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Abstract Morphological and geological observations reveal that most Apenninic faults are highly
segmented and that the majority of the fault segments are less than 10 km long. Although these faults
have undergone numerous paleoseismological investigations, quantitative data remain crucially lacking
for a large number of fault segments. Because such data are essential to understanding how these

faults have ruptured and interacted in the past and how they might behave in the future, we investigated
the Holocene seismic history of the Pizzalto normal fault, a 13 km long fault segment belonging to the
Pizzalto-Rotella-Aremogna fault system in the Apennines. We collected 44 samples from the Pizzalto
fault plane exhumed during the Holocene and analyzed the 3¢Cl and rare earth element (REE) contents.
Together, the *6Cl and REE concentrations show that at least six events have exhumed 4.4 m of the fault
scarp between 3 and 1 ka, with slip per event values ranging from 0.3 to 1.2 m. No major events have been
detected over the last 1 kyr. The Rotella-Aremogna-Pizzalto fault system has a clustered earthquake
behavior with a mean recurrence time of 1.2 kyr and a low to moderate probability (ranging from 4% to
26%) of earthquake occurrence over the next 50 years.

1. Introduction

The magnitude and recurrence interval of past earthquakes on a fault and the fault geometry are the main
input parameters for probabilistic and deterministic fault-based seismic hazard assessments [Peruzza et al.,
1997; Pace et al., 2006; Field et al., 2014, 2015]. The mean interseismic period or the mean slip rate is
generally used as input data in those models to assess the activity of a fault. However, how can the recur-
rence interval be accurately determined on a single fault? An increasing number of data sets have shown
that earthquakes on faults do not repeat regularly and instead exhibit alternating periods of intense
seismic activity and long periods of quiescence [Wallace, 1987; Friedrich et al., 2003; Benedetti et al.,
2013]. It is therefore essential to acquire paleoseismological records long enough to capture the full seis-
mic cycle [Weldon et al., 2004; Schlagenhauf et al., 2011; Mouslopoulou et al., 2012] to be able to accurately
describe the seismogenic potential of a fault.

In Italy, and particularly in the central Apennines, several large earthquakes (M,, 6-7) have occurred over the
last thousand years. The focal mechanisms of instrumented M > 5 earthquakes show that those earthquakes
have occurred mainly along normal faults (Colfiorito 1998 M,, 6.0; L'’Aquila 2009 Mw 6.2). Such earthquakes
produce surface ruptures that are 15-20km in length and have surface coseismic offsets of ~20cm
(L’Aquila case [Boncio et al., 2010]) to 1 m (Fucino case [Serva et al., 1989]).

Morphological and geological observations reveal that most faults are segmented at the surface and that the
majority are less than 10 km long. For example, several scientists [Boncio et al., 2010; Pucci et al., 2015; Civico
et al, 2015] showed that the L'Aquila basin is affected by small (less than 5 to 10 km long) normal fault
segments that mostly dip westward and trend NW-SE. These observations have suggested that earthquakes
in Italy can rupture multiple segments belonging to larger fault systems. In fact, multiple triggering, with
variable time delays, has been observed in several damaging earthquake sequences in the ltalian
Apennine belt. For example, the 2009 L'Aquila M,, 6.3 earthquake was followed, a day after, by an M,, 5.6
event at the southeast edge of the main fault. The seismicity of the whole sequence spread over a 40 km long
fault system [Chiarabba et al., 2009]. The 1997-1998 Umbria-Marche seismic sequence was characterized by
three main shocks in 1 month, with two main shocks breaking adjacent parts of the two faults within a few
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hours of each other [Chiaraluce et al., 2005]. Overall, this sequence numbered six shocks of moderate magni-
tude (5.2<M,,<6.0), occurring along a 40 km long fault system. The 1984 Barrea earthquake [Pace et al., 2002]
ruptured at least three 5 km long segments. Finally, the 1980 M,, 6.9 Irpinia earthquake was composed of a
sequence of three distinct subevents, nucleating on different faults at time intervals of approximately 20's
[Pingue et al., 1993; Troise et al., 1998].

During the last 30years, paleoseismology and structural geology investigations have provided key data for
fault-based probabilistic seismic hazard models [e.g., Peruzza et al,, 2011] and have significantly enhanced our
knowledge on the seismic potential of these active faults. However, fault-based probabilistic seismic hazard
modeling requires a model for the seismogenic source, which is defined as a continuous structure in length
and at depth, even when the surface observations clearly show segmentation with closely spaced fault seg-
ments of minor hierarchical order. The along-strike segmentation of faults significantly controls the rupture
length, slip distribution, and the resulting magnitude of an earthquake [Manighetti et al., 2007; Kase, 2010;
Manighetti et al., 2015; Pace et al., 2016]. For example, geometrical criteria, such as fault gaps among aligned
structures, sharp bends, or intersections, have been used in Peruzza et al. [2011] to define the along-strike seg-
mentation of seismogenic faults in Central Italy. It is thus important to be able to better define the occurrence of
events on smaller segments belonging to a larger fault system, which up to now remains poorly studied.

To better assess how earthquakes can affect the central Apennines in the future, it is essential to acquire
accurate data on their seismic history on a time scale long enough to capture the entire seismic cycle. A
key observation is that the cumulative effect of earthquakes over 10*years timescale has been preserved
because the rate of vertical offset of the ground surface across faults is higher than the erosion and sedimen-
tation rates since the last glacial maximum (12-18 ka [Giraudi, 1995; Roberts and Michetti, 2004, Papanikolaou
and Roberts, 2007]). Under the hypothesis that coseismic processes dominate the exhumation of a fault plane,
cosmogenic nuclide analysis has provided a new tool to recover the Holocene seismic activity of a fault
[Mitchell et al., 2001; Palumbo et al., 2004; Schlagenhauf et al., 2010]. This methodology has been successfully
used in the Apennines. It provides new paleoseismological data in places where the classical trenching
approach is not applicable and reveals a more complete and complex picture of Apenninic normal fault
seismicity over the last 20 kyr, such as clustered events and apparent fault interactions [Benedetti et al., 2013].

Assessing the Holocene seismic history of each fault segment is an immense task that is nevertheless necessary
to improve our knowledge of how these faults have ruptured and interacted in the past and how they might
behave in the future. In this framework, we focus here on the 13 km long Pizzalto fault located at the southern
tip of the Sulmona Basin. This area has not been affected by major earthquakes over the last 300 years (since the
1706 Maiella earthquake) and is located southeast of the L'Aquila fault system. Using 3°Cl cosmic ray exposure
dating combined with rare earth element (REE) concentrations of samples from the fault plane, the exhumation
history of the 10 m high limestone bedrock fault plane is investigated. Both data sets lead to a seismic scenario
suggesting that this fault has been seismically active over the last 3 kyr. Existing paleoseismological data from
the adjacent Aremogna-Cinque Miglia fault system are compared with this new record. The results are then
used to update the fault-based earthquake rupture forecast for the next 50 years in this region.

2. Seismotectonic Context of the Pizzalto Fault

The central Apennines, and in particular the Abruzzo region, belongs to a mountain belt initially shaped by a
SW-NE late Miocene-early Pliocene compressional phase associated with the formation of the NE verging
fold-and-thrust structures in primarily carbonate rocks (e.g., the Gran Sasso range, Maiella range, Marsica-
Morro range, and Velino-Magnola range). Since the late Pliocene-early Pleistocene, SW-NE extension has
dominated the active tectonics of the area, with ongoing motion on normal faults [e.g., Lavecchia et al.,
1994; Benedetti, 1999; Piccardi et al., 1999; Roberts and Michetti, 2004].

