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A B S T R A C T   

An accurate survey of old and new datasets allowed us to probe the nature and role of fluids in the seismogenic 
processes of the Apennines mountain range in Italy. New datasets include the 1985–2021 instrumented seis-
micity catalog, the computed seismogenic thickness, and geodetic velocities and strains, whereas data from the 
literature comprise focal mechanism solutions, CO2 release, Moho depth, tomographic seismic velocities, heat 
flow and Bouguer gravity anomalies. Most of the inspected datasets highlight differences between the western 
and eastern domains of the Apennines, while the transition zone is marked by high geodetic strain, prevailing 
uplift at the surface and high seismic release, and spatially corresponds with the overlapping Tyrrhenian and 
Adriatic Mohos. Published tomographic models suggest the presence of a large hot asthenospheric mantle wedge 
which intrudes beneath the western side of the Apennines and disappears at the southern tip of the southern 
Apennines. This wedge modulates the thermal structure and rheology of the overlying crust as well as the melting 
of carbonate-rich sediments of the subducting Adriatic lithosphere. As a result, CO2-rich fluids of mantle-origin 
have been recognized in association with the occurrence of destructive seismic sequences in the Apennines. The 
stretched western domain of the Apennines is characterized by a broad pattern of emissions from CO2-rich fluids 
that vanishes beneath the axial belt of the chain, where fluids are instead trapped within crustal overpressurized 
reservoirs, favoring their involvement in the evolution of destructive seismic sequences in that region. In the 
Apennines, areas with high mantle He are associated with different degrees of metasomatism of the mantle 
wedge from north to south. Beneath the chain, the thickness and permeability of the crust control the formation 
of overpressurized fluid zones at depth and the seismicity is favored by extensional faults that act as high 
permeability pathways. This multidisciplinary study aims to contribute to our understanding of the fluid-related 

* Correspondence to: F. Di Luccio, Istituto Nazionale di Geofisica e Vulcanologia, via di Vigna Murata 605, Rome, Italy. 
** Correspondence to: M. Palano, Istituto Nazionale di Geofisica e Vulcanologia, Piazza Roma 2, Catania, Italy. 

E-mail addresses: francesca.diluccio@ingv.it (F. Di Luccio), mimmo.palano@ingv.it (M. Palano).  

Contents lists available at ScienceDirect 

Earth-Science Reviews 

journal homepage: www.elsevier.com/locate/earscirev 

https://doi.org/10.1016/j.earscirev.2022.104236 
Received 31 March 2022; Received in revised form 17 October 2022; Accepted 24 October 2022   

mailto:francesca.diluccio@ingv.it
mailto:mimmo.palano@ingv.it
www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2022.104236
https://doi.org/10.1016/j.earscirev.2022.104236
https://doi.org/10.1016/j.earscirev.2022.104236
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2022.104236&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Earth-Science Reviews 234 (2022) 104236

2

mechanisms of earthquake preparation, nucleation and evolution encouraging a multiparametric monitoring 
system of different geophysical and geochemical observables that could lead the creation of a data-constrained 
and reliable conceptual model of the role of fluids in the preparatory phase of earthquakes in the Apennines.   

1. Introduction 

In the last decades, mantle fluid signatures in crustal faulting envi-
ronments have been recognized worldwide as well as in the Apennines, 
Italy (Lee et al., 2016; Chiodini et al., 2020; Vannoli et al., 2021; 
Gunatilake and Miller, 2022). The Earth's crust is almost entirely filled 

with fluids of different types: the meteoric fluids that circulate in the 
upper crust, and the mantle-derived volatiles that flow upward within 
the entire lithosphere. Fluid transfer from the mantle to the crust and 
fluid movements within the crust occur by hydraulic fracturing, diffu-
sion processes, buoyancy forces and head gradients (Sibson, 1992, 2020; 
Miller et al., 2004; Shapiro and Dinske, 2009). In tectonically active 

Fig. 1. The study area in the framework of the Europe-Africa collision. a) Simplified geological setting of the Mediterranean region. 1) post-orogenic basins, 2) 
Neogene shortening, 3) Neogene oceanic crust, 4) main thrust faults, 5) strike slip faults, 6) normal faults. b) Spatial distribution of the seismic stations over the 
Italian region. Abbreviations are: Va, Vavilov; Ma, Marsili c) Simplified tectonic setting of the Apennines. Holocene and Pleistocene volcanoes (https://volcano.si. 
edu, last accessed 24 March 2022) are reported as brown and red triangles, respectively. Abbreviations are: AH, Albani Hills; Am, Amiata; Ca, Campania; CDS, 
Campanian degassing structure; Ga, Gargano; Is, Ischia; La, Larderello; Lat, Latium; Me, Mefite D’Ansanto; PF, Phlegrean Fields; Po, Pollino Massif; PP, Po Plain; Ro, 
Roccamonfina volcano; SM, Sannio-Matese; TRDS, Tuscan-Roman degassing structure; Ve, Vesuvius; Vu, Mount Vulture. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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regions, faults and crustal-scale shear zones are preferential pathways 
for the upward migration of fluids, due to their high permeability. Fluid 
flow along high-permeability pathways such as fault-zones can alter 
both the state of stress and rock strength, therefore favoring fault slip, 
especially when the crust is critically stressed (Zoback et al., 2002). 

Recognition of fault-fluid interactions extends back into mining 
history when water was identified as the causative agent for vein for-
mation (Agricola, 1556). A qualitative appreciation of the role of fluid 
pressure in counteracting normal stress during faulting and vein for-
mation was discussed by McKinstry (1948), while the primary role of 
overpressurized fluids in lowering the strength of thrust faults was 
identified by Hubbert and Rubey (1959). Evidence of the influence of 
fluid pressure on fault slip potential has been provided by induced 
earthquakes either in intraplate regions (e.g., Keranen and Weingarten, 
2018), through the direct injection of fluids in boreholes (Healy et al., 
1968; Raleigh et al., 1976), or from the filling of large reservoirs 
(Simpson, 1986). Since then, the availability of large datasets and ob-
servations collected in numerous hydrocarbon industry exploration sites 
and geothermal systems worldwide (among others Keranen et al., 2014; 
Grigoli et al., 2018) as well as in-situ stimulation experiments performed 
in underground laboratories (Gischig et al., 2020) have largely proved 
the importance of fluids in the seismogenic process. 

Fluid involvement in the occurrence of natural seismicity is well 
documented in the preparatory phase of major earthquakes and in the 

evolution of aftershocks and swarms in space and time (Barnes et al., 
1978; Gold and Soter, 1984; Bräuer et al., 2003; Hainzl, 2003; Ventura 
et al., 2007; Massin et al., 2013; Miller, 2013; Fischer et al., 2014; 
Yoshida and Hasegawa, 2018; Chiodini et al., 2020). In this context, 
spatial correlations between seismicity and mantle-derived fluids have 
been largely documented worldwide in extensional domains (Irwin and 
Barnes, 1980; Tamburello et al., 2018). 

In the complex framework of the Mediterranean (Fig. 1a) where 
fragments of continental and oceanic lithosphere interact under the slow 
African-Eurasian convergence, the seismically active Apennines moun-
tain chain represents a natural laboratory to investigate the interplay 
between fluids and seismicity. The Apennines (Fig. 1b, c) is a Neogene 
fold-and-thrust belt that is characterized by NW-SE striking active 
normal faults that are parallel to the chain axis and separate the western 
area of diffuse mantle-source CO2 release, from the eastern area where 
CO2 output is lacking as shown in Chiodini et al. (2020). The boundary 
between the CO2 gas release zone to the west and the non-degassing area 
to the east can also be defined by the alignment of seismicity, which 
starts at the boundary and becomes clearly clustered to the east, in the 
axial zone of the chain (blue domain in Figs. 2b and 3a). The presence of 
deep-source fluids has been also assessed in the southern Apennines by 
Minissale et al. (2019), who reported gas emissions 3He/4He values in 
thermal springs indicative of a mantle origin. Minissale et al. (2019) 
found 3He/4He values comparable to those of fluid inclusions trapped 

Fig. 2. Seismological observations. a) (left) Map of the his-
torical earthquakes smaller (green) and larger than 6.5 (red). 
(right) Latitude of the historical seismicity is plotted against 
magnitude to highlight that the strongest shocks occurred in 
southern Apennines. b) Instrumented seismicity (1985–2021, 
ISIDe Working Group, 2007) larger than 1.5 is colour coded 
with depth. The major seismic sequences occurred since the 
development of the INGV seismic network are also indicated 
(from north to south): Em = 2012 Mw

max5.9 Emilia, UM =
1997–1998 Mw

max6.3 Umbria-Marche, AN = 2016 Mw
max6.5 

Amatrice-Norcia, Aq = 2009 Mw
max6.3 L’Aquila, SM =

2013–2014 Mw
max5 Sannio-Matese, Mo = 2002 Mw

max5.8 Molise, 
Pz = 1990 Mw

max5.7 Potenza, Ir = 1980 MS6.9 Irpinia, Po =
2012 ML

max5 Pollino. c) Available moment tensor solutions of 
earthquakes larger than 4 (10.13127/TDMTScognamiglio 
et al., 2006; http://www.eas.slu.edu/eqc/eqc_mt/MECH.IT/, 
last accessed 24 March 2022) are colored as a function of rake. 
d) Maximum horizontal stress field distribution (Mariucci and 
Montone, 2020). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version 
of this article.)   
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within olivine and pyroxenes of the Quaternary volcanic products in the 
Tyrrhenian side of the Apennines (Martelli et al., 2004; Minissale, 2004; 
Chiodini et al., 2011). Gas emissions and fluid inclusions are signatures 
of a metasomatized mantle contaminated by subduction-derived fluids 
with minor contribution of shallow crustal sources (Frezzotti et al., 
2009). This is consistent with the deep structure and dynamics of the 
Apennines region, where westward subduction of the carbonate-rich 
Adriatic plate occurs beneath the Tyrrhenian lithosphere leading to 
the formation of carbonatite melts. These fluids are rich in deeply- 
derived CO2 and rise to the surface defining the large Tuscan-Roman 
(TRDS) and the Campanian (CDS) degassing structures that are both 
located on the Tyrrhenian flank of the Apennines (Fig. 1c, Chiodini et al., 
2004; Frezzotti et al., 2009). 

The Apennines have been the locus of numerous destructive histor-
ical earthquakes (Fig. 2a), especially in the southern portion of the chain 

where the strongest shocks have occurred. Studies of the most recent 
seismic sequences have related the fluid involvement to the earthquake 
occurrence as well as to the observation of seismic transients (Miller 
et al., 2004; Di Luccio et al., 2010; Lucente et al., 2010; Terakawa et al., 
2010; Chiodini et al., 2011; Malagnini et al., 2012; Calderoni et al., 
2015; Chiarabba et al., 2018; Sebastiani et al., 2019; De Matteis et al., 
2021). Therefore, the broad and densely monitored Apennine region is 
the ideal natural laboratory to study the interaction between fluids and 
seismicity. In this review paper, we investigate the relationship between 
seismogenesis, CO2 degassing and active geodynamic processes in the 
Apennines by studying the role and nature of fluids involved in these 
processes. We present new datasets, and we revise data from the liter-
ature to provide a comprehensive and detailed picture of the dynamics 
of the Apennines mountain chain. To this aim we compute new maps of 
i) the seismogenic thickness using the instrumented seismicity from the 

Fig. 3. Geochemical and geophysical observations. a) CO2 flux distribution (Chiodini et al., 2000, 2004). b) Conductive heat flow map (Della Vedova et al., 2001). 
Crossed black circles represent the sampled aquifers. c) Moho depth from controlled-source seismology and receiver functions (Spada et al., 2013). d) Bouguer 
anomalies (Ferri et al., 2005). 
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Italian Seismic Network, and ii) the geodetic velocities and strains, 
computed from the continuous GNSS networks. We compare these 
datasets to the earthquake moment tensors distribution, the CO2 release, 
the Moho depth, seismic velocities, active faults, heat flow and Bouguer 
gravity anomalies. 

