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ABSTRACT. The Magnola Mounts (the Abruzzi, central Italy) are bound towards the Fucino Plain
by a steep fault slope that is marked at its base by a continuous rock fault scarp (a
“nastro”, in Italian). In the Apennines, this particular feature is often interpreted a
priori as evidence of Holocene tectonic activity, although sometimes climate-related
exhumation processes or gravity-driven phenomena can generate such geomorphic
markers. To unravel this possibility, we searched for field geological indications, and
here report on our findings of both long-term and short-term evidence concerning the
activity of the Quaternary Magnola fault. Paleoseismological analysis carried out
across the talus resting against the rock fault plane revealed evidence of repeated
surface rupture events from, and during, the Holocene, to historic times. Following a
comparison of the ages of these events with those already known for the Fucino Basin
faults, we argue that the Magnola fault acts as the north-western-most strand of the
Fucino fault system, which is, in turn, the structure that was responsible for the
devastating 1915, M), 7, earthquake, as for other earthquakes in the past.
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1. introduction

After the 2009 L Aquila earthquake [M,, 6.3, the Abruzzi, central Italy; Amato ef al. (2011)
and reference therein], what we definitely learned is that within the structural, lithological and
climatic context of the central Apennines, the geological signature of seismogenic faults that are
responsible for such, or larger, crustal events can be reasonably identified on the landscape
surface. The morphological and/or tectonic indications can range from displaced Late Pleistocene
deposits and forms, to rock-fault scarps carved into the substratum (known as “nastri” in the
Italian literature), as with those that characterize the southwestern slopes of many mountain
ranges in the Abruzzi (see Bosi, 1975). For instance, in the 2009 epicentral area, as well as faulted
Pleistocene deposits and paleosurfaces, the evidence of recent fault activity can be seen in the
presence of a discontinuous nastro that affects both the Mesozoic limestone and the Early
Quaternary conglomerates [Paganica—San Demetrio fault system; PSDFS; see Fig. 1: Galli et al.
(2010c, 2011)]. However, in this case, earthquake geologists have only collected these indications
ex post, thus meaning that the seismic hazard related to the PSDFS has never been fully and
correctly assessed.

On the other hand, if a fault is considered as active (e.g., Bartolini, 2010), in want of robust and
integrated field geological constraints (stratigraphical, geomorphological, paleoseismological)
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and analytical determinations (e.g., radiometric dating), there could be misleading implications
in terms of regional seismic hazard assessment (e.g., Messina ef al., 2011a, 2011b). In this regard,
where not supported by geological and analytical data, the presence of a fault nastro also cannot
be considered as self-sustaining evidence of fault activity [see cases in Galadini (2006)], and vice
versa. For instance, the active Mount Marzano fault system (southern Apennines; 1980, M, 6.9
earthquake) has a discontinuous nastro that disappears along slopes that are covered by thick,
secular beech forest. Here, this nastro is substituted by a compound scarp (sensu Slemmons,
1957) that is hidden and preserved below thick soils (Galli ef al., 2010a). The same ambiguity
occurs along the neighboring Mount San Giacomo fault (Galli et al., 2006), where the impressive
nastro carved into the Mesozoic limestone disappears abruptly as the fault cuts through
silicoclastic and /or dolomitic rock.

In the present study, we consider the WNW-ESE Magnola normal fault (hereafter MF). This
has already been described in many studies, starting with Bosi (1975), who considered it
reasonably active on the basis of its geomorphic imprint, i.e., the continuous fault nastro running
along the base of the slope. According to Galadini and Galli (2000), the MF might be part of the
Fucino fault system, which is the structure that was responsible for the strongest recorded
earthquake in central Italy (1915, M), 7). Thus, we believe that an understanding of Quaternary
activity of the MF and its time/ space interactions with the other Fucino faults will represent a
step forward in the characterization of the seismogenic behavior of this primary and very
hazardous structure.

Through the integration of aerial photograph interpretations, field surveys, and
geomorphological and paleoseismological analyses, we here cast light on this issue, and provide,
for the first time, direct geological evidence for Pleistocene-Holocene activity of the MF.

2. Seismotectonic framework of the studied area

Since the Early Pleistocene, the Apennine fold-and-thrust belt of central Italy has been
affected by NE-SW extensional processes [and/or gravitational collapse driven by uplift during
crustal shortening: see Patacca et al. (2008)]. These processes are currently focused along the
axis of the Apennine chain. Indeed, while the long-term geological signature of extension is
revealed by the SW-dipping normal faults that bound the small-to-large intermontane basins
(Galadini and Galli, 2000; Boncio et al., 2004; Roberts and Michetti, 2004), its present rate is
given by the calculated differential GPS velocities, which do not exceed 3 mm/yr in the area
investigated (i.e., the Fucino region; D’ Agostino et al., 2011).

