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Abstract 

The recent 2016-2017 seismic sequence in Central Italy has prompted the investigation of several 

geological and geophysical data in order to derive more accurate subsurface geological models. 

We present the results of combined gravity and magnetic modeling performed along three sections 

crossing the area of the seismic sequence in order to evaluate the geological parameters controlling 

or affecting the thickness of the seismogenic layer of this part of the Apennines. The models are 

constructed using all the available geological and petrophysical constraints derived from previous 

studies. Resulting models are consistent with the top of the basement located at 8-12 km depth and 

contribute to the geological and geophysical understanding of the area investigating the role of the 

basement in the seismic events. The basement, involved in Miocene thrusting, formed the base of 

seismicity for the recent seismic sequence in the area. Moreover, the models provide information 

about the nature and composition of the basement and lower crust. Finally, these findings 

contribute in the investigation of the mechanisms controlling the thickness of the seismogenic 

layer in extensional post-orogenic scenarios.  

 

Plain Language Summary  

In geologically-complex regions such as the Apennines (Italy), surface observations and deeper 

information should be combined in a multidisciplinary approach to advance understanding of the 

factors that influence the distribution of earthquakes. The geologic and the geophysical models are 

combined here to investigate the thickness of the crustal bodies capable of generating seismic 

events such those observed during the 2016-2017 seismic sequence. Results, coherently show that 

seismic events are mostly located in the sedimentary units and this will help in the general 

understanding of how the Apennines and similar chains evolve. 
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1 Introduction 

In complex geodynamic areas characterized by active tectonics, combined gravity and magnetic 

models can help validate subsurface geological models (e.g. Garland, 1951; Telford et al., 1990; 

Düzgit et al., 2006; Rybakov et al., 2011), defining the geometries and the thickness of the 

geological structures related to seismicity. Moreover, when the modeling is constrained by well 

documented geological observations both at the surface and at depth (borehole and seismic 

reflection profiles), its interpretation is certainly less ambiguous. In these cases, relationships 

between the mechanical properties of the crust and the observed distribution of the seismicity can 

also be addressed.  

This study focuses on the South-Eastern part of the Umbria-Marche Apennines and on the adjacent 

Laga domain (Figure 1), in the Outer Northern Apennines (e.g. Barchi et al., 2001). This typical 

fold and thrust belt mainly formed during the Late Miocene-Early Pliocene and was subsequently 

dissected by still active extensional tectonics, as demonstrated by the 2016-2017 seismic sequence 

(e.g. Tinti et al., 2016; Chiaraluce et al., 2017). The sequence counted of more than 25,000 events 

with 0.1<Mw<6.5 between August 2016 and November 2016 with other events with M ≤ 5.5 in 

the Campotosto area on 18 January 2017 (Chiaraluce et al., 2017). Without any particular sequence 

anticipating the 24 August Mw 6.0 event, the majority of the events concentrated after this event 

and after the 30 October Mw 6.5 mainshock. The events were located between the towns of 

Montereale and Visso, at depths ranging between 0 and ~15 km (Chiaraluce et al., 2017). 

Seismicity clearly lineated along planes both in the E-W (e.g. in the area between the Monte 

Vettore and Norcia) and the N-S directions where a significant cutoff was observed at 10 km depth 

by Chiaraluce et al. (2017), see for example the Figure 3, sections 2c and 6 of his work. 

The subsurface geology of this part of the Northern Apennines has been widely studied in the last 

three decades (e.g. Bally et al., 1986; Lavecchia et al., 1994; Barchi & Mirabella, 2009; Barchi, 

2010; Bigi et al., 2011 and references therein). These authors propose contrasting structural styles, 

characterized by either thin-skinned deformation which involves the sedimentary cover of Triassic 

evaporites and younger sedimentary cover (e.g. REF), or thick-skinned deformation involving the 

deeper basement (e.g. Calamita et al., 2014). These authors estimate a depth of the basement 

varying between 6 and 13 km. Recently, Porreca et al. (2018) proposed a geological and structural 
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model, based on previously unpublished seismic reflection profiles and borehole data, and 

characterized by a combination of thick- and thin-skinned styles (e.g. Barchi et al., 1998) where 

both the sedimentary cover and the basement are involved. According to this interpretation, the 

distribution of the seismicity responsible for the 2016-2017 sequence seems to be lithologically 

controlled and the cutoff of the seismicity is marked by an important seismic reflector interpreted 

as the top of the basement, located between 8 and 11 km of depth. This observation confirms the 

results of previous, similar studies, focused on northernmost structures of the seismically active 

extensional belt (Barchi, 2002; Mirabella et al., 2008; Latorre et al., 2016). 

