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In the work, the main fault of the Monte Nerone anticline (Marche — Northern Apennines) was investigated, as well as the study, iden-
tification and fixation of faults: the normal fault system in the Monte Nerone area and the search for correlations on the ground of the
Monte Nerone fault with the earthquake in the Marche Apennines in 1781. A small-angle eastern normal fault dipping at a small angle in
the structure of extensive deformations was interpreted, it was based on the seismic profiles of the crust. Therefore, seismic events reg-
istered in this tectonically active zone can be related to this fault, as, for example, recent events in the area of the southern Umbrian-
Marchean Apennines. The main local tectonic structure is an anticlinorium, oriented in NW-SW, corresponding to the regional Apennine
depression, with a longitudinal extension of about 30 km and a wavelength of 5-6 km.

The work on sounding the Monte Nerone main fault was developed in several stages: project preparation, terrain surveying, data
processing and synthesis. The project included a CTR of the Marche region, a geodetic reference map based on the international ellipsoid
centered on Monte Mario (Rome 1940), a geological map at a scale of 1:10 000 and satellite orthophoto plans of the reference areas.
Reference layers were created in the work in the form of a shape file to be able to catalog and share the information obtained in the field.
These layers included: metadata, data containing measurements, annotation. During the fieldwork, a route and stops were planned where
more detailed measurements were made and played the role of landmarks for checking with previously obtained data to confirm or refute
the hypothesis. In the route, nine main stops were selected, where reconnaissance of the territory was carried out, geological character-
istics of the formation were determined, measurements and recording of the main fault, its direction, angles of dip and extension, slope
were carried out. All measurements were recorded in the software environment and previously created database. Using a Bluetooth GPS
connected to a tablet PC, accurate tracking of the position where the measurements were made was obtained.

With the help of the measurements carried out, it was possible to put forward the hypothesis that the Monte Nero fault extends from
the west, starting from La Valle, crossing the western, southern and eastern slopes of Monte Nerone and extending to Monte La Monta-
gnola, continuing to Pietralunga on its entire along the length of about 9.9 km. In addition, having the CTR with the geological map, we
were able to confirm certain geological deposits. A 3D terrain model was created in ArcScene software to fully account for the terrain
situation. The topography of the area was modeled in relation to the geological situation, the fault was marked, and the collected data were
interpreted. Given the 54° dip, 90° inclination of the rocks we measured along the route, it can be assumed that the earthquake was shallow,
with a maximum depth of about 10 km.

Keywords: GIS, GPS, CTR, structure-from-motion, 3D modelling, historical earthquake, instrumental seismicity, extensional tectonics.

Introduction. An important factor for determining the
characteristics of seismic tectonically active areas is the
mapping of faults and soil deformation. For this, geologists
and geophysicists use digital tools to minimize the time of field
research, reduce measurement errors to a minimum, and
increase the accuracy of data acquisition and observations.

In the research carried out by the authors, the territory that
experienced a strong earthquake on June 3, 1781 (6.5 MW)
was selected. The earthquake significantly affected the
northern sector of the Umbria-Marche Apennines. The
catastrophe caused by this event was reported in many archival
documents of the time. However, very little is known about the
tectonic and structural features associated with this event
(Colacicchi et al., 1970; Castellarin et al., 1982).

Since a large number of people live in the mentioned
territory, and the event that occurred may be repeated in the
future, it is extremely important to find clear evidence of the
unequivocal connection of the faults coming to the surface
with the earthquake.

The purpose of the work was to map the main fault of
the Monte Nerone anticline (Marche — Northern Apennines),

conduct research, identify and fix the characteristics of
possible faults: the normal fault system in the Monte Nerone
area and search for correlations on the ground of the Monte
Nerone fault with the earthquake that occurred on
Apennines in the Marche area in 1781. The fault crosses the
Monte Nerone (PU) ridge, continues westward north of
Serravalle di Cardo, and extends in a southeast direction to
Mount La Montagnola (Centamore et al., 1971, 1975).

