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ABSTRACT

Shallow crustal faults are passive features mobilized by the dissipation of the potential energy and the
shear stress accumulated in the brittle volume surrounding them. However, the stored energy in the vol-
ume differs from the tectonic setting, i.e., it is mainly gravitational in extensional tectonic settings,
whereas it is elastic in strike-slip and contractional tectonic environments. In extensional settings, below
about 1 km, the horizontal tensile stress is overwhelmed by the confining pressure of the lithostatic load,
and it becomes positive, i.e. compressive. Therefore, there is no horizontal tension in extensional tectonic
settings and the pro-gravity motion of the crustal volume is provided by the lithostatic load, which is the
vertical maximum principal stress. The elastic energy is rather accumulated by the maximum horizontal
principal stresses, i.e., iso-gravity in transcurrent settings and counter-gravity in contractional tectonic
settings. The different relation with the gravitational force in the different tectonic settings generates sev-
eral relevant differences in the three main tectonic environments. The extensional tectonic settings, both
in continental and oceanic rift zones generate normal fault-related earthquakes, i.e., pro-gravity move-
ments, or graviquakes. They differ from the other tectonic setting because are marked by (i) lower energy
and lower differential stress to activate faults with respect to strike-slip and contractional tectonics; (ii)
lower maximum earthquake magnitude; (iii) a larger number of low magnitude earthquakes in exten-
sional settings because the crust moves downward as soon as it can move, whereas contractional settings
require larger accumulation of energy to move counter-gravity; (iv) consequently, the b-value of the
Gutenberg-Richter is higher than 1 and the aftershocks are more numerous and last longer in extensional
settings; (v) the downward motion of the hangingwall determines more diffuse cataclastic deformation
with respect to the other tectonic settings because the lithostatic load works everywhere, whereas in the
other tectonic settings is concentrated where the elastic energy accumulates; (vi) in extensional settings
the volume dimension is determined by thickness of the brittle layer, and its length is in average three
times the seismogenic thickness; in strike-slip and contractional settings dominates the elastic energy
(elastoquakes), and the mobilized volume may be ten to thirty times longer in a single seismic sequence,
being its size proportional both to the brittle thickness and the relative speed of plates. These differences
characterize the seismic cycle of graviquakes with respect to the elastoquakes. The bigger the volume, the
wider the seismogenic fault in all tectonic settings. The interplay between the horizontal tectonic forces
and the lithostatic load, which is ubiquitous, varies in the three main tectonic settings, generating differ-
ent seismotectonic styles and an increase of magnitude as the effect of the vertical gravitational force

becomes a minority relative to the elastic storage and coseismic rebound.
© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2013). Earthquake studies mostly focus on the main faults that
generate them, i.e., their focal mechanism, the fault shape and

Seismology does not differentiate the energy determining fault dimension, the static and dynamic friction, and all the possible
activation and the consequent release of elastic waves (Bath, measurable geophysical parameters (e.g., Stein and Wysession,

2009; Scholz, 2019). However, crustal faults and related seismicity
show several differences as a function of their tectonic settings.
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brittle shallow crust. Faults are passive discontinuities (Bignami
et al.,, 2020) delivering a tiny part of the energy stored in the sur-
rounding crustal volume (Sornette, 1999; Kanamori and Rivera,
2006; Doglioni et al., 2011, 2015a; Johnson et al., 2021). This study
is a sequel of a number of articles proving theoretically and with
data how different forces are responsible for fault activation, par-
ticularly demonstrating how in extensional tectonic settings the
main energy stored in the crustal volume is mostly gravitational
and not elastic as in the other geodynamic settings (Doglioni
et al, 2011, 2015a, 2015b; Thompson and Parsons, 2017;
Bignami et al., 2019, 2020; Petricca et al., 2021, 2022). Moreover,
the theory predicts tensile elastic stress acting on the fault inter-
face and rock volumes beside it. However, in extensional tectonic
settings, the ¢ coincides with the lithostatic load, i.e., the gravita-
tional energy (Fig. 1) and modeling and borehole well logs show
that the o3 is contractional below few hundred meters (Twiss
and Moores, 1992; Zoback et al., 1993), preventing any horizontal
tensile stress in the crust, regardless the lithosphere is spreading
apart (Fig. 2). Moreover, stress concentration varies with litholo-
gies and depth (Shebalin and Narteau, 2017). Therefore, differenti-
ating normal faults where the vertical principal stress is the
lithostatic load (i.e., the gravitational force) with respect to the
other tectonic settings where the elastic energy activates the crus-
tal volumes may help further to understand the mechanics and
evolution of the seismic cycle. The three main tectonic settings,
i.e., extensional, strike-slip and compressional, require respectively
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increasing differential stress to activate faults (Fig. 1). The classic
formulation of Sibson (1974) predicts

