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Abstract

To better understand the mechanics of deformation in the Mediterranean and the role that the convergence between Africa
and Europe plays, it is necessary to know the deformation field at different time scales. Here we use in situ *°Cl surface
exposure dating of exposed bedrock fault scarps to determine earthquake time-slip histories and to quantify slip rates over the
last several thousand years. This information allows us to delineate the seismic history of normal faulting within the
Mediterranean area over that time period.

We have studied the limestone scarp produced by the Magnola fault in the Central Apennines, Italy. The Magnola fault, in
the Fucino area, is an active, 15-km long, normal fault striking WNW and dipping SSW. The range front morphology,
characterised by steep triangular facets separated by V-shaped valleys and wine-glass canyons, suggests that the Magnola fault
has been active for at least the last several hundred thousand years. At the base of the facets, the fault cuts limestone bedrock to
produce a well-preserved normal fault scarp 10 to 12 m high.

The distribution of *°Cl concentration versus the height along that scarp is best explained by a minimum of five and a
maximum of seven successive earthquake exhumations, with slips varying between 1.5 and 3 m. An age of ~5 ka at the base of
the scarp and of ~12 ka at the top yields a slip rate of ~0.8 mm/year. The absence of any event on this fault during the last 5000
years suggests either that a future event is imminent on the Magnola fault or that the fault has entered a quiescent period with
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much longer recurrence time. Our study confirms that the Magnola fault scarp is post-glacial and supports the hypothesis that

similar scarps in the Mediterranean are also post-glacial.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is difficult to decipher the earthquake histories and
displacement rates of faults whose only record of
activity lies in bedrock scarps. However, chlorine 36
surface exposure dating of limestone scarps has
recently been successfully applied to recover the
seismic history of normal faults in Greece and in the
Levant area [1-3].
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The active tectonics of the Apennine chain is
dominated by extension as suggested by focal mech-
anisms [4], (Fig. 1). The central and southern
Apennines are the sites of the most significant
historical and instrumental seismicity in western
Europe (Benevento earthquake in 1456, M =7, Napol-
itan earthquake in 1857, M =7, Avezzano earthquake
in 1915, M =17, Irpinia earthquake in 1980, M=6.9),
[5,6]. Based on combined analysis of satellite images,
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Fig. 1. Seismotectonic map of central and southern Apennines, modified from Benedetti [13]. Grey circles indicate location of historical
earthquakes [5,6]; fault plane solutions are CMT solutions from Harvard (http://www.seismology.harvard.edu/data/).
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topographical and geological maps and field observa-
tions, the active faults of this region have been mapped
(Fig. 1), their most recent activity being commonly
expressed by well-preserved limestone scarps [7—-10].
However, most of the faults responsible for the major
earthquakes are unknown and there is no long-term
slip rate data in the Apennines.

Indeed, limestone scarps, while well adapted to
chlorine 36 cosmogenic method, are ill-adapted to
traditional trenching, rendering the techniques that
have proved successful in other parts of the world,
much less effective in Italy.

Recent deformation in Italy results from the
convergence between Africa and Europe [11,12].
However, up to now, there is no kinematic model that
integrates and explains the recent deformation of Italy,
Africa’s northernmost penetration into Europe in the
plate tectonic framework [13]. Assessing long-term
slip rates on the major active faults of Italy is essential
in unraveling this problem. The approach we propose
here will thus provide a way to recover paleoevents and
to measure long-term slip rates on the active faults of
Italy.

Table 1

165

The Fucino, located in the central Apennines, is one
of the most seismically active areas of Italy and was the
epicentre of the catastrophic 1915 Avezzano earthquake
(I=XI, M;=17.0) [5,6,14,15]. The area has been
extensively studied by trenching (Table | and references
therein). Reliable data on the seismic cycle of the area
reach to about 5000 years before present and indicate
recurrence times for strong events to be on the order of a
thousand years. Up to now, no data exist for the longer-
term earthquake history recorded in the bedrock scarps
of the most prominent faults around the Fucino.