The composition and rock types that form the basement and its magnetic properties are also 

uncertain and still a matter of debate (e.g. Bally et al., 1986; Arisi Rota & Fichera, 1987; Speranza 

& Chiappini, 2002) even if most of the authors agree with a basement characterized by high 

magnetic susceptibility (k) values with respect to the sedimentary cover (e.g. Mattei et al., 1997; 

Speranza & Chiappini, 2002; Mancinelli et al., 2015; Minelli et al., 2018). Recent models (Minelli 

et al., 2018) in the L’Aquila and Sulmona basins, located respectively ~50 km and 80 km SE of 

the study area, proposed a deep origin for the magnetic anomaly in the area, without other 

significant contributions from basement or upper crust. 

In a regional transect across the whole Northern Apennines, Ponziani et al. (1995) used seismic 

refraction data to identify two different, partially superposed Moho discontinuities: the Tuscan-

Latial-Perityrrhenian (TLP) overlying a mantle with a Vp of 7.7 km s-1 and the Adriatic Moho 

(AD) overlying a mantle with a Vp of 8 km s-1 toward east. Along the same transect, Scarascia et 

al. (1998) modeled gravity anomalies in order to determine the 3D spatial relationships between 

the AD and the TLP Moho across the Central and the Northern Apennines. Other gravity models 

were focused along profiles of the CROsta Profonda (CROP) project that only marginally 

intersected the study area (inset in Figure 1) with the profile CROP 03 (e.g. Barchi et al., 1998; 

Marson et al., 1998; Larocchi et al., 1998) to the north, and profile CROP 11 (Tiberti et al., 2005; 

Di Luzio et al., 2009) to the south. More recently, Luiso et al. (2018) used multi-scale gravity 

analyses to evaluate the geometry of the active master faults in the area. The study area has not 

been the primary subject of magnetic modeling but was partially investigated by studies focused 



Confidential manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

on the Adriatic foreland (Mancinelli et al., 2015) and Northern and Southern Apennines (Arisi 

Rota & Fichera, 1987; Cassano et al., 2001; Speranza & Chiappini, 2002).  

In this paper, we report the results obtained by the combined gravity and magnetic modeling of 

the region affected by the 2016-2017 seismic sequence, at the boundary between the Northern and 

the Central Apennines (Figure 1). The models are constructed from a new Bouguer anomaly map 

and magnetic anomaly map by Caratori Tontini et al. (2004). The geometries of the main crustal 

bodies are based on the geological model of Porreca et al. (2018) and the petrophysical parameters 

were retrieved from previous works investigating the area or its surroundings through modeling 

(Arisi Rota & Fichera, 1987; Cassinis et al., 1991; Mattei et al., 1997; Scarascia et al., 1998; 

Speranza & Chiappini, 2002; Pauselli & Federico, 2003; Di Luzio et al., 2009; Mancinelli et al., 

2015; Pauselli & Ranalli, 2017; Minelli et al., 2018) or logging petrophysical properties of the 

investigated units from borehole data (Montone & Mariucci, 2015). Results contribute to locating 

the depth of the basement in the study area and provide insights into the mechanisms controlling 

the depth of the seismogenic layer in extensional post-orogenic settings. 

 

2. Geological setting 

The evolution of the Central Apennines is the result of the contemporaneous opening of the 

Tyrrhenian sea, the eastward migration of a compressive front and the flexural retreat of the 

Adriatic lithospheric plate (Boccaletti et al., 1982; Malinverno and Ryan, 1986; Royden et al., 

1987; Patacca et al., 1990; Carminati & Doglioni, 2012). The structural evolution of this region is 

characterized by Late Miocene-Early Pliocene compressional phase, followed by Late Pliocene-

Quaternary extension (e.g., Pauselli et al., 2006; Cosentino et al., 2017).   

In particular, the surface geology of the investigated area is characterized by the prevalence of 

Mesozoic-Cenozoic carbonate and marly rocks of the Umbria-Marche sequence to the west and 

Upper Miocene–Pliocene syn-orogenic siliciclastic deposits to the east (Flysch della Laga Fm.; 

Centamore et al., 1992). The lithology and thickness of the sequences are well known in literature, 

since this region has been extensively mapped and subjected to hydrocarbon exploration 

investigations in the past. The Umbria-Marche carbonate and pelagic domain is composed of upper 

Triassic anhydrites and dolomites, up to 2000 m thick (Anidriti di Burano Fm. and Raethavicula 
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Contorta beds; Martinis and Pieri, 1964), that are not exposed in external sector of the chain but 

have been penetrated in exploration wells (Varoni1; Antrodoco1; Villa Degna1). The sequence 

continues upward with shallow water carbonates (Calcare Massiccio Fm.; Late Triassic-Early 

Jurassic) through pelagic domain, characterized by condensed and complete successions with 

variable lithology and thickness (Centamore et al. 1992; Santantonio 1994; Bigi et al. 2011; 

Pierantoni et al., 2013 and references therein). This articulated stratigraphic setting was involved 

in the Late Miocene-Early Pliocene compressional phase, producing the formation of the Umbria-

Marche fold and thrust belt and the Laga foredeep basin. The Laga basin is infilled by a thick (up 

to about 3000 m) succession of siliciclastic turbidites (Milli et al., 2007), overlying the Umbria-

Marche succession and generally subdivided in two units (Units 1 and 2), characterized by an 

overall fining upward trend until the occurrence of a gypsum–arenite horizon (Milli et al., 2007; 

Bigi et al., 2011), which marks the occurrence of the Messinian Mediterranean salinity crisis (e.g. 

