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Abstract We report on a high-resolution, low-altitude aeromagnetic investigation of the central
Apennine extensional seismogenic zone, hit by destructive historical earthquakes including the 2009
L’Aquila seismic sequence. Central Apennines are predominantly made by thick (>4 and possibly up to
12 km) packages of shelf and deep marine limestones and dolomites of Mesozoic age, unconformably
covered by upper Pliocene-Holocene continental sediments lying on (often active) normal fault hanging
walls. Seismogenic faults cut the carbonates down to 10- to 12-km depth, where the brittle-ductile
transition occurs. Aeromagnetic data were collected during June 2014 with a cesium magnetometer, along
200-m-spaced flight lines. Apart from a regional 80-nT anomaly that we modeled at 30- to 40-km depths
in the lower crust of the Adria plate, weak magnetic residuals are observed. As expected, normal faults
cutting the diamagnetic carbonates lack any magnetic fingerprint. However, shallow continental basins
yield clear anomalies of 2- to 8-nT intensity, as they contain both residual soils and tephra erupted after
0.7 Ma by volcanoes from the Tyrrhenian margin of Italy. Basin margins imaged by aeromagnetism
mirror the geometry of their causative normal faults. Thus, aeromagnetic residuals document many of the
central Apennine normal faults that were active during the last ~3 Ma. Most prominent anomalies reflect
basins formed after 0.7 Ma, as their magnetization is significantly higher than that of older continental
basins. We conclude that rectilinear boundaries of most prominent anomalies reflect faults formed after
0.7 Ma, thus probably seismogenic.

1. Introduction

The use of aeromagnetic investigation to highlight faults “hidden” below vegetated or rugged terrain, or
exposed in remote areas, or buried below sediments, ice, or water is well established (e.g., Chiappini et al.,
2002; Clark, 1986; Grauch, 2001; Gunn, 1998; Paterson & Reeves, 1985; Webb, 1966). Juxtaposed rocks with
significant magnetization contrasts yield clear magnetic anomalies that can be inverted to provide the
location and orientation of the tectonic features, in turn targeted for hydrocarbon or ore investigation
(e.g., Athens et al., 2016; Blakely et al., 2002; Dentith et al., 2009; Grant, 1985; Grauch & Hudson, 2007;
Grauch et al., 2001; Hudson et al., 2008; Ndougsa-Mbarga et al., 2012; Sherrod et al., 2016). Airborne magnetic
data can be used in remote or inaccessible areas and are less affected by noise with respect to ground
measurements. For these reasons, it is the best method to probe the magnetization of the Earth’s crust
and the geometry of its causative bodies.

In areas characterized by active tectonics, aeromagnetic data are used to highlight hidden or poorly known
seismogenic faults, thus contributing significantly to seismic hazard assessment. In the western United States,
Blakely et al. (2000, 2014) and Kelsey et al. (2012), for example, documented active faults cutting highly
magnetized basalts, dikes, and ultramafic rocks. Conversely, other studies (e.g., Grauch, 1999; Hudson et al.,
1999) showed that also faults crosscutting lower magnetization continental sediments can be highlighted
by aeromagnetic maps. Recently, Minelli et al. (2016) related the aeromagnetic residual anomalies of south
Calabria (Italy) to the faults responsible of the catastrophic 1783 and 1908 earthquakes and suggested that
magnetic anomalies are generated by an unexposed ophiolitic layer displaced by active normal faults. In
all such cases, the magnetic image of active faults seems rather obvious, as they cut strongly magnetic rocks
(basic volcanics and ophiolites) or continental sediments, which are known for generating lower but not
negligible induced magnetization, in the order of 5 × 10�3 A/m at midlatitudes.

In this paper we first report on the aeromagnetic investigation of the central Apennines, characterized by
active normal faults cutting packages of diamagnetic marine shelf limestones or dolomites surely
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exceeding 4 km (Consiglio Nazionale delle Ricerche, 1988; Cosentino et al., 2010) and possibly 10 km
(Speranza & Minelli, 2014) of sedimentary thickness.

The investigated area (Figure 1) has been struck by several destructive earthquakes over the last two millen-
nia (Rovida et al., 2015), encompasses the area hit by the 2009 L’Aquila seismic sequence (Chiarabba et al.,
2009), and is located just south of the wide central Apennine zone where several normal faults ruptured in
2016–2017 (Chiaraluce et al., 2017).

Although many active normal faults in central Italy have a clear surface expression, aeromagnetism may
reveal the location, length, and geometry, of the whole—blind and buried faults included—seismogenic
system that is instrumental to properly assess seismic hazard. In fact, the 2009 Mw 6.1 L’Aquila sequence
occurred along a fault with subtle surface evidence and not considered active before (Blumetti et al.,
2013). Similarly, it is very likely that—given the moderate M 6–7 magnitude of the extensional seismicity—
some or many of the active faults are blind and can be properly documented only by probing the crust at
depth by geophysical investigation.

Figure 1. Digital elevation model (30-m resolution), main tectonic features of the central Apennines, and aeromagnetic survey box. The epicentral locations of the
M> 5 shocks of the 2009 L’Aquila seismic sequence are from Chiarabba et al. (2009). Fault network is from Bosi and Bertini (1970), Galadini and Galli (2000), Blumetti
et al. (2002), Gori et al. (2011), Vittori et al. (2011), Falcucci et al. (2015), Civico et al. (2016), and Cosentino et al. (2017). LAQUI-CORE borehole location is from
Macrì et al. (2016).
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2. Geological Setting, Tectonics, and Seismicity of the Central Apennines

The central Apennines formed during late Miocene-early Pleistocene times as a consequence of the progres-
sive NE-ward roll-back and delamination of the Adria plate (Cavinato & De Celles, 1999; Cosentino et al., 2017;
Patacca et al., 2008). Aeromagnetic survey area (Figure 1) is predominantly made of (at least) 4-km-thick rigid
packages made by shallow-water upper Triassic dolomites and lower Jurassic-upper Cretaceous marine lime-
stones, stacked along compressive fronts that progressively migrated toward the NE.

