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Abstract The seismic potential of active low-angle normal faults (LANFs, < 30° dip) remains enigmatic Ven Joe T
en Joe lan

under Andersonian faulting theory, which predicts that normal faults dipping less than 30° should be inac- Handling Editor:
tive. The Alto Tiberina fault (ATF) in the northern Apennines, a partly creeping 17°-dipping LANF, has not been Marlon Ramos
associated with any historical earthquakes but could potentially generate earthquakes up to Mw 7. We inves- Copy & Layout Editor:
tigate the mechanical preconditions and dynamic plausibility of large ATF earthquakes using 3D dynamic rup- " Hannah F. Mark
ture and seismic wave propagation simulations constrained by multidisciplinary data from the Alto Tiberina
Near Fault Observatory (TABOO-NFO). Our models incorporate the complex non-planar ATF fault geometry,
including hanging wall secondary faults and a recent geodetic coupling model. We show that potential large
earthquakes (up to Mw 7.4) are mechanically viable under Andersonian extensional stress conditions if the
ATF is statically relatively weak (us =0.37). Large earthquakes only nucleate on favorably oriented, steeper
fault sections (dip >30°), and remain confined to the coupled portion, limiting earthquake magnitude. These
ruptures may dynamically trigger an intersecting synthetic branch but are unlikely to affect more distant anti-
thetic faults. Jointly integrating fault geometry and geodetic coupling is crucial for forecasting dynamic rup-
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ture nucleation and propagation.

1 Introduction

The Andersonian theory of faulting predicts that in
an extensional tectonic regime (i.e. where the maxi-
mum compressive stress o; is vertical), normal faults
should form at an angle of ~60° with respect to the
Earth’s surface (Anderson, 1905, 1942). The Anderson-
Byerlee frictional fault reactivation theory also predicts
that in order to reactivate a preexisting fault as a nor-
mal fault, the fault dip should fall between 40° and
80° for a static friction coefficient u, ranging from 0.6
to 1 (Sibson, 1985). To the first order, these theoreti-
cal expectations seem consistent with the instrumen-
tal record, as the global compilation of large normal-
faulting earthquakes (Mw>5.5) with unambiguously de-
termined rupture planes shows that those earthquakes
occur on faults dipping between 30° and 65° (Collettini
and Sibson, 2001). Yet, despite both theoretical expec-
tations and instrumental records, existing Low Angle
Normal Faults (LANFs) - normal faults dipping less than
30° - have been identified worldwide (Axen, 2004; Abers,
1991; Wernicke, 1995; Collettini, 2011). Active examples
of LANFs include the Mai'iu fault in Papua New Guinea
(Biemiller et al., 2020a; Little et al., 2019; Mizera et al.,
2019), the low-angle detachment in the Gulf of Corinth,

*Corresponding author: M.Marchandon@lmu.de

Greece (Rietbrock et al., 1996), and the Alto Tiberina
fault, Italy (Collettini and Barchi, 2002; Chiaraluce et al.,
2007; Vadacca et al., 2016).

The ability of LANFs to host large earthquakes re-
mains debated due to the paucity of such events
recorded in instrumental seismic catalogs. The 1985
Mw 6.8 Woodlark Basin earthquake in Papua New
Guinea is a notable exception, with one focal mech-
anism plane dipping at 24°, aligning with a seismi-
cally imaged LANF (Abers, 1991). Slip on the auxil-
iary, steeper plane would place the uplifted metamor-
phic core complexes on the downthrown side of the
fault, supporting the low-angle fault hypothesis (Abers,
1991). The scarcity of large LANF earthquakes in the
instrumental record may be due to potentially longer
recurrence intervals compared to steeper-dipping nor-
mal faults. Using simple mechanical considerations,
Wernicke (1995) shows that the average slip D and re-
currence interval R is proportional to 1/sin(f) and
1/tan(0), respectively (with 6 the dip angle). This
suggests that for a given rate of horizontal extension,
LANFs accommodate the deformation with fewer but
larger earthquakes compared to steeper normal faults,
which aligns with neotectonic studies indicating large
earthquakes on several LANFs globally (e.g. Cummins
etal., 2020; Biemiller et al., 2020b; Karlsson et al., 2021).
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For instance, paleoseismological records of the Mai'iu
fault show it has hosted infrequent but significant Mw >
7 earthquakes over the past 7000 years (Biemiller et al.,
2020b).

LANFs have been the center of intense debate focus-
ing on whether these faults formed and accommodated
deformation at low angles or whether they initiated and
were active at steep angles before being progressively
rotated to shallower dips (Wernicke, 1995; Collettini,
2011; Abersetal., 1997). Regardless of their geometrical
origin, LANFs actively accommodating deformation are
now well documented (Webber et al., 2018), including
from GNSS measurements (Wallace et al., 2014; Hreins-
dottir and Bennett, 2009; Anderlini et al., 2016; Vadacca
etal., 2016; Biemiller et al., 2020a). Some are also clearly
delineated by microseismicity (Valoroso et al., 2017,
Abers et al., 2016; Rietbrock et al., 1996; Vuan et al.,
2020). Moreover, slip rate estimates for 49 active or inac-
tive LANFs (Webber et al., 2018) suggest that these faults
slip faster (mostly <10 mm/y but one third >10 mm/y)
than their high-angle counterparts (Nicol et al., 2005,
mostly <1 mm/y and no faster than 6 mm/y). This ob-
servation may be explained by a combination of fac-
tors, including a dominant contribution of aseismic slip
(Hreinsdottir and Bennett, 2009). Moreover, due to their
shallow dip angle, LANFs are more efficient at accom-
modating horizontal deformation than regular normal
faults, which can result in an apparently higher slip rate
when inferred from geodetic data or geological markers
of horizontal extension.

Fully dynamic rupture models are physics-based nu-
merical modelsthat couple the non-linear interaction of
afault or fault system’s yielding and sliding behavior de-
scribed by the constitutive laws of friction with seismic
wave propagation to simulate the nucleation, propaga-
tion, and arrest of a rupture (Andrews, 1976; Day, 1982;
Harris et al., 2018; Ramos et al., 2022). Dynamic rupture
simulations can be used to understand the initial condi-
tions allowing to reproduce specific aspects of a given
earthquake (e.g., Aochi and Madariaga, 2003; Wollherr
et al., 2019; Ulrich et al., 2019; Harris et al., 2021; Tinti
et al., 2021; Jia et al., 2023b; Hayek et al., 2024), or to
understand the influence of specific parameters on rup-
ture characteristics (e.g., Harris et al., 1991; Harris and
Day, 1997, 1999; Gabriel et al., 2013; Huang et al., 2014).
Recent advances in numerical methods and computa-
tional infrastructure have enabled the modeling of in-
creasingly complex problems, in which realistic initial
conditions constrained by geological, geophysical, and
seismic observations can be included (e.g., 3D multi-
segmented fault geometry, fault roughness, spatially
variable on- and off-fault initial conditions, topography;
Pelties et al., 2012; Heinecke et al., 2014b; Ulrich et al.,
2022; Taufiqurrahman et al., 2022, 2023; Jia et al., 2023a;
Gabriel et al., 2023). Therefore, dynamic rupture sim-
ulations may now be used to forecast realistic rupture
scenarios for active fault systems that have not hosted
moderate to large earthquakes in modern times. Such
scenarios can, in turn, be used to inform seismic haz-
ard assessment by computing associated ground shak-
ing (e.g., Li et al., 2023).