The active faults of the central Apennines have been systematically investigated through
paleoseismological analyses over the past 25 years (Galli et al., 2008; Fig. 1). These have been
roughly grouped into two main systems: (i) the first runs along the chain axis (the Western fault
system; i.e., Fig. 1, all of the faults except the Campo Imperatore fault system and the Mount
Morrone fault system; CIFS and MMFS, respectively), to which the largest historical earthquakes
have been associated and on which the present study is focused; and (ii) the second runs close to
the eastern front of the chain (Eastern fault system; Fig. 1, CIFS, MMFS), which has been
defined as historically silent (Galadini and Galli, 2000) as it has not generated known
earthquakes in the past 1-2 ka, although it was active all through the Holocene.
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Fig. 1 - Digital terrain model showing the primary active faults of central Italy, and the main associated earthquakes
[years in rounded rectangle; modified from Galli er al. (2010c)]. Arrows, extension from GPS velocity data
(D’Agostino et al., 2011). Bulldozer symbols, paleoseismological studies. The focal mechanisms are from Gasparini
et al. (1985), SLU-EC (2011), Pondrelli ez al. (2010). CFCFS, Campo Felice-Colle Cerasitto fault system; CIFS,
Campo Imperatore fault system; LE, Luco dei Marsi fault; MAFS, Midde Aterno fault system; MF, Magnola fault;
MHE, Marsicana highway fault; MMFS, Mount Morrone fault system; OPFS, Ovindoli Pezza fault system; PSDFS,
Paganica-San Demetrio fault system; SBGF, San Benedetto dei Marsi-Gioia dei Marsi fault; TF, Trasacco fault; UAFS,
Upper Aterno fault system; USFS, Upper Sangro fault system. Inset: Location of study area within Europe.
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Primary normal faults are generally arranged into systems of 3-5 main en-echelon segments,
each of which is 5 km to 20 km long (Bosi, 1975; Cello et al., 1997; Galadini and Galli, 2000;
Roberts and Michetti, 2004). With important exceptions, fault systems do not exceed 30 km in
surficial length, and they are generally characterized by a 1-2 kyr recurrence time for M;6.5
earthquakes (Galli et al., 2008). Recently, this ‘rule’ has been challenged by the results of
paleoseismological trenches that have been excavated in central-southern Italy. For instance,
around L’ Aquila (Fig. 1), the fault segmentation and fault linkage processes have fundamental
roles in the seismogenic behavior of the primary structures (Galli et al., 2010c, 2011). Here the
PSDFS has been recognized as being responsible for both Mw ~6.3 (as the 2009 and 1461
earthquakes) and M, 6.7 events. In this latter case, the PSDFS ruptured together with the adjacent
Upper Aterno fault system (UAFS), as happened on February 2, 1703, and in other previous
strong earthquakes. A similar seismogenic behavior can also be hypothesized for other normal
fault systems of the Apennines, such as the aforementioned Mount Marzano fault system (Galli
et al., 2010a), and the Norcia fault system (Galli et al., 2005). In contrast, shorter and/or more
irregular recurrence times for M,>6.5 earthquakes have been documented for the Aquae Iuliae
fault (Molise, southern Italy; Galli and Naso, 2009), for the northern Matese fault system
(Molise, southern Italy; Galli and Galadini, 2003), and again for the Mount Marzano fault system
(Galli et al., 2010Db).

2.1 The Fucino seismogenic structures

The MF falls within the epicentral area of the strongest earthquake in central Italy [January
13, 1915; Mg 7.0; 1, XI MCS; more than 30,000 fatalities: Margottini and Screpanti (1999) and
Molin et al. (1999)]. This event was generated by the Fucino fault system (Galadini and Galli,
1999), which is an array of NW-SE normal faults that dip mainly SW. According to eyewitnesses
(Serva et al., 1988; Galadini ef al., 1995, 1997, 1999), surface faulting occurred all along the
faults surrounding and/or inside the Fucino plain (i.e., San Benedetto dei Marsi-Gioia dei Marsi
and Marsicana Highway master faults, synthetic and antithetic splays of Trasacco fault and Luco
fault; Figs. 1 and 2, respectively, SBGF, MHF, TF and LF). Oddone (1915) followed the fault (Fig.
3) from beyond Gioia dei Marsi (to the extreme SE) to Magliano dei Marsi (to the NW), for a
total length of ca. 33 km along a NW-SE direction (Fig. 1). Other clues from newspapers
(Corriere d’Italia, 1915; Corriere di Napoli, 1915; Gazzetta del Popolo, 1915; Il Mattino, 1915;
Osservatore Romano, 1915) reported on the opening of a large “crepaccio” (vent) on the Mount
Velino slopes, which would tentatively indicate surface faulting along the Magnola rock-fault
scarp. On the basis of these reports, and of the “highest intensity datapoint distribution” (Fig. 1),
Galadini et al. (1998) hypothesized that the 1915 earthquake was generated by the contemporary
slip of the MF-MHF-SBGF (all together giving a ca. 37-km-long structure), with rupture
directivity from the SE towards the NW (Berardi et al., 1999; Galli et al., 2002). The 1915 surface
rupture was also recognized inside 15 paleoseismic trenches in the plain (Michetti et al., 1996;
Galadini et al., 1997; Galadini and Galli, 1999), which revealed many other previous surface
rupture events with offsets comparable to the 1915 one. In particular, Galadini and Galli (1999)
identified a penultimate event in a time span between 426 AD and 782 AD (see details in Galli
et al., 2008), which was referred to an earthquake that hit Rome in 508 AD. Prior to this, there
was another between 3500 BP and 3300 BP (1450 BC in Galli et al., 2008), another previously
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Fig. 2 - Expanded digital terrain model from Fig. 1 of the Fucino fault system, which was the structure responsible for
the M,, ~7 earthquakes of 1915, 508 AD, and many previous paleoseismic events. The main faults bounding at the NE
of the Fucino basin are in bold blue (the Magnola, Marsican Highway, and Gioia dei Marsi-San Benedetto dei Marsi
faults). The main synthetic (Trasacco), antithetic (Luco dei Marsi) and transversal (Tre Monti) faults are in blue. Note
at the NW tip of the Magnola fault the epicentres of the M, 5.7, 1904 and the M,, 3.9, 2011 earthquakes. The darker
area fits the rough surface projection of the in-depth seismogenetic structure. Bulldozers are paleoseismological sites
where paleoearthquakes have been identified [see text and Galli ef al. (2008)]. Focal mechanisms are from Gasparini
et al. (1985) and SLU-EC (2011). Dashed rectangle shows area of Fig. 5.

between 5944 BP and 5618 BP (3831 BC in Galli ef al., 2008), and previous occurred between
12729 BP and 7576 BP, between 12729 BP and 12053 BP, between 17666 BP and 16397, and
between 19750 BP and 18450 BP. Obviously, due to possible stratigraphical hiatus, not all of the
reported events were necessarily strictly consecutive, especially the older ones.