From a paleo-geographic point of view, a previously ubiquitous upper Triassic-lower Jurassic carbonate
platform split in two different domains during early Jurassic Tethyan tectonics (Cosentino et al., 2010). To
the SW, carbonate shelf sedimentation persisted until late Cretaceous times (Latium-Abruzzi Unit, Figure 2),
while in the N and E sectors of our survey area, a submarine slope paleo-environment established
(Umbria-Marche-Genzana Unit). Here the lower Jurassic to mid-Miocene sediments consist of calcareous
pelagic layers interbedded with frequent and thick coarse-grained mega-breccia bodies slid from the
adjacent carbonate platform (Consiglio Nazionale delle Ricerche, 1988; Cosentino et al., 2010). On the
Latium-Abruzzi Unit, the Cretaceous shelf limestones are conformably covered by a ≤300-m-thick blanket of
early Miocene calcarenites, implying a late Cretaceous-early Miocene sedimentary hiatus.

During the Apennine orogenesis, the carbonates were covered by Messinian terrigenous turbidites of arkosic
composition (“Laga Flysch”) that are inferred to represent far-traveled submarine slides coming from erosion
of the Alps and channelized along a former Apennine foredeep (Aldega et al., 2007; Bigi et al., 2003; Casero &

Figure 2. Schematic geological map of the aeromagnetic survey area with the names of the main upper Pliocene-Holocene intermontane basins and location of
magnetic-paleomagnetic sampling sites.
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Bigi, 2006; Milli et al., 2007). The present-day thickness of the Laga Flysch turbidites, strongly influenced by
tectonic and climate processes, reaches their maximum thickness (3–4 km) on the Laga Mts (Figure 1),
thinning southward where, in the NW corner of the study area, it reaches a thickness of few hundreds
of meters.

The recovery of 2- to 3-km-thick upper Triassic dolomites in deep wells and magnetic modeling of the high-
seismic wave velocity body documented below L’Aquila (Bianchi et al., 2010; Di Stefano et al., 2011) led
Speranza and Minelli (2014) to hypothesize a 4–8 km thickness for the buried dolomites, making the putative
thickness of the whole marine carbonate succession as high as 8–12 km. The deep structure of the chain is
debated. Earlier works (Ghisetti et al., 1993; Hill & Hayward, 1988; Mostardini & Merlini, 1986), relying on deep
drillings results of the Trevi and Antrodoco wells, suggested the occurrence of a high-allochthony chain with
duplication of Mesozoic carbonates detached from undisturbed basement. Conversely, more recent works
(Calamita et al., 2009; Scisciani et al., 2002; Tozer et al., 2002) favored a smaller shortening thick-skinned
tectonic style with duplication of basement slices. Finally, Patacca et al. (2008), by interpreting the eastern
CROP11 deep seismic profile from the central Apennines, turned back on the thin-skinned models and
proposed an ultra-high allochthony style with the stacking of several carbonate nappes décolled from
basement. On the contrary, the western segment of the CROP11 shows an out-of-sequence growth (early
Messinian-Pliocene) of a midcrustal antiform (Billi et al., 2006). Recent seismological studies (Di Luzio et al.,
2009; Mele et al., 2006) constrain Moho depth in the study area at 39–42 km, while there is no kind of evi-
dence (apart from local VpVs profiles) on crust lithology between the carbonates and the Moho.

From late Miocene onward, the eastward migration of the orogenic front was accompanied by synchronous
extensional collapse of the inner (western) domain of the chain (Parotto & Praturlon, 1975; Patacca et al.,
1990). Extensional tectonics has been inferred to start in late Miocene times on the Tyrrhenian margin of
central Italy and to migrate along time toward the NE (Cavinato & De Celles, 1999; Cosentino et al., 2017).
In the study area, continental sediments testify that postorogenic extension started as early as late
Piacenzian (late Pliocene, ca. 2.7 Ma) times (Cosentino et al., 2017; Spadi et al., 2016).

The late Pliocene-Holocene extensional tectonic activity is witnessed by the development of several grabens
and semigrabens giving rise to intermontane basins lying on top of normal fault hanging walls (Cosentino
et al., 2017; Galadini & Galli, 2000; Galli et al., 2008; Figure 1). Such tectonics has significantly influenced chain
morphology, yielding the formation of a typical basin and range relief. The major depressions were filled with
thick (ca. 600 m) continental sedimentary sequences (Bosi et al., 2003; Bosi & Bertini, 1970; Pucci et al., 2016),
whereas minor tectonic troughs often evolved into endorheic basins, partially remodulated by karst
processes and often supporting lacustrine to palustrine environments. Thus, the tectono-sedimentary evolu-
tion of the study area is the result of combined effects of several processes: evolution of drainage system
(Aterno river valley and its tributaries), extensional tectonics, regional and local tectonic uplift, and climatic
changes (glaciations and mild interglacial periods).

The intermontane depressions are infilled by upper Pliocene-Holocene continental deposits, made of lacus-
trine, palustrine, fluvial, alluvial, and colluvial deposits (Figure 2). Several volcaniclastic materials and tephra
layers coming from peri-Tyrrhenian volcanoes and dated between 1.3 and 0.013 Ma (Galli et al., 2015,
2010; Giaccio et al., 2007, 2012) are interbedded in the continental sequences.

While compressive tectonics ceased in lower Pleistocene times east of the Maiella Massif (Patacca et al.,
2008), extensional faulting is still active today and yielded the intense seismicity that has struck repeatedly
central Italy during the last centuries (Anderson & Jackson, 1987; D’Agostino et al., 1998; Galadini & Galli,
2000; Ghisetti & Vezzani, 2002). Active normal faults are—as a rule—NW-SE oriented and dip by 50°–80°
toward the SW, with the exception of the E-W trending Gran Sasso faults (Figure 1). Global Positioning
System data show a 2- to 4-mm/yr NE-SW extension across the chain (D’Agostino, 2014; D’Agostino
et al., 2011), while paleoseismological investigations yield 0.4- to 1.2-mm/yr slip rates along the main
normal faults (Blumetti et al., 2013; Cinti et al., 2011; Galadini & Galli, 2000; Galli et al., 2011; Gori et al.,
2011). Local seismic networks deployed during both the 2009 and 2016 seismic sequences showed that
normal faults are seismogenic down to a 10- to 12-km depth, after which no significant seismicity is
recorded (Chiaraluce et al., 2017). The normal fault cut-off depth has been documented all over the world
and is interpreted to represent the brittle-ductile transition of the crust, at which a temperature of
350 ± 50°C is reached (Chen et al., 2013).
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In our study area, several destructive earthquakes (5 < M < 7) have occurred both in the last two millennia
(Working Group CPTI15, Rovida et al., 2015) and in 2009, during the well-studied Mw 6.1 L’Aquila sequence,
predominantly due to dip-slip shear along the so-called “Paganica fault” (Chiarabba et al., 2009; Figure 1).