2. Geodynamic setting of the Apennines and origin of carbon 
dioxide 

The Tyrrhenian-Apennines-Adriatic system is located in the central 
Mediterranean and is composed of the Apennines fold-and-thrust belt, 
the Tyrrhenian back-arc basin, the Calabrian Arc and the Adriatic-Ionian 
foreland (Fig. 1a). The Apennines are part of the central Mediterranean 
orogenic belt and originated from the convergence between the African 
and Eurasian plates during the Late Cretaceous-Quaternary (Malinverno 
and Ryan, 1986). This fold-and-thrust belt developed mainly in Neogene 
times through the subduction and roll-back of the Adriatic-Ionian lith-
osphere in the larger framework of slow Eurasian-African convergence 
(Dewey et al., 1989; Patacca et al., 1990; Doglioni, 1991; Faccenna et al., 
2001). The northern and southern Apennines form major arcs that 
include the Adriatic and Ionian foreland, respectively (Fig. 1c), whose 
geometry mainly reflects the Mesozoic paleogeographic complexity, the 
subducting plates configuration and the subduction evolution (Gatta-
ceca and Speranza, 2002; Faccenna et al., 2014). The central Apennines 
(Fig. 1c), between the northern and southern segments of the orogenic 
belt, is characterized by a complex deformation pattern with folds and 
thrusts, some with high angles such as in the Gran Sasso area (Speranza, 
2003; Satolli et al., 2005). 

The formation of the northern Apennines orogenic belt initiated in 
the Late Cretaceous due to the subduction of the Piedmont-Ligurian 
oceanic basin under the Eurasian plate that produced the Ligurian 
accretionary complex (Carmignani et al., 1994; Marroni et al., 2010 and 
references therein). The oceanic subduction continued up to Early 
Eocene, when the Adriatic continental lithosphere approached the 
trench (Rosenbaum and Lister, 2004; Molli, 2008). The subsequent 
evolution of the Apennines orogenic belt occurred in the context of the 
continental collision between the Eurasian plate and Adria microplate, 
and the west-dipping subduction of the Adriatic continental lithosphere. 
The front of the advancing Ligurian accretionary prism was overthrusted 
onto the Meso-Cenozoic sedimentary successions of the passive margin 
of Adria, which were in turn progressively deformed to produce the 
northern Apennines thrust belt (Marroni et al., 2010). The Oligocene- 
Neogene tectonic evolution was characterized by the eastward migra-
tion of the thrust belt - foredeep basin system towards the Adriatic 
foreland (Patacca et al., 1990). 

In the southern Apennines, the orogenic belt is made up of three 
elements that reveal the complexity of the convergence processes 
(Patacca and Scandone, 1989; Catalano et al., 2004). These consist of 
thrust sheets that incorporate Meso-Cenozoic units belonging to the 
African and Eurasian continental paleomargins (Adriatic plate and 
Corsica Sardinia block) and to the Neotethys oceanic basin: i) the up-
permost structural element includes the Calabride crystalline nappe 
(Eurasian paleomargin), ii) the intermediate element is formed by the 
Sicilide and Ligurian nappes (Neotethyian domain) interpreted as rem-
nants of the Oligocene-Miocene accretionary prism developed during 
oceanic subduction, iii) the lowermost element, representing the back-
bone of the Apennines, is formed by basinal and carbonate platform 
sequences of the Adria paleomargin domains that were incorporated in 
the accretionary prism in Late Tortonian - Early Pleistocene times 
(Catalano et al., 2004). This post-Tortonian phase corresponds to a 
major change in the tectonic evolution of the southern Apennines 
characterized by the spreading of the southern sector of the Tyrrhenian 
back-arc basin (Patacca and Scandone, 1989). Extension in the Tyr-
rhenian basin and thrusting in the mountain belt coexisted and migrated 
rapidly eastward in response to the passive retreat of the subducting 
Adriatic-Ionian lithosphere. The southern Apennines and the Calabrian 

arc connect with each other beneath the Pollino ridge (Fig. 1c), which is 
floored by thick thrust-imbricated SW-dipping inverted carbonate se-
quences of Mesozoic-Tertiary age overthrusted by Ligurian carbonates 
(Filice and Seeber, 2019). 

The Adriatic continental and Ionian oceanic lithospheres are 
considered a rigid promontory of Africa since at least Jurassic time 
(Channell et al., 1979; Rosenbaum et al., 2004). However, paleomag-
netic studies indicate that Adria may have rotated counterclockwise by 
as much as 20◦ relative to Africa since ~20 Ma (Márton, 2003; Márton 
et al., 2008; van Hinsbergen et al., 2014). Also, the formation of NW-SE 
trending rifts along the African margin in the Sicily Channel (Fig. 1a) 
during the Miocene would support the relative motion of Adria away 
from Africa in the Neogene (Civile et al., 2010). Independent motion and 
fragmentation of Adria is also suggested by the present-day GNSS ve-
locities (e.g., D’Agostino et al., 2008) and the lithospheric seismic ve-
locity structure across the Adriatic recently imaged in 3D full waveform 
tomography (Magnoni et al., 2022). 

Since Middle Miocene, extension along the Tyrrhenian margin 
resulted in crustal thinning of the internal sectors of the orogenic belt 
(Casero et al., 1988; Patacca et al., 1990; Cello and Mazzoli, 1999). The 
spreading of the Tyrrhenian basin occurred in two distinct episodes 
(Marani and Trua, 2002; Nicolosi et al., 2006), the earlier opening stage 
which occurred from ~12–9 Ma to 6–5 Ma and was characterized by 
widespread extension in the northern domain and rifting in the western 
part of the southern domain, and the later, faster episode of opening 
(50–80 mm yr− 1; Faccenna et al., 2001) in the southern domain that led 
to the formation of the Vavilov (5–4 Ma; Fig. 1b) and Marsili (3–2 Ma; 
Fig. 1b) oceanic basins (Rosenbaum and Lister, 2004). 

Extension related to the opening of the Tyrrhenian Sea progressed 
from west to east forming coastal and intermountain basins. Along the 
chain axis, Late Pliocene - Quaternary continental basins developed in 
the hanging-wall of NW-SE striking high-angle normal faults, which 
crosscut the preexisting contractional structures (Hyppolite et al., 1994; 
Galadini, 1999; Ghisetti and Vezzani, 2002; Piccardi et al., 2006). 
Contractional deformation is ongoing in the northern Apennines along 
the outermost thrust systems of the Emilia, Ferrara and Adriatic arcs 
(Bonini et al., 2014 and references therein). Thrusting at the front of the 
southern Apennines (Patacca and Scandone, 2001) ceased in the Lower 
Pleistocene, and the axial belt was in turn affected by NE-SW regional 
extension since the Middle Pleistocene (Hyppolite et al., 1994). The 
subduction and south-eastward roll-back of the Ionian slab beneath the 
Calabrian Arc, slowed down since the Middle Pleistocene, likely due to 
an overall rearrangement of the south-central Mediterranean tectonics 
(Goes et al., 2004). Evidence of present-day remnants of the former 
extensive subduction activity are the subcrustal earthquakes occurring 
down to 90 km depth below the northern Apennines (Selvaggi and 
Amato, 1992) and the deep earthquakes concentrating offshore western 
Calabria, depicting a ~ 200 km wide and a sub-vertical elongated slab 
(down to 500 km depth) sinking below the southern Tyrrhenian basin 
(Selvaggi and Chiarabba, 1995). However, no subcrustal seismicity is 
recorded in the southern Apennines (Chiarabba et al., 2005). The 
stretched crust along the Tyrrhenian margin was affected by widespread 
Plio-Quaternary volcanism extending from the Tuscan Province (TRDS) 
to the Campanian volcanic zone (Vesuvius, Phlegrean Fields and Ischia), 
where magmatism is still active. To the south, volcanism concentrates in 
the Aeolian volcanic arc and in eastern Sicily (Etna volcano). Rocks of 
these magmatic provinces are commonly considered “orogenic” or 
“subduction-related”, to indicate a generation from mantle sources 
modified by the addition of fluids or melts from the subducting litho-
sphere (Peccerillo and Lustrino, 2005). Two exceptions are Mount Etna 
and Mount Vulture volcanoes. Mount Etna has a very weak contribution 
from subduction-related components being geochemically and isotopi-
cally akin to ocean-island basalts. Mount Vulture, an isolated volcano at 
the border of the Apulia foreland and east of the Apennines compressive 
front, shows peculiar intermediate compositions of subduction-related 
metasomatism and enrichment of “anorogenic” components, that did 
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not undergo compositional modification by young subduction processes 
(Beccaluva et al., 2002; Peccerillo and Lustrino, 2005). 

The Apennines fold-and-thrust belt includes Mesozoic to Neogene 
sedimentary successions representative of different paleogeographic 
domains (i.e., Eurasian, Adriatic, and Neotethys domains), and of the 
Miocene-Pliocene foredeeps. The northern Apennines includes Triassic- 
Miocene sedimentary successions (basal clastics deposits, evaporites, 
shallow-to-deep water carbonates and basinal pelagic units) deposited 
along the margin of the Adria plate (Fantoni and Franciosi, 2010), which 
were overthrusted during the Oligocene-Early Miocene by the Ligurian 
complex, i.e. an accretionary complex of deep-marine sediments and 
mafic rocks derived from oceanic crust (Vitale et al., 2013). In the 
Tuscany region, the orogenic belt consists of three structural elements: i) 
the uppermost ocean-derived Ligurian unit that overthrusts the units 
below ii) the non-metamorphic Tuscan Nappe, which includes sedi-
mentary sequences of the Adriatic passive margin (from Triassic- 
Jurassic carbonate platform and pelagic limestone, Cretaceous to Early 
Oligocene carbonate resediments and marls, Oligocene to Lower 
Miocene foredeep flysch deposits), iii) the lowermost structural element 
is the Hercynian basement that was metamorphosed at HP/LT condi-
tions at ~25 Ma (i.e., Tuscan Metamorphic Complex; Carmignani and 
Kligfield, 1990). The deformation phase that produced the tectonic 
nappe stack occurred between the Late Oligocene and Early Miocene. 

The northern portion of the central Apennines includes sedimentary 
sequences of the Umbria-Marche and Laga domains mainly consisting of 
i) Late Triassic-Early Jurassic platform carbonates and evaporites, ii) 
Jurassic - Oligocene basinal deposits (pelagic limestones, resedimented 
carbonates, marls), iii) Miocene basinal-to-foreland terrigenous and 
marly deposits, and iv) Messinian flysch of the Laga foredeep domain 
(Barchi et al., 2003, 2012). To the south, the thrust sheet units of the 
central Apennines mainly consist of platform-to-slope Mesozoic-Paleo-
gene carbonates (Cosentino et al., 2010; Vezzani et al., 2010; Patacca 
et al., 2008). The southern Apennines include Meso-Cenozoic sedi-
mentary successions of shelf platform and basin domains of the Adria 
passive margin, and Mio-Pliocene foredeep siliciclastic successions (i.e., 
the Campania-Lucania platform and the Lagonegro Basin units; Patacca 
and Scandone, 2007). These units, detached from the basement, over-
thrusted the Apulian carbonate platform that was in turn embodied in 
the thrust-fold belt in Late Pliocene-Early Pleistocene times (Patacca and 
Scandone, 2001). While the stack of rootless units is interpreted in terms 
of thin-skinned tectonics, the structural architecture of the buried 
Apulian thrust sheets indicates that the final shortening phase was 
governed by thick-skinned tectonics (Butler et al., 2004; Mazzoli et al., 
2008). 