Ongoing motion on normal faults has long been recognized from the identification of geomorphic features
commonly observed on normal faults worldwide [e.g., Wallace, 1977; Armijo et al., 1986; Armijo et al., 1992],
such as continuous, concave, 50-300 m high triangular facets with perched valleys, attesting to long-term
motion (10*-10°yr). Recent postglacial activity is often highlighted by the presence of steep several-
meter-high scarplets preserved at the base of these cumulative escarpments. While such geomorphic fea-
tures are observed along most of the normal faults recognized in the Abruzzo region [Bosi, 1975; Piccardi
et al, 1999; Benedetti et al., 2013], additional evidence of an ongoing extension in the Apennines is also
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Figure 1. (a) Seismotectonic map of the Lazio-Abruzzo fault system. Active normal faults in black are from Benedetti et al. [2013]. Shaded relief from the 90 m pixel Shuttle
Radar Topography Mission digital elevation model. Historical earthquake epicenters in green (M,,, > 5.9) are from the CPTI11 catalogue [Rovida et al., 2011] that covers the time
period of 1005-2006. Faults that ruptured during the 1915 and 2009 earthquakes are underlined in yellow and orange, respectively. The location of published paleoseis-
mological data discussed in this paper are represented by green rectangles for trench sites (1, 2, 3 for D'addezio et al. [2001], 4 for Frezzotti and Giraudi [1989], and 5 for

Brunamonte et al. [1991]) and by blue triangles for 36

Cl fault plane exposure dating sites [Benedetti et al,, 2013]. PIZ, Pizzalto fault; SUL, Sulmona fault; TM, Tre-Monti fault; TR,

Trasacco fault; SB, San Sebastiano fault; and PAR, Parasano fault. (@) Seismotectonic map of the Pizzalto-Rotella-Aremogna fault system. Shaded relief from the 10 m pixel
TINITALY/01 digital elevation model [Tarquini et al,, 2007]. The Cinque-Miglia and Aremogna active faults have been vectorized from D'Addezio et al. [2001].

provided by field geology and paleoseismology [e.g., Galadini and Galli, 2000; Bosi et al., 2003; Galli et al.,
2008], geodetic data [e.g., D'Agostino et al., 2008], focal mechanisms [e.g., Pondrelli et al., 2006], and seismo-
tectonic studies [e.g., Pace et al., 2002; Boncio et al., 2004].

The active normal faults in the Apennines strike parallel to the mountain belt axis, on average NW-SE, and
generally dip to the SW (Figure 1). The Pizzalto fault, located approximately 50 km southeast of the epicenter
of L’Aquila 2009 earthquake, is ~12 km long, trends NNW, and dips SW (Figure 1). It belongs to a larger-scale
fault system, the 30 km long Rotella-Aremogna active normal fault system (Figure 1) [Boncio et al., 2004;
Benedetti et al., 2013].

The Pizzalto fault segment, which bounds the eastern side of Mount Pizzalto (1966 m above sea level), is the
easternmost segment of the Rotella-Aremogna fault system. The trace of the fault is highlighted on the digital
shaded relief model (Figure 2a) by a sharp slope break and incised rivers stopping at midrelief with small sur-
faces at the base. On the other side of the valley, the morphological expression of the relief is very different
and features a generally concave slope and rivers that incise similarly through the various slope breaks and
the topography (Figure 2c). Moreover, the trace of the fault is outlined by a fresh, very well preserved, con-
tinuous, linear 0.2 to 10 m high limestone fault scarp visible in the field above the small surfaces (Figure 2d).

The hanging wall of the fault is made of a thick colluvial wedge (several tens of meters thick, based on field
outcrops) (Figures 3a and S1). At least two layers of colluvial deposits have been identified and mapped
mainly based on field observations [Miccadei and Parotto, 1998; Bosi et al., 2003]. The overlying outcropping
deposits are noncemented limestone slope breccia that dip gently southwestward and most likely originate
from the slope of Mount Pizzalto (Figure 3). These deposits rest on an older subhorizontal cemented slope
breccia assigned to the middle-upper Pleistocene [Bosi et al., 2003]. There are some small local variations
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Figure 2. Morphotectonic analysis: (a) Morphotectonic map of the Pizzalto fault using shaded relief from a 5 m pixel digital elevation model. Isoaltitude contours
represent every 20 m. (b) Photomosaic from Bing imagery showing the fresh trace of the Pizzalto fault. (c) Topographic profile from Mount Rotella (A) to Mount
Pizzalto (A") highlighting the morphological differences between the concave slope of Mount Rotella, which is not affected by an active fault, and the convex slope of
Mount Pizzalto, which is apparently the result of activity on the Pizzalto fault. (d) Interpretative photo of sampling site morphology.

in the dip of these colluvial deposits that are most likely due to slope readjustments and gravitational move-
ments prior to the cementation (Figure S1). In contrast, the upper and most recent layers of those deposits
homogeneously dip 10-20° southwestward, suggesting no recent gravitational movement (Figure S1).

Past large earthquakes associated with the Rotella-Aremogna fault system have been previously studied by sev-
eral scientists (see trench locations in Figure 1b). D'Addezio et al. [2001] identified three events occurring at
approximately 7-6 ka, 6-5 ka, and 3-1ka in paleoseismological trenches performed on the Aremogna-Cinque
Miglia fault, at the southern tip of the fault system. Brunamonte et al. [1991] suggest that one seismic event might
have occurred at less than 4.3 ka. Galli et al. [2008] have summarized several years of paleoseismological studies
throughout the Apennines and concluded that the studied fault system might have ruptured once at 2-3ka.
Therefore, most authors point to an event occurring on the Rotella-Aremogna fault system at less than 3-4 ka.

3. Sampling, 36Cl, and Chemical Analysis

To recover the Holocene seismic history of the Pizzalto fault, the 3°Cl cosmic ray exposure dating technique has
been used. Already applied to other normal faults in the Mediterranean area, this method has proven to be
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Figure 3. Deposit analysis: (a) Geological cross-section perpendicular to the Pizzalto fault. (b) Zoomed in cross section
showing fault zone with partially dragged and faulted colluvial deposits. (c) A 4.4 m of sampled exhumed fault plane,
with a ~2 m deep open trench at the bottom of the scarp. (d) Trench log: A—faulted colluvial sediments with sparse
subangular limestone pebbles 2 to 8 cm in size. B—greyish brown soil. C—brown paleosol (no pebbles). D—medium gravel
with coarse to very coarse pebbles in yellowish brown silty matrix. E—fine gravel in brown-grey sandy matrix. F—similar to
unit E but with more abundant and coarser matrix. G—decametric limestone pebble.

efficient to recover the slip and age of past exhumational events on limestone bedrock fault planes [Mitchell
et al, 2001; Benedetti et al., 2002, 2003; Schlagenhauf et al., 2010, 2011; Palumbo et al., 2004; Benedetti et al.,
2013; Benedetti and van der Woerd, 2014]. It is based on the accumulation of in situ-produced 3Cl in limestone
rocks exposed to cosmic rays. When a part of the fault plane is buried, it is protected from interaction with
cosmic rays; when it becomes exhumed, 3°Cl starts to accumulate in the exposed limestone rocks.

The sampling site is located at the southern tip of the fault, where the fault scarp is the highest, to recover the
maximum slip per event (Figure 2). The site is located away from rivers or gullies to avoid erosion and scarp
exhumation by river incision or colluvial collapse and to ensure that the lower surface has been preserved. It
is assumed that no significant erosion has affected the scarp, the surface below the scarp, or the surface
above the scarp. The scarp is approximately 10 m high and dips 56°SW. The lowest 4.5 m corresponding to
the best preserved striated part of the scarp was sampled (see all site parameters in Table S2). There was
no apparent recent debris at the base of the scarp, which is covered by approximately 50 cm of soil.

