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To understand better the development of deformation in carbonate-hosted normal faults, we compared the
structural architecture of the Campo Felice and Monte D’Ocre active faults (Italian central Apennines). The two
geometrically linked structures displace the same carbonate sequences, but with different Quaternary slip rates

g:::ngt:snes and geological throws. Moreover, several geomorphological features typical of deep-seated landslides were
Slip Zgnes identified across the Mt. D’Ocre range. The Campo Felice fault segment and the Cama fault segment (Monte
Apennines D’Ocre range) consist of 0.4-15 m thick and almost absent fault cores and of >400 m and <40 m thick damage

zones, respectively. The associated slip zones have different fabrics (i.e., cataclasite vs. crush fault breccia for
Campo Felice and Cama Fault, respectively). The different fault zone architecture and associated landscapes
would suggest different behaviors of the two faults although similar deformation mechanisms (i.e., cataclasis and
pressure-solution) are active in both the two scarps. The Mt. D’Ocre faults would not be segments of the Ovindoli-
L’Aquila Fault System and currently accommodate the lateral spreading of the Mt. D’Ocre ridge. Therefore, the
seismic hazard associated with the fault system might be reduced. This work shows how macro-to micro-
structural analyses provide further information to improve the structural characterization of seismogenic

sources.

1. Introduction

Analysis of natural exposures of fault zones is the best tool to image
fault internal structure and to interpret the physical processes associated
with fault growth and possibly the ancient seismic activity (Kim et al.,
2004; Wibberley et al., 2008; Rowe and Griffith, 2015; Ferraro et al.,
2019, 2020; La Bruna et al., 2018; Masoch et al., 2021, 2022). Instead,
microstructural analysis of slip zones allows geologists to investigate the
deformation mechanisms active during fault zone lifetime (e.g., Sibson,
1986; Di Toro and Pennacchioni, 2005; Smith et al., 2011; Tesei et al.,
2013; Clemenzi et al., 2015; Leah et al., 2018; Masoch et al., 2019;
Ferraro et al., 2019, 2020; Fondriest et al., 2020).

The Italian central Apennines are one of the most seismically active
regions in Europe, with an average recurrence of one moderate-to large-
in-magnitude (M, > 5.5) earthquake per decade (Rovida et al., 2020).
Most of the Apennines active normal faults strike NW-SE and are often
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disposed in an en-échelon array forming up to 30-km-long fault systems
(Boncio et al., 2004, Fig. 1a). Individual fault segments interact with
each other and may rupture either independently or together during a
seismic sequence. For example, during the Amatrice-Norcia 2016-2017
seismic sequence in the northern Apennines, the M,y 6.5 Norcia October
30, 2016 earthquake, that ruptured the whole Mt. Vettore-Mt. Bove fault
system (~28-km-long and composed of three fault segments), was pre-
ceded by the My, 6.0 Amatrice August 24, 2016 earthquake in the
southern segment and by the My, 5.9 Visso October 26, 2016 earthquake
in the northern segment (Chiaraluce et al., 2017; Villani et al., 2018).
Few tens of kilometers to the South, the most recent earthquake that hit
the central Apennines was the M,, 6.1 L’Aquila April 6, 2009 earth-
quake, whereas the largest one instrumentally recorded was the My, 7.0
Avezzano, 1915 earthquake (EWG, 2010, Fig. 1a).

In the area comprised between the Ovindoli and L’Aquila towns,
three major fault segments (namely, from north to south: Mt. D’Ocre
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faults, Campo Felice fault and Ovindoli-Pezza fault; Bosi et al., 1993; and Nardi, 1995, and Cerasitto-Campo Felice-Ovindoli-Pezza Fault
Pantosti et al., 1996; Salvi et al., 2003), arranged in a right-stepping System in Galli et al., 2008). Thanks to the good correlation among the
en-échelon array, form the 27-km-long Ovindoli-L’Aquila Fault System ages of the Late Pleistocene-Holocene paleo-earthquakes with those
(OAFS; Fig. 1la; also referred as Celano-L’Aquila Fault System in Salvi recognized along the Ovindoli-Pezza fault (Pantosti et al., 1996), the Mt.
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Fig. 1. Geological setting of the Campo Felice and Mt. D’Ocre Faults. a) Seismotectonic map of the study area (Abruzzi Region) with indicated the main Quaternary
active faults (red lines). Thicker red lines indicate the Ovindoli-L’Aquila Fault System (OAFS). Focal mechanisms indicate the mainshocks of the largest (i.e.,
Avezzano M,, = 7.0, 1915) and most recent (i.e., L’Aquila M,, = 6.1, 2009) earthquakes striking the region from 1900. b) Simplified geological map of the area with
the Campo Felice and Cama faults (thicker red lines), investigated in this work. ¢) Panoramic view of the Mt. D’Ocre range, with associated geomorphological
features typical of DGSDs, such as scarps and gravitative trenches. d) Surface expression of the Campo Felice fault scarp, affecting the SW slopes of Cefalone and
Serralunga Mts. and bordering the homonym intermontane basin. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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D’Ocre faults were interpreted as the northern segment of the OAFS
(Salvi et al., 2003). Thus, the Campo Felice and Ovindoli-Pezza faults
represent the central and southern segments of the OAFS, respectively
(Salvi et al., 2003).

In detail, the Campo Felice and Mt. D’Ocre faults displace the same
Cretaceous carbonate sequence with similar kinematics, but have (i)
different throw rates (1.1 mm/yr vs. 0.2 mm/yr, respectively, estimated
in the last 18.000 years; Galadini and Galli, 2000; Salvi et al., 2003) and
(ii) border valleys with different shapes and dimensions (i.e., the
20-km2-wide Campo Felice intermontane basin vs. the <400-m%wide
valleys of the Mt. D’Ocre range; Figs. 1 and 2). Moreover, several
geomorphological features typical of Deep-seated Gravitational Slope
Deformations (DGSDs), such as gravitative trenches, double-crested
lines, bulging, up-hill and down-hill facing scarps (Hutchinson, 1988)
are recognizable across the Mt. D’Ocre range (Salvi and Nardi, 1995;
Salvi et al., 2003, Fig. 1c). In particular, Albano et al. (2015) docu-
mented a gravitational subsidence of tens of millimeters of the Mt.
D’Ocre ridge toward the L’Aquila Plain in the months following the
L’Aquila mainshock (see Fig. 7 in Albano et al., 2015).

Specifically, DGSDs are deep gravitational landslides involving
hundreds of meters thick rock volumes moving from the ridge-top to the
valley floor (Jahn, 1964; Zischinsky, 1966; 1969; Varnes, 1978;
Hutchinson, 1988; Dramis and Sorriso-Valvo, 1994; Jaboyedoff et al.,
2013; Panek and Klimes, 2016; Discenza and Esposito, 2021). DGSDs
differs from other types of landslides by both the absence of continuous
and well-defined external boundaries (Agliardi et al., 2001, 2012; Crosta
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et al., 2013) and the lack of a continuous sliding surface or basal shear
zone (Dramis and Sorriso-valvo, 1994; Discenza and Esposito, 2021),
that is commonly buried by the rock-mass and thus almost impossible to
recognize, especially in lateral spreading DGSDs. The latter usually form
when a rigid and joined rock-mass gently overlaps a more ductile and
highly deformable bedrock (Varnes, 1978; Hutchinson, 1988; Agliardi
et al., 2012; Bozzano et al., 2013; Di Maggio et al., 2014).