01— 03 = ppgz(1-17) (1)

where ¢ is the maximum principal stress, o3 is the minimum prin-
cipal stress, f is a parameter of 0.75, 1.2, and 3 respectively in nor-
mal, transcurrent and reverse faulting, p is the crustal density, g is
the gravitational acceleration, z is the depth, and / is the fluid pres-
sure. Elastic rebound is assumed to be the common mechanism in
all tectonic settings (Reid, 1911). However, why each tectonic set-
ting requires specific differential stress? The seismicity associated
with the three tectonic settings show separated Gutenberg-
Richter (GR) b-value, i.e., 1.1, 1 and 0.9, for extensional, strike-slip
and contractional tectonics respectively (Schorlemmer et al,
2005), and the correlated Omori p-value (Narteau et al., 2009;
Zaccagnino et al., 2022). This is consistent with a lower potential
maximum magnitude for normal faults (around M,, 7.5) with
respect to strike-slip (M, 8.7) and thrusts (M, 9.5), as suggested
by Doglioni et al. (2015a). Therefore, the straight line of the loga-
rithmic earthquake frequency versus magnitude of the Gutenberg-
Richter law, i.e., defining the b-value, is steeper for normal faults,
and shallower for thrusts. Hence, the b-value negatively correlates
with the differential stress, which is lower in extensional tectonic
regimes, and higher in contractional tectonic settings, being this
relation still not entirely understood (Petruccelli et al., 2019). The
usual assumption about coseismic rupture is that the differential
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Fig. 1. Geological model of fault on-off in the three main tectonic settings. During the interseismic period (fault off), the brittle-ductile transition (BDT) separates the elastic-
frictional (brittle) upper crust, where the faults are almost locked, from their related deeper shear zones, which are instead constantly creeping in the quasi-plastic (ductile)
lower crust. GPS sites at the surface show no motion between the two walls of the faults (upper figures). The upper crust above the BDT suffers dilation in the normal fault
case, shortening in the thrust fault case, and two opposite bands of dilation and shortening in the strike-slip fault. During the coseismic stage (fault on), the faults of the brittle
upper crust are activated, and the conjugate bands above the BDT experience opposite kinematics, i.e., the dilated volume is compressed, and the compressed volume is
dilated. The bands that formed during the interseismic stage above the BDT at a high angle relative to the main fault, may evolve into conjugate faults (modified after Doglioni

et al., 2015a).
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Fig. 2. In extensional tectonic settings, the minimum stress tensor (o3) generates horizontal traction only above 1 km of depth, where it is negative. Below that depth it
becomes positive, i.e., the crust is in compressive state even in rifting areas due to the increase of the confining pressure generated by the vertical lithostatic load. Here an
average density of 2.5 g/cm® and an increase of the lithostatic load of 25 MPa/km is assumed. The area between the lithostatic load and the minimum horizontal stress
represents the deviatoric stress and contains the stress data measured in wells. To the right, the compressional tectonic setting in which contraction of the crust occurs also at

shallow depth. Strike-slip setting is in the middle shadow area.

stress equals the Coulomb-Griffith criterium, being all tectonic set-
tings controlled by elastic energy. Sibson (1977) estimated the
value of elastic energy (E), being roughly proportional to the differ-
ential stress, where ¢ is the maximum principal stress and a3 is the
minimum principal stress:

Ex (01— 03) (2)

A difference in the b-value between compression and exten-
sional tectonics has been also recognized in Italy (Taroni and
Carafa, 2023). Moreover, the ratio between the crustal seismogenic
thickness and the horizontal length of the moving volume, and the
related faults varies from 2 to 4 for normal faults, 9 to 15 for strike-
slip, and up to even more than 25 for thrusts (see Doglioni et al.,
2015a for discussion and data). Despite the lower maximum mag-
nitude of the related earthquakes, normal faults show much
thicker fault damage zones with respect to thrusts (Zaccagnino
and Doglioni, 2022a). Why there are all these differences? Megath-
rusts and M > 9 occur only along subduction zones, where the coa-
lescence of the upper-lower plate decollement determines thrust
activation that may be even more than one thousand km long,
e.g., the 1400 km long Sumatra-Andaman 2004 M,, 9.2 event,
(Lay et al., 2005; Pollitz et al., 2008), or the Tohoku 2011 M,, 9.1
earthquake with non-uniform slip that extended ~220 km across
the width and ~400 km along strike of the central-northern Japan
subduction zone, that is shorter but wider, with a seismogenic
thickness of about 30 km, tapering toward the east (Lay, 2018).
Normal faults are much shorter surfaces, rarely exceeding 50-
60 km of coseismic rupture (Beanland et al., 1990), being highly
undulated or fragmented (Searle et al., 2010), and further inter-
rupted by transform faults every few hundred km or less in the
oceanic rifts or associated to transfer zones along the major conti-
nental rifts worldwide, e.g., the Mid Atlantic Ridge (Allerton et al.,
1995), or the East Africa Rift (Morley, 1988). Strike-slip faults have
lengths in between, reaching a few hundred km of coseismic rup-
ture like the 2023 M,, 7.8 Turkish-Syrian earthquake along the
Eastern Anatolia Fault system (Chen et al., 2023). The different tec-
tonic settings characterize plate boundaries and shape the Earth’s
surface differently moving the crust pro-, iso- and counter-
gravity (Fig. 3). Crustal earthquakes are the sudden release of seis-
mic radiation associated with the friction on fault planes of the
stress accumulated in the seismogenic volume due to the slow
action of tectonic forces (Kanamori, 1994; Kanamori and Brodsky,
2004; Scholz, 2019). While damages tend to occur at the interface
of geological units with contrasting rheological properties so that
mechanically weaker points are spatial fractals (Kagan, 1991;
Ben-Zion and Sammis, 2003; Telesca and Lapenna, 2006) with