In the Northern Apennines, a LANF, named the Alto

Tiberina fault (ATF), accommodates a significant part
of the 3 mm/y of extension (Anderlini et al., 2016, Fig-
ure 1). Microseismicity, recorded by the dense seis-
mic network of the Alto Tiberina Near fault observa-
tory (TABOO-NFO, Chiaraluce et al., 2014), illuminates
the ~17°-dipping low angle normal fault as well as sev-
eral synthetic and antithetic secondary faults located in
its hanging wall (Chiaraluce et al., 2007; Valoroso et al.,
2017). Although the ATF is large enough (70 km x40 km)
to produce a Mw 7 earthquake, no historical earth-
quake is known to have occurred on the ATF in the last
1000 years (the completeness limit of the Italian catalog
of large historical earthquakes for this part of the Apen-
nines, Boschi, 1998; Castello et al., 2006; Visini et al.,
2022).

Here, we used 3D dynamic rupture and seismic wave
propagation modeling to forecast plausible scenarios
of moderate-to-large earthquakes for the Alto Tibe-
rina low-angle normal fault system, in Italy. We use
the multidisciplinary data provided by the TABOO-NFO
to help constrain the initial conditions of the simula-
tions. Our dynamic rupture models incorporate multi-
segment non-planar fault geometry constrained from
seismic data, homogeneous and data-constrained het-
erogeneous initial stress distributions, slip weakening
friction, friction coefficients consistent with the lithol-
ogy of the area, and topography. In the different mod-
els, we investigate the favorable conditions (static fault
strength, pre-stress level, nucleation location, fault
non-planarity) that enable rupture to propagate. While
our simulations show that potential large earthquakes
(up to Mw 7.4) are mechanically viable under Ander-
sonian extensional stress conditions for a statically rel-
atively weak ATF (us = 0.37), they also reveal that the
non-planarity of the ATF is of primary importance, as
dynamic rupture simulations assuming a planar 17°-
dipping fault fail to propagate. When the initial stresses
are constrained by a coupling model, the rupture re-
mains confined to the coupled parts of the fault, lim-
iting the earthquake magnitude to Mw 6.7. We then dis-
cuss the scenarios limitations and potential avenues for
future work.

2 TheAlto Tiberina Low-Angle Normal
Fault

The Alto Tiberina low-angle normal fault (ATF) is lo-
cated in the inner region of the Umbria-Marche Apen-
nines, Central Italy (Figure 1). It is the easternmost,
youngest, and only active fault of six subparallel east-
dipping low-angle normal faults that have (along with
associated high-angle antithetic normal faults) succes-
sively accommodated extension in the Northern Apen-
nines in the last ~10 My as it migrated eastward (Barchi
etal., 1998; Collettini et al., 2009b; Collettini and Barchi,
2002). The ATF has accommodated 2 km of slip in the
last ~2 My, leading to a long-term slip rate of 1 mm/y
(Collettini and Barchi, 2002). Its main antithetic fault
is the Gubbio fault, a N135° striking, 22 km long fault
intersecting the ATF at ~5 km depth (Figure 1). The
Gubbio fault has accommodated ~3 km of slip with
a long-term slip rate estimated at 1.65-1.9 mm/y , as-
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Figurel (a) Topographic map of the Alto Tiberina, Northern Apennines, Italy, area showing the depth contours of the north-
east dipping Alto Tiberina (gray lines, Mirabella et al., 2011) and south-west dipping Gubbio (green lines, Mirabella et al.,
2004) faults. Thicker lines indicate the fault surface traces. The black and orange dots show the 2010-2014 Alto-Tiberina and
hanging wall faults seismicity, respectively (Valoroso et al., 2017). Note that, at the time this study was conducted, high-
resolution catalogs published for the ATF fault system did not cover longer time periods. Light orange stars represent the
Mw>3.2 events that occurred between 2010 and 2023 while large orange stars locate the large (Mw>5.1) instrumental events
(Haessler et al., 1988; Chiaraluce et al., 2003; Ciaccio et al., 2009). Orange squares locate the M>6 historical events (Rovida
et al., 2016). The GPS, seismic, and strainmeter stations of the TABOO-NFO (Chiaraluce et al., 2014) are shown by diamonds,
triangles, and pentagons, respectively. Gray squares locate the main towns of the area. CdC and Ptlga mean Citta di Castello
and Pietralunga towns, respectively. Topographic data are from NASA Shuttle Radar Topography Mission (SRTM) (2013). The
bottom-left inset shows the general location of the study area (blue box). The dashed line locates the cross-section shown in
b. (b) Cross-section showing the seismicity on the Alto-Tiberina fault (black dots) and within its hanging wall (orange points
and star). Events located within +1 km of the cross-section are plotted.
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suming all the displacement occurred during the Qua-
ternary (Collettini et al., 2003; Mirabella et al., 2004).
The present-day regional stress field inferred from fo-
cal mechanisms, borehole breakouts, and striated fault
planes is characterized by a sub-vertical oy and a sub-
horizontal, NE-SW trending o3 (Lavecchia et al., 1994,
Mariucci and Montone, 2024, 2020; Montone and Mar-
iucci, 2016, 2020), suggesting an Andersonian exten-
sional stress-field.

Historical earthquake records report seven historical
events, among which three were M>6 earthquakes (in
1352, 1751, and 1781, Figure 1, Rovida et al., 2016). All
of them occurred towards the northwestern or south-
eastern limits of the ATF but none of them is thought to
have occurred on the ATF. In instrumental time, three
seismic sequences of moderate earthquakes occurred
in this area: the 1984 Gubbio (Mw 5.1), the 1997 Colfior-
ito (Mw 6.0, 5.7 and 5.6) and the 1998 Gualdo Tadino
(Mw 5.1) sequences (Figure 1, Haessler et al., 1988; Am-
ato et al., 1998; Chiaraluce et al., 2003; Ciaccio et al.,
2009). All main shocks broke NW-trending faults dip-
ping at steep angles (40-50 °) toward the SW. The Gub-
bio and Gualdo Tadino sequences occurred within the
hanging wall of the ATF while the Colfiorito sequence
occurred in the SE continuity of the ATF (Figure 1). Note
that the Gubbio sequence did not break the Gubbio fault
but another steeply-dipping fault segment located be-
tween Perugia and Gubbio (Collettini et al., 2003).

Since 2010, the Alto Tiberina fault system is contin-
uously monitored by the Alto Tiberina Near-Fault Ob-
servatory TABOO-NFO (Chiaraluce et al., 2014, Figure
1). TABOO-NFO is a multidisciplinary research infras-
tructure installation based on state-of-the-art observa-
tional systems that monitor in real-time various geo-
physical parameters to study seismic and aseismic de-
formation as well as potential preparatory processes on
the ATF and nearby faults. In particular, the dense seis-
mic network of TABOO records the seismicity of the Alto
Tiberina fault system with a very low event detection
threshold (down to M},=-0.2) and completeness magni-
tude (Mc= 0.5), thus enabling the production of high-
resolution earthquake catalogs that finely characterize
the architecture of the Alto Tiberina fault system (Chiar-
aluce et al., 2007; Valoroso et al., 2017; Vuan et al., 2020;
Essing and Poli, 2022, 2024; Poggiali et al., 2025).