As a result, the Campo Felice and Mt. D’Ocre extensional faults
represent a great opportunity to compare the fault zone associated with
two geometrically linked structures displacing the same carbonate
rocks, but with different (i) slip rates, (ii) cumulated displacement and
(iii) associated morphological features. The internal structure of brittle
fault zones commonly includes two main structural units: fault core and
damage zone (Caine et al., 1996; Faulkner et al., 2003; Sibson, 2003).
The fault core is the high-strain domain usually composed of
low-permeability fault rocks (fault gouges, cataclasites and fault brec-
cias) where most of the displacement is accommodated (Ferraro et al.,
2018). Instead, the damage zone consists of variably fractured rock
volumes where brittle deformation is accommodated by secondary
faults and fractures (Chester and Logan, 1986; Agosta and Aydin, 2006;
Faulkner et al., 2010; Billi et al., 2003; Choi et al., 2016; Ferraro et al.,
2018). In general, the intensity of deformation decreases broadly
exponentially from the fault core of the master fault towards the damage
zone (Chester and Logan, 1986; Chester et al., 1993; Caine et al., 1996;
Faulkner et al., 2003; Wibberley et al., 2008; Mitchell and Faulkner,
2009; Savage and Brodsky, 2011; Demurtas et al., 2016; Gomila et al.,
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Fig. 2. Simplified geological maps of the areas affected by the Campo Felice (a) and Mt. D’Ocre (b) faults, including stratigraphic column and trace of the cross-
sections. Data are compiled from the 1:50.000 scale “Foglio 359 L’Aquila” (ISPRA). c) Cross-section A-A’, showing the Campo Felice fault cutting Cretaceous
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D’Ocre range, at the hanging wall of the Mt. D’Ocre thrust. The Cama fault displaces Cretaceous carbonates with ~100 m of geological throw.
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2016; Fondriest et al., 2020; Ostermeijer et al., 2020).

In this work, we map and compare the distribution of fractures
affecting the footwall blocks of the Campo Felice fault and the south-
western branch of the Mt. D’Ocre faults (i.e., the Cama fault segment;
Fig. 1) and analyze the microstructures of the slip zones associated with
the major slip surfaces. The analysis of the deformation processes at
macro-to micro-metric scale (from km to nm) associated with the Campo
Felice and Cama fault scarps may contribute to shed more light on 1) the
formation and current mechanical behavior of the two faults in the
tectonic context of the central Apennines and their relation and, 2) the
deformation mechanisms active in the slip zones of carbonate-hosted
normal faults as a function of fault displacement. These kinds of
studies may find more general application to other areas worldwide
characterized by moderate to strong seismicity in carbonate rocks
(Caputo et al., 2006, 2010; Verhaert et al., 2009; Rotevatn and Bastesen,
2012). Finally, the possible interpretation of certain sharp scarps as
surface expression of seismic or aseismic faulting (i.e., normal faults vs.
DGSDs; Del Rio et al., 2021) may have strong implications on the
characterization of the potential seismogenic source of the area and,
thus, to determine the maximum moment magnitude of the earthquake
that the fault system can produce (Wells and Coppersmith, 1994; Boncio
et al., 2004; Galadini et al., 2012; Falcucci et al., 2016).

2. Geological setting
2.1. Tectonics of the Apennines

The Italian Apennine fold-and-thrust belt started to develop since
Miocene, due to the NE-verging collision between the Adriatic and Eu-
ropean Plates (Elter et al., 1975; Patacca et al., 1992; Carminati et al.,
2012). The Apennine orogenesis was characterized by a general east-
ward migration of the chain thrust front and consequent formation of
piggy-back basins associated with the main thrusts (Cosentino et al.,
2010). In the central Apennines, during this compressional phase,
shallow-water and pelagic Mesozoic-Cenozoic limestones were juxta-
posed to syn-orogenic foredeep deposits by NE-verging thrusts (Cosen-
tino et al., 2010). Since Upper Messinian to present, a NE oriented
crustal extension accommodated the stretching of the Apennine chain,
caused by the retreat of the subduction hinge toward E-NE (Malinverno
and Ryan, 1986; Carminati and Doglioni, 2012). During Quaternary, a
strong increase in regional uplift (i.e., more than 1000 m; D’Agostino
et al., 2001) lead to the formation of large intermontane basins filled
with continental deposits, bordered by active normal faults (Demangeot,
1965; Dramis, 1992; Galadini and Galli, 2003). The combination of
extensional faulting (Quaternary extension rate of 2-3 mm/yr; Hunstad
et al., 2003) and regional uplift is the main cause of the development of
DGSDs in the central Apennines (Galadini, 2006).

The current extensional tectonic phase is accommodated by active
normal faults cutting and locally exploiting the inherited Miocene-Early
Pleistocene thrusts and the earlier Mesozoic normal faults (Elter et al.,
1975; Vezzani et al., 2010; Leah et al., 2018; Lucca et al., 2019; Fon-
driest et al., 2020). Most of the active faults in central Apennines strike
NW-SE (i.e., “Apennine trend”) and are commonly organized in fault
systems with associated intermontane basins (e.g., Campo Felice and
Middle Aterno Basins; Bosi et al., 1993; Cavinato et al., 2002). Smaller
NE-SW oriented normal faults (i.e., “anti-Apennine trend”) are also
spread in the area.

2.2. Campo Felice and Mt. D’Ocre faults

In the area affected by the Campo Felice and Mt. D’Ocre Faults,
Cretaceous and Miocene shallow-water carbonates belonging to the
Latio-Abruzzi succession crop out. The carbonate sequence is locally
capped by Upper Miocene hemipelagic marls and Messinian flysch de-
posits (Cosentino et al., 2010; Brandano, 2017, Fig. 1b; 2a, b). The
Cretaceous Units record the sedimentation in shallow-water platform
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environments along the passive margin of the Adriatic plate, started
during Middle Liassic. These units mainly consist of micritic limestones
alternated with thin levels of calcarenites or marls, with bedding
thickness ranging from tens of centimetres to over 1 m (see stratigraphic
column in Fig. 2a). During the Lower Albian-Early Cenomanian, this
carbonate platform underwent three periods of aerial exposure and
erosion of the underlying limestones, with consequent formation of karst
cavities filled with bauxitic deposits (i.e., IBX fm. in Fig. 2; Mancinelli
et al., 2003). Middle Miocene carbonates (i.e., “Calcari a Briozoi e Lito-
tamni” Formation) consist of thin whitish calcarenites including bryo-
zoans, lithotamnia and corals (Fig. 2a) that deposited unconformably or
para-conformably above the Cretaceous limestones (i.e., “Paleogene
Hiatus”; Damiani et al., 1992). Miocene hemipelagic marls record the
gradual drowning of the carbonate ramp with consequent increase in
clay amount at the expense of lime portion. During Messinian, silici-
clastic turbidites filled the foredeep basins according to the eastern
migration of the Apennine chain thrust front (Patacca and Scandone,
1989, Figs. 1b and 2a).

The Campo Felice Fault strikes NW-SE for ~6 km, cutting the south-
western flanks of Mt. Serralunga, to SE, and Mt. Cefalone, to NW
(Fig. 1b, d; 2a). The fault has a normal dip-slip kinematics (Wilkinson
et al., 2015) and juxtaposes Cretaceous shallow-water limestones with
talus and slope sediments deposited during and after the Last Glacial
Maximum (i.e., ~25.000-21.000 B.P.; Dramis, 1983). The Campo Felice
fault borders to SW the homonym intermontane basin (~20 km? wide),
filled with Late Pleistocene to Holocene alluvial, lacustrine and glacial
deposits (Giraudi et al., 2011, Figs. 1b and 2a). The Mt. D’Ocre thrust
borders the north-eastern side of Serralunga and Cefalone Mts. juxta-
posing pre-orogenic calcareous units with syn-orogenic calcareous and
siliciclastic deposits (Figs. 1b and 2a, c).