The territory of the study. The Marche region is located
in the center of the country, on the coast of the Adriatic Sea,
divided into the provinces of Ancona, Ascoli Piceno,
Macerata and Pesaro-e-Urbino (Fig. 1).

Monte Nerone is a mountain in the Marche region,
belonging to the Umbria-Marche Apennine range, located in
the municipalities of Apecchio, Cagliari and Piobbico, in the
provinces of Pesaro and Urbino, reaching a height of
1.525 m above sea level with a height difference of 1.200 m
from the valley floor. It is located to the north of the Monte
Catria group, which gives its name to the Catria and Nerone
mountain range (Fig. 2).
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Fig. 1. The image of the researched area,
on the Google map server.

Region of Marche, the capital of Pesaro and Urbino province

This is a limestone massif, with a significant variety of
landscapes; sinkholes, gorges, vertical walls and
magnificent karst formations, both underground and
surface. On its slopes there are limestone layered rocks of
marine origin, belonging to the Jurassic period.

Tectonic structure. The extreme part of the northern
Apennines, the Umbrian-Marchean Apennines, is a fold-
thrust orogenic chain formed by the rotation of the Sardinian-
Corsican block towards the Adriatic coast (Tozer et al.,
2002). Deformations migrated from the western to the
eastern direction, from the inner side of the Tyrrhenian Sea

Gaogle
Fig. 2. Image of three mountains belonging
to Umbria-Marche Apennine range
in the researched area

to the outer side of the Adriatic from the Oligocene to the
Pliocene-Quaternary age, involving carbonate successions
and syntectonic terrigenous deposits in the orogen
(Lavecchia et al., 1988; Pauselli et al., 2006). The formation
of the orogenic chain was then accompanied by progressive
tectonic stretching, always in the same direction from
northeast to southwest (Malinverno and Ryan, 1986).

The shortening structures are cut by successive normal
faults in the Tyrrhenian-Tosco-Umbrian region (Fig. 3), while
a compressional regime persists beyond the Apennine
watershed, towards the Adriatic (De Donatis et al., 2021).
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Fig. 3. Map-scheme of the northern sector of the Umbrian-Marchan Apennines (northern Apennines)
on which the researched area and faults traces are shown by black rectangle

However, this hypothesis is questioned by various
authors who believe that the extensional regime is no longer
limited to the Tyrrhenian sector, but that even to the east,
beyond the Apennine watershed, there are signs of a recent
extensive expansion of tectonics (Chiaraluce et al., 2017). A
low-angle east normal fault (LANF) dipping at a low angle
was interpreted in the structure of extensional deformations
based on crustal seismic profiles (Mirabella et al., 2011).

Therefore, seismic events recorded in this tectonically
active zone (Mantovani et al., 2014) may be related to this
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fault, as, for example, recent events in region of the southern
Umbrian-Marchean Apennines (Carannante et al., 2013).
Geological features of the studied area. The study area
is the interior sector of the Umbrian Marchese Apennines
(province of Pesaro-Urbino, northern Marche), which includes
the northwestern edge of the Monte Nerone anticline and the
adjacent areas of the valley of the Biscubio River and its
tributaries. The stratigraphy can be summarized as a
carbonate sequence of Lower Jurassic to Oligocene age. This
succession was deposited in a basin on the margin of the
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African Platform during the transition from Liassic rifting to drift
and developed on the margin. In the upper section, the
content of terrigenous finely dispersed sediments increases in
the sequence. The rock formation indicate the transition to the
turbidite complex of the Miocene substage, represented in this
region by the Marnoso-Arena Formation (Butler et al., 2000).
The main local tectonic structure is an anticlinorium, oriented
in NW-SW, corresponding to the regional Apennine
depression, with a longitudinal extension of about 30 km and

a wavelength of 5—6 km. In the studied area, this structure has
a periclinal termination overlain by the latest terrigenous
formations due to out-of-sequence thrusts (Menichetti et al.,
1991). In addition, the anticlinorium is dissected by numerous
NW-SW trending faults, these faults dissect the entire structure.
Recent and insignificant normal faults, with a length of several
kilometers and extending NW-W, dissect the structure without
obvious signs of connection with larger faults (Fig. 4).

