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We discuss the mechanics of crustal normal fault-related earthquakes, and show that they represent dissipation
of gravitational potential energy (graviquakes) and their magnitude increases with the involved volume
(delimited by the seismogenic fault and an antithetic dilated wedge in its hangingwall), and the fault dip. The
magnitude increases with the deepening of the brittle-ductile transition (BDT), which in turn enlarges the
involved volume. The fault dip seems rather controlled by the static friction of the involved crustal layers. We
apply the model to the extensional area of the Italian peninsula, whose geodynamics is controlled by the Alpine
and Apennines subduction zones. The latter has a well-developed backarc basin and a large part of the accretion-
ary prism is affected by on-going extensional tectonics, which is responsible for most of peninsular Italy seismic-
ity. Analyzing the seismic record of the Apennines, the length of seismogenic normal faults tends to be at most
about 3 times the hypocenter depth. We compile a map of the brittle-ductile transition depth and, assuming a
fixed 45° or 60° fault dip and a dilated wedge developed during the interseismic period almost perpendicular
to the fault plane, we compute the maximum volume of the hangingwall collapsing at the coseismic stage, and
estimate the maximum expected magnitude. Lower magnitude values are obtained in areas with thinner brittle
layer and higher heat flow. Moreover, lower magnitude relative to those theoretically expected may occur in
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areas of higher strain rate where faults may creep faster due to lower frictional values.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Earthquakes nucleate where pressure gradients are sufficiently large
to overcome rock strength, such as at the boundary between crustal layers
having contrasting rheology or at the brittle-ductile transition (BDT).
Normal fault-related crustal earthquakes, like all seismic events, are con-
trolled by friction (Marone, 1998; Niemeijer et al., 2010; Ruina, 1983;
Schleicher et al., 2010), fluid pressure, strain rate, brittle-ductile transition
(BDT) depth, etc. However, unlike earthquakes generated by thrusts
(e.g., Cooke and Murphy, 2004) and strike-slip faults, which are fed by
elastic energy, normal faults release mostly gravitational potential energy
(Dahlen, 1977; Dempsey et al., 2012; Doglioni et al.,, 2011, 2014; Savage
and Walsh, 1978) and for this reason they can be classified as graviquakes
(Doglioni et al., 2015b). Since they work in favor of gravity, they show a
different mechanical evolution with respect to other seismogenic faults
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that instead dissipate elastic energy accumulated during the interseismic
period to move crustal volumes against (thrust) or at neutral (strike-slip)
gravity. The magnitude of graviquakes is mostly controlled by the mass
involved in the collapse at the coseismic stage (Fig. 1). The graviquake
model proposed here predicts the generation of a dilated wedge, almost
perpendicular to the fault plane in the upper brittle crust during the
interseismic period, caused by strain partitioning between the steady-
shearing mylonitic portion of the shear zone in the lower crust
(e.g., Rutter, 1986) and the locked overlying portion of the fault in the
upper brittle layer (Fig. 1). When the dilated wedge and the locked brittle
portion of the fault cannot sustain anymore the overlying volume, the fall
of it will produce the earthquake. The earthquake magnitude increases
proportionally to the logarithm of the involved volume and the vertical
component of slip along the fault (Fig. 1). Therefore, the bigger the falling
mass and the steeper the fault, the larger will result the magnitude. Pen-
insular Italy, characterized by extensional tectonics and consequent nor-
mal faulting-related moderate seismicity, is used as a natural laboratory
to test the validity of the graviquake model. In the past, Bath and Duda
(1964) have already evidenced an empirical linear correlation between
the earthquake magnitudes and the logarithm of the involved volumes.
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Fig. 1. Geological model of the seismic cycle associated with a normal fault. During the
interseismic period, while the lower crust is shearing in a steady state, the brittle upper
crust is locked and a dilating wedge is inferred. The coseismic collapse of the hangingwall
will recover part of the total extension and it will be a function of the depth of the tip line of
the activated normal fault. The deeper the fault, the bigger the falling volume and the larg-
er is the fault displacement. Therefore the deeper the fault, the larger is also the vertical
component of the displacement, and the larger will be the magnitude of the earthquake.
Since the motion of the hangingwall mostly dissipates gravitational potential energy, we
adopt the term graviquakes (Doglioni et al., 2015b).
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In their case the volumes were seismologically defined as the portion of
space filled by the aftershocks. We follow here a different approach,
putting together different pieces of evidence with a multidisciplinary
approach.

2. Seismotectonics of Italy

The Apennines formed in the hangingwall of a W-directed and east-
erly retreating slab (Barba et al., 2008; Carminati and Doglioni, 2012;
Carminati et al., 2012). The easterly migration of the subduction system
has generated a single verging accretionary prism located in the eastern
flank of the Apennines, mostly buried beneath the Po Basin, the western
Adriatic Sea and lonian Sea. The accretionary prism is active as indicated
by deformation of Quaternary sediments, seismicity (Fig. 2) and GPS
data (Figs. 3 and 4). To the west of it, the Apennines are affected by
extensional tectonics associated with backarc rifting, in which the
inherited accretionary prism is crosscut by normal faults. Most of the
more energetic extensional earthquakes are concentrated along the
ridge of the Apennines (Fig. 2), possibly because it is characterized by
the thickest and coldest crust, with maximum values of lithostatic
load (01) at the bottom of the brittle layer (Doglioni et al., 2015a).