2.1. Intermontane Basins of the Study Area and Their Continental Infilling

The main intermontane basins, falling in the aeromagnetic survey area, are Montereale, Cascina, Arischia,
L’Aquila, middle Aterno, Subequana valley, Barisciano, S. Pio, Navelli, Calascio-S. Stefano, Sulmona, and
Gizio (Figures 1 and 2).

Despite the amount of geological and geophysical studies performed in these basins, in particular after the
2009 L’Aquila seismic sequence, the knowledge on the architecture and age of the continental
Plio-Pleistocene deposits is still incomplete. Few ages (paleontological, tephrochronological and paleomag-
netic analyses, and radiocarbon and Ar/Ar dating) are documented (Cosentino et al., 2017; Giaccio et al., 2012,
2013; Magri et al., 2010; Mancini et al., 2012; Regattieri et al., 2015, 2016; Sagnotti et al., 2014), and deposit
ages are mostly inferred relying on lithological and stratigraphic correlations. Discontinuous outcrops, predo-
minance of coarse-grained sediments, and uneven occurrence of tephra layers hampers in most cases a
thorough basin reconstruction.

Most of the basins experienced a late Pliocene-early Pleistocene lacustrine-palustrine sedimentation, coeval
with alluvial fan deposition at mountain range foots, followed by a general uplift of the central Apennine
chain (Cosentino et al., 2017). This event produced a regressive erosional phase and a deepening of the
hydrographic network with the establishment of fluvial-alluvial sedimentation. The youngest sequences in
the study area are represented by Holocene deposits from the Aterno River and its tributary and by debris
and alluvial fans at basin edges (D’Agostino et al., 2001).

The Montereale Basin (Figures 1 and 2) is bounded toward the NE by the SW-dipping Capitignano fault
system and partly dislocated by the San Giovanni fault (Civico et al., 2016). Gravimetric and other geophysical
data indicate the occurrence of two NW-SE elongated subbasins with a maximum ≈200-m thickness of the
Pleistocene blanket (Chiarini et al., 2014; Puzzilli & Ferri, 2012). The poorly known Cascina Basin, in the NW
sector of the study area, is considered a tectono-karst depression filled by Pleistocene deposits of
unknown thickness.

The Arischia and the wider L’Aquila Basin, bounded by the apparent Mt. Marine andMt. Pettino faults (respec-
tively), are filled with Plio-Pleistocene palustrine and fluvial sediments and host the Aterno river valley
(Cosentino et al., 2017). The westernmost part of the L’Aquila basin (Scoppito subbasin) is filled with upper
Pliocene-Pleistocene deposits and is bounded northward by the Scoppito-Preturo normal fault (Vezzani
et al., 2009). The thickness of the continental deposits ranges between 100 and 150 m according to borehole
data (Nocentini et al., 2017).

Three fluvial-lacustrine-alluvial synthems of early to late Pleistocene age fill the Barisciano-S. Pio-Navelli and
the wide middle Aterno basins (Giaccio et al., 2012; Pucci et al., 2016). Recent paleontological analyses (Spadi
et al., 2016) ascribed the oldest sedimentary package to the late Piacenzian (late Pliocene). Seismic tomogra-
phy highlights a complex topography of the pre-Pleistocene basement with ~350-m deep depocenter in the
Bazzano subbasin (Improta et al., 2012) mainly controlled by the Paganica fault activity (Macrì et al., 2016).
This sector recorded also the main coseismic subsidence during the 2009 L’Aquila main seismic shock, as
testified by DinSAR images (Atzori et al., 2009). Electrical resistivity tomography—providing a basin-wide
picture of the substratum—confirms that the Aterno river valley was tectonically controlled by several normal
faults, totally or partially buried below the continental basin infill. Generally, a SE-ward increase in the (upper
Pliocene?)-Pleistocene continental deposit thickness was inferred by tomographic data, from 200 to 300 m in
the NW basin sector, to more than 600 m to the SE (Pucci et al., 2016; Santo et al., 2014). SE-ward, Pleistocene
coarse-grained clastics fill the final segment of Aterno and Subequana valleys, bounded by active normal
faults, among which the well apparent Roccapreturo fault (Falcucci et al., 2011, 2015).

Further east, Sulmona is one of the wider intermontane basins of the central Apennines. It formed after the
early Pleistocene activity of the SW-dipping Mt. Morrone normal fault system, representing the NE basin
boundary. The basin, characterized by a half-graben geometry, is mainly filled up with lower Pleistocene-
Holocene fluvial-lacustrine deposits (Galli et al., 2015; Miccadei et al., 1998) that are up to 500 m thick accord-
ing to gravimetric data (Di Filippo & Miccadei, 1997). The seismic source of the catastrophic IX-X MCS
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earthquake striking Sulmona in 1706 A.D. is debated (Galli et al., 2015). To
the south, no data are available on the continental infilling of the
Gizio Valley.

Other small, deep, and elongated NW-SE grabens or semigrabens
(Calascio-S. Stefano basins) are observed in the “basin and range area”
located just SE of the Gran Sasso massif (D’Agostino et al., 1994). The
coarse-grained Pleistocene infilling of the Calascio-S. Stefano basins is rich
of volcaniclastic materials and tephra layers accumulated in the dry valleys
and preserved by erosion (D’Agostino et al., 1994; Magaldi et al., 2009).

3. Magnetic Properties of Sediments From Outcrops and
LAQUI-CORE: Implications for Upper Crust Magnetic
Anomaly Source

The magnetic properties of the different lithologies exposed in the study
area vary by several orders of magnitude, in terms of both magnetic rema-
nence and susceptibility (K).

The magnetic properties of the Plio-Pleistocene continental sediments
from the L’Aquila Basin are well constrained, thanks to paleomagnetic
and rock-magnetic measurements carried out in continuous on
silty-clayey core segments from a 151-m-deep borehole (LAQUI-CORE,
Macrì et al., 2016). The reverse-polarity upper Pliocene-lower Pleistocene
palustrine sediments yield average values of 2.2 * 10�4 and 6 * 10�3 A/m
(for K and magnetic remanence, respectively), whereas the normal-polarity
mid Pleistocene-Holocene palustrine-alluvial sediments are significantly
more magnetic, giving average values of 1.3 * 10�3 SI and 1.9 * 10�2 A/m,
respectively (Figure 3).