REF. Ryan, Cita, etc..). 

The compressional tectonics produced a "typical" thrust belt structures whose geometries are 

widely exposed and well known. In the study area, the Umbria-Marche fold-and-thrust belt 

overthrusts the Laga Domain, through a major arc-shaped thrust, namely the M. Sibillini thrust 

(Koopman, 1983; Lavecchia, 1985), with eastward convexity. The tectonic style is characterized 

by important amount of shortening along the main thrust (see Porreca et al., 2018 for a detailed 

review) with a progressive nucleation of the compressional structures toward the foreland (i.e. 

toward ENE). The main detachment is localized at the base of or within the Triassic Evaporites 

sequence and involves the whole sedimentary sequence deformed in a NE verging anticlines. Other 

minor detachments are located in the upper part of the sedimentary sequence, mainly concentrated 

within weak mechanical lithologies, such as the Cretaceous Marne a Fucoidi Fm. and at the base 

of the Laga Fm. (Barchi et al., 1998).  

The basement never crops out, is penetrated only by a few deep wells, all located far away from 

the study area, and shows an accentuated lithological variability. Beneath the evaporites, two wells 

(S. Donato 1 and Perugia 2 wells; Minelli and Menichetti, 1990; Anelli et al., 1994), have 

intercepted the upper part of the basement, finding Late Paleozoic phyllites. Other wells (e.g., 

Alessandra1 and Puglia1; Bally et al., 1986; Patacca & Scandone, 2001), have penetrated Permian 

to Early Triassic slightly metamorphosed sandstones and pelites lying beneath the Middle Triassic 
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Tuscan Verrucano Group (e.g. Lazzarotto et al., 2003). For a compelling review of the literature 

about the basement and locations of main outcrops across Italy the reader should refer to Vai 

(2001) and references therein. 

The compressional structures of the study area were subsequently disrupted by extensional 

tectonics, generating both WSW and ENE dipping normal faults, starting from the Late Pliocene-

Early Pleistocene (Cosentino et al., 2017), which control the deposition of important continental 

basins such as the Norcia and Castelluccio di Norcia Basins (Figure 1). These basins represent the 

topographic expression of the active faults that generated the 2016-2017 seismic sequence. 
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Figure 1 should be inserted here in colors. 

 

Caption for figure 1: Geologic map of the study area with the location of the three model 

sections. White dashed line across section 2 corresponds to the geologic cross-section described 
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by Porreca et al. (2018). Events locations, magnitude and focal mechanisms are from Chiaraluce 

et al. (2017). Basemap topography is from Tarquini et al. (2007; 2012). 
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3 Data and Methods 

The study area consists of the area affected by the 2016-2017 seismic sequence. Here the Umbria-

Marche fold and thrust belt places a Triassic to Miocene carbonate sequence over the siliciclastic 

turbidites of the upper Miocene Laga Formation. These two sedimentary sequences are separated 

by the M. Sibillini thrust (MSt in figure 1).  

The magnetic data used in this work (Figure 2a) are derived from the aeromagnetic map obtained 

by integrating previous datasets (Caratori Tontini et al., 2004 and references therein). Across the 

study area, the intensity of the anomaly ranges between -15 and 50 nT, with a general eastward 

increasing trend. 

The Bouguer anomaly map (Figure 2b) was calculated from ~50,000 original data points provided 

by the Italian oil company (eni) across Central Italy (see Figure S1), using a reduction density of 

2670 kg m-3. The Bouguer gravity anomaly shows an eastward decreasing trend, from maximum 

values of ~10 mGal (10-5 m sec-2) to minimum values of -70 mGal toward the eastern sector of the 

study area.  

The modeling was performed along three ~65 km long sections oriented from WSW-ENE 

(sections 1 and 2) to WNW-ESE (section 3) in order to include the main 2016-2017 seismic 

sequences and to avoid data gap in the gravity anomaly in the internal areas of the mountains (see 

Figure S1). The sections cover the Umbria-Marche Apennines on the west, dominated by 

Mesozoic-Cenozoic carbonates, and the eastern Laga Domain, dominated at the surface by 

siliciclastic turbidites.  

