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ABSTRACT

The central Apennines are a fold-thrust
belt currently affected by post-orogenic ex-
tensional seismicity. To constrain the influ-
ence that the inherited thrust-related struc-
tures exert on the present seismic behavior
of the belt, we provide the high-resolution
structural and hydraulic characterization of
one of the most external exposed thrust fault
systems of the central Apennines, the Sibil-
lini Mts. Thrust Front (STF). We integrate
structural mapping, multiscale structural
analysis, and in situ air permeability on the
brittle structural facies of the thrust zone.
We also performed K-Ar dating of selected
fault rocks to better constrain structural in-
heritance. The STF is defined by a complex,
~300-m-thick deformation zone involving
Meso-Cenozoic marl and limestone that re-
sults from the accommodation of both seis-
mic and aseismic slip during shortening.
Permeability measurements indicate that the
low permeability (10-2 + 103 D) of the marly
rich host rock diminishes within the thrust
zone, where the principal slip surfaces and
associated S-C structures represent efficient
hydraulic barriers (permeability down to
~3 x 10719 D) to sub-vertical fluid flow. Field
data and K-Ar dating indicate that the STF
began its evolution ca. 7 Ma (early Messin-
ian). We suggest that the studied thrust zone
may represent a barrier for the upward
migration of deep fluids at the hypocentral
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depth of present-day extensional earth-
quakes. We also speculate on the influence
that similar deformation zones may have at
depth on the overall regional seismotectonic
pattern by causing transient fluid overpres-
sures and, possibly, triggering cyclic exten-
sional earthquakes on normal faults prone
to slip while crosscutting the earlier thrust
zones (as per a classic fault valve behavior).
This mechanism may have controlled the ori-
gin of the 2016-2017 central Apennines dev-
astating earthquakes.

1. INTRODUCTION

Thrusts and associated structures have long
been known to affect fluid flow in the crust by
forming sealing caps and/or traps favoring the
accumulation of fluid resources such as ground-
water and hydrocarbons (Fig. 1; e.g., Harding
and Lowell, 1979; Mitra, 1986, 1990; Ingram
et al., 2004; Lacombe et al., 2007). The geo-
chemical signature of veins and mineralizations
associated with thrusts is consistent with concep-
tual models wherein moderately dipping thrust
zones may act as barriers to fluid flow and migra-
tion, that signature being compatible only with
local and limited fluid circulation circuits, with-
out significant contributions from far sources or
reservoirs (e.g., Ghisetti et al., 2001; Lacroix
etal., 2018; Curzi et al., 2020a). This kind of sig-
nature is generally remarkably different from the
geochemical signature that is instead typical of
veins associated with extensional fault systems.
There, a wealth of geochemical data indicates
a significant contribution from deeply derived
fluids, hence implying effective fluid circulation
along the vertical dimension, likely along the
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faults themselves, particularly during the pre-
and co-seismic stage of faulting (Fig. 1; e.g.,
Agosta and Kirschner, 2003; Uysal et al., 2011;
Curzi et al., 2021; Vignaroli et al., 2022).

The sealing behavior of thrusts, which is
essentially due to the vertical juxtaposition of
rock formations with different permeability
properties along moderately dipping fault planes
and/or to the intrinsically low permeability of
the thrust fault rocks themselves (Fig. 1; e.g.,
Mufioz-Lépez et al., 2020), can have social and
economic relevance given its potential effects
on the formation and distribution of economic
resources and geological hazards (fault valve
behavior). For instance, the subsurface storage
of CO, or H, and the natural or anthropogenic
increase of pore pressure at depth are influenced
and/or modulated by subsurface permeability
barriers and are important challenges to face in
the near future in the context of the global energy
transition (e.g., H, storage; Heinemann et al.,
2018; Muhammed et al., 2022) and of mitiga-
tion of hazards (CO, storage; e.g., Deng et al.,
2017; seismic hazard due to increase of subsur-
face pore pressure; e.g., Sibson and Rowland,
2003; Spiers et al., 2017; Schimmel et al., 2019).

To this end, the study of exhumed thrust zones
is crucial as it provides useful insights into their
hydraulic behavior at depth, although extrapolat-
ing surface data to subsurface conditions may
require approximations leading to major uncer-
tainties. In other words, although it may be dif-
ficult to correlate results from field outcrops
with deep correlatives, outcrop studies are still
the only way to generate constraints upon bur-
ied rocks.

In this paper, we present the results of a
study of the thrust-related deformation zone of

https://doi.org/10.1130/B36616.1; 14 figures; 1 supplemental file.
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the Sibillini Mts. Thrust Front (STF), which is
a segment of the most external exposed thrust
front of the central Apennines of Italy (Calamita
and Deiana, 1988; Leoni et al., 2007; Tavani
et al., 2012). The STF offers the possibility to
investigate the structural architecture, deforma-
tion mechanisms, and permeability structure
of a remarkable analogue outcrop of buried,
compression-related deformation zones in the
Apennines that are cut by post-orogenic and
seismically-active normal faults. The main aim
of this paper is to provide a detailed structural
characterization of the STF and to investigate
the relationships between structural features
and permeability structures at shallow crustal
conditions along this fault. In particular, we
aim at providing a meso- to microstructural
and hydraulic overview of the STF so as to
speculate upon its influence on the development
of transient fluid overpressure and, possibly,
extensional earthquakes along normal faults
crosscutting the thrust zone (as per Sibson’s
fault valve behavior; Sibson, 1981, 1992). To
this end, we combined geological mapping and
macro- to microscale structural analysis with in
situ measurements of rock permeability by air
minipermeametry. Based on the obtained results,
we speculate on the role that the STF may have
played on fluid flow at depth and on the recent
extensional seismicity of the central Apennines
(e.g., the 2016 Amatrice-Norcia Mw < 6.5 seis-
mic sequence; Lavecchia et al., 2016; Chiaraluce
et al., 2017). In other words, we speculate upon
the role of inherited orogenic structures (i.e., the
now inactive thrusts) on present-day seismicity
(i.e., post-orogenic extensional earthquakes).
Since the studied thrust zone is clay-rich, we
also performed K-Ar dating of synkinematic and
authigenic clay minerals to better constrain the

age of thrusting (e.g., Van der Pluijm et al., 2001;
Pana and Van der Pluijm, 2015; Torgersen et al.,
2015; Viola et al., 2022). We discuss K-Ar ages
in the framework of the Apennines evolutionary
history to better constrain structural inheritance
as a major factor influencing the ongoing geo-
logical evolution of the belt.

2. GEOLOGICAL SETTING
2.1. Central-Northern Apennines

The central-northern Apennines are a NW-
SE-striking, E-NE-verging, late Oligocene-to-
present fold-and-thrust belt resulting from the
convergence and continental collision between
Europe and Africa (e.g., Malinverno and Ryan,
1986; Carminati et al., 2010). The structure of
the Apennine belt results from the superposition
of an early phase of crustal shortening (orogenic
compression) and post-compressive extension.
This geodynamic evolution has been driven by
the progressive retreat of the subducting Adri-
atic slab toward the east (e.g., Faccenna et al.,
2001; Carminati et al., 2012). Compression and
extension both began in the inner portion of the
belt and progressively migrated eastward toward
the Apennine foreland (Cavinato and De Celles,
1999; Billi and Tiberti, 2009; Carminati et al.,
2010; Figs. 2A and 2B). In detail, compressive
deformation in the central and northern Apen-
nines commenced during the late Oligocene and
formed a foreland-verging fold-and-thrust belt
(e.g., Patacca et al., 1990; Faccenna et al., 2001;
Carminati et al., 2010; Figs. 2A and 2B). Contrac-
tional deformation was mainly accommodated
by E-NE-verging thrusts that stacked pre- and
syn-orogenic successions (e.g., Cosentino et al.,
2010; Figs. 2A and 2B). Pre-orogenic succes-
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sions consist of Upper Triassic-middle Miocene
carbonates deposited on a rifted passive margin
belonging to the Adria promontory of the Africa
Plate (e.g., Cosentino et al., 2010). The syn-
orogenic successions consist of upper Miocene
siliciclastic sandstone, marl, and shale deposited
in foredeep and wedge-top basins (e.g., Pieran-
toni et al., 2013; Figs. 2A and 2B). Compres-
sional tectonics in the Apennines was strongly
influenced by inherited Early Jurassic structures
(linked to the Western Tethys rifting) and lateral
facies and thickness variations of the sedimentary
successions that formed along the Adria margin
(Centamore et al., 1971; Calamita, 1990; Santan-
tonio, 1993; Butler and Mazzoli, 2006; Scisciani
et al., 2019; Tavarnelli et al., 2019).
Post-compressive and still ongoing exten-
sional deformation in the central-northern
Apennines is associated with active NW-
SE-striking normal faults, which invariably
cut across the earlier contractional (oro-
genic) structures (e.g., Cosentino et al., 2010;
Figs. 2A and 2B). Extensional deformation
in the central-northern Apennines began dur-
ing the middle-late Miocene and is still active,
as evidenced by the most recent 2016-2017
Amatrice-Norcia extensional seismic sequence
(e.g., Cavinato and De Celles, 1999; Chiaraluce
et al., 2017; Curzi et al., 2021; Figs. 2A and
2B). This seismic sequence included the Mw
6.0 Amatrice and Mw 6.5 Norcia mainshocks
(Scognamiglio et al., 2016; Chiaraluce et al.,
2017; Porreca et al., 2018; Fig. 2A) and caused
over 300 casualties and the destruction of many
settlements and towns (e.g., Galli et al., 2017).
Before the 2016-2017 seismic sequence, many
other Mw > 6.0 extensional earthquakes had
occurred in the central Apennines during histor-