It is worth noting that the only other important historical earthquake in the hangingwall of the
Fucino fault system [see Table 1 in Molin et al. (1999)] occurred in 1904, which caused the
destruction of Magliano dei Marsi and other neighboring villages (M 5.5; 1, 8.5 MCS; Spadea
et al., 1985; Margottini et al., 1993. M, 5.7 in the current Italian catalogues). A long chasm with
an associated light offset was also observed in the foothill of Velino-Magnola Mounts (Il Giornale
d’Italia, 1904), even if the conciseness of the account does not allow it to be related to surface
faulting phenomena. However, considering that the mesoseismic area (/g >7.5 MCS) is elongated
along the NW-SE within the hangingwall of the MF (Fig. 1), Galadini et al. (1997) hypothesized
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Fig. 3 - Original photograph of Oddone (1915) of the surface faulting effects near San Benedetto dei Marsi from the
1915 Fucino earthquake.

that in 1904 a portion of the MF slipped, priming the entire rupture of the Fucino fault system in
1915. Even if we ignore the 1904 focal mechanism, we could hypothesize that it was similar to
the one calculated for an event that occurred in 2001 very close to its epicenter (M, 3.9; Figs. 1,
2), which shows a NW-SE extensional mechanism.

Finally, Bagh er al. (2007) identified a small sequence (in the period of 2003-2004) in the
hangingwall of the MF with SW-down-dip fault kinematics, which was nucleated from 10 km to
15 km in depth; they associated this to the deepest portion of the MF [see Bagh et al. (2007) and,
Fig. 4e].

Table 1 - Radiocarbon dates of organic sediment samples collected in the trench dug across the Magnola Fault, as
defined by accelerator mass spectrometry (C.I.LR.C.E. laboratory, Caserta). The 20 calibration were carried out using
the Calib 6.0.1 program (Stuiver et al., 2010).

Trench| Sample |Analysis| Dated material Measur:g:?:;;:carbon 2cCalibration | FaultReferencs
1 MAGNO1 AMS Organic sediment 8611 + 48 9695-9501 BP | MF |[this paper
1 MAGNO02 AMS Organic sediment 5790 = 80 6408-6752 BP | MF |this paper
1 MAGNO3 AMS | Organic sediment 1710 = 26 255-401 AD MF |this paper
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e R P T T
Fig. 4 - View looking west of the Early Pleistocene breccias (“Bisegna” or “mortadella’
Magnola fault (photograph by PG).

3. Geological hints for Pleistocene activity of the Magnola fault
3.1 Previous studies

Piccardi ef al. (1999) carried out structural and geomorphic analyses along the fault that they
assumed to be active and 15 km long. Making the crude assumption that the glacial smoothing
of the mountain slope ceased at 14 +4 ky BP, Piccardi ef al. (1999) concluded that the vertical
throw that they measured across the fault nastro yields an average postglacial slip-rate of 0.7 £0.3
mm/yr. On the other hand, Gori et al. (2007) hypothesized that the layered breccias at ca. 1900
m a.s.l. in the footwall of the MF (Fig. 4) might be the remains of an Early Pleistocene alluvial
fan that lies over an old pediment, and that both were lowered by the fault in the hangingwall at
1,200 m a.s.l., where similar breccias outcrop. Assuming an age of 1.0 0.2 Ma for the breccias,
these provide a long-term slip-rate of 0.54 to 0.81 mm/yr (n.b., this value does not take into
account the primary down-slope dip of the breccias).

Palumbo et al. (2004), Schlagenhauf (2009) and Schlagenhauf et al. (2010, 2011) carried out
cosmogenic *°Cl dating on carbonate samples along the exhumed fault plane. According to
Palumbo et al. (2004), the distribution of the in-situ *°Cl concentrations was best explained by
five successive earthquake surface ruptures that occurred 12 ky, 10.5 ky, 7.4 ky, 6.7 ky, and 4.85
ky BP (these dates would imply a vertical slip rate of 0.58 mm/yr). However, Schlagenhauf
(2009) refined the modeling of the content of in-situ 3°Cl cosmonuclide on the same samples as
Palumbo et al. (2004), and added many others that came from the buried portion of the same
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Fig. 5 - High-resolution digital terrain model of the area indicated in Fig. 2. BB and bb, “Bisegna” breccias (footwall
and hangingwall, respectively). a-d, geological sections in Figs. 6, 8A, and 10. Bulldozer symbol, the
paleoseismological site. Note the flat, top-surface shape of the vast LGM fluvioglacial fan exiting the Majelama Valley,
southward.