Microseismicity on the ATF is located between 3 and
16 km depth and defines a 1.5 km thick fault zone
(Valoroso et al., 2017; Chiaraluce et al., 2007). The
2010-2014 catalog (Valoroso et al., 2017) reveals that
very low magnitude earthquakes (M; < 2.4) occur
at a nearly constant rate of 2.2 events per day with a
homogeneous spatial distribution, except for one por-
tion located in the northern part of the fault between
7 km and 9 km depth where seismicity is almost ab-
sent. In the Alto Tiberina hanging wall, the seismic-
ity rate is 10 times larger and occurs in bursts of-
ten associated with Mw>3 mainshock-aftershocks se-
quences (Valoroso et al., 2017; Vuan et al., 2020, Fig-
ure 1) breaking small (few km long) secondary steeply-
dipping faults. Such mainshock-aftershocks sequences
occurred in the Pietralunga (three Mw 3.2-3.6 events
between 2011 and 2014), Citta di Castello (five Mw>3

4

events in 2013), and Gubbio areas (7 Mw>3 events be-
tween 2011 and 2014, Figure 1). While the seismicity on
the Pietralunga and Citta di Castello areas delineates rel-
atively simple structures dipping in only one direction
(NE), the seismicity in the Gubbio area is more complex
and occurs on oppositely-dipping faults (Valoroso et al.,
2017, and Figure 1b). The largest earthquake recorded
in the Alto Tiberina hanging wall is a Mw 4.5 earth-
quake that broke a NE 38° dipping (dip angle from the
TDMT solution, https://terremoti.ingv.it/event/34297011)
splay of the ATF near the town of Umbertide in 2023
(Figure 1). Finally, no seismicity is associated with the
antithetic Gubbio fault.

Modeling of GPS velocities shows that the Alto Tibe-
rina fault system is accommodating two thirds of tec-
tonic extension taking place in the Northern Apennines
(Anderlini et al., 2016; Hreinsdottir and Bennett, 2009;
Vadacca et al., 2016) with a geodetic slip rate estimated
atl.7mm/yonthe ATF (Anderlini et al., 2016). Addition-
ally, the distribution of interseismic coupling suggests
that a large part of the ATF is creeping but locked near
the surface (down to 5 km depth), as well as in the north-
western part of the fault between 7 and 10 km depth (An-
derlini et al., 2016, see also Figure 3).

Measurements in boreholes located in the foot-wall of
the ATF reveals the presence of C'O, pressurized at 85%
of the lithostatic pressure at around 4 km depth. These
over-pressurized fluids are thought to be responsible for
the microseismicity on the ATF (Collettini et al., 2009b;
Collettini and Barchi, 2002; Chiaraluce et al., 2007).

3 Method

We perform 3D dynamic rupture simulations for the
Alto Tiberina fault system using SeisSol, an open-source
software package that solves for spontaneous dynamic
rupture and seismic wave propagation with high-order
accuracy in space and time (Kdser and Dumbser, 2006;
Pelties et al., 2014; Heinecke et al., 2014a; Uphoff et al.,
2017). SeisSol uses the Arbitrary high-order accurate
DERivative Discontinuous Galerkin method (ADER-DG,
Dumbser and Késer, 2006) and is optimized for high-
performance computing infrastructure. SeisSol uses un-
structured tetrahedral meshes allowing representing
geometrically complex structures such as non-planar
and intersecting faults as well as topography. Dynamic
rupture simulations require several initial conditions
that need to be prescribed including the fault system ge-
ometry (section 3.1), the fault strength (section 3.2), the
initial stress state (section 3.3) and the medium proper-
ties (section 3.4).

3.1 Fault geometry

Our fault model includes the Alto Tiberina and Gub-
bio master faults as well as four steeply-dipping sec-
ondary faults that have hosted Mw 3.2+ earthquakes
since 2010 (Figures 1 and 2). The four secondary faults
are the Umbertide, Pietralunga, Gubbio synthetic, and
Gubbio antithetic faults. All faults except one are mod-
eled with a realistic non-planar fault geometry. The 3D
geometry of the Alto Tiberina and Gubbio master faults
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is built from the contour depth profiles of Mirabella
et al. (2011, 2004), while we use the 2010-2014 seismic-
ity catalog of Valoroso et al. (2017) to constrain the
non-planar geometry of three of the secondary faults
(Pietralunga, Gubbio synthetic, and Gubbio antithetic
faults, supplementary text S1 and Figures S1 and S2).
Very recently, Poggiali et al. (2025) have generated an-
other high-resolution catalog covering a longer time
span, from 2010 to 2023. This catalog, however, does
not modify the first order of geometrical evidence iden-
tified by Valoroso et al. (2017). The last secondary fault
(Umbertide) is modeled with a planar surface using the
focal mechanism of the 2023 Mw 4.5 Umbertide earth-
quake (https://terremoti.ingv.it/event/34297011).

Our 3D fault geometry generates a heterogeneous dip
angle distribution (Figure 2a). While the average dip an-
gle of the Alto Tiberina is 17°, its distribution on the
fault is very heterogeneous with values ranging from 4°
to 62°. The steepest area is found in the northwestern
part of the fault between 6 km and 10 km depth, where
a large area exhibits a consistent dip of ~30°. Similarly,
the dip angle distribution on the Gubbio fault is highly
variable, with a steep dip angle (~40°) from the surface
to 3 km depth and a shallower dip angle, of 18° on av-
erage at greater depths. The dip angles of the four sec-
ondary faults are steep and range from 38° to 63°.

Dip angle (°)

35 70

e distance (km

Gubbio -

master

Figure 2 3D view of the modeled faults colored with (a)
the dip angle and (b) the static friction coefficient used in
our reference model. The colormap in panel (a) is chosen
such that the low-angle areas of the fault (dip-angle < 20°)
appear in bluish tones, while the steeper parts (dip angle >
20°) appear in reddish.

3.2 Fault Friction

The fault strength evolution during the rupture is de-
scribed by the widely used linear slip-weakening fric-
tion law (Ida, 1972; Palmer et al., 1973; Andrews, 1976;
Day, 1982). The fault starts to slip when the initial shear
stress 7, reaches locally the static fault strength 7, =
wsoy, +c. The fault strength then decreases linearly from
its static level 75 to its dynamic level 74 = pq0/, over a
critical slip distance D...

The fault core of the low-angle Zuccale fault, the
exhumed and inactive analog of the ATF located on
the Isle of Elba, is characterized by phyllosilicate-rich
rocks (Collettini and Holdsworth, 2004; Collettini et al.,
2009a). Laboratory friction experiments on samples
of the Zuccale phyllosilicate-rich rocks reveal low fric-
tional coefficients (u<0.4, Smith and Faulkner, 2010;
Tesei et al., 2012; Niemeijer and Collettini, 2013), with
decreasing frictional strength for increasing phyllosili-
cate content (down to 0.2 for samples with 50% of phyl-
losilicate content, Tesei et al., 2012). Consequently, we
assume a relatively weak fault with a static friction co-
efficient us of 0.37 for the reference model.

