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Abstract Fluid overpressure is a primary mechanism behind fault interaction and earthquakes
triggering. The Apennines section within the young Alpine mobile belt is a key locus to investigate the
interplay between fluids and faults. Here, seismicity develops along the extending mountain belt and the key
role of fluids has been invoked in past large earthquake sequences. In this study, we use seismological data to
get improved images of the Apennines normal faulting system, trying to catch evidences for the involvement
of fluids in the preparatory phase of large earthquakes. We observe that extension preferentially reutilizes
inherited fragments of faults which were assembled during the Mio-Pliocene contraction, with steep
segments that floor on a regional-scale gently east dipping plane. We find evidences for wide volumes of
overpressured fluids at the base of the seismogenic layer, which are connected to the activation of the recent
large earthquakes. The recognition of fluids compartments with overpressuring and diffusion molding
seismicity is a key to understand faulting processes and possibly develop forecasts scenarios.

Plain Language Summary We present the first full image of the deep structure of the
paradigmatic normal faulting system of the Apennines, obtained by an impressive set of seismological
data collected during seismic sequences originated in the past two decades. The synoptic view permits to
explore the interaction between earthquakes and fluids within the crust. Such interaction is every day more
important because fluid pressure changes in the subsurface (even created by human activities) might trigger
large earthquakes even at a distance. The novelty of our results is the imaging of deep fluids at the base of the
extensional fault system in the Apennines related to the development of all the large earthquakes that
occurred over the two decades. This finding breaks through a persistent problem in earthquake preparation
processes and has clear implications for tectonics of extensional systems, inversion tectonics, physics of
earthquakes, and aftershock forecasting.

1. Introduction

The way in which faults interact and suddenly fail in complex and prolonged seismic sequences is a challen-
ging issue in seismology. Increasing pore pressure is seen as a valid triggering mechanism for earthquakes
(Raleigh et al., 1976; Stein, 1999), and fault lubrication is well documented in laboratory experiments
(De Paola et al., 2011; Di Toro et al.,, 2011; Hainzl et al., 2006; Reches & Lockner, 2010; Sleep &
Blanpied, 1992). Fluid diffusion can assist the onset and development of aftershocks and complex seismic
sequences (Miller et al., 2004; Nur & Booker, 1972; Zhao et al., 2015) and is invoked at various scales to
explain seismicity migration (Parotidis et al., 2003; Shapiro et al., 2003), changes in seismicity rate (Hainzl
& Ogata, 2005; Llenos & Michael, 2016), and fault reactivation during fluid injection (Guglielmi et al., 2015;
Improta et al., 2017; Peterie et al., 2018; Zoback & Harjes, 1997). High pore pressure in proximity of main-
shock hypocenters is inferred from indirect imaging of the fault (Zhao et al., 1996; Chiarabba & De
Gori, 2009), while in induced seismicity cases correlation with industrial data and modeling provide valida-
tion of fluid-governed processes (Keranen et al., 2014; Yeck et al., 2016; Yu et al., 2019).

While fluids in the earthquake generation process are well documented (Shapiro, 2015), capturing their
involvement in the incipient phase of a large earthquake remains a challenging issue. In this study, we
use the cascading earthquakes sequence originating along the Apennines normal faulting system
(Figure 1) to investigate the role of fluids in the earthquake generation. Since the extension rate across the
Apennines is low, 2-3 mm/yr (D'Agostino et al., 2014), resulting in about 0.02 bar/yr of stress rate, the crude
occurrence of numerous M > 5 earthquakes over a limited time window (Figure 1) might have been favored
by fluid-assisted triggering processes. At a regional scale, the deep leakage of fluids from the mantle has been
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Figure 1. Seismotectonic sketch of the study area: The spine of normal faulting system along the Apennines belt. Yellow stars are earthquakes with M; > 5.0 that
occurred since 1984. Main compressional tectonic lineaments modified from Bigi et al. (2011) and Barchi et al. (2012). Present-day belt-normal extension of about
2-3 mm/yr from D'Agostino et al. (2014).

related to seismicity (Chiodini et al., 2004), as part of a broad process of lithospheric delamination
(Chiarabba & Chiodini, 2013). At a local space-time scale, change in fluid pressure has been proposed to
explain change in background seismicity rate (Lombardi et al., 2010) and fault failure of mainshock and
large aftershocks (Lucente et al., 2010; Miller et al., 2004; Chiarabba & De Gori, 2009; Savage, 2010;
Baccheschi et al., 2019).