Outcropping faults are characterized by Late Pleistocene-Holocene 
and Quaternary slip-rates in the 0.1–1.5 mm yr− 1 range with higher 
values mainly associated with the normal faults dissecting the axial 
mountain belt (Galadini and Galli, 2000; Ferranti et al., 2014 and ref-
erences therein). Active, WNW-ESE to NW-SE-oriented thrust-and-fold 
systems define the eastern outer front of the northern Apennines buried 
beneath the Po plain and the Marche Plio-Quaternary foredeep (Fantoni 
and Franciosi, 2010). Conversely, the Apulian foreland is characterized 
by active, W-E striking shear-zones that extend westward underneath 
the outer Apennines belt (Di Bucci et al., 2009). 

The origin of the widespread CO2 Earth degassing processes (~2.1 ×
1011 mol yr− 1) recognized on the Tyrrhenian side of the Apennines and 
in some major extensional seismogenic zones of the chain axis (Chiodini 
et al., 2004), is suggested to be related to the crustal carbonates lithol-
ogies of the subducted Adriatic microplate that are trapped in the mantle 
wedge at depth and melt due to the elevated isotherms in the back-arc 
region (Frezzotti et al., 2009). Partial melting of these lithologies pro-
duces carbonate-rich melts that are upwelling at about 60–70 km depth, 
which in turn metasomatize the mantle wedge and favor a continuous 
CO2-flux from the mantle to the crust. These CO2-rich fluids may un-
dergo contamination while ascending to the surface and passing through 
the local lithologies including the carbonate thrust-sheets of the 

Apennines (Italiano et al., 2000; Ascione et al., 2018). On the Tyrrhenian 
side of the Apennines, the diffuse release of deeply-derived CO2 at the 
surface is favored by the enhanced vertical permeability of the stretched 
crust related to Pleistocene-Holocene normal faulting (Ghisetti and 
Vezzani, 2002), but abruptly disappears close to the Apennines seismic 
belt where instead the formation of highly pressurized structural traps in 
the crust is favored, as also observed in deep oil wells (Chiodini et al., 
2010; Improta et al., 2014). 

3. Seismotectonic picture of the Apennines 

In the continental subduction/collision domain and extensional 
collapse, the complex interaction among the African and Eurasian plates 
and the Adria microplate generated most of the destructive earthquakes 
that occurred along the Apennines. Historical earthquakes are distrib-
uted along the chain axis with the maximum magnitude (Mmax) 
increasing southward (Fig. 2a; Rovida et al., 2022; https://emidius.mi. 
ingv.it/CPTI15-DBMI15/query_eq). Over the last seven centuries, 
frequent historical earthquakes with Mmax6.5 have occurred across the 
northern Apennines, while in the central and southern belt the reported 
maximum magnitude is 7.1 (Fig. 2a), with most of the largest events 
concentrated in the southern Apennines. 

The INGV national seismic network (Fig. 1b), which developed after 
the occurrence of the 1980 MS 6.9 Irpinia earthquake (Cocco and Pacor, 
1993), is presently comprised of about 550 stations that allow for an 
accurate representation of the instrumented seismicity over the Italian 
peninsula (Italian Seismological Instrumental and Parametric Database, 
ISIDe Working Group, 2007). The ISIDe Database (Fig. 2b) shows two 
main arc-shaped belts, roughly following the chain axis that are 
consistent with the historical events distribution. While the northern arc 
is characterized by a continuous (and narrow) seismicity distribution 
without significant gaps, the southern arc has events arranged in clusters 
(Fig. 2b) as in the Pollino Massif where low to moderate magnitude 
earthquakes (Mmax5.5) occur (e.g., Totaro et al., 2014). After the 1980 
Irpinia earthquake other large seismic events struck the Apennines belt, 
such as those of the 1997–1998 Umbria-Marche sequence (Mw

max6.3, 
Miller et al., 2004), the 2009 L'Aquila earthquake (Mw6.3, Di Luccio 
et al., 2010), the 2012 Emilia seismic sequence (Mw

max5.9, Govoni et al., 
2014) and the 2016–2017 Amatrice-Norcia seismic sequence (Mw

max6.5, 
Chiarabba et al., 2018; Gunatilake and Miller, 2022). 

Seismicity is usually shallow with focal depths of 10–15 km and 
concentrated within a ~ 50 km wide belt (Fig. 2b) along the Apennines 
(Chiarabba et al., 2005, Chiarabba and De Gori, 2016). Moment tensor 
solutions of Mw > 4 earthquakes (Fig. 2c) reveal tension axes generally 
orthogonal to the trend of the mountain belt (Pondrelli et al., 2006; 
Herrmann et al., 2011; Scognamiglio et al., 2016). The active faults of 
the Apennines have a prevailing NW-SE strike (Fig. 1c) and overlap with 
the seismic belt. Slip on these faults is characterized by a normal faulting 
stress regime with NE-SW extension (Mariucci and Montone, 2020). In 
contrast, the Apulian foreland is characterized by the occurrence of 
sparse moderate-magnitude earthquakes with hypocentral depths down 
to 35 km (Chiarabba et al., 2005; Di Luccio et al., 2005a, 2005b; Ventura 
et al., 2007). In the Apulian foreland, seismicity is distributed along an 
E-W belt with events showing strike-slip and reverse focal solutions in 
the Gargano region (Fig. 2c), while reverse moment tensor solutions 
(Fig. 2d) characterize the northern Adriatic foreland (Scognamiglio 
et al., 2016) defining a dominant NE-SW compression (Mariucci and 
Montone, 2020). On the Tyrrhenian side, seismicity is arranged in patch- 
like clusters (Fig. 2b) that are mainly located in the volcanic and 
geothermal areas (Larderello in Tuscany; Albani Hills, Latium; the 
Campanian Vesuvius and Phlegrean Fields volcanoes, Fig. 1c for loca-
tions). In these areas, focal mechanisms are highly heterogeneous, 
reflecting the complex spatial and temporal variations of the local stress 
field (Frepoli et al., 2010; D’Auria et al., 2014). 

Low frequency seismic events and transient signals recorded in the 
northern and central Apennines (Piccinini and Saccorotti, 2008; 
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Calderoni et al., 2015) have provided evidence for the presence of fluids 
in the crust where fractured seismogenic volumes exist. Numerous 
studies have evaluated the primary role that CO2-rich fluids play in the 
Apennines seismogenic process of upper crustal normal faulting earth-
quakes. The presence of high-pressure CO2 at depth explains the after-
shocks spatio-temporal pattern of the 1997 Umbria-Marche sequence in 
the northern Apennines (Miller et al., 2004). Twelve years later, the 
central Apennines were hit by the 6 April 2009 Mw6.3 L'Aquila earth-
quake, for which seismological (Di Luccio et al., 2010; Lucente et al., 
2010; Terakawa et al., 2010; Malagnini et al., 2012) and geochemical 
analyses (Chiodini et al., 2011) have shown an initial phase of increased 
pore fluid pressure until the occurrence of the mainshock when pore 
pressure diffusion occurs through the upward migration of fluids, in 
agreement with the evolution of the sequence. Ventura and Di Gio-
vambattista (2013) and Pezzo et al. (2018) invoked a pore pressure in-
crease that reactivated buried thrust faults in the northern Apennines 
where the 2012 Mw5.8 Emilia earthquake occurred. Napolitano et al. 
(2020) and De Matteis et al. (2021) have provided seismological evi-
dence that the 2010–2014 Pollino swarm-like seismic sequence in the 
southern Apennines (ML

max5.0) was driven by a fluid-filled crack in the 
seismogenic volume. Combining seismological and geochemical ana-
lyses, Di Luccio et al. (2018) proved that the fluid pressure redistribution 
in the crust of the southern Apennines caused the 2013–2014 Sannio- 
Matese sequence. Additionally, a recent comparison of the 10-year 
(2009–2018) record of tectonic CO2 emissions and seismicity in the 
central Apennines, provided evidence that high-pressure gas pockets at 
depth may have weakened the nearby fault system causing earthquakes 
(Chiodini et al., 2020). Chiarabba et al. (2018) also demonstrated that 
the Mw6.0 Amatrice and the Mw6.5 Norcia earthquakes that struck 
central Italy in 2016 occurred on distinct faults overlying an over-
pressurized volume. In the southern Apennines, the presence of CO2- 
pressurized gas reservoirs in the seismogenic volume of the 1980, MS6.9 
Irpinia earthquake has been documented in local earthquake tomo-
graphic images and deep boreholes (Amoroso et al., 2014; Improta et al., 
2014). The above studies highlight the role of fluids in the earthquake 
triggering mechanism and in modulating the space-time evolution of the 
sequences through diffusive processes. Two notable exceptions are the 
1990–91 Mw

max 5.7 Potenza (Di Luccio et al., 2005b) and the 2002 Mw5.8 
Molise (Di Luccio et al., 2005a; Pino and Di Luccio, 2005) seismic se-
quences that occurred along deep, blind strike-slip structures in the 
external zone of the Apennines. 

4. Geochemical dataset and fluid release 

In the last decades, in the Apennines fold-and-thrust belt the link 
between fluids, mainly CO2, and seismicity has been widely recognized 
with the CO2 rich reservoirs stored in the seismogenic volumes of the 
crust (Chiodini et al., 2004; Miller et al., 2004; Di Luccio et al., 2010; 
Lucente et al., 2010; Terakawa et al., 2010; Chiodini et al., 2011; 
Malagnini et al., 2012; Ciotoli et al., 2014; Calderoni et al., 2015; 
Amoroso et al., 2017; Chiarabba et al., 2018; Sebastiani et al., 2019; De 
Matteis et al., 2021; De Landro et al., 2022; Gunatilake and Miller, 
2022). Moreover, the major seismic sequences were accompanied by an 
increase in the gas emissions within the major aquifers (Chiodini et al., 
2020). Using methods and data from earlier investigations, we report in 
Fig. 3a the amount of deeply-derived CO2 injected into the major 
aquifers of the region (Chiodini et al., 2000, 2004). The Apennines 
mountain chain separates the eastern non-degassing area from the 
Tyrrhenian region where diffuse deeply-derived CO2-rich fluids define 
the TRDS to the north and the CDS to the south (Fig. 3a) (Frezzotti et al., 
2009). In the TRDS, the CO2 flux is diffuse with larger values in the 
Tuscany geothermal fields and the Albani Hills (central Latium, Fig. 1c 
for location) The CDS is, however, characterized by values of CO2 flux 
well above 1 t d− 1 km− 2. Approaching the chain axis, CO2 is likely stored 
in crustal reservoirs and rises to the surface through the highly fractured 
zones of the Apennines, where it is dissolved in the large aquifers 