The Mt. D’Ocre range is composed of three parallel and discontinu-
ously outcropping bedrock scarps, from the Mt. D’Ocre, to SE, to the
Campoli Basin, to NW, affecting the same rocks of the Campo Felice fault
(Salvi et al., 2003, Fig. 1b, d; 2b). The largest scarp belongs to the
Campoli-Cerasitto fault (~9.5 km long along-strike), that borders to SW
the Campoli Basin in the northwestern sector (Salvi et al., 2003, Fig. 1b).
Instead, the Cama fault is ~ 3-km-long and borders three small and
narrow valleys (i.e., Cama, Vallefredda and Santo Lago valleys to SW),
possibly produced by the gravitational spreading of the ridge-top (Salvi
et al., 2003, Fig. 2b).

3. Methods

We realized two geological maps of the area affected by the Campo
Felice and the Mt. D’Ocre faults (Fig. 2a and b) by editing and drawing
the geological and stratigraphic information reported in the 1:50.000
scale geological map from ISPRA (“Foglio 359 L’Aquila”) over a shaded
relief from TINITALY (Triangular Irregular Network of Italy) 10-m-reso-
lution digital elevation model (Tarquini et al., 2007). From the
geological maps, we built two cross-sections oriented perpendicular to
the strike of the Campo Felice and Mt. D’Ocre faults, respectively, to
estimate the geological throw (i.e., the vertical component of displace-
ment) and identify possible differences at regional scale associated with
the two structures. The geological throw was calculated as the elevation
difference between the hanging wall and footwall cutoffs of a selected
Cretaceous unit (Fig. 2c and d). We assumed a constant thickness of the
geological units across the two sections.

High-resolution georeferenced orthomosaics (spatial resolution of
~3 cm/pixel) of Cefalone and Serralunga Mts. and the ridge crest
affected by the Cama fault were produced by stitching hundreds of
either nadir-directed and fault plan-parallel photographs taken with a
MAUVIC 2 Pro drone and processed with Agisoft Metashape Pro software.
The Stitching or Mosaicking process has been made possible thanks to
photogrammetric processing, producing hence, a high-resolution DEM
and 3D mesh used as base to ortho-rectify the final mosaic of the drone
pictures. Original field structural surveys were conducted to map the
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footwall block of the Campo Felice and Cama faults. We defined five
main structural units based on field observations, such as: 1) average
spacing among fractures 2) clast/matrix proportion in the fault rocks
and 3) degree of preservation of primary sedimentary structures (Fig. 3).
The trace of master fault scarps and of larger secondary faults (i.e., faults
with lateral continuity >2 m and with a fault core associated), and the
spatial distribution of the different structural units were reported in
topographic maps at 1:1000 scale (spatial resolution of 0.2 m/pixel)
provided by the Abruzzi Geoportal (www.geoportale.regione.abruzzo.
it). These data were digitalized with ArcGIS 10.7.1 software, using the
produced orthomosaics as base map, to realize detailed structural maps
of the footwall blocks of the Campo Felice and Cama fault zones. The
distribution of the structural units was drawn with higher degree of
transparency where they were not directly observed, but inferred during
the field surveys. Three structural-geological cross-sections across the
analyzed fault zones were produced (Figs. 4-6).

Structural data (n = 3047) were collected along the whole along-
strike path of the outcropping master fault scarps and across the foot-
wall damage zones and located with a handheld GPS (accuracy + 2 m).
We systematically measured the attitude of different structural and
stratigraphic elements (i.e., bedding, fractures, major and secondary
faults, veins, stylolites). Where possible, the kinematic of the secondary
faults was measured through kinematic indicators, such as S-C fabrics,
grooves, slickenlines and/or calcite slickenfibers (Chester and Logan,
1986; Petit, 1987). Structural measurements were plotted and analyzed
using stereonets (lower hemisphere, Schmidt equal area) created with
OSX Stereonet software (Allmendinger et al., 2011; Cardozo and All-
mendinger, 2013).

From 30 samples collected from the major and secondary faults, we
selected 14 samples to produce syton-polished thin sections cut
perpendicular to the slip surface and parallel to the kinematic indicators
(where recognizable, otherwise along the fault dip direction). The thin
sections were photo-scanned at high resolution (4000 dots per inch)
both in plane and cross polarized Nicols and edited using specific tools of
Adobe Photoshop to highlight the clast shapes, minor fractures and veins
and the texture of the fine matrix surrounding the clasts.

Transmitted-light optical microscopy (OM) was used to determine
microstructural features at thin section scale and to identify areas suit-
able for microanalytical investigations. Scanning electron microscopy
(SEM) was used to acquire high-resolution backscattered electron (BSE)
images coupled with both semiquantitative and quantitative energy
dispersion spectroscopy (EDS) elemental analysis. SEM investigation
were performed with a CamScan MX3000 (max. resolution ~50 pm in
back-scatter electrons) installed at Dipartimento di Geoscienze (Uni-
versita degli Studi di Padova, Padova, Italy) and with the field-emission
SEM (FESEM) Merlin Zeiss (resolution of 10-100 nm in Back-Scatter
electrons, BSe, and of 300 nm to 1 pm in X-rays) installed at CER-
TEMA laboratory (Grosseto, Italy). The images were taken with an ac-
celeration voltage of 15 kV and a working distance of 8.5-5.3 mm.

4. Results

In this section, we describe two geological sections cross-cutting the
Campo Felice and Cama fault zones, the fault architecture in the footwall
blocks and the microstructures observed in the slip zones associated
with the major and secondary fault surfaces. Faults traced with dashed
lines in the cross-sections indicate both the faults inferred in map and
the interpreted prosecution of the major faults at depth. In the case of
two normal faults with opposite dip direction and crossing each other at
depth, we interpret the normal fault with higher displacement as cutting
the one with lower displacement.

4.1. Geological cross-sections

The cross-section A-A’ (~8-km-long) is oriented SW-NE from Mt.
Puzzillo to Mt. Cagno and crosses the Campo Felice basin, the Campo
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Felice fault, the central sector of Mt. Cefalone and the Mt. D’Ocre thrust
(Fig. 2a, c). Unfortunately, though active seismic investigations were
conducted by the Istituto Nazionale di Geofisica e Vulcanologia in
2019-2021, no geological and geophysical data are currently available
to infer the Cretaceous-Miocene stratigraphy and possible secondary
structures in the Campo Felice basin. Therefore, assuming a constant dip
of ~30° of the geological Units, we estimate a maximum geological
throw of ~1050 m associated with the Campo Felice fault in this sector
(with a possible overestimate of ~400 m in case of sub-horizontal dip)
from the elevation difference between hanging wall and footwall cutoffs
of the Cenomanian Intrabauxitic limestones (IBX fm.; Fig. 2c). Because
of the large displacement associated, we assumed that the Campo Felice
fault cuts the Mt. D’Ocre thrust at depth. Instead, we interpret the other
normal faults at the hanging wall of the Campo Felice fault to flatten at
depth along the Mt. D’Ocre thrust because of their lower displacement.
Here, the latter puts in contacts Lower Cretaceous shallow-water car-
bonates with Upper Miocene syn-orogenic limestones forming a large
ramp anticline cut by small faults with tens of meters of displacement
(Fig. 2¢).