The concomitance of such processes with the availability of high-quality data accumulated through the years
by permanent and temporary seismic surveys candidate the Apennines normal fault system as the ideal nat-
ural laboratory to explore the relation between earthquakes and fluids. To get enhanced images of the fault
system structure, we integrate all data acquired during the numerous dense seismic monitoring experiments
(Figure 2). While the data sets were previously used separately to focus on individual segments (e.g.,
Carannante et al., 2013; Chiarabba & Amato, 2003; Di Stefano et al., 2011), their integration allows us to
improve the tomographic imaging over the entire fault system. Long distance raypaths and abutting data
increase and extend the model resolution to the deep seismogenic portion and how it roots in the
middle-lower crust, regions that are usually undersampled and poorly known. Integration of data also gives
unprecedented details of the overall belt architecture, recognizing how the present-day tectonics interferes
with crustal heterogeneity and structures mostly developed during the Mio-Pliocene contractional orogeny
buildup and even in previous tectonic stages.

2. Data and Model Inversions

The recordings of seismicity during major sequences and experiments in the past two decades by dense seis-
mic networks makes it possible to create a fully comprehensive set of P and S wave arrivals that illuminate
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Figure 2. (a) Seismicity used in this present study, coming from a collection of temporary and permanent networks data. The main compressional lineaments are
shown coded (T5-T1) according to Bigi et al. (2011). Red lines are normal faults. Yellow stars are the mainshocks of the 1997 (M,,,5.9), 2009 (M,,6.1), and 2016
(M,,,6.1, 6.5) sequences. Traces of vertical sections in Figure 6 are shown. (b) Simplified geologic map showing the main structural domains and structures.

the entire section of the central Apennines faulting system (Figure 3). The total data set is the richer ever
assembled and used and enclose data from: Colfiorito 1997 (Chiarabba & Amato, 2003), L'Aquila 2009 (Di
Stefano et al., 2011) and Norcia-Amatrice 2016 (Chiarabba et al., 2018) seismic sequences, and the Alto
Tiberina Fault experiment (ATF see Valoroso et al., 2017; Carannante et al., 2013) and Firb project 2003-
2005 (Chiarabba et al., 2010) experiments. All previous studies illuminate portions of the system that is
well recovered in its entirety for the first time in this study.

The tomographic model is computed using the Simulps14 code (Haslinger, 1998). P and S-P arrival times are
simultaneously inverted for hypocentral, Vp and Vp/Vs parameters in a linearized iterative damped least
squares inversion. The model is parameterized by a 3-D grid of nodes with velocity continuously defined
through the volume using a linear interpolation between adjacent nodes. Seismic rays are traced using a
pseudobending method, while the shooting method is used for longer raypaths.

We compute two distinct inversions: one with the entire data set and one with data acquired before the last
2016 seismic sequence (Model A and Model B, respectively). The scope of this latter inversion is to verify if
peculiar anomalies in the hypocentral region of the 2016 mainshocks were identifiable before the events.

2.1. Model A: Entire Period 1997-2017

The inversion has been done using 27,653 earthquakes recorded at 551 stations (Figure 3). To compute velo-
city parameters on a 3-D grid with nodes every 6 X 6 X 3 km, 697,856 P and 593,795 S-P arrivals are used. The
average number of P and S wave arrivals is different for each individual data set, and the total number of
seismic stations is achieved summing up the data sets, while the maximum number of stations for an event
is anyway less than 90. A final root-mean-square error (rms) of 0.13 s and a variance improvement equal to
52% have been achieved after six iterations.

CHIARABBA ET AL.

30f13



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC006014

44.00°

43.00°

42.00°

41.00°

44.00°

43.00°

42.00°

41.00°

11.00°

12.00°

13.00°

14.00 2.2. Model B: 1997-2015

[
.

ModelA

This inversion has been done using a subset of data that span the period

N | 44.00° before the Amatrice 2016 earthquakes (Figure 3). From 6,856 earthquakes
X recorded at 520 stations, 188,419 P and 133,154 S-P arrivals have been
used. A final rms of 0.13 s and a variance improvement equal to 58% have
been achieved after six iterations.