Sampling consists of peeling off the scarp, from the top to base. To have a continuous record along the scarp
and to avoid a fractured and altered part, a portion of the sampling was laterally shifted by 20 cm (Figure 3c).
Thereby, 4.4 m of the exhumed scarp was continuously sampled, generating 44 slabs of rocks, each of which
were 3 cm thick, 15 cm wide, and 10 cm long. Moreover, a ~2.5 m deep trench was dug in the colluvial deposit
at the base of the scarp to sample the buried part of the fault plane. Ten samples were taken to a maximum
depth of 2.25m.

In the trench, a portion of the fault plane was covered by an approximately 5-10 cm thick layer of cemented
colluvial breccia, suggesting that the cemented breccia might also have been faulted (Figure 3b). The
stratigraphy exposed in the trench includes paleosols and coarse colluvial deposits gently dipping
southwestward (Figure 3d).
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Figure 4. (a) [36CI] AMS measurements as a function of the scarp height. Horizontal lines correspond to 26 AMS uncertainties.
Vertical black arrows indicate major discontinuities identified in the [36CI] data. Dashed grey arrows suggest more subtle
discontinuities. Grey dots show samples from cemented breccias, with pictures of samples from the fault scarp and from the
cemented breccias. (b) Natural chlorine concentration as a function of scarp height. (c) Calcium concentration as a function of
scarp height. (d) 36¢ production rate of each sample calculated from their individual chemical composition. (e) Individual
probability density functions (PDFs) (red) and summed PDFs (black). Three major peaks (dark vertical lines) and two more
subtle peaks (dashed vertical lines) are outlined. These peaks are not related to the chlorine or calcium contents.

The density of the colluvial wedge material has been estimated to be ~1.7 g cm™3 by weighing the material in
a box of known volume (Table S2).

The samples were crushed, sieved, and chlorine was chemically extracted using AgCl. Natural Cl (hereafter Cl,4)
and >°Cl were then determined via isotope dilution accelerator mass spectrometry based on the measured
3¢/47cl and 36C1/>Cl ratio measurements performed at the French national accelerator mass spectrometry
(AMS) facility Accélérateur pour les Sciences de la Terre, Environnement, Risques (ASTER) (CEREGE, Aix-
en-Provence, France). The 3°Cl and Cl concentrations were normalized to a *°Cl standard prepared by
K. Nishiizumi: KNSTD1600, with a nominal 26Cl/*>Cl value of 2.11+0.06 x 10~ "2 [Sharma et al., 1990; Fifield
et al,, 1990]. The decay constant of 2.303+0.016x 10 °yr~' used corresponds to a >°C| half-life (T;,5) of
3.014 % 10° years. The analytical uncertainties include counting statistics, machine stability, and blank correc-
tion. The measured >°Cl concentrations range from ~10° to ~10” atoms, 400 times higher than that measured
in the blanks (10* atoms of *°Cl). The CI concentrations in the samples range from ~2.10'° to ~4.10'° atoms,
whereas blanks contain less than 10'® atoms of CI (Table S3).

The natural Chlorine concentrations are on average 50 ppm, with some samples reaching up to 70 ppm
(Figure 4b). The different pathways of 3°Cl are as follows: spallation of target elements (78%), thermal and
epithermal neutron capture (15%), and slow negative muons capture (7%) [Schimmelpfennig et al., 2011]. It
is interesting to note that the samples from the lower portion of the fault scarp (between the base and
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140 cm high) have Cl concentration that are 15% higher (58 ppm on average) than the average of all the other
samples (48 ppm on average) (the uncertainty associated with the Cl concentration is approximately 1 ppm,
Table S3 and Figure 4b). Careful examination of the samples and of the lower portion of the fault scarp does
not reveal any significant difference in the geology or in the visual appearance of the lower portion, including
no alteration, vegetation, or fissures. There is no correlation with the Ca content, which is common across all
the samples. It is possible that among the carbonate layers, one layer may have incorporated more Cl during
diagenesis, resulting in slightly different Cl concentrations.

Four of the samples collected within the colluvium are evident outliers in the 3°Cl concentration depth profile
(Table S3 and Figure 4a). The natural chlorine (Cl,ay) concentration of these four samples is high, with values
between 58 and 68 ppm (Table S3 and Figure 4b). The Ca concentration of three of these samples is also
significantly lower than that of all other analyzed samples (Table S3 and Figure 4c). Those three samples
are lithologically different because they are cemented colluvial deposits (see picture Figure 4a); thus, they
are composed of different clasts cemented within a partly altered carbonate matrix.

Next, we discuss how the chemical composition might interfere with the 36(| data interpretation in terms of
exhumational events.

4, 36C| Data Interpretation

The samples exposed on the fault scarp originally emerged from below the colluvium and were exposed at
the surface by slip events. The evolution of the *°Cl concentration along a depth profile while the fault section
is buried under the colluvium exhibits a depth-dependent exponential relationship [e.g., Gosse and Phillips,
2001]. Therefore, prior to full exhumation, the 3°Cl concentrations that have been accumulated below the
surface exhibit an exponential evolution reflecting the scarp preexposure history. Once a portion of the scarp
is exhumed, which is assumed to be the result of a large earthquake, *°Cl continues to accumulate but at a
constant rate, regardless of location along the exposed scarp. Therefore, the 2°Cl concentration ([3°Cl]) of
an exhumed sample is the sum of the 3¢Cl produced while it was buried under the colluvium prior to the
earthquake (preexposure history) and of the 3°Cl accumulated when it was exposed at the surface after its
exhumation by the earthquake. For normal fault scarps resulting from a succession of earthquakes, the
136Cl] profile along the fault plane height is theoretically a series of exponential curves separated by disconti-
nuities [Schlagenhauf et al., 2010]. Identification of those discontinuities in the [>°CI] profile allows estimating
the number of large past earthquakes that affected the fault plane at the surface and quantifying their asso-
ciated slips. Modeling the [>6Cl] profile over its entire length will then provide the ages of these major events.
Schlagenhauf et al. [2010] suggest from theoretical calculations and their comparisons with [*°CI] measured
profiles that small events with slip lengths of less than 25 cm and earthquake ages that differ by less than a
few 100 years cannot be resolved. These limitations imply that the number of earthquakes determined using
the 3°Cl approach is always a minimum because some events may actually represent several small temporally
close events [cf. Schlagenhauf et al., 2010; Benedetti et al., 2013].

Production rate variations (Figure 4d) linked to variable Ca and Cl contents are most likely responsible for the
measured *¢Cl concentrations not increasing regularly with the scarp height. This variability is accounted for
while modeling the data. To bring out the major discontinuities along the [*°Cl] profile, the probability
density functions (PDF) of the sample concentrations are analyzed [Lowell, 1995; Schlagenhauf et al., 2010].
The PDF of a sample is a Gaussian curve whose 20 width corresponds to its analytical uncertainty.
Summing individual PDFs along the profile reveals clusters of points with nonsignificantly different concen-
trations. Along the [3°Cl] profile, the resulting peaks reveal the almost constant [*°Cl] observed in the deeper
parts of the [>°Cl] exponential profile with depth that characterizes the [>°Cl] concentration evolution along
the paleoburied scarp.

36C| concentrations vary from the top to the bottom of the exhumed profile between 1 x 10° to 3 x 10° atoms/g
rock. Visual identification and summed PDFs (Figure 4e) reveal three major discontinuities at 2.9-3.1, 4.1, and
10.0x10° atoms of >°Cl per gram of rock. The discontinuity at 4.1 x 10° atoms of *°Cl/g of rock (sample at
130-150 cm) might appear correlated with the shift in Cl concentration; however, this discontinuity involves five
points with similar *°Cl concentration but variable Cl concentrations (from 45 to 60 ppm). Two more subtle peaks
are suggested at 6.4 and 8.1 x 10° atoms of >°Cl/g of rock. They are less constrained because of the relatively large
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uncertainty associated with the AMS measurement of the sample at 2.9 m and the very few samples contributing
to the peak (only 2 for the peak at 8.1 x 10° atoms of 2°Cl/g of rock). Hence, this set of data thus suggests that 3 to
5 slip events must have been necessary to shape the 3¢ profile.