2.1. Geodetic constraints

The increased number of GNSS (Global Navigation Satellite System)
networks in the Italian area allows more detailed spatial and temporal
resolutions of the on-going crustal deformation (Riguzzi et al., 2012,
2013), providing an unprecedent map of intra-plate kinematics of the
region (Fig. 3). The current archiving and daily data processing concern
21 different Italian GNSS networks established with different aims and
other 50 sites belonging to EUREF and/or IGS networks used for the
ITRF2008 reference frame definition. The overall dataset comes from
more than 900 GNSS sites, 1998 being the initial recording epoch.

Fig. 2. A) Seismicity of the Italian area and surroundings with M > 4 (1981-2014, from CSI1.1 and ISIDE database). B) Normal fault-related earthquakes along the peninsula and Sicily, and
seismogenic faults (M > 5.5) of the DISS and EDSF databases (Basili et al., 2008; Basili et al., 2013). Extensional tectonics can be inferred as related to the easterly retreating Apennines slab

and associated backarc basin formation.
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Fig. 3. Horizontal GPS velocity field of sites in Italy and few other stations with respect to Eurasia. Sites with a minimum time span of 4 years are shown. A-L black lines: sections shown in
the next figure along which the horizontal velocities of sites located within a distance of 20 km from the line have been projected. Although some movement in the third dimension is
certainly present, sections have been traced parallel to the main extensional or contractional regional stress field.

The raw data processing is based on the BPE routine of the Bernese
GNSS software v. 5.0 (Beutler et al., 2007), following the processing
options of the EUREF Guidelines for EPN Analysis Centres (http://www.
epncb.oma.be). The daily solutions are estimated in a loosely constrained
reference frame, so that the coordinates result randomly translated or ro-
tated from day-to-day and the covariance matrices are dilated (reaching
the order of meters). The ITRF2008 reference frame is then imposed fol-
lowing the procedures described in Devoti et al. (2014), by imposing a
4-parameter similarity transformation (translations and scale factor,
Devoti et al., 2010), based on 45 sites located in central Europe as anchor
stations. The site velocity components are estimated fitting simultaneous-
ly a linear drift, episodic offsets and annual sinusoids to all the coordinate
time series (Devoti et al., 2008, 2011, 2014). Offsets are estimated when-
ever a change in the GPS equipment or an earthquake occurrence induces
a significant step in the time series. Seasonal oscillations are accounted for
by annual sinusoids. Moreover outliers are rejected whenever the
weighted residual exceeds three times the global chi square (). Finally
the common mode error signal is filtered out (Devoti et al,, 2014, 2015).

The estimated horizontal velocity field with respect to the Eurasian
plate, realized by minimizing the rigid motion of 15 selected EUREF
stations located in stable central Europe, is shown in Fig. 3. The formal
velocity errors obtained after the inversion have been rescaled site by
site with the corresponding normalized variance factors. Each GNSS
site spans different life times. Only those with a minimum observation
time of 4 years have been here considered. The velocities are projected
along the cross-sections shown in Fig. 3, considering only stations locat-
ed within 20 km from each section (Fig. 4). The red dotted lines provide
araw interpolation of the projected velocities. Up-and-right trends indi-
cate extension and down-and-right trends contraction. Along sections,
undulations of the velocity trend (and of the related strain rate) could
indicate a variation of friction due to lateral lithological variations
(e.g., rheological contrast between carbonate platform rocks having
high friction and deeper-water shaly rocks with lower friction). More-
over, the strain rates as along the Alto Tiberina fault (Hreinsdéttir and
Bennett, 2009) could indicate creep where the fault crosses evaporites
(Fig. 4c, between 75 and 200 km). The pattern of geodetic velocities
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Fig. 4. GPS velocity in mm/year along the cross-sections shown in the previous figure. A-L subsets: projected velocities of all the sites located within 20 km from the line. The red dashed
line is an inferred trend of the movement. Rising toward the right indicates extension (ext), whereas decrease means contraction (con). The steeper the line, the faster the velocity. We
suggest that gradients in velocity may be controlled also by variations of the mean static friction in the brittle upper crust. The gray segment of the sections represents the on-going ex-

tensional part.

allows the distinction of areas with different kinematic behavior. It is
proposed that the slower the movement, the higher could be the fric-
tion and vice-versa. If so, the higher the friction, the larger is the
interseismic stored energy. The seismicity from areas of Italy where
GPS data illuminates active extensional tectonics (Figs. 5 and 6)
will be used to validate/constrain the proposed model in the next
sections. GPS data indicate that extension in the Apennines is not
confined along the elevated ridge, but rather distributed all over
the western side, at least up to the Tyrrhenian Sea coast (Fig. 4).
Thus extension cannot be attributed solely to gravitational spreading
of the belt.