The Magnola fault, one of the main faults of the
Fucino area, is capable of generating earthquakes up
to magnitude 6.5 [7,9,16,17]. This fault is an
approximately 15-km long active normal fault, strik-
ing WNW and dipping SSW in the Fucino area, about
80 km east of Rome (Fig. 2), whose most recent
activity is expressed by a continuous limestone fault
scarp. Using in situ produced cosmogenic *°Cl, we
have directly determined the continuous time-slip
history for the last ~12,000 years. After a brief
description of the morphology of the Magnola—Velino
fault system, we then present the *°Cl results collected

Synthesis of paleoseismological data for the most prominent faults in the Fucino area based on (1) Giraudi [34], (2) Giraudi [35], (3) Giraudi
[36], (4) Pantosti et al. [37], (5) Galadini and Galli [33], (6) Michetti et al. [38] and (7) this study. Star is for the 1915 event.
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Fig. 2. Seismotectonic map of the Fucino area, modified from Piccardi et al. [9]. Circles mark locations of the studied site. The 1915 epicentre
location is from [15] and from Monachesi and Stucchi [5] for the 1904 event. The 1915 surface ruptures are from Oddone [31] and Galadini and

Galli [33].

at one site on the fault and the processes by which
3C1 accumulates on the scarp. The numerical model
used to interpret those data is described and our
deduction of the most likely seismic history of the
Magnola fault is discussed and confronted to the
results obtained from previous studies on the paleo-
seismicity of the Fucino area.

2. The Magnola fault

The Apennine chain was formed during the Mio—
Pliocene as the result of the subduction of the Adriatic

under the opening Tyrrhenian Sea [11,12,18,19]. The
associated thrust belt with NE shortening and NE
verging built up the Central Apennines [18,20] (Fig.
1). It is not yet clear as to when or how the transition
from Mio—Pliocene compression to present-day exten-
sion occurred. The timing of initiation of extension in
the Apennines is still a matter of debate, with ages
varying from early Quaternary to mid-Pleistocene
[18,21,22].

The Apennines culminate at Gran Sasso with a
maximum altitude of 2912 m a.s.l. Lying within
mountains which culminate above 2000 m, the
Fucino Basin is a very flat plain, about 30-km wide,
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15-km long and with a mean elevation of about 650
m a.s.l. After deglaciation, the basin was flooded,
forming a lake which was first drained by the
Romans (=50 AD) and then again in 1875 [23].
The basin is landlocked by active normal faults and
appears roughly rhomb-shaped, with sides oriented
NW-SE and ENE-WSW (Fig. 2).

North of the Fucino Basin, recent deformation is
taken up by two major normal fault systems: the
Magnola—Velino Fault and the Ovindoli-Pezza Fault
(Fig. 2).

The Magnola and Velino faults, each about 15 km
long, display the most spectacular topographic and
geomorphic signatures of the faults that surround the

Fig. 3. Field views of the Magnola fault. (a) Picture of the Magnola fault. Arrows outlined the fault trace. The prominent triangular facets in
this view are about 500-m high and note the perched valley just above the village named Forme. Note the regularity of scarp height and its
continuity along the range front. (b) Close-up of cumulative scarp near Forme and sampling site. White mark is about 10-m high. (c) View of
the sampling site. Samples are 20-cm wide, less than 2.5-cm deep and were divided into ~15 cm sections for measurement.
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basin. They delimit the steep southwestern flank of the
Magnola—Velino Mountains (2220-2468 m a.s.l.,
respectively), joining at an angle of 140° north of
Magliano (Fig. 2).

The Magnola fault dips SSW and its trace runs for
=15 km along the base of the SW slope of the
Magnola mountain. There are two principal segments
=10 and =5 km long, striking N110E and N130E,
respectively. The two segments meet in a complex
corner where faulting occurs along several parallel
scarps on the hanging wall of the main fault escarp-
ment (for a complete description of the fault, please
refer to [9]).