Figure 2. (A) Simplified geological map of
the central Apennines showing main thrusts
and extensional faults (modified from Curzi
et al., 2020a). The Gole dell’Infernaccio and
the study area are also shown. (B) Simpli-
fied geological cross section of a portion of
the central Apennines. Cross-section trace is
shown in A. The geological cross section is
redrawn from Barchi et al. (2021). (C) Sim-
plified geological map of the Sibillini Mts.
in the Gole dell’Infernaccio area (modified
from Pierantoni et al., 2013). The portion of
the Sibillini Mts. represented in C is shown
in A. In C, the point of observation of the
panoramic view in Figure 4A and the trace
of the schematic cross section (not to scale) in
Figure 4B are also shown. (D) Stratigraphic
scheme of the Upper Triassic-Miocene suc-
cession of the Umbria-Marche-Sabina Do-
main (modified from Cipriani, 2016).
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ical and pre-historical times, including the 1639
(MCS intensity 9.5-10) Amatrice earthquake,
the 1915 Mw 6.7 Fucino earthquake, the 1997
Umbria Marche seismic sequence (maximum
Mw 6.0), and the 2009 Mw 6.3 L’ Aquila earth-
quake (e.g., Galadini and Galli, 2003; Boncio
etal., 2004; Miller et al., 2004; Chiarabba et al.,
2009; Cinti et al., 2021; Fig. 2A).

2.2. Sibillini Mountains

The Sibillini Mts. are located along the outer
front of the central-northern Apennines (known
as the Olevano-Antrodoco-Sibillini Thrust,
OAST; Fig. 2A), which exhibits a curved shape
in map view and can be subdivided into a north-
ern NW-SE-striking frontal segment (Sibil-
lini Thrust Front; STF) and a southern oblique
NNE-SSW- to N-S-striking ramp (Olevano-
Antrodoco Line, OAL; Fig. 2A; Mazzoli et al.,
2005; Pierantoni et al., 2013; Turtu et al., 2013).
In particular, the Sibillini Mts. are bordered by
the STF to the east and by the OAL to the south
and are formed by Mesozoic-Cenozoic rocks
of the Umbria-Marche-Sabina Pelagic Basin
(UMSPB) sedimentary succession belonging
to the Adria passive margin (Centamore et al.,
1971; Deiana and Pieruccini, 1971; Chiocchini
et al., 1976; Pierantoni et al., 2013; Figs. 2A
and 2B). The UMSPB formed during the Early
Jurassic rifting stage (e.g., Santantonio and Car-
minati, 2011; Santantonio et al., 2022). Rifting
dissected a Late Triassic-Early Jurassic carbon-
ate platform covered by shallow water carbon-
ates (Anidriti di Burano, “calcari e marne a
Rhaetavicula contorta”/Mt. Cetona formation
and Calcare Massiccio), which, in turn, rest
upon a Paleozoic basement. Rifting caused the
drowning of the carbonate platform leading to
pelagic conditions (e.g., Santantonio and Car-
minati, 2011). It also led to the development of
scattered intra-basinal structural highs (known
as pelagic carbonate platforms or PCPs, sensu
Santantonio, 1993, 1994; Figs. 2C and 2D) con-

Figure 3. Geological-structural map and
geological cross section of the Sibillini Thrust
Front (STF) in the Gole dell’Infernaccio
area (see Figs. 2A and 2C for location). The
sites of the structural stations are shown
as are shown also the Schmidt nets (lower
hemisphere projection) of attitudes of S-
C/C’ tectonites, normal faults, and related
kinematic indicators (calcite slickenfibers).
Note that part of the cross section was built
based on data and observations from rock
exposures in a tunnel (see text for further in-
formation), whose trace (white dashed line)
is shown in the map (above).

Thrust permeability and seismotectonic implications

nected with deeper water hanging wall basins by
fault-related submarine escarpments. Condensed
(up to 50 m thick) pelagic successions (Buga-
rone Group) formed on the top of the structural
highs and locally along paleoescarpments (e.g.,
Galluzzo and Santantonio, 2002; Fig. 2D). Up
to 1.5 km thick marly rich and cherty pelagic
deposits accumulated within the hanging wall
basins surrounding the PCPs (Corniola, Rosso
Ammonitico/Marne di Monte Serrone, Calcari a
Marne e Posidonia, and Calcari Diasprigni with
its “cherty” and “calcari a Saccocoma e Aptici”
members; Fig. 2D). Basin margin successions
also host breccias and isolated olistoliths of
Calcare Massiccio carbonate sourced from the
steep margins of PCPs (Galluzzo and Santanto-
nio, 2002; Pierantoni et al., 2013; Cipriani, 2016,
2019; Cipriani et al., 2020; Fig. 2D).

The study area is located between the Mt.
Sibilla-Mt. Priora area, where a complex PCP-
basin system was evened out in latest Jurassic-
Early Cretaceous by the deposition of the Maiol-
ica limestones (Pierantoni et al., 2013; Cipriani
and Bottini, 2019a, 2019b; Cipriani et al., 2019;
Fig. 2C). The Marne a Fucoidi, Scaglia Bianca,
Scaglia Rossa, Scaglia Variegata, Scaglia Cinerea,
Bisciaro, marne con Cerrogna/marne a pteropodi
and Laga formations represent the local upper
Lower Cretaceous to Neogene marly stratigraphic
succession (Pierantoni et al., 2013; Fig. 2D).

This complex Mesozoic-Cenozoic succession
was involved in the Apennines orogenic build-
up during the late Miocene, when a complex
low-angle deformation zone deformed shallow
water and pelagic carbonate successions with
NE-verging structures (Calamita et al., 1990,
2012; Tavarnelli, 1993; Pierantoni et al., 2013;
Pace et al., 2022a, 2022b). Compressional defor-
mation, which locally reactivated, truncated, and
rotated pre-thrusting normal faults, was accom-
modated by thrusts (and associated S-C fabrics)
and fault-propagation folds (Tavarnelli, 1993;
Tavarnelli et al., 2004; Pizzi and Galadini, 2009;
Di Domenica, 2012; Pierantoni et al., 2013; Pace
and Calamita, 2014; Pace et al., 2015, 2022a;
Calamita et al., 2018). The latter are locally
characterized by box-shape interpreted by some
authors as being associated with blind thrusts
(in turn interpreted as inherited Jurassic normal
fault segments passively rotated and reactivated
during shortening; e.g., Cooper and Burbi, 1986;
Calamita, 1990; Pierantoni et al., 2013; Pace
et al., 2022a). Compressional deformation was
followed by extensional tectonics, which began
during Pleistocene-Holocene times and is still on-
going (e.g., Galadini and Galli, 2003; Stendardi
etal., 2020). Extensional tectonics, which locally
reactivated pre-thrusting normal faults (e.g., Pizzi
et al., 2017; Porreca et al., 2020), produced NW-
SE-striking normal fault systems in the area (Mt.
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Vettore Fault System and Mt. Gorzano normal
Fault), which cut the STF (Galadini and Galli,
2003; Stendardi et al., 2020; Figs. 2A and 2B)
and are still seismically active (Lavecchia et al.,
2016; Chiaraluce et al., 2017).

3. MATERIAL AND METHODS

To reconstruct the deformation history of
the study area, its mechanical and permeability
properties, and to radiometrically constrain the
age of compression, we combined different ana-
lytical techniques including:

(1) Detailed geological-structural mapping at
the 1:5,000 scale of an area of ~2 km? to recon-
struct the surface and subsurface geometries.
The detailed geological mapping forms the basis
for the meso-structural analysis of key exposures
to reconstruct the architecture of the deforma-
tion zone and for the well-informed sampling
strategy followed to select the most representa-
tive samples.

(2) Detailed meso-structural analysis and
related collection of representative rock samples.
In particular, we focused our observations on
localized and distributed deformation structures
and marly rich fault rocks.

(3) Microstructural analysis of fault rocks by
means of a high-resolution scanner and optical
microscopy to infer the deformation mecha-
nisms and qualitative permeability properties.

(4) In situ air permeability within the defor-
mation zone (i.e., parallel and orthogonal both
to the thrust principal slip surfaces and tectonic
foliation) and away from the deformation zone
to assess eventual permeability changes associ-
ated with tectonic anisotropies.