The sites of Fig. 3 show vectors oblique to high angle relative to
the section traces of Fig. 4. Although sites in the western side of the
Apennines show a NW-ward motion and those of the eastern side
move NE-ward, these vectors do not represent neither the motion
relative to the mantle, nor the relative motion among the single
sites. The cross-sections of Fig. 4 are generally parallel to the regional
extensional or contractional stress fields and illustrate the rates of
motion along the different segments of the Italian peninsula.

However, some transtension or transpression can be appreciated in
the different tectonic settings.

2.2. Brittle—ductile transition (BDT) and differential stress

In order to quantify the maximum volume that can be mobilized
by normal faults in the crustal extensional domain of peninsular
Italy and surroundings, we first attempted to compute the depth of
the BDT of the region. Based on heat flow (Della Vedova et al.,
2001), crustal thickness (Carafa and Barba, 2011; Mele et al., 2013),
and composition (quartz rheology for the upper crust and diabase
rheology in the lower crust) of the area (although in the Tyrrhenian
Sea there are two areas of oceanic crust), we computed the map of
the thickness of the brittle layer of the upper crustona 1 x 1 km
grid, covering the whole Italian area, spanning from 5° to 20° longi-
tudes and from 35° to 48° latitudes (Fig. 5). We adopted the follow-
ing three working steps to construct the map.

First lithospheric thickness and depth to the Moho are evaluated for
each node using an up-to-date regional scale dataset mostly based on
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Fig. 5. Map of the brittle-ductile transition (BDT) of the Italian area and surroundings (in marine areas below seafloor), assuming a simplified two-layer crustal composition (quartz rheology for
the upper crust and a diabase rheology for the lower crust) for the ductile behavior and Sibson's (1974) law for the brittle behavior, and the heat flow map of Della Vedova et al. (2001) and Petricca
etal. (2013). The BDT map is modified and improved after (Barba and Doglioni, 2010; Carafa and Barba, 2011; Petricca et al., 2013). The seismicity related to normal faults increases its magnitude
for increasing BDT depth. Black line in the lower panel interpolates maximum magnitudes (blue dots) observed for each bin of 0.5 km depth of the BDT. Seismic data from CSI and Iside catalogues

since 1981. The BDT map is based on computations by M.M.C. Carafa.

gravity anomalies and seismic tomography (Carafa and Barba, 2011).
The thermal profile for each node is then computed, at the steady
state, to obtain a rough estimation of the BDT thickness.

Alternatively, we constructed detailed rheological profiles in selected
localities, where good-quality data were available. The brittle layer thick-
ness is calculated using three laws of flow: frictional faulting, dislocation
creep, and Newtonian creep. This approach allowed us to compare the
computed brittle (seismogenic) layer thickness and the variable Coulomb
failure criterium as a function of the tectonic regime.

Last, we analyzed the depth distribution of earthquakes of the recently
improved Italian National Seismic Network (http://iside.rm.ingv.it/).
Earthquakes provide a direct link with the brittle (seismogenic) layer,
but the data of the catalogue depend on the analyzed magnitude range

and on the number and quality of past data. We systematically compared
the different approaches in order to highlight similarities and to under-
stand the differences. We found that both gross estimate and detailed
rheological approach do not significantly differ in predicting the maxi-
mum thickness of the shallowmost seismogenic layer, and that the earth-
quake depth distribution gives comparable results in many points. The
resulting analytical BDT depths do not significantly differ with those ob-
tained by finite element models (Barba and Doglioni, 2010; Carafa &
Barba 2011), having also used the same rheological parameterization
(as in Barba et al., 2008; Carafa et al., 2010). On the other hand, detailed
rheological profiles define, within the compressional tectonic domains, a
second crustal seismogenic layer that coincides with a second mode in
the earthquake depth distributions.
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Fig. 6. Maximum differential stress in the contractional, strike-slip and extensional main tectonic settings of the Italian territory and surroundings at the BDT. The area dominated by ex-
tensional tectonics (ext) is based on regional geological data, seismicity (Fig. 2) and GPS data of Figs. 3 and 4. However, the domain characterized by regional extensional tectonics also
contains secondary transfer zones or strike-slip settings, which are omitted for sake of simplicity. SS, strike-slip; con, contraction.

The map of Fig. 5 shows that the brittle layer is thicker along the axis of
the Apennines where it may be 15-20 km thick, whereas moving toward
the Tyrrhenian Sea rift zone, the BDT is much shallower, at 5-6 km depth
beneath seafloor. Therefore, according to Fig. 4, the whole western section
of the Apennines is undergoing extension, but the earthquake magnitude
decreases moving from regions of deeper BDT in the east to shallower
ones toward the west (Fig. 5). The stratigraphy of the region may locally
contain evaporitic layers (e.g., Triassic and Messinian in age), which
could favor intra-brittle crust decollement layers. However, in this work
we focus only on the maximum hypothetic thickness, the related volume
and the potential maximum magnitude controlled by regional brittle-
ductile transition. Shallower decollements, associated with local stratigra-
phy, may decrease these values.