Below we describe in more detail the procedure used to create the models: Step 1 – Geological 

model. The geological constraints are provided by (i) surface geology (Pierantoni et al., 2013; 

Carta Geologica Regionale 1:10000 – Regione Marche, 2014; Carta Geologica Regionale 1:10000 

– Regione Umbria, 2016); (ii) the geologic model recently proposed by Porreca et al. (2018) for 

the upper crust (0-12 km), constrained to surface data, boreholes and seismic reflection profiles 

(hereafter called the “reference geological model”); (iii) seismic refraction data to constrain middle 

and lower crust geometries (e.g. Ponziani et al., 1995) and densities (e.g. Gualtieri & Zappone, 

1998); and (iv) Moho maps (e.g. Pontevivo & Panza, 2002; Piana Agostinetti & Amato, 2009; Di 
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Stefano et al., 2011). In this work we define the basement as the central part of the crust, between 

the Triassic evaporites and the lower crust, with a positive k, capable of producing detectable 

magnetic anomalies (i.e. magnetic basement, sensu Speranza & Chiappini, 2002). The section 2 of 

this work was traced on the same section of the Reference Geological Model and extended both 

toward east and west (figure 1). The geological models along sections 1 and 3 were produced 

integrating the reference geological model with a preliminary interpretation of the seismic 

reflection profiles of the dataset provided by eni (see Figure S2). This task was accomplished using 

the MOVE © software. 

Step 2 – Geophysical data. The magnetic anomaly map (Figure 2a), the Bouguer anomaly map 

(Figure 2b), the heat flow map (Figure 7.2 from Della Vedova et al., 2001) and locations of the 

events of the 2016-2017 sequence (Chiaraluce et al., 2017) were georeferenced and included in 

the dataset. This step, along with the Bouguer map creation (see supporting material) was achieved 

using the Oasis Montaj © GEOSOFT software suite. 

Step 3 – Petrophysical constraints. In this step we compiled and organized the physical properties 

of the geological units involved in the modeling to constrain the modeled blocks. Considering the 

lack (see Figure S1 in the supporting material) of sonic logs from borehole data in the area crossed 

by the sections (the Amandola1 well reports no sonic log), values of density (ρ) and magnetic 

susceptibility (k) of the investigated units, were derived from previous studies that used forward 

modeling on gravity and/or magnetic anomalies (e.g. Arisi Rota & Fichera, 1987; Cassinis et al., 

1991; Scarascia et al., 1998; Speranza & Chiappini, 2002; Di Luzio et al., 2009; Mancinelli et al., 

2015). Additional information were derived from studies using seismic velocities to retrieve 

densities used in Finite Elements Models (FEM) (e.g. Pauselli & Federico, 2003), from sonic 

velocity from borehole drilling the same units investigated here but in the Northern Apennines and 

Po plain (e.g. Montone & Mariucci, 2015 and references therein) or direct measurements on 

samples of Neogene and Quaternary basins (Mattei et al., 1997) or in the L’Aquila and Sulmona 

basins (Minelli et al., 2018). After a careful review of the available data (see Table T1), several 

values have been tested during the initial modeling of section 2 in order to provide reference 

starting values of the Mesozoic-Cenozoic units where the Reference Geological Model provided 

geometric and lithological constraints. The resulting values – i.e. ρ of 2670 kg m-3 and null k for 

the evaporites, ρ of 2580 kg m-3 and null k for the carbonates and ρ of 2300 kg m-3 and 0.0001 SI 
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units of k for the turbidites, have been taken as starting values for these units. ρ of 2900 kg m-3 and 

k of 0.001 SI units for the lower crust and ρ values for the AD mantle of 3200 kg m-3 and for the 

TLP mantle of 3170 kg m-3 have been taken from previous models (e.g. Arisi Rota & Fichera, 

1987; Scarascia et al., 1998; Speranza & Chiappini, 2002). The Curie depth was also estimated to 

provide the maximum depth of magnetic sources used in the models. Considering surface heat 

flow values between 40 and 50 mW m-2 (Della Vedova et al., 2001) and an average thermal 

conductivity of the crust between 2.5 and 2.0 W m-1 K-1 (Pauselli et al., 2006; Pauselli & Ranalli, 

2017), the thermal gradient within the area ranges between 16 and 25 K km-1 (Fourier, 1822). 

Thus, assuming a magnetite Curie temperature of ~600 °C (e.g. Frost & Shive, 1986; Shive et al., 

1992), the calculated Curie depth ranges between 24 and 37.5 km. 

Step 4 – Model calculation. Finally, considering the aforementioned constraints, through forward 

modeling we fit the observed gravity and magnetic anomaly values by matching the calculated 

anomaly produced by model blocks according to their geometries, ρ and k. Once the modeling on 

section 2 was completed, we adopted similar geometries on sections 1 and 3. This step was 

constrained by using the same ρ and k used in section 2. Modeling was carried out assuming the 

bottom of the models as Pratt’s depths of compensation where a constant isostatic load is achieved.  