The samples collected from the fault scarp within the colluvium have *Cl concentrations that vary between
2 and 3x 10° atoms of 36Cl/g of rock. The upper sample concentrations decrease with depth as expected,
whereas deeper samples made of indurated colluvial material have *°Cl concentrations that are significantly
higher than those expected from an exponential decrease. It is possible that fluid recrystallization during
cementation of the colluvial material has affected the 36Cl content of these samples or that the pebbles
incorporated in the colluvial material have been previously exposed. The 3¢Cl contained in these samples
thus appears enhanced by an additional inherited °Cl component. To avoid generating high discrepancies
while modeling the data, these samples are considered as outliers and are not included in the modeled
data set.

5. Trace Element Analysis

To complement the 3¢Cl cosmogenic nuclide analysis of the samples, the major and trace elements in each
sample were measured to explore whether concentration changes in trace elements along the fault scarp
might be used as another tracer of exhumational events. This method was first described and developed
by Carcaillet et al. [2008] and Manighetti et al. [2010] for the Magnola fault (central Apennines, Italy).

Because calcite bulk equilibrium is weak, many environmental factors lead to its degradation or dissolution,
particularly in acidic conditions [Sweeting, 1966; Trudgill, 1985; Smith et al., 2000; Plan, 2005]. Such conditions
are favored by rainfall, CO,-rich fluid circulation, roots and microbial respiration, and organic material oxida-
tion, and they occur particularly in the upper 30-50 cm of the soil [Reardon et al., 1979; Paul and Clark, 1989;
Fierer et al., 2003]. On a normal fault such as the Pizzalto fault, the limestone footwall is directly in contact with
the colluvium soil. The limestone rock might thus undergo chemical reactions and modifications (mainly dis-
solution and recrystallization) at this contact. Trace elements such as REE-Y (rare earth elements and yttrium)
are highly concentrated in soil [Duddy, 1980; Dia et al., 2000; Taunton et al., 2000; Tyler, 2004; Song et al., 2006;
Pourret et al., 2007]. Acidic conditions at the contact with soil might trigger some recrystallization of the sur-
face of the buried footwall, which might then incorporate REE-Y along the grain boundaries [Carcaillet et al.,
2008]. Carcaillet et al. [2008] and Manighetti et al. [2010] have associated peaks in REE-Y concentrations, mea-
sured in samples collected along the footwall, to exhumational events, with the peak marking the topmost
part of the exhumed portion of the fault plane.

Major and trace element contents along the fault plane were measured in the two first centimeters of each rock
slab, corresponding to the fault plane surface. Chemical preparation and measurements were performed at
Service d’Analyse des Roches et des Minéraux (SARM) (CRPG, Nancy, France), using ICP-MS X7 (Thermo
Scientific) and ICP OES Icap 6500 (Thermo Scientific) for major and trace elements, respectively. The extended
protocol is available on Carignan et al. [2001]. Uncertainties range from 5% to 15%. The major and trace element
contents are available in Tables S4 and S5.

The vertical evolution of the concentration of each major and trace element, including REEs and yttrium (Y),
can be found in Figure S6. The REE-Y concentration corresponds to the concentration of each element (Ci)
normalized by the mean concentration of the elements along the scarp height (Cm). The REE-Y concentra-
tions plotted against the scarp height exhibit a similar background value above which some samples display
significantly higher values (see in Figure S7). To quantify the amplitude Ai between the background value and
the higher values, we calculated the difference between Ci, the concentration of an element in a sample, and
Cm, the mean concentration of this element along the scarp height. We then normalized each peak ampli-
tude by Am, the mean absolute value of those differences (Am =3 | Ai| /N, where N is the number of samples).
The results are shown in Figure 5a. For each sample, we also calculated the mean amplitude value (red dot) of
all the analyzed elements (REE-Y) and the standard deviation. Overall, the standard deviations are small
(0.3 on average) in the exhumed part and higher in the buried part (1 on average).

The AREE-Y concentrations have a similar trend along the fault scarp height, with portions of linearly
decreasing concentrations interrupted by sharp and abrupt increases. The differences between the
enhanced concentrations and the concentrations along the linear portions range from 1.0 to 1.5. This trend
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Figure 5. (a) Evolution of REE-Y concentrations along the scarp. For element (i), the X axis to the measured peak amplitude,
Ai, which is the difference between the element (i) concentration in the sample (Ci) and its average concentration for the
whole scarp (Cm) normalized to the averaged peak amplitudes for the whole scarp (Am). Horizontally aligned black dots
represent Ai/Am for all measured elements. The red dot represents the Ai/Am average of all elements within a sample, and
horizontal red lines represent their associated standard deviations. (b) Identification of peaks in the REE-Y data.

is also observed along the buried part of the scarp, not considering the three lowest data points measured
in samples composed of indurated colluvial material. Additionally, unlike what is expected, the highest
concentration near the interface between the exhumed and buried parts is present in the sample collected
10cm above the base of the scarp. This could be due to a slight packing of the soil after the most recent
earthquake, which induced a small exhumation (<10 cm) of the fault scarp. This process might occur at any
time, thus increasing the uncertainty on the slip per event by approximately 10 cm. However, it should not
affect the age results.

Carcaillet et al. [2008] and Manighetti et al. [2010] observed similar peaks and interpreted them as being tran-
sitional zones between the exhumed and the buried parts of the scarp. However, they did not notice linear
decreases punctuated by abrupt peaks but rather constant concentrations separated by pulses of increased
concentrations. The differences between the constant concentrations and the peak concentrations they
observed are on the same order as those measured at Pizzalto. The overall REE-Y concentrations measured
at Pizzalto are on average 63% lower than those measured at the Magnola site by Carcaillet et al. [2008]
and Manighetti et al. [2010].

We interpret the repeated pattern along the Pizzalto profile as representing different portions of the scarp
that have been successively exposed to soil-forming conditions. The shift between an almost linear deple-
tion in REE-Y and an abrupt increase in REE-Y concentrations marks the transition between buried and
exposed sections of fault plane. Moreover, only peaks associated with a standard deviation of less than 1
(increased concentrations supported by all REE-Y) are considered (peaks at 0.8, 1.1, and 3.9 m are ignored) (see
Figure 5b). Using this approach, six discontinuities are clearly identified at 0.0, 0.6, 1.5, 2.7, 3.4, 3.7 m (grey lines),
and a less defined additional one at 2.1 m (grey dashed lines).
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In summary, the five most prominent peaks detected using stacked PDFs of the *°Cl concentration data cor-
respond to the five peaks detected in the REE-Y concentration data. Considering the intervals corresponding
to the scarp sections, this pattern suggests that six slip events have contributed to the exhumation of the
Pizzalto fault scarp and to shape the **Cl concentration profile.

6.2. A Monte Carlo Approach to Constrain the Exhumation History

To better constrain this proposed scenario of six exhumation events, the various exponential sections
shaping the [*°Cl] profile associated with different exhumation events have been modeled using a Monte
Carlo-based inverse approach. For this purpose, we used the code provided by Schlagenhauf et al. [2010],
which calculates, from a determined scenario, the theoretical [*°Cl] profile that should be observed today.
The necessary input parameters of this code are the age of each event, the associated slip, and the preexpo-
sure value to account for the exposure history of rocks prior to the older event actually detected. The likeli-
hood of an exhumation scenario is then assessed through three criteria based on the comparison of the
theoretically determined 136Cl] to the measured [>°Cl]: (i) the weighted root-mean-square (RMSw) quantifies
the goodness of fit between measured and theoretical [*°Cl], taking into account the measurements uncer-
tainties; (i) the Akaike information criterion (AlCc) [Akaike, 1974; Burnham and Anderson, 2002] introduces the
number of free parameters in the calculation, favoring the simplest models; and (iii) the chi-square (%) takes
into account both uncertainties in the measurements and the number of free parameters. The more realistic
scenarios are those leading to the lowest RMSw, »2, and AICc values. The optimization is an iterative process
that consists of successively determining the preexposure and event ages going from oldest to youngest, the
latter being affected by the older events.