surface-like appearance at large scales, energy is accrued in the
adjoining volumes (Muir Wood, 1994; Pearson et al., 1995;
Doglioni et al., 2015b; Okubo et al., 2019; McBeck et al., 2022).
Both the events develop with strongly nonlinear behaviors in time
and with extreme heterogeneity in space provoking rock failures
once they are not compatible with each other, i.e., if the weakest
segment of the system cannot hold local stress anymore (Biswas
et al., 2015).

Hence, earthquakes contribute to reaching a new state of stabil-
ity via stress dissipation, also reducing the energy accumulated
due to the motion of contiguous crustal volumes with respect to
each other. The dynamics of seismic events show large variability
depending on the physical properties of the geological environ-
ment, ranging from episodic tremors and slip along the shallow
section of the subduction zones to complex seismic sequences in
intraplate fault systems. Furthermore, fluid circulation in the sur-
roundings of active fault systems is tied to the seismic cycle
through a chain of processes, leading to a complex interaction
between fracturing, chemical alternations and changes in friction
and permeability. Opposite patterns in fluid flows are predicted
in compressive and extensional tectonic settings during the differ-
ent phases of seismic activity (Muir-Wood and King, 1993;
Doglioni et al., 2014), with large amounts of liquids ejected from
rifting areas in the post-seismic period (Chiarabba et al., 2022).
The redistribution of fluids in space is driven by a dilatant behavior
of rocks while accommodating progressive stress variations during
the interseismic and pre-seismic phases and by dramatic, sudden
changes in pressure after large seismic events causing violent
water discharge and often significant offsets in the reference level
of springs. Unlike brittle crustal seismicity, deep subduction events
or intraslab seismicity showcase quite different stress orientations
and energy release as a function of the subduction geographic
polarity (Doglioni and Panza, 2015), and may have important mag-
nitudes (Jiménez, 2018), but pertain to other deformation settings
which are out of the scope of this analysis.

2. Energy models

The energy and earthquake magnitude scales with the involved
volume and the resulting fault length (Doglioni et al., 2011, 2015a;
Petricca et al., 2022). The work done in lifting upward a crustal vol-
ume and the work done by gravity as it falls downward are equal in
magnitude but opposite in sign. However, the work done to move
the crustal volume upward requires the input of energy, while the
work done by gravity during the hanging wall descent releases the
stored potential energy as kinetic energy, which does not require
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Fig. 3. Examples of the three classic tectonic settings from the Dolomites, northern Italy. The normal fault (north of Sappada), strike-slip fault and thrust (Sella Group) mostly
affect Triassic carbonates, such as the Dolomia Principale (DP), Raibl Fm (R) and Cassian Dolomite (CD). The three settings move in favor of gravity, in iso-gravity, or against

gravity, respectively.

to be supplied by the tectonic system. Both movements need the
shear stress on fault to overcome the resisting friction at the onset
of the coseismic slip.

Seismological modeling is grounded on the elastic rebound
model (Reid, 1911). Under the assumption of mechanically homo-
geneous materials, fault dynamics is thought to be controlled by an
almost periodic cycle of accumulation and discharge of elastic
energy at the fault interface and surrounding volumes. By this
viewpoint, compressive and extensional tectonic settings should
share the same seismic dynamics, being also completely indistin-
guishable from that of strike-slip regions. However, in extensional
tectonic settings, the horizontal tensile stress disappears even shal-
lower than 1 km depth (Bignami et al., 2020), i.e., the crustal layers
are in contraction below even less than 1 km depth. Therefore,
along rift areas, the gravitational energy E determines the hanging
wall coseismic collapse, and the seismic radiation increases with
the volume dimension and the fault dip (Doglioni et al., 2015a,
2015b; Bignami et al., 2019, 2020):

E x (01 — 03) o mgh(u,, ©) (3)

being m the mass of the hanging wall, g the gravitational accelera-
tion, h the coseismic displacement, s the static friction and © the
fault dip. The fault dip tends to be 30° relative to the maximum
principal stress (Sibson, 1974) and it may represent the angle with
the largest shear stress gradient (Zaccagnino and Doglioni, 2023).
However, mgh is the total amount of gravitational energy of the
hanging wall under the assumption that the hanging wall is “float-
ing in the air”, while it should be considered that it is just lying in a
weakened crustal volume close to the fault interface with wide-
spread fractures filled with fluids; hence, the factual energy could
be somehow slightly smaller than mgh. The gravitational collapse
of the hanging wall is justified by the about one order of magnitude
larger coseismic subsidence with respect to the uplifted footwall

and hanging wall areas (Valerio et al., 2018; Bignami et al., 2019).
This model has been tectonically supported by the occurrence of
antithetic bands permeated by diffused interseismic dilatant frac-
turing that allows coseismic contraction (Doglioni et al., 2011,
2015a).