plain, and from four other sites. These nine paleo events occurred at ca. 13.7 ky, 10.7 ky, 9.2 ky,
85ky, 74 +8 ky 4888 ky 3.889 ky 3.3+0.7kyand 1.1 86 ky BP.8 hlagenhauf et al.
(2010) then recalculated the ages of the last five events at 7.2 £0.5 ky, 4.9 (+0.7/-0.9) ky, 4.0
(+0.8/-1.1) ky, 3.4 (+0.5/-0.9) ky and 1.5 (+0.5/-0.9) ky BP, each one with an offset between 1.6
m and 3.6 m, and with a consequent vertical slip rate in the past 7 ky of 1.2 mm/yr. Finally, in
considering also the data gathered on the Velino fault, Schlagenhauf ez al. (2011) proposed again
the occurrence of the following nine events: 14.7 1.0 ky, 11.0 0.5 ky, 10.1 (+0.4/-0.5) ky, 9.7
(#.50.3) ky, 7.8 (8.78.8)  ky, 4.8 (6.3/ 0.4) ky, 4.4 (6.3/ 0.4) ky, 4.0 (+0.4/06.5) ky, 1.3
&4 ky BP.

It is worth noting here that the basal Mount Velino structure represents a didactic example of
fault-inversion of a Messinian thrust ramp. Today, its main morphological character is a flat
hillslope that is carved into the low-angle fault plain that, in turn, was reactivated in extension
during the Early Pleistocene (Nijman, 1971; Bosi et al., 1994). Anyway, according to Chiarini et
al. (1997), the normal fault was sealed by Middle Pleistocene paleosurface, and thus contrary to
what was claimed by Schlagenhauf et al. (2011), it should be considered no longer active.

3.2 New field data

To provide field geological evidence of recent surface faulting, if any, and to eventually
quantify the Pleistocene MF activity, we carried out a geological and geomorphological survey
all along the southern slopes of the Magnola Mounts. On a digital terrain model of the area with
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Fig. 6 - Geological sections (a-b in Fig. 5) showing the total offset of the “Bisegna” breccias along the SW Magnola
Mounts slope. Note in the upper right the carbonate substratum (1) below the breccias in the Magnola fault footwall
(white star in the upper left picture, site of Fig. 4. Photographs by PG).

a 5-m-spaced grid (from 1:5,000 data of Regione Abruzzo, 2010), and through interpretation of
aerial photographs and GPS-based field surveys, we first traced the different segments and splays
of the MF (Fig. 5). The 8.5-km-long, western segment outcrops continuously, with an average
N107¢ strike; this then splits into two strands, one 5-km-long and with a N117° strike, and the
other 3-km-long with a 90° strike in the footwall. Although the fault nastro disappears as it goes
SE, it points directly towards the NW tip of the MHF, and thus joins the eastern primary Fucino
structure. In turn, in the NW, it ends abruptly against the above-mentioned Mount Velino N130°
basal fault (Fig. 2) that appears to act as a barrier that has inhibited the growth of the MF
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Fig. 7 - Photograph of view looking north of the fault scarp carved into the LGM moraine at the mouth of Majelama
Valley. Arrows, top of the moraine crest, displaced at least 7 m by the fault (photograph by PG).

westwards.

Then we surveyed and mapped the sparse “Bisegna” breccias outcrops (sensu Bosi and
Messina, 1991; “brecce mortadella” sensu Demangeot, 1965; “brecce di Fonte Vedice”, sensu
Bertini and Bosi, 1993; see also Bosi ef al., 2003, and references therein). Indeed, as this is the
only correlative Quaternary unit that outcrops across the fault, in agreement with Gori et al.
(2007), we decided to use it as a long-term indicator for the MF slip rate. In the footwall, there
were only two relics of the original clastic succession (Fig. 5, bb) which lie over a gently dipping
paleosurface that is still visible between 1850 m and 2000 m a.s.l.. The easternmost of these is
made up of a 10-15-m-thick, and less than 350-m-long and 100-m-wide isolated slab of well
stratified breccias, which outcrop between 1920 m and 1875 m a.s.l. (Figs. 4 and 6); the
westernmost, and smaller, of these outcrops is within the same elevation range (Figs. 5 and 6),
and both of them lie unconformably over the marine Mesozoic limestone (Fig. 6, upper-right
panel). The top surface of these slabs dips downhill by 8° to 9°, which matches with the average
dip of the breccias strata (Figs. 4 and 6); i.e., with the primary depositional dip of the gravel. In
turn, the strata measured in the widespread outcrops of the hangingwall (Fig. 5, BB) dip
northwards by 5° to 10° as they approach the fault (i.e., they are tilted counter to the hill by 15°-
20°), whereas they crop out sub-horizontally going southwards. In the hangingwall, their
thickness is 3-4 times that measured in the footwall, and so we believe that the fault onset is
coeval to the clastic deposition, even if we cannot exclude that a higher rate of erosion in the
footwall has strongly reduced their original thickness. However, in this case, we would assume
that erosion - by chance - has proceeded parallel to the primary stratification.
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Fig. 8 - LGM moraine at the mouth of the Majelama Valley. A. geological section of the faulted crest of the moraine
from Fig. 5c. Note that the top surface in the footwall has been eroded, and thus the measured offset is at a minimum.
B. Photograph of downhill view looking SE of the faulted moraine (two people included for scale; photograph by PG).

On this background, and considering the reciprocal dip of fault and deposits, the net offset of
the breccias bottom that we evaluated along two geological profiles across the fault is 550 m (Fig.
5, traces a and b, and Fig. 6).