(Chiodini et al., 2004, 2020). 
The 3He/4He ratio is a measure of the changes in the balance be-

tween the typically crustal (4He) and mantle-derived (3He) components 
of the total volatile inventory and is therefore also a powerful indicator 
of mantle degassing (Lupton, 1983; Minissale et al., 2019 and references 
therein). In geochemical studies, R = 3He/4He represents the sample 
corrected for atmospheric contributions, and Ra is the 3He/4He ratio of 
air, thus often R/Ra is used instead of 3He/4He. In the southern Apen-
nines, the area north of the Pollino region has R/Ra values in the 0.1–0.2 
range suggesting a nearly null mantle source contribution (Apollaro 
et al., 2020). On the other hand, by combining data from new sites with 
previous work (Italiano et al., 2000; Minissale, 2004; Caracausi et al., 
2013), Ascione et al. (2018) have shown that the Sannio-Matese region 
is characterized by R/Ra between 1.4 and 2.8. Values of R/Ra between 
2.4 and 2.8 also are found at the Mefite D'Ansanto site, a large region of 
natural low-temperature CO2-rich gas emission in a non-volcanic envi-
ronment in the Irpinia region (Italiano et al., 2000; Chiodini et al., 
2010). These values are close to those measured in fluid emissions and 
melt inclusions at the Vesuvius and Phlegrean Fields volcanoes, which 
show R/Ra in the range of 2–3.2 (Italiano et al., 2000; Martelli et al., 
2004). In the central Apennines, fluid inclusions in the Latium volcanoes 
have R/Ra values between 0.4 and 1.7 (Martelli et al., 2004). The Velino 
aquifer in the Abruzzi region has very low R/Ra values (<0.2, Chiodini 
et al., 2011) that are comparable to those found in the Pollino mountain 
range. These low values were ascribed to the long residence time of 
gases in overpressurized crustal reservoirs at the bottom of the seismo-
genic layer thus increasing their radiogenic 4He (Chiodini et al., 2011). 
Therefore, based on the above observations, excluding the preeminent 
crustal component in the Pollino area and in the Velino aquifer and 
considering the He isotopic signature of the fluid inclusions in volcanic 
products, the dominant fluid source in the southern Apennines (Sannio- 
Matese and Irpinia) is the mantle and the crustal component increases 
northward. 

5. Geophysical observations 

In the following we present an overview of the geophysical obser-
vations collected in the last decades for the Apennines, including both 
published datasets (conductive heat flow, Moho depth, Bouguer gravity 
anomalies, geodetic and seismic strain-rates estimations) and new re-
sults obtained in this study (seismogenic thickness and surface 
deformation). 

5.1. Heat flow 

The geothermal heat flow of Italy has been investigated since the 
1970s through numerous temperature-depth measurements collected in 
sedimentary basins, shallow sea floor and lake sediments, and shallow 
and deep geothermal/hydrocarbon exploration wells which allowed for 
the compilation of numerous maps with increasing detail and quality 
over time (Hurtig, 1991; Mongelli et al., 1991; Cataldi et al., 1995; Della 
Vedova et al., 2001). In this study (Fig. 3b) we refer to the compilation 
reported in Della Vedova et al. (2001), where the first discrimination of 
the contributions from shallow processes (such as water circulation, 
recent fast sedimentation, and magmatic activity) that strongly affect 
the surface heat flow, was attempted. A broad anomalous area with high 
heat flow values, larger than 100 mW m− 2 (up to 400 mW m− 2), can be 
observed over Tuscany and Latium (Fig. 3b), which is related to the high 
enthalpy geothermal systems of the Pliocene-Quaternary volcanic areas 
and/or intrusions (Peccerillo and Lustrino, 2005). Three other small 
areas characterized by moderate-to-high heat flow values can be 
recognized in the map (Fig. 3b). The first area corresponds to the Mefite 
D'Ansanto degassing site (Chiodini et al., 2010). The second one is 
related to the active Phlegrean Fields - Vesuvius volcanic complex, while 
the third one (Filippucci et al., 2019) corresponds to a crustal thermal 
source beneath the Candelaro fault, just south of the Gargano 
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Promontory (Fig. 1c for location). 
Furthermore, a large belt, containing the southern Apennines 

mountain ridge and the westernmost Apulian foreland (Fig. 3b), is 
characterized by heat flow values of ~50–100 mW m− 2. Heat flow 
values are generally low (20–40 mW m− 2) in a large zone including most 
of the central Apennines and the Tyrrhenian flank of the southern 
Apennines, where significant infiltration and circulation of meteoric 
waters within the carbonate aquifers occur. Moreover, as observed by 
Chiodini et al. (2021), the advective heat flow values measured in the 
Apennines carbonatic aquifers are comparable to the larger conductive 
heat flow estimates measured in the geothermal and volcanic areas of 
the Tyrrhenian side of the Italian peninsula. 

5.2. Moho depth 

Numerous studies have focused on determining the Moho topog-
raphy beneath the Italian region by using different techniques and 
analyzing data acquired by active and passive source seismic experi-
ments. In the last thirty years, the INGV national broadband seismic 
network has continuously expanded over the Italian territory allowing 
for the acquisition of large volumes of high-quality seismic records 
(Fig. 1b). Parts of this seismic database has been analyzed by many 
authors applying different techniques such as local earthquake tomog-
raphy, receiver functions and ambient noise tomography to provide an 
improved map of the Moho depth (Di Stefano et al., 2009, 2011; Piana 
Agostinetti and Amato, 2009; Molinari and Morelli, 2011; Verbeke et al., 
2012; Spada et al., 2013; Manu-Marfo et al., 2019; Chiarabba et al., 
2020 and references therein) and the main features of the Moho 
topography are quite similar among these different studies. 

In our paper we refer to the study of Spada et al. (2013) where the 
Moho depth was obtained by the integrated analysis of controlled-source 
seismology and receiver functions (Fig. 3c). In the western Apennines, 
the Moho exhibits a significant depth variability with values ranging 
from 20 to 50 km (Fig. 3c). In the Adriatic foreland, the Moho depth 
spans in the range 32–38 km and deepens to 50 km depth as it ap-
proaches the axial zone of the Apennines to the west. Beneath the chain 
axis the Adriatic Moho is overlaid by the shallower (~30–32 km) Tyr-
rhenian Moho and the vertical separation between the two Mohos de-
fines a step of ~25 km underneath the northern and the southern 
Apennines and of ~10 km beneath the central Apennines (Fig. 3c). The 
Tyrrhenian Moho becomes shallower (20 km) moving towards the back- 
arc region to the west. 

5.3. Bouguer gravity anomalies 

The most recent gravimetric map of Italy was compiled by the Italian 
Agency for Environmental Protection and Technical Services (APAT, 
now ISPRA) from land and sea data collected over the previous 40 years 
by ENI S.p.A., OGS and ISPRA (Ferri et al., 2005). The regional gravity 
map (Fig. 3d) is characterized by relative gravity lows running parallel 
to the axial zone of the mountain belt, surrounded by areas of gravity 
highs. In the southern Apennines the negative Bouguer anomalies define 
a narrow strip with values up to − 100 mGal in the foreland except in the 
southeastern part of the region where carbonates outcrop (Puglia re-
gion). Towards the north, negative values characterize a wider region 
encompassing the central and northern Apennines including the western 
Adriatic region (Fig. 3d). Positive Bouguer anomalies are observed along 
the Tyrrhenian margin of Italy (up to 100 mGal). 

At the local scale, the Bouguer anomalies correlate well with the 
surface geological features, highlighting their contribution to the local 
subsurface gravity effects. This can be readily observed along the Mar-
che and Abruzzo coastal areas and the Po valley where the local negative 
gravity anomalies coincide with the spatial distribution of the thicker 
foredeep deposits (~5000 m, Bally et al., 1986). Bouguer anomalies 
with wavelengths larger than 80 km (Fig. 3d) are related to deep sour-
ces, as for instance the Moho topography (Fig. 3c) (Cassinis et al., 2003). 

5.4. Seismogenic thickness 

We provide a comprehensive map of the seismogenic thickness 
variations across the Apennines, by discretizing the region into 
0.4◦x0.4◦ cells with a 75% spatial overlap and computing the depth 
distribution of the epicenters that fall within each cell. We use as input 
the INGV earthquake catalog (ISIDe Working Group, 2007) that includes 
events from 2005 to April 2021 with magnitudes larger than 1.5 to avoid 
possible biases on the seismogenic thickness estimation due to the 
smaller magnitude events usually located at shallow depth. Following 
Smith-Konter et al. (2011), for each cell containing at least 35 events we 
defined the seismogenic thickness as the depth of the 90th percentile of 
the hypocentral depth distribution within that cell. Results (Fig. 4a) 
show that beneath the northern and central Apennines the seismogenic 
layer follows the curvature of the chain axis and reaches values down to 
30 km and below in the foreland, while it shows values in the range of 
10–15 km in the Tyrrhenian domain. Southward, the seismogenic 
thickness thins westward beneath the Tyrrhenian coast and thickens 
approaching the Calabrian Arc (to the south) and the Apulian foreland 
(to the east). The thickening of the seismogenic layer occurs in a very 
narrow belt (~30 km wide) beneath the northern and central Apennines, 
while it occurs over a wider region (~50–70 km) beneath the southern 
Apennines. 

5.5. Surface deformation 

The first GNSS measurements along the Apennines date back to 1991 
with the monitoring of a temporary regional network of 35 benchmarks 
(Anzidei et al., 2001). In the same year, the continuous GNSS station of 
MATE (close to the city of Matera) operated by ASI (http://geodaf.mt. 
asi.it, last accessed 24 March 2022) was also installed. Since then, 
several local and regional temporary (Ferranti et al., 2008; Giuliani 
et al., 2009; Bennett et al., 2012; Galvani et al., 2012; Cambiotti et al., 
2020; Carafa et al., 2020; Esposito et al., 2020) and permanent net-
works, operated by local institutions, agencies, universities and research 
institutes (Devoti et al., 2017 and references therein for details), have 
been extensively deployed for crustal deformation studies and com-
mercial applications (mapping and engineering applications) along the 
whole Italian territory. Therefore, in the last two decades, many GNSS 
episodic benchmarks have been resurveyed, new studies including new 
continuous GNSS sites have been published (D’Agostino et al., 2009; 
Serpelloni et al., 2013; Métois et al., 2015; Chiarabba and Palano, 2017; 
Devoti et al., 2017), and velocity uncertainties have been reduced. These 
studies found a sharp divergence of the horizontal velocity field along 
the topographic relief of the Apennines chain, which is characterized by 
a prevailing NNE motion of ~4–6 mm yr− 1 along the Adriatic side and 
with ~1–3 mm yr− 1 NNW motion along the Tyrrhenian side, in a 
Eurasian reference frame. Regarding the vertical motion, very few so-
lutions are currently available and define a general uplift of the Apen-
nines belt (Serpelloni et al., 2013; Faccenna et al., 2014; Devoti et al., 
2017). 

To provide an updated image of the deformation pattern of the 
Apennines, we analyzed an extensive dataset consisting of ~900 
continuous GNSS stations with >2.5 years of observations. Raw GNSS 
observations were processed using the GAMIT/GLOBK software pack-
ages (Herring et al., 2018) and adopting the strategy described in Palano 
et al. (2020). The resulting velocity field is shown in Fig. 4b where a 
Eurasian reference frame is assumed. 

We also estimated the horizontal strain-rates (Fig. 4c) over the 
investigated area using the method of Shen et al. (2015), computing the 
horizontal velocity gradients on regularly spaced grid points 
(0.25◦x0.25◦) by least squares inversion of the observed GNSS velocities. 
The method considers optimal weighting functions of the data, allowing 
a finer resolution, especially in regions characterized by sparsely 
distributed data. 