To further constrain rock magnetization for magnetic modeling, we
collected other scattered samples (few cm3 in volume) from
Plio-Pleistocene continental sediments (see Figure 2 for location of
sampling sites) and measured their magnetic properties in the paleomag-
netic laboratory of INGV Roma. Magnetic remanence (and paleomagnet-
ism of whitish silts from Sulmona basin) was measured by a 2G
DC-SQUID cryogenic magnetometer hosted in a magnetically shielded

room, whereas low-field magnetic susceptibility was measured by a KLY-3 bridge (Agico). Lower and mid
Pleistocene whitish lacustrine silts from S. Pio (site PS2, 1 sample) and Sulmona basins (PS3, 4 samples) yield
a magnetic remanence of 4.0 * 10�4 and 2.5 * 10�3 A/m, respectively. The S. Pio value is slightly higher with
respect to measurements by Giaccio et al. (2012), who reported a reverse polarity for two silt sites from the
same locality. Conversely, a normal polarity was observed by us from alternating magnetic field demagneti-
zation of four oriented silt samples from Sulmona (D = 0.3°; I = 66.4°, α95 = 7.7° in in situ, and D = 44°; I = 63.3°;
α95 = 7.6° in tilt-corrected coordinates), pointing to a mid Pleistocene age. Younger upper Pleistocene-
Holocene silty-sandy sample from the Sulmona basin (PS4, 1 sample) shows higher K and remanence values
of 1.2 * 10�3 SI and 4 * 10�2 A/m (respectively), similarly to mid Pleistocene-Holocene sediments
from LAQUI-CORE.

Volcaniclastic layers coming from volcanoes of the Tyrrhenian margin of Italy and interbedded in the middle-
upper Pleistocene continental sequences show the highest magnetization values. A magnetic susceptibility
of 8 * 10�3 SI and remanence of 1.5 * 10�1 A/m were measured from a tuff sample taken in an old exhausted
quarry at Carapelle Calvisio (PS1, 1 sample), where—according to Biagi et al. (1991)—the thickness of the
volcaniclastic sequence originally exceeded 50 m.

It is worth noting that all continental sediments grossly lie along the unit slope line of the Q Koenigsberger
ratio (Figure 3), implying that their remanent and induced magnetization contributions on magnetic anoma-
lies are roughly in the same order of magnitude.

Figure 3. Magnetic susceptibility and remanence values of the main geolo-
gical units exposed in the survey area. Data are taken from literature (lime-
stones and dolomites, Lanza & Meloni, 2006; Laga Flysch, Speranza et al.,
1997; Sagnotti et al., 1998), borehole data (LAQUI-CORE, Macrì et al., 2016),
and new measurements (PS1-PS4; see Figure 2 for location). The straight
lines corresponding to a Q Koenigsberger ratio (remanent versus induced
magnetization) of 1 and 0.1 are shown.
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Significantly lower magnetization values characterize the older marine
sediments from the central Apennines. According to Speranza et al.
(1997) and Sagnotti et al. (1998), the Messinian Laga Flysch turbidites have
average k values of 2 * 10�4, while the Triassic-Cretaceous carbonates can
be considered as nonmagnetic (Lanza & Meloni, 2006; Figure 3).

To sum up, Plio-Pleistocene continental sediments from intermontane
basins yield significantly higher magnetization values than upper
Miocene marine turbidites, while the thick Mesozoic carbonate package
is nonmagnetic. Among the continental deposits, the normal-polarity
mid Pleistocene-Holocene sediments give remanent and induced magne-
tization values that are at least 10 times greater than those from upper
Pliocene-lower Pleistocene deposits, showing dual magnetic polarity.
This is likely due to the volcaniclastic input to mid-Pleistocene and
younger sediments, as tephra layers are concentrated in the 0.7- to
0.013-Ma time window (Giaccio et al., 2012; Marra et al., 2004).

4. Aeromagnetic Data Acquisition and Elaboration

A high-resolution, low-altitude aeromagnetic survey was performed by the
INGV Airborne Geophysics Science Team during June 2014 using a

Eurocopter AS-350 B2 helicopter. The survey area is a 100 × 20-km2 NW-SE land stripe covering the central
Apennines from the Montereale to the Sulmona basins. Lower resolution magnetic anomalies from the flown
area were already documented by Chiappini et al. (2000) (one ground-based measurement every 10 km2)
and Caratori Tontini et al. (2004), who reprocessed the AGIP (1981) aeromagnetic survey flown in 1973 with
1.5- to 7.5-km flight-tie line spacing, respectively.

The 254 aeromagnetic profiles are oriented N40°, that is, at high angle respect to the expected trend of regio-
nal seismogenic faults, with a 200-m line spacing for a total flown length of 5,080 km (Figure 4). Five 4-km
spacing tie-lines were flown orthogonally in the N310° direction to level the survey lines. The survey was
flown in draped mode, with a terrain clearance of ~300 m, reaching a maximum barometric height of about
3,000 m over the Gran Sasso Massif.

The total intensity of the Earth’s magnetic field, acquired at a sampling rate of 10 Hz, was measured using a
cesium optically pumped magnetometer located in a towed aerodynamic housing suspended from the heli-
copter barycentric hook through a 30-m cable. Precise positioning was performed by a Global Positioning
System operating in differential mode. Ground clearance was measured by means of laser and
radar altimeters.

The collected aeromagnetic data were reduced to the 2014.43 geomagnetic epoch through an accurate
removal of the effects of the time varying external fields recorded at the magnetic base station settled at
Collebrincioni, 42.41°N—13.40°E (Figure 4). This procedure allowed the correction of the magnetic diurnal
variation from the measured data set.

The crustal contribution to themagnetic anomaly field was finally calculated by subtracting the Geomagnetic
Reference Field 11 model (IGRF11, Finlay et al., 2010) from each survey point. The obtained data set was
gridded with a grid cell size of 75 m using a minimum curvature algorithm, and a micro leveling procedure
was applied to correct the residual errors in the gridded anomalies (Figure 5a).