[ 43.00° 2.3. Model Resolution
Model resolution is estimated quantitatively from the state-of-the-art ana-
lysis of the resolution matrix and spread function (SF) that contains infor-
: mation on the volumetric estimate of parameters. A node to be well
~___ | 4200°

— resolved should have a compact averaging vector with elements close to
1 on the diagonal and to 0 elsewhere. The SF makes it possible to quantify

r
50 km

the sharpness of averaging vectors, with smaller values indicating good
resolution of model parameters. The smaller the SF value, the better the
- 41.00° resolution for the model parameter. The complete maps of SF are reported

in the supporting information. We report in Figure 4 the contouring, at

ModelB

each node, of the volume where the resolution is 70% of the diagonal ele-
ment, for the Vp and Vp/Vs models at 6 km depth for the two inversions.

S | 44.00° This condition holds for well-resolved nodes, for which the estimation is
N picked on the diagonal element of the resolution matrix. The resolution
at this key depth where the lateral heterogeneity along the Apennines is
dominant, as well as in a broad portion of the model (see supporting infor-

| o  mation Figures S1-S6), is very high.

3. Results and Model Interpretation

We present and discuss the main features of the high-resolution images
_ [ 4200° resolved over the 200 km long section of the normal fault system.
Figure 5 shows Vp and Vp/Vs maps that reveal significant difference in

)
50 km

velocity between the western and eastern side and the northern and
southern sectors. While the former reflects the difference in thrust unit

T
11.00°

T
12.00°

13.00°

L 41.00° imbrication and the widespread foredeep infillings, the latter is relative
14.00° 15.00° to different setting between the Umbria and the Abruzzi structural
domains. High Vp and Vp/Vs at 3 to 6 km depth follows the elongation

Figure 3. Setup of the Model A and Model B inversions. Used earthquakes  of sedimentary thrust units, while a drastic change at depth below 6 km

(blue dots), seismic stations (triangles), and grid nodes (crosses) are
shown. The rectangle shows the part of the model presented in Figures 4, 5,
and 7. The red stars are the two mainshocks that occurred in 2016.

between the two domains is observed, with very high velocity prevailing
in the southern area (HV in Figure 5).

The interpretation of velocity anomalies takes advantage of the available

seismic and geologic information and measurements of rock velocities
in laboratory (Trippetta et al., 2010). P and S wave velocities are sensitive to several factors including poros-
ity, temperature, and pore and effective pressure, but in the upper crust lithology prevails as confirmed by
previous studies (Chiarabba & Amato, 2003). The lithology in the Apennines consists of flysch foredeep units
overlying a carbonate multilayer, varying from platform (LA) to deep basinal (UM). The total thickness of
the sedimentary pile ranges from 2 to 6 km and lies upon a permo-Triassic basement of ambiguous nature,
as it does not crop out (Bally et al., 1986). Carbonate rocks of the Apennines exhibit relatively high Vp and
high Vp/Vs at elevated confining pressure (5.9-6.1 km/s and 1.9, respectively; see Trippetta et al., 2017), with
values generally higher than in sandstones. Lab measurements for dolostones report Vp values as high as
7.0 km/s, but mesoscale fracturing probably limits the in situ values to 6.3 km/s, value similarly defined
by tomographic estimates (Trippetta et al., 2010).

Pore geometry and fluid compressibility have strong influence on changes in Vp/Vs with increasing fluid
content (Takei, 2002). Relevant for our study and of primary importance to get insight on fluids in the crust,
the Vp/Vsratio is a signature distinct of high pore pressure volumes (Dvorkin et al., 1999). The effect of pore
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Figure 4. Model resolution for layers at 6 km depth for Vp, Vp/Vs, and for Model A and Model B (similar maps for all the
other layers are reported in the supporting information). The 70% smearing contouring for inverted nodes with a
spread function (SF) lower than or equal to 3.0 is shown. The nodes with SF > 1.50 and with SF < 1.50 have black and gray
crosses and contours, respectively.

pressure is to counteract that of confining pressure by sustaining open pore space and cracks (Nur &
Booker, 1972), lowering the velocities as a function of pore space aspect ratio (Takei, 2002). High Vp/Vs
are generally interpreted as evidence for the presence of overpressured fluids (Baccheschi et al., 2019, and
references therein).

We associate high Vp and high Vp/Vs to fluid-filled carbonate multilayer forming the backbone of the thrust
and fold belt, normally hosting large shallow acquires (Improta et al., 2014). At greater depths, low Vp and
low Vp/Vs zones in the northern portion of the area (the UM domain, Figure 1) can be related to the Permian
silicic basement (e.g., Barchi et al., 2012, and reference therein), while exceptionally high Vp and relatively
low Vp/Vs found in the southern part can be associated with a rigid basement whose nature is still ambig-
uous and largely debated so far (Chiarabba et al., 2010; Mancinelli et al., 2019).