We also mapped the last glacial maximum (LGM) moraine deposits that are affected by the
MF at the mouth of the deeply entrenched Majelama Valley (1200-1100 m a.s.l.; Frezzotti and
Giraudi, 1992; Fig. 5). The moraine is made up of massive and etherometric gravel in a coarse
sandy matrix, and it shows a prominent fault scarp carved into the relic of the original periglacial
forms (Figs. 7 and 8B). Although the footwall portion has been strongly reshaped by erosional
processes that have resulted in the truncation of the moraine top surface, we estimate a minimum
post-LGM offset of 7 m along a high-resolution topographic profile (Fig. 5c) carried out across
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Fig. 9 - Photograph of view looking W of the Late Pleistocene faulted conglomerates (dashed line, one of the splays)
at the apex of a fan crossing the Magnola fault. Note on the right the main fault plane exhumed by the deep, recent
gully erosion (area of Forme village; PM piggyback of Donkey included for scale; photograph by PG).

the fault scarp (Fig. 8A).

The Late Pleistocene activity of the MF is also confirmed by the faulting of the uppermost
layers of the fan/ talus deposits resting against the rock fault plane. This can be seen within the
entrenched apex of the post-LGM alluvial fans (Frezzotti and Giraudi, 1992), which open out at
the mouth of some streams that dissect the carbonate slope, as for the one north of Forme village,
where some synthetic splays outcrop a few meters from the nastro (Fig. 9). West of this fan, we
carried out three high-resolution topographic profiles (Fig. 5, site d), along the slope and across
the fault nastro (Fig. 10). By intersecting the projection of the slope profile measured in the
footwall (i.e., uphill of the retreated scarp) with the fault plane projection, we extrapolated the
slope profile that might have existed during the strong LGM rhexistasy phases (Fig. 10, dashed
lines). This, we assume, was when the slopes and the fault scarps were smoothed and rectified
(Dramis, 1983; Roberts and Michetti, 2004). We noted that the height of the scarp (the nastro plus
the retreated fault scarp) along this portion of the fault is relatively constant in all of the profiles,
with a vertical offset cumulated by the fault of ca. 16 m. Indeed, as discussed below, this is an
overall value that should have an unquantifiable amount deducted, due to the erosive processes
that occurred during the Holocene (i.e., the exhumation processes of the nastro).

4. Paleoseimological analysis

To ascertain, and possibly constrain, the Holocene fault activity, we carried out
paleoseismological analyses by exploiting the trench opened by Schlagenhauf (2009) for
cosmogenic *°Cl dating on the buried portion of the carbonate fault plane (Fig. 5, site d). Indeed,
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Fig. 10 - Geological sections from Fig. 5d, showing the offset of the slope profile across the Magnola fault nastro. Note
that the height of the nastro is roughly half of the total offset, and that part of the offset might be due to talus erosive
processes at the bottom of the nastro. Lower panel, the profile positions along the whole Magnola Mounts slope from
Fig. 6a.
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Fig. 11 - Log of the paleoseismological trench analysed, as for Fig. 5d and Fig. 10, upper panel. All the deposits are
displaced and dragged along the fault nastro, indicating the occurrence of repeated surface faulting events up to historic
times (e.g., 508 AD, 1915 earthquakes). 1, brownish sand and silt with carbonate clasts (presently forming soil; la,
wedge of brownish sand and silt); 2, fine angular gravel, in orange sandy matrix; 3, brownish sand and silt with
carbonate clasts (4 borted’ paleosol); 4, massive badly sorted gravel in abundant reddish silty matrix; 5, massive badly
sorted angular carbonate gravel; 6, faintly stratified, angular classed gravel; 7, massive badly sorted gravel in abundant
reddish silty matrix; 8, wedge of massive badly sorted angular carbonate gravel in brownish sandy matrix; 9, wedge of
massive badly sorted angular carbonate gravel in reddish-brownish sandy matrix; 10, chaothic silty deposit, packed and
dragged along the fault. See text for further details.

after re-digging and enlarging the B wall of the trench, we built up a 0.5 net and logged at 1:20
scale the exposed slope-derived succession, which is entirely faulted against the carbonate nastro
(here striking N115°, with a dip of 48°; Figs. 11 and, 12). All of the depositional units that we
recognized are affected by secondary splays that branch from the main plane, i.e., from an ca. 10-
cm-thick chaotic silty material (shear zone) that is packed and dragged between the flat carbonate
fault plane and the wedge of clastic deposits (Fig. 11, unit 10). The splays cut the whole slope-
succession, as they are partly sealed by the present humic horizon (Fig. 11, unit 1). Apart from
this latter unit, and unit 3, which is a thin, scarcely developed paleosol (Fig. 11), all of the others
units (units 4-9) are massive or faintly stratified (unit 6) angular, badly sorted gravels, in reddish
silty matrix (very abundant in units 4 and 7; Fig 11). The complex primary relationships among
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Fig. 12 - Photograph of
oblique view looking NE of
the eastern wall of the
paleoseismological trench of
Fig. 11. Labels as in Fig. 11.
Dashed lines indicate some of
the visible fault splays. The
net is 0.5 m (photograph by
PG).

these different units have been deeply skewed by the tectonic/ gravity-driven deformation that has
affected the talus, which makes it difficult to reconstruct the original stratigraphic framework.
However, as the entire succession has been faulted repeatedly in recent times, to constrain the age
of these events, we sampled and dated the organic matrix of some of the units.