We set the dynamic friction coefficient p4 to 0.1 and
the critical slip distance D, to 0.4 m. The frictional co-
hesion cis set to 0.5 MPa below 3 km depth (up-dip limit
of the seismicity on the ATF) and increases linearly up
to 1.5 MPa at the surface. The increased frictional co-
hesion in the first 3 km depth is used here as a proxy to
mimic the velocity-strengthening behavior of the shal-
low part of the crust (Smith and Faulkner, 2010; Niemei-
jer and Collettini, 2013; Harris et al., 2021; Madden etal.,
2022).

3.3 Initial stress

We run two sets of 3D dynamic rupture simulations that
assume different initial stress distributions. The first set
of simulations assumed laterally uniform Andersonian
tectonic loading (section 3.3.1) while the second takes
into account stress heterogeneities constrained from
the kinematic coupling map of Anderlini et al. (2016)
(section 3.3.2).

3.3.1 Uniform initial stress distribution

We consider an Andersonian stress regime for normal-
faulting (the maximum compressive stress o is ver-
tical) with a maximum horizontal compressive stress
SHmax (o) oriented 158.8°N (averaged SHmax orienta-
tion in the Alto Tiberina area, Mariucci and Montone,
2024, 2020; Montone and Mariucci, 2016). The magni-
tudes of the principal stresses o1, 09, and o3 (01 > 09 >
o3) are controlled by the relative pre-stress level of a
virtual optimally oriented fault Ry, the effective litho-
static stress o/, and the stress shape ratio v (Ulrich et al.,
2019). The effective lithostatic stress o/, increases lin-
early with depth and is equal to the lithostatic pressure
0. = pcgz reduced by the effect of the pore fluid pres-
sure Py. Py is assumed proportional to the lithostatic
stress, Py = 7o, with ~ the fluid-pressure ratio (Ul-
rich etal., 2019). We assume an average rock density for
the crust p, = 2670 km/m?® and an overpressurized state
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with 7 = 0.75 (consistent with the high fluid pressures
measured in the area, Chiaraluce et al., 2007).

o, = (1—7)pgz (1)

The stress shape ratio v = (03 — 03)/(01 — 03) bal-
ances the relative magnitudes of the principal stresses
(Ulrich et al., 2019) and is set to 0.5 assuming pure nor-
mal faulting on an optimally oriented fault. The rela-
tive pre-stress level Ry, the ratio of potential stress drop
over breakdown strength drop (Aochi and Madariaga,
2003; Ulrich et al., 2019), describes the closeness to
failure of a virtual optimally-oriented fault under the
Mohr-Coulomb theory. When R(=1, an optimally ori-
ented fault is critically stressed (Aochi and Madariaga,
2003). Ry is defined as:

Ro = (0 = paoy,) /(s = pa)or,) (2)

Prescribing Rg, us, and pg allows for the calculation
of the magnitude of the deviatoric stresses. We assume
11s=0.6 (and 14=0.1), therefore, in the assumed stress
regime, an optimally oriented fault is a 60°-dipping pla-
nar fault (striking in the SHmax direction). We use
Ry=0.70 for the reference model and vary this value to
evaluate its influence on the scenarios (Table 1 and Fig-
ure 4). Since R, represents the background pre-stress
level relative to fault strength of a virtual, optimally-
oriented fault within the assumed stress field, it does
not necessarily reflect the ratio of pre-stress level to
fault strength on the geometrically complex modeled
faults. Therefore, for each tested model, we compute
R, the relative pre-stress level resolved on the modeled
faults (using the p, distribution shown in Figure 2b and
14=0.1). Although the faults are loaded with a laterally
homogeneous regional stress field (uniform orientation
and amplitude of the principal stresses), the normal and
shear stresses resolved on the non-planar faults sur-
faces are spatially variable, leading to heterogeneous
values of R (e.g. Figure 4 ans Ulrich et al., 2019). Fi-
nally, the deviatoric stresses (o; — o3) are progressively
tapered to 0 from 11 to 13 km depth to represent the
transition from a brittle to a ductile deformation regime
(Boncio et al., 2004). This depth range is consistent with
the depth limit of the microseismicity in the Alto Tibe-
rina area (Valoroso et al., 2017). The parameter values
used for the reference model, as well as the range of
tested values, are shown in Table 1. The result of the
homogeneous dynamic rupture simulations are shown
in section 4.1
3.3.2 Data-constrained heterogeneous initial
stress distribution

The kinematic coupling model (giving the ratio of slip
deficit to long-term slip rate) of Anderlini et al. (2016)
obtained from interseismic GPS data suggests that while
a large part of the ATF is creeping, the fault is mainly
coupled near the surface (down to 5 km depth), as well
as in the northwestern part of the fault between 7 and
10 km depth. The coupled parts, therefore, accumu-
late stress while the stress within the creeping parts is
continuously released. Here, we use the kinematic cou-
pling model of Anderlini et al. (2016) to constrain the
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initial stress distribution on the ATF (Ramos et al., 2021,
Chan et al., 2023). To that end, we first compute the slip
deficit rate SDr using the following equation:

SDr =V, x IC (3)

with V, the Alto Tiberina long-term slip rate and /C' the
interseismic kinematic coupling coefficient from An-
derlini et al. (2016). We assume V, = 1.7 mm/y (An-
derlini et al., 2016). The interseismic coupling coeffi-
cient IC ranges between 0 and 1, where 0 means fully
creeping fault patches (i.e. slipping at the long-term
slip-rate V,,) and 1 means fully coupled fault patches (i.e.
not slipping). We use the slip deficit rate as input in a
dynamic relaxation simulation with SeisSol (supplemen-
tary text S2, Glehman et al., 2025) using the same com-
putational mesh, fault geometries, and material param-
eters to compute the corresponding stress change rate
SC'r associated with the slip deficit rate. The slip deficit
and shear stress change rates are shown in Figure 3. Fol-
lowing Ramos et al. (2021), we consider a parameter 7',
defined as the time needed for a certain level of stress
to accumulate on the ATF, such as the stress change SC
is:

SC=SCrxT (4)

The initial stress is then obtained by adding the stress
change SC to a background stress state. The back-
ground stress state is obtained from the same Ander-
sonian stress field as before (section 3.3.1) but using a
pre-stress ratio Ro=0 (supplementary text S2). The static
and dynamic coefficients of friction us and uy are the
same as in the reference homogeneous model. Note
that the kinematic coupling model of Anderlini et al.
(2016) includes only the ATF. Therefore, in our hetero-
geneous simulations, only the initial stress distribution
on the ATF is constrained by the kinematic coupling
model, while the initial stress distribution on the other
faults is identical to the homogeneous reference model
(with Ry=0.70, section 3.3.1). Therefore, the secondary
faults are not affected by the partly-creeping Alto Tibe-
rina fault.

We use T=1800 years, corresponding to the stress ac-
cumulation time necessary for the rupture to propagate.
We explore T in a range of 1000-3000 years. Values lower
than 1600 years do not allow rupture to propagate, while
T=1700 years results in a Mw 6.1 earthquake. For values
greater than T=2000 years, unrealistic rupture occurs in-
stantaneously across large fault areas. The result of the
heterogeneous dynamic rupture simulation is shown in
section 4.2.