In order to remove long-wavelength anomalies (likely arising from deep lower crustal sources) from the data
set and highlight shallow sources related to the brittle seismogenic crust, we have applied a high-pass filter
with a cut-off wavelengths of 20 km. Such value has been selected according to the spectral frequency
content of magnetic data. The “high-pass” filtered magnetic anomaly map is shown in Figure 5b. Both
magnetic anomaly maps are reduced to the flight height and represented into UTM projection using the
WGS84 map datum (zone 33 N). Magnetic anomalies shown in Figure 5b have been reduced-to-pole using
a geomagnetic inclination of 59° and a declination of 3° for a point sited at L’Aquila (42.35°N–13.40°E) during
the survey period.

Figure 4. Flight line map. Spacing is 200 m and 5 km for the survey (NE-SW)
and tie (NW-SE) lines, respectively. The red star indicates the location of the
base station installed at Collebrincioni for magnetic diurnal corrections.

10.1002/2017TC004953Tectonics

MINELLI ET AL. 7



5. Results

The main feature of the total anomaly map in Figure 5a is a positive long-
wavelength anomaly reaching a maximum value of 80 nT at the SE margin
of the survey area. Magnetic anomaly intensity decreases toward the NW
reaching approximately �30-nT values.

By comparing our residuals with the other lower resolution data sets
(Caratori Tontini et al., 2004; Chiappini et al., 2000), it is clear that this
anomaly belongs to the strong (>100 nT) and long (~200 km) regional
positive anomaly characterizing the external central Apennines and the
Adriatic coast of central Italy. Speranza and Chiappini (2002) related this
anomaly to a long wavelength subsedimentary crustal source lying at 13
to 18-km depths and interpreted it as due to Hercynian batholiths intrud-
ing the Adria crust.

The high-pass filtered map of Figure 5b shows low intensity (mainly
ranging from �3 and 4 nT) magnetic anomalies stripes that at first glance
follow the trend of the Plio-Pleistocene continental basins bounded by
(locally active) normal faults (Figures 1 and 2). Local positive anomalies
of 10 nT related to main towns such as L’Aquila and Sulmona were not
removed as they are easily related with anthropogenic features. The
margins of the positive R anomaly located W of Sulmona exactly follow
the path of a local electrified railway and thus have no geological signifi-
cance. We also verified in few cases the correspondence of small—both
in terms of intensity and dimension—anomalies with small villages. It
was possible to apply the reduced-to-pole filter, to highlight the relation
between the basins and their magnetic signature, because the flight
height over the main intramontane basins was quite constant without
steep variation.

Except for the SW side of the Gran Sasso Massif, all carbonate ridges
display null or slightly negative magnetic anomalies, consistently with lack
of carbonate magnetization (Figure 3). The Messinian terrigenous turbi-
dites of the Laga Flysch, extensively exposed in the NW sector of the
survey area around the Montereale Basin, yield 5 to 10-nT positive anoma-
lies that are consistent with their moderate susceptibility values (Sagnotti
et al., 1998; Figure 3).

At first approximation, the main central Apennine intermontane basins
(Montereale, Arischia, L’Aquila, Middle Aterno Valley, and Sulmona) are

characterized by positive anomaly stripes. On the Sulmona Basin we observe two distinct sectors character-
ized by different magnetic signatures: the eastern side, close to the Morrone ridge, is characterized by posi-
tive anomalies reaching 8–10 nT, while negative anomalies (down to �8 nT) dominate the western basin
sector (Figure 9).

Magnetic anomalies reach 10 nT also on the small Navelli and Calascio-S. Stefano basins, both hosting
Pleistocene continental sediments. Another relatively intense anomaly of 8 nT corresponds to the Cascina
plain, where the thickness and age of the continental sediments are virtually unknown.

6. Discussion
6.1. Long-Wavelength Anomalies and Deep Crustal Sources From the Adria Plate

In order to characterize the source of the wide and intense positive magnetic anomaly from the SE corner of
the survey area (Figure 5a), we have applied the Euler deconvolution on a selected area of the aeromagnetic
map of Italy (Caratori Tontini et al., 2004). We considered eastern central Italy as it includes the two wide and
high-intensity magnetic anomalies extending their influence on our survey area (Figure 6). Such analysis was
not performed on our magnetic data set because it covers a minimum portion of the regional central-eastern

Figure 5. (a) Total intensity magnetic anomaly map reduced to the flight
height; (b) reduced to magnetic pole anomaly map, filtered by removing
the long wavelength (>20 km) anomalies in order to highlight shallow
magnetic sources. R, labeled positive magnetic anomaly.
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Italy magnetic anomaly. The Euler deconvolution is a well-known analysis yielding both magnetic source
boundaries and depths (e.g., Thompson, 1982; Reid et al., 1990). We used a Structural Index (SI) of 3 that is
well-suited for a spherical source and approximates the magnetic body (Hercynian intrusion) hypothesized
by Speranza and Chiappini (2002) and located in the lower crust.

Several 35- to 40-km depth solutions fall in the eastern part of our survey area, while other solutions close to
Adriatic coast give depths in the 25- to 45-km range (Figure 6). As the Euler deconvolution is also a source
boundary marker, we infer that an ~160-km-long elongated deep source lies below the frontal part of the
Apenninic wedge, where the basal chain décollement is inferred to lie at few km depths (Patacca et al.,
2008); we conclude that the magnetic source is located within the Adriatic foreland plate, below the
Apennine belt.

Several seismological studies (Di Luzio et al., 2009; Mele et al., 2006) have shown that the Adria plate gently
plunge westward below the central Apenninic wedge, as confirmed by Moho depths gradually deepening
from 37–40 km below the external chain to 46–47 km below the central Apennines (Figure 6). Such data
suggest that the highly magnetic source body is located in the lowermost part of the Adriatic lower crust, just
above the Moho. According to Euler deconvolution results, no other magnetic sources occur in the whole
middle-upper Adriatic crust, as well as in the Apennine wedge tectonically stacked over the Adria plate.
This is consistent with conclusions by Speranza and Minelli (2014), who modeled the high-velocity seismic
body documented at 3- to 12-km depth beneath L’Aquila (Bianchi et al., 2010; Di Stefano et al., 2011) and
related it to ultra thick nonmagnetic dolomites, lacking additional long-wavelength magnetic sources from
the area.