Declination (-0,1°), inclination (+58°) and intensity (45613 nT) of the magnetic field used for 

modeling, are in agreement with the data reduction epoch of the aeromagnetic map – i.e. 1979 

(Caratori Tontini et al., 2004). Moreover, to reduce edge effects, models were extended in both 

ends for the length of the modeled section (i.e. ~70 km), maintaining the contacts between bodies 

at the level modeled at the ending points of the sections. Considering the length of the sections, 

we neglected the effect of the roundness of Earth’s surface along all models. 

 

 

Table T1 should be inserted here. It is attached at the end of this file.  
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Figure 2 should be inserted here in colors 

 
Caption for figure 2: (a) Magnetic anomaly map after Caratori Tontini et al. (2004) covering 

the area. (b) Bouguer gravity anomaly map from interpolation of ~50,000 data points (see Figure 

S1 for further details). Black bold isoline in (b) represents the zero-gravity anomaly. White dot is 

the Perugia 2 borehole. Events locations, magnitude and focal mechanisms are from Chiaraluce 

et al. (2017). Basemap topography is from Tarquini et al. (2007; 2012).    
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4 Results and description of the models 

A good fit between the observed gravity and magnetic anomalies and those predicted by assigning 

reasonable density and magnetic susceptibility values to the bodies in the reference geological 

model, is obtained. The largest misfit (~ 5 mGal) between the observed and predicted gravity 

values is observed only east of the MSt, ~36 km along the section model, where the turbidites are 

thickest (Figure 3b). Considering the good quality of the seismic reflection data in this part of the 

section that encompasses the turbidites sequence (see the geological model at the bottom of Figure 

3c), we maintain the geometry proposed in the starting geological model.  

The observed short-wavelength gravity anomalies across section 2 (Figure 3b) are reproduced 

assuming slight changes in ρ values from the aforementioned reference values, for the carbonates 

and the turbidites. In particular, we used ρ values between 2480 and 2580 kg m-3 for the carbonates 

and values between 2250 and 2400 kg m-3 for the turbidites (Figure 3c). The lowest ρ values for 

the carbonates and the turbidites have been used beneath the Apennines ridge, while the highest 

values of ρ for the turbidites have been used east of the MSt (Figure 3c). These ranges are in 

agreement with previously published values (e.g. Montone and Mariucci, 2015) and have also been 

used in modeling sections 1 and 3. The best-fitting ρ and k values are provided within each model 

(Figure 3-5). 
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Figure 3 should be inserted here, in colors. 

 

Caption for figure 3: Joint gravity and magnetic model of section 2. (a) Observed and modeled 

magnetic anomalies. (b) Observed and modeled Bouguer gravity. (c) Modelled blocks. The 

geological model after Porreca et al. (2018) is reported at the bottom of the figure. For densities 

(ρ) and magnetic susceptibilities (k) not provided for blocks in (c), please refer to the values at 

the bottom of the figure. The star projects the Mw 6.5 30 October 2016 event from Chiaraluce et 

al. (2017). ρ and k for the modeled units are given in the figure (see the text and the table T1 for 

further details). CdN: Castelluccio di Norcia basin, AQS: Acquasanta thrust, MSt: Mount 

Sibillini thrust. ρ of the turbidites range from 2300 kg m-3 in the central part of the section, to 

2400 kg m-3 east of the MSt to 2250 kg m-3 further east from 41 km to end of the section. Lower 

ρ (2480 kg m-3) for the carbonates are found between 8 and 20 km along section model and 

between the Norcia and CdN basins and from surface to ~0 km in depth. Dashed line in (a) 

represents the retrieved anomaly with a magnetic susceptibility of 0.001 (SI) for the entire lower 

crust (i.e. without the high-k body at the base of the crust). Black dashed line in (c) locates the 

Curie isotherm (600 °C). Vertical-to-horizontal scale ratio in (c) is 0.4. Gravity data stations are 

on surface, magnetic data stations are at 2500 m altitude (Caratori Tontini et al., 2004). 
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The resulting models for sections 1 and 3 (figures 4 and 5) show the best-fitting solutions 

considering the surface geology, the observed and calculated gravity and magnetic anomalies and 

the structural model tested in modeling of section 2. Across all sections (Figures 3-5), the magnetic 

and gravity anomalies show opposite overall trends, with magnetic values increasing and gravity 

values decreasing eastward. The AD Moho ranges between 30 and 35 km. Its spatial trend and 

transition with the TLP Moho, that was observed only in section 1 (Figure 4c), are comparable 

with previous observations (e.g. Ponziani et al., 1995; Pontevivo & Panza, 2002; Piana Agostinetti 

& Amato, 2009; Di Stefano et al., 2011) and models (Scarascia et al., 1998). The Curie depth is 

found between 30 and 35 km across all sections. 

 

Figures 4 and 5 should be inserted here, in colors 

 

Caption for figure 4: Joint gravity and magnetic model of section 1 (north). (a) Observed and 

predicted magnetic anomalies. (b) Observed and predicted Bouguer gravity. (c) Modelled blocks. 