3.4 Maedium properties

We adopt the 1D layered model for the Alto Tiberina
area shown in Latorre et al. (2016). This model con-
sists of five crustal layers above the Moho where the
shear wave velocity ranges from 2.22 km/s to 3.33 km/s,
with a velocity inversion at ~6 km depth corresponding
to Paleozoic-Triassic clastic and metasedimentary rocks
(Latorre et al., 2016, and Figure S3). We choose not to
use the 3D velocity model of Latorre et al. (2016) due
to its limited spatial extent which does not fully cover
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Stress parameters

Maximum horizontal stress direction SH,ax 158.8°N
Stress-shape ratio v 0.5

Pre-stress ratio of an optimally oriented fault Ry 0.70 [0.65, 0.75]
Fluid pressure ratio ~y 75%

Friction parameters

Static friction coefficient Lhs 0.37 [0.30, 0.40, 0.45]
Dynamic friction coefficient td 0.1

Critical slip weakening distance D, 0.4m

Nucleation parameters

Nucleation patch radius Tnuc 2.5 km

Table1 Parameter values for the homogeneous reference model. Other tested values are listed in brackets.
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Figure3 (a)Slip deficit rate on the Alto Tiberina fault com-
puted from the kinematic coupling model of Anderlini et al.
(2016) and (b) associated shear stress change rate.

the ATF and the challenge of merging properly the 3D
model with a larger one.

3.5 Nucleation Procedure

The rupture is initiated by linearly decreasing the static
frictional strength to the dynamic frictional strength
within a gradually expanding nucleation patch of 2.5
km radius (Day et al., 2005; Galis et al., 2014). The nu-
cleation location of our reference model is chosen at
~8 km depth in an area favorably stressed (Figure 4).
Other nucleation locations are also tested on the ATF, at
various depths and along-strike positions, as well as on
the other faults of the system (Figure 7).

3.6 Computational mesh

Our fault model is included in a structural domain of
500 x 500 x 200 km? in the east, north, and vertical direc-
tion, respectively. The surface of the domain includes
the topography from the SRTM global DEM (Farr et al.,
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2007) downsampled at 400 m. The structural domain
is discretized with tetrahedral elements of variable size
using the software PUMGen (https://github.com/Seis-
Sol/PUMGen/). PUMGen embeds MeshSim from Sim-
Metrix, the underlying mesh generator of SimModeler
(www.simmetrix.com), and exports the mesh into the
efficient PUML format used by SeisSol. The element
edge length is 200 m on the faults and gradually coars-
ened away from the faults. The mesh includes a 110 x
110 x 17 km? high-resolution box oriented N140° and
covering the Alto Tiberina fault system as well as most
stations of the TABOO-NFO (Figure S4). The mesh res-
olution inside and outside the high-resolution box can
resolve frequencies of at least 1 Hz and 0.25 Hz, respec-
tively. However, we note that the use of a 1D velocity
model may limit the realism of the simulated ground
motions. The mesh comprises 7 million cells.

4 Results

4.1 Homogeneous models

4.1.1 Impact of the pre-stress level

In an Andersonian stress regime for normal faulting,
pre-stress levels on an optimally-oriented fault R, of
0.75, 0.70 (reference scenario), and 0.65 lead to averaged
pre-stress levels R of 0.32, 0.30, and 0.29, respectively,
on the ~17° dipping ATF (Figure 4). Due to the non-
planar geometry of the faults, R is very heterogeneous.
The northwestern part of the fault below 6 km depth dis-
plays several highly pre-stressed patches within which
Ris 0.8 on average for Ry=0.70. In contrast, some other
parts of the fault are far from failure, such as the north-
western part at shallow depths, that has an average R
ratio close to 0. The distribution of R is directly linked
to the local dip angle: the shallower the local dip angle,
the lower the R ratio. This is because, in a stress regime
where the maximum compressive stress o; is vertical,
areas with shallow dip angle experience larger normal
stress and lower shear stress, compared to steeper re-
gions. Similarly, on the Gubbio master fault, highest R
values are found at shallow depths, where the mean dip
angle is 40° (mean R of 0.28 for Ry=0.70) whereas the
deeper part of the Gubbio master fault (mean dip an-
gle of 18°) displays lower R values (0.1 on average for
Ry=0.70). On the antithetic and synthetic Gubbio faults,
as well as on the Pietralunga fault, R values are high
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(mean of 0.63 for R(=0.70) due to the steep dip angles of
these faults (mean of 53°). Finally, the 38° dipping Um-
bertide fault has a R of 0.39 for the 2¢=0.70 scenario.

Ry values of 0.75, 0.70, and 0.65 lead to Mw 7.4, Mw
7.3 and Mw 6.9 earthquakes, respectively. Higher pre-
stress ratios lead to higher slip amplitudes (averages of
2.2m, 1.9 m, and 1.4 m, for Ry,=0.75, 0.70, and 0.65, re-
spectively) and higher rupture speeds (averages of 1978
km/s, 1709 km/s, and 1258 m/s, Figure 4). Both the
Ry=0.75 and Ry=0.70 scenarios break the entire fault
(except a small portion at shallow depths in the north-
western part) while the rupture in the R(=0.65 scenario
is confined to the northeastern part of the fault. The
rupture of a scenario with Ry=0.60 does not propagate
away from the hypocenter (Figure S5). Finally, the Um-
bertide segment is triggered by the propagating rupture
when it reaches the intersection between the ATF and
the Umbertide segment. The other segments remain
locked (Figure 4a,b).

The moment rate releases of the three scenarios
are significantly different, highlighting different rup-
ture behaviors (Figure 6a). The moment rate releases
of the Ry=0.75 and reference (Ry=0.70) scenarios both
show two main peaks separated by a slower moment
rate, but the peak amplitude is lower and the slowdown
more pronounced in the reference model. Additionally,
despite its larger magnitude, the Ry=0.75 model lasts
shorter than the reference model due to its larger rup-
ture speed enabled by its higher pre-stress level (Figure
6a). The Rp=0.65 rupture lasts 40 s. The moment rate is
low for the first 15 s before reaching a peak at 22 s.

4.1.2 Impact of the static coefficient of friction

Figure 5 shows three scenarios where the ATF has a
static coefficient of friction u, of 0.30, 0.40 and 0.45, re-
spectively (against 0.37 for the reference model shown
in Figure 4b). Other parameters are kept unchanged
(Table 1). Lower static coefficient of friction u, values
lead to higher pre-stresslevels R on the ATF, resulting in
larger earthquake magnitudes and rupture speeds (Fig-
ure 5). Static coefficient of friction u, values of 0.30,
0.40, and 0.45 lead to moment magnitudes Mw of 7.4,
7.3 and 6.1, respectively. For the latter scenario, the
rupture does not propagate far from the nucleation area
(Figure 5c).

Interestingly, scenarios having the same moment
magnitude and similar final slip distributions do not
necessarily have the same dynamics. For example,
the Ry=0.75 (1,=0.37, Figure 4a) and ;,=0.30 scenarios
(Ry=0.70, Figure 5a) both produce a Mw 7.4 earthquake
with a very similar final slip distribution. However, the
rupture speed is higher for the 1;=0.30 scenario (mean
rupture speed of 2202 m/s) than for the R(=0.75 sce-
nario (mean rupture speed of 1978 m/s). This is also
shown by their respective moment rate release (Figure
6). The moment rate release of the ©s=0.30 scenario
(Figure 6b) is shorter (30 s) and displays two more pro-
nounced and higher peaks (reaching 1 x 10!° Nm/s)
than the R(=0.75 scenario (Figure 6a, 35 s with high-
est peak of 0.85 x 10'Y Nm/s). Similarly, the reference
(145=0.37, Rp=0.7), and p5s=0.40 (Ry=0.7) scenarios both

produce a Mw 7.3 event (Figures 4b and 5b, respectively)
but the rupture of the latter lasts 85 s with 3 peaks in
the moment rate (reaching ~ 0.4 x 10'% Nm/s, Figure
6b) whereas the rupture of the reference model has a
shorter duration (50 s) and a moment rate release with
only two peaks reaching a higher amplitude (~ 0.6x 10*°
Nm/s, Figure 6a).