The cross-section B-B’ (~7.25-km-long) cross-cuts the entire Mt.
D’Ocre range, located at the hanging wall of Mt. D’Ocre thrust. In our
geological map (Fig. 2b), we trace the Cama fault up to the south-eastern
termination of the Santo Lago Valley for two reasons: (1) the strati-
graphic relations among Cretaceous carbonates infer the presence of a
SW-dipping normal fault with a geological throw of ~100 m (Fig. 2d);
(2) the presence of a sharp fault scarp cropping out discontinuously
along the western slope of Vallefredda and Santo Lago Valleys (Figs. 1c
and 5). Because of the relatively low associated displacement, the Cama
fault was interpreted to flatten on the Mt. D’Ocre thrust at depth, as well
as the other normal faults of the Mt. D’Ocre Range (Fig. 2d). The latter
juxtaposes shallow water Cretaceous carbonates with Messinian turbi-
ditic deposits (Fig. 2b, d). According to our interpretation, the Mt.
D’Ocre thrust does not flatten on turbidites, but forms a ramp to
accommodate the folding of both Cretaceous and Miocene Units
(Marshak et al., 2019). The maximum morphological throw associated
with the faults bordering the western side of Il Monte and Rotondo Mts.
is ~600 m, calculated from the elevation difference between the top of
Mt. Rotondo and the lower portion of the basin hosting the Casamaina
Village (Fig. 2d).

4.2. Fault zones architecture

In this section, we describe the spatial distribution and attitude of
secondary faults and fractures in the footwall of the Campo Felice and
Cama fault zones (~6 km and ~3 km long, respectively; Fig. 1). Though
the two faults cut the same host rocks (Figs. 1 and 2), their fault archi-
tecture (i.e., core and damage zone thickness and distribution, type and
intensity of fault/fracture network) may suggest different formation
mechanism, evolution and deformation styles. We use the terms open
fractures or fissures to indicate fractures with >1 cm of aperture be-
tween the two opposite fracture surfaces, locally filled by unconsoli-
dated soil deposits (e.g., Figs. 3a and 7h; Fossen, 2010). Instead,
extensional (or Mode-1) fractures refer to regularly spaced fractures
with similar attitude, forming specific sets, with no displacement be-
tween the fracture surfaces (Engelder, 1987; Pollard and Aydin, 1988;
Fossen, 2010). The five main structural units identified in the field are
described from the lower to higher strained ones as follows:

Host rocks with fissures (brown in the structural maps; e.g., Figs. 3
and 6) consist of rock volumes where intact carbonate strata are affected
by sub-vertical (>60°) fractures and fissures spaced >20 cm apart, with
fracture surfaces very rough due to karst-related processes (Fig. 3a).

Weakly fractured rocks (light blue in the structural maps; e.g.,
Figs. 3-6) consist of poorly fractured rock volumes, where bedding is
clearly recognizable and not affected by fractures, which are usually
spaced >10 cm apart and oriented at high angles (i.e., 60°-90°) with
respect to the bedding surfaces, as a result forming lozenge-like
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Fig. 3. Main structural units identified across the Campo Felice and Cama fault zones. a) Host rock with fissures, very large and locally causing the tilt of carbonate
blocks down to the valley. b) Weakly fractured rocks, with high angle fractures (dotted white lines) forming lozenge-like structures. c) Fractured rocks affected by
sub-vertical fractures spaced 3-10 cm apart. d) Highly fractured rocks, with subvertical fractures usually cut by stylolites striking sub-parallel with the bedding
surfaces. e) crackle breccias, where fractures are spaced ~1 cm apart. f-h) Mosaic breccias, crush breccias and cataclasites, with pressure-solution seams and S-C like
structures caused by pressure-solution processes. WGS84 GPS Location: 42.286720°N, 13.393950°E (a); 42.235224°N, 13.437680°E (b); 42.219666°N, 13.460662°E
(c); 42.226981°N, 13.453245°E (d); 42.223688°N, 13.455338°E (e); 42.220531°N, 13.459215°E (f); 42.233561°N, 13.438081°E (g); 42.238451°N,
13.431004°E (h).
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Fig. 4. a) Structural map of the Campo Felice fault zone in the Mt. Cefalone sector, cross-section (NE oriented) across the fault zone and structural data collected
within the different structural units, plotted in Equal Area-Lower Hemisphere stereonets with density contours areas (see figure legend for symbols description). The
inferred distribution of the structural units was drawn with higher degree of transparency. b) Fault core consisting of crush breccias. ¢) Highly fractured rocks,
affected by high angle fractures (dotted white lines) spaced <3 cm apart, cut by lower angle fractures and bedding parallel stylolites, and locally forming S—C like
structures. d) Fractured rocks, consisting of > 1-m-thick carbonate strata affected by high angle fractures spaced <10 cm apart, cut by stylolites. e) Weakly fractured
rocks, cut by high angle fractures spaced >10 cm apart.
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Fig. 5. a) Structural map of the Campo Felice fault zone in the Mt. Serralunga sector, cross section (ENE oriented) across the fault zone and structural data collected
within the different structural units, plotted in Equal Area-Lower Hemisphere stereonets with density contours areas (see figure legend for symbols description). The
inferred distribution of the structural units was drawn with higher degree of transparency. b) Detail of a large secondary fault affecting the host rocks in Fractured

rocks domains, with a fault crush breccia associated.

structures (Fig. 3b).

Fractured rocks (yellow in the structural maps; e.g., Figs. 3-6)
consist of fractured rock volumes, where bedding surfaces are still
clearly recognizable and rarely cut by fractures. The latter are both sub-
vertical (i.e., dip angle >65°) and sub-horizontal (i.e., dip angle <20°)
with respect to the bedding surfaces and spaced 3-10 cm apart (Fig. 3c).

Highly fractured rocks (orange in the structural maps; e.g.,

Figs. 3-6) consist of highly fractured rock volumes, with strata partially
recognizable (Fig. 3d). Extensional fractures are oriented both sub-
vertical and at 40°-55° with the bedding surfaces, with 1-3 cm of
spacing among fractures, or sub-horizontal, spaced 1-15 cm apart.
Where fracture abundance increases (i.e., where both sub-vertical and
sub-horizontal fractures are spaced ~ 1 cm apart), the highly fractured
rocks appear as crackle breccias (i.e., incohesive fault breccia with
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Fig. 6. Structural map of the Cama fault zone, cross section (NE oriented) across the fault zone and structural data collected within the different structural units,
plotted in Equal Area-Lower Hemisphere stereonets with density contours areas (see figure legend for symbols description). The inferred distribution of the structural
units was drawn with higher degree of transparency. b) Highly fractured rocks located close to the master fault scarp, with fractures spaced <3 cm apart and arranged
in several sets, locally forming S-C like structures. ¢) Carbonate host rocks located close to the hill crest, dipping at high angles and affected by large fissures with
2-30 cm of aperture.
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Fig. 7. Main structural elements observed in the
Campo Felice and Cama fault zones. a) Campo Felice
fault scarp along the Mt. Cefalone, reaching the
maximum height of ~15 m. b) Polished Campo Felice
fault surface affecting the bauxites (Sample CF22_P).
¢) Cataclastic fault core in between a step-over zone
affected by numerous secondary faults with polished
slip surfaces showing a dip-slip kinematics (Star in-
dicates the location of Sample CF05). d) Large sec-
ondary fault with gouge associated, dipping
synthetically with the master fault. ) S—C like struc-
tures in Highly fractured volumes across the Campo
Felice fault zone. f) Cama fault scarp sharply cutting
NE dipping carbonate rocks. g) Small and thin calcite
veins, conjugated themselves, affecting the karstified
Cama fault surface. h) Blocks of carbonate host rocks
close to the hillcrest top cracked and tilted down to
X the slope. Red and blue lines in the stereoplot indicate
the fault and bedding attitude, respectively. WGS84
GPS Location: 42.227594°N, 13.445696°E (a);