Research methods. The research of the Monte Nerone
main fault was developed in several stages:

| — project preparation;

Il — shooting of the area;

Il — Data processing and synthesic.

Chamber (laboratory) and field work alternated from
beginning to end. At the beginning, preparatory work was
carried out in the laboratory. During a survey, field data can
be used to interpret and test new hypotheses. The project
structure may also be modified to improve data collection
and observations, both for ground and aerial surveys. During
the period of work, it was necessary to alternate laboratory
and field work. The final laboratory stage involved the final
interpretation and synthesis of two- and three-dimensional
maps, sections, and models.

The algorithm of the workflow with the phases of the
survey and mapping processes is presented in Fig. 5.

Project preparation. The first procedure was to develop
a project using QGIS software, which allowed the work file
to be customized as needed. The project included a CTR of
the Marche region, a geodetic reference map based on the
international ellipsoid centered on Monte Mario (Roma
1940), a geological map at a scale of 1:10 000 and satellite
orthophoto plans of the reference areas.

In the next step, reference layers were created in the
form of a shape file to be able to catalog and separate the
information, layer by layer:

1. deposits (dedicated to measurement and registration
of exposure layers);
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Fig. 4. Simplified geological map of the researched area of region Marche, scale 1 : 10 000.
Fault traces mapped in this research are indicated by thick red lines

2. exposure (faults, layering).

Different fields were created for each layer, where you
can define the type of information, data, measurement by
setting three main fields:

1. metadata (identifiers, detectors, who performed the
measurement, location and date of measurement);

2. measurement data;

3. annotations (places to insert notes for comments or
attachments such as photos or log files).

Finally, for each layer, a type and the corresponding
symbology of the type of information to be recorded are
defined.

An illustration of the created map of Mount Mote Nerone:
at the top of the CTR, in the center of the overlap of the CTR
and the orthophoto, at the bottom of the overlap of the CTR
with the geological map is presented in fig. 6.

In Fig. 7. the main layers, their types and symbols are
presented on the left; on the right is an example of data
collection for deposits.

Data processing. Data and measurements were
collected using ftraditional instrumentation followed by
analysis and cataloging digitally, noting directly in the QGIS
project the position, orientation and type of added
information.

By having a digital format of the completed work, you can
comment and share with other researchers the information
and assessments carried out on site.

In Fig. 8 illustrated the stops made during the route,
where measurements were taken and data were collected.
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Fig. 5. Workflow algorithm with phases with phases of survey and mapping process
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Fig. 8. lllustration of stops made along the route where measuremets were taken and data collected
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Stop No. 1: Several formations such as Scaglia Cinerea,
usually marly gray or gray-green marly limestones, are
exposed in this area on the southern slope. Unfortunately, it
was not possible to carry out the measurement. Scaglia
Variegata, represented by marly limestones and calcareous
marls with a steepness of 223° and a slope of 76°, was found
on the northeastern slope (Fig. 9).

Stop No. 2: The site is represented by well-stratified
deposits of Maiolica — white micritic limestones with gray-
black flint of medium thickness of 90°. Since it bordered an
old, unused quarry, where vegetation prevented the view of
the exposed area, it was not possible to carry out detailed
measurements.

Stop No. 3: The site is also represented by Maiolica
deposits. North direction 5°. Two measurements of the
occurrence of rocks were made. Type — direct lying, dip
184°, slope 45°. The second type is straight, 180° fall, 87°
slope. The southern side of the main fault was recorded, dip
190°, slope 59° (Fig. 10).