The maximum differential stress required for rock failure at the
bottom of the brittle crust has been computed for the study area
(Fig. 6). Following Sibson (1974), the differential stress is calculated at
each node of the 1 x 1 km grid as:

(01-03) =P~ & Zpge - B - (1-N)

where (07 — 03) is the differential stress at depth zyq; (i.e., the brittle—
ductile transition depth, deduced from Fig. 5), p is the average density
of the crust (2600 kg/m?3; Dziewonski and Anderson, 1981), g is the
gravity acceleration, (3 is a numerical factor depending on the tectonic
field, with values of 3, 1.2 and 0.75 for thrust, strike-slip, and normal

faulting respectively (Sibson, 1974). The most uncertain parameter is
N that represents the ratio of pore-fluid pressure to lithostatic pressure.
A homogeneous value of 0.4 (i.e., hydrostatic pore-fluid pressure) is as-
sumed in our calculation. It has been shown that this value generally
characterizes the crust at least down to depths of 12 km (Zoback and
Townend, 2001), although significant deviations have been described
associated with seismicity in the Italian area (e.g., Di Luccio et al.,
2010). The study area is divided into extensional, compressional and
transcurrent subdomains on the basis of seismological and
paleoseismological data (e.g., Dragoni et al., 1995; Galli et al., 2008;
Meletti et al., 2008), stress data (Montone et al., 2012; Carafa and
Barba, 2013) regional tectonic and paleogeographic considerations
(Carminati and Doglioni, 2012) and the GPS data of Figs. 3 and 4. Within
these subdomains, local features could drive to deviations from the re-
gional tectonics. For example, the subdomain characterized by exten-
sional tectonics also contains transfer zones with active strike-slip
faults (e.g., Elter et al., 2011) that are omitted for the sake of simplicity.

As expected, extensional regions show much lower differential
stress with respect to the strike-slip and contractional settings. Exten-
sional areas have horizontal 03 that is diminishing through time with
increasing stretching, enhancing dilatancy and fracturing (Frank,
1965; Holland et al., 2011; Main et al., 2012; Schlumberger, 2013). In
those volumes, if active faults creep in the ductile crust, but are locked
in the brittle crust, then a dilated wedge is required to form starting at
the BDT and propagating to shallower depth.
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2.3. Maximum seismogenic isovolumes of Italy

Relating magnitude of earthquakes and faults by means of empirical
equations is a common practice in seismological studies. Well-known
relationships between fault geometry (fault area, dip, seismogenic
depth, and coseismic slip, e.g., Wells and Coppersmith, 1994; Mai and
Beroza, 2000; Kim and Sanderson, 2005; Leonard, 2010), fault kinemat-
ics (compressional, extensional or strike-slip regimes, e.g., Hanks and
Bakun, 2002) and maximum energy releasable by a selected system
are widely used. Available empirical relationships link the magnitude
of an earthquake with a bi-dimensional system (the fault). However,
during an earthquake a three-dimensional portion of the seismogenic
crust is affected by coseismic displacement. The importance of the
third dimension was already suggested by Scholz (2002) who proposed
the scaling law My ~ L2 W, where Mj is the scalar moment, and L and W
are respectively length and width of the rupture, applicable when
W<L<10W.

As we aim to define the maximum seismic gravitational potential
energy, given by a volume of rock times its density (mass), the starting
point is to define the three-dimensional geometry of the system
(ie., length, depth and width; hereafter brittle volume). The maximum
brittle volume depends on fault dip, brittle-ductile transition depth and
rupture length (Fig. 7). In our approach the first order constraining
parameter is the brittle-ductile transition depth (Fig. 5). A fixed fault
dip angle of 45° or 60° (according to average values in normal faults;

Viij) = 3 Zouii) [cot(a)+cot(90-a)]
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Fig. 7. Conceptual model of the maximum seismogenic volume map of Italy. The
constraining parameter is the brittle-ductile transition depth (zpq4;) defined at each node
(i,j) ofa 1 x 1 km grid. Assuming that the z,q is the deepest tip of the activation of a nor-
mal fault, the corresponding seismogenic volume (V) depends on the fault dip angle (o)
and the lateral extent of the fault (L). In fact, low-angle normal fault rarely generates sig-
nificant magnitude earthquakes (e.g., Axen, 1999), if any. A volume shape ratio L = 3-z is
considered as proposed in Doglioni et al. (2015b). The volume of a triangular prism with
base width corresponding to the fault and conjugated band surface projections, and
delimited by a conjugated dilated wedge (here drawn only for the highlighted volume)
with the same dip is given at each corresponding node of the grid (i, j). During normal
faulting, the hangingwall collapses and its dimensions in terms of length (L) and width
can be recognized by the distribution of the seismic cloud during the seismic swarm,
and by the InSAR data detecting the subsided area (e.g., Atzori et al., 2009; Elliott et al.,
2010).

e.g., Sibson, 1990) is used. Assuming the BDT (at depth z,q.) as the
deepest tip of the activation of a seismogenic normal fault (i.e., the max-
imum hypocenter depth), the maximum lateral extent L of a fault
reaching the Earth's surface is computed as 3-zpq.. According to
Doglioni et al. (2015b), based on a review on the size of normal fault
in Italy and other regions worldwide, a shape ratio L = 3-z (with L and
z as lateral extent of the fault and thickness of the brittle volume respec-
tively) is consistent with the geometry of normal faults in Italy. More-
over, in several worldwide earthquakes the length of extensional
faults is at most 3 times the BDT depth (e.g., Leonard, 2010; Scholz
and Contreras, 1998).