TESSON ET AL.

SEISMIC HISTORY OF THE PIZZALTO FAULT 10



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012565

Chi2 RMSw
10 000 1000

1000
=
[ 2100 & & 1 . - I
& z
100 s
S o
{118 :
10 10
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
number of events number of events
# itereations #events Slip per event Ages min RMSw i i
(cm) ) min Chi2
36000 2-10 10-360 500-10 000 29.1 236
(4000x 9)

Figure 7. Results from a Monte Carlo analysis showing RMSw and Xz results from 36,000 randomly tested scenarios. The
best profiles, i.e., those associated with the lowest )52 and RMSw values, were obtained using six events. The misfit function
clearly increases for scenarios using more than six events.

Input model parameters related to the site geometry, rock/colluvium density, and scaling factors (shielding)
are presented in Table S2. The chemical composition of the fault scarp and of the colluvial wedge samples
can be found in Tables S3-S5. The geometry of the fault is used to calculate the shielding factors involved
in the modeling. It can simply be described through (i) ¢, the dip of the colluvium surface; (i) 8, the dip of
the fault scarplet plane at the surface; (iii) 7, the dip of the older eroded fault section above the scarplet;
and (iv) H, the height of the postglacial scarp. The *°Cl production rate from spallation of calcium has been
calibrated in Sicily by Schimmelpfennig et al. [2011]. Because the Pizzalto fault is located almost at the same
latitude and elevation as this calibration site and because the exposure duration of both sites is similar, we
used the calibrated production rate of 42.2 + 4.8 atoms of >°Cl/g of Ca/yr. Schlagenhauf et al. [2010] demon-
strated that the variability in the geomagnetic field intensity at the latitude of the study and over the time
period investigated (the Holocene) is negligible. Scaling with respect to latitude and elevation was therefore
performed considering constant geomagnetic field intensity and using the Stone [2000] scheme. The erosion
rate of the fault scarp is also parameterized in the model, but because the scarplet surface is well preserved
with slickensides, we choose to neglect it.

To be able to explore a wide range of possible scenarios (number of exhumations, ages of occurrence, and
slip per event), a classical Monte Carlo approach was developed. The goodness of fit of 4000 models per each
possible scenario (2 to 10 events) has been evaluated, and the preexposure, number of events, slip per event,
and slip ages were assigned random values within defined ranges (see the table in Figure 7). The results of
these analyses are shown in Figure 7 and suggest that (1) if the number of exhumation events is greater than
7, the goodness of fit leads to higher (thus worse) values relative to a lower number of exhumation events
and (2) among the 36,000 tested scenarios, the scenario that best reproduces the [3°Cl] profile, both in terms
of RMSw (29.2) and )(2 (23.6), is that involving six events at 3.2 ka (slip per event: 0.5 m), 3.2 ka (slip per event:
0.4m), 2.1 ka (slip per event: 0.4 m), 1.3 ka (slip per event: 1.1 m), 1.1 ka (slip per event: 0.9 m), 1.0 ka (slip per
event: 1.1 m), and a preexposure of 16.1 kyr. Figure 8a represents the 3*C| concentration versus the height of
the scarp derived from this scenario. The number of events determined using this approach is similar to that
derived from the analyses of the [*°CI] and [REE-Y] signals in sections 3 and 4. The position along the scarp
height of the discontinuities derived from the [*°CI]+ [REE-Y] signal analyses, and the modeling of the
136l differs slightly (Figures 6 and 8a), and the difference in slip per event is at most 40 cm, with a mean
of 20cm.

6.3. The Most Realistic Exhumation Scenario

Using the slip derived from the [*°CI]+ [REE-Y] analyses (Figure 6) and the modeling (Figure 8a), the most
realistic exhumation scenario and the associated uncertainties are now explored.

Following the procedure of uncertainty determination defined by Schlagenhauf et al. [2010], we estimate the
epistemic uncertainties (e.g., uncertainties due to the current lack of knowledge that cannot be reduced by a
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Figure 8. (a) Modeling of the 126Cl] data along the Pizzalto fault scarp using the optimum scenario determined via the Monte
Carlo approach. Theoretical (blue dots) and measured (dark dots with 26 AMS uncertainties) [36CI] profiles are shown as
a function of the Pizzalto fault plane height. Dashed dark lines indicate portions of the scarp exhumed during each slip
event. The residuals are the differences between the measured and theoretical [36CI] data. Grey buried dots are four
abnormally enriched cemented breccia samples. (b) Modeling data using slip magnitudes derived from 136c1] + [REE-Y]
analyses and integrating the analytical uncertainties. The red shading represents all possible models fitting the data.

probabilistic approach) to be 1-5%. They include site geometry (dip of colluvium and scarp), measurements
of chemical elements, and rock and colluvium densities. Uncertainty on the 3¢Cl production rate was deter-
mined to be 5-10% by Schimmelpfennig et al. [2011]. Those are uncertainties independent from the tested
models that apply equally to all ages.

To estimate the uncertainties on the determined ages, the analytical uncertainty associated with the [3°Cl]
measurements has been propagated in our best scenario. For this purpose, AMS-measured [>¢Cl] standard
deviation values of the samples are added to the best theoretical [*°Cl] profile, defining a 1 sigma uncertainty
envelope (Figure 8b). All event ages leading to a model that fits within this envelope are then considered.
Their range, as well as the range of the associated slips, defines the uncertainty on the age and on the slip.
The maximum uncertainties are +1.3 kyr on ages and +30-50 cm on displacements.

The last source of uncertainty is the preexposure age, which integrates the history of exhumation and expo-
sure prior to the oldest determined earthquake. This uncertainty is difficult to estimate because it mostly
depends on the fit between the model and the data in the upper part of the [*°Cl] profile. The preexposure
value, however, mainly impacts the age of the first (oldest) event and only slightly impacts the younger ones
[Schlagenhauf et al., 2010; Benedetti et al., 2013]. Moreover, there is no evidence of long-term fault activity,
such as triangular facets or wine glass valleys. This suggests that no significant motion has occurred on the
fault prior to the onset of the bedrock fault scarp exhumation; therefore, a long time period preceded the first
fault exposure, in agreement with a long preexposure duration (>15 ka).

Figure 8b shows the modeled [>¢Cl] profile (in red) as a function of the scarp height, obtained from the best
scenario (lowest RMSw and y? values of 26.5 and 19.6, respectively) involving six events (called S6). The six
events occurred at 3.2-1.6 ka (slip per event: 0.7 m), 2.7-1.5 ka (slip per event: 0.3 m), 2.1-1.4 ka (slip per event:
0.7 m), 1.8-1.3 ka (slip per event: 1.2 m), 1.7-1.3 ka (slip per event: 0.9 m), and 1.7-0.8 ka (slip per event: 0.6 m),
with a preexposure duration of 16-18 kyr. Comparing the theoretical [36Cl] profile to the data (dark dots), a
smooth curve that closely follows the trend of the data is observed. The variability in the data, particularly
at 3.7-40m, 2.3-2.6 m and at 0.6-0.7 m, is smoothed in the model, suggesting that those discrepancies
are not due to the specific chemical composition of the samples but to other undetermined processes.
The residual (measured [*°Cl]-theoretical [*°Cl]) is lower for the lowest (thus younger) part of the scarp, from
0.0m to 2.0m, than for the upper (older) part. Along the buried scarp, the theoretical [*¢Cl] data fit the
measurements to a depth of 1 m, as well as the results for the two deepest samples.
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If we assume that the four altered indurated colluvial samples have been affected by a nonnegligible propor-
tion of 3°Cl produced prior to deposition (for example, when the pebbles where screen on top of the
scarp), the difference between the [>°Cl] of the theoretical profile and the current concentration is ~3.10°
atoms of 3%Cl per gram of rock, which would correspond to 5 kyr of exposure prior to their deposition. The
two deepest samples are also colluvial breccia and might therefore have been affected by inheritance.
Similarly, the discrepancy between the model and the 3°Cl measured concentrations of ~5.10% atoms of
36| per gram of rock corresponds to 0.8 kyr of exposure prior to their deposition.