Our new horizontal velocity field (Fig. 4c) confirms, with a higher 
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spatial resolution, both the sharp divergence along the Apennines chain 
axis and the general pattern of motion identified in previous studies. 
Regarding the vertical deformation pattern (Fig. 4b), most of southern 
Apennines and the Apulian foreland are characterized by a general uplift 
of ~1 mm yr− 1. Uplift of ~1 mm yr− 1 can be also observed in the vol-
canic and geothermal areas (Larderello, Albani Hills, Vesuvius and 
Phlegrean Fields; see Fig. 1c for locations), while all the stations located 
along the Adriatic foreland are currently subsiding with rates in the 
0.5–2 mm yr− 1 range. The strain-rate field (Fig. 4c) depicts a near 
continuous belt of high values with prevailing NE-SW principal 

extensional axes along the Apennine chain. The strain axis shows trends 
that are roughly orthogonal to the chain belt in the northern sector, 
while in the southern one the strain directions are more heterogeneous. 
The northern Apennines are further characterized by extension rates 
between 25 and 50 nanostrain yr− 1 in a relatively wide area (~50 km) 
that becomes wider (~100 km) across the central Apennines with 
similar extension rates (35–50 nanostrain yr− 1). In the southern Apen-
nines, the strain-rate field is characterized by values up to 45 nanostrain 
yr− 1 mainly confined to the CDS zone (see Fig. 1c for locations). Outside 
the chain axis, maximum dilatation values occur locally in the 

Fig. 4. Geophysical observations. a) Seismogenic thickness computed in this study. b) GNSS velocity vectors referred to Eurasia overlap the colour-shaded back-
ground vertical velocity. c) Distribution of the main strain axes (red is dilatation and blue is contraction) is shown above the areal dilatation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

F. Di Luccio et al.                                                                                                                                                                                                                               



Earth-Science Reviews 234 (2022) 104236

10

Campanian volcanic area and north of the Gargano promontory 
(Fig. 4c). Contraction of ~20 nanostrain yr− 1 with a prevailing N-S- 
oriented axis is observed along the Po valley. The Apulian foreland is 
also characterized by a small contraction (5–10 nanostrain yr− 1 with 
variable orientations), which becomes more marked (up to ~30 nano-
strain yr− 1 with NW-SE-oriented axis) in the Gargano promontory. 
Another local patch of contraction is observed in the Tyrrhenian offshore 
region, northwest of the Phlegrean Fields (Fig. 4c). 

5.6. Geodetic and seismic strain-rates 

To date, few studies have compared geodetic and seismic deforma-
tion budgets to shed light on the seismic hazard of the Apennine chain. 
Earlier Ward (1998) estimated a seismic-to-geodetic deformation ratio 
of about 71% between seismic and Very Long Baseline Interferometry 
(VLBI) strain-rates, averaged over the whole Italian peninsula. Pondrelli 
(1999), using regional moment tensors, found that seismicity accounts 
for only about 30% of the total deformation along the Apennines, 
inferred from VLBI data. Using triangulation measurements and 
instrumented seismicity spanning a period of 126 years, relevant dis-
crepancies have been also documented along the Apennines by Hunstad 
et al. (2003), who found a decoupling ratio in the range of 7–68%. In the 
southern Apennines Jenny et al. (2006) observed that the seismic 
deformation budget is compatible with the full tectonic one. These 
previous studies are significantly hampered by the sparse distribution of 
geodetic data, while recent works by Palano et al. (2011) and D’Ag-
ostino (2014) provided a much more detailed geodetic strain-rate field 
therefore leading to an improved estimation of the seismic and geodetic 
deformation budgets. Palano et al. (2011) compared the geodetic strain- 
rates with those derived from a 600-year seismicity catalog over a 
0.2◦x0.2◦ grid sampling the southern Apennines region. They observed a 
good agreement between the seismic and geodetic strain-rates along the 
southern Apennines crest, and a significant discrepancy (ratio <20%) on 
the Matese Mountains, and between Irpinia and Pollino. The authors 
highlighted that the observed discrepancy might suggest an increased 
probability of future earthquakes. Comparing the geodetic strain-rates 
with those from the seismicity released in the last ~500 years along 
the entire Apennines chain, D’Agostino (2014) found that these contri-
butions agree within the uncertainties, and that the deformation budget 
yields an average recurrence interval of 30–75 years for MW ≥ 6.5 
events. 

The increasing number of continuous GNSS stations coupled with the 
availability of numerous episodic benchmarks with long time-series 
span, have recently permitted the possibility of comparing the 
geodetic and the geologic strain-rates at the scale of regional fault sys-
tems. Studies focusing on this topic have provided new insights on the 
partitioning between fault slip and bulk lithosphere permanent strain 
(Ferranti et al., 2014; Carafa et al., 2017, 2020). Ferranti et al. (2014) 
compared geodetic and geologic moment-rates for 32 active faults cut-
ting the Southern Apennines and observed that the geodetic rates are 
largely at the upper bound of the geological rates. Similar results have 
been presented by Carafa et al. (2017 and 2020), which relate the 
observed excess of geodetic strain-rate to additional processes like upper 
crustal viscoplastic deformation and aseismic slip or indicate missing 
faults in the adopted database. Despite the overall good agreement be-
tween the geodetic, geologic, and seismic deformation-rates for the 
Apennines chain, a few local discrepancies along the southern Apen-
nines suggests that in this region a percentage of the deformation budget 
cannot be entirely associated with elastic tectonic processes. 

5.7. The seismic structure 

Seismic tomography studies of the crust and mantle beneath the 
Italian peninsula have been based on a variety of data types and ap-
proaches, producing several three-dimensional seismic velocity models 
at different scales and resolution. These studies are mainly based on 

either travel time tomography of earthquakes at regional and/or tele-
seismic distances (Lucente et al., 1999; Wortel and Spakman, 2000; 
Piromallo and Morelli, 2003; Giacomuzzi et al., 2011, 2012; Di Stefano 
and Ciaccio, 2014), or the inversion of surface wave dispersion curves 
from earthquakes and/or ambient noise (Molinari et al., 2015; Manu- 
Marfo et al., 2019). Beneath Italy, at upper mantle depths, the main 
common features to all tomographic models are the high seismic ve-
locity anomaly of the Calabrian-Apenninic slab interpreted as cold 
subducted lithosphere, and the low wave speed anomaly of the Tyr-
rhenian back-arc region interpreted as asthenospheric material (Lucente 
et al., 1999; Wortel and Spakman, 2000; Piromallo and Morelli, 2003; 
Giacomuzzi et al., 2011, 2012; Molinari et al., 2015; Manu-Marfo et al., 
2019). A discontinuous distribution of high velocity anomalies below 
the orogenic belt has been related to possible lithospheric detachments 
and/or tears in the topmost mantle (Wortel and Spakman, 2000). 
Beneath the northern and central Apennines, the mid-lower crust is 
characterized by a continuous low seismic velocity (Vp and Vs) zone that 
follows the belt axis and is interpreted as subducting crustal material (e. 
g., Giacomuzzi et al., 2011, 2012). In turn, the upper crust shows short- 
wavelength seismic velocity variations that define high- and low- 
velocity patterns corresponding to platform carbonates and basinal 
units, respectively (Di Stefano et al., 2009; Calò et al., 2012; Viganò 
et al., 2013; Amoroso et al., 2014; Di Stefano and Ciaccio, 2014; Improta 
et al., 2014; Totaro et al., 2014; Molinari et al., 2015; Improta et al., 
2017; Bagagli et al., 2020; Napolitano et al., 2020De Matteis et al., 2021; 
De Landro et al., 2022). 

To investigate the link between the seismic structure and fluids 
beneath the Apennines, we analyze two velocity models representative 
of the study region and derived by inversion of body-waves travel times, 
which illuminate the shallow and deep subsurface structure. The first 
one was obtained from the local earthquake tomography of the crust (Di 
Stefano and Ciaccio, 2014) and the second one from the teleseismic 
tomography of the upper mantle (Giacomuzzi et al., 2011, 2012). These 
two models provide Vp, Vs and Vp/Vs ratio and/or their anomalies and 
are chosen because i) they have a fine resolution at the scale of the entire 
Apennines, and ii) they invert P and S travel-times at regional (Di Ste-
fano and Ciaccio, 2014) and regional/teleseismic (Giacomuzzi et al., 
2011, 2012) distances. To highlight possible correlations with other 
observables in the study area we prefer to analyze Vs and Vp/Vs 
anomalies rather than absolute values. Checkerboard tests and the 
analysis of the model resolution matrix in Giacomuzzi et al. (2012) show 
that most of the velocity anomalies are well recovered in the Apennine 
region with 70% resolution of the diagonal elements. In Di Stefano and 
Ciaccio (2014) synthetic checkerboard tests show high resolution in the 
shallower layers (above 22 km), while below 38 km depth structural 
features smaller than 30–45 km are hardly recognizable. 

At shallow depths (8 km, Fig. 5a) in Di Stefano and Ciaccio (2014), a 
nearly continuous belt of negative shear wave velocity anomalies (ΔVs) 
can be recognized beneath the northern and central Apennines with the 
largest values in the Adriatic foreland. Negative ΔVs corresponds with 
the high values of Vp/Vs anomalies (Δ(Vp/Vs)) at the same depth. In 
contrast, the Tyrrhenian side of the peninsula exhibits low values of 
Δ(Vp/Vs) (Fig. 5d). At 22 km depth (Fig. 5b), the central Apennines 
from the Tyrrhenian to the Adriatic coast show positive ΔVs, whereas 
the southern Apennines and the eastern border of the northern Apen-
nines are characterized by negative ΔVs. At this depth, the Δ(Vp/Vs) 
values (Fig. 5e) are relatively low beneath the axial belt, although 
localized zones of relatively high values are found on the eastern and 
western side of the chain axis. At 38 km depth (Fig. 5c), the belt of 
negative ΔVs narrows, even though it is still recognizable especially in 
the northern Apennines, while positive anomalies are imaged outside 
the mountain chain, to the east and west. The Δ(Vp/Vs) values (Fig. 5f) 
are generally low along the Apennines apart from a small area encom-
passing the boundary between the central and southern Apennines, 
where high values can be recognized. Below the 38-km depth, the res-
olution of the Vs and Vp/Vs anomaly maps in Di Stefano and Ciaccio 
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(2014) is poor, therefore we refer to the shear wave velocity anomalies 
from Giacomuzzi et al. (2012) for the upper mantle velocities. The 
northern Apennines at 60 km depth (Fig. 6a) exhibit strong lateral ve-
locity anomalies from west to east. The positive NW-SE striking ΔVs 
region elongates below the chain axis and separates two areas of nega-
tive velocity anomalies, the south-western one located in Tuscany and 
the north-eastern one in the Po plain. At the same depth, in the central 
and partially in the southern Apennines negative ΔVs values extend 

continuously from the Tyrrhenian to the Adriatic coast, while the 
southernmost area is characterized by positive velocity anomalies. The 
Δ(Vp/Vs) maps at 60 km depth show positive values along the Tyr-
rhenian side, with maxima in the Tuscany and Campania volcanic areas, 
while the northern and southern Apennines are characterized by nega-
tive Δ(Vp/Vs) (Fig. 6d). At 100 km depth (Fig. 6b) positive ΔVs anom-
alies dominate beneath the Apennines, especially along the chain axis 
and in the adjacent areas. A strong negative velocity zone is, however, 

Fig. 5. Crustal tomography. a-c) Shear-wave velocity and d-f) Vp/Vs anomalies at crustal depths (Di Stefano and Ciaccio, 2014).  