The brittle volume V is computed at each node of the model (Fig. 7),
using the brittle-ductile transition depth (z,q;) from Fig. 5, as follows:

V =3/2- 23,4 - [cot(a) + cot(90-at)]

where ais the fault dip (e.g.,45° or 60°). This equation gives the volume
of a triangular prism with base width corresponding to the fault plus the
conjugated band surface projections, and delimited by the conjugated
dilated wedge dipping as portrayed in Fig. 1. Values up to about
2 - 10* km? are obtained in areas characterized by thick brittle layers
(Fig. 8) in extensional regime (e.g., Calabria, Southern Italy). The in-
ferred dilated wedge may eventually evolve into a conjugated normal
fault to form a graben. Fig. 8 shows the results of a preliminary exercise
assuming 45° and 60° dip for the normal fault, consistent with the
average 45° dip angle of the fault activated during the 2009 L'Aquila
M,, 6.3 earthquake (Chiarabba et al., 2009), or the 60° dip of the 1980
Irpinia M,, 6.9 earthquake (Bernard and Zollo, 1989). The model should
be tested in the future assuming different fault dip angles and including
other parameters such as friction, strain rate, etc.

Using the equations of Doglioni et al. (2015a), the potential seismic
energy can be quantified from the involved seismogenic volumes.
Then applying the relationship reported in Choy and Boatwright
(1995), we obtain the maximum possible magnitude (M). The potential
energy really available to generate an earthquake of magnitude M is
given by the potential energy reduced by a fraction due to friction: the
potential residual energy RU is then

RU = mg - (1-u- cosa) - us = pVg - (1-p - cose) - ug

where m = pV is the mass of a volume V having density p (the average
value for continental crust is 2600 kg/m> Dziewonski and Anderson,
1981); pis the fault friction coefficient (e.g., 0.6 according to Byerlee,
1978) and ug the average coseismic slip.

Then, the maximum possible magnitude M computed from Choy
and Boatwright (1995) is

M =2/3- log (RU - r)-3.2

where 1 is the seismic radiation coefficient (Aki and Richards, 1980),
which is here assumed to be 0.03 (Choy and Boatwright, 1995).

We have mapped the value of M obtained with the previous rela-
tionship on 1 x 1 km regular grid. The maximum involved volume
(bounded by the fault and by the antithetic dilated band) can be com-
puted, as done in Fig. 8 for the Italian area, assuming a fault dip of 45°
and 60°. Larger volumes imply larger displacement and in particular
larger gravitational potential energy involved in potential earthquakes.
The resulting magnitudes are shown in Fig. 9 only for regions of the
study area characterized by extensional tectonic regime. In our calcula-
tion, average coseismic slip (us) increases with volume from 5 to
200 cm, consistently with the observed correlation between slip
and magnitudes (Fig. 9 lower panel) observed in seismological data
(e.g., Leonard, 2010). To support the M,, increase with fault dip, we
compared the magnitude with the dip of faults for extensional earth-
quakes with My, > 4.5 available in the instrumental record (gCMT and
rCMT compilations; time span 1976-2011), plus well constrained
parameters from historical events. Instrumental data selection follows
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Fig. 8. Assuming a mean maximum normal fault length three times the hypocenter depth, and a triangular shape of the hangingwall above a 45° (left) and 60° (right) dipping normal fault
and the conjugate dilated band, the deeper the BDT, the larger the volume involved. These maps of the Italian territory and surroundings represent the upper crustal brittle isovolumes that
can be mobilized by a hypothetical normal fault. Increasing the fault dip should also correspond to an increase of the vertical component of the coseismic slip.

the scheme proposed by Kagan (2005), and is based on plunges of the
axes from the focal mechanisms. This reduced the initial 494 records
to 86 normal events. Once we classified a normal earthquake, its pre-
ferred rupture plane was selected on regional tectonic considerations.
As Italian earthquakes with large magnitudes have recurrence times
>300 years, greater than the time span of instrumental records <40
years, historical events integration is required for completeness. In this
case, the selection was made on the basis of geologic evidences, with
magnitude and fault dip parameters extracted from the DISS database
(Basili et al., 2008). This allowed us to include 7 more normal events
in statistical analysis.

When considering regions under tension in Italy, the maximum
magnitude is predicted along the Apennines axis, where the brittle
layer is thicker (Fig. 5) and the normal faults are steeper (Fig. 10).