Stop No. 4: The observation site is located in the Monte
Nerone chain, the outcrop represents the geological
characteristic of the Maiolica formation; direction 180°,
measurements of the main fault were made at two points with
different positions: the first has a strike of 352°, a slope of 83°,
the second has a strike of 175°, a slope of 75° (Fig. 11).

e A

Fi'g'. 9 Deposits of fhé ré;:k world a.t the foot of the moﬁntain on .t-he south-western slop (left),

=3

on the right — a map of the observation area

T
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Fig. 11. Fault lines on the Monte Nerone ridge

Stop No. 5: On the southern slope of Monte Nerone, the
outcrop represents the geological feature of the Scaglia Bianca
Formation with white microclimatic limestones interspersed with
black flint. The upper part contains a black layer composed of
argillites and siltstones. This is an isochronous layer
corresponding to the second anoxic oceanic event (Upper
Cenomanian), which may contain fish remains.

The measurements of the southwest showed that the
main fault has a dip angle of 340°, a slope of 71°. The angles
were measured directly on the geological deposits in three
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places: the first measurement — dip 145°, steepness 20°, the
second measurement — dip 84°, slope 42°, the third
measurement — dip 280°, slope 4° (Fig. 12).

Slightly east of the previous place on the slope of Monte
Nerono, the angle of incidence was 65°, the slope was 26°
(Fig. 13).

To the left of the southeastern slope of Mount Nero
(Fig. 14), the angle of incidence was 150°, the slope was
72°. A map of the observation area is presented on the right.
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on the right a map of the observation area

Stop No. 6: Eastern slope of Monte Nerone (Fig. 15).
The outcrop represents the geological characteristic of the
Maiolica Formation. Signs of a general fault with a dip of
170° and an inclination of 46° were revealed. Direct drop
50°, slope 14°, second drop 50°, slope 40°.

Stop No. 7: On the southeastern slope of Mount
Montagnola, an outcrop represents the geological feature of
the Maiolica Formation. No obvious traces of the fault are
found, but various places indicate the continuation of the
fault from Monte Nerone to La Montagnola. Two positions
were measured with different depth and inclination (Fig. 16).
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Flg‘. 15. The eastern élope of Monte Nerone

Fig.16. South-eastern side of Mount Motagnola
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Southwest direction 90°. Direct dip 265°, slope 14°, dip
165°, slope 40° (Fig. 17). To the left of the slope, two
measurements were made: the first point of dip 325°, slope
30°, the second point of dip 280°, slope 27°, nearby the
same dip 350°, slope 27°, down the slope of the dip 25°,
slope 55°, to the right of the dip slope 315°, slope 30°.

Stop No. 8: On the southeastern slope of Mount La
Montagnola. The outcrop represents the geological characteristic
of the Maiolica Formation. The presence of faults with a total dip
of 160° and an inclination of 49° was revealed. Direct steepness
165°, slope 27°, second standing place steepness 185°, slope
25° along the slope steepness 50°, slope 18° (Fig. 18).

»

Stop No. 9: Measurements were made on the southern
slope of Pietralunga mountain, where different types of
formations were found, such as ammonite-red alternating
marls and limestones with a characteristic red color. Fossil
formation rich in ammonites was found.

Further south is a gray, uniform and regularly layered
microclimatic salt marsh formation that may contain sponge
spicules, radiolarians, foraminifera, gastropods and
ammonites. Here, the presence of general violations was
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Fig. 18. Sout-est side of La Montagnola mountain, mixed eds of Maiolica

revealed, with a dip of 210°, an inclination of 69°. The fault
separates the carnelian formation, which highlights vertical
beds with a dip of 54° with a dip angle of 90°, nearby beds
with a dip of 302° with a dip angle of 13°, and a control point
with a dip of 225° with a dip angle of 19°. The northwestern
side of the carnelian formation is shown in Fig. 19.