In summary, the upper part of the buried scarp is satisfactorily modeled by the selected exhumation history,
while the samples collected in the lower part, belonging to different lithological units, have probably
experienced inheritance which could explain the discrepancies between the model and the data.

Finally, outside the range of possible scenarios, we tested two extreme cases: (i) a single-event scenario that
exhumed the whole 4.4 m height of the scarp and (ii) a 22-event scenario (S22) that exhumed the scarp
progressively, with each slip being 0.2 m, thus mimicking creeping. The best solution for S1 requires an event
at 1.6 ka and a preexposure duration of 18 kyr (RMSw = 26.5), whereas the best solution for S22 requires a
succession of events between 3.0 and 1.0ka and a preexposure duration of 16kyr (RMSw=28.6) is
required (Figure 9).

The similarity of the RMSw values associated with the S6 and S1 scenarios suggest that they both reproduce
the 3°Cl profile, whereas the RMSw value for the 522 scenario is slightly higher (28.6) and, above all, does not
fit the upper part of the profile. When comparing the range of ages obtained in each scenario (S1: 1.6 ka, S6:
3.2 to 0.8 ka, and S22: 3.0 to 1.0 ka), we observe that although the number of events is different, all models
suggest that the scarp was exhumed within a similar time period, i.e., between 3.2 and 1.0 ka, with active
exhumation lasting at most 2.4 kyr. All scenarios suggest similar preexposure durations (~16-18 kyr), and
the larger the number of events, the lower the preexposure duration (S1: 16 kyr, S6: 16-18 kyr, and S22:
18 kyr). All models suggest that no major events have exhumed the Pizzalto fault scarp for 0.8-1.6 kyr.

The modeling thus implies that the Pizzalto fault scarp is younger than 3.2 kyr and has been exhumed by a
succession of events, which we interpret as being surface-rupturing earthquakes, between 3.2 and 0.8 ka.

7. Discussion
7.1. Earthquake Event Ages, Slip, and Magnitude Based on the *¢Cl and REE-Y Data Set

The analysis of the [3¢Cl] and [REE-Y] data and the modeling of the [3*Cl] of the first 4.4 m of the 10 m high
Pizzalto fault scarp suggest that this portion was exhumed over a time span lasting less than 2.4 kyr. The best
scenario suggests six large events with slip per event between 0.3 m and 1.2 m. A scenario with a 4.4 m high
single event also explains the °C| data. This single-event scenario, however, does not account for the pre-
sence of the REE-Y discontinuities, whereas the scenario with six events integrates both the 3Cl and REE-Y
data sets. Our analysis thus shows that for the conditions prevailing at the study site, the REE data provide
additional constraints and allow for the determination of the most likely slip history.

Dispersed [>°CI] measurements result in poorly expressed exponential discontinuities that make identifying
the number of events and their associated slips difficult. Short interseismic periods and moderate slips (<1 m)
can produce “smooth [>°Cl] profiles” because the time interval between two successive events is not long
enough to generate a fully developed exponential decrease in [>°Cl] as a function of depth in the buried part.
In all scenarios, a long preexposure duration implies that a significant amount of the measured 13¢Cl] has
been accumulated in the buried footwall prior to scarp exhumation, with the predominant production path-
way at depth below 1.5m being through nuclear reactions induced by negative muons [Schimmelpfennig
et al.,, 2009; Braucher et al., 2003]. The amount of >°Cl produced at depth during such a long preexposure dura-
tion is therefore nonnegligible. We estimated that the amount of *°Cl that has accumulated since the various
scarp sections have been exposed at the surface ranges from 1.0 to 8.9 x 10° atoms of >°Cl per gram of rock,
i.e., approximately 75 to 90% of the total measured concentrations.

However, [REE-Y] exhibits a common and repeatable pattern along the scarp that we associated with the
exhumation events and that are well correlated with the [>°Cl] discontinuities. Carcaillet et al. [2008] and
Manighetti et al. [2010] have observed similar patterns, and their [REE-Y] peaks are also correlated with the
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Figure 9. Modeling [36CI] data using two extreme scenarios: (a) a single 4.4 m event (called S1) and (b) 22 events with 0.2 m of slip per event (called S22). Theoretical
(red dots) and measured (dark dots) [36CI] are plotted as a function of the Pizzalto fault plane height. Horizontal red lines indicate portions of the scarp exhumed
during each slip event. (c) The residuals correspond to the differences between the measured and theoretical [36C|] data for S1, 522, and S6 (see Figure 8b). Note that
the S1 and S6 residuals are almost identical.

136Cl] discontinuities. The pattern observed at the Pizzalto fault differs from that observed at the Magnola
fault [Carcaillet et al., 2008; Manighetti et al., 2010]. Although the portion of the scarp exposed to soil exhibits
an abrupt increase in the REE-Y concentration, the REE-Y concentration in the deeper part of the buried
section tends to increase at the Pizzalto fault but decrease at the Magnola fault. The difference in the [REE-Y]
pattern between the Magnola fault and the Pizzalto fault might be linked to the nature of the colluvium, which
differs from one fault to another. At Pizzalto, the soil thickness is less than at Magnola, and there is no indurated
colluvium in the bottom part at Magnola. This might control the spatial distribution of REE-Y contents in the
colluvium and, thus, the enrichment of the fault scarp. The processes associated with REE-Y accumulation in
the colluvium and exchange with the fault bedrock remain unclear. Reactions within the soil enhance the
enrichment of the fault plane [Moraetis et al., 2015; Carcaillet et al.,, 2008]. Soil thickness, as well as climatic
parameters (elevation and amount of precipitation), might influence its composition and thus the exchange
with the bedrock. Additional studies on those aspects are necessary to improve our understanding of the
processes underlying the exchanges of REE-Y between soil and bedrock fault planes. In the future, the chemical
composition of the soil should be assessed to be able to compare results between sites.

In summary, the scenario that best reproduced both the [REE-Y] and the [*°Cl] discontinuities involves six
events at 3.2-1.6ka (slip per event: 0.7m), 2.7-1.5ka (slip per event: 0.3 m), 2.1-1.4ka (slip per event:
0.7m), 1.8-1.3ka (slip per event: 1.2m), 1.7-1.3ka (slip per event: 0.9m), and 1.7-0.8ka (slip per event:
0.6 m), and a preexposure duration of 18-16 kyr. Three groups of events emerge from this model: (1) the
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youngest event might have occurred between 0.8 ka and 1.7 ka, (2) two events with ages between 1.3 and
1.8ka are not significantly different, and (3) three older events with smaller slip per event values and ages
in the range of 1.4 to 3.2ka. Although the ages determined using the best model approach overlap, their
good correspondence with those determined using the Monte Carlo approach (the youngest event at 1 ka,
two events at 1.1-1.3 ka and three events at 2.1-3.2 ka with smaller slip per event values) strengthens the
consistency of this set of ages.

For all events, the determined slip ranges between 0.3 and 1.2 m. Assuming that those values correspond to
the maximum coseismic displacement and using the coseismic surface slip-length empirical relationships
[Manighetti et al., 2007; Wells and Coppersmith, 1994], the rupture length would roughly be between 5 and
15 km. This is in agreement with morphological observations on the Pizzalto Fault that show that the fault
scarp is linear and continuous over the whole 13 km long fault.