According to the model presented here, the maximum potential
magnitude computed in the extensional areas of Italy is around 7.5,
depending on the assumed parameters. A sensitivity analysis per-
formed using different dip angles for the faults (30° to 60°), varying
the average coseismic slips on fault (20 to 80 cm) and fault friction
coefficient (0.4 to 0.8), points out the stability of the proposed
model to define the maximum magnitude (variations in the range
of +£0.2; Fig. 11).

3. Normal faulting in peninsular Italy

A schematic cross-section of the central-northern Apennines
(Fig. 12) illustrates the subduction system characterized by a NE-ward

retreating slab and the related frontal accretionary prism to the east
and the backarc extension to the west. In the extensional domain of
the Apennines, major normal faults cut through the brittle upper crust
and the ductile lower crust (Bigi et al., 2002). Major NE-dipping normal
faults associated with the subduction hinge retreat have conjugate SW-
dipping normal faults that may branch at different depths. Examples are
the NE-dipping low-angle (15-30°) Alto Tiberina fault and its conjugat-
ed shallower and steeper SW-dipping normal faults responsible for the
1997-1998 Umbria-Marche seismic sequence (e.g., Mirabella et al.,
2011), or the NE-dipping steeper (50-60°) and deeper Irpinia fault re-
sponsible for the M 6.9, 1980 Irpinia earthquake, having a deeper and
steeper conjugate normal fault (Pingue and De Natale, 1993). Therefore,
regional NE-dipping normal fault may steadily creep and show low-
magnitude seismicity (e.g., the Alto Tiberina Fault), or alternatively be
locked and responsible for higher magnitude seismicity (Irpinia Fault).
Steeper normal faults are usually associated with higher friction rocks
and events of larger magnitude (Doglioni et al., 2015b).

It has been shown in the previous section that, regardless where are
located the seismogenic faults, the maximum expected volume and the
maximum potential magnitude can be calculated. This is particularly
important for Italy, where most of the extensional faults that produced
major earthquakes in the last 35 years were blind and in some cases
unknown to seismologists and geologists. However more discussion
on two points is needed.

It has been discussed that a deeper branching between main and
conjugate faults is associated with a bigger volume (Figs. 1 and 7).
Therefore, when the hypocenter of an earthquake is shallower than
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Fig. 9. The maps show the maximum magnitude (M) expected by gravitational collapse along normal faults in the Italian area and surroundings undergoing extensional tectonics, assum-
ing a slip (D) increasing with magnitude as reported in the lower diagram. The values are inferred assuming the collapse of the volumes computed in the previous figure (45° left and 60°
right). It is hypothesized a constant static friction, and normal fault planes activated during an earthquake seem to have in average a mean maximum length three times the depth of the
hypocenter. Normal fault earthquakes have their maximum magnitude close to the brittle-ductile transition (BDT), which is deeper where the surface heat flow is lower. The deeper the
BDT, the larger the volume and the higher will result the graviquake magnitude. These maps of the extensional areas affecting the central Mediterranean, are only a preliminary attempt to

relate brittle volumes and maximum potential magnitude, if active normal faults are present.

the BDT, the magnitude of an earthquake will be smaller than the max-
imum expected magnitude. For example, the M,, 6.3 L'Aquila April 6,
2009 earthquake has been smaller than the maximum potential earth-
quake for that area because the hypocenter was possibly 5-8 km
shallower than the BDT (Fig. 12). A second point to be emphasized is
that the maximum expected magnitude map does not necessarily
mean that (large) extensional earthquakes will occur where large mag-
nitudes are indicated. For example, the thick brittle crust in Sardinia re-
sults in very high (up to 6.8) maximum expected magnitudes. Sardinia
has been subject to E-W stretching in Oligocene-Miocene times and
NE-SW stretching in the Campidano graben in Pliocene-recent times
(Casula et al., 2001). However, the GPS velocity pattern evidences insig-
nificant deformation rate. This means that the potential to generate
large earthquakes in this region most likely will not be activated. How-
ever, it cannot be excluded that large earthquakes could occur with very
long recurrence times. The consistency of the importance of the
involved volume is supported for example by the observation that

thin brittle-elastic crust generates low-magnitude events, even in case
of fast spreading rates as along the East Pacific Rise (Shen, 2002).
Finally a consequence on paleoseismological studies is highlighted.
Morellato et al. (2003) measured the average spacing among normal
faults of about 4-6 km both in the Apennines and in several other
stretching regions worldwide. However, when an earthquake occurs,
say, at 10 km depth and the branching between main and conjugate
faults is located at the same depth, the conjugate boundary or fault
will intersect the Earth's surface at a distance of about 10-15 km
(depending on the fault dip) from the slipping fault plane. Since the
average spacing of normal faults is shorter, it means that several
faults are passively shifted downward within the falling volume of
the hangingwall during the coseismic stage. Therefore, accurate
paleoseismological studies along a fault plane (e.g., Galli and Peronace,
2014; Galli et al., 2015) are able to constrain the tectonic history and
the seismic cycle of that single fault but not of the few kilometers of ad-
jacent faults and the surrounding region. This also means that rupture