North-eastern side of the carnelian formation is
presented on Fig. 20.

ide of carnelian formation
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Results. According to the results of the conducted
research and measurements of the fault and nearby outcrops
along the route, it was possible to record the continuation of
the Monte Nerone fault in the north-eastern direction with a
length of about 9.9 km (Fig. 21). Having a CTR (Carta tecnica
Regionale — regional technical documentation, 1:10 000,
drawn up in the conformal representation of "Gauss-Boag"
(Eastern Zone), with a geodetic reference based on the
international ellipsoid centered on Monte Mario (Roma 1940),

and a geological map of the region, it became possible to
confirm the existing geological deposits and refute the
existence of some of them.

A 3D terrain model was created using ArcScene software
and loaded into SAS Planet. As a result, the relief of the area
was created and the geological situation was attached to this
image. The red line marks the fault that we discovered during
the route and interpretation of the collected data (Fig. 22).

Fig. 22. Creating the image of a land plot in the form of a 3D profile

Conclusions. The conducted research has started a
cycle of works to confirm (or disprove) the existence of
correlations based on the Monte Nerone fault with the
earthquake in the Apennines in March 1781. The fault
crosses the Monte Nerone ridge (PU), continues westward
north of Serravalle di Cardo, and extends southeastward to
Monte La Montagnola.

Research results indicate that this area should be
involved in normal kinematics and seismogenic evolution
caused by related families of faults.

Signs of recent activity are observed in the studied areas.

With the help of the measurements, a hypothesis was
put forward regarding the extension of the Monte Nerone
fault from the west, which starts from La Valle, crosses the
western, southern and eastern slopes of Monte Nerone and
stretches to Monte La Montagnola, continuing to
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Pietralunga, the length of which is approximately 9-10
kilometers. Taking into account the 54° dip, 90° inclination of
the rocks, which were measured along the laid route, it was
concluded that the earthquake was shallow, with a maximum
depth of about 10 km.
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2[lenapTaMeHT TEOPETUYHUX | NPUKNAAHUX HayK, YHiBepcuTteT Yp6iHo "Kapna Bo",
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KAPTOIrPA®YBAHHA NOJIOBHOIO PO3/TIOMY AHTUKITIHAJII MOHTE-HEPOHE (MAPKE — MIBHIYHI ANEHHIHW)
TA BUKOPUCTAHHS TEXHOTOCTI IC Y MOHITOPUHIY 3EMIETPYCIB

HocnidxeHo 2onoeHuli posnom anmukniHani Monme-HepoHe (Mapke — lligHiuyHi AneHHiHU) ma pe3ynbmamu npoeedeHux 00ClioKeHb 3 i0eHmu-
hikayii ma pikcyeaHHs1 po3siomie: HopmanbHOI cucmemu po3siomie y patioHi Monme-HepoHi ma nowyk kopensyiii Ha micyesocmi posniomy MoHnme-
HepoHi i3 3emnempycom e AneHHiHax y 1781 p. Manokymoeutli cxiOHuli 38u4aliHuli po3/10M, W0 3aHypPIEMbCS Mi0 He8esIUKUM KYmom y cmpyKkmypy
senukux deghopmauiti, 6ye iHmepnpemoeaHuii Ha ocHoei celicMi4yHuUx npodpinie 3emHor kopu. Tomy celicmiyHi Nodii, 3apeecmpoeaHi e Yili MeKmMoHi-
4HO aKmMueHili 30Hi, MOXXymb 6ymu noe'sizaHi i3 yum po3sIOMOM, SIK, Harnpuknad, Heujo0asHi nodii 8 palioHi niedeHHUx YMb6pilicbko-Mapkilicbkux
AneHHiH. OCHOBHOIO JTOKa/lbHOIO MEKMOHIYHOI CMPYKMYPOI € aHMUKIiIHOPIl, opieHmoeaHul Ha nieHi4Hul-3axiOHuli 3axid, o eidnoesidae pezio-
HanbHill AneHHiHCbKil 3anaduHi, 3 N0830068)XXHLOI NPOMsHKHicMIo 651u3bko 30 KM i AoexuHoro xeusli 5—6 Km.