4.1.3 Influence of the nucleation location

Previous dynamic rupture studies have shown that the
nucleation location can significantly impact the rup-
ture extent, slip distribution, and final earthquake size
(e.g. Aochi and Ulrich, 2015; Kyriakopoulos et al., 2019;
Ramos et al., 2021; Yu et al., 2023; Chan et al., 2023). In
this section, we therefore test the impact of the nucle-
ation location on the rupture scenarios. All the initial
parameters are identical to those of the reference sce-
nario (Table 1 and Figure 4b), only the nucleation loca-
tion is changed. We test 13 nucleation locations, 6 on
the ATF (Figure 7a), 3 on the master Gubbio fault (Figure
7b), and one on each of the four other secondary faults
(Figure 7c). The nucleation radius on the Alto Tiberina
and Gubbio master faults is 2.5 km while we use a nucle-
ation radius of 1.5 km on the smaller secondary faults.
On the ATF, the rupture propagates only when the nu-
cleation is located in a relatively large area of high pre-
stress (that is where the local dip angle is steeper, mod-
elsn® 1,6, Figure 7a,d) while the other tested nucleation
locations (models n° 2-5) fail to propagate. None of the
tested nucleation locations on the Gubbio fault lead to
a propagating rupture (models n° 7-9, Figure 7b,d). In-
deed, the relatively shallow dip angle of the Gubbio fault
and its high fault strength (15=0.6) do not favor a prop-
agating rupture. Finally, when the nucleation location
is located on one of the small secondary segments, the
rupture stays confined on the nucleation segment with-
out jumping on the ATF (models n°10-13, Figure 7c,d).

4.2 Data-constrained model

Figure 8 shows the result of the dynamic rupture sim-
ulation constrained by the kinematic coupling map of
Anderlini et al. (2016). The pre-stress level distribu-
tion shows one main high-stressed patch located on the
northeastern part of the fault between 4.5 and 9 km
depth. Another smaller and less stressed patch is lo-
cated updip between 1.5 and 3 km depth. These two
patches correspond to the areas of greater shear stress
change inferred from the kinematic coupling model
(Figure 3b). The northeastern part of the fault at shal-
low depths displays a nearly null pre-stress level (Fig-
ure 8a) whereas the same area displays a positive (albeit
slight, <2000 Pa/y) slip deficit rate (Figure 3a). Thisisan
indirect impact of the local dip angle, which is very shal-
low in this area (Figure 2a). This leads to a high normal
stress, that in turn, leads to a lower pre-stress ratio. In-
deed, the data-constrained model is based on an Ander-
sonian stress regime (see method section 3.3.2). There-
fore, the normal stress is modulated by the fault topog-
raphy, with higher normal stress in areas with shallower
dip angles.
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Influence of the pre-stress ratio Ry on the homogeneous rupture scenarios. Distribution and average value of R

ratio (left), final slip amplitude (middle), and rupture speed (right) for Ry values of (a) 0.75, (b) 0.70, and (c) 0.65 respectively.
The white star in the top left subplot shows the nucleation location (the nucleation location is the same for the three simula-
tions). The average (and maximum) slip for Ry values of 0.75, 0.70, and 0.65is 2.2 m (4.4 m), 1.9 m (4.2 m), and 1.4 m (3.3 m),

respectively.

The dynamic rupture simulation is nucleated within
the highest stressed patch and produces a Mw 6.7 earth-
quake with 1.3 m of slip on average (maximum of
2.62 m). The rupture is confined within the strongly-
coupled patch without propagating upward in the other
relatively stressed area (Figure 8b). The rupture last 12 s
with an average rupture speed of 1996 m/s (Figures 9 and
8c). A simulation with a nucleation located in the sec-
ond less stressed patch does not lead to a propagating
rupture (Figure S6). We also tested other nucleation lo-
cations within the high-stressed patch, as well as lower
values of D.. In each case, the rupture remains con-
fined at depth within the main stressed patch.

4.3 Coulomb stress changes on the hanging
wall faults

Our scenarios show that a rupture on the ATF can dy-
namically trigger the Umbertide fault when the rupture
on the main fault reaches the branching intersection
(Figures 4, 5). In contrast, in our scenarios, none of
the other hanging wall faults is triggered by a rupture
on the ATF (Figures 4, 5, and 7). Here we compute the
Coulomb stress changes (dCFS) induced by our refer-
ence scenario to evaluate the impact of a rupture on
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the ATF on the closeness to failure of the hanging wall
faults (Figure 10). The results show that all secondary
faults, except the master Gubbio fault, are brought fur-
ther away from failure (negative dCFS of ~2 MPa on
average, Figure 10c,d,f). The master Gubbio fault is
brought closer to failure at depth, near the intersection
with the ATF (average positive and maximum dCFS of
1.7 MPa and 9.7 MPa, respectively), but further away
from failure above ~3 km depth (-1.1 MPa on average,
Figure 10b). Areas of positive dCFS are located where
the dip angle is very shallow and thus not well oriented
within the Andersonian stress regime. Therefore, un-
der the initial conditions assumed, these positive dCFS
do not result in a significantly higher risk of triggering
an earthquake, as indicated by the still low pre-stress
level R on the Gubbio fault at the end of the simula-
tion (mean R ratio of 0.13 at the end of the simulation,
against 0.20 at the beginning, Figure S7).

To obtain a systematic view of the impact of a rup-
ture on the ATF on the hanging wall faults, we com-
pute the Coulomb stress change at different depths for
50°-dipping receiver faults, antithetic and synthetic to
the ATF (Figure S8). In the hanging wall of the ATF,
the dCFS above 4 km depth and in the immediate vicin-
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Influence of the the static friction coefficient i, of the Alto Tiberina fault on the homogeneous rupture scenarios.

Distribution and average value of R ratio (left), final slip amplitude (middle), and rupture speed (right) for 1 values of (a) 0.30,
(b) 0.40, and (c) 0.45 respectively. Ry=0.70 for the three models. The white star in the top left subplot shows the nucleation
location (the nucleation location is the same for the three simulations). The average (and maximum) slip for s values of 0.30,
0.40,and 0.45is2.1 m (4.20 m), 1.8 m (4.3 m), and 0.7 m (1.50 m), respectively.

ity of the ATF (within 10 km of the ATF) is positive (up
to 6 MPa). At larger depths and further away from the
ATF, the dCFS is negative. We also note positive lobes of
dCFS at both along-strike tips of the ATF. These results
suggest that a rupture on the ATF would decrease seis-
mic hazard related to the hanging wall faults, except the
ones located above 4 km depths near the ATF, whether
the receiver faults are synthetic or antithetic to the ATF
(Figure S8).