The high Vp anomalies observed in the study area generally follow the trend of principal thrusts at surface
(Figure 5), with a southwestward rotation of the more internal systems, while the external ones regain the
direction orthogonal to the orogeny contraction. A main lateral heterogeneity is evident observing the velo-
city anomalies at depth below 6 km, which clearly divide two distinct sectors roughly from north to south.
Such a large crustal discontinuity has been already invoked to describe a paleogeographic architecture
before the Apennine buildup phase that evolved during Jurassic-Cretaceous times as distinct realms of the
Tethys margin: the large Bahamian-type carbonate platform (LA) to the east, and the basin (UM) to the west,
separated by the Ancona-Anzio lithospheric discontinuity (AAL, Tavarnelli et al., 2004).
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Figure 5. Velocity model of the area (Vp and Vp/Vs) with relocated seismicity occurring at +1.5 km from each layer. Gray lines are the SF = 3.0, indicative of good
resolution (see Figure 4). The red stars are the two mainshocks that occurred in 2016. Red and brown lines shown in the first layer are the normal and compressional
faults (see Figure 2). In the other layers only the T2 fault is represented coinciding with the regional transition between the UM and LA domains of central
Apennines. Dashed gray line indicates the limit of the rigid high-velocity basement (HV).
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ATF (Mirabella et al., 2011). Purple lines are the limit of the resolved region (SF = 3.0). The red stars are the two mainshocks that occurred in 2016.

Figure 6 shows Vp and Vp/Vs sections across the belt, outlining the preserved geometry of the thrust units,
likely assembled in progressive and in-sequence east verging stacks. In the more external eastern area, low
Vp values are associated with thick silicoclastic successions and a pronounced flexure of the carbonate sub-
stratum, which are associated with a thrust stack and recent Plio-Quaternary foredeep domains (Bally
et al., 1986; Bigi et al., 2011; Lavecchia et al., 1994).
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high Vp and Vp/Vs anomalies are delimited by the main thrust faults, indicating the fluids compartments in the upper
crust follow the compressional structures. Extensional segments and seismic sequences are influenced and partially
interrupted by the compressional system.

4. Fault System Structure and Architecture

The Apennines are a perfect example of extension overprinting and progressively spreading across a contrac-
tional belt, shortly after its formation. The central part of the belt has been built since late Miocene through-
out the progressive east verging stacking of large-scale thrust sheets (e.g., Vezzani et al., 2010; Bigi
et al., 2011, Figure 2), which involved in turn the paleogeographic domains of the Tuscan basin, the
Lazio-Abruzzi carbonate platform (LA) and the Umbria-Marche basin (UM). Thrust sheet imbrication
was accompanied by a flexure of the continental lithosphere in the external foreland and frontal shortening.
Deformation rates through time are consistent with the 2-3 mm/yr present tectonic rates (D'Agostino
et al., 2014). Thrusts developed following the flection of the whole arc from the Po plain to the Adriatic
off-shore southward, NNW trending in the innermost areas, turning into NW-SE and more pronounced
N-S directions in the external areas of the central Apennines, respectively (see also Figure 2).

Velocity tomograms show that the upper crustal structure is still dominated by the large-scale architecture of
the compressional system. The pattern of velocity contrasts defines kilometer-scale systems of east verging
thrusts (Figures 6), with a geometry consistent with that interpreted from seismic profiles (Barchi et al., 2012;
Bigi et al., 2011; Scisciani et al., 2014). From west to east, we recognize distinct thrust sheets mostly rooted on
a gently east dipping plane. Thrusts seem to have developed in a generally in-sequence propagation, charac-
terized by younger thrusting episodes progressively propagating to the more external domains.

We generally identify four principal and broad scale episodes, which we associated to stages of deformation
already recognized in literature (phases numbered according to Bigi et al., 2011):

« T5-T4 phase: formation of NNW trending thrusts in the UM domain and formation of a large foredeep
(e.g., Marnoso-Arenacea);

« T3 phase: development of the large-scale Sibillini thrust accompanied by foredeep sedimentation (e.g.,
Laga basin), with compression that partially reworked preexisting discontinuities among the UM and
LA structural domains;

« T2 phase: development of the Gran Sasso thrust system in the LA domain, propagating northward and
interacting with the T3 thrusts, as clearly highlighted by tomograms.
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« T1 phase: eastward progress of compression, with the development of the large Acquasanta, Montagna
dei fiori and Teramo thrusts, characterized by large horizontal transport, supporting the high topography
associated to the Montagna dei Fiori, Gorzano and the Gran Sasso ranges.