A magnetic source extending as deep as 40 km in the crust implies an average geothermal gradient as low as
15°/km for the Adria plate below central-eastern Italy, as crust magnetism occurs above the so-called Curie

Figure 6. Euler deconvolution solutions (SI = 3) for the aeromagnetic anomaly map of central-east Italy (Caratori Tontini et al., 2004). The white stars show Moho
depths obtained by teleseismic receiver function analyses (Di Luzio et al., 2009; Mele et al., 2006). The black box is the aeromagnetic survey area.
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point depth, corresponding to the ~600°C isotherm if magnetite is assumed asmain ferromagnetic mineral of
the crust (e.g., Frost & Shive, 1986; Shive et al., 1992).

By using the GaMfield, geopotential field generator (Pignatelli et al., 2011), and assuming only induced
magnetization (consistently with the high temperature of the deep source that makes remanence instable
in short geological times), we have forward modeled a source with susceptibility values that are consistent
with the observed magnetic anomaly. We find that a 10-km-thick layer, with a magnetic susceptibility of
5 * 10�2 SI placed in the lower crust (30–40 km bsl), could reproduce the observed magnetic anomaly.
Similarly high susceptibility values were measured in mafic and ultramafic lower crust rocks from Lofoten
(Norway) (Schlinger, 1985) and the Ivrea-Verbano (NW Italy) deep crust slice (Rochette, 1994).

Thus, our modeling of the long-wavelength magnetic anomaly of eastern central Italy shows that it is caused
by a strongly magnetic mafic lower crust body placed in the lowest 10 km of the Adria crust, roughly between
30 and 40-km depths. Such high source depths require a very cold crust, in agreement with the hypothesized
Hercynian (or older?) Adria crust age (Vai, 2001). No additional magnetic sources occur in the crust, below the
upper Miocene terrigenous turbidites and overlying Plio-Pleistocene continental sediments. We conclude
that either Adria is made by an extremely thick sedimentary package lying abovemafic lower crust, or crystal-
line basement above mafic lower crust is made by acidic and virtually nonmagnetic metamorphic/igneous
rocks. Magnetic anomaly data and modeling imply that the high P wave velocity bodies documented by
Chiarabba et al. (2010) at 4–16 km depths below the central Apennines are generated by nonmagnetic dolo-
mites, instead of exhumed mafic and ultra-mafic rocks that would yield similar seismic wave velocities but
also intense and well-retrievable magnetic anomalies (Rochette, 1994).

Such inferred Adria setting is in substantial agreement with crust composition proposed by Patacca et al.
(2008) after the interpretation of the CROP11 deep seismic profile. Moreover, the Swave velocity profile gath-
ered by Bianchi et al. (2010) below L’Aquila shows an abrupt velocity drop below 10 km depths, and the rise
to higher values typical of the crystalline crust only at 25 km, while Moho is constrained at 41-km depths.
Such data, coupled with the evidence (by both our new data and modeling by Speranza & Minelli, 2014)
for lack of crust magnetism below shallow Plio-Pleistocene continental sediments, suggest that a thick
nonmagnetic sedimentary to low metamorphic grade package of putative nature (Permian and/or older
continental clastics?) lies below Triassic dolomites yielding the high seismic wave velocities at 3–12 km
below L’Aquila.

6.2. Short Wavelength Anomalies and the Magnetic Signature of Intermontane Basins

Figure 7 shows the filtered magnetic anomaly map superimposed over intermontane basins hosting the Plio-
Pleistocene continental sediments and the normal faults bounding them. Positive magnetic anomalies—
mostly ranging from 1.5 to 8 nT—generally correspond to continental deposits mapped in Figure 2.

We have compared magnetic residuals, topography, and exposed lithology across eight NE-SW oriented pro-
files, that is, suborthogonal to the main active extensional faults (Figures 8 and 9). Such comparison reveals
that mid-Pleistocene to Holocene units, made up of carbonate conglomerate to silt beds interlayered with
paleosols and volcanic tephra, represent the main magnetic sources of the observed anomalies, consistently
with rock magnetic measurements (Figure 3). It is worth noting that also the coarse-grained alluvial fans and
so-called “colluvium” deposits yield unexpectedly a magnetic signature. These deposits are usually juxta-
posed to (active) fault scarps located at the toe of main carbonatic ridges and often represent the filling of
tectonic valleys and small depressions. Alluvial fans with clear magnetic signature occur adjacent to some
active extensional faults such as Mt. Marine (profile 2 in Figure 8) and Paganica fault (profile 4). The magnetic
signature of colluvium deposits lying at ridge slopes is clear at hanging walls of the Stabiata (profile 3),
Barisciano and Calascio (profile 5), and Roccapreturo fault (profile 6). Thus, our data show that (active) normal
faults—even when they do not bound lacustrine or palustrine basins—can yield a detectable magnetic
anomaly, as themid-Pleistocene-Holocene calcareous coarse-grained deposits stacked at fault toes are signif-
icantly magnetic, likely due to their high volcaniclastic content.

In few cases, thick Plio-Pleistocene successions do not give detectable anomalies. For example, the middle
Aterno valley, characterized by thick (up to 600 m; Civico et al., 2017; Pucci et al., 2016) Plio-Pleistocene con-
tinental infilling, does not produce a clear magnetic signature (profile 5). Such lack of magnetic fingerprint
can be due to (1) the upper Pliocene-lower Pleistocene age of the sediments, characterized by (i) lower K
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values (Figure 3); (ii) the possible occurrence of conflicting normal- and reverse-polarity remanent
magnetization horizons; and (iii) similar induced and remanent magnetization values (Q~1, Figure 3) that
imply a virtual magnetization annihilation in reverse-polarity sediment packages; (2) the palustrine-fluvial
environment characterizing the valley since mid-Pleistocene times that could have dispersed the volcanic
fraction in the sediments. This phenomenon was clearly observed in the sediments from LAQUI-CORE,
where only subtle and few cm thick middle-upper Pleistocene tephra layers were recovered (Macrì et al.,
2016). On the other hand, small dry karstic depressions—characterized by internal drainage networks—
acted as traps for volcaniclastic materials, as shown by the frequent 50-cm-thick tephra layers observed in
a core from the S. Stefano-Calascio basins (Magaldi et al., 2009) and by the 50-m-thick massive tephra
stack quarried at Carapelle Calvisio (Biagi et al., 1991). The closed Cascina (profile 1), Navelli (profile 6), and
Rocca Calascio (profile 5) basins—of which no evidence exists on sedimentary filling nature and thickness
—yield 4 to 8-nT magnetic residuals and could belong to such basin category.