Therefore, the extensional tectonic settings provide a different
energetic source with respect to strike-slip and compressional tec-
tonic settings where the elastic energy rather dominates (Fig. 4).

The following two formulae (modified after Doglioni et al.,
2015b) quantify the elastic energy required for strike-slip (4) and
contractional settings (5), where E is the energy, K is the bulk mod-
ulus, V is the hanging wall volume (for thrusts and normal faults)
and the adjacent volumes for strike-slip faults, ps the static fault
friction, @ the fault dip, m the mass and p the density:

2

E:%K(M) 1% (4)
E:%K(M)z% (5)

Let’s take a brittle crustal volume 30 km long, 15 km thick and
10 km wide in the hanging wall of a thrust dipping 30°. The rocks
have a density p of 2600 kg/m> and the static friction u is 0.7. Let’s
assume that the coseismic average slip determines an uplift of 2 m.
Therefore, the volume is 2250 km® and the mass is 5.85 x 10'° kg.
The work required for moving that mass is 1.27 x 10'” Joule.

Let’s now assume the same volume moving 2 m downward
along a normal fault dipping 60° and having the same friction.
The work expenditure will be 5.96 x 10'® Joule. The values are
not necessarily the same due to the different dip and motion rela-
tive to gravity. In compressional tectonics, it is required to accumu-
late elastic energy to move the volume against gravity plus the
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Fig. 4. Mohr circles in the three main tectonic settings. They increase in diameter, i.e., the differential stress, moving from the extensional, wrenching and compressional
tectonic settings. The horizontal stress (ay,) is the sum of the tectonic stress (o) plus the confining pressure deriving from the lithostatic load (o). Notice that even in
extensional tectonic settings the minimum stress (g3) is positive, i.e., contractional. Notice that at any given depth, the lithostatic load represents the maximum stress field
(01) in extensional tectonic environments and the minimum stress field (o3) in contractional tectonic settings. The slope of the failure criterium 7 is determined by the friction
(u) and the stress (o). Upper panel, the differential stress required to activate normal, strike-slip and thrust faults increases in the three tectonic settings and may be related to
the different control of the lithostatic load, i.e., favoring or pro-gravity (normal fault), being neutral or iso-gravity (strike-slip fault) and contrasting or counter-gravity (thrust)

the hanging wall movement.

energy to overcome the friction. In extensional tectonics, the grav-
itational energy is instead in favor of motion plus again the energy
required to overcome static friction. It was computed that the mag-
nitude equivalent of the energy dissipated by the gravitational col-
lapse is far greater than the real measured magnitude momentum
(Kanamori and Rivera, 2006; Doglioni et al., 2011, 2015b), indicat-
ing that (1) the lithostatic load provides an energy budget that is
far more than enough to activate the hangingwall downward
movement along normal faults and (2) the remaining part of
energy not radiated by seismic waves is dissipated in shear heat-
ing, fracturing and folding of the rocky volume.

Furthermore, the differential stress required to activate a nor-
mal fault is much smaller than the ones of strike-slip and thrust
faults as graphically evident since the ¢, is the o3 of compressional
settings (Fig. 4). Therefore, under the assumption of continuous,
uniform distribution of materials in the faulting region and its sur-
roundings, since the differential stress (variable with depth) is
lower for extensional tectonic settings, also the energy is lower
than the other tectonic settings to move the crustal volume and
activate the fault(s). Since gravitational energy is everywhere, the
deformation associated to normal faulting is more diffuse (Fig. 5).

3. Differences between extensional earthquakes and other
tectonic settings

The difference between shallow crustal tectonic settings in
terms of energy is compatible with several independent observa-

tions, such as the damage zone along the fault zones, the number
of earthquakes during the interseismic period and the aftershock
sequences (Narteau et al., 2002; Holschneider et al., 2012;
Hatano et al., 2015; Zaccagnino et al., 2022), the relationship with
topography, and the double-couple signature, that is larger in con-
tractional settings. The more diffuse cataclastic deformation in
extensional tectonic settings relative to the other tectonic settings
can be attributed to the ubiquitous gravitational force.