(5) X-ray diffraction (XRD) analysis of fault
gouge samples to define their mineralogical
assemblage. This analysis was mainly comple-
mentary to K-Ar dating.

(6) K-Ar geochronology of authigenic and
syn-kinematic clay minerals from two fault
gouge samples to constrain the timing of thrust-
ing and development of the deformation zone.

Analytical techniques are fully described in
the Supplemental Material.

Where not specified, the lithostratigraphic
units reported in this work are formation-rank
traditional units (Cita et al., 2007a, 2007b).

4. RESULTS

4.1. First-Order Structural Framework of
the STF

The STF in the study area is character-
ized by a ~300-m-thick duplex formed by
four horses bounded by NE-verging thrusts
(Figs. 3, 4A, and 4C). In the hanging wall of
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the main roof thrust there occurs a box anti-
cline with a sub-horizontal western backlimb
and a vertical to overturned eastern forelimb
(Figs. 4A and 4C). The Jurassic core of the
anticline is formed by the Mt. Sibilla-Mt. Pri-
ora Jurassic PCP-basin system (Calcare Mas-
siccio, PCP-top Bugarone Group, and basin-
fill succession onlapping the PCP margins;
Figs. 2C, 4A, and 4C).

The structurally highest horse (i.e., that
bounded above by the main roof thrust) is up
to ~250 m thick and is composed of a partially
overturned Upper Jurassic to Upper Cretaceous
succession (Fig. 4C). Its more internal exposed
portion is characterized in the west by an ENE-

verging syncline with an overturned western
limb deforming Middle Jurassic-lowermost
Cretaceous pelagites (from Calcari e Marne a
Posidonia to Maiolica carbonates; Figs. 2C and
4C) onlapping and burying in the east a Cal-
care Massiccio block (Figs. 3, 4A, and 4C). The
syncline is associated with lower-order meso-
scopic folds affecting the “calcari a Saccocoma
e Aptici” and Maiolica marly and cherty lime-
stone (Figs. 2C, 3, 4A, and 4C). The exposed
portion of the underlying horse is represented by
~30 m of delaminated and overturned Marne a
Fucoidi and Scaglia Bianca marl and limestone
(Figs. 3 and 4C). The exposed portions of the
two structurally lowest horses contain ~20 m
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of delaminated and overturned Scaglia Rossa
and Scaglia Variegata marly limestone (Figs. 3
and 4C). The footwall of the STF is represented
by the gently W-dipping Oligocene marl of the
Scaglia Cinerea (Fig. 4A).

NW-SE-striking, NE-dipping normal and
oblique faults with a maximum displacement of
40-50 m cut the stacked structures (Fig. 3).

4.2. Meso- and Microscopic Structural
Analysis of the STF

We studied in detail some representative out-
crops within the STF deformation zone (Figs. 3
and 4B-4D). Most outcrops are continuously
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Figure 5. Photos from the tunnel in the Gole dell’Infernaccio. (A) Tectonic contact between the structurally highest and the underlying
horses (structural site no. 4; see Figs. 3 and 4 for location). The contact is represented by three SW-dipping, NE-verging thrusts, which
juxtapose the Maiolica limestones onto the Marne a Fucoidi marls and marly limestones. The Maiolica cherty limestones form metric sig-
moidal lenses characterized by an internal structure imbricated toward the NE. The Marne a Fucoidi pelagites exhibit highly (marly) and
poorly (calcareous) foliated domains. Note a NW-plunging fault-bend fold above the lower thrust. Inset in A shows the detail of the northern
(left) fold limb along which laterally segmented layers are embedded within a highly foliated domain, which exhibits centimetric tight and
disharmonic folds. Schmidt net (lower hemisphere projection) shows attitude of thrusts (with related kinematic indicators), fold limbs, and
fold axis. (B) S-C/C’ tectonites within the foliated (marly) domain of the Marne a Fucoidi. (C) Asymmetric calcareous lenses embedded
within the highly foliated (marly) domain of the Marne a Fucoidi. The shape of the lenses is consistent with shear-induced back-rotation.
See in C a schematic representation of the typical sense of back-rotation of shear-band deformed lenses. The white rectangles represent the

areas where in situ air permeability measurements have been carried out.

exposed in a tunnel (Fig. S1'). Along the struc-
turally highest horse, the pelagic chert and marl
of the “calcari a Saccocoma e Aptici” onlapping

ISupplemental Material. Supplemental Text:
Methods. Figure S1. Figure S2: X-ray diffraction
patterns for randomly oriented mounts for the
different grain-size fractions of sample GI12 with
reflections of illite polytypes. Table S1: Summary
of in situ permeability measurements both within
and outside the deformation zone. Table S2: K-Ar
data for the gouge samples of the Sibillini Mts.
Thrust. Please visit https://doi.org/10.1130/GSAB
.S.21821781 to access the supplemental material, and
contact editing @geosociety.org with any questions.

the Calcare Massiccio block are characterized by
mesoscopic, tight and disharmonic folds with SW-
dipping to sub-vertical axial planes (Figs. 4C).
The contact between the highest horse and
the underlying horses is marked by three SW-
dipping and NE-verging thrusts that juxtapose
the Maiolica cherty limestone on top against
the Marne a Fucoidi marly limestone (Figs. 4C,
4D, and 5A). A metric fault-bend fold occurs
within the Marne a Fucoidi marly limestone
and is characterized by a SW-dipping (~25°)
limb and a steeper NE-dipping limb (~45°;
Fig. 5A). The fold axis plunges ~20° to the SE
(Fig. 5A). Along the NE-dipping limb, lenses of
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carbonates are embedded within foliated marly
domains deformed by centimetric, tight and
disharmonic folds (Fig. 5A). The marly layers
of the Marne a Fucoidi marly limestone are per-
vasively foliated to form S-C/C’ tectonites with
closely spaced S planes (~0.2 cm), C planes
(~1 cm), and C’ planes (~2 cm; Fig. 5B). The
S-C/C’ tectonites are compatible with a top-to-
NE sense of shear, as also indicated by cen-
timetric sigmoidal calcareous clasts (Fig. 5B).
Within the S-C/C’ tectonites, high aspect-ratio
asymmetric calcareous lenses compatible with
shear-induced back-rotation are also observed
(Fig. 5C). The Maiolica cherty limestone
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is characterized by metric sigmoidal lenses
embedded within the highly foliated Marne a
Fucoidi marly limestone (Fig. SA). The sig-
moidal lenses belong to a structure imbricated
toward the NE (Fig. 5A).

Within the two lowest horses (Figs. 3 and
4C), pervasive S-C/C’ tectonites constraining a
top-to-NE reverse sense of shear are observed
and are particularly pervasive within the Sca-
glia Variegata marly limestone (Figs. 3, 6A, and
6B). The S-C/C’ tectonites are invariably char-
acterized by NW-SE-striking and WSW-dipping
(10°-65°) solution planes (Figs. 3, 6A, and 6B).
These S planes bear calcite slickenfibers along
the pressure-solution surfaces (compatible with
atop-to-NE sense of shear), indicating that these
structures first developed in response to pres-
sure-solution and were subsequently exploited
to localize shearing at a later stage (see Schmidt
diagram in Figs. 3, 6A, and 6B). C planes strike
NNW-SSE, dip 2°-30° toward the WSW, and
bear calcite slickenfibers indicating a top-to-NE
sense of shear (see Schmidt diagram in Figs. 3,
6A, and 6B). C’ planes are less common, strike
NW-SE, and dip mainly to the NE (5°-25°; see
Schmidt diagram in Figs. 3, 6A, and 6B). Gen-
tly NE-dipping (5°-20°) and low-displacement
(up to ~50 cm) back-thrusts accommodating a
top-to-SW sense of shear are seldom observed
(Fig. 6A). The backthrust surfaces localize along
bedding surfaces and locally cut across bedding
(Fig. 6A). Flame-like tectonic structures are
observed within the Scaglia Variegata marly
limestone and are outlined by metric decolorized
bands with an irregular shape (Fig. 6B).

Low-displacement (up to ~1 m) NE- or SW-
dipping (50°-90°) as well as ESE- or WNW-
dipping (40°-60°) conjugate normal or oblique
faults cut across the deformation zone. Along
the poorly foliated domains of the STF defor-
mation zone, normal faults are represented
by discrete brittle surfaces (Fig. 6C). Within
the portions of the deformation zone contain-
ing top-to-NE S-C/C’ tectonites, up to 30-cm-
thick extensional shear zones characterized
by dragged and rotated S-C/C’ tectonites are
locally observed (Fig. 6D).

To better constrain the deformation mecha-
nisms active during faulting along the STF, we
analyzed numerous thin sections of Maiolica
cherty limestone and Marne a Fucoidi marly
limestone from within the deformation zone.
The principal slip surface (PSS) between the
Maiolica cherty limestone (in the hanging wall)
and the Marne a Fucoidi marly limestone (in the
footwall; Figs. 5 and 7A) is ~1 mm thick and is
decorated by insoluble material, which locally
represents the matrix of a very fine-grained cata-
clasite composed of ~400 pm thick fragments of
calcite veins and host rock (Figs. 7A and 7B).