42.212690°N, 13.466460°E (b); 42.223827°N,
13.454746°E (c); 42.234210°N, 13.437396°E (d);
42.227505°N, 13.447607°E (e); 42.274730°N,

13.411760°E (f); 42.275030°N, 13.411420°E (g);
42.278070°N, 13.408900°E (h). (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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>75% of clasts >2 mm; Woodcock and Mort., 2008, Fig. 3e). Highly
fractured, Fractured and Weakly fractured rocks represent the footwall
damage zone of the studied fault zones. Highly fractured and Fractured
rock volumes usually crop out close to or few meters away from the
master fault surface or in areas strongly affected by secondary faults.
Cataclasite/Breccias (purple in the structural maps; e.g., Figs. 3-6)
consist of crush breccias and incohesive mosaic breccias composed of
angular host-rock-built fragments (~5 mm-10 cm and ~5 mm to 2 cm in
size, respectively) surrounded by a fine matrix (~10% of total volume;
sensu Woodcock and Mort., 2008, Fig. 3f and g) and cohesive fault rocks
with ultra-cataclastic (i.e., >90% of fine calcite matrix), cataclastic (i.e.,
90-50% of fine matrix; Fig. 3h) or proto-cataclastic fabrics (i.e., 50-10%
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of fine matrix). In these volumes, bedding surfaces and other sedimen-
tary structures (e.g., stromatolitic laminations or “burial”
stylolites/pressure-solution seams) are not recognized.

4.2.1. The Campo Felice fault

The Campo Felice master fault is exposed along the western slope of
Cefalone and Serralunga Mts. with a ~5.8-km-long fault scarp (Figs. 4
and 5). The fault scarp has an average height of about 3-4 m (up to 15 m
in some sectors; Fig. 7a) and crops out almost continuously along Cef-
alone Mt., whereas it is less continuous and wavier along-strike along
Serralunga Mt. (Figs. 4 and 5). The exposed fault surface is very sharp,
but also strongly karstified, except in the south-eastern tip. Here, in the
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areas where the fault cuts the bauxitic levels, the fault surface is locally
well preserved and appears very polished (Fig. 7b). The fault dips
45°-75° (mean dip angle of 55°) to SW and sharply truncates the car-
bonate host rocks, dipping 5°-50° to NW (see stereonets in Figs. 4-5). In
contrast, along the numerous left-stepping transfer zones, the master
fault surface dips to SSW-SE and the host rocks dip towards SW in the
relay ramp (see bedding and master fault stereonets in Figs. 4 and 5).

Fracture abundance increases close to the master fault and within the
step-over zones, where the fault core and Highly fractured rocks crop
out. The fault core units mainly consist of (i) cataclasites with white to
reddish matrix (<40-cm-thick, up to 3-m-thick in the step-over zones;
Figs. 3h and 7¢) and (ii) fault breccias (Figs. 3g and 4b), commonly 50-
cm- to 2-m-thick, up to 5-15-m-thick in the master fault step-overs and
bends (see cross-section A-A’ in Fig. 4). Highly fractured volumes crop
out close to either the master fault or the fault core with a thickness of
15-150 m. Both Highly fractured and cataclastic rocks are cut by calcite-
bearing veins and by numerous steeply dipping (60°-90°) secondary
faults (Figs. 5b and 7d) that mainly strike NW-SE and dip both syn-
thetically (i.e., with similar dip azimuth) and antithetically (i.e., with
opposite dip azimuth) with respect to the master fault (see stereonets in
Figs. 4 and 5). In the fault core, minor secondary fault surfaces also strike
N and E. Where the fault surfaces are very polished, the kinematic in-
dicators show a normal dip-slip and rarely strike-slip kinematics (Figs. 5
and 7c). In the central sector, extensional fractures are arranged in
several sets striking from SSE to NE and from N to S, consistent with the
orientation of the secondary faults (Figs. 4 and 5). Most of the fractures
are oriented at high angle (i.e., 60-90°) with respect to the bedding
surface and are usually cut by fractures with 40°-55° of dip angles
(Figs. 3d and 4c).

Fracture abundance within the damage zone slightly decreases to-
wards the master fault tips (i.e., average fracture spacing >3 cm),
particularly in the north-western sector, where Fractured rock volumes
(Fig. 3c) are more abundant, but still affected by numerous secondary
faults (Figs. 4 and 5). Here, the fractures mainly dip from SE to NW both
at high (i.e., >65°) and low angles (i.e., <35°) without cutting the
bedding surfaces (Figs. 3¢, 4-5). High angle fractures are spaced 3-10 cm
apart and usually cut the low angle ones, spaced up to 1 m apart
(Fig. 4d). Fracture intensity drastically decreases ~60-120 m away from
the master fault surface, where the host rocks are cut by sub-vertical
fractures spaced >10 cm apart and are not affected by secondary
faults (Figs. 3b and 4e). Fractured rocks usually represent the transition
unit between Highly (Fig. 3d) and Weakly fractured domains (Fig. 3b),
although sharp contacts between these two units were also observed,
due to the presence of a large secondary fault or an abrupt change in the
thickness of the carbonate strata (i.e., from ~1 m to 20-30 cm).

The fault core (~15-m-thick) and damage zone units extend for
>400 m across a large incision feeding the fan located in the middle
sector of Mt. Cefalone (see cross-section A-A’ in Fig. 4). In this area, the
abundance of fractures affecting the host rocks gradually decreases (i.e.,
from <1 cm to >10 cm of fracture spacing) up to ~ 150 m away from the
master fault. Then, Fractured rocks (Figs. 3c and 4d) crop out across the
incision for ~160 m, after which less fractured volumes are exposed. In
the latter, the fractures are spaced 15-30 cm apart and dip sub-vertically
(dip angles of 65°-90°) towards SW and NE cutting > 1-m-thick car-
bonate strata (Fig. 4e). In both fault core and damage zone, pressure-
solution processes result in the formation of seams and stylolites strik-
ing parallel to the bedding strata, usually cutting calcite veins and
subvertical fractures and locally displaced by fractures oriented at
40°-55° with the bedding surfaces (Figs. 3d and 4c, d). Furthermore, in
both the fault core and Highly fractured domains, pressure-solution also
allow the development of S-C like structures at different scales (e.g.,
Figs. 3h, 4c and 7e).

4.2.2. The Cama fault
The Mt. D’Ocre range is composed of three NW-SE oriented fault
branches spreading from Mt. D’Ocre, to SE, to the Campoli Basin, to NW
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(Fig. 1b). The Cama fault represents the south-western branch of the Mt.
D’Ocre range. Our fieldwork surveys were conducted along this fault
because of the very sporadic outcrops of the major scarp and footwall
host rocks associated with the larger Campoli-Cerasitto fault (Fig. 1b).
The Cama fault is ~3.4-km-long and borders the Cama Valley in the
north-western sector and Vallefredda and Santo Lago Valleys in the
middle and south-eastern sectors, respectively (Figs. 1c, 2b and 6). The
fault scarp crops out mainly in the middle and southern sectors
(maximum height of ~2 m), although discontinuously (Fig. 6). The
scarp dips 49°-70° (~60° on average) to SW and affect the same car-
bonate rocks in the footwall of the Campo Felice fault. The host rocks dip
to N-NE with 20°-45° of dip angles up to 100 m away from the master
fault scarp (Fig. 7f) and with 50°~70° of dip angles close to the hill crest
(Fig. 6¢).