It was shown that the fault gouge, the width of the fault the
damage zone and the number of faults are larger along extensional
areas with respect to contractional ones (Zaccagnino and Doglioni,
2022a, 2022b). The spacing of normal faults worldwide is generally
narrower for normal faults (4-6 km) with respect to thrusts that
may range between 5-25 km (Morellato et al., 2003). The fault
spacing and its self-similarity depend on the seismogenic thickness
in extensional settings, being larger with thicker brittle layer thick-
ness. In contractional tectonics, e.g., in accretionary prisms, the
thrust spacing rather increases with the deepening of the decolle-
ment layer (Boyer and Elliott, 1982; Boyer, 1995). However, the
larger ruptures having the biggest volumes and higher magnitude
earthquakes occur along subduction zones at the plate interface.
The faster the convergence rate, the higher the expected
magnitude.

It is simply counted here the number of earthquakes that can be
detected in areas of a 30 km radius having a similar 2nd invariant
strain rate of about 30-40 nanostrain (Riguzzi et al., 2012, e.g., 1.5-
2 mm/yr either in contraction or in extension) and similar magni-
tude of completeness. See for example two Italian areas, one in
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Fig. 5. Extensional tectonic settings show more faults and wider damage zones with respect to contractional environments. The spacing of normal faults is generally shorter
and the fractal dimension tends to be lower due to more frequent secondary faults and fractures.

contraction and the second in extensional tectonic regime. Since
January 1st 1985, the first area experienced 336 earthquakes,
whereas the second 1962 events (Fig. 6). Adopting M > 2 as a
threshold, the contractional area recorded 124 events, whereas
the extensional one was 764, six times more. This simple compar-
ison agrees also with aftershocks evolution of contractional and
extensional regimes, being counter-gravity or pro-gravity; for
comparable magnitude, normal fault-related seismic sequences
last much longer and have a higher number of aftershocks because
they move in favor of gravity that never stops, whereas the hang-
ingwall of a thrust ends moving as soon as the elastic energy
required to move against gravity is consumed (Valerio et al.,
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2017). Moreover, this asymmetry fits with the different b- and p-
values of contractional versus extensional tectonic settings as pro-
posed by Zaccagnino et al. (2022) and redrawn in Fig. 7.
Furthermore, seismicity appears more concentrated along
thrust planes with respect to extensional settings. This is a natural
outcome of the different types of energy because gravitational
energy is present everywhere, whereas, to generate a significant
thrust earthquake, the elastic energy must be concentrated in each
elongated and narrow hanging wall. See for example the exten-
sional seismicity distributed all over the Basin and Range with
respect to the one along the crustal section of subduction zones,
where earthquakes are concentrated along the external belt with

magmtude of completeness 2
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Fig. 6. Steady-state seismicity, without significant mainshocks from January 1st 1985 to May 11, 2023, from two examples of the Southern Alps (northern Italy) in
compression, and of the southern Apennines in an extensional setting. Both areas show about 2 mm/yr of contraction and dilatation respectively, with 2nd invariant strain
rate of about 20-30 nanostrain. Both areas have a similar magnitude of completeness of about 1.5-2. Notice how the extensional setting recorded about six times more
earthquakes than the compressional one. To the left all the events in the catalogue and to the right the events M > 2. Data from http://terremoti.ingv.it/.
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Fig. 7. (a) Left panel, the b-value of the Gutenberg-Richter law differs as a function of the tectonic setting, being higher in extensional tectonic settings. Therefore, normal
faults have a steeper alignment, which means more low-magnitude events and lower maximum-magnitude earthquakes with respect to strike-slip (SS) and thrust faults; the
right panel, being the p-value of the Omori law correlated to the b-value, shows different aftershocks evolution in time depending on the tectonic settings. On the basis of
theoretical considerations and statistical analysis of one hundred seismic sequences, the most reliable relationship between them reads p ~ 2/3 (b + 1). Larger p-values mean
that seismic dynamics move more rapidly towards stability, which also implies a relatively higher probability of secondary ruptures and more numerous aftershocks than the
average reference. (b) A geological interpretation of different scaling behaviors can be given in light of different contributions to energy balance in the long-term rock volume
mobilization. Contractional settings require more energy to move against gravity (adapted from Zaccagnino et al., 2022).

the lowest topography, i.e., the smaller lithostatic load a3. Also the
double couple is larger for contractional tectonic settings, and both
the Gutenberg-Richter and Omori parameters differ as a function of
the tectonic setting (Zaccagnino et al., 2022; Zaccagnino and
Doglioni, 2022a).

Therefore, the pro-gravity movements, or graviquakes, need
less energy to mobilize volumes and activate the bounding faults
with respect to the other tectonic settings if a dilatational volume
is present at depth, to accommodate the extra volume lost at the
surface (Bignami et al., 2019, 2020). The gravitational energy pro-
vided by the lithostatic load is everywhere, whereas the strike-slip
and contractional settings need accumulation in time along plate
boundaries or intraplate volumes where velocity gradients occur.
The lithostatic load exerts control in the activation of thrust faults

because they are active where the gravitational load is at its min-
imum, i.e., in the foothills or at the forefront of accretionary prisms
and thrust belt fronts. This can be explained by the enlargement of
the Mohr circle to the left approaching the failure criterium due to
the lowest values of a3, i.e., the lithostatic load (Carminati et al.,
2004).