8 mples MAGNO1 and MAGNO2 (Table 1) are from units 9 and 8, respectively (i.e., gravelly
colluvia in reddish-brown sandy matrix), and these provide the age of their parent material (i.e.,
before it was colluviated downwards on the slope). They thus roughly indicate the “terminus post
quem” for their deposition, which is the Late Holocene. We can argue that this happened after the
phase of slope stability and pedogenesis recorded in the central Apennines up to ca. 4.5 ka; i.e.
during the Neoglacial period (Giraudi et al., 2011). However, what is more striking is the age of
unit 3 (sample MAGNO3), which falls fully into the Roman Imperial period. Unit 3 is a thin,
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immature paleosol laying on an erosional surface that, in turn, truncates the different units below
(e.g., units 4 and 8). Unit 3 is buried by fine angular gravels (unit 2), and both are faulted once
(Fig. 11, fault splay B). The age of unit 3 is consistent with the ‘short” humid sub-phase of soil-
stability that was recorded during the Late Roman age [150-350 AD; e.g., in Martin-Puertas et
al. (2009)], before the cold and arid successive period that probably ‘aborted’ the soil. Units 2
and 3 have been successively buried/ pedogenized by unit 1, which looks, however, to have been
involved in successive deformational events that have led to the opening and filling of a wedge
(Fig. 11, 1a) that rests between the slope-succession (Fig. 11, splay A) and the nastro. This further
event is also confirmed by the offset of unit 1 on the splay C, and by its faint thickening in the
hangingwall.

Therefore, we can hypothesize that a penultimate faulting event occurred not much after 255-
401 AD (i.e., after the burying of paleosol 3), and a final faulting event that involved the presently
forming humic horizon (unit 1).

Finally, a further previous event that affected the Neoglacial colluvia is also visible, and this
is sealed by the above-mentioned erosional surface that lies below the Roman level (i.e., unit 3).

5. Discussion

On the basis of the ages of the Quaternary deposits that have been affected by the MF, and of
the different offsets calculated for each of these, it is now possible to obtain: 1) the fault slip-rate,
both over the long-term and the short-term; 2) the extension rate across this sector of the
Apennines; and 3) the ages of some of the paleoearthquakes observed in the trench. Finally, we
can provide a hypothesis concerning the seismogenetic behavior of the Fucino structure.

5.1. Long-term slip rates

The geological sections traced across the SW slope of the Magnola Mounts (i.e., the long-term
expression of the cumulated fault scarp; Figs. 5, 6, a, b) show that the continental breccias are
offset by 550 m, for both the western and central parts of the fault (no breccias in the footwall of
the easternmost tip). According to Bosi et al. (2003), these breccias are datable to around 1.0 +0.2
Ma, as they would represent a ubiquitous deposit of the central Apennines that probably formed
during one climatogenic event (see also D’Agostino et al., 1997). Recently, we surveyed similar
facies-equivalent rudites around L’ Aquila, where they also interdigitate with whitish lacustrine
silts that are characterized by reversed paleomagnetic polarity (Matuyama epoch, 0.78-1.77 Ma;
Giaccio et al., 2011). As these silts contain a cluster of tephra layers that are petrologically
attributable to the calc-alkaline Tuscany Province (i.e., they lack K-felspars and/or leucite
crystals), and considering that the explosive activity of the Cimini Volcano was the only one that
was potentially capable of generating widespread tephra clouds, we tentatively suggest an age
around, or slightly subsequent to, 1.35 Ma to 0.90 Ma (Peccerillo, 2005) for the breccias
deposition, which confirms the hypothesis of Bosi et al. (2003). Therefore, assuming this age of
1.0 £0.2 Ma, we calculated a vertical slip-rate of 0.6 £0.1 mm/yr. Indeed, this rate should be
considered as a minimum, as we do not know when the fault started its activity. However, as the
breccias are always much thicker in the hangingwall than in the footwall (i.e., across the fault), it
is reasonable to hypothesize that the fault was already active during the breccias deposition.
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Therefore, although it might have varied in time, we would say that this slip-rate is a reliable
average value for the past ~1 Ma.

5.2 Short-term slip rates

Unfortunately, the absence (i.e., the erosion) of other younger deposits hampers further
evaluation concerning the fault activity during the Middle and Upper Pleistocene, whereas we
have data for the end of the Late Pleistocene—Holocene, up to historic time. For instance, as far
as the LGM faulted moraine at the mouth of the Majelama Valley is concerned, we have inferred
a 0.3 mm/yr slip rate after the presumed end of the glacial shaping (Figs. 6, 8 profiles). For this,
we need to bear in mind that in the highest mountains of central Italy the maximum extent of the
glaciers was already reached before ca. 23 ka, whereas the glacial retreat began ca. 22 ka, when
thick outwash sands and gravels deposited (Giraudi, 2004). We consider this slip rate as a
minimum, as the thin crest of the moraine in the footwall has been eroded by an amount that
cannot be quantified, which thus hampers the evaluation of the whole offset.

A less robust indication for the ga ntification of the activity rate of the fault in recent times
can be derived from geomorphological considerations. The geological sections made on the high-
resolution topographical profiles across the fault nastro (the central portion of the MF; Fig. 10)
showed that the vertical offset of the original slope surface that possibly formed during the strong
LGM rhexistasy phase is 16 m. In reality, this offset should be added to by the thickness of the
post-LGM colluvia that was deposited in the hangingwall (Fig. 11, ca. 2 m). Half of this offset is
roughly accounted for by the vertical height of the nastro itself, whereas the other half is
accounted for by the rocky retreated scarp uphill. If the ages provided by Schlagenhauf et al.
(2011) at the top of the nastro in this area are reliable (ca. 8 kyr), regardless of the number and
dating of their proposed faulting events, this would suggest that half of the post-LGM offset has
cumulated in the past 8 ka, whereas the other half has cumulated during the preceding period. All
of these considerations yield a Holocene vertical slip rate of 0.9 £0.1 mm/yr, which would be the
highest rate in central Italy (e.g., in Galadini and Galli, 2000).

