characterized by the presence of a very steep escarpment, the ancient city walls,
and therefore also the related soft-sediment embankments. In terms of slopes, 49.3% of
the total area of the building is on a slope greater than 35%; 53.8% of the area is in an area
with slopes between 10% and 25% and finally 15.8% of the surface is in areas with a slight
slope (<5%).

In addition to this, the house was built on the ridges of the crater rims of Via Stabiana
and Regio VII, and found on non-uniform CT thicknesses, variable from >5 m in the south-
ern and northern parts and <3 m in the central part of the house. In addition, the northern
part of the building is also in proximity to the Vicolo della Regina impluvium, which was
supposed to drain the wastewater towards the east, in the area of the Triangular Forum,
starting from the 5th century BC and then filled with anthropogenic sediments. In terms
of anthropogenic interventions, we should not forget the rooms built on terraces sloping
towards the south and those partly hypogeal, also set in and above the curtain wall and
its filling levels.

In the same area, the presence of the abovementioned impluvium may also be the
cause of the unevenness, later restored, identified at Hortus VIII 6, 2, opposite the house
under examination. In this case, too, the damage caused to the structures, which were also
rebuilt in NYT (pillars of a big porch and two adjacent walls in the south-east corner of
the building), are due to the amplification of the seismic waves due to local topographical
factors.

The unstable zones (SMH 5) are localized in correspondence to the ancient paleocliff
where several buildings were found on >10 m scarps and, many times, over several meters
of anthropogenic deposits. The theatres area and partially Foro Triangolare area also were
built on several meters of anthropogenic deposits and along a steep slope.

For these SHMs, almost all the buildings show clear traces of damage and restora-
tions after the 62-63 AD earthquake, as in the case study of the House of Diana II (VI 17,
32-36; Figure 15) [92,93].
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Figure 15. On the left is the plan of House of Diana II (VI 17, 32-36), with in red the structures built
up with NYT elements. On the right, the plan of the geomorphological evidences in the same area
(elab. M. Covolan).

This ample house presents various levels sloping down towards the West. Not all the
floors are accessible today and all of the western side is very compromised. The original
plan was organized around two main atria leading to a unique big peristyle. The access
from the street was very peculiar and not so common among the houses’ entrances in
Pompeii: both atria were linked to the street with little stairs. The whole building is devel-
oped at a higher walking surface compared to the street and its underground floor is only
a sub-basement in the east portion. The peristyle is situated at another higher altitude
compared to the atria on an artificial terrace in the middle, of which there used to be a
cistern that is no longer visible.

After the 62-63 AD earthquake various interventions were made inside the house to
restore the damage caused by this seism and probably the works were not concluded in
79 AD. The structures having NYT elements are the new western walls of the atrium (No.
214 and 215) accessible from No. 32, the adjacent lararium in the north-east corner of the
peristyle (No. 222 and 223), and the pillars contouring the garden (No. 216-221). The pil-
lars are peculiar, with a semi-column in the middle of the front, realized in masonry. In
some cases, the half-column was made with a hidden fictile pipe, which led the rainwater
from the roof to a system of canalizations forming to the cistern. The intercolumnio, at
least those well-preserved ones, were closed with a wooden frame, probably supporting
a window glass. This last architectural solution and all the structural elements in NYT,
seem to be a post-seismic intervention.

The House of Diana Il is located very close to the escarpment of the ancient paleocliff,
but also on a ridge of the crater rim of Via Stabiana, above the disused city walls and with
a lot of anthropogenic fills related to both the city walls and the levelling of the area for
construction on several staggered levels. Other destabilizing elements are also the numer-
ous underground rooms and also the cistern in the center of the peristyle. In terms of
slope, 68.3% of the total area is on land with a slope of more than 35%, while 29.9% of the
building is almost flat, with a slope of less than 5%. In the vicinity of this building, to the
east of the road in front of the house, there is also an ancient trace of the Via Consolare
impluvium, which is currently buried and filled with soft-sediment.

6. Final Remarks and Conclusions

The multidisciplinary approach used in the present paper allow us to draw, for the
first time, the seismic microzonation map (level 1) for the Pompeii Archaeological Park
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and to lay the basis for detailed seismic microzonation studies (Levels 2 and 3) for the risk
assessment of one of the most important archaeological site in the world.

The study shows how the local topographical factors and non-uniform distribution
of CT thicknesses played a key role in the seismic wave amplification during the 62-63
AD earthquake. For these reasons geological and geomorphological factors must be taken
in great consideration for planning of mitigation risk measures and further investigations.
These site effects can be of great impact on seismic wave amplification and they could
thus cause an increment in damage to the structures and cultural-archaeological heritage.

The present study identifies five classes of seismic homogenous microzones, includ-
ing unstable zones, stable zones prone to local amplification, and stable zones.

The unstable zones are mainly localized in the southern and western sectors of the
ancient city (Insulae meridionalis and occidentalis). In these zones, all the buildings located
close to (or directly on) the scarps of the ancient paleocliff and/or are found on significant
CT thickness (>5 m) are more susceptible to strong amplification of the seismic wave ve-
locity, as is well documented given the strong damage suffered after the 62-63 AD earth-
quake.

The stable zones prone to local amplifications are localized in correspondence to an-
cient paleomorphologies (scarps, ridges, impluvium, steep slopes, and peaks) and/or pre-
sent greater CT thicknesses. All the buildings included in these zones and/or those found
on non-uniform CT thicknesses are also susceptible to be interested by local amplifica-
tions, as shown by the great restoration works after the 62-63 AD earthquakes. On the
contrary, several sectors of the ancient city can be less susceptible because of not being
directly conditioned by local factors and for this reason considered as stable zones.

Finally, the present study points out several sectors of the ancient town where further
investigations are needed at second and third levels of SMZ.
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