Curzi et al.

The Maiolica cherty limestone-derived rocks
in the immediate hanging wall above the PSS
consists of foliated cataclasite with micromet-
ric to centimetric fragments of reworked calcite
veins and calcareous and cherty clasts (Fig. 7A).
Foliation therein is parallel to the PSS and is
defined by gently undulated, 0.5-1 cm spaced
and teeth-shaped solution planes (Fig. 7A). The
calcareous and cherty clasts are internally brec-
ciated and contain variably oriented micrometric
calcite veins (Fig. 7A). Chert clasts are also brec-
ciated to form angular fragments within a calcite
cement with a blocky texture (Figs. 7B and 7C).

The Marne a Fucoidi rocks in the footwall
below the PSS are sheared by pervasive S-C
tectonites (Figs. 8A and 8B) tightly juxtaposing
microdomains with relatively different rheology.
The more competent microdomains are charac-
terized by up to ~700 um spaced S planes and
are crosscut by orthogonal, up to ~200-pm-thick
calcite veins (Fig. 8B). Calcite veins are, in turn,
also cut across and locally presso-soluted by S
planes preserving evidence of localized dissolu-
tion (Fig. 8B).

The intermediate competence microdomains
are characterized by closely spaced (very few
microns) and anastomosed S planes, which are
locally amalgamated to form up to ~1 cm thick
bands of insoluble material (Figs. 8A, 8C, and
8D). S planes also surround planktonic fora-
minifera, which are preserved or only partially
dissolved by S planes, therefore representing
pinning barriers at the microscale (Fig. 8D).
Blocky and elongated-blocky calcite veins are
arranged parallel to S planes (i.e., orthogonal
to the maximum stress orientation inferred by
the S plane attitude) and are locally bounded by
both scabrous (teeth-shaped) solution planes as
well as by sharp planes (Fig. 8D). Furthermore,
between such scabrous solution planes and sharp
planes, up to ~15-um-thick en-échelon calcite
veins are also observed (Fig. 8D). The calcite
veins parallel to the S planes are also included
and sheared between solution planes and form
sigmoidal lenses locally accommodated by
synthetic micrometric shear planes (C* planes;
Fig. 8D).

The less competent microdomains of the S-C
tectonites are represented by organic matter-rich
levels (especially observable within the Marne a
Fucoidi marly limestones). These domains are
characterized by sub-horizontal S planes (paral-
lel to C planes), which are closely spaced and
systematically amalgamated, forming bands of
insoluble material (Figs. 8A and 8C). These
bands are anastomosed and surround sigmoidal
micrometric calcareous blocks, within which
micrometric calcite veins occur (Fig. 8C). The
contacts between the less and the more compe-
tent microdomains are defined by sheared calcite
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veins (Fig. 8C). Furthermore, lenses of calcare-
ous blocks (containing calcite veins and pressure
solution planes) are enveloped by hooked and
curved bands of insoluble material (Fig. 8C)
attesting to local shear-induced vorticity (rota-
tion of lenses of calcareous block within the
softer bands of insoluble material).

4.3. In situ Air Permeametry Results

In situ permeametry was carried out both
within and far (~2 km) from the deformation
zone (Fig. 9A). Results are listed in Table S1 and
shown in Figure 9B. Permeability measurements
from outside the deformation zone (see Fig. 2C for
location) were collected both parallel and perpen-
dicular to the bedding (S,) of the Maiolica cherty
limestone, Marne a Fucoidi marly limestone, and
Scaglia Rossa marly limestone. As a whole, the
permeability parallel and orthogonal to the bed-
ding of the analyzed lithotypes vary between
~6 x 107! and ~7 x 1073 and from ~7 x 107!
to ~6 x 10 D, respectively (Fig. 9B). Per-
meability parallel to bedding has mean values
between ~6 x 1072 and ~2 x 1072 D and is up
to one order of magnitude higher than orthogonal
to bedding (with mean values between ~6 x 102
and ~7 x 1073 D; Fig. 9B).

Figure 6. (A) Scaglia Variegata marly lime-
stones (structural site no. 1; see Figs. 3 and
4 for location) characterized by S-C/C’
tectonites indicating a top-to-NE sense of
shear. A small-displacement (~50 cm) back-
thrust with a top-to-SW sense of shear is
also shown. (B) Scaglia Variegata marly
limestones (structural site no. 2; see Figs. 3
and 4 for location) characterized by flame
tectonic structures outlined by metric decol-
orized bands with an irregular shape and
by S-C/C’ tectonites indicating a top-to-
NE sense of shear. (C) Small displacement
(~25 cm) normal faults cutting the thrust
surfaces which juxtapose the Scaglia Bianca
limestones onto the Scaglia Rossa deposits
(intermediate horses). (D) Compressional
deformation zone showing top-to-NE S-
C/C’ tectonites cut by an up to 30 cm thick
extensional deformation zone. The exten-
sional deformation zones are bounded by
normal faults and are characterized by
dragged and rotated S-C/C’ tectonites. Note
the dragged S-C/C’ tectonites at the footwall
of the extensional faults which bound the
extensional deformation zones. The white
rectangles represent the areas where in situ
air permeability measurements have been
carried out.
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Figure 7. (A) High-resolution
scan image of the principal slip
surface (PSS) between Maiolica
cherty limestones (in the hang-
ing wall) and the Marne a Fu-
coidi marly limestones (in the
footwall; see Fig. 5B). This im-
age includes both hanging wall
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fragments of brecciated cherty
clasts embedded within blocky
calcite cement in the hanging
wall rocks. (C) Detail of the

PSS and hanging wall rocks.

Notice the insoluble material along the PSS, the calcite veins, and the angular fragments of cherty clasts within the hanging wall rocks.

The permeability within the thrust deforma-
tion zone has been measured (1) perpendicular
to the PSS juxtaposing the Maiolica cherty lime-
stone onto the Marne a Fucoidi marly limestone,
(2) both parallel and perpendicular to the S-C
tectonites, and (3) parallel to the foliation within
calcareous lenses embedded within the S-C tec-
tonites (Fig. 9A). The permeability parallel to
the S-C tectonites exposed within the Scaglia
Variegata marly limestone (structural stations 1,
2, and 3; Figs. 3, 6A, 6B, 6C, and 9A) ranges
between ~5 and ~10-2D and is up to five orders
of magnitude higher than that measured orthogo-
nally to S-C tectonites, which is characterized
by values between ~3 x 10~!and ~3 x 10D
(below the actual reliability limit of the utilized
air-minipermeameter; Fig. 9B). The mean per-
meability values measured parallel and orthog-
onal to the S-C tectonites range from ~2 to
~2 x 107! D and from ~8 x 1073 to ~2 x 1073
D, respectively (Fig. 9B). The mean permeabil-
ity parallel and orthogonal to the S-C tectonites
exposed within the Marne a Fucoidi marly lime-
stone (structural station 4; Figs. 3, 5B, 5C, and
9A) is between ~1 x 10! and ~6 x 10-2 D,
respectively (Fig. 9B). The permeability within

the lenses of calcareous layers embedded within
the Marne a Fucoidi marly limestone (Figs. 5C
and 9A) ranges from ~4 x 10~'to ~9 x 10D
and has a mean value of ~5 x 10-2D (Fig. 9B).

The permeability orthogonal to the PSS
between Maiolica and Marne a Fucoidi marly
limestones (Figs. 5SA and 9A) has the lowest
minimum value (~3 x 107 D), spans from
~7 x 10! to ~3 x 10~° D, and has a mean
value of ~6 x 10-2 D (Fig. 9B).

4.4. X-Ray Diffraction of the Dated Fault
Gouge

We analyzed two samples (GI11 and GI12)
of fault gouge along the thrust surface juxta-
posing the Maiolica limestones in the hanging
wall against the Marne a Fucoidi marl in the
footwall (structural site no. 4; Figs. 3-5). The
gouge, formed at the expense of the Marne a
Fucoidi marls, was separated into five grain
size fractions (<0.1 pm, 0.1-0.4 pm, 0.4-2 pm,
2—6 pm, and 6-10 um; Fig. 10A). The miner-
alogical assemblage consists of quartz, K-feld-
spar, albite, calcite, illite-2M,, illite-1 M, and
chlorite. Quartz is present in each subfraction
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and ranges between 11% and 37%. K-feldspar
and albite ranges between 1%—-2% and 7% and
are absent in the finest fraction of each sample.
A general and progressive decrease in calcite
content is evident from the coarsest to the fin-
est fractions (Fig. 10A). Illite-2M, generally
increases from the coarsest (610 pm) to the
finest (<0.1 pm) fractions (from 18% to 32%
in the sample GI11 and from 11% to 35% in
the sample GI12). Illite-1 M is absent in the
2—6 pm and 6-10 pm fractions and increases
from 8% to 52% in the sample GI11 and from
8% to 49% in sample GI12 toward the finest
fractions. In the histograms of Figure 11A, we
report the relative abundance of 2M, and 1 M
illite normalized to 100% that have been used
for the illite age analysis (IAA; see the fol-
lowing section). Chlorite does not exceed 2%
and it is absent in the <0.1 pm and 0.1-0.4 pm
fractions.