However, as mentioned above, we are relatively skeptical when we consider that the whole
measured vertical offset across the nastro is due to only post-LGM coseismic surficial slip.
Although the above-mentioned assumption made by Dramis (1983) concerning the regularization
of the areal slopes during the LGM in central Italy has been indirectly strengthened through
physical models that simulate the effects of the periglacial erosion processes on the degradation
of slopes and scarps (Font et al., 2006; see also Murton et al., 2006, for physical modeling of
limestone fractures by gelifraction in seasonal frost), we must bear in mind two different factors
that make things more complicated, as follows.

First of all, we have to consider that part of the presently measured offset cumulated not only
after, but also during the local LGM rhexistasy phase (sensu Erhart, 1951; Castiglioni, 1979),
which is a time span that partly exceeds the LGM bounds derived simply from the relative sea
levels (i.e., 26.5-19.0 ka; Clark et al., 2009). Indeed, south of the mouth of Majelama Valley, the
vast fluvioglacial alluvial fan that characterized this cold and partly arid rhexistasy phase took
place after 30 ka, and before 19415 BP to 15442 BP (20 cal. age, recalibrated from Frezzotti and
Giraudi, 1992), a time span during which the glacial tongue reached a length of 6 km here. In this
period, seasonal gelifraction processes and areal debris flow will have smoothed the slopes of the
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Magnola Mounts, although this will have happened in competition with the growing basal fault
scarp. Therefore, we cannot quantify how much of the vertical offset across the retreated fault
scarp (let us say, at least the 8 m measured above the nastro) formed after or during the LGM.
Conservatively, we can conclude that the 16-m-offset (plus ca. 2 m of colluvia piled on in the
hangingwall) has cumulated in the past 30 ka, which implies an overall vertical slip-rate of 0.6
mm/yr.

Nevertheless, the second factor that we must take into account is the exhumation of the fault
nastro due to differential erosive processes at the limestone-debris interface (e.g., Bartolini,
2010), as seen by those inside the several gullies, where the rock fault plane outcrops for a dozen
meters (Fig. 9). Indeed, during the cold and arid climate phases of the Holocene, the lack of stable
soil, the cryoturbation phenomena, and the strong, episodic rainfall (with heavy water-flow on the
nastro) eroded the loose debris that rested at the foot of the rock fault scarp. This probably
happened mainly during the stadial phases [e.g., Younger Dryas, or Mount Aquila stadial in the
central Apennines; 10-11 ky BP; Giraudi (2004)], and/or during the so-called Neoglacial phase,
which began roughly after 4.5 ky BP (Giraudi et al., 2011). This is also supported by the dating
and the nature of the deposits in the paleoseismological trench (Fig. 11), where the age of the
parent material of the colluvia predates the Neoglacial. These deposits are then truncated upwards
by erosional surfaces, which will have removed the younger deposits. An immature soil only
developed during part of the Late Roman period (Fig. 11, unit 3), which prevented further erosion
of the nastro.

Therefore, the vertical offset measured across the nastro that we previously tentatively
referred to the past 8 ka also contains an amount due to erosion, and thus the previously
mentioned slip-rate of 0.9 mm/yr must be considered an extreme boundary. Analogously, we
believe that the age of some of the slip-events that Schlagenhauf et al. (2011) hypothesized
through their cosmogenic **Cl dating of the nastro, together with their relatively large offsets, are
not co-seismic tout court. For instance, the cluster that Schlagenhauf et al. (2011) put just
between 5-4 ky BP fits with the beginning of the Neoglacial period, when strong erosion related
to the cold climate probably contributed to the nastro exhumation.

5.3. Extension rate

From all of the above, it appears that the MF has been active at least since the end of the Early
Pleistocene, with an average vertical slip rate of 0.6 £0.1 mm/yr. This value fits in with that
evaluated across the MHF, where Galadini and Galli (2000) calculated a minimum slip-rate of 0.4
mm/yr for the past 0.4 Ma. During the end of the Late Pleistocene and in the Holocene, the MF rate
will have been higher than 0.3 mm/yr, and lower than 0.9 mm/yr, which can be assumed as 0.6
mm/yr. In terms of the pure NE-SW extension, this provides a value that ranges between 0.4 mm/yr
and 0.5 mm/yr, depending on the fault dip at depth (60°-50°, respectively), which is ca. 15% of that
which D’Agostino et al. (2011) measured through geodesy across the whole Western fault system
and Eastern fault system (2.7 mm/yr; Fig. 1, yellow arrows). If we assume tentatively a similar
extension rate also across the silent Eastern fault system, and eventually also across the intermediate
Middle Aterno fault system (Fig. 1, MAFS), the GPS velocities are anyway twice those related to
the faults. This might simply mean that ca. half of the currently ongoing extension in the upper crust
of central Italy can be accounted for by fragile tectonics (mostly during M,, >6.3 earthquakes on the
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primary faults), while the other half can be accounted for by diffuse ductile or semi-fragile
deformation, which is not resolved by surface geology (see discussion in D’ Agostino et al., 2011).