Both the fault core and the damage zone crop out for a total thickness
<40 m. The fault core crops out only close to the south-eastern tip,
where it is ~ 1-m-thick and mainly consist of crush breccias, whereas
Highly fractured (Fig. 6b) and Fractured rocks (up to 15-30 m in
thickness) are mainly distributed in the area located between Valle-
fredda and Santo Lago Valleys. In these domains, none secondary fault
was observed and only few calcite veins (<4 mm thick) associated with
the major scarp, mostly arranged in conjugate systems, were mapped
(Figs. 6 and 7g). Mode I fractures are mainly oriented at high angles with
respect to the bedding surfaces and largely scattered in dip attitude,
forming different sets usually conjugated themselves (Fig. 6). As in the
case of Campo Felice fault, in the few areas close to the master fault in
which the spacing among fractures is less <3 cm, pressure-solution
processes contribute to the formation of S-C like structures (Fig. 6b).

Where the damage intensity decreases along the master fault, 15-to-
35-m-thick Weakly fractured domains (Fig. 3b) crop out, with both sub-
vertical (i.e., dip angles of 60°-90°) fractures and fissures (<2 cm of
aperture) spaced >10 cm apart. Outside the damage zone, starting from
~40 m to the NE from the master fault surface till the hillcrest top, the
host rocks are almost undeformed and only affected by high angle sub-
vertical fractures and fissures (1-20 cm of aperture) spaced 20 cm to 1 m
apart and with scattered dip attitude (i.e., Host rocks with fissures
domain; Figs. 3a and 6). In this sector, the bedding and fracture/fissure
surfaces are very rough, possibly due to karst processes (Figs. 3a and 6).
Moreover, moving up to the hillcrest top, most fissured blocks are tilted
by gravity towards the valley slope (Figs. 3a and 7h).

4.3. Microstructures of the slip zones

In this section, we describe the microstructures of the slip zones of
the Campo Felice and Cama faults following the classification of Sibson
(1977, 2003). We define as slip surface the exposed fault surface, either
polished or karstified. We indicate as slip zone the deformed rocks
located beneath the slip surface (up to several centimeters thick) that
accommodate the shear strain produced during fault slip (Chester and
Chester, 1998; Sibson, 2003). Where present, Principal Slip Zones (PSZs)
consist of texturally distinct layers, usually few mm thick, located
immediately beneath the slip surface, that accommodate most of the
fault displacement (Smith et al., 2011).

4.3.1. Slip zones of the Campo Felice fault zone

The slip zone associated with the Campo Felice master fault surface
(mostly rough, due to karst-erosional processes) has a proto-cataclastic
fabric consisting of angular to sub-rounded fragments of the host rocks
(1-5 mm thick) surrounded by a fine matrix (white or reddish in the field
and dark grey or brownish under the OM; Fig. 8a). Moving toward the
slip surface, the fabric becomes more cataclastic, as the amount of fine
matrix increases up to >50% of the total volume (Fig. 8a). The fragments
are cut by numerous shear fractures (<0.5 mm thick) oriented sub-
parallel (i.e., Y-shear fractures) or up to ~ 40° with respect to the slip
surface (i.e., P-shear fractures). Some of them are filled with calcite (see
black arrows), oxides or clay minerals (Fig. 8a—-d). Where clay minerals
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Fig. 8. Microstructures of the slip zones of the Campo Felice fault zone. a) Slip zone associated with the master fault surface (quite rough), showing a proto-
cataclasitic to cataclasitic fabric made of angular to sub-rounded host rock fragments (1-5 mm thick) immersed in a fine grey matrix and cut by < 0.5-mm-thick
fractures filled with calcite (black arrows). b-¢) Clay minerals filling the fracture spaces and surrounding the calcite grains. The latter shows stylolitic-like boundaries
and from incipient triple junctions. d) Y-shear and P-shear fractures close to the slip surface. €) Well-preserved slip surface, very smooth and with a net contact with
the calcite fragments, partially rimmed by < 0.5-mm-thick calcite veins (black arrows). f) Slip zone of a well-preserved minor fault including a discontinuous ultra-
cataclastic layer (i.e., PSZ) close to the polished slip surface, that has a net contact with the calcite fragments. g) Matrix of the PSZ, composed of sub-euhedral calcite
grains with straight boundaries, forming well-developed triple and quadruple junctions. WGS84 GPS Location: 42.227594°N, 13.445696°E (a, b, c, d); 42.212690°N,
13.466460°E (e); 42.223827°N, 13.454746°E (f, g).
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and oxides are abundant, the texture of fine matrix is composed of
calcite micro-grains with irregular to stylolitic-like boundaries,
commonly indented and forming incipient triple junctions, with
numerous pore spaces locally filled with clay minerals (Fig. 8b and c).
Where the fault surface is locally preserved along-strike by sub-aerial
exposure, the slip surface is very smooth and has a sharp contact with
the underlying clasts (Fig. 8e). The slip zone is a well-developed cata-
clasite composed of millimeters to centimetres in size sub-angular
fragments cut and locally rimmed by thin veins filled by sparite and
oxides (white arrows in Fig. 8e).

The minor secondary faults affecting the fault core in the step over
zones have a very smooth slip surface and a slip zone made of angular to
sub-rounded fragments. The latter are 2-8 mm in size, are internally
fractured and are immersed in a dark fine matrix (<50% of the total
volume; Fig. 8f). The slip zone includes also a ~ 1-2-mm-thick discon-
tinuous ultra-cataclastic layer close to the slip surface, made of >90% of
fine matrix surrounding few rounded clasts (<0.5 mm in size; Fig. 8f).
The matrix shows a foam-like fabric consisting of sub-euhedral micro-
metric to nanometric in size calcite grains with straight boundaries,
forming triple and quadruple junctions and few pore spaces (Fig. 8g).

4.3.2. Slip zones of the Cama Fault zone

The fault rock close to the Cama fault surface is a chaotic to mosaic
breccia (Woodcock and Mort, 2008) composed of incipient angular
clasts (1-10 mm in size) cut by numerous fractures oriented 50°-90° to
the slip surface (very rough due to karst processes) and forming conju-
gated pairs (Fig. 9a). Most fractures are filled with secondary sparite,
composed of blocky and almost euhedral calcite grains (Bons et al.,
2012), with straight and indented (white in color arrows in Fig. 9d)
boundaries (Fig. 9¢ and d).

Journal of Structural Geology 169 (2023) 104828

In the few and small (i.e., 2-5 m along-strike) areas where the in-
tensity of damage increases along the fault scarp, the slip zone consists of
<1 mm-5 mm in size sub-angular clasts surrounded by a brownish fine
matrix (Fig. 9b). The slip zone includes numerous pores and fractures
oriented both at high-angle and parallel to the slip surface, rarely filled
with calcite, and thin convoluted layers close to the top. Overall, this
fabric is quite similar to the one observed in the slip zone of the Campo
Felice fault (Fig. 8a—e).

5. Discussion

In section 5.1 we discuss the structural features associated with the
Campo Felice and Cama normal fault zones, affecting the same car-
bonate rocks with different cumulated throws (Table 1). In section 5.2
we interpret the main the deformation mechanisms active during sliding
in the fault slip zones (Table 1). We further discuss the geomorpholog-
ical evidence supporting the hypothesis that currently the Cama normal
fault represents the upper emergence of the basal shear zone associated
with the lateral spreading (DSGD) of Mt. D’Ocre Range. In fact, as for
most of the lateral spreading DGSDs, the basal shear zone does not crop
out (Varnes, 1978; Hutchinson, 1988; Agliardi et al., 2001, 2012;
Dramis and smile-valvo, 1994; Discenza and Esposito, 2021).