For densities (ρ) and magnetic susceptibilities (k) not provided for blocks in (c), please refer to the 

values at the bottom of the figure. The star projects the Mw 5.9 26 October 2016 event from 
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Chiaraluce et al. (2017). ρ and k for the modeled units are given at the bottom of the figure (see 

the text and Table T1 for further details). MSt: Mount Sibillini thrust. Higher ρ (2350 kg m-3) for 

the turbidites are found between model coordinates 34 and 53 km. Lower ρ (2480 kg m-3) for the 

carbonates are found between 20 and 40 km along section model and from surface to ~1 km in 

depth. Dashed line in (a) represents the retrieved anomaly with a magnetic susceptibility of 0.001 

(SI) for the entire lower crust. Black dashed line in (c) locates the Curie isotherm (600 °C). 

Vertical-to-horizontal scale ratio in (c) is 0.4. Gravity data stations are on surface, magnetic data 

stations are at 2500 m altitude (Caratori Tontini et al., 2004). 

 

 

Caption for figure 5: Joint gravity and magnetic model of section 3 (south). (a) Observed and 

predicted magnetic anomalies. (b) Observed and predicted Bouguer gravity. (c) Modelled blocks. 

For densities (ρ) and magnetic susceptibilities (k) not provided for blocks in (c), please refer to the 

values at the bottom of the figure. The star projects the Mw 6.0 24 August 2016 event from 

Chiaraluce et al. (2017). ρ and k for the modeled units are given in the figure (see the text and the 

table T1 for further details). MSt: Mount Sibillini thrust. ρ of the turbidites range from 2250 kg m-

3 under the chain, between model coordinates 15 and 25 km, to 2350 kg m-3 east of the MSt to the 

end of the section. Dashed line in (a) represents the retrieved anomaly with a magnetic 

susceptibility of 0.001 (SI) for the entire lower crust. Black dashed line in (c) locates the Curie 
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isotherm (600 °C). Vertical-to-horizontal scale ratio in (c) is 0.4. Gravity data stations are on 

surface, magnetic data stations are at 2500 m altitude (Caratori Tontini et al., 2004). 

 

The models are consistent with a top of the basement between 8 and 12 km of depth, with a slight 

eastward-deepening trend observed across all the sections. The involvement of the top of the 

basement by major thrusts as derived from the reference geologic model, is compatible with the 

observed gravity and magnetic anomalies across all models. The basement reaches its maximum 

depth (~12 km) at the eastern end of section 3 (Figure 5c).  

The contribution to the magnetic anomaly is mostly given by the basement and deep crust with 

minor contribution from Turbidites, whose susceptibility (0.0001 SI) is in agreement with values 

proposed by previous works (Speranza & Chiappini, 2002). In particular, the basement and the 

upper portion of the deep crust contributes with moderate susceptibilities (0.001 SI units) while 

the major contribution to the magnetic anomaly has a deep origin at the base of the crust with an 

anomalous body with high susceptibility (0.05 SI units). This anomalous body is as much as ~10 

km thick (i.e. ranging in depths from 25 to 35 km) in the eastern part of the sections and its 

thickness decreases northward (i.e. from section 3 to section 1) and westward across all models 

(Figures 3-5).  

Short-wavelength (< 10 km) gravity anomalies are mainly found in the central part of the sections 

(Figure 3-6), within or near the area involved by the 2016-2017 seismic sequence. The Quaternary 

Norcia and Castelluccio continental basins correspond with negative gravity anomalies (≤ 7 mGal; 

Figure 6). The gravity lows are fit by the shallow continental sediments – i.e. gravels, sands and 

clays (e.g. Calamita & Pizzi, 1992; Blumetti et al., 1993; Coltorti & Farabollini, 1995) infilling 

the basins, having the lowest ρ (2230 kg m-3) across all models. 
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Figure 6 should be inserted here, in colors 

 

 
Caption for figure 6: Detail of the joint gravity and magnetic model of section 2. (a) Observed 

and modeled magnetic anomalies. (b) Observed and modeled Bouguer gravity. (c) Modelled 

blocks. The star projects the Mw 6.5 30 October 2016 event from Chiaraluce et al. (2017). Black 

dots mark the aftershocks from the same catalogue projected with a buffer of 3 km north and 

south of the section. Coordinates at the base of the figure refer to model coordinates in Figure 3. 

Vertical-to-horizontal scale ration in (c) is 1.     
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5 Discussion 

The availability of several geological, geophysical and petrophysical data of the Central and 

Northern Apennines, allowed us the investigation of the post-orogenic extension dynamics in a 

detailed and multidisciplinary approach. Using established methods (i.e., forward modeling of 

gravity and magnetic anomalies) in a constrained approach, allowed us to define crustal geometries 

and properties beyond depths probed by geological models, contributing in understanding the role 

played by post-orogenic stratigraphy on the extensional phase.  