Image of Fig. 9

P. Petricca et al. / Tectonophysics 656 (2015) 202-214 211

80°1
70°1 .
60° * * & *
50°1 i ® * *
*
£ 407 WX Y
30° RO IRSEN o
20°1 . o . e
10° y =8.7472x - 7.1729
0° R? =0.2803
4 45 5 55 6 6.5 7 75
(M)
7 -
6 * °
T 5] - L
3 41
£ 3
S 2
14 y =0.0352x + 4.0386
0 R?=0.7104
0° 10° 20° 30° 40° 50° 60° 70° 80°
(dip class)

Fig. 10. Panel above, dip vs. M,y of normal fault earthquakes with M,, > 4.5 for the Italian peninsula (1976-2011, gCMT and rCMT, plus 7 other well constrained historical events). The
correlation coefficient of 0.53 obtained from fitting 93 pairs of observations ensures its statistical significance. Panel below, for the same catalogs statistical relationship between M,,
and fault dip angles binned by classes (every 5°), again supporting the M,, increase with fault dip with a significant correlation of 0.84 (Fisher and Yates, 1963). Slightly modified after

Doglioni et al.,, 2015b.

7.5
M ) . p . .
7.0 I T
65 ..
.- ® Us=20cm
6.0+ " ® Uus=50cm
: ® us=80cm
» Bath and Duda1964
55 T T T T T
0 5000 10000 15000 20000 25000
Volume (km?)
7.5 1
7.0 AR : ’
6.5 :
* o u=04
6.0 1 e =086
e =08
» Bath and Duda1964
55 T T T T T
0 5000 10000 15000 20000 25000
Volume (km?)
7.5
7.0 L § o e i
6.5 I
g5 “ o faults dip = 30°
604 « o faults dip = 45°
:  faults dip = 60°
» Bath and Duda1964
55 T T T T
5 10 15 20
BDT depth

Fig. 11. Variation of magnitude as a function of the normal fault slip, friction and volume,
according to the parameters used in the text. A comparison with the magnitudes comput-
ed according the Bath and Duda (1964) relationship is also shown.

occurs randomly, moving laterally both along dip and strike from one
fault to the other and that probabilistic time recurrence studies may
miss several seismic events in adjacent fault planes.

Riguzzi et al. (2012) have shown that the higher magnitude earth-
quakes occur in areas where the strain rate is lower, i.e., in active tecton-
ic settings, the locked faults accumulate larger energy. The higher strain
rates may rather be related either to post-event relaxation or to mean
lower fictional parameters in the upper crust of peninsular Italy, and
they may decrease the maximum expected magnitude computed
assuming the gravitational potential energy.

4. Discussion

Earthquakes with magnitude similar to the maximum obtained by
our calculation (M 7.5) occur worldwide in extensional environments,
independently of the values reached by geodetic strain rates. Examples
are areas with very low extension rates (1-2 mm/year) such as the
1811-1812, M 7-7.5 (8?) New Madrid earthquakes in central North
America (Calais et al., 2005 and references therein), and in areas charac-
terized by higher rates (4-5 mm/year) such as along the East African
Rift (1990, M 7.1 north of Alberta Lake; 2006, M 7 West Mozambique;
Yang and Chen, 2010) and the Baikal rift (2008 M 6.3; Sloan et al.,
2011). This implies that the earthquake magnitude is primarily con-
trolled by the involved volume, whereas the extension rate rather ap-
pears to control the recurrence time of the earthquakes, being the
recurrence more frequent for faster extension.

Normal faults display a range of potential dip angles (Sibson, 1990).
Large earthquakes do not occur along low-dip normal faults (Jackson
and White, 1989). The dip of the normal faults depends on the friction
of the involved rocks. The higher the friction, the steeper is the fault.
In the graviquake model (Doglioni et al., 2015b), for a fixed amount of
extension, steeper faults will be characterized by larger vertical compo-
nents of fault slip. Therefore we should expect higher magnitude for
steeper faults. We compared the magnitude of the Italian extensional
earthquakes with the dip of the faults and it results, as expected, that
steeper faults are characterized by earthquakes with lower frequency
and larger magnitude (Fig. 10). The higher the slip (i.e., the lower the
friction), or the fault dip, the larger will result the magnitude (Fig. 11).
Our analysis is clearly biased by the short time span (35 years) of the
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Fig. 12. Schematic cross-section of the central Apennines. NE-dipping faults associated with the subduction hinge retreat have conjugate SW-dipping normal faults. The shallower the
branch line of the conjugate fault, the smaller the volume and the related earthquake magnitude. Moreover low-angle NE-dipping normal faults (e.g., the Alto Tiberina fault, Chiaraluce
etal., 2007) may creep and release less energy due to the lower friction. When adopting the gravitational model in which the earthquake along a normal fault is generated by the collapse
of the hangingwall closing the crustal volume previously stretched during the interseismic period, it may happen that only a shallow part of the hangingwall collapses (Fig. 1). In this case
the magnitude will be smaller than if the entire brittle layer above the brittle-ductile transition collapses. This may be the case for the L'Aquila 2009 M,, 6.3 event, which had the hypo-
center at about 9-10 km, whereas the BDT is at 15-18 km. If the black brittle segment was activated, an M around 7 could have occurred. This tectonic model does not apply to Sicily, where

contraction occurs also in the Tyrrhenian side of the upper plate (Figs. 4 and 6).

seismic catalogue (1976-2011). In fact, normal faults may have recur-
rence time of even 600 years (Riguzzi et al., 2013) and the higher
magnitude events recorded in the analyzed time frame are certainly in-
complete for determining a reliable Gutenberg-Richter distribution.
Nevertheless, the earthquakes having M > 4.5 indicate a positive corre-
lation between fault dip and magnitude (Fig. 10).