5.1. Macro-structural proprieties of the Campo Felice and Cama faults

The Campo Felice fault has an almost continuously exposed sharp
fault scarp ~ 3-4-m-high on average, up to 15 m in some areas (e.g.,
Fig. 7a), locally undulated along-strike (Figs. 4-5). The fault core dec-
orates the fault scarp for several kilometres and mainly consists of cat-
aclasites (~0-40 cm in thickness) and crush fault breccias (50-cm to 2 m

5

Z 3T
convoluted layer

Fig. 9. Microstructures of the Cama fault slip zone. a) The slip zone consists of chaotic to mosaic breccias composed of <1 cm in size angular clasts, cut by numerous
fractures oriented at high angles with the very rough slip surface, locally filled with sparite. b) Slip zone where the intensity of fractures increases, showing a
cataclastic fabric composed of sub-angular clasts with different size surrounded by a fine matrix and cut by large fractures oriented both at high-angles and parallel to
the slip surface (very rough due to karst processes). c-d) Blocky calcite grains filling the fracture spaces, with straight to indented boundaries (white arrows). WGS84
GPS Location: 42.275030°N, 13.411420°E (a, c, d); 42.283250°N, 13.398110°E (b).



L. Del Rio et al.

Table 1
Comparison of the main geological and structural features of the Campo Felice
and Cama faults.

Properties Campo Felice fault Cama fault

Along-strike length ~6 km ~3 km

Fault scarp height ~4 m, up to 15 m max. 2 m

Max. geological 1050 (425 m of possible ~100 m
throw overestimation)

Throw rates ~1 mm/yr 0.2 mm/yr

Damage zone >400 m ~40 m

thickness
Almost absent
not found

Core thickness
Secondary faults

~40 cm, up to 15 m
Tens to hundreds in both core
and damage zone

Veins Tens to hundreds in both core Close to the fault scarp
and damage zone and thick <5 mm
Slip zones Cataclasite to Ultra-Cataclasite ~ Crush breccia to
microstructures cataclasite
Deformation Cataclasis and pressure- Cataclasis and pressure-
mechanisms solution solution

in thickness). The latter are cut by calcite veins and several sub-vertical
secondary faults dipping both synthetically and antithetically with the
master fault and controlling the heterogeneous distribution of the
different structural units forming the footwall damage zones (Fig. 3b-e).
In particular, Highly fractured and fractured rock volumes are spatially
associated with secondary faults. In these domains, most of the fractures
are spaced <3 cm and 3-10 cm apart and steeply dipping, with orien-
tation consistent with the one of the secondary faults and with the
ongoing NE-SW oriented Pleistocene regional extension (Ferrarrini
et al., 2015; Lavecchia et al., 1994). The fault is composed of numerous
segments arranged in én-echelon step-over zones, where the fault core is
wider (i.e., up to 15-m-thick) and fracture intensity strongly increases,
thus favoring the infiltration of meteoric waters and the development of
stylolites and S-C like structures (Fig. 3a, 6¢-d, 7e). Such structural
features were also observed in other large-displacement normal faults in
the central Apennines (e.g., San Benedetto-Gioia dei Marsi fault
segment, Agosta and Aydin, 2006; Campo Imperatore fault system,
Fondriest et al., 2020; Demurtas et al., 2016) although these faults have
wider fault cores (i.e., 1-40 m thick) and damage zones (up to several
hundred meters thick).

Instead, the architecture of the Cama fault is less structurally
developed compared with the one of Camo Felice fault. The fault scarp is
discontinuous and crops out only in the middle and southern sectors,
with maximum height of ~2 m. The fault core is almost absent, except
close to the south-eastern tip, where it consists of mosaic fault breccias
(Woodcock and Mort, 2008) and the damage zone is < 40-m-thick and
not affected by secondary faults (Fig. 6). Extensional fractures are usu-
ally spaced >10 cm apart, except in few areas close to the master fault,
where they are spaced <3 cm apart and conjugated themselves (Fig. 6)
with orientation consistent with the Pleistocene extensional phase.
These architectural features are typical of immature/incipient or small-
displacement faults (Faulkner et al., 2011; Savage and Brodsky, 2011;
Mayolle et al., 2019) and would be consistent with the ~100 m of
maximum geological throw (cross-section B-B’; Fig. 2d) and low Qua-
ternary throw rates estimated (0.2 mm/yr; Salvi et al., 2003).

This interpretation would be also confirmed by the absence of wide
(i.e., tens of kms?) Quaternary basins associated with the Monte D’Ocre
faults, that instead border small and narrow (i.e., <400 m wide; Figs. 1,
2 and 6) valleys to SW. Indeed, large Quaternary basins are commonly
associated with tens of km-long active normal faults, especially in cen-
tral Apennines (Bosi et al., 2003), where, however, some basins could
have been inherited from the compressional stage (e.g., in between
nearby thrusts) and not directly produced by the bounding normal faults
(Mancinelli et al., 2021).

Nevertheless, several sub-vertical fissures affect the host rocks in the
footwall of the Cama fault. Average fracture/fissure aperture increases
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from 10 to 15 cm to >20 cm (up to 1 m) toward the hillcrest top, also
favored by dissolution associated to karst processes, that are very effi-
cient in calcite-built rocks especially at low ambient temperature
(Andriani and Parise, 2015). Here, the relatively high potential relief
promotes the formation of gravitational trenches, that are commonly
associated with tilted blocks at the surface (Figs. 3a and 7h). Other
landforms typically associated with gravitational processes, such as
double-crested lines, up-hill and down-hill facing scarps, mainly aligned
in the NW-SE direction, shape the Mt. D’Ocre range (see Fig. 2 in Albano
et al., 2015; Salvi et al., 2003, Fig. 1). The large fissures affecting the
host rocks and associated landforms are consistent with their develop-
ment in tensional regime (i.e., negative values of minimum principal
stress; Del Rio et al., 2021) or at very low confining pressures, with
principal stress oriented sub-parallel to the fracture surface (i.e., Mode I
fracture; Fossen, 2010). These structural and geomorphological obser-
vations suggest that the Cama master fault surface is currently accom-
modating the lateral spreading of Mt. D’Ocre Range, mainly moving by
creep, together with the Campoli-Cerasitto fault and other faults of the
area (Figs. 1 and 2b, d). Therefore, this fault is not expected to link at
depth with the Campo Felice fault, given the large differences in
cumulated throw and throw rates (Table 1) and the current mechanical
behaviors (i.e., tectonic vs. gravitative) and, thus, not represent a
segment of the active Ovindoli-L’Aquila Fault System as proposed by
other authors (Salvi et al., 2003; Galli et al., 2008). However, given the
proximity with the Campo Felice fault, episodic movements along these
faults can likely be induced by ground shaking produced by earthquakes
(Salvi and Nardi, 1995; Albano et al., 2015), also consistent with the
average fault dip angles of ~60° (Fig. 5). According to this interpreta-
tion, the length of the seismogenic source associated with the Ovindo-
li-I’Aquila Fault System would be reduced of ~ 8-9 km. This, in turn,
would result in a lower maximum expected earthquake magnitude (i.e.,
M,, ~ 6.5) associated with the entire re-activation of the fault system (e.
g., Wells and Coppersmith, 1994; Wesnousky, 2008; Leonard, 2010;
Galli et al., 2008).

5.2. Deformation mechanisms of the Campo Felice and Cama fault slip
zones

In active fault zones, the bulk of displacement cumulated during
individual earthquakes is mainly accommodated in the fault core, in
particular within highly localized cataclastic mm-cm thick principal slip
zones (Power and Tullis, 1989; Chester et al., 1993; Caine et al., 1996;
Chester and Chester, 1998; Sibson, 2003; Smith et al., 2011, 2015).