Ongoing slip on this fault throughout the Quater-
nary is attested by the presence of triangular facets
up to 500 m high with a slope greater than 30°, by
the convex shape of mountain-front profiles and by
wine-glass and perched valleys (Fig. 3a),
[7,9,13,24,25]. At the base of the facets, a contin-
uous cumulative scarp, with a steepness of about 50°
with well-preserved dip-slip slicksensides present
along its entire height, marks the contact between
the Meso—Cenozoic carbonates and the colluvial
deposits (Fig. 3) [9,16]. The maximum height of
the scarp is 15-17 m, progressively decreasing
towards the tips of the fault segments. There are
few local variations on the scarp height due to
differential erosion from active streams that cause the
scarp to be locally higher (Fig. 3b). The regularity of
the scarp (Fig. 3a) is powerful evidence that the
scarp surface is due to fault slip alone and that there
was no significant erosion or deposition on the
hanging wall (except near active gullies) because the
scarp began to form.

From detailed topographic profiles of the scarp,
Piccardi et al. [9] infer a 3-m high maximum slip for the
last event on this fault. They therefore deduced that the
Magnola fault ruptured at least five times with an
earthquake of magnitude up to M,,=6.7-7.0 during the
Holocene and with recurrence times of 3000 to 1000
years. The throw rate they obtained is on the order of
0.740.3 mm/year.

3. Cl production on the Magnola fault

We have used *°Cl cosmic ray exposure dating to
assess the earthquake slip history of the Magnola fault

by determining exposure ages as a function of height on
the cumulative scarp [cf. 1-3].

3Cl is produced primarily through interactions of
cosmic ray secondary neutrons and muons with Ca
within the scarp limestone (CaCOj), [26]. The
production rate decreases exponentially with depth
and *°Cl thus mostly accumulates near the surface
(Fig. 4). At sea level and high latitude, the *°Cl
production rate from Ca by fast neutrons is 48.8+3.4
atom/gCa/year and by muons is 2.1+0.4 atom/gCa/
year [26,27].

In the central part of the fault, near the village of
Forme, a continuous 20-cm-wide and about 2.5-cm-
thick sample was collected along the limestone fault
scarp. The particularly well-preserved scarp surface
sampled was chosen far away from the river in order
to avoid erosion and scarp exhumation due to river
incision (Fig. 3b). It is therefore assumed that no
significant erosion has affected the scarp. This
assumption is supported by the morphological obser-
vations discussed above that are consistent with no
significant erosion or deposition on the hanging wall.

The scarp was about 10-m high at the sampling
site and was divided into ~15 cm sections for
analysis. After grinding, leaching and chemical
extraction of chlorine by precipitation of silver
chloride in the CEREGE preparation laboratory, the
36C1 and chloride concentrations in the carbonate
were determined for 65 subsamples by isotope
dilution accelerator mass spectrometry at the Law-
rence Livermore National Laboratory CAMS facility
(Table 2 and Fig. 5). Blanks were two orders of
magnitude lower than the samples and replicates
agreed to better than 5%.

The measured height profile of *°Cl along the scarp
was compared to synthetic *°Cl profiles in order to
determine whether the measured profile is consistent
with seismic exhumation (Fig. 4). The model used
includes all sources of production (energetic neutrons,
thermal neutrons from various sources including
slowed down energetic neutrons, stopped muons,
Bremsstrahlung and spontaneous fission of U/Th)
and uses sea-level, high-latitude production rates from
Stone et al. [27]. These production rates were then
scaled to the sampling latitude and elevation using the
factors of Lal [28] and normalized to eliminate the
effects of shielding by local topography following
Gosse and Phillips [29] and references therein.
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Fig. 4. Synthetic profiles for a scarp due to one (Q1), two (Q2) and three events (Q3), successively, with 4 m of slip each at 4000-year intervals.
Because each earthquake uplifts a new portion of the scarp above the surface, the **Cl concentration along the scarp is the sum of *°CI
accumulated before the earthquake below the surface and of *°Cl accumulated after the earthquake above the surface. Modelling includes all
sources of **Cl production from Stone et al. [26,27].