The general assumption in seismology is that earthquake magnitude
depends on the rupture area and coseismic displacement. This is empir-
ically demonstrated and possibly still valid. However, we have shown
that the rupture area and its displacement are consequence and
constrained by the volume in which a given potential energy is accumu-
lated, either gravitational or elastic. On the basis of the BDT depth
(Fig. 5), we computed the maximum volume (Fig. 8) expected to be mo-
bilized in areas of peninsular Italy where crustal extension is demon-
strated by geology, seismicity (Fig. 2) and GPS velocity field (Fig. 4).
The volume is transformed into mass and available gravitation potential
energy (Fig. 9). In fact, normal faults rupture initiates at depth where
the lithostatic load is maximum, and then propagates upward
(Carminati et al., 2004). The results show that gravitational energy can
generate earthquakes of magnitude comparable with the observed his-
toric seismicity. The maximum expected magnitude increases both with
the volume involved (Fig. 9) and with the dip of the fault (Fig. 10) as
suggested in Doglioni et al. (2011; 2015b). The magnitudes calculated
from the volume defined by the aftershocks (Bath and Duda, 1964)
systematically underestimate our magnitudes (Fig. 11). One possible
explanation is that due to seismic network capability not all the after-
shocks are correctly positioned or even recorded those below the com-
pleteness threshold, and for sure in 1964 only the largest were collected.
However, the area undergoing extension is subject to i) lateral variation
of lithologies, rheological parameters (Pauselli et al., 2010); ii)

volumetric variations of the pore-fluid pressure (e.g., Di Luccio et al.,
2010; Doglioni et al., 2014); iii) transfer zones and strike-slip faults
along inherited lithological changes of facies and thickness that disturb
the cylindricity of normal faults, inhibiting lateral propagation of the
fault rupture and involvement of large related volume; iv) lateral and
along strike migration of the rupture (e.g., Boncio et al., 2004), possibly
preventing probabilistic studies of seismic recurrence along a single
fault (Panza et al., 2012). Such parameters may further deeply vary
the friction and the differential stress threshold for energy dissipation
and earthquake nucleation. All these issues generally tend to decrease
the maximum earthquake magnitude expected from the simple volu-
metric approach described in this research.

Normal fault-related earthquakes show a higher b value of the
Gutenberg-Richter law (Schorlemmer et al., 2005). This implies that
such earthquakes have lower magnitude with respect to strike-slip
and thrust-related earthquakes. This is consistent with the smaller max-
imum volumes involved by normal faulting earthquakes with respect to
the other tectonic settings (Doglioni et al., 2015b).

5. Conclusions

In this article we tested in the natural laboratory of Italy the hypothe-
sis that crustal normal fault earthquakes (graviquakes) are essentially
dominated by the dissipation of gravitational potential energy, which is
accumulated during the interseismic period due to the pressure gradient
forming at the BDT for the differential behavior of the constantly shearing
ductile lower crust, and the brittle stick-slip upper crust (Fig. 1). Since
gravitational collapse delivers energy far greater than that dissipated by
the earthquakes, the hangingwall collapse can certainly explain the earth-
quake magnitude, being the extra energy dissipated by shear heating and
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fracturing (Doglioni et al., 2015b; Fulton and Rathbun, 2011; Kanamori
and Rivera, 2006). The fall of the hangingwall of the normal fault is
allowed by the presence of a dilated inclined wedge generated from the
BDT upward that can absorb the volume decrement during the collapse
(Fig. 1). This wedge is kinematically and mechanically required by the
strain partitioning between the brittle upper crust and the ductile lower
crust. Since the normal fault hangingwall suddenly subsides during the
coseismic stage, there must be a crustal dilated volume at depth that
can allow this fall. Based on this model, the shallower the lower tip of
the normal fault, the smaller is the related volume, displacement and
earthquake (Figs. 1 and 11). The maximum volume potentially involved,
and consequently the earthquake magnitude, is determined by the
depth of the BDT. The model presented here is a preliminary demonstra-
tion that earthquakes have different mechanisms as a function of the tec-
tonic style. Moreover we show that the volume surrounding the fault is
the real accumulator of potential energy rather than the fault itself. In ex-
tensional tectonic settings gravitational energy dominates, whereas elas-
tic energy is the primary source for contractional tectonic environments.
Therefore, fault evolution and precursors may be different for each one
of the three main geodynamic settings (extension, contraction and
strike-slip).
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