Considering a maximum surface slip between 0.3 and 1.2 m, a rupture length equal either to 5 or to 15 km,
and a seismogenic width of 15 km [Boncio et al., 2009], we estimated the maximum magnitude of the past
events recorded on the Pizzalto fault to be between M,,=5.9 and M,, = 6.6. These estimates are in agreement
with the magnitudes estimated in the region by previous studies [Peruzza et al., 2011; Benedetti et al., 2013].

7.2. Comparison With Existing Paleoseismological Records From the Rotella-Aremogna Fault System

D'Addezio et al. [2001], based on several trenches made on three segments of the Rotella-Aremogna fault sys-
tem (Figure 1), concluded that all fault segments ruptured during coeval events dated between 800 B.C. and
1030 A.D. (2.8-1ka), between 3735 B.C. and 2940 B.C. (5.7-4.9ka), and between 3540 B.C. and 5000 B.C.
(5.5-7 ka). The time range of the proposed youngest event determined by D'Addezio et al. [2001] overlaps
with that determined for the seismic activity of the Pizzalto fault (0.8-3.2 ka). The slip associated with the last
event identified by D'Addezio et al.[2001] ranges between 0.3 to 1 m on each segment, similar to the slip per
event range determined for the Pizzalto fault (0.3-1.2m).

The most recent seismic activity on the Pizzalto and the Aremogna-Cinque Miglia faults thus appears to have
occurred during the same time period. It is, however, not possible to determine whether this period of com-
mon seismic activity corresponds to earthquakes events rupturing both faults during a single very energetic
event or to a sequence of closely temporally spaced smaller events breaking each segment consecutively.

However, our results suggest that at least six events have occurred on the Pizzalto fault over a time span of
~2.4 kyr, whereas D'Addezio et al. [2001] identified a single event on the Aremogna-Cinque Miglia segments
within a similar time period (~1.8 kyr). If the seismic activity of both fault segments is coeval, how can such a
difference in the number of events be accounted for? The Aremogna-Cinque Miglia fault system is located at
the southern tip of the Rotella-Aremogna fault system and is composed of several fault segments less than
5km long. The Pizzalto fault is the most prominent fault of the system and is approximately 13 km long. It
is therefore possible that some slip events that occurred on the Pizzalto fault did not rupture the
Aremogna and Cinque Miglia segments, were not recorded in the trenches because their amplitude was
not large enough to be detected, or were distributed among other smaller segments.

Finally, if the entire Rotella-Aremogna fault system ruptured during a single event, as suggested by Boncio
et al., [2004], who interprets this system to be a unique seismogenic source, the expected magnitude would
be up to M,,=6.8. This magnitude is calculated considering a mean slip for this event of 1.2m and a total
length of 30 km, with all others parameters being similar to those used for the single Pizzalto fault. If we
assume that this is the case, by extrapolating the results from D’'addezio et al. [2001], the Aremogna-Rotella
system might have experienced two periods of intense seismic activity between 0.8 and 3.2 ka and between
5 and 7 ka, separated by a quiescent period of approximately 2 kyr.

In agreement with our results suggesting that no event has occurred on this system since 0.8 ka, there are no
large (M,, > 5.5) historical events with epicenters located near the Pizzalto fault in the CPTI11 catalogue
[Rovida et al., 2011].

7.3. Slip Versus Time

The time period recovered by this study does not capture the full seismic cycle because the slip rate of
1.4-2.6 mm/yr determined over the whole 3.2 kyr of exposure history remains 2 to 3 times higher than
the slip rates determined over longer time periods (10-15kyr) on Apenninic faults [Roberts and

TESSON ET AL.

SEISMIC HISTORY OF THE PIZZALTO FAULT 15



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012565

Michetti, 2004; Benedetti et al., 2013]. Those values are probably not representing the long-term slip rate of
the Pizzalto fault and might suggest an increase in slip during the last 3.2 kyr associated with an intense
period of seismic activity. Significant variations in the slip rate over a similar timescale have been reported
for other Apenninic [Benedetti et al., 2013; Schlagenhauf et al., 2011] and worldwide faults [Friedrich et al.,
2003; Scholz, 2010; Ratzov et al., 2015]. It is interesting to note that considering only the seismic cluster
time interval, the derived slip acceleration on the Pizzalto fault (2.2-4.8 mm/yr) is similar to that derived
for other faults in the central Apennines (2-10 mm/yr) [Benedetti et al., 2013].

7.4. Comparing the Seismic History of the Pizzalto Fault With Other Paleoseismological Records in the
Central Apennines

The results obtained from four trenches dug along a 5 km long segment located approximately 20 km north
of the Pizzalto fault at the northern tip of the 30 km long Sulmona fault system suggest that two large earth-
quakes occurred at 1.7-1.9 ka and 4.3-4.9 ka and that the associated slips were approximately 1 m [Galli et al.,
2015]. While both the slip per event value and the age of the last event are similar to that estimated at
Pizzalto, the older event apparently occurred approximately 1-2 ka earlier than that recorded by D’Addezio
et al. [2001] on the Aremogna segment (Figure 1).

The seismic history of the San Sebastiano fault, located approximately 25 km west of the Pizzalto fault, has
been assessed through 3°Cl exposure dating of its 4m high fault scarp [Benedetti et al, 2013]. The San
Sebastiano fault record suggests the occurrence of an intense period of seismic activity from 3.9 to
4.5 ka, which does not coincide with the timing of activity at Pizzalto (from 0.8 to 3.2 ka). However, the
seismic history of four clustered events in less than 1kyr and the slip per event (0.5-1.2m) are similar to
those deduced from the Pizzalto fault study. Moreover, the intracluster recurrence time is similar for both
faults (200 yrs).

At a broader scale, Benedetti et al. [2013] have shown that the faults belonging to the Fucino South fault sys-
tem (San Sebastiano, Parasano, and Trasacco), situated 25 to 45 km to the west, have ruptured with 0.2 to
1.6 m of slip per event. This is similar to the slip per event at the Pizzalto fault (0.3 to 1.2 m). The seismic activ-
ity of the Pizzalto fault approximately coincides with the last period of activity recorded at 1.5-3 ka on both
the Parasano and Trasacco faults. In particular, three events have been recorded on the Parasano fault at 1.7,
2.5, and 3.0 (+0.5) ka, similarly to the Pizzalto fault. Trenches on the Serrone fault also suggest that an earth-
quake occurred on this fault at 2.3-2.9 ka.

Considered all together, these observations suggest that the seismic history of the Pizzalto fault is character-
ized by clustered events occurring during periods of intense seismic activity lasting 1 to 2 ka and is similar to
the history of the Fucino South faults. In addition, the slip per event values (0.3-1.2 m) are comparable. Finally,
the record from the Pizzalto fault suggests that its seismic activity coincides with activity on the Serrone and
Parasano faults mapped as smaller secondary faults of the Fucino South system by Benedetti et al. [2013]. In
contrast, the activity on the Pizzalto fault did not occur simultaneously with that on the San Sebastiano and
Trasacco faults. The question arises whether these observations are indicative of a nonrandom process of
earthquake occurrence, as it has long been suggested. More paleoseismological data are required to statis-
tically strengthen these hypotheses.