Fig. 4 shows synthetic profiles modelled for a the scarp above the surface, the *°Cl concentration
scarp due to one, two and three successive events. along the scarp is the sum of that *°Cl produced
Because each earthquake uplifts a new portion of below the surface prior to the earthquake and that
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Table 2
36C1 and chloride concentrations in the carbonate were determined by isotope dilution accelerator mass spectrometry at the LLNL CAMS
facility
Sample name Height Mok [c1 *C17Cl in rock + Cl/g of rock +

(cm) (g ppm
MAG 01 1010 23.54 16.3 72E—12 2.7E—13 4.81E+05 1.79E+04
MAG 02 1000 32.78 14.1 8.1E—12 3.0E—13 4.71E+05 1.74E+04
MAG 04 981 20.80 18.0 6.3E—12 2.2E—-13 4.67E+05 1.19E+04
MAG 05 970 27.30 14.7 74E—12 23E-13 4.51E+05 1.39E+04
MAG 06 960 30.84 17.1 6.6E—12 2.0E—13 4.68E+05 1.45E+04
MAG 07 950 26.44 17.3 6.5E—12 24E—13 4.62E+05 1.70E+04
MAG 10 920 29.97 22.9 5.8E—12 2.7E—13 4.73E+05 1.78E+04
MAG 11 910 30.64 20.3 5.5E—12 2.0E—13 4.59E+05 1.64E+04
MAG 13 885 23.61 22.4 5.0E—12 1.3E—13 4.59E+05 1.25E+04
MAG 14 875 28.26 21.2 5.1E—12 1.9E—13 4.46E+05 1.64E+04
MAG 15 284 22.18 10.8 6.1E—12 2.9E—13 2.73E+05 1.29E+04
MAG 16 275 14.70 12.7 49E—12 1.2E—13 2.55E+05 4.99E+03
MAG 17 265 40.51 10.7 6.0E—12 2.0E—13 2.65E+05 8.68E+03
MAG 18 255 27.57 16.1 5.0E—12 2.3E—13 2.84E+05 1.07E+04
MAG 19 245 25.70 13.8 47E—12 1.8E—13 2.68E+05 9.96E+03
MAG 20 234 30.65 18.6 43E—12 1.9E—-13 2.81E+05 1.01E+04
MAG 21 225 30.55 13.9 4.6E—12 1.7E—13 2.65E+05 9.89E+03
MAG 24 845 19.38 222 48E—12 1.3E—13 4.39E+05 9.59E+03
MAG 25 835 30.26 19.7 52E—12 1.7E—13 4.17E+05 1.38E+04
MAG 26 825 38.45 18.3 5.6E—12 2.1E—13 4.22E+05 1.58E+04
MAG 27 815 35.23 22.3 4.5E—12 1.7E—13 4.09E+05 1.58E+04
MAG 28 804 37.02 22.8 42E—12 1.0E—13 4.07E+05 8.39E+03
MAG 29 794 30.12 22.9 43E—12 1.6E—13 4.07E+05 1.52E+04
MAG 31 774 31.27 19.1 5.3E-12 2.3E-13 4.20E+05 1.79E+04
MAG 33 755 28.05 23.6 42E—12 2.1E—13 4.12E+05 2.02E+04
MAG 35 734 31.44 26.0 45E—12 2.1E—13 4.25E+05 1.61E+04
MAG 37 714 26.18 25.5 3.8E—12 14E—13 4.01E+05 1.49E+04
MAG 39 695 25.94 20.1 44E—12 1.1E-13 3.74E+05 7.89E+03
MAG 41 675 27.01 9.9 8.7E—12 2.6E—13 3.53E+05 1.09E+04
MAG 43 655 28.48 8.9 9.6E—12 4.1E—13 3.54E+05 1.52E+04
MAG 45 636 31.87 9.8 9.1E—12 4.5E—13 3.70E+05 1.81E+04
MAG 47 214 25.38 15.3 42E—12 2.0E—13 2.62E+05 1.24E+04
MAG 49 195 19.83 15.7 4.0E—12 1.8E—13 2.58E+05 1.15E+04
MAG 50 187 29.41 13.6 43E—12 1.6E—13 2.41E+05 8.92E+03
MAG 52 166 24.68 13.8 4.1E—12 9.2E—14 2.39E+05 3.94E+03
MAG 53 156 28.48 12.8 49E—12 1.5E—13 2.60E+05 7.97E+03
MAG 55 131 22.16 12.3 5.7E—12 2.7E—13 2.45E+05 9.26E+03
MAG 57 111 24.63 9.4 5.7E—12 3.5E-13 2.20E+05 1.35E+04
MAG 58 101 27.60 10.3 52E—-12 2.9E—13 2.20E+05 1.24E+04
MAG 60 81 29.24 11.5 4.6E—12 2.7E—13 2.16E+05 1.28E+04
MAG 62 61 28.44 11.0 4.6E—12 1.6E—13 2.09E+05 7.48E+03
MAG 63 51 25.70 10.8 5.0E—12 2.0E—13 2.21E+05 8.66E+03
MAG 65 28 30.32 11.9 4.7E—12 1.5E—13 2.29E+05 7.54E+03
MAG 66 615 39.36 9.1 8.8E—12 3.8E—13 3.29E+05 1.42E+04
MAG 67 605 29.59 9.3 9.1E—12 34E—-13 3.49E+05 1.30E+04
MAG 69 585 29.20 12.3 6.6E—12 2.5E—13 3.33E+05 1.25E+04
MAG 70 574 23.47 12.9 6.6E—12 24E—13 3.49E+05 1.29E+04
MAG 72 554 32.08 11.5 6.7E—12 3.5E—13 3.17E+05 1.65E+04
MAG 73 545 24.54 12.7 6.2E—12 1.5E—13 3.27E+05 6.44E+03
MAG 75 525 25.42 14.4 5.1E—12 2.3E—13 3.05E+05 1.38E+04
MAG 76 515 25.37 13.7 54E—12 1.6E—13 3.03E+05 9.37E+03
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Sample name Height Myoek [cn 36C1A7Cl in rock + 3 6Cl/g of rock +
(cm) (8) ppm