The magnetic anomalies of Figure 7 are mainly located on already known mid Pleistocene-Holocene
basins, and anomaly margins basically confirm the location of faults that are considered to be active in
most recent studies (Blumetti et al., 2017; Cinti et al., 2011; Falcucci et al., 2011, 2015; Galadini & Galli,
2000; Gori et al., 2011; Moro et al., 2013). However, our data and interpretation bring new evidence on
seismogenic source geometry of three different sites: Cascina Plain, Bazzano-Fossa fault, and Sulmona
Basin (Figures 1 and 2).

In the NW sector of the survey area, relatively high positive magnetic anomalies occur at the Cascina Plain
and close smaller depressions that have not been geologically or seismotectonically investigated so far
(Figure 8, profile 1). The straight NE anomaly edge suggests the occurrence of a ~5-km-long main

Figure 7. Main tectonic features and Pliocene-Holocene basin contours (white lines) superimposed on magnetic anomaly map of Figure 5b. The numbered purple
lines are the locations of profiles shown in Figures 8 and 9.
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Figure 8. Elevation, exposed sediments, main normal faults, and corresponding aeromagnetic anomalies from Figure 5b along six NE-SW profiles (see Figure 7 for
location). Geological map insets are from Servizio Geologico d’Italia (1955, 2006a, 2006b, 2006c).
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normal fault bounding a sedimentary basin. Anomaly intensity (8 nT) is among the highest observed in our
survey, suggesting a thick continental succession rich in highly magnetic tephra, thus likely post mid-
Pleistocene in age. We stress that further studies—aiming at defining geometry, thickness, and age of
the virtually unknown Cascina Basin—are needed to properly constrain the seismogenic potentials of its
boundary fault.

A clear magnetic peak of 4 nT (profile 4) corresponds to the hanging wall of the NE-dipping Bazzano-Fossa
fault, an antithetic fault splay of the Paganica fault responsible for the 2009 L’Aquila earthquake (Improta
et al., 2012; Pucci et al., 2016; Vittori et al., 2011). The western positive anomaly margin follows perfectly
the antithetic fault along the Aterno valley (Figure 7), showing that the Bazzano-Fossa fault is ~10 km long
and cuts both the bedrock and mid Pleistocene-Holocene basin infill deposits within the Paganica-S.
Demetrio subbasin. The central segment of the fault has been always considered and mapped as “inferred”
so far due to the lack of morphological expression. Small coseismic surface ruptures observed after the 2009
L’Aquila seismic sequence have led to a debate about the reactivation (or not) of this antithetic fault segment
(EMERGEO Working Group, 2010; Falcucci et al., 2009; Vittori et al., 2011).

6.3. The Sulmona-Gizio Magnetic Anomaly

The most striking magnetic feature of our data set occurs in the SE survey area and is represented by a wide
NNW-SSE (N330°) oriented positive magnetic anomaly, with an average intensity of 5 nT, which partially
covers the Sulmona Plain and Gizio Valley (Figures 7 and 9a). Anomaly trend differs from the N305° strike
of the Mt. Morrone active normal fault. In the northern apex of the Sulmona Basin, the anomaly narrows
and follows the Mt. Morrone normal fault trace and the upper Pleistocene-Holocene slope deposits exposed
at fault foothills. In correspondence of Roccacasale, the anomaly widens toward the south and reaches a
10-nT intensity on Sulmona town and its industrial area. The anomaly corresponds to the exposed upper
Pleistocene fluvial-alluvial and slope deposits described by Galli et al. (2015). Magnetic sampling on fluvial
sands just N of Sulmona (PS4, Figure 9a) yielded high remanent magnetization and susceptibility values
(Figure 3). Conversely, the western side of the plain is characterized by null to negative magnetic

Figure 9. (A) Detail of the magnetic anomaly map of Figure 5b on the Sulmona basin and Gizio valley. The white transparency areas represent the exposed lower
Pleistocene-Holocene sediments. MF, Morrone fault. The normal fault inferred by magnetic data analysis (SGF, Sulmona-Gizio fault) is shown with a blue thick line;
topographic-magnetic profiles (b) 7 and (c) 8.
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anomalies (profile 7, Figure 9b). In particular, in the northwest apex of the basin, where a sequence made by
lacustrine whitish silts and thin tephra layers was dated to the Brunhes-Matuyama polarity transition
(0.78 Ma, Sagnotti et al., 2014, 2016), the anomaly reaches �8 nT. It is likely that the negative anomaly in
the NW part of the Sulmona plain is due to a thick package of buried reverse-polarity sediments of early
Pleistocene age. Negative residuals require that remanent magnetization dominates over induced magneti-
zation, and this is consistent with magnetic properties of whitish lacustrine silts sample PS3 from Roccacasale
(Figure 3). Sample PS3 yields a normal polarity and likely deposition during the Brunhes chron (mid
Pleistocene age), but the data by Sagnotti (2014, 2016) from close sections suggest that PS3 comes from
the lowermost part of the Brunhes chron, andmost of the buried sedimentary package was deposited during
the Matuyama reverse-polarity chron.

Gravimetric and seismic reflection data have revealed a half-graben geometry with a maximum continental
sediment thickness of ~450 m in the eastern sector, near the Morrone fault (Di Filippo & Miccadei, 1997;
Miccadei et al., 2002). Unfortunately, available geological and geophysical data are not enough to define
the Sulmona basin architecture and the thickness of the fluvial and lacustrine units, in particular in its central
and southern portion. Well data from the Sulmona area identify 30–40 m of upper Pleistocene gravels and
sands, lying on undated thick (~450 m) lacustrine silty clays containing several coarse layers, leaving the stra-
tigraphy below upper Pleistocene sediments as unknown.