The Campo Felice fault surface is quite rough where the exposed
fault scarp is karstified (Fig. 8a). The associated slip zone shows a proto-
cataclastic to cataclastic fabric, including thin calcite veins and both Y-
shear and P-shear fractures, but lack of a well-defined ultra-cataclastic
layer close to the slip surface (i.e., the PSZ), possibly obliterated by
weathering (Fig. 8a, d). Where preserved by surficial alteration, the fault
surface is smoother and has a sharp contact with the larger clasts of the
underlying cataclastic slip zone (Fig. 8e). The well-preserved slip sur-
faces of secondary faults are very smooth to polished, with an associated
proto-cataclastic/cataclastic slip zone that includes a ~ 1-2-mm-thick
ultra-cataclastic PSZ (Fig. 8f). On the contrary, the slip surface of the
Cama fault is very rough, in part due to weathering of the exposed fault
scarp, and lacks of a neat PSZ. Indeed, the fault rock beneath the slip
surface is a chaotic to mosaic fault breccia cut by numerous fractures and
calcite veins (0.1-0.2 mm thick) oriented at high-angles (i.e., >50°) with
respect to the slip surface (Fig. 9a).

The fine matrix surrounding clasts in the Campo Felice master fault
core is composed of calcite micro-grains with irregular to stylolitic-like
boundaries, pores, incipient triple junctions and indentation structures
interpreted as due to pressure-solution processes (Rutter, 1983; Gratier
et al., 2013, Fig. 8b and c). Pressure-solution is a water-assisted process
mainly driven by the stress acting at the grain-to-grain contacts that
occurs through dissolution at grain boundaries, diffusion of the solute
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matter, and precipitation of the latter within pore spaces (Rutter, 1983;
Tada and Siever, 1989; Lehner, 1995; Gundersen et al., 2002; Croize
et al., 2013). Pressure-solution processes are locally promoted by the
presence of oxides and clay minerals within the pore spaces, that prevent
grain boundary healing (Renard et al., 2001), possibly deriving by the
smearing of the bauxitic layers cut by the Campo Felice fault.

These processes are also controlled by the grain size (Rutter, 1983;
Tada and Siever, 1989; Renard et al., 2000). Indeed, in the
ultra-cataclastic PSZ, where the average grain size is smaller due to the
higher degree of grain comminution, the fine matrix is mainly composed
of more packed sub-euhedral calcite grains, with straighter boundaries
and more developed triple junctions (Fig. 8g). Pressure-solution pro-
cesses also favor dissolution and formation of stylolites (Ehrenberg et al.,
2006; Aharonov and Katsman, 2009). In the case of Cama fault slip zone,
the sub-grains of the fault breccia have irregular to stylolitic boundaries
and are affected by numerous veins filled with secondary sparite
(Fig. 9a). The latter is composed of sub-euhedral and blocky calcite
grains with straight contacts and indentation structures suggesting fluid
circulation and rapid precipitation after fracturing at very shallow
crustal levels and congruent pressure-solution processes (Fig. 9c and d).

Microstructural analyses indicate that similar deformation mecha-
nisms (i.e., cataclasis and pressure-solution) occur in both the Campo
Felice and Cama faults. However, the slip zones associated with the two
fault scarps have different fabrics (i.e., cataclasite vs. crush fault breccia)
and textures of the fine matrix. These differences can be mainly
explained by the higher average long-term slip rates and cumulated
geological throws of the Campo Felice fault with respect to the Cama
fault and also by the higher amount of clay minerals in the Campo Felice
slip zone than in the Cama one (see Table 1). Indeed, in the few areas
where the intensity of fracture increases along the Cama fault, the slip
zone shows a cataclastic fabric quite similar to the one observed in the
slip zone of Campo Felice fault (compare Fig. 8a—e, with Fig. 9b).

6. Conclusions

In this work, we compared the Campo Felice and Cama normal fault
zones (Table 1). The maximum estimated geological throw of the Campo
Felice fault is ~1050 m, with a possible overestimate of ~400 m
(Fig. 2¢). The fault scarp (3-15 m high) is continuous along-strike and
composed of numerous segments arranged én-echelon. The fault core (40
cm-15 m thick) and highly fractured rocks domains (50-150 m thick
and with fractures <3 cm spaced apart) are cut by numerous high-angle
secondary faults and veins (Figs. 4 and 5). On the contrary, the Cama
fault scarp (~2 m high) discontinuously outcrops only in the middle and
southern sectors. The fault core is almost absent and fractures in the
damage zone (<40 m thick) are usually spaced >10 cm apart, consistent
with the ~100 m of maximum geological throw and the estimated low
Quaternary throw rates estimated (Figs. 2d and 6). Furthermore, the
numerous high-angle fissures affecting the footwall block and associated
gravitative geomorphological structures (e.g., double-crested lines,
scarps and counter-slope scarps) are coherent with an immature/incip-
ient and small-displacement normal fault that is currently re-used by
gravity to accommodate the lateral spreading of Mt. D’Ocre ridge.
Therefore, the Cama fault is not expected to link at depth with the
Campo Felice fault, whose damage zone shows architectural features
consistent with what observed in other large-displacement normal fault
zones in the central Apennines. According to this interpretation, the
seismogenic source associated with the Ovindoli-L’Aquila Fault System
would be reduced up to 8-9 km, thus reducing the maximum expected
earthquake magnitude of the fault system from ~6.8 to ~6.5 (Wells and
Coppersmith, 1994). However, the possible reduction of the seismogenic
potential of the Ovindoli-L’Aquila Fault System is based on the hy-
pothesis that the Cama fault is currently the shear zone of a lateral
spreading DSGD and not linked at depth with the Campo Felice fault
(Fig. 1d). Since in lateral spreading DGSDs the basal shear zone usually
does not crop out (Varnes, 1978; Hutchinson, 1988; Agliardi et al., 2001,
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2012; Dramis and smile-valvo, 1994; Discenza and Esposito, 2021) this
hypothesis requires further geophysical investigations. Moreover, recent
throw distribution and structural field analyses suggest a possible
shallow soft-linkage to NW between the Campo Felice and Mt. Orsello
faults, thus increasing the seismic potential of the fault system (Fig. 1;
Schirripa Spagnolo et al., 2021).

The slip zone of the Campo Felice fault is a proto-cataclasite to cat-
aclasite composed of angular to sub-rounded clasts (1-5 mm thick)
surrounded by a fine matrix whose amount increases toward the slip
surface (Fig. 8a). On the contrary, the slip zone of Cama fault is a mosaic
breccia with 1-10 mm thick angular clasts cut by numerous fractures
filled with sparite (Fig. 9a). The fine matrix of the Campo Felice fault slip
zone is composed of calcite micro-grains with irregular to stylolitic-like
boundaries and pores locally filled with oxides and clay minerals, with
incipient triple junctions and indentation structures, interpreted as due
to pressure-solution processes. Instead, the secondary sparite filling the
fractures of the Cama fault slip zone is composed of blocky calcite grains,
locally indented, with straight to irregular boundaries, due to rapid
precipitation after fracturing at shallow crustal levels and pressure-
solution processes (Fig. 9c and d). Such observations indicate how in
carbonate-hosted normal faults, cataclasis and pressure-solution pro-
cesses are the main deformation mechanisms active during sliding.
These processes are much more active in the case of Campo Felice fault
because of the larger displacement cumulated in time and amount of
clay minerals with respect to the Cama fault, that allowed for a much
higher grain comminution and lower grain boundary healing enhancing
pressure-solution processes.

This work shows how the systematic study at macro-to micro-scale of
fault zones can be integrated with geomorphological and geological
analyses to provide further parameters to improve the characterization
of seismogenic sources (Galadini et al., 2012; Falcucci et al., 2016).
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