MAG 77 504 30.19 12.1 6.3E—12 2.3E—13 3.12E+05 1.14E+04
MAG 78 494 25.56 9.1 7.9E—12 2.9E—13 2.97E+05 1.11E+04
MAG 80 474 16.53 6.5 1.LIE-11 3.3E-13 2.98E+05 6.81E+03
MAG 82 455 30.00 6.5 1.3E—11 5.9E—-13 2.90E+05 1.10E+04
MAG 83 445 26.02 9.0 82E—12 2.8E—13 3.03E+05 1.03E+04
MAG 84 435 28.24 13.6 49E—12 1.9E—13 2.73E+05 1.07E+04
MAG 85 425 24.83 10.9 6.1E—12 1.7E—13 2.75E+05 5.47E+03
MAG 86 414 26.31 10.9 6.0E—12 39E—-13 2.76E+05 1.47E+04
MAG 88 394 31.43 16.2 42E—12 1.2E—13 2.81E+05 6.00E+03
MAG 89 387 29.66 16.7 4.0E—12 1.5E—13 2.75E+05 1.02E+04
MAG 90 383 35.59 12.6 5.5E—12 2.1E—13 2.84E+05 1.06E+04
MAG 91 373 29.14 15.3 52E—-12 24E—13 2.79E+05 1.06E+04
MAG 92 363 29.11 15.1 4.5E—12 1.7E—13 2.78E+05 1.04E+04
MAG 93 353 29.47 15.5 44E—12 1.3E—13 2.83E+05 6.84E+03

Calcium content was measured every 40 cm along the scarp by ICP at CEREGE, with an average of 36% of calcium in each samples. Stone et
al. [26,27] production rate derived from Ca-rich mineral was used. 36C1 measurements were standardized relative to NIST *°Cl standard.