4.5. K-Ar Geochronology
The five grain size fractions (<0.1 pm,

0.1-0.4 pm, 0.4-2 pm, 2-6 pm, and 6-10 pwm)
separated from the two samples of fault gouge
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(samples GI11 and GI12; Fig. 10B) have been
dated by K-Ar isotopic dating (Table S2). For all
the samples, dates define an inclined spectrum
(sensu Pevear, 1999), wherein the coarsest frac-
tion yields the oldest age and the finest fraction
the youngest age (Fig. 10B). Ages of the inter-
mediate size subfractions decrease with the grain
size between these two end members (Fig. 10B).
In detail, from the coarsest to the finest frac-

tions, sample GI11 yields K-Ar dates between
160 + 2.2 Ma (Late Jurassic) and 64 + 0.9 Ma
(early Paleocene; Fig. 10B), and sample GI12
yields K-Ar dates between 160.1 £ 0.9 Ma
(Late Jurassic) and 65 £ 0.9 Ma (early Paleo-
cene; Fig. 10B). The ages of the three coarsest
fractions, older than the stratigraphic age of the
host rock (Aptian-Albian; Fig. 10B), as well as
the ages of the finest fraction, younger than the
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stratigraphic age of the host rock, suggest mixing
between authigenic and detrital illite inherited
from the host rock (Aldega et al., 2019; Carboni
et al., 2020; Curzi et al., 2020a). In this context,
to derive geologically meaningful results, we
assessed the effects of host rock contamina-
tion by detrital illite by the Illite Age Analysis
approach (IAA; Pevear, 1999). In detail, to esti-
mate the age (and associated uncertainty) of the
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1 M authigenic/syn-kinematic illite formed dur-
ing brittle faulting (low temperature conditions)
and of the 2M, detrital illite (high temperature
conditions), we normalized to 100% the pro-
portion of 2M, and 1 M illite (as determined by
XRD analysis; histograms of Fig. 10A) plotting
the data as apparent K-Ar age versus percentage
of detrital illite, and linearly extrapolated to 0 and
100% 2M, illite by ordinary least square regres-
sion (Fig. 10C). Although more sophisticated
regression methods can be adopted to account
for the uncertainties on the individual data points
(e.g., York et al., 2004), these assume a Gauss-
ian distribution of the uncertainty envelopes in
both x and y coordinates, which are likely not
valid for the quantified X-ray diffraction min-

eralogy proportions. By means of the adopted
ordinary least square regression, the obtained
IAA ages show that the age close to the last slip
event recorded by GI11 is 6.9 &= 6.4 Ma and by
GI121is 6.2 + 9.5 Ma (Fig. 10C). The age of the
regressed detrital 2M1 illite recorded by sample
GI11 is 162.8 + 3 Ma and by sample GI12 is
158.1 £+ 4.2 Ma (Fig. 10C).

5. DISCUSSION
5.1. Deformation Mechanisms
Orogenic compression in the study area has

been shown to be strongly conditioned by the
rheological contrasts associated with (1) Juras-
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sic paleogeographic inheritances such as horsts
and grabens and (2) lithological heterogeneities
within the deformed clay-rich multilayer car-
bonate succession (e.g., Pierantoni et al., 2013;
Cipriani, 2016, 2019; Santantonio et al., 2016;
Curzi et al., 2020a). In the following, we elabo-
rate on the mechanical role potentially played
by lithological/stratigraphic features on strain
partitioning within complex deformation zones,
indeed the case of the STF.

5.1.1. Competence Contrast

The box anticline in the hanging wall of the
main roof thrust (Figs. 4A and 4B) reflects the
attitude of bedding of the (Jurassic) Mt. Sibilla-
Mt. Priora PCP and its onlapping and overlying
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Figure 10. (A) X-ray semiquan-
titative analysis of clay gouges
for samples GI11 and GI12. Bar
diagrams show the percentage of
illite polytypes normalized to 100
for each gran size fraction. Note
the progressive increase of authi-
genic illite-1 M toward the finer
fractions. The sampling sites of
the dated fault gouge (samples
GI11 and GI12) are shown. Both
the samples were collected within
the deformation zone, along
the thrust that juxtaposes the
Maiolica cherty limestones onto
the Marne a Fucoidi marly lime-
stones. (B) K-Ar age versus grain
size. Dark gray horizontal bars
define geological time intervals.
The depositional age of the host
rocks is shown. (C) Least square
regression (continuous lines) and
error envelop (dotted lines) of il-
lite age analysis (IAA) for the
clay gouges for samples GI11 and
GI12. To estimate the ages of the
authigenic illite-1 M end-mem-
ber, which corresponds to the last
faulting event recorded by the
illite, K-Ar ages versus percent-
age of illite-2M1 (normalized to
100%) are plotted and linearly
extrapolated to 0% illite-2M1.
The age of the regressed detrital
illite-2M1 and authigenic/syn-
kinematic illite-1 M recorded
by samples GI11 and GI12 are
shown.
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pelagic deposits (Figs. 4A and 4B). However, the
same structure was previously interpreted as the
result of thrusting along a blind thrust (Cooper
and Burbi, 1986; Calamita, 1990; Pierantoni
et al., 2013; Pace et al., 2022a). The decametric
overturned syncline within the structurally high-
est horse, which folds the Jurassic-lowermost
Cretaceous pelagic sequence (to the west of the
Calcare Massiccio block; Figs. 3, 4A, and 4B),
is interpreted as the effect of buttressing of the
Calcare Massiccio (considered to be a portion of
the Mt. Sibilla-Mt. Priora Jurassic horst block in
published maps in the area by Chiocchini et al.,
1976; Cooper and Burbi, 1986; Pierantoni et al.,
2013). Hence, plastic flow of the less competent
pelagic rocks was locally hindered by the Cal-
care Massiccio, which acted as a rheologically
more competent object.

5.1.2. Lithological and Structural
Heterogeneities within the Multilayer
Carbonate Succession

The pelagic succession within the
~300-m-thick deformation zone is represented
by calcareous and marly rocks, which exhibit dif-
ferent styles of deformation. The relatively com-
petent portions contain metric, poorly foliated
sigmoidal lenses embedded within the weak and
highly foliated marly domains and characterized
by an imbricated internal structure (Fig. 5A). At

the microscale, the relatively competent portions
are characterized by poorly foliated cataclasite
containing clasts of veined limestone and chert
(Fig. 7), which formed during repeated shear-
ing accompanied by transient fluid overpressure
pulses (e.g., Sibson, 2000; Curzi et al., 2020a).
Evidence for shearing is also provided by dis-
crete thrust surfaces decorated by fault gouge
lenses mostly along the contact between rock
domains with different competence (Fig. 5).
The relatively less competent domains are
also characterized by evidence of shearing as
shown by pervasive S-C/C’ fabrics (interpreted
as the result of dominant simple-shear along the
STF; e.g., Calamita et al., 2012; Pace et al., 2015,
2022b) associated with calcite veins along the S
planes (i.e., orthogonal to the maximum stress
orientation; Fig. 8D). These features demonstrate
that the foliation planes acted as relatively weak
surfaces along which dilation localized triggered
by fluid overpressure (e.g., Bruna et al., 2019;
Curzi et al., 2020a). Local and minor variations
of the stress field, however, may have also con-
tributed to the opening of veins parallel to the S
planes during fluid overpressuring. Shearing is
documented by (1) the presence of sharp shear
planes (attesting to simple shear) bounding the
calcite veins (Fig. 8D), (2) en-échelon calcite
veins between sharp shear planes (Fig. 8D), and
(3) boudinaged calcite veins (Fig. 8D). Boudi-
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highly foliated marly domains
and competent lenses along
the transect A—A’ through the
schematic drawing in A. (C)
Shear strength for a heteroge-
neous deformation zone. Weak
and highly foliated marly do-
mains are characterized by low
frictional strength and exhibit
stable (velocity-strengthening)
frictional behavior. Competent
lenses possess high frictional
strength and exhibit potentially
unstable and (velocity-weaken-
ing) frictional behavior.

naged veins and calcareous blocks (Figs. 8C
and 8D) also suggest a rotation of the relatively
competent objects embedded within more marly
domains during compression.