By using the GaMfield software (Pignatelli et al., 2011) and considering (1) basin geometry available from geo-
physics and (2) magnetic properties measured by us at two sites (PS3, PS4; Figure 3), we have constructed a
magnetic modeling of the Sulmona basin. By adopting 500 m of lower-middle Pleistocene whitish lacustrine
silts, with a total 4.6 × 10�3-A/m magnetization (sample PS3, induced and remanent magnetization are
added, given the normal polarity), we get a maximum 0.6-nT field intensity that is much lower than the posi-
tive anomaly intensity measured in the eastern Sulmona plain (5–6 nT). Conversely, a 100- to 150-m thickness
of upper Pleistocene fluvial sands rich in tephra characterized by a 9.5 × 10�2-A/m magnetization (consider-
ing values from site PS4) is able to reproduce the target anomalies.

Thus, we suggest that the striking positive magnetic anomaly of the E Sulmona plain is due to the occurrence
of 100- to 150-m strongly magnetic upper Pleistocene-Holocene sediments that are lacking in the W basin
sector. We also infer that the subrectilinear W anomaly margin is due to a previously poorly known NE-
dipping active normal fault that would represent an antithetic splay of the main Morrone normal fault. The
lack of fault morphological expression may be ascribed to the easily erodible sandy-gravel lithology of the
upper Pleistocene sequence.

In the past, Miccadei et al. (2002) documented by seismic reflection profiles an ENE-dipping fault, antithetic to
the main Morrone fault, and located in correspondence of the Sagittario River (near Pratola Peligna). More
recently, a set of NE-dipping small antithetic faults was mapped in the northern Sulmona Basin by Galli
et al. (2015).

The Sulmona anomaly continues southward with a similar trend in the Gizio valley, where it reaches a value of
~3 nT (profile 8, Figure 9c). This basin, according to the available geological maps (Servizio Geologico d’Italia,
2006c), is filled up with upper mid (?)-upper Pleistocene continental sediments, but no further information
is available.

Relying on magnetic anomaly pattern, measured magnetic properties, and forward 3-D modeling, we
propose that both the Sulmona and Gizio valleys are filled up by strongly magnetic upper Pleistocene-
Holocene sediments that rest on the hanging wall of an active normal fault, representing an antithetic splay
of the main Morrone normal fault. We also suggest that what we call here “Sulmona-Gizio fault” should be
included among the putative tectonic features responsible for the 1706 A.D. earthquake, whose seismic
source is debated (Galli et al., 2015). The 18-km length of the rectilinear magnetic anomaly boundary would
equate seismogenic fault length, which would yield an ~M 6.5 earthquake considering empirical magnitude-
fault length relations by Wells and Coppersmith (1994). We note that an electrified railway path runs along
the W margin of the Sulmona anomaly (Figure 9a), and this undoubtedly weakens our seismo-tectonic inter-
pretation. However, the W boundary of the Sulmona anomaly continues with a similar orientation further
south in the Gizio valley, where no railway and no significant anthropogenic artifacts may influence the nat-
ural magnetic signal.
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7. Conclusions

Our work confirms that continental deposits lying on top of normal faults hanging walls yield a measurable
anomaly, and the aeromagnetic map mirrors with reasonable approximation the shape of most of the
continental basins formed adjacent to normal faults active since late Pliocene times. On the other hand, aero-
magnetic surveys are unable to detect the (active) fault network when the brittle seismogenic layer (upper-
most 10–15 km) is made by diamagnetic limestones or dolomites. Fault mineralization “layers”—if existing at
depth in the central Apennines—do not produce detectable anomaly either.

Literature data and new measurements show that continental sediment magnetization is greatly magnified
in post mid-Pleistocene (i.e., younger than 0.7 Ma) deposits of central Italy that contain tephra produced
repeatedly by volcanoes from the peninsular Tyrrhenian margin. Thus, we suggest that the basins character-
ized by the highest intensity magnetic anomalies (5–10 nT) contain mid-Pleistocene (and younger)
sediments, whose deposition was driven by very recent—thus likely still active—normal faults. This implies
that—notwithstanding carbonate bedrock occurrence—aeromagnetic data of the central Apennines may
be used to infer on the seismotectonics. Our data also show that the coarse-grained colluvium deposited
at unquestionably active normal fault foots yield weak but detectable magnetic anomalies, implying that
aeromagnetism may be used to track (active) normal faults even when they do not cause the genesis of
lacustrine-palustrine basins. A more detailed knowledge of the magnetic properties of the Plio-Quaternary
sedimentary cover including thickness and stratigraphy of the basins would certainly provide more appropri-
ate quantitative constraints for the interpretation of aeromagnetic data, aimed at more accurate
geological models.

Magnetic anomaly edges of our data set correspond in most cases to the main (active) normal faults bound-
ing intermontane basins and small depressions. Fault segment location and length inferred by aeromagnet-
ism is generally consistent with previous geological and paleosismological studies, confirming the
seismotectonic setting of the central Apennines and the seismicity magnitude expected at most sources
(Galadini & Galli, 2000; Pizzi et al., 2002). However, in few cases, the aeromagnetic data suggest a (seismo)
tectonic setting unrecognized previously, and the most notably example is represented by the Sulmona plain
and Gizio valley. Here we observe an 18-km-long rectilinear anomaly edge that we associate with a previously
poorly known Sulmona-Gizio fault, representing an NE-dipping antithetic splay of the Morrone normal fault.
We suggest that the Sulmona-Gizio fault should be included among the putative sources of the enigmatic
1706 A.D. Sulmona earthquake, as its 18-km length is compatible with an M 6.5 seismic event.

We also analyzed the long-wavelength magnetic anomaly that is superimposed on the high-frequency resi-
duals and culminates—along the Adriatic margin of central Italy—into two >100-nT positive anomaly
patches. We find that the long wavelength residuals are produced by the strongly magnetic (K ~5 * 10�2)
lower crust of the Adria plate that progressively deepens westward below the Apennine chain. No additional
magnetic sources are evidenced above 30-km depth (apart for the shallow continental sediments), implying
that the middle-upper crust of Adria and the Apenninic wedge are made by non magnetic lithologies. This
implies that (1) the uppermost 10 km (at least) rock package of the Apennine wedge is made by sediments
and the high seismic wave velocity bodies documented by seismic tomography (Bianchi et al., 2010;
Chiarabba et al., 2010; Di Stefano et al., 2011) are represented by nonmagnetic dolomites, consistently with
previous magnetic modeling by Speranza and Minelli (2014); (2) the middle-upper crust of Adria must be
made by weakly metamorphic sediments and crystalline rocks characterized by acidic and weakly
magnetic fingerprint.
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