Fig. 6. Mantle tomography. a-c) Mantle shear-wave velocity and d-f) Vp/Vs anomalies (Giacomuzzi et al., 2012).  
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mapped offshore of the Tyrrhenian region extending from the Tuscany 
coast to the Campanian volcanic area, but in the foreland these low 
shear wave velocity anomalies are less pronounced. Beneath the Apen-
nines, overall positive Vp/Vs anomalies correlate well with negative ΔVs 
values at 100 km depth (Fig. 6e). In the northern Apennines a wide 
region of low Δ(Vp/Vs) extends from west to east reaching the northern 
coast of the Adriatic Sea (Fig. 6e). The positive and negative ΔVs 
anomaly patterns observed at 100 km depth become more evident going 
deeper into the mantle. In fact, at 160 km depth (Fig. 6c) the ΔVs lows 
beneath the Tyrrhenian and the northern and southern Adriatic Seas are 
well localized and separated by ΔVs highs imaged beneath the Apen-
nines. At this depth (Fig. 6f) the observed values of Δ(Vp/Vs) are less 
prominent than the ΔVs although the overall patterns are comparable. 
Considering the distribution of the shear wave velocity and the Vp/Vs 
anomalies at lithospheric depths on the Tyrrhenian side, the Vs lows and 
the corresponding increase of Δ(Vp/Vs) are possibly related to the up-
welling of hot, fluid-rich asthenospheric material. 

6. Discussion 

The geophysical and geochemical data described in the previous 
sections are discussed here to highlight their spatial relationship in a 
comprehensive tectonic and geodynamic picture of the Apennines. 

Crustal stretching in the western back-arc region of the Apennines 
started in the Middle Miocene along the Tyrrhenian side of Tuscany 
(Barchi, 2010) and in Early Pleistocene times offshore Campania (Milia 
et al., 2003). Extensional deformation propagated at the western side of 
the Apennines and the extensional downfaulting superposed onto the 
Neogene compressional thrust structure migrated progressively from the 
inner to the axial belt (Hyppolite et al., 1994; Galadini, 1999; Ghisetti 
and Vezzani, 2002; Piccardi et al., 2006). Conversely, the outer front of 
the mountain chain and the Adriatic foreland are characterized by active 
reverse and strike-slip structures, respectively (Louvari et al., 2001; Di 
Bucci et al., 2009; Viti et al., 2015). Late Pleistocene-Holocene geologic 
slip-rates estimates are in the 0.1–1.5 mm yr− 1 interval with the highest 
values associated with the normal faults dissecting the axial mountain 
belt (Galadini and Galli, 2000; Ferranti et al., 2014). The marked sep-
aration between the eastern and western domains of the Apennines 
corresponds at depth to the boundary between the westward deepening 
Adriatic (lower plate) and the overlying Tyrrhenian (upper plate) Moho 
(Fig. 3c). The overlap region of the Tyrrhenian and Adriatic Moho aligns 
with the chain axis where a gradient in the Bouguer anomaly is also 
observed (Fig. 3d). The Bouguer anomalies with wavelength larger than 
~80 km correlate well with the Moho topography suggesting the pres-
ence of thinned crust beneath the Tyrrhenian domain and thickened 
crust beneath the chain axis. The transition between the two domains is 
also marked by a dense seismicity (Fig. 3b), which is mainly concen-
trated in a narrow zone along the Apennines chain axis and by a change 
in the seismogenic thickness estimates (Fig. 4a) from values shallower 
than 15 km beneath the Tyrrhenian domain and to ~30 km along most 
of the foreland domain. The prominent increase in seismogenic thick-
ness follows the Moho overlap beneath the axial part of the mountain 
chain at depth (Fig. 3c) and the near continuous band of extensional 
geodetic strain-rates (up to 50 nanostrain yr− 1; Fig. 4c) at the surface. 
Focal mechanisms (Fig. 2c) and other shallow stress indicators (Fig. 2d) 
reveal that the extension affects most of the upper crust beneath the 
axial region, at least down to the bottom of the seismogenic layer 
(Fig. 4a). 

Significant differences between the western and eastern domains can 
also be observed at a first glance, in terms of CO2 degassing (Fig. 3c) and 
heat flow spatial distributions (Fig. 3b). Most of the western domain is 
characterized by diffuse mantle-source CO2 release and high heat flow 
values (up to 400 mW m− 2), especially over Tuscany and Latium. 
Conversely, the eastern domain is characterized by sparse CO2 degassing 
and by lower heat flow values (~50–100 mW m− 2). Available shear 
wave velocity models (Di Stefano and Ciaccio, 2014) at shallow depths 

along the Apennines highlight the presence of a nearly continuous re-
gion of negative ΔVs, which progressively segments and narrows to a 
strip beneath the northern and southern Apennines down 38 km depth 
(Fig. 5a, b, c). This pattern of ΔVs anomalies appears poorly correlated 
with the other observables, especially with the CO2 degassing and heat 
flow maps. On the contrary, the pattern of Vp/Vs anomalies (Fig. 5d, e, f) 
matches with most of the previously described geochemical and 
geophysical observables especially at shallow depths (~8–22 km). 

To summarize the structure of the Apennines at crustal and mantle 
scales, in Figs. 7 and 8 (Vs and Vp/Vs anomalies, respectively), we show 
the above described observables along a series of SW-NE profiles 
crossing the different domains of the Italian peninsula with cross-section 
locations and labels shown in Figs. 7 and 8f. The NAP (Figs. 7a and 8a) 
and CAP (Figs. 7b and 8b) profiles cross the northern and central 
Apennines, respectively. The tectonic complexities of the southern 
Apennines, however, require a more detailed description of the main 
features characterizing the lithospheric structure for a better under-
standing of the role of fluids in the geodynamic setting. To this aim we 
define three profiles crossing the southern Apennines: the northernmost 
profile (nSAP, Figs. 7b and 8c) runs from the Campanian volcanic area to 
the Gargano promontory, the central profile (cSAP, Figs. 7d and 8d) 
extends across the Mount Vulture volcano and the southern profile 
(sSAP, Figs. 7e and 8e) intersects the Pollino Massif. In each profile in 
Figs. 7 and 8, the CO2 release (from Fig. 3a) is shown with a blue line, the 
green line indicates the conductive heat flow trend (from Fig. 3b), the 
Moho variations (from Fig. 3c) are shown with a black line, the Bouguer 
anomalies (from Fig. 3d) with a red line, the seismogenic thickness (from 
Fig. 4a) with a yellow line, and the red and black vectors indicate the 
projection of the 3D GNSS velocities along the strike of the profile in two 
different bins (± 10 and ± 30 km from the profile trace, respectively). In 
the following text, we refer to the Vs anomalies shown in Fig. 7, although 
similar considerations can be done for the Vp/Vs anomalies Fig. 8. 

In the NAP profile (Fig. 7a), the pattern of ΔVs is characterized by 
negative anomalies involving the entire crust except for a region of 
positive anomalies within the lower crust that correspond with the Moho 
overlap. Seismicity occurs above 10 km depth beneath the Tyrrhenian 
domain and the chain axis where a negative ΔVs is imaged (Fig. 7a), 
while beneath the Adriatic domain earthquake hypocenters deepen to 
20–25 km depth. The highest seismic release occurs along the axial belt 
of the Apennines, slightly shifted eastward with respect to the Moho 
overlap area where the highest extensional strain-rates are observed. 
This portion of the profile is also characterized by positive vertical 
deformation highlighting the general uplift of the chain axis with respect 
to the null uplift of the Adriatic sector and the subsidence of the Tyr-
rhenian domain. The Bouguer gravity anomalies show values in the 
range of +30 to − 30 mGal marking the transition from the Tyrrhenian to 
the Adriatic domain at ~0 mGal (Fig. 3d). The CO2 flux values as well as 
the conductive heat flow trend reach their maxima west of the Moho 
overlap, in the Tyrrhenian domain. Mantle scale shear wave velocities 
define a large high velocity anomaly located beneath the western 
portion of the Apennines (Giacomuzzi et al., 2012) depicting the sub- 
vertical high-velocity Adriatic slab and the low-velocity mantle wedge, 
which is particularly pronounced in the topmost 100–120 km below the 
northern Apennines. This large low ΔVs matches the major CO2 
degassing area of Tuscany where the conductive heat flow distribution 
(Fig. 3b) reaches values over 150 mWm− 2, therefore accounting for a 
low rate of seismicity and a reduced seismogenic thickness (Fig. 4a). 
These features reflect the predominant viscous deformation of the crust 
due to heating and a shallower depth of the elastic to viscous transition 
with respect to what is observed in the Apennines and Adriatic foreland 
(Cowie et al., 2013). 

Beneath the CAP (Fig. 7b), negative ΔVs are limited to the upper 
crust, just above the seismogenic thickness, and are locally interrupted 
by positive anomalies. Conversely, the lower crust is characterized by 
positive anomalies with the highest values in correspondence of the 
Moho overlap. The Bouguer anomalies show positive values (up to 30 
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mGal) in the Tyrrhenian domain and negative values (up to − 30 mGal) 
in the Adriatic domain with a marked transition at the Moho overlap 
(black line in Fig. 7b). In most of the Tyrrhenian domain the seismicity 
clusters at the top of the high velocity zone above 10–13 km, although 
the highest seismic release occurs across the axial belt of the Apennines. 
Shallow seismicity abruptly vanishes just east of the Moho overlap, 
becoming deeper (down to 30 km depth, Fig. 7b) and sparse in the rest of 
the Adriatic domain. Moderate strain-rates (up to 30 nanostrains yr− 1) 
coupled with a general uplift of 1–2 mm yr− 1 can be observed for a wide 
portion of the CAP profile, suggesting diffuse deformation across the 
central Apennines. Crustal deformation occurs also in the western side of 
the Adriatic domain where seismicity is scarce, therefore suggesting 
considerable aseismic behavior of the active faults mapped in the region 
(DISS Working Group, 2021). In the CAP profile, the sub-vertical high 
velocity Adriatic slab and the low velocity mantle wedge across the 
central Apennines are well imaged. The negative ΔVs anomaly beneath 
the western portion of the NAP profile (Fig. 7a) is also observed in CAP 

(Fig. 7b) and extends from the Latium volcanic area in the west towards 
the chain axis in the east and overlaps with the largest degassing area of 
central Italy, which includes both volcanic and non-volcanic CO2 
emissions. The conductive heat flow distribution (green line in Fig. 7b) 
reaches values over 100 mWm− 2 just along the Tyrrhenian coast and 
drastically reduces to values smaller than 40 mWm− 2 for the rest of the 
profile. These values are not representative of the real heat flow distri-
bution over the region, as clearly shown by the advective heat flow 
measurements carried out in various springs of the central Apennines 
aquifers (Fig. 7b, black segments), which exhibited values between 170 
and 380 mWm− 2 (Di Luccio et al., 2018; Chiodini et al., 2020, 2021). 