5.4. Paleoearthquakes

In turn, we have direct geological data concerning the fault activity in the late Holocene. The
paleoseismological analyses revealed surface fault rupture some time after the burying of the
paleosol that was dated as 255 AD to 401 AD (minimum offset of ca. 40 cm on a secondary splay;
Fig. 11, B). This date fits very well with the age of the penultimate earthquake that was identified
in most of the Fucino trenches (Fig. 2) by Galadini and Galli (1999), who attributed it to the
known 508 AD Rome earthquake (Galadini and Galli, 2001). A similar dating is also provided by
Schlagenhauf et al. (2010, 2011), for their ultimate detectable events, a period for which we have
excluded significant erosional exhumation of the nastro.

A further surface rupture affects all of the deposits in the trench, as shown by the splay cutting
through the presently forming uppermost horizon, and by a vent that opened between the nastro
and the talus, which is filled with organic material (Fig. 11, C, A, respectively). This event looks
much less important in terms of offset/ deformation (i.e., Schlagenhauf et al., 2010, were not able
to define it). Thus it must be very recent, and we have attributed it to the 1915 Fucino earthquake.
Its surficial trace appears to match with a vent reported by several newspapers in the days after
this earthquake, although we have not found any more detailed description of this.

The trench also provides some indications concerning a previous faulting event(s) that have
affected the Neoglacial colluvia (post 4.5 ka) that was sealed by an erosional surface that developed
well before the deposits of the Roman period. The time span of this event matches roughly with that
identified in the Fucino trenches as having occurred before the 508 AD earthquake [3500-3300 BP;
i.e., 1450 BC in Galli ef al. (2008)], and with the penultimate event of Schlagenhauf (2009) and
Schlagenhauf et al. (2010), respectively [3.3 =0.7 BP and 3.4 (+0.5/-0.9) BP].

5.5 Seismogenetic behavior

By taking into account the slip events identified through the paleoseismological analysis, we
have hypothesized that the MF ruptured together with the other Fucino faults during both the 508
AD and the 1915 earthquakes (M,, 7), and perhaps in the 1450 BC earthquake, even though the
1915 surficial slip might have been smaller on the MF than in the High Middle Age event. Indeed,
the western-most tip of the MF, which in January 2011 generated a M1 <4.0 swarm (Figs. 1, 2,
NW-SE focal mechanism), probably ruptured also in the Mg 5.5 earthquake of 1904 (with the
same epicenter as in 2011), reasonably for a length at depth of ca. 5 km (Figs. 1, 2). Therefore,
on the one hand, this event anticipated the rupture of the entire Fucino fault system of 1915,
while, on the other hand, it might have reduced the successive fault slip on the MF segment (and
thus on the whole Fucino fault system, e.g., tentatively to 32 km; Fig. 13), and consequently the
overall seismic energy that was released in 1915.

Thus, if in the 508 AD earthquake the entire Fucino fault system ruptured contemporarily (i.e.,
the whole 37-km-long Fucino structure), it probably released slightly greater energy than in 1915
(see the equivalent seismic moment values reported in Fig. 13). Indeed, in the 1915 event, the
macroseismic effects in Rome were at VI-VII MCS (Molin et al., 1999), whereas the damage
recorded in 508 AD (Galli and Molin, in press) might tentatively account for a higher MCS, and
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Fig. 13 - Hypothetical schemes of the Fucino fault system ruptures (bold lines) during the 508 AD (top), 1904 (middle)
and 1915 (bottom) earthquakes. Fault labels as in Fig. 1. The seismic moment (M,) and M,, are derived from the
equation M,, = (log Mo/1.5) - 10.73 (dyne-cm). The 508 AD parameters were been calculated considering a 37-km-
long fault. The bold dashed 1904 rupture means that this is not based on certain data.

thus a higher release of earthquake energy at the source (assuming the same NW-ward rupture
directivity). This hypothesis, which makes no claims at being conclusive, is actually based on the
effects recorded by a single building: i.e., the Flavian Amphitheatre (i.e., the Coliseum), which
was still intact and in use in 508 AD, whereas it has been partly collapsed and despoiled by its
structural elements (i.e., all of the iron clamps) since the Middle Ages. Nevertheless, the
Coliseum was seriously damaged in 508 AD (Galli and Molin, in press), but not in 1915 (Molin
et al., 1995), when it appears that it should have been more vulnerable.

6. Conclusions

In the present study, we have constrained the Quaternary activity of the 15-km-long normal
Magnola Fault, both over the long-term and the short-term. The slip rates calculated for the past
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ca. 1 Ma are in the order of 0.6 mm/yr, whereas those for the past 30 ka (i.e., from the early
beginning of the local LGM) lie between 0.3 mm/yr and 0.9 mm/yr. Considering the complex
interaction between the climate-related fault exhumation versus the co-seismic surface slip, these
are possibly close to 0.6 mm/yr, which is the same value as over the long-term. This accounts for
a local extension rate of 0.4 mm/yr to 0.5 mm/yr, which when added to the similar values
associated with both the Middle Aterno fault system and the Campo Imperatore fault system (Fig.
1), gives a fault-controlled regional extension of about half of that evaluated through the GPS
analyses of D’Agostino ef al. (2011) in this sector of the Apennines.

The paleoseismic analyses performed in a single trench have been compared to those already
published in the area, allowing us to hypothesize that the MF ruptured in both the 508 AD and
1915 earthquakes, with the latter being anticipated by a large foreshock in 1904 that probably
reduced the later release of seismic energy.

Our data suggest that as with many other fault segments that are part of the primary fault
systems of the Apennines, the Magnola Fault can rupture both independently of the other
segments of the Fucino fault system, which generates M, <6.0 earthquakes (as in 1904, or larger
if the entire 15-km-long of the MF should rupture), and together with the adjacent Fucino faults,
which generates catastrophic earthquakes (such as those in 508 AD and 1915).
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