Replicates were within 5% and blanks were two orders lower than the samples.

accumulated above the surface after the earthquake
(Fig. 4). The model is therefore iterative, with the
number of events, their timing and the magnitude of
the associated slip strongly influencing the shape of
the whole profile. This is clearly depicted in Fig. 4.
For a scarp being seismically exhumed, the charac-
teristic profile is therefore a series of exponentials
with discontinuities marking the earthquakes.

Various scarp emplacement scenarios were tested.
They include scarp formed by steady creep (model
with several small events with slip of less than 10
cm per event), by differential erosion (model with a
continuous movement of various height at various
period of time), by a unique event (equivalent to a
scenario of gravitational collapse) and by seismic
events (model with instantaneous events at various
periods of time and with varying slip). For each
scenario, the best fit was determined by calculating
the root-mean-square between the data and the model
[30], with n as the number of data points:

RMS = \/Z (%Clmeasured _36Clmodel)2/n

Then the “best” scenario was determined by
calculating for each “best” model scenario the Aikake
Information Criterion (Fig. 5b). This criterion
includes not only the “goodness-of-fit” between the

model and the data, but also the number of
parameters included in the model [30], with n the
number of data points and p the number of
independent parameters which corresponds to the
number of events:

AIC = nlog Z(36C1measured *36C1m0del)2/n + ZP

n

4. Seismic history of the Magnola fault

The results obtained on the sampled scarp show that
the Magnola fault scarp was not formed by steady
creep, differential erosion or gravitational collapse, but
rather by at least four earthquakes (Fig. 5b). In
agreement with the experimental profile where four
discontinuities, two at the top and two at bottom, are
prominent, displacement scenarios considering less
than four events or more than eight are clearly less
consistent with the data (Fig. 5b). The scenario with six
earthquakes yield the best AIC value, but models with
seven or five events do not have significantly higher
AIC value (Fig. 5b). All three models yield similar
displacement scenarios for the bottom and top parts of
the scarp, while in the central part of the profile,
modelling is less straightforward (Fig. 5c). Five events
at4.8,6.7,7.4,10.5 and 12.0 ka with slips varying from
275 to 155 cm are well constrained by the modelling.
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represent the three models best fitting the data with 5, 6 and 7 earthquakes. (b) AIC versus the number of earthquakes for each best model
scenario. Note that AIC values are high with 1 event or with more than 10. AIC is minimised for displacement scenario with more than four
events and with less than eight. (c) Seismic history of the Magnola fault. Cumulative slip versus the age of seismic events for the three best
models. Note that the first two events and the last two events are well constrained. *°Cl synthetic profiles were calculated with a *°Cl decay
constant of 2.303 10 ° year !, shielding factor is 0.72 [29]. At sea level and high latitude, the *°Cl production rate by fast neutrons is 48.8+3.4
atom/gCa/year and by muons 2.1+0.4 atom/gCa/year [26,27]. Correction factors for the production rate at our site latitude (42.12°) and altitude
(1252 m) were 2.75 and 1.71 for neutrons and muons, respectively [28].
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Two additional events at 8 and 8.8 ka, with slips of 90
and 100 cm, respectively, are inferred but remain
hypothetical (Fig. 5c). The age of the last earthquake
with an associated slip of 155+ 15 cm on the Magnola
fault scarp is thus 4850450 ka, while from the oldest
to the most recent, intervals of 1500, 3100, 700 and
1900 years separate the five earthquakes of the
proposed sequence.

5. Paleoseismicity of the Fucino area

On January 15, 1915, an earthquake, 1= XI MCS,
M;=17.0, destroyed most of the villages around the
Fucino Plain, causing more than 30,000 victims (Fig.
2) [14]. The surface faulting, striking NW-SE, along
the Serrone and Parasano faults on the east side of the
Fucino Basin, was mapped by several authors with a
maximum vertical throw of 3 m (Fig. 2) [31,32]. The
Trasacco fault is also supposed to have ruptured
during this event [33]. Only 11 years before, in 1904,
an event of intensity IX struck the northern Fucino
area, damaging several villages on the slopes of Mt.
Velino [5,14]. No surface rupture was reported and the
fault responsible for this event is unknown.