Po6oma i3 30HdyeaHHs1 205108HO020 po3siomy MoHme-HepoHe npoxoduna e Kinbka emarnie: nid2zomoeka npoekmy, 3lioMka micyesocmi, o6pobka
ma cuHme3s daHux. [lpoekm ekntoyae CTR pezioHy Mapke, 2e00e3u4Hy OrMopHy kapmy Ha OCHo8i MixkHapodHo20 enincoida 3 yeHmpom MoHme-Mapio
(Pum 1940 p.), 2eonoziyHy kapmy macwma6by 1:10 000 ma cynymHukoei opmoghomonsaHu onopHux mepumopit. [Joeidkoei wapu cmeopeHo y
¢opmami welin-gpatinie, Onsi Moxnueocmi kamasnozizyeamu ma o6miHroeamucs iHgpopmayiero, ompumaHoto e nonbosux ymoeax. i pieHi eknto-
qanu: MemadaHi, OaHi, ujo Micmame eumiprosaHHsi, aHomauyiro. I1id yac nonboeux po6im 6yno cniaHoeaHoO Mapwpym ma 3ynuHku, de npoeodusucs
6inbw demanbHi sumiptosaHHsi, kKompi eidizpasanu ponb opieHmupie Ans 3eipKu 3 paHiwe ompumaHumu daHumu (01151 niomeepdxeHHs1 abo cnpoc-
myeaHHs 2imome3u). Y mapwpymi eubpaHo de8'simb 0CHOBHUX 3YINUHOK, Ha SIKUX MPpo8edeHO po38i0Ky mepumopii, BU3Ha4YeHo 2eos102iYyHi xapaKkme-
pucmuku nnacma, npoeedeHo euMiprosaHHsi ma ¢hikcayito OCHO8HO20 po3sioMy, Ui020 HanpsIMKY, Kymie nadiHHs ma npocmsi2aHHsl, Haxumy. Yci
suMiprosaHHs1 hikcysanucsi 8 npozpamMHoMy cepedosuwi ma nonepedHbLO cmeopeHili 6a3i daHux. 3a donomozoro Bluetooth GPS, nidkno4yeHoz20 do
nnaHwemHoezo [1K, 6ysno ompumaHo mo4He eidcmexeHHs1 micysi, de 6ynu npoeedeHi UMIpPHOBaHHSI.

3a donomoezoro nposedeHux suMiptosaHb edanocs eudinumu 2inome3y npo me, wjo possiom Mornme-Hepo npocmsizaemsbcs i3 3axody, No4YuHa-
ro4u eid Jla Banne, nepemuHaroy4u 3axioHul, niedeHHull i cxioHul cxunu Monme-HepoHe, i npocmsizaroyucb do Moume-Jla-MoHmaHbona ma lbem-
panyHaa npu6bnusHo Ha 9,9 kM. Kpim mozo, maro4u CTR 3 2e0s102i4HOI0 Kapmoto, Mu 3Mo2/1u nidmeepoumu neeHi 2eos1o2ivyHi noknaou. [jns noeHozo
epaxyeaHHs1 cumyauii Ha Micyesocmi e npozpaMHoMy 3abe3neqeHHi ArcScene 6ys0 cmeopeHo 3D-modensb penbeghy Micyesocmi, a maKox No3Ha-
4eHOo po3/1oM, iHmeprnpemoesaHo 3i6paHi daHi. Bpaxoeyroyu Kym nadiHHs 54° ma Haxuny 90° ckenb, siki MU euMipsinu 83008 Mapwpymy, MOXHa
npunycmumu, wjo 3emsempyc 6ye He2imub0oKUM, i3 MaKkcuMasibHOI 21ubuHoto eniyeHmpy do 10 Km.

Knroyoei cnoea: 'lC, GPS, CTR, cmpykmypa i3 pyxy, 3D-modentoeaHHs1, icmopu4Huli 3emnempyc, celicMi4Hicms,

JHiKa po. y8aHHS.
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