7.5. Probabilistic Seismic Hazard Evaluations

If we assume a Poisson distribution of earthquakes, the only required information is the mean recurrence
time and an exponential distribution describing the time intervals between events. The probability of the
next earthquake occurrence is independent of the time since the last event. In fact, in a Poisson distribu-
tion, if earthquakes occur at an average rate (1) per unit of time, there will be on average 1 x w occurrences
per w unit of time. The probability that at least one event occurs during a w equal to 50 years can be expressed
as follows:

P(x=1)=1-P(x =0) =1—¢&"° 1)

In contrast, time-dependent models of earthquake occurrence are based on the assumption that the prob-
ability of an earthquake occurrence, in a given time period, follows a renewal model, where the stress that
is released in the earthquake has built up over time. Following Peruzza et al. [2011], we adopted the simplest
time-dependent process, namely, the renewal process, to calculate the conditional probability of an
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earthquake occurrence for the Pizzalto fault using Brownian passage-time (BPT) distributions. The time
elapsed since the last characteristic earthquake (Te,p) is used to calculate the conditional probability of an

event occurring in the next 50 years:
Tmean ___ (t-Tmean)
P(t) = /| ————=——€ 2xTmeanxCVZxt 2
® V 2zxcvixe

P(Tetap <T< Teiap + AT)

P(Teap ST <A/1 > Tetap) = 1~ P(O<T<Tepp)
=I= Felap

3)

where Tean is the mean recurrence time (defined as the recurrence interval between similar-sized, maximum
expected earthquakes from the seismogenic sources) and CV is the variation coefficient of the distribution,
given by the ratio CV = 6/Tyean (the standard deviation o over the mean recurrence time) [Visini and Pace, 2014].

Therefore, to evaluate the Poisson probability of occurrence, we need to know Tean, and to evaluate the BPT
probability of occurrence, we also need CV and Ty,

Considering the reconstructed seismic history of the Pizzalto fault, n simulations of the earthquake catalo-
gue (hereafter synthetic catalogues) are performed with the age of each event randomly varying within
their uncertainties. In total, 5000 synthetic catalogues were computed, and Tmean, CV, and Tjap were
extracted from each of them. Figure 10a displays a contour plot of the T ,can and CV pairs for each
synthetic catalogue.

The results show that the Tean and CV peak at approximately 420-460years and 0.9-1.2, respectively
(Figure 10a). The resulting Tyhean is significantly lower than the values reported in the literature, which are
derived from long-term slip rates (roughly 1200 years [Peruzza et al., 2011]) and from paleoseismological
studies (more than 2000 years [D'Addezio et al., 2001]). The resulting CV confirms the clustering behavior of
the Pizzalto fault (CV > 1) and is higher than the values published by Peruzza et al.[2011]. In terms of the prob-
ability of occurrence within 50 years (Figure 10b), the calculated Poisson values range between 9% and 17%,
whereas the time-dependent values calculated for the next 50 years range between 5% and 26%.

By repeating the experiment and including the results obtained from D’Addezio et al. [2001], thus assuming
that the Pizzalto fault also ruptured 5-7 ka ago, this approach leads to Tynean and CV pairs ranging between
700-850years and 1.0-1.4, respectively (Figure 10c). This higher Tyean value is in better agreement with
previously published values derived from long-term slip rates, while the CV value remains similar to that
determined above and is thus consistent with clustering behavior on the Pizzalto fault. In terms of the
probability of occurrence within 50 years (Figure 10d), the calculated Poisson values are approximately 6%,
whereas the time-dependent values calculated for the next 50 years range between 4% and 10%.

8. Conclusions

We have mapped the Pizzalto fault and the Pleistocene-Holocene deposits it affects, sampled the fault plane
to analyze its 2°Cl+ REE-Y contents and determined its seismic history over the last 3 kyr. The 3Cl and REE-Y
concentrations were used together to accurately constrain the number of events and the slip per event. We
determined at least six earthquake events occurred over the last 3 kyr, and the presented results indicate that
the Pizzalto fault is seismically active and able to generate moment magnitudes up to 6.4.

We compared the [REE-Y] and [3°Cl] data from the fault plane samples and demonstrated that the [REE-Y]
could also be affected by the seismic exhumation process, thereby producing characteristic concentration
patterns. The slip event amplitudes estimated from the analysis of both 3¢Cl] and [REE-Y] are similar,
which suggests that the use of [REE-Y] could greatly contribute to reducing the uncertainties in this para-
meter, especially when [*®Cl] profiles as a function of depth are smooth. The presented results strengthen
similar observations made on the Magnola fault (ltaly) by Carcaillet et al. [2008] and Manighetti et al.
[2010]. While the process of [REE-Y] accumulation in the fault plane remains unclear, the first-order simi-
larity of the concentrations observed at the Pizzalto and Magnola faults confirms that these elements
can be used as a proxy of slip events. We thus recommend the use of [REE-Y] to complement 3eCl] in
the recovery of past earthquakes on a fault plane in order to enhance the resolution of the slip in the
deduced seismic histories.
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Figure 10. (a) Contour plot of 5000 pairs of Thean and CV values for each synthetic catalogue obtained from our best
seismic scenario. (b) Poissonian and conditional probabilities (BPT) of an earthquake occurring along the Pizzalto fault
based on the input of Tyean, CV, and Tejap from each synthetic catalogue obtained from our best seismic scenario (S6).
(c) Contour plot of 5000 pairs of Tean and CV of each synthetic catalogue obtained from our most satisfying seismic
scenario together with the trenching data from D'Addezio et al. [2001]. (d) Poissonian and conditional probabilities (BPT) of
an earthquake occurring along the Pizzalto fault based on the input of Tyean, CV, and Tejap from each synthetic catalogue
obtained from our most satisfying seismic scenario together with the trenching data from D’Addezio et al. [2001].

We show that the Pizzalto fault released its accumulated strain through clustered events, which appears to be a
common behavior of the normal faults in the Apennines during the Holocene period [Benedetti et al., 2013].
Integrating paleoseismological data from the adjacent Rotella-Aremogna fault system from D'Addezio et al.
[2001], we model the time-dependent probability of earthquake occurrence for the next 50 years. The results indi-
cate that the Rotella-Aremogna-Pizzalto fault system has a low to moderate probability (between 4% to 26%) of
earthquake occurrence in the next 50 years.

The data presented and discussed in this work are of primary importance because of the following points:

1. This is the first time that paleoseismological data from various methods (cosmic ray exposure dating and
trenches) are integrated together in a seismic hazard assessment.

2. The complementarity of these two methods enables us to recover a complete, reliable and long history of
the Rotella-Aremogna-Pizzalto fault system.

3. We demonstrate that the Rotella-Aremogna fault system and the Pizzalto faults are able to rupture in the
next centuries and, potentially, together. It remains unclear whether these faults are physically linked at
depth or interact through stress transfer. In any case, their seismic histories show that they can be consid-
ered a single seismic source, as proposed by Boncio et al. [2004].

4. The Rotella-Aremogna-Pizzalto fault system has a mean recurrence time (0.8 kyr) shorter than that of the
Apenninic faults (~2 kyr [Galli et al., 2008]). The question of whether the classical approach in paleoseis-
mology (trenches) used alone is able to provide a reliable Tean in the Apennines must be examined.
At the scale of the individual seismogenic sources defined for seismic hazard evaluations, we believe that
integrating data from cosmic ray exposure dating could dramatically change the T;,,can and CV parameters
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and, hence, affect the associated probabilities of earthquake occurrence [Peruzza et al., 2011]. We would
like to stress that it now appears important to couple these different paleoseismological methods to recon-
struct accurate, long, reliable, and representative time series of earthquake occurrence. We highlight that
the results provided here could be directly used to improve regional probabilistic seismic hazard models.

5. On a larger scale, we observe similarities between the seismic histories of several faults belonging to two
adjacent fault systems. This might be related to nonrandom processes occurring in the release of the
strain accumulated on faults, commonly referred to as fault interactions, leading to apparent synchroniza-
tion, as suggested by Scholz [2010]. If these processes were determined to be the main parameter control-
ling the occurrence of earthquakes, it would be crucial to take them into account in probabilistic seismic
hazard models [Visini and Pace, 2014].
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