As discussed above, the ~300-m-thick STF
deformation zone contains S-C/C’ tectonites
(Figs. 5, 6A, 6B, and 11A) and discrete cata-
clastic domains, discrete thrusts and compe-
tent lithons as well as discrete lenses (Figs. 5,
6A, 6B, and 11A). Coexisting distributed and
localized deformation reflects the rheological
contrast typical of carbonate multilayer suc-
cessions (e.g., Tesei et al., 2013; Curzi et al.,
2020a; Zuccari et al., 2022). Indeed, foliated
domains are mostly found within the marly
lithotypes, whereas sigmoidal lithons and cata-
clastic domains within the more competent car-
bonate lithotypes. Localized, discrete structures
suggest high frictional strength and, poten-
tially, an unstable frictional (seismic) behavior
(Figs. 11B and 11C; Faulkner et al., 2003; Col-
lettini et al., 2011; Tesei et al., 2014; Curzi et al.,
2020a). On the other hand, fault rocks that attest
to semi-brittle shearing and contain pervasive
planar fabrics (S-C tectonites) are character-
ized by low frictional strength and are generally
considered as resulting from aseismic deforma-
tion (Figs. 11B and 11C; Faulkner and Rutter,
2001; Faulkner et al., 2003; Collettini et al.,
2011; Tesei et al., 2014; Curzi et al., 2020a).



Also, softening processes may be related to the
development of S-C/C’ fabrics during shearing
of fine-grained marly lithotypes (e.g., Rutter,
1976; Tesei et al., 2014). Hardening, instead,
is due to grain interlocking during cataclasis
and to precipitation of calcite veins (within the
S-C/C’ tectonites), which can be stronger than
the marly host rock (e.g., Kennedy and Logan,
1997; Tesei et al., 2014; Torgersen and Viola,
2014). Hence, in analogy with similar fault
rocks and deformation zones, we propose that
during compressional deformation, the fric-
tional stress likely raised until it reached the
frictional strength of the weak domains, and the
deformation zone began to slip (Fig. 11C point
1). With continued shear, the tectonic stress
likely increased and, when the shear stress
reached the frictional strength of the compe-
tent domains (Fig. 11C point 2), frictional
instability nucleated within the strong domains
(e.g., Collettini et al., 2011). Such partitioning
of deformation suggests that the mechanical
evolution of the STF may have taken place by
cyclically oscillating both in time (during the
progressive compressional deformation) and
space (within the ~300-m-thick deformation
zone) between strain hardening and softening
conditions (e.g., Hadizadeh, 1994; Tesei et al.,
2014; Curzi et al., 2020a; Vignaroli et al.,
2020). This mixed mechanical behavior sug-
gests a sequence of compressional deforma-
tion events including (1) co-seismic rupturing
characterized by high strain rate and frictional
deformations and (2) inter-seismic creep under
low strain rates by aseismic and low-to-non-
frictional mechanisms (Fig. 11C; Faulkner and
Rutter, 2001; Faulkner et al., 2003; Wibberley
et al., 2008; Fagereng and Sibson, 2010; Col-
lettini et al., 2011; Gratier et al., 2013; Tesei
etal., 2014; Curzi et al., 2020a; Vignaroli et al.,
2020). The switch between mechanisms typical
of the co-seismic and inter-seismic stages may
have been strongly influenced by pore pressure
oscillations, as discussed below.

5.2. Implications on the Permeability
Structure of Fault Zones

As awhole, clay-rich rocks are known to have
relatively low permeability especially when they
undergo compaction in response to tectonic and
sedimentary load, and burial (e.g., King Hub-
bert and Rubey, 1959; Suppe, 2014; Giorgetti
et al., 2016). The intrinsically low permeability
of clay-rich rocks is also testified by the perme-
ability measured out of the deformation zone,
indicating that these lithotypes represent effi-
cient hydraulic barriers, especially to fluid flow
orthogonal to bedding (with permeability values
up to ~6 x 1073; Fig. 9B).

Thrust permeability and seismotectonic implications

However, it has also been shown that (1) foli-
ated fault rocks from experimental deformation
and (2) fault gouge similar to those exposed in
the study area represent efficient permeability
barriers (with values from 10~* to 10~1° D) to
cross-foliation fluid flow, thus promoting over-
all sealing effects (Caine et al., 1996; Ikari
et al., 2009; Faulkner et al., 2010; Mittemper-
gher et al., 2011; Kawano et al., 2011; Gratier
et al., 2013; Torgersen and Viola, 2014; Scud-
eri and Collettini, 2018). This is also corrobo-
rated by our permeability measurements from
within the deformation zone (Figs. 9A and 9B).
Indeed, the very low permeability orthogonal
to the S-C tectonites and the PSS (up to ~3x
103 D; Fig. 9B) would confirm that such struc-
tural elements form hydraulic barriers to any
across-fluid flow, which, in the case of gently to
moderately dipping deformation zones, means
along the sub-vertical dimension. Thus, because
of the presence of (1) pervasive S-C/C’ fabrics
(Figs. 5B, 5C, 6A, and 6B), (2) closely spaced
and amalgamated S planes forming up to ~1 cm
thick bands of insoluble material (Figs. 8A, 8C,
and 8D), which may account for a significant
decrease of porosity and permeability (Angevine
and Turcotte, 1983; Wu et al., 2023), (3) thrust
surfaces also decorated by fault gouge (Figs. SA
and 10A), and (4) the aforementioned low per-
meability values within the STF deformation
zone (Fig. 9B), the clay-rich multilayer car-
bonate succession within the deformation zone
became an even lower permeability barrier dur-
ing deformation, virtually preventing any signifi-
cant fluid flow across the deformed rock volume
(Faulkner et al., 2010; Kawano et al., 2011; Gra-
tier et al., 2013; Farrell et al., 2014; Vannucchi,
2019; Wenning et al., 2021).

The relatively high values of permeability
parallel to the S-C tectonites (Fig. 9B) are likely
associated with microcracks developed along
closely spaced pressure solution planes during
exhumation and decompression. Our permeabil-
ity data likely overestimate real permeabilities
by a factor of ~1.7 (e.g., Fossen et al., 2011;
Ceccato et al., 2021). Hence, (1) our data are
used to understand the magnitude order of per-
meability differences between different tectonic
structures within the deformation zones and (2)
it is reasonable to assume that analogous buried
structures could be characterized by even lower
permeability values. Vignaroli et al. (2015) and
Ceccato et al. (2021) interpret the <~10~! D of
measured permeabilities as pertaining to effi-
cient barriers to subsurface geofluids (Fig. 9B).
The same range of permeability to air belong to
the thrust zone and host rocks (Fig. 9B), thus
reinforcing the aforementioned sealing capacity
of (1) low permeability marl and marly lime-
stones and (2) tectonic structures.
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It should be remembered that our permeability
measurements mostly gage the primary poros-
ity of the rock (i.e., only interstitial pores and
no fractures/joints), particularly in the case of
rocks not affected by the deformation zone. It
is known, however, that thrust-related anticlines
and synclines are diffusely jointed (e.g., Tavani
et al., 2015), whereas joints are often healed,
closed, and/or overprinted by pressure solution
and shear processes in the thrust-related shear
zones as shown for the case study in here (Figs. 7
and 8). Hence, we believe that the fluid barrier in
our study case is mainly composed of the thrust-
related deformation zone, as the host rocks in the
footwall and hanging wall are affected by sec-
ondary permeability that did not contribute to the
measured permeability (Fig. 9B). This concept is
significantly reinforced by the fact that the STF
is known, at the regional scale, as a hydrogeolog-
ical aquiclude, whereas its hanging wall block is
a fractured carbonate aquifer feeding important
springs (Nanni and Vivalda, 2005; Mastrorillo
and Petitta, 2014; Viaroli et al., 2021).

Recent studies from the Apennines based on
meso/microstructural and geochemical results
on similar deformation zones, fault rocks, and
mineralizations have also documented that
thrust-related deformation zones (especially in
marl-rich successions) dominated by S-C fab-
rics and distributed deformation represent low-
permeability barriers (Curzi et al., 2020a, 2021;
Smeraglia et al., 2020). In the broader study area
as well as in the central-northern Apennines,
thrust-related structures like those described here
are commonly reported and extensively docu-
mented (Coli and Sani, 1990; Calamita et al.,
1991, 2012; Vannucchi et al., 2003; Tesei et al.,
2014; Lenaetal., 2015; Pace et al., 2015, 2022b;
Curzi et al., 2020a, 2021; Satolli et al., 2020).
Such structures are described as exhumed from
3 to 4 km depth, as demonstrated by the analysis
of clay mineral assemblage, vitrinite reflectance,
and low-temperature thermochronology studies
(Aldega et al., 2007; Corrado et al., 2010; Fellin
et al., 2022). On this ground, the STF deforma-
tion zone can be considered as an exposed ana-
logue of buried thrust-related deformation zones
affecting similar lithotypes. As such, it may
have hindered the upward flow of deep fluids. In
detail, as documented by recently published seis-
mic reflection profiles across the central-north-
ern Apennines, thrust-related deformed pelagic
sequences can be identified down to ~6 km
below the surface (Barchi et al., 2021). Hence,
we suggest that buried thrust-related deforma-
tion zones within fold and thrust belts may act
as barriers to the upward flow of fluids and thus
compartmentalize the crust in distinct potential
reservoirs, that would be juxtaposed along the
moderately dipping thrust zones.