In the northern SAP (Fig. 7c), although negative velocity anomalies 
are imaged in different regions along the whole profile, the largest 
negative ΔVs are confined to the upper crust in the western half of the 
profile, while positive ΔVs are found beneath the Gargano region in the 
eastern sector of nSAP. At the western margin of nSAP, one of the main 
clusters of seismicity is located between 5 and 15 km depth just east of 

Fig. 7. Geochemical and geophysical cross-sections and shear wave tomography. Geochemical and geophysical parameters are plotted in SW-NE profiles that cross 
the northern (a), central (b) and (d, d, e) southern Apennines, respectively (profile locations are shown in the bottom right panel). In each set of profiles, the following 
parameters are plotted from top to bottom: topography; the CO2 (Chiodini et al., 2000, 2004) and the conductive heat flow (Della Vedova et al., 2001) trends as blue 
and green lines, respectively, and the aquifer locations (Ca) (Chiodini et al., 2000, 2004); GNSS deformation vectors projected along the strike of the profile (black 
and red for the GNSS stations located within ±10 and ± 30 km from the profile trace, respectively) and the 2nd invariant of the strain (computed in this study); Mh 
= the Moho depth as black line (Spada et al., 2013); St = the seismogenic thickness computed in this study as yellow line; the Bouguer anomaly as red line (Ferri 
et al., 2005); the crustal seismicity from January 1985 to April 2021 with magnitude larger than 1.5 located within ±25 km from the profile trace (ISIDe Working 
Group, 2007) as gray dots and histograms (at the bottom of the figure with a bin size of 2.5 km); shear wave velocity anomalies are from Di Stefano and Ciaccio 
(2014) at crustal depths and from Giacomuzzi et al. (2012) at upper mantle depths. f) SW-NE profiles in map view; abbreviations are as Fig. 1c, Cn, Candelaro. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the Campanian volcanic area (Phlegrean Fields and Vesuvius) beneath 
the chain axis. Instead, the eastern half of the profile is characterized by 
diffuse (in space and depth), seismicity that deepens in the Adriatic 
foreland beneath the Gargano promontory. The extensional strain-rates 
show two areas of high values that correspond with the Campanian 
volcanoes and crosses the chain axis (black line in Fig. 7c). The former is 
characterized by strain-rates up to 65 nanostrain yr− 1, coupled with a 
local uplift of 1–2 mm yr− 1, a minimum (6–9 km) seismogenic thickness 
(yellow line) and a negligible seismic release that reflects the prevailing 
aseismic deformation of the crust due to the presence of magma pockets 
at relatively shallow depths (Auger et al., 2001; Mangiacapra et al., 
2008). The latter involves a ~ 65-km-wide belt across the chain axis and 
shows strain-rates up to 35 nanostrain yr− 1 in correspondence of the 
Moho overlap. This sector is also characterized by an uplift (black line in 
Fig. 7c) of ~3 mm yr− 1 that progressively decreases eastward 
approaching the Gargano region. In the Tyrrhenian and Adriatic do-
mains, the Bouguer anomalies show values above 100 mGal that 
decrease to a minimum of ~30 mGal at the Moho overlap (red line in 
Fig. 7c). Mantle scale tomography defines a large low velocity anomaly 
which extends from the Campanian volcanic area in the west to the 
southern Apennines chain axis in the east and is coincident with the 
largest degassing area of southern Italy, which includes the volcanic and 
non-volcanic CO2 emission sites (Fig. 7c). The conductive heat flow 
distribution (green line in Fig. 7c) is generally smaller than 60 mWm− 2, 
although two narrow regions with values over 100 mWm− 2 can be 

observed along the chain axis and at the western margin of the Gargano 
area. The first area coincides with the Irpinia fault zone, whose northern 
tip coincides with the non-volcanic degassing area of Mefite D'Ansanto 
(Chiodini et al., 2010), and the second one is found in the crustal ther-
mal source region beneath Candelaro, just south of the Gargano Prom-
ontory (Filippucci et al., 2019). 

In the central SAP (Fig. 7d), a few small local positive anomalies are 
present within the large negative ΔVs region in the upper crust beneath 
the western and central sectors of the profile, while in the eastern sector 
a large positive anomaly is imaged in the lower crust. In the topmost 
60–100 km, mantle scale tomography defines a low-velocity region that 
extends from the Tyrrhenian coast to the mountain chain. Beneath the 
Adriatic foreland the high-velocity anomaly extends from crustal to 
mantle depths where it dips westward beneath the Tyrrhenian region. 
The Bouguer anomalies (red line in Fig. 7d) are generally positive with a 
local minimum (~0 mGal) above the Moho overlap. Most of the seis-
micity occurs above 10–12 km depth defined by the seismogenic 
thickness (yellow line in Fig. 7d) that sharply deepens eastward beneath 
the Adriatic domain. The highest seismic release occurs in the region of 
the Moho overlap spatially matching the distribution of both the highest 
strain-rate (up to 45 nanostrain yr− 1) and uplift values (~2 mm yr− 1) 
across the chain axis (black line and black vectors in Fig. 7d, respec-
tively). Heat flow values (green line in Fig. 7d) are generally low (~50 
mWm− 2), while CO2 emissions (blue line in Fig. 7d) show high values 
only in the westernmost sector of the profile with decreasing values 

Fig. 8. Geochemical and geophysical cross-sections and Vp/Vs tomography. Same as in Fig. 7,except that here Vp/Vs anomalies are plotted.  
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approaching the chain axis. The center of this profile crosscuts the 
Mount Vulture volcano highlighting its very peculiar location above the 
mantle wedge, where the Moho decoupling occurs just above the slab 
tear at depth (Beccaluva et al., 2002; Faccenna et al., 2005; De Astis 
et al., 2006). At Mount Vulture, the R/Ra values reach 6 suggesting a 
mantle origin for the fluids (Caracausi et al., 2015 and references 
therein; Minissale et al., 2019). 

Beneath the southern SAP (Fig. 7e), negative ΔVs values are confined 
in a well-defined volume of the upper crust above the Moho overlap, 
while the lower crust is characterized by positive ΔVs. The Bouguer 
anomalies (red line in Fig. 7e) are generally positive with minima (~ 
− 50 mGal) slightly east of the Moho overlap. Most of the seismicity is 
focused on the western edge of the negative ΔVs volume at shallow 
depth and in close correspondence with the highest extensional strain- 
rates (up to 25 nanostrains yr− 1, black line in Fig. 7e). Along the 
remaining part of the profile, seismicity is scarce and characterized by 
slightly deeper hypocenters. The highest extensional strain-rates mark 
the transition from small vertical motions (generally <0.8 mm yr− 1) on 
the Tyrrhenian side, up to 2 mm yr− 1 across the central sector of the 
profile and null vertical motion occurs only on the Apulian coastal 
margin. The mantle scale tomography is generally characterized by high 
wave speed anomalies, while low ΔVs are imaged only at depths >100 
km below the Apulian foreland. These features highlight the absence of a 
mantle wedge beneath this part of the southern Apennines, therefore 
suggesting a thermal structure of the whole lithosphere not influenced 
by the mantle wedge and in agreement with the measured low heat flow 
values (~50 mWm− 2). 

Some key features emphasizing the complexity of the Apennines 
framework arise from our analysis of the different datasets. The first 
feature is the presence of a westward subducting Adriatic slab clearly 
imaged below 100 km depth beneath most of the Apennines although 
fragmented between 100 km and 250 km depth (Fig. 6), as already 
observed in several tomographic models (Lucente et al., 1999; Wortel 
and Spakman, 2000; Piromallo and Morelli, 2003; Giacomuzzi et al., 
2012; Magnoni et al., 2022). The tomographic model used in our study 
(Giacomuzzi et al., 2012) images a wide region of negative ΔVs 
extending above 100-km depth from the NAP near Larderello to central 
SAP near Mefite d'Ansanto (Fig. 6). This broad low-velocity anomaly is 
interpreted as an asthenospheric flow through the slab window, which 
developed as a consequence of the tearing of the Adriatic slab (Giaco-
muzzi et al., 2012 and references therein). At shallow depths the large 
hot asthenospheric wedge intrudes between the overriding Tyrrhenian 
lithosphere and the subducting Adriatic slab. This is also found in the 
recent full waveform tomography model by Magnoni et al. (2022) that 
depicts a low Vs and high Vp/Vs below 20 km depth between 70 and 
120 km along a SW-NE profile running from Tuscany to the Adriatic Sea. 
Beneath the central Apennines, the eastward and upward intrusion of 
the asthenospheric wedge would be responsible for both the crustal 
thinning and the long-wavelength uplift areas of the chain axis, as 
already suggested by D’Agostino et al. (2001), and confirmed by the 
Plio-Quaternary intermountain basins associated with the prevailing 
vertical deformation (Cowie et al., 2017). The hot asthenospheric wedge 
is likely responsible for the thermal structure of the back-arc region and 
affects the rheological strength of the lithologies, metamorphism, 
dehydration reactions and melting that occur in the downgoing litho-
sphere. Regarding the rheological aspect, the mantle wedge produces 
high heat flow at the surface in the CDS and in the large area encom-
passing the geothermal and volcanic sectors of the TRDS. The high heat 
flow favors a prevalent viscous deformation of the crust accounting for 
the observed reduced seismogenic thickness (Fig. 4a). We note that the 
conductive heat flow values do not take into account the advective heat 
flow measurements carried out in the large aquifers of the study region. 
The advective heat flow values estimated in these aquifers are compa-
rable to those of TRDS and CDS (Di Luccio et al., 2018; Chiodini et al., 
2020, 2021). The partial melting of the subducting lithosphere produces 
magmatic melts that uprise to the surface through the overriding 

stretched lithosphere. Along the Tyrrhenian side, the rising of magmatic 
melts has produced Plio-Quaternary shallow intrusions and subaerial 
NW-SE aligned volcanoes (Peccerillo and Lustrino, 2005) with ages 
generally decreasing from Tuscany (TRDS) south-eastward to the CDS 
(Fig. 1c). At present, geothermal sources dominate in TRDS, and vol-
canoes in the Tuscany and Latium regions are no longer active although 
still in a quiescent stage (Albani Hills last eruption 36 ka, Trasatti et al., 
2018). Instead, to the southeast, the presence of the active Phlegrean 
Fields and Vesuvius volcanoes in CDS is possibly related to the larger 
crustal stretching in the southern Tyrrhenian domain (Rosenbaum and 
Lister, 2004). 

The melting process involves most of the lithologies of the upper 
Adriatic crust, characterized by a large compositional variability with a 
predominance of carbonate-rich rocks (up to 10 km thick) in the fore-
land as indicated in outcrops. Partial melting of these subducted li-
thologies occurs at 60–130 km depth corresponding to a temperature of 
~1260 ◦C (Frezzotti et al., 2009) and metasomatizes the mantle wedge, 
favoring a continuous CO2 flux from about 60 km depth to the surface. 
This geodynamic context is supported as well by the measured 238U 
excess in Vesuvius lavas (Avanzinelli et al., 2018), whose values require 
a mantle source with the addition of U-rich carbonated melts that are 
related to the partial melting of the subducted carbonate sedimentary 
rocks. Avanzinelli et al. (2018) estimate a flux of 0.15–0.8 Mt yr− 1 of 
CO2 from the subducted carbonates to the mantle source of Mount 
Vesuvius. 