Normal faults generate earthquakes of magnitude lower than
the other tectonic settings. As shown before, this cannot be
ascribed to the lower energy required to break rocks under trac-
tion, because the crust is in the contractional state even in exten-
sional tectonic settings. We may infer the lower magnitude due
to the easier volume mobilization and energy dissipation of smal-
ler volumes in extensional settings because the gravitational load
is always active everywhere. This can explain also the aforemen-
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tioned larger number of normal fault-related earthquakes with
respect to the contractional tectonic settings. This observation,
linked with the lower maximum magnitude of extensional earth-
quakes determines the higher (>1) b-value of the Gutenberg-
Richter for normal faults.

4. Discussion

Various combinations of stress sources produce the wide range
of faulting styles routinely observed in the brittle lithosphere. Geo-
logical and seismological differences among tectonic settings are
usually related to frictional properties of faults and profiles of dif-
ferential stress. In the present paper, we analyze this issue from a
different viewpoint, considering how tectonics is heavily con-
trolled by gravitational forces, favoring deformation in extensional
settings, and contrasting shortening in contractional tectonic set-
tings. It was formerly discussed the total energy budget activating
crustal volumes and the related faults. The energy generates the
differential stress, which varies with depth and is the result of
the interplay between horizontal tectonic forces and the lithostatic
load increasing with depth. The differential stress required to acti-
vate a fault system is lower in extensional tectonic settings with
respect to strike-slip and contractional tectonics. Coherently,
thrust-related earthquakes may reach two degrees of moment
magnitude higher than the normal faults. This is usually inter-
preted because breaking rocks under contraction requires more
energy than under traction. However, in the crust beneath 1 km,
rocks are under compression also in extensional tectonic settings
due to the confining pressure exerted by the lithostatic load. The
differential stress is larger in contractional settings because the
hanging wall volume moves against gravity, requiring much larger
energy with respect to extensional settings where the volume
moves in favor of gravity. Seismological parameters follow this
energetic constraint, e.g., the interseismic larger number of earth-
quakes of low magnitude in extensional tectonic settings and
longer aftershocks following normal fault mainshock with respect
to contractional areas with similar 2nd invariant strain rate. There-

NORMAL FAULT

lithostatic load = O'1

Loading favors normal faulting -
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fore, the b-value of the Gutenberg-Richter and the p-value of the
Omori laws are higher in extensional settings.

In all tectonic settings, the energy is mostly stored in the vol-
ume adjacent to faults, i.e., the hangingwall for normal faults and
thrusts, or both walls adjacent to sub-vertical strike-slip faults. In
this view, faults are passive weakness zones where seismic radia-
tion occurs due to the friction on the surfaces. Rupture starts from
the weakest area of the main fault plane, improperly called
asperity.

The elastic energy radiated by earthquakes is notoriously a
smaller amount of the entire energy budget accumulated and
released during the coseismic motion (e.g., Doglioni et al.,
2015a). The stress drop is the difference between the stress across
a fault before and after an earthquake rupture, and therefore may
represent only a tiny part of the energy budget dissipated during
the rupture. However, Cocco and Rovelli (1989) have shown that
the stress drop in compressional settings is far higher than in
extensional tectonic environments. This is consistent with the lar-
ger energy budget required to shift the crust counter-gravity.

It was observed that in extensional tectonic settings, the rup-
ture tends to start in the lower part of the fault plane and propa-
gate upward and laterally, whereas in compressional tectonic
settings, it is the opposite, i.e., it preferentially initiates at a shallow
level and propagates downward and laterally due to the opposite
control of the lithostatic load, which favors normal faulting,
whereas it contrasts thrusting (Carminati et al., 2004). This is con-
sistent with the largest energy accumulation for the lithostatic load
(maximum principal stress, 1) in the lower part of the hanging
wall volume in extensional settings and the differential stress
enlarges to the right in the Mohr circle, whereas in contractional
tectonic environments, the shallow layers have the minimum
lithostatic load, determining a shift to the left of the differential
stress (minimum principal stress, ¢3) and favoring the contact with
the failure criterium (Fig. 7). Therefore, topography matters in trig-
gering fault activation. In fact, normal faults show bottom-up rup-
ture propagation (e.g., Li et al., 2023), whereas thrusts exhibit more
frequent top-down coseismic rupture migration (e.g., Koketsu