We also compute the peak dynamic Coulomb stress
change on the hanging wall faults (Figure S9). The peak
dynamic dCFS remain low (<3 MPa) on all secondary
faults, except on the Gubbio master fault near the in-
tersection with the ATF, where they reach up to 10 MPa.
These dynamic stresses are not high enough to trigger
a rupture on the Gubbio master fault during our simu-
lation. Still, it is worth noting that dynamic triggering
may be possible if the Gubbio master fault was initially
stressed closer to failure, for example, due to differ-
ent initial conditions such as non-Andersonian stress,
higher-pore pressure, or weaker faults.
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5 Discussion

5.1 Importance of the ATF geometry and sce-
nario limitations

Our models show that dynamic earthquake rupture can
propagate on the ATF only when it nucleates where the
local dip angle is >30° (Figures 7 and 2a), suggesting that
the geometry of the ATF has a primary impact on where
a large earthquake may initiate. To confirm this, we run
a simulation having the same initial conditions as our
reference scenario but where the ATF is modeled as a
17° dipping planar fault (average dip angle of the ATF).
Such fault geometry leads to a uniform R ratio of 0.23
(Figure S10a), too low for the rupture to propagate (Fig-
ure S10b). In contrast, when the fault geometry is taken
into account, areas of the fault that are more steeply dip-
ping have a R ratio high enough to enable a successful
rupture initiation (e.g., Figure 7a). The other parts of
the fault do not need to be close to failure to break, the
rupture can propagate solely due to the large dynamic
stresses arising from the rupture front.

Uncertainties of the ATF geometry may impact our re-
sults. We use the fault geometry estimated by Mirabella
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et al. (2011) from 40 seismic reflection profiles and
six boreholes. The seismic reflection profiles are un-
evenly distributed, suggesting that some areas of the
fault are less well constrained than others (see Figure 13
in Mirabella et al., 2011). One way to increase the preci-
sion of the fault geometry would be to use the TABOO-
NFO microseismicity catalog to verify and adjust the ge-
ometry of the ATF in areas not covered by the seismic
reflection profiles (e.g., Palgunadi et al., 2020). Another
source of uncertainty stems from the initial stress distri-
bution. For example, we here do not take into account
potential remnant stress changes due to the previous
large earthquakes in the area. Our initial stress distri-
bution of the heterogeneous scenario is constrained by
a kinematic coupling map estimated from unevenly dis-
tributed GPS data. In particular, the southeast half of
the fault is not well covered by GPS stations, and cou-
pled portions of the fault could be missed by the current
GPS network (Anderlini et al., 2016). Moreover, both
the magnitude and spatial distribution of stress on sec-
ondary faults, such as those near Gubbio, Umbertide,
and Pietralunga remain poorly constrained. Higher
stress amplitudes or different stress distributions could
potentially facilitate rupture on these faults. In this
study, we explore a range of plausible rupture scenarios,
but we acknowledge that assuming different frictional
and elastic properties or a different stress accumula-
tion pattern could lead to significantly different rupture
behaviors. For instance, incorporating 3D variations
in elastic properties could affect the dynamic trigger-
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ing potential of the hanging wall faults. Finally, our
choice of friction law and parametrization may under-
estimate the dynamic triggering potential compared to
rapid velocity-weakening and restrengthening rate-and-
state friction behavior (Gabriel et al., 2024).

5.2 Low angle normal fault mechanics

Various explanations have been proposed to explain the
mechanical paradox of LANFs. Some propose that the
stress field around LANFs could be non-Andersonian
and oriented in such a way that favors slip on a LANF
(e.g. Abersetal., 1997; Westaway, 1999; Lister and Davis,
1989; Wernicke, 1995; Yin, 1989, 1991; Melosh, 1990;
Spencer and Chase, 1989). Alternatively, high fluid pres-
sures could facilitate slip by reducing the effective nor-
mal stress (e.g. Axen, 1992; Collettini and Barchi, 2002).
Finally, fault rocks of LANFs could be statically or dy-
namically weak (Townend and Zoback, 2001; Lavier and
Buck, 2002; Collettini, 2011; Collettini et al., 2019; Lavier
et al., 1999; Biemiller et al., 2022, 2023).

In this paper, we show that a large rupture on a LANF
under a perfectly Andersonian stress regime is mechan-
ically viable. This is consistent with Biemiller et al.
(2022) that present dynamic rupture simulations for the
Mai'iu, Papua New Guinea, LANF. Their models assume
a rate-and-state with strong velocity weakening friction
law with an estimated equivalent static friction coeffi-
cient us =~ fo = 0.6 and a critically stressed fault. Here,
the fault does not need to be critically stressed to rup-
ture (Rp=0.70 in our preferred model against R(=0.95 in
Biemiller et al., 2022). Instead, it is the low static co-
efficient of friction on the Alto Tiberina fault (1,=0.37
in our reference model) along with a nucleation on the
steeper part of the fault that allows a successful rupture
propagation.

In our scenarios, 60° dipping faults with a static fric-
tion coefficient of 14=0.6 would be optimally oriented
in the Andersonian normal faulting regime we assume.
Steeply-dipping normal faults in the hanging wall are
therefore expected to reach failure before the on aver-
age 17° dipping ATF. This is not the case in our scenar-
ios, best-oriented (i.e steeper) parts of the ATF have a
pre-stress ratio R similar or higher to the steep hanging
wall faults due to the smaller ATF static coefficient of
friction.

The heterogeneous scenario, geodetically con-
strained from the coupling map of Anderlini et al.
(2016), leads to a Mw 6.7 rupture confined in the cou-
pled asperity at depth (Figure 8). The rupture is not
able to propagate within the other asperity located at
shallower depth due to a narrow zone where both the
lower coupling coefficient and the fault geometry lead
to a very low pre-stress level that acts as a barrier to
the rupture propagation, nor within the creeping zones
(Figures 3 and 8). Since this scenario is constrained by
data, it can be considered more likely to occur than the
homogeneous reference scenario, which breaks the
entire fault and results in a significantly larger earth-
quake (Mw 7.3). However, it is important to note that
our models do not incorporate fast velocity weakening
rate-and-state friction (Ampuero and Ben-Zion, 2008;
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Figure 7 Impact of the nucleation location on the homogeneous scenario. (a) R ratio distribution of the reference homo-
geneous scenario (Table 1) and tested nucleation locations on the Alto Tiberina fault (white stars). (b,c) Same as (a) with a
different view showing the tested nucleation locations on the Gubbio fault and on the secondary faults, respectively. (d) Final
slip distribution for the different nucleation locations. The black number written on the top-right of each model corresponds
to the nucleation location shown in Figure (a-c). The colorscale is between 0 and 5 m for the models 1 and 6 and between 0
and 1 m for the others. All the tests share the same initial conditions (R(=0.70, us = 0.37), only the nucleation location differs.

Noda et al., 2009) observed in laboratory experiments
(e.g. Di Toro et al., 2011; Kohli et al., 2011) and thought
to account for physical weakening processes operating
on natural faults at the high slip velocities typical of dy-
namic earthquake rupture (Rice, 2006). Incorporating
such a frictional law facilitates the concept of statically
strong and dynamically weak faults, and enables a
range of rupture complexities and fault interactions
(Dunham et al., 2011; Taufiqurrahman et al., 2023;
Palgunadi et al., 2024). For example, in dynamic rup-
ture simulations for the Mai’iu low angle normal fault,
a velocity-weakening friction law allowed rupture to
propagate into a shallow velocity-strengthening por-
tion of the fault (Biemiller et al., 2022). Similarly, fully
dynamic seismic cycle simulations with rate-and-state
friction laws show that ruptures can propagate through
velocity-strengthening barriers under specific condi-
tions (Kaneko et al., 2010). Additionally, such friction
laws allow faults to rupture at relatively low shear stress
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levels (e.g. Ulrich et al., 2019). Incorporating a strong
velocity weakening friction law in simulations for the
ATF would therefore be highly relevant. While this is
beyond the scope of the present study, we consider this
an important direction for future work.