Palaeoseismological studies infer the occurrence of
other earthquakes similar to that of 1915 in the Fucino
Basin during the Late Pleistocene and Holocene
(Table 1).

Based on dating of glacial deposits that have been
offset by normal faults, Giraudi [34] infers that the
Tre-Monti fault (Fig. 2) ruptured during an event that
might have occurred between 20 and 13 years B.P.
(Table 1).

On the northeastern slope of Mt. Magnola (Fig. 2),
Giraudi [35] mapped small scarps (= 1-km long each)
striking WNW-ESE, reaching 6-m high, offsetting
moraine deposits he assigned to a period of glacial
retreat between 16 and 13 kyr B.P. (Table 1).

Lastly, on the E-W segment of the Ovindoli—Pezza
fault system, which strikes parallel to Mt. Magnola
scarps and runs a few km north (Fig. 2), Giraudi [36]
suggests that two distinct events occurred, the first one
between 18 and 15 kyr B.P., and the second between 7
and 5 kyr B.P. (Table 1). From detailed geomorpho-
logical study and logging of several trenches dug across
the Ovindoli—Pezza fault, Pantosti et al. [37] demon-
strated the occurrence of three earthquakes on this fault

over the Holocene. The first one occurred between
5000 and 3300 BC, the second about 1900 BC and the
last one between 860 and 1300 AD, the slip per event
ranging from 2 to 3 m high (Table 1). Based on those
results and on geomorphic features, Pantosti et al. [37]
calculate a long-term slip-rate of 0.7—1.2 mm/year. This
implies a recurrence time on this fault of 1000 to 3000
years. Therefore, two independent studies [36,37],
based on different types of observation, suggest that
an important event occurred on the Ovindoli—Pezza
fault between 7000 and 5000 years B.P. (Table 1).

Geomorphological and paleontological observa-
tions suggest that the Serrone fault (Fig. 2) was active
around 5500-5000 years B.P. and about 3100 years
ago, while fault scarps in the centre of the former lake
suggest a late-Roman or Middle Ages (2000 years B.P.
to 1000 years B.P.) seismic event [34]. Trench
investigations showed evidence for two paleo-earth-
quakes on this same fault [38]: one constrained to have
occurred between the 6th and 9th centuries AD and
associated with the 801 AD historical event that struck
Central Italy [5,6]; the second constrained between the
10th century AD and 1349 AD (Table 1). Other authors
[33] infer that three events occurred on this fault, the
first one between 10,231 and 5576 BC, the second
between 1700 and 833 BC, and the one prior to 1915,
between 426 and 782 AD. Therefore, these studies
agree on one event, which might have occurred
between the 6th and 9th centuries AD on the Serrone
fault (Table 1).

Trench investigation across the Parasano fault (Fig.
2) produced evidence for three ruptures prior to 1915
during the last 19 kyr [33].

Based on hand-borehole observations and trench
investigations, the same authors deduced that the
Trasacco fault (Fig. 2) ruptured four times before
1915. The first event occurred between 10,729 and
5576 BC, the second in 3944-3618 BC, the third
between the 16th and 15th centuries BC and the last
one between the 5th and 6th centuries AD.

The studies presented above suggest that the
Parasano, Serrone and Trasacco faults could have
ruptured simultaneously as they did in 1915.
Recurrence times on the Ovindoli-Pezza fault, in
agreement with the one proposed by Piccardi et al.
[9] on the Magnola fault, are between 3000 and
1000 years, much longer than that inferred on the
southern faults.
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6. Discussion and conclusions

The *°Cl concentrations measured along the Mag-
nola fault scarp indicate that slip has accumulated on
this scarp over the last 12 kyr. This yields a cumulative
slip rate of 0.8£0.1 mm/year, similar to that of
0.7£0.3 mm/year proposed for the same fault by
Piccardi et al. [9] and to that of 0.7-1.2 mm/year
proposed for the Ovindoli—Pezza fault by Pantosti et
al. [37]. If constant over several thousand of years, this
slip rate implies that the 500-m high triangular facets
have been created in about a million years.