Geometries retrieved from the reference geological model used on section 2 are compatible with 

the observed gravity and magnetic anomalies from the surface to ~12 km of depth. Considering 

the good fit obtained across both models, the resulting best-fitting geometries for sections 1 and 3 

are in agreement with the structural model proposed on section 2. In fact, both magnetic and gravity 

anomalies predicted along these sections fit the observed anomalies producing errors with 

magnitude similar to those obtained on the geologically-constrained section 2. In our opinion, this 

approach further validates the initial geological model proposed by Porreca et al. (2018), which is 

consistently supported across the entire study area. 

The top basement depth is consistent across the entire area, ranging between 8 and 12 km, slightly 

deepening toward the ESE. Only the major thrusts faults offset the basement across all the three 

sections. Layering of the basement is coherently represented across all the three sections with two 

basement layers contributing to the gravity and magnetic anomaly.  

The resulting layering and petrophysical properties of the basement provides some suggestions 

about the nature of the basement in the area. In fact, the ρ and k of the upper layer are compatible 

with slightly metamorphosed continental deposits (phyllites) that may be related to the 

metamorphic units drilled by the Perugia 2 well (Figures 2a-b), ~25 km NW of the study area (e.g. 

Bally et al., 1986; Vai, 2001; Speranza & Chiappini, 2002). The main magnetic source is the high-

k (0.05 SI units) body in the lower crust (25-35 km) whose thickness decreases both toward north 

and west. This result is in agreement with a recent study of the magnetic anomaly in the Central 

Apennines (Minelli et al., 2018) where a deep source (35-40 km) related to high k (0.05 SI units) 

materials was hypothesized without other contributions from middle or upper crust. Consistently, 

the Curie depth is found between 30 and 35 km across all sections, coinciding with the Moho 
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discontinuity that marks a magnetic boundary without contributions to the magnetic anomaly 

coming from the mantle (Wasilewski et al., 1979; Wasilewski & Mayhew, 1992).  To highlight 

the contribution of the deep high-k body to the magnetic anomaly, we show also the retrieved 

magnetic anomaly if a magnetic susceptibility of 0.01 is given to the entire deep crust – i.e. without 

the high-k body (dashed lines in Figures 3a, 4a and 5a). 

We are conscious that modelling potential fields has intrinsic limitations due to the non-uniqueness 

of the retrieved geometries and depths of sources. Detecting gently-dipping lateral contrasts of 

density or magnetic susceptibility is another limitation of the method per se, but including external 

constraints such as geologic models and independent geophysical models – e.g. Moho depth from 

receiver functions (e.g. Piana Agostinetti & Amato, 2009) and depth of magnetic sources retrieved 

from Euler deconvolution (Minelli et al., 2018), certainly increases the reliability of the retrieved 

models. In those cases where constraints are limited or not available (e.g. the composition and 

physical properties of the basement with moderate k) we preferred to maintain the geometry as 

simpler as possible and use parameters (density and magnetic susceptibility) as much 

homogeneous as possible. For these reasons, the slight misfits between the observed and predicted 

magnetic anomaly observed in model 1 (between model coordinates 50 and 55 km) and model 2 

(at model coordinate ~50 km) were not fitted. However, these slight misfits (± 3 nT) can be 

attributed to local variations in depth or geometry of the magnetic source and/or of the magnetic 

susceptibility of modeled bodies. 

The results from the magnetic models suggest that the Central and Northern Apennines have been 

built above a cold and thick crust with an average thermal gradient across the modeled sections of 

~17 ° km-1, roughly calculated assuming a Curie temperature of 600 °C and an average Curie depth 

of 34 km. This thermal gradient is in agreement with surface heat flow observations, with the  

rheology and location of seismic events in the area (Chiaraluce et al., 2017), and with models 

produced for the L’Aquila and Sulmona basins area (Minelli et al., 2018). The values of k used for 

the basement, the lower crust and the anomalous source at the base of the lower crust also provide 

some information about the nature of these bodies. In fact, they are compatible with a low 

metamorphic grade basement and lower crust, overlying a high-k volume. Considering its depth, 

the nature of this anomalous high-k volume is uncertain, but similar values of k were measured in 

some lower crust gneisses and mafic and ultramafic rocks from the Lofoten  area (Schlinger, 1985), 
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in the Ivrea-Verbano deep crust (Rochette, 1994) and were more recently hypothesized also in the 

Southern Apennines (Minelli et al., 2018). However, the k values used in this work exclude the 

possibility of a granitic composition for the high-k modeled bodies (Punturo et al., 2017). 

Moreover, in the Lofoten samples it was argued against a significant contribution of the Natural 

Remanent Magnetization (NRM) of the lower crust on a regional scale because of its 

polymetamorphic nature and the unstable and viscous signature of the NRM in the studied samples 

(Schlinger, 1985 and references therein). 