5.3 Realistic rupture scenarios for seismic
hazard assessment and rapid response

Due to the scarcity of large LANF earthquakes, seis-
mic hazard associated with these structures is poorly
constrained. By identifying a number of potential rup-
ture scenarios, 3D dynamic rupture simulations can
help constraining seismic hazard in such regions where
the instrumental record lacks large earthquakes (Ramos
et al., 2021; Biemiller et al., 2022; Li et al., 2023). To
produce scenarios as realistic and precise as possible,
geophysical and geological observations must be inte-
grated to constrain the initial conditions of the sim-
ulations (e.g. Ramos and Huang, 2019; Ramos et al.,
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Figure 8 Data-constrained simulation. The initial stresses are constrained from the kinematic coupling map of Anderlini
et al. (2016). The shear stress change computed from the slip deficit rate and assuming T=1800 years is added to an An-
dersonian background stress field having the same orientation and shape as in the homogeneous scenarios, but with a null
pre-stress level (Ry=0). (a) Pre-stress level distribution, (b) final slip distribution and (c) rupture speed of the data-constrained
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Figure 9 Moment rate release of the data-constrained
simulation.

2021; Biemiller et al., 2022; Li et al., 2023). For in-
stance, as in our study, seismic data such as seismic re-
flection profiles and high-resolution seismicity catalogs
can be used to constrain the often complex geometry
of a fault system. Analyses of exposed fault surfaces
can help constrain small-scale geometrical complexi-
ties (fault roughness, e.g. Power et al., 1987; Candela
et al., 2009), which can then be integrated in dynamic
rupture models (e.g. Bruhat et al., 2020; Taufiqurrah-
man et al., 2022). Additionally, seismic, geodetic, and
field analyses can also constrain the shape and charac-
teristics of damages zones (e.g. Li et al., 2007; Mitchell
and Faulkner, 2009; Rodriguez Padilla et al., 2022), while
laboratory experiments made on fault zone rocks can
help determined frictional properties of faults. Those
data-informed physic-based scenarios can then be used
to simulate realistic ground motions (e.g. Taufiqurrah-
man et al., 2022; Li et al., 2023) and to compute shake
maps (Figure S11).

Dynamic rupture scenarios can also be used in rapid-
response workflows for rapid source and associated
shake-maps determination. Contrary to rapid data-
driven kinematic source characterization workflows
(e.g. Hayes, 2017; Goldberg et al., 2022; Delouis, 2014)
that provide results within hours after an earthquake,
complex dynamic rupture simulations such as the ones
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presented in this paper are more computationally ex-
pensive (90 s of simulation requires ~3000 CPU hours)
and require super-computing facilities. To overcome
this limitation, a catalog of rupture scenarios for a
given fault system can be produced in advance and
compared with early observations (e.g., seismic wave-
forms, moment-rate release) when an earthquake hap-
pens. The best-fitting scenario(s) of the catalog would
provide a first-order but physically consistent represen-
tation of the event and the associated shake maps could
help emergency responses. Such rapid-response dy-
namic source determination workflow based on a pre-
built catalog of realistic physic-based scenarios is cur-
rently under development within the DT-GEO project
(https://dtgeo.eu/) for the Alto Tiberina fault system,
which is integrated into this project as a site demonstra-
tor (Figure S12).

Finally, such a catalog of scenarios can also be the
base of machine-learning training. For example, after
training a Reduced-Order Model (ROM) using the sce-
narios of the pre-built catalog, the ROM can be evalu-
ated for any point of the parameter space defined by
the training catalog (e.g. Rekoske et al., 2023). The ad-
vantage is that ROMs are computationally cheap models
that can enable the evaluation of new earthquake sce-
narios instantaneously (in milliseconds) without resort-
ing to HPC infrastructures.

6 Conclusion

In this study, we show that large earthquakes (up to
Mw 7.4) on the 17°-dipping Alto Tiberina low-angle nor-
mal fault (ATF) are mechanically viable under Anderso-
nian extensional stress conditions, and assuming a stat-
ically relatively weak fault (11 =0.37). We show thatlocal
heterogeneities in the geometry of the ATF, which result
in a non-planar fault surface, are of critical importance,
as dynamic ruptures can nucleate only at favorably ori-
ented, steeper parts of the faults (>~30° dip). When ini-
tial conditions are constrained by a geodetic coupling
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the Alto Tiberina fault system. The Alto Tiberina fault is plotted with a lower opacity level to highlight the hanging wall faults.
(b-f) Close-up views on each hanging wall fault. On panel d, the Gubbio synthetic segment is not plotted for visibility. Note
that the Coulomb stress changes on the Umbertide segment (panel e) are negative because this segment ruptures during the

reference scenario.

map, dynamic ruptures remain confined to the coupled
part of the Alto Tiberina fault, limiting earthquake mag-
nitudes to Mw 6.7. These results suggest that detailed
knowledge of fault geometry and kinematic coupling
distribution provides valuable insights into where large
ruptures can nucleate and propagate on low-angle nor-
mal faults. In our simulations, earthquakes nucleat-
ing on secondary faults cannot propagate onto the ATF.
However, ruptures on the ATF can dynamically trig-
ger a small synthetic branch connected to the ATF but
not the more distant, disconnected secondary faults.
Coulomb stress change analysis shows that an ATF rup-
ture may reduce seismic hazard related to the hanging
wall faults, except for those located above 4 km depth
near the ATF. Finally, we argue that data-informed 3D
dynamic rupture simulations are key to advancing accu-
rate earthquake rupture forecasting and physics-based
seismic hazard assessment. Pre-built catalogs of dy-
namic rupture scenarios can be integrated into rapid-
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response workflows, enabling rapid source characteri-
zation and associated shake-map generation.

Data and code availability

The dynamic rupture simulations were per-
formed using SeisSol (www.seissol.org), an open-
source software freely available to download from
https://github.com/SeisSol/SeisSol/. ~ We use SeisSol,
commit O0laelbl. All data required to reproduce
the dynamic rupture scenarios (i.e. computational
mesh and SeisSol input files) can be downloaded
from the Zenodo repository (Marchandon et al.,,
2025). Instructions for downloading, installing,
and running the code are available in the SeisSol
documentation at https://seissol.readthedocs.io/.
Downloading and compiling instructions are at https:
//seissol.readthedocs.io/en/latest/compiling-seissol.html.
Instructions for setting up and running simula-
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tions are at https://seissol.readthedocs.io/en/latest/
configuration.html. Quickstart containerized in-
stallations and introductory materials are pro-
vided in the docker container and jupyter note-
books at https://github.com/SeisSol/Training. Ex-
ample problems and model configuration files are
provided at https://github.com/SeisSol/Examples,
many of which reproduce the SCEC 3D Dynamic
Rupture benchmark problems described at https:
//strike.scec.org/cvws/benchmark_descriptions.html.
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