5.3. Seismotectonic Implications

In the occasion of the 2016 Amatrice-Norcia
earthquakes, seismological evidence has high-
lighted that the SFT represented a permeability
barrier at depth (between ~3 and 6 km), which
would have steered fluid accumulation and
overpressure below the thrust zone, particularly
during pre-seismic stages (Improta et al., 2019;
Gabrielli et al., 2022). This supports (1) our
extrapolations from the surface to depth as to
the low permeability of buried thrust zones and
(2) the role of such hydraulic barriers in fluid
accumulation, ponding, and overpressuring. On
this ground, the STF may play an important role
also in the current extensional seismicity pattern
due to its regional extent and its inferred role of
barrier to fluids (Gabrielli et al., 2022). In other
words, Sibson’s fault valve behavior (Sibson,
1981, 1992) may occur in the central Apennines,
where the low-angle thrust zones and related
stratigraphic imbricates act as top seals of pres-
surized fluid pockets, which may occasionally
burst and escape upward through seismic valves
represented by the conduits offered by active
high-angle and thoroughgoing normal faults.
We expand on this below, with reference to the
2016-2017 extensional seismic sequence.

Indeed, an intense debate is presently ongoing
in the scientific community as to the role played
by inherited thrusts in the extensional seismic
sequences that recently affected the central
Apennines. Such debate reflects into a plethora
of quite different conceptual seismotectonic
models, which contemplate positive and nega-
tive tectonic inversions (e.g., Pizzi and Galadini,
2009; Calamita et al., 2012; Scisciani et al.,
2014, 2019; Pizzi et al., 2017; Tavarnelli et al.,
2019), reactivation of the early thrusts as transfer
faults or extensional décollements in the pres-
ent tectonic regime (Pizzi et al., 2017; Improta
et al., 2019; Michele et al., 2020), or simply
seismic normal faults cutting pre-existing fos-
sil thrusts (e.g., Porreca et al., 2018; Mancinelli
etal., 2019). The influence of lithological control
on fluid pressure build-up and drop within the
belt is also being considered as a potential factor
steering the overall seismotectonic style of the
central Apennines (Trippetta et al., 2010; Man-
cinelli et al., 2019; Carminati et al., 2020). The
debate has been further animated by recent mod-
els whereby earthquakes (main- and aftershocks)
associated with the 20162017 Amatrice-Norcia
seismic sequence (nucleated along the Mt. Gor-
zano normal fault and the adjacent Mt. Vettore
fault system; Lavecchia et al., 2016; Chiaraluce
et al., 2017; Fig. 12A) are proposed to have
mostly localized in the immediate footwall of
regional thrust planes (Buttinelli et al., 2021;
Fig. 12B) and/or within thrust sheets dissected
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by normal faults (Barchi et al., 2021; Fig. 12B).
These contrasting ideas stem from different
interpretations of quite low-resolution seismic
reflection profiles and are mainly related to the
potential involvement of the pre-Triassic base-
ment during thrusting and different crosscutting
relationships and displacement between oro-
genic and post-orogenic structures (Fig. 12B).
Regardless of these interpretations, it has been
shown that the 2016-2017 seismic sequence
was preempted by fluid accumulation, pond-
ing, and overpressuring within the pile of thrust
sheets (De Luca et al., 2018; Chiarabba et al.,
2020) and accompanied by slight changes of the
geochemical signature of groundwaters from
some springs in the central Apennines (Barberio
et al., 2017; Barbieri et al., 2020). The sequence
was then accompanied and followed by a large
outflow of groundwater and CO, at the Earth’s
surface (Petitta et al., 2018; Chiodini et al., 2020;
Mastrorillo et al., 2020). Taken altogether, this
evidence for the 2016-2017 seismic sequence
suggests that fluid overpressure at depth may
have played a major role in triggering the seis-
mic swarm (see also Chiarabba et al., 2020; Con-
vertito et al., 2020; Malagnini et al., 2022). In
particular, fluids possibly accumulated at depth
for a few months (according to the data produced
by Barberio et al., 2017; De Luca et al., 2018;
Martinelli et al., 2020) before the onset of the
extensional sequence. Indeed, Chiarabba et al.
(2020) documented a large Vp/Vs anomaly in the
lowest part of the Apennines thrust wedge pos-
sibly connected with pre-seismic fluid accumu-
lation. This may be associated with the sealing
effect of lithological contacts (Trippetta et al.,
2010; Barchi et al., 2021) or of the widespread
Triassic evaporites at the base of many thrust
sheets of the central Apennines (Trippetta et al.,
2010; Fig. 13A). It is also reasonable that buried
marly lithotypes also inhibited upward fluid flow
(Suppe, 2014). In addition to these lithological
effects, we suppose that a buried analogue of the
exposed STF deformation zone may have rep-
resented an effective hydraulic barrier not only
during orogenic compressional deformation,
but also during the post-compressional exten-
sional tectonics in the area. This hypothesis is
corroborated by the structural and permeability
results discussed above. The sealing effect of the
deformation zone may have even been further
enhanced by the presence of evaporite layers in
the thrust sheets (Figs. 13A and 13B). Hence,
we hypothesize that, before the 20162017 seis-
mic sequence, such a low-permeability barrier
may have possibly caused fluid overpressuring
in the footwall of the thrust zone, thus eventually
triggering the earthquake sequence (Fig. 13A).
Some deep fluids likely leaked upward across
the thrust-related barrier by locally exploiting
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the higher permeability provided by rock vol-
umes characterized by dilatant brittle deforma-
tion features associated with the younger nor-
mal faults, as demonstrated by pre-seismic deep
CO, and anomalous elements detected in some
springs of the central Apennines (Barberio et al.,
2017; Boschetti et al., 2019; Barbieri et al., 2020;
Martinelli et al., 2020; Fig. 13A) and microseis-
micity localized within the stacked thrust sheets
(Fig. 13). The onset of the seismic sequence
may itself have caused the partial disruption of
the hydraulic barrier represented by the thrust
sheets, as demonstrated by the syn- and post-
seismic massive discharge of groundwater in
central Apennines (Petitta et al., 2018; Chiodini
et al., 2020; Mastrorillo et al., 2020; Fig. 13B),
also observed during the 2009 L’ Aquila seismic
sequence (Chiarabba et al., 2022). Earthquakes
likely increased the structural permeability by
fracturing thus allowing the upward flow of
overpressured CO,-rich fluids. We thus envis-
age a model of pre-seismic accumulation and
overpressuring of fluids in the lower portions
of the thrust wedge mostly determined by the
imbricated and duplicated architecture of the
wedge itself coupled with lithological contrasts,
followed by a syn- and post-seismic upward flow
and surficial discharge of at least part of these
fluids (Figs. 13A and 13B).

After the earthquakes, due to the coseismic
pressure drop and depressurization connected
with the upward flow, fluids may have precipi-
tated carbonate minerals within the open frac-
tures, thus sealing again the rock volumes (Sib-
son, 1990). We believe, therefore, that fracture
permeability is likely transient and cyclically
oscillates during the extensional seismic cycles
as influenced by the evolving fracturing along
the active normal faults and by steady barrier to
fluids constituted by thrust zones. The proposed
process is consistent with the fault-valve behav-
ior (e.g., Sibson, 1981, 1990; Viola et al., 2006)
and with recent evidence from Curzi et al. (2021),
who documented fluid circulation along the Mt.
Gorzano fault connected with extensional fault-
ing within an open fluid circuit, contrasting with
the closed one connected with thrust faulting in
the same study area. The fault valve behavior
has already been proposed for earthquakes and
seismicity in Italy (e.g., Chiarabba et al., 2022)
and worldwide (e.g., Nevada, USA: Jansen et al.,
2019; Mexico: Williams et al., 2017; and Japan:
Sibson, 2007), and we also believe that, if the
studied thrust zone presently exerts its influence
on the seismotectonic activity of normal faults
by modulating the fluid pressure, the same idea
must have been valid also for the preceding
activity of the thrust itself. As discussed above,
meso- and microstructural evidence suggests
that inter- and co-seismic deformations were
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modulated by pore pressures influenced, in turn,
by the sealing effect of the thrust itself.

5.4. K-Ar Constraints and Tectonic
Implications

In the Sibillini Mts., indirect time constraints
on compressional deformation can be derived
from the age of youngest syn-orogenic depos-
its (Laga formation, Messinian p.p) exposed
~3—4 km to the east of the study area (in the
footwall of the STF; Pierantoni et al., 2013;
Figs. 2C and 2D). Based on the age of these
deposits, an overall Messinian-late Pliocene age
(between ca. 7 Ma and ca. 3 Ma) has previously
been suggested for the compressional tectonics
in this area (Calamita and Deiana, 1988; Calam-
ita, 1990; Calamita et al., 2012; Fig. 14). Our
K-Ar ages represent, therefore, the first absolute
time constraints on compression accommodated
along the most external exposed thrust of the
central-northern Apennine belt (Fig. 14).