THRUST

lithostatic load = O3

_—

Unloading favors thrust faulting

Fig. 8. The lithostatic load is the maximum principal stress in extensional tectonic settings, whereas it is the minimum principal stress in contractional tectonic settings. This
facilitates rupture at depth and upward migration of aftershocks along normal faults, whereas it triggers shallow rupture and downward migration of coseismic slip and

aftershocks along thrust planes.
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Fig. 9. The energy determining earthquakes is mostly stored in the hanging walls of thrusts and normal faults and in the volumes adjacent to strike-slip faults. However, the
dissipation of gravitational energy characterizes normal faults, whereas elastic energy is required to move the volume upward. In extensional settings the gravitational
energy is always active, whereas the crustal dilation space where the volume can move downward at the coseismic stage must be generated during the interseismic period.
The opposite occurs in contractional settings where the elastic energy must be accumulated during the interseismic period and the free surface where to move the volume at

the coseismic stage is permanently available.

et al,, 2011). For a review of this opposite pattern see Carminati
et al. (2004). All this supports the evidence that the energy deter-
mining fault motion in both tectonic settings is stored in the hang-
ing wall volume but with different contributions, i.e., gravitational
for normal faulting and elastic in contractional settings.

5. Conclusions

Starting from a steady state evolution, the preparation of fault
activation needs delivering gravitational energy for extensional
tectonic settings, whereas it requires elastic energy to accumulate
the force for moving the volume against gravity (Fig. 8).

Therefore, different energy accumulation occurs in the three
main tectonic settings during the interseismic preparatory phase
of earthquakes (Fig. 9). In extensional regimes, the gravitational
energy is already in the volume (pro-gravity), but the potential
energy increases as the dilatational antithetic wedge grows in
the hangingwall of the normal fault as predicted in Doglioni
et al. (2011) and proved by InSAR analysis by Valerio et al.
(2018) and Bignami et al. (2019). Strike-slip settings generate
faults and motions mostly horizontally (iso-gravity) and the
dimension of the volume storing energy depends on the strain rate
between the two walls (Zaccagnino and Doglioni, 2022b). In con-
tractional tectonic settings, the elastic energy is gradually stored
during the interseismic preparatory phase (counter-gravity) until
the critical stage is reached and the static friction along the fault
plane is overtaken (Fig. 10). Since the movement occurs against
gravity, once the main energy budget is dissipated, the hanging-
wall cannot move upward anymore and this explains the shorter
duration of compressive seismic sequences with respect to the
extensional ones (Valerio et al., 2017).

Therefore, the differential stress required to activate a normal
fault system is lower than strike-slip and contractional faults
because the hanging wall volume moves in favor of gravity. The
lower differential stress required for activating normal faults is
usually interpreted because rupturing rocks under contraction
requires far more energy than under traction. This assumption is
correct at the Earth’s surface, but not in the crust beneath 1 km
(e.g., Brudy et al., 1997); below that depth, rocks are under com-
pression also in extensional tectonic settings due to the confining
pressure of the lithostatic load. Here is shown that the differential
stress is larger in contractional tectonic settings because the hang-
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Fig. 10. Different tectonic settings and related interseismic energy accumulation
are dictated by the relation with gravity (modified after Doglioni et al., 2015b).
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Fig. 11. The shaded red areas represent the volumes above locked faults where the energy accumulates during the interseismic cycle due to the moving volume above the
creeping shear zones. The energy is gravitational in the extensional setting to the left, whereas it is elastic in the contraction setting to the right. SSE, the possible location of

slow-slip events (modified after Zaccagnino and Doglioni, 2023).

Energy concentration along shear stress gradients

no shear/low P gradient

lowMeq - s
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Contractional tectonics

max shear gradient
normal fault

max shear/low P gradient

Extensional tectonics

SHEAR STRESS GRADIENTS CONTROLLING SEISMOGENIC FAULT DIP

Fig. 12. The dip of faults allowing the hanging wall volume to move during the coseismic stage is controlled by the zones where it forms the higher shear stress gradient in
the interseismic period. Numbers in panel (b) indicate the normal stress variation at 5 km depth acting on the fault plane as a function of the normal fault dip due to the

lithostatic load (modified after Zaccagnino and Doglioni, 2023).

ing wall volume moves against gravity, i.e., requiring much larger
energy with respect to extensional tectonics. All related seismolog-
ical parameters follow this energetic constraint, for example the
interseismic larger number of earthquakes of low magnitude in
extensional tectonic settings and having larger and lastly longer
aftershocks following a normal fault-related mainshock with
respect to contractional areas with similar strain rate. Extensional
settings have shorter spacing among normal faults, thicker fault
damage zones, lower fractal numbers (Fig. 5), and lower double
couple (Zaccagnino and Doglioni, 2022a). In all tectonic settings,
the energy is stored in the volume adjacent to faults. The seismo-
genic fault or faults system represents the weak zones of the vol-
ume where the seismic radiation occurs starting from the
weakest area of the main fault plane (e.g., Bird and Kong, 1994).
For the above reasons, the earthquakes should be differentiated
also on the basis of their source of energy stored in the volumes,
which is in fact controlling both their specific evolution and nucle-
ation, i.e., graviquakes for earthquakes occurring in extensional
tectonic settings (pro-gravity), and elastoquakes for the earth-
quakes generating in strike-slip and contractional settings (iso-
and counter-gravity). Moreover, the energy is mostly stored in
the volumes surrounding the main fault, specifically the hanging
wall in extensional and contractional settings (Fig. 11) and faults
activate along the dip where it is concentrated the highest shear
stress gradient (Fig. 12). In the seismic cycle, during the interseis-
mic period occur mostly the upper left, lower energy events of the
Gutenberg-Richter frequency/magnitude relationship, whereas the
mainshock and the related aftershocks fill the b-value in the lower
right of the alignment (Fig. 13).