The lower ρ, required for the carbonates (sections 1 and 2) and the turbidites (sections 2 and 3) 

under the Apennines chain (Figure 6) to fit the observed short-wavelength gravity anomalies may 

possibly represent the effect of a higher fluid content in tectonically-induced fracturing of the 

shallow units (e.g. Stierman, 1984). This interpretation is supported by the evidence that the lowest 

ρ values for the turbidites are found in sections 2 and 3 – i.e. the only sections where turbidites are 

found beneath the chain, in the seismically active region (Figures 3, 5 and 6). On the other hand, 

the range of ρ assigned to the turbidites east of the chain, shows a general eastward-decreasing 

trend (sections 1 and 2). This tendency may be the result of local fracturing and compaction 

affecting the initial ρ values. Similar causes can explain the misfit between observed and calculated 

gravity anomaly of the turbidites east of the MSt in section 2 (Figure 3b). However, to best isolate 

the cause of these features will certainly require further detailed and local investigation, possibly 

removing the regional trend in order to highlight these short-wavelength anomalies.  

Seismic events of the 2016-2017 sequence have been plotted in the models of sections 1-3 and 

mainshocks of Mw > 5.5 fall within the deep evaporite unit (Figures 3-6) immediately overlying 

the basement. Considering the maximum depth of the seismicity across the area – i.e. 10-12 km 

(Chiaraluce et al., 2017) and the spatial distribution of the top of the basement from our models, 

we believe that these models, by constraining the top of the basement in the area, provide an 

explanation of the seismicity cutoff for the 2016-2017 sequence. These findings, coupled with the 

low thermal gradient retrieved from the Curie depth, highlight the lithologic control exerted by the 

post-orogenic stratigraphy on the extensional seismogenic layer which is mainly confined in the 

Mesozoic-Cenozoic sequences across the entire area. In fact, if the seismicity distribution at depth 
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was driven by temperature, the brittle-ductile transition should have been deeper and, in turn, 

deeper events should have been observed.  
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6 Conclusions 

The first joint gravity and magnetic models of the Central and Northern Apennines were produced 

across three cross-sections in the region struck by the 2016-2017 seismic sequence. The models 

were constrained by geologic surface observations and by a recent subsurface geological model 

for the central part of the area.  

The best-fitting potential field models, based on the structural model proposed by Porreca et al. 

(2018), namely a combination of thick- and thin-skinned styles with thrusts involved in the 

compressional tectonics and seismicity mostly confined above the basement, provides new 

constraints on the structural setting of the area. These models provide likely physical properties 

that can be related to the composition of the basement and lower crust across the area. In fact, the 

modeled ρ and k values of the upper basement are compatible with slightly metamorphosed 

continental deposits, while k values used for the lower basement and lower crust are compatible 

with a moderately-magnetic composition overlying a mafic or ultra-mafic volume at the base of 

the crust beneath the eastern part of the study area. The nature and origin of this anomalous high-

k body should be framed in the early geodynamic evolution of the Adria crust. These results imply 

a cold crust model with an average thermal gradient of ~17 ° km-1 that fits the low surface heat 

flow observations, the maximum depth of seismicity and previous models of the Central 

Apennines.  

Resulting models provide support of the geological and geophysical understanding of the area and 

help evaluate the parameters controlling the seismicity distribution at depth. In particular, the 

correlation of the maximum depth of seismicity and the modeled top of basement suggests that the 

mechanical stratigraphy of the upper crust influences the thickness of the seismogenic layer, whose 

base grossly coincides with the top of the basement across the entire area, as also shown in the 

northermost part of the extensional belt (Barchi, 2002; Mirebella et al., 2008; Latorre et al., 2016). 

In fact, all earthquakes of the 2016-2017 sequence with Mw > 5.5 are found within deep evaporites, 

above the top of the basement. 

Combining these results with those obtained for the 1997-1998 Umbria-Marche sequence (e.g. 

Barchi & Mirabella, 2009 and references therein), we confirm that lithology plays a major 

contribution in controlling the depth of seismicity across the entire Umbria-Marche Apennines. In 
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fact, mainshocks of the Umbria-Marche 1997-1998 and 2016-2017 sequences are always found in 

the deep evaporites unit, above the basement. 

The multidisciplinary modeling approach used in this work, embracing potential field methods, 

surface geology and structural models, has proven to be robust and should be adopted to investigate 

other post-orogenic extensional scenarios. 
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Table T1. Density (ρ) and magnetic susceptibility (k) values derived from literature. ρ values are expressed in kg m-3 and magnetic susceptibilities are expressed 

in SI units. ρ values from the work of Montone & Mariucci, (2015) are derived from velocity observations in sonic well logs. Metamorphic basement refers to the 

phyllitic upper portion of the basement (Barchi et al., 1998). 

PP – Plio-Pleistocene units, P – Pliocene, F – Flysch, Q – Quaternary, M – Messinian, T – Turbidites, C – Continental, E – Evaporites, D – Dolomites, V – 

Volcanic, PH – Phyllites. 