The obtained grain size-age correlation for
samples GI11 and GI12 (Fig. 10B) is interpreted
as resulting from the mixing between detrital
illite-2M, inherited from the host rock (lower-
most Aptian-upper Albian) and syn-kinematic
illite-1 M formed during the last recorded incre-
ment of faulting (e.g., Pevear, 1999; Viola et al.,
2018). Also, the K-Ar age of the finest fraction
is considered to be the closest to the age of the
last recorded faulting episode (Torgersen et al.,
2015; Curzi et al., 2020a, 2020b; Tartaglia et al.,

<
<

Figure 12. (A) Simplified structural map
of the central Apennines showing the main
focal mechanisms and mainshocks from
the 2016-2017 Amatrice-Norcia seismic se-
quence. (B) Geological cross section across
the Sibillini Thrust Front (STF) and the Mt.
Vettore normal fault systems. The sections
A-A’ and B-B’ are redrawn and modified
from Buttinelli et al. (2021) and Barchi et al.
(2021), respectively. Although the interpre-
tation of the subsurface geometries is differ-
ent between the two geological cross sections,
note that the hypocenters of the 2016-2017
Amatrice-Norcia seismic sequence are es-
sentially localized below the thrust systems.
The 2016-2017 Amatrice-Norcia seismic
sequence and the focal mechanisms of the
mainshocks (from http://terremoti.ingv.it/
catalog and Scognamiglio et al., 2018 and
Barchi et al., 2021) are projected along the
geological cross section. The K-Ar ages of
the Sibillini Mts. Thrust are also shown. The
trace of the cross sections is shown in A.
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Figure 13. Conceptual model for fluid-assisted extensional deformation associated with the 2016-2017 Amatrice-Norcia seismic sequence.
(A) During the pre-seismic phase (starting 4-5 months before the seismic sequence), evaporite-made or bounded thrust sheets and buried
compressional (orogenic) deformation zones acted as hydraulic barriers to the flow of deep pressurized fluids, as testified by Vp/Vs anoma-
lies at 5-10 km depth. Only some deep fluids leaked upward and gave rise to pre-seismic deep CO, and anomalous elements in some springs
of the central Apennines. A representative potential analogue of fault rocks with sealing effect within deep thrust-related deformation zone
is shown and arise from field observations along the Sibillini Thrust Front. (B) The pressurized fluids beneath the thrust zones and sheets
probably triggered seismic extensional faulting so that the hydraulic barriers became disrupted and permitted rapid and abundant upward
flow of fluids and associated groundwater discharge during the syn-/post-seismic phase. A representative potential analogue of structures
associated with pulsed syn-/post-seismic upward flow of fluids is shown. This model is a synthesis of field evidence from this study, hydro-
geochemical evidence from Barberio et al. (2017), Petitta et al. (2018), Boschetti et al. (2019), Barbieri et al. (2020), Chiodini et al. (2020),
Martinelli et al. (2020), and Mastrorillo et al. (2020), geophysical evidence from Chiarabba et al. (2020) and Convertito et al. (2020), struc-
tural and geochemical evidence from Curzi et al. (2021), and seismic evidence from Barchi et al. (2021) and Buttinelli et al. (2021). The cross
section and the instrumental seismicity from the 2016-2017 Amatrice-Norcia seismic sequence are from Barchi et al. (2021). The trace of
the cross section is shown in Figure 12A.

2020). The last recorded event, however, does  deformation zone. Additionally, the date of the  small amounts of K-bearing minerals reworked
not necessarily coincide with the last tectonic  finest fraction might still represent a mixed age,  from the host rock into the fault gouge during
movement along the thrust surface or within its  partially reflecting the isotopic contribution of  cataclasis (Clauer, 2013).
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To reduce the effects of contamination of
illite-2M, inherited from the host rock and,
therefore, to derive geologically meaning-
ful radiometric ages, the Illite Age Analysis
(IAA) approach (Pevear, 1999) was adopted
(Fig. 10C). However, when dealing with K-Ar
dating of syn-kinematic clay minerals in fault

Figure 14. Time-distance dia-
gram, including syn-tectonic
extensional and compres-
sional basins and periods of
extensional and compressional
phases in the central-northern
Apennines (data from Barchi,
2010; Bigi et al., 2011; Carboni
et al., 2020; Curzi et al., 2020b,
2021; Labeur et al., 2021; La-
combe et al., 2021). Notice that
K-Ar ages are consistent with
the proposed temporal evolu-
tion of the easternmost north-
ern Apennine system.

gouge formed at the expense of rocks rich of
terrigenous components, the mixing between
inherited and newly formed syn-kinematic
K-bearing minerals cannot always be com-
pletely deconvoluted by the IAA approach
(Pevear, 1999; Carboni et al., 2020; Curzi
et al., 2020a). Hence, in light of the large errors
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associated with the regressed K-Ar IAA ages,
only a tentative interpretation is possible. These
uncertainties notwithstanding, recent studies
from the Apennines that applied K-Ar dating
to gouges formed at the expense of terrigenous
rocks have demonstrated the general reliability
of the TAA approach despite the large errors



associated with data regression (Carboni et al.,
2020; Curzi et al., 2020a).

In our study, it is important to stress that
the calculated K-Ar IAA ages (Fig. 10C) are
consistent with: (1) other independent bio-
stratigraphic and stratigraphic time constraints
available for the STF (between ca. 7 Ma and
ca. 3 Ma; Calamita and Deiana, 1988; Calam-
ita et al., 1990, 2012; Pierantoni et al., 2013;
Fig. 14); (2) U-Pb radiometric ages on syn-tec-
tonic carbonates associated with the San Vicino
anticline, which represents the northern prosecu-
tion of the STF (and located ~30 km to the north
of the study area. These radiometric constraints
indicate the beginning of compressional defor-
mation in the area at ca. 6 Ma (Lacombe et al.,
2021; Fig. 14); and (3) time constraints derived
from the Cingoli anticline (located ~30 km to
the northeast of the STF), which were estimated
through clumped isotope thermometry-time con-
version and which indicate an age of ca. 6 Ma
for the onset of compressional deformation
(Labeur et al., 2021; Fig. 14). Hence, based on
our IAA results, the illite-1 M can be interpreted
as having formed during slip along the thrust. It
should also be pointed out that samples GI11 and
GI12 were both collected along the same thrust
surface (i.e., at the tectonic contact between
Maiolica and Marne a Fucoidi; Figs. SA and
10A). For this reason, the K-Ar IAA ages from
distinct samples mutually validate and, addition-
ally, constrain slip to the same thermo-tectonic
event, which spans the 6.9—6.2 Ma (early-middle
Messinian) time interval.

6. CONCLUSIONS

This study stresses the role of inherited
structures (specifically, the role of older
inactive thrust zones in a seismically active
extensional domain) on fluid circulation and
overpressuring and consequent earthquakes
triggering. In the Apennines we show that
imbricated thrusts and thrust-related deforma-
tion zones as old as ca. 7 Ma (Messinian) pro-
vide effective barriers to uprising fluid circula-
tion. Consequent fluid accumulation below the
low-permeability thrust zone increases fluid
pressure and eventually may control active
post-orogenic extensional faulting, triggering
seismic slip along normal faults prone to slip.
The importance of the structural inheritance is
even more accentuated if we also consider the
fact that the hydraulic properties of the thrust
zones are determined or influenced by the type
of deformation (e.g., foliation, plastic defor-
mation), which is in turn ruled by rheologi-
cal contrasts and/or paleogeographic domains
capable of counteracting the tectonic shorten-
ing (buttressing effect). These inferences are
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mostly drawn on the assumption, which should
be further corroborated, that the exposed STF
is a credible and reliable analogue of buried
thrust zones in the central Apennines.

Our work documents in detail the architec-
ture and permeability structure of a complex
thrust zone and allows us to draw the following
conclusions:

(1) Rheological contrasts strongly influenced
the development of the studied thrust-related
deformation zone, which formed under a mixed
rheological behavior (strain softening and strain
hardening) during fluid-assisted deformation.

(2) Marl-rich host rocks are characterized by
low permeability, which varies by up to one order
of magnitude when measured parallel (mean val-
ues between ~6 x 1072 and ~2 x 1072 D) to
orthogonal (mean values between ~6 x 1072
and ~7 x 1073 D) to bedding.

(3) The permeability becomes lower within
the thrust zone, where the PSS (which has the
lowest measured minimum value of ~3 x 107>
D) and S-C tectonites (with permeability parallel
to the S-C tectonites up to five orders of mag-
nitude higher than that measured orthogonally
to S-C tectonites) represent hydraulic barriers to
sub-vertical fluid flow.

(4) Buried structures in the central Apen-
nines, analogous to the studied thrust zone,
may currently act at depth as hydraulic barriers
to ascending fluids and thus contribute to fluid
overpressure during the ongoing extensional tec-
tonic activity. Fluid overpressure may have trig-
gered and accompanied the 20162017 destruc-
tive seismic sequence in the central Apennines.

(5) Our model is consistent with the fault-
valve model that can explain seismicity in the
central Apennines as well as in other seismi-
cally active regions elsewhere. As the efficiency
of Sibson’s fault valve behavior is usually site-
specific, the example provided in this paper
adds further evidence to the database of known
instances, thus providing a new reference to the
scientific community.
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