Therefore, since energy activating crustal volumes and related
faults, is different as a function of the tectonics setting, i.e., gravi-
tational in extensional tectonic settings moving in favour of grav-
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ity, and elastic in all other tectonic settings, the maximum
magnitude is smaller for normal fault requiring less external
energy. In extensional settings, the volume dimension is given by
the thickness of the brittle layer, and its length is about three times

earthquake frequency

energy dissipation
mainshock

magnitude

Fig. 13. Temporal evolution of earthquake distribution moves along the Gutenberg-
Richter b-value trend, being the low magnitude events more abundant in the
interseismic preparatory phase and during the aftershocks energy dissipation. The
lower right of the alignment concentrates mostly during the coseismic stage when
most of the energy is delivered by the mainshock and related decay via elevated
magnitude aftershocks.
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Fig. 14. In the upper panels, the red dashed lines represent the b-value of the Gutenberg-Richter law, which is steeper in extensional tectonic settings and is shifted upward
(i.e., stronger magnitudes) depending on the seismogenic brittle thickness; gravitational energy dominates. The temporal recurrence of normal fault earthquakes depends on
the extensional rate. In contractional tectonic settings, the b-value is rather less inclined, and magnitudes can be much higher due to the larger energy required to move
upward bigger crustal volumes. The frequency/magnitude relation moves upward, and the magnitude increases as a function of the contractional rate and the involved
volume; elastic energy dominates. In extensional settings there are more low-magnitude earthquakes. In these settings the volume moves down in favor of gravity; vice versa,
in contractional tectonic settings, the volume moves against gravity and the number of low-magnitude earthquakes is smaller, accumulating more elastic energy to move up
the hanging-wall volume. In all tectonic settings, the magnitude scales with the volumes involved. The lower panels exemplify the volume and magnitude differences in
extensional and contractional tectonic settings. Notice that M > 9 in contractional settings occur only along widespread subduction zones at plates interface with the
convergence rate of at least a few cm/yr.
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Fig. 15. At a given coseismic extension, the dip of extensional fault determines the amount of vertical displacement, being the dip controlled by the internal friction of rocks.
Therefore, the steeper the fault, the longer the coseismic displacement, the faster the hangingwall collapses and the larger the magnitude generated by the gravitational
energy (graviquake). Low friction rocks determine interseismic higher strain rate and vice versa.
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the seismogenic thickness, whereas in the strike-slip and contrac-
tional settings, where the elastic energy dominates (elastoquakes)
the volume may be ten to thirty times longer, being its size propor-
tional both to the brittle thickness and the relative speed of plates
(Doglioni et al., 2015a). The magnitude increases with the volume
and, therefore, with the thickness of the seismogenic layer. The
strain rate controls the recurrence of the events (Fig. 14). In con-
tractional tectonic settings, the magnitude rather increases with
the speed of the convergence rate, which determines the volume
dimension and the higher energy required to move the crustal vol-
ume against gravity (Fig. 14). The energy generating tectonics and
related seismicity is given by the interplay between the horizontal
plate tectonics forces and the lithostatic load, which is ubiquitous.
The horizontal shear stress is rather concentrated within given
crustal/lithospheric volumes where horizontal plate velocity gradi-
ents concentrate. The energy varies in the three main tectonic set-
tings, generating different seismotectonic styles. With a given
strain rate and crustal thickness, the seismic energy increases as
the effect of the vertical gravitational force becomes a minority,
especially when the crust is pushed upward against gravity. Hori-
zontal tectonic forces interact with the lithostatic load, which is
omnipresent. The energy budget and the resulting magnitude vary
in the three main tectonic settings, and the classification of gravi-
quakes and elastoquakes is finalized to distinguish their different
role. Strike-slip and contractional settings may store energy in big-
ger volumes, hence providing the activation of wider faults and lar-
ger earthquakes. The quicker the fault motion, the stronger the
release of the elastic waves. Normal faults show higher seismic
energy dissipation as the fault becomes steeper: at a given exten-
sional strain rate, the steeper the fault, the larger the gravitational
displacement; the longer the fault displacement and the faster the
coseismic slip (Fig. 15). In fact, no major earthquakes may occur
along low angle normal faults (Jackson and White, 1989;
Doglioni et al., 2015a, 2015b).
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