When compared to modelled synthetic *°Cl pro-
files, the experimental *°Cl profile obtained on the
Magnola fault yields recurrence times between 3000
to 1000 years, in agreement with those deduced from
various trenching and geomorphological studies done
on faults north of the Fucino [9,34,35,37].

The experimental *°Cl profile also shows that the
last event on the Magnola fault occurred at 4850450
ka, with a slip of 15515 cm. This is in agreement
with geomorphological observations completed by
detailed topographic profiles suggesting that the last
event on this fault occurred about 5000 years ago,
with a slip between 3 and 1 m [9]. If the whole 15-km-
long fault ruptured, the magnitude of the event would
have been ~6.7 [39]. However, the slip amplitudes of
all four previous events range from 200 to 280 cm.
Considering scaling laws [39,40], events this large
should have simultaneously ruptured the northern
Velino segment and thus produce seismic events with
a magnitude close to 7, similar to that of the 1915
earthquake.

Pantosti et al. [37] suggested that two events, one
between 5300 and 7000 and the other ~3900 years
B.P. ago, occurred on the Ovindoli—Pezza fault with a
slip per event ranging from 2 to 3 m (Fig. 2 and Table
1). The E-W segments of the Ovindoli-Pezza fault
are located a few kilometres north of the Magnola
fault and strike parallel to it (Fig. 2). The ages of the
earthquakes inferred by Pantosti et al. [37] on those
segments are close to the ages of the penultimate and
ultimate events we deduced on the Magnola fault
(Table 1). The geometry of those faults suggests that
they should connect at depth. Therefore, in terms of
their seismic behaviour, this might imply that either
they could have ruptured simultaneously, as the
Parasano and Serrrone faults did in 1915, or that an

event on one could have triggered another event on
the second fault. Dating the limestone fault scarp on
the Ovindoli-Pezza fault would allow to farther
evaluating the relationships of those two faults in
the past through comparison of their seismic behav-
iour during the last 12 kyr. This is important because
the last event recorded on the Ovindoli—Pezza fault by
Pantosti et al. [37] occurred 1200 to 700 years ago. On
the other hand, our results show that the last event on
the Magnola fault occurred ~4850 years ago, twice the
average recurrence time deduced for the previous four
events. This might suggest either that a future event is
imminent on the Magnola fault or that the fault has
entered a more quiescent period with much longer
recurrence time. This latter could be due to a change
in the loading rate on the Magnola fault because of
stress interactions with the surrounding faults, for
example, the Ovindoli-Pezza, as previously inferred
in other regions [2,41].

This study confirms that the Magnola fault scarp is
post-glacial and adds support to the hypothesis that
all such similar scarps in the Mediterranean are post-
glacial [2,9,42]. Indeed, several authors have sug-
gested that similar fault scarps in the Mediterranean
are post-glacial in age [2,9,16,42]. In Greece, a recent
3C1 study has also quantitatively confirmed this
hypothesis, with a maximum age for such limestone
fault scarps of about 12 ka [2]. During the last glacial
maximum, the prevailing dry, cold climate [43,44]
inhibited the formation of vegetation cover on the
mountain slopes, thus exposing newly formed scarps
to burial by periglacial superficial mass transport.
After deglaciation, vegetation reoccupied the moun-
tain slopes due to the prevailing wet, warm climate.
Consequently, superficial mass transport was inter-
rupted and increments of throw along the fault trace
were no longer buried. These changed conditions
allowed the preservation of post-glacial scarps and
the steady growth of the cumulative scarp as the
result of successive earthquakes [2,42].

This result opens new possibilities of calculating
Holocene deformation rate in Italy, which has been
impossible up to now. When compared with the data
from the dense GPS networks in the region [45], this
will provide a unique view of the deformation field at
different time scales, important to understand the
mechanics of deformation in the Mediterranean and
the relationships with the Africa—Europe convergence.
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