The diffuse deeply-derived CO2-rich fluids correspond to the TRDS to 
the north and the CDS to the south. High values of deep-source CO2 are 
also measured in the central and southern Apennines, in the Velino and 
Sannio-Matese aquifers, respectively (Di Luccio et al., 2018; Chiodini 
et al., 2020). In these two aquifers thousands of liters per second of CO2- 
rich waters as well as hundreds of liters per second of CO2 oversaturated 
waters and direct emissions of a CO2-rich gas phase have been measured 
(Di Luccio et al., 2018; Chiodini et al., 2020). The increasing R/Ra 
values (> 0.4) from the northern to the southern Apennines reflects a 
decreasing degree of metasomatism of the asthenospheric wedge, 
possibly associated with a different composition and thickness of the 
subducted lithosphere (Minissale et al., 2019). The very low R/Ra values 
(of 0.1–0.2) and the absence of deep-source CO2 in groundwaters 
beneath the Pollino region clearly support the lack of a mantle compo-
nent there and the prevailing crustal source of the emitted gasses 
(Apollaro et al., 2020). 

The primary role of CO2-rich fluids has been proven in the earth-
quake triggering mechanism as well as in the evolution of the seismic 
sequences of the Apennines, such as the 1997–1998 Umbria-Marche 
seismic sequence in the northern Apennines (Miller et al., 2004), the 
2009 L'Aquila (Di Luccio et al., 2010; Lucente et al., 2010; Terakawa 
et al., 2010; Malagnini et al., 2012) and the 2016–2017 Amatrice-Norcia 
earthquakes (Chiarabba et al., 2020; Gunatilake and Miller, 2022) in the 
central Apennines, the 2013–2014 Sannio-Matese (Di Luccio et al., 
2018) and the 2010–2014 Pollino seismic swarm-like sequence (Napo-
litano et al., 2020; De Matteis et al., 2021) in the southern Apennines. 
The common feature of these sequences is the prevalent normal faulting 
mechanism coupled with the presence of overpressurized CO2-rich fluids 
reservoirs at depth. Based on the available data, the size of these res-
ervoirs deduced from seismological studies ranges from ~0.4•103 km3 

(in the Irpinia region, Amoroso et al., 2014) to ~6•103 km3 (in the 
central Apennines, Chiodini et al., 2011) with the top at ~5–6 km depth 
(Chiarabba et al., 2018). In the Campanian Apennines, hydrocarbon 
exploration data and local earthquake tomography images suggest the 
existence of CO2-rich fluids reservoirs at different structural levels 
within the Apulia Carbonate Platform (Improta et al., 2014): relatively 
shallow aqueous reservoirs with CO2 pressurized gas caps drilled at 1–3 
km depth at the top of anticlines, and CO2-rich fluid reservoirs at the 
base of the Apulian carbonates inferred by velocity anomalies ( Chiodini 
et al., 2010; Amoroso et al., 2014; Improta et al., 2014; Amoroso et al., 
2017). Mio-Pliocene clay-rich turbidites and Triassic anhydrites would 

F. Di Luccio et al.                                                                                                                                                                                                                               



Earth-Science Reviews 234 (2022) 104236

16

act as cap-rock horizons of the shallow and deep reservoirs, respectively. 
Besides other poorly constrained causative sources such as creeping 

or blind faults, along the Apennines the crustal deformation associated 
with these overpressurized fluid reservoirs could partially balance the 
total geodetic deformation budget, therefore providing a possible 
explanation for the observed deficit in seismic strain (Pondrelli, 1999; 
Hunstad et al., 2003; Palano et al., 2011; Carafa et al., 2020). Beneath 
the Tyrrhenian side of the Apennines, the reduced crustal thickness, the 
high permeability (Ghisetti and Vezzani, 2002), and the shallow brittle- 
ductile transition do not support the formation of pressurized reservoirs. 
Conversely, the presence of a thickened and less permeable crust 
beneath the axial mountain belt, coupled with the thickening of the 
seismogenic layer, lead to restricted fluid circulation towards the surface 
and favors the creation of overpressurized reservoirs at depth. In this 
area, extensional faults act as episodic high-permeability pathways 
during seismic activity. As a result, the thickness of the crust as well as 
its permeability control the formation of overpressurized fluid zones at 
depth and thus the seismicity. In the southern Apennines, seismicity is 
deeper, earthquakes with magnitude larger than 6.5 occur along NW-SE 
striking faults, and high heat flow is mainly associated with the upward 
migration of CO2-rich fluids along pre-existing and active faults and the 
occurrence of magmatic intrusions (Sannio-Matese, Mount Vulture). In 
fact, the southern Apennines show evidence of pressurized fluid-rich 
zones and possible intrusions at depths of 10–15 km, a depth interval 
significantly deeper than that of the intrusions in Tuscany (Di Luccio 
et al., 2018; Chiarabba et al., 2020). While in the Apennines the 
magnitude and number of events are modulated by the mantle CO2 
uprise, in the Pollino area the lack of CO2 release time series does not 
allow us to compare the gas emission trend to the seismicity rate with 
detail, despite the accepted role of overpressurized fluids in the seis-
mogenic process in this region (De Matteis et al., 2021). Nevertheless, 
these observations allow us to suggest that the origin of these fluids in 
the Pollino area is the shallow crust. 

Away from the axis of the Apennines, seismic sequences generally 
occur on deep and blind faults and are not related to overpressurized 
fluids, as for instance the 1990–91 Mw5.7 Potenza (Di Luccio et al., 
2005b) and the 2002 Mw5.8 Molise (Di Luccio et al., 2005a; Pino and Di 
Luccio, 2005; Vallée and Di Luccio, 2005). This feature coupled with the 
null CO2 release at the surface proves that the off-axis seismicity is not 
linked to gas emissions and suggests that in the Adriatic plate, earth-
quake nucleation occurs at lithostatic pore-pressure conditions. An 
exception is the 2012 Mw5.8 Emilia earthquake in the northern Apen-
nines, where the activation of buried thrusts was driven by fluid over-
pressure pulses at the base of the carbonate sequence (Calderoni et al., 
2009; Ventura and Di Giovambattista, 2013; Pezzo et al., 2018). 

This work highlights how the melting of the sedimentary cover of the 
subducting plate and the resulting fluid release into the upper mantle 
and overlying crust may create overpressurized storage zones, which in 
turn are able to produce deformation at the surface and trigger shallow 
seismicity. This mechanism can be exported to different tectonic set-
tings, including the central Europe rift (Mousavi et al., 2015), NE China 
(Zhang et al., 2019) and southeastern Tibetan Plateau (Zhang et al., 
2021). 

7. Conclusions 

We provided an updated overview of the fluids and seismicity re-
lationships in the Apennines through a multidisciplinary approach, by 
discussing the geodynamic setting of the region, correlating and inter-
preting the CO2 distribution with several geophysical datasets from the 
literature and novel observations. At the scale of the Apennines, our 
analysis allows us to highlight differences between the western and 
eastern domains, in terms of Moho depth, Bouguer gravity anomalies, 
seismicity distribution, seismogenic thickness, tomographic Vs and Vp/ 
Vs anomalies, CO2 release and heat flow patterns. The transition zone 
between the Adriatic and Tyrrhenian domains is characterized by high 

seismic release and geodetic strain, prevailing uplift, Moho overlap, and 
mantle wedge intrusion at depth. 

The main findings are summarized below:  

- The Apennines seismicity is shallow (above 10–15 km depth) and 
confined within a ~ 50 km strip along the chain axis where active 
faults are NW-SE striking. Here the most destructive earthquakes (M 
> 6.5) and seismic sequences have occurred in the past. In the 
Apulian foreland, sparse, deeper (down to 35 km depth), moderate- 
magnitude earthquakes depict an E-W trending belt related to a deep 
tectonic discontinuity. On the Tyrrhenian side, seismicity is arranged 
in spot-like clusters located in the volcanic and geothermal areas of 
Tuscany, Latium, and Campania. Low frequency seismic events and 
transient signals, related to fluid movements, are also recorded in the 
northern and central Apennines.  

- CO2-rich fluids stored in the crust play a major role in triggering 
seismicity by diffusive processes and in modulating the space-time 
evolution of the major sequences of the Apennines.  

- The Tyrrhenian-northern Apennines domain is characterized by 
intense crustal stretching, a relatively shallow Moho, low seismic 
release, volcanic and geothermal areas, crustal magmatic intrusions, 
high conductive heat flow, and CO2 release. The highest extensional 
strain-rates occur beneath the chain axis where most of the active 
extensional faults are the loci of destructive earthquakes. The Adri-
atic edge of the northern Apennines is characterized by null uplift, 
scant and deep (>20 km depth) seismicity with strike-slip to reverse 
focal mechanisms.  

- The Tyrrhenian domain of the central Apennines is marked by an 
extended zone of high CO2 release, high conductive heat flow, and 
seismicity shallower than ~15 km. The highest seismic release oc-
curs across the axial belt of the Apennines, while eastward earth-
quakes are scarce and deeper (~30 km depth). Diffuse horizontal 
deformation coupled with general uplift characterizes a wide portion 
of the central Apennines.  

- Dense and shallow seismicity occurs beneath the southern Apennines 
chain axis at its northern tip; seismicity becomes sparse and deeper 
moving eastward to the Adriatic coast. The largest values of seismic 
release, strain accumulation and uplift are recorded beneath the 
chain axis of the southern Apennines. The seismogenic thickness in 
the Campanian volcanic area is very thin, and the small seismic 
release coupled with the high strain-rate suggests prevailing aseismic 
deformation of the crust. The major areas of volcanic and non- 
volcanic CO2 release concentrate in the CDS and some portions of 
the mountain chain. The conductive heat flow exhibits two signifi-
cant local maxima: the first one is in the Irpinia fault zone, whose 
northern tip hosts the largest non-volcanic degassing site of Mefite 
d'Ansanto, and the second one is located beneath the crustal 
geothermal source of Candelaro, just south of the Gargano Prom-
ontory. In contrast, beneath the central portion of the southern 
Apennines, heat flow values are generally low, while the CO2 release 
shows high values off the chain axis. In the southernmost portion of 
the southern Apennines, the highest extensional strain-rates mark 
the transition from small vertical motions on the Tyrrhenian side to 
significant uplift across the chain axis and null vertical motions on 
the Apulian coastal margin. In this portion of the southern Apen-
nines, the low heat flow values indicate a lithosphere with a thermal 
structure typical of stable continental regions, as also confirmed by 
the lack of a mantle wedge and emissions of deep fluids at the 
surface. 

- The intruding hot asthenospheric mantle wedge beneath the Apen-
nines regulates the thermal structure and rheology of the overlying 
crust and is responsible for the melting of the carbonate-rich sedi-
ments of the subducting Adriatic lithosphere.  

- The different degree of metasomatism of the asthenospheric mantle 
wedge decreases from the northern to the southern Apennines along 
with differences in the composition and thickness of carbonate-rich 
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lithologies in the subducted lithosphere; the mantle wedge disap-
pears beneath the Pollino massif, at the southern edge of the south-
ern Apennines, where the dissolved fluids have a prevalent crustal 
origin. 

To date, the lack of a multiparametric monitoring system and of the 
long-term analysis of different geophysical and geochemical observables 
has prevented the formulation of any comprehensive, data-constrained, 
reliable conceptual model on the role of fluids in the preparatory phase 
of earthquakes in southern Apennines. This study strongly relies on the 
multidisciplinary analysis of different datasets (both existing and newly 
acquired) with the most advanced methodologies to stimulate the 
knowledge of the fluid-related mechanisms of earthquake preparation, 
nucleation and space-time evolution. Ongoing and future investigations 
will include the continuous and simultaneous geochemical and 
geophysical monitoring at the scale of the outcropping seismogenic 
faults to properly decipher the link between earthquake occurrence, 
surface rupture and fluid release. 
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