The progressive involvement of the sedimentary successions in the wedge was controlled by rheology of the

crust. The change of velocities north and south of the AAL documents a first-order lateral heterogeneity of

the midcrust along the Apennines (Figures 5-7), which we interpret as the main legacy of the Tethys realm.

In the UM pelagic domain (north of AAL), velocities are consistent with the relatively thin carbonate multi-

layer bottomed by high-velocity Triassic evaporites and low Vp, low Vp/Vs basement (Figure 3). Conversely

in the LA domain south of AAL, the carbonate multilayer is thicker and exceptionally high Vp and high

Vp/Vs bodies extend in the midcrust, suggesting the presence of strong basement.

Although the role and involvement of the basement in the evolution of the thrust system is widely debated
(Bigi & Costa Pisani, 2005; Butler et al., 2004; Calamita et al., 2003; Mazzoli et al., 2002; Scisciani et al., 2014;
Tavarnelli et al., 2004), our images support the idea that the orogeny evolution has been controlled by a
first-order midcrustal heterogeneity, presumably forming a structural high limited by high-angle faults.
This body acted as a main impediment during the thrust propagation, hampering the development of deeper
thrust decollements, favoring regional rotations of thrust fronts during their propagation and the develop-
ment of steep ramps, also through the reworking of previous large-scale normal faults, or even the overcom-
ing of structural highs in foreland positions. Once the compression progressed eastward and outward of the
high-velocity basement (T1 phase), thrusts developed with a more efficient horizontal propagation.

This lateral heterogeneity permeating the crust exerts a key role also in the present-day belt-perpendicular
extension. The main impact is on the vertical and lateral continuity and length of normal faults, which vary
north and south of the AAL. The deepening of the decollement south of the AAL implies also a change in the
depth of the fault's cutoff, while the obliquity of thrust ramps influences the segmentation of normal faults
and the compartments of fluids within the compressional structures (Figure 5).

5. Discussion

The capability of fluids to trigger earthquakes has been known for decades (Nur & Booker, 1972; Healy et al.,
1968; Raleigh et al., 1976; Sibson, 2014), but a deep understanding of such process and a collection of robust
observables are still limited for large events or prolonged seismic sequences. At local scale, pressure diffusion
triggering seismicity at a distance of more than 90 km from where the original pressure unbalance has been
invoked (Peterie et al., 2017; Keranen et al., 2014). At regional scale, it is a main issue to address if and how a
similar process could trigger large earthquakes. The involvement of fluids and pressure diffusion within the
crust can produce observable and measurable parameters, monitoring of which could be an aid to forecast-
ing seismicity occurrence. We use the central Apennines natural laboratory to investigate this relation, tak-
ing advantage of the vast data set accumulated during the peculiar decade-lasting failure of the entire
faulting system.

The bricolage of faults in the study sector of the Central Apennines, partially misoriented with respect to the
current extensional stress field, creates a structural complexity that is today conditioning the occurrence of
large earthquakes (Chiaraluce et al., 2017). This extreme segmentation favors the accommodation of exten-
sion with cascading sequences of large shocks (the numerous M > 5 earthquakes that occurred in the last
20 yr) under the efficient interaction between neighboring faults. Although some authors investigated the
contribution of static or dynamic stress transfer to propagate the failure of adjacent segments (Buttinelli
et al., 2018; Walters et al., 2018, and references therein), fluid diffusion and overpressure are still retained
the main mechanism to explain seismicity migration (Di Luccio et al., 2010; Malagnini et al., 2012; Miller
et al., 2004; Sibson, 2000) and triggering of large aftershocks (Chiarabba & De Gori, 2009).

Our new models add to this discussion the reconnaissance of broad volumes with overpressurized fluids
located at the base of the fault system (Figure 8). We observe peculiar low Vp and high Vp/Vs anomalies
lying below the segments progressively activated since 1997, which become deeper and stronger southward.
The two M,,6.1 and M,,6.5 mainshocks that occurred on 2016 are located on top of a broad high Vp/Vs
volume present in the midcrust on the roof of which layered seismicity occurs. In the deep part of the faults,
this anomaly is present before the starting of the sequence (Model B, Figure 8), suggesting that high pore
pressure existed close to the incipient 2016 Amatrice and Norcia mainshocks. The higher Vp/Vs observed
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Figure 8. Vertical sections of Vp and Vp/Vs (for both Model A and Model B) and relocated seismicity (occurring +10 km from section) along the normal faulting
system. Stars are the M > 5.6 mainshocks; the red stars are the M,,6.1 and M,,6.5 2016 mainshocks. Purple lines are the limit of the resolved region (SF = 3.0).
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pronounced anomalies in the hypocentral region of the 2016 mainshocks present before (Model B) and after the events (Model A).

in Model A vs Model B in this area, not associated to a change in Vp (Figure 8), although partially ascribable
to a different volumetric sampling of the two models, could suggest a pore pressure increase during the 2016
coseismic period. We are attracted by this explanation that seems to be further supported by the intense
seismicity observed on top of the anomaly, indicative of increasing cracking during the sequence,
compatible with sustained fluid overpressure.

The overpressures around the base of the seismogenic zone may be related to the enormous CO, fluid flux
being discharged (e.g., Chiodini et al., 2004), which can develop even in presence of high structural perme-
ability. We hypothesize that fluids deeply permeate the midcrust, and their local upraise is partially ham-
pered by the different permeability at the base of the seismogenic layer (Figure 8). This deep fluid leakage
is a process active at the scale of the entire belt, from intense fluid surfacing in the stretched Tyrrhenian side
to deep storing in the contractional Adriatic side, according to the different attitude of containment of fluid
overpressure in different stress regimes (Sibson, 2003). In the still young and immature extensional belt, the
intermittent overpressuring, with seismicity swarming within the east dipping layer, as seen either during
the interseismic period (Carannante et al., 2013) and, with abrupt recrudescence, during the 2016 sequence.
The final upraise of fluids within the shallow sedimentary cover (topmost 5 km) is compartmented within
the inherited compressional structures, that create local overpressure in the footwall of the border normal
faults. We hypothesize that the high Vp/Vs anomaly at the base of the seismogenic zone represents a
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mixed H,0-CO, fluid. We might argue that the greater compressibility of this mixed fluid, with respect to
water, lies behind the partial recovery of the effect of fluid pressure on frictional behavior at the base of
the seismogenic zone (e.g., Hirth & Beeler, 2015).

The process that we describe for the Apennines system could be exportable to other tectonic environments
and cases of fluid-driven seismicity, both at local (e.g., induced seismicity) and regional scales (e.g.,
Sibson, 2014). Our study shows that fluid-filled volumes at the base of the seismogenic zone are persistent
features within the crust and can be recognized with geophysical modeling. Transient increase of fluid pres-
sure before earthquakes, not resolved in this study but suggested by the difference in Vp/Vs before and after
the 2016 mainshocks, may be the target of detailed investigations. If fluid overpressure is prognostic of inci-
pient ruptures on normal faults of the fault system, we can hope that significant signals could be caught in
advance by dense systems of observations.

6. Conclusions

Lessons learned by recent earthquake sequences along the Apennines normal faulting system allow us to
investigate interactions between fluids, crust heterogeneity, and seismicity. First, overpressured fluids per-
vaded the base of the seismogenic layer. All major sequences with mainshocks of M > 5.5 are related to broad
volumes with high Vp/Vs pressurized fluids. In concomitance with the onset of the 2016 main ruptures, we
find the first evidence of fluids upraise from the deep crust that enhanced cracking above a high Vp/Vs
anomaly. Second, the extensional faults interested by seismicity represent the legacy of the segmentation
of preexisting structures. The structural complexity derives from interaction between propagating thrusts
and a rigid midcrustal body, generating a diffuse fault segmentation and the asymmetry of the belt observa-
ble at surface. The impediment of the rigid basement induced a regional rotation of thrusts, steep ramps and
overcoming of structural highs in foreland positions while hampering the development of deeper
thrust decollements.

This puzzle of reworked structures paves the floor to fluid assisted processes. Compartments with overpres-
surized fluids are limited and confined within the thrust sheets in the upper crust, perhaps floored and
roofed by low permeability units which might locally enhance the overpressuring.

Large high Vp/Vs volumes at the base of the seismogenic layer are the main target for monitoring the inter-
action between deep fluids and seismicity before and during major seismic sequences, as well as in projects
of underground exploitation. This could also help in developing physics-based forecast scenarios of
seismic sequences.
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