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Imaging of Seismogenic Asperities of the 2016 ML 6.0 Amatrice, Central Italy, Earthquake
Through Dynamic Rupture Simulations

Hmbeo Aochr'?

Abstract—Numerical simulations are carried out for the
dynamic rupture and wave propagation process of the 24th August
2016 ML 6.0 Amatrice, Italy, earthquake, using a boundary domain
method (BDM), a hybrid method of boundary integral equation and
finite difference methods. Dynamic rupture parameters of two
seismogenic asperities are searched by iterative search through the
comparison of the near-field ground motions. The preferred models
indicate two asperities, aligned at around 4-5 km depth and sepa-
rated from each other as well as from the initial rupture point. This
requires a few supplementary patches connecting them, and that
are less energetic than the asperities. The asperities are character-
ized by a radius of 2-3 km in the south (first to rupture) and of
2-4 km in the north (second to rupture), and the corresponding
fracture energies of the asperities are (25.35 £ 0.63) x 10'? J and
(38.05 £ 7.91) x 1027, respectively. These values are consistent
with the scaling relation extrapolated from various analyses of large
earthquakes. Although the parameter space of the search is limited
due to the numerical performance of the dynamic rupture simula-
tion, the proposed simple characterization of the earthquakes source
confirms the scaling relation in fracture energy of the seismogenic
asperities, which is essential for constructing mechanical earth-
quake source models.
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1. Introduction

The 2016-2017 Central Italy earthquake sequence
begins with the ML 6.0 24th August event, hereafter
called the Amatrice earthquake (Fig. 1). The several
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earthquakes of magnitudes between 5.5 and 6.4 from
this sequence are aligned in the NNW-SSE direction,
which is consistent with the seismo-tectonic forma-
tion of Apennines mountains and its extensional
stress regime. The area is known to have a high
seismic potential in Italy, as the southmost part of the
2016-2017 earthquake sequence has reached the area
of the 2009 Mw 6.1 I’ Aquila earthquake (Chiaraluce
et al. 2017). For some earthquakes of this sequence,
the finite source process has been characterized by
seismic data (Tinti et al. 2016; Pizzi et al. 2017), by
geodetic data (e.g., Cheloni et al. 2017; Walters et al.
2018), or by combining both seismic and geodetic
data (Cirella et al. 2018).

The heterogeneity in the earthquake rupture his-
tory significantly influences the radiated ground
motion in the near field. Therefore, it is important to
image the rupture process in order to understand the
strong ground motion from the point of view of
seismic hazard evaluation. For the usual kinematic
source description, the causal fault is divided into
tens or hundreds of subfaults, inside which the slip
history must be determined (i.e., with at least three
kinematic parameters per subfault such as rupture
time, rise time, final slip amount). Therefore, there
are several hundreds of unknown parameters, and
smoothing constraint is generally introduced to sta-
bilize the inversion. However, it is commonly found
that such kinematic source models are characterized
by only one or a very few large slip areas, otherwise
called asperities in seismology (e.g., Thatcher 1990).
Then, an alternative way to describe the rupture
history is to use asperities of a given shape, and
search for their sizes, locations, and their kinematic
parameters. That way, the number of model param-
eters is significantly reduced, but such models are still
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Figure 1

Map of the 2016 Amatrice earthquake used in this study. The same

hypocenter position and fault geometry are used as in Tinti et al.

(2016) except for the fault dimension. The star represents the

epicenter with the focal mechanism obtained by INGV. The

surrounding seismic stations are shown by triangles. The projection

of the assumed fault dimension (20.4 km x 20.4 km) dipping to
the west is shown with dotted lines

capable to extract the main feature of the earthquake
rupture history (e.g., Twardzik et al. 2012). For
instance, when an elliptical patch is used to model an
asperity, only eight parameters are required to
describe the slip history: the position of the elliptical
patch (2 parameters), its dimension (2), and orienta-
tion with respect to the surface (1), as well as its
maximum slip (1), rupture velocity (1), and rise time
(1) (e.g., Vallée and Bouchon 2004; Peyrat et al.
2010). The asperities can also be modeled as rect-
angles, as in the strong motion generation area model
(SMGA: Kamae and Irikura 1998; Irikura and
Miyake 2011), or as circles, as in the so-called patch
model (Ide and Aochi 2005), which reduces even
further the number of model parameters. Thanks to a
small number of model parameters, these types of
parameterization have made possible to perform
dynamic source inversion, which is a strongly non-
linear process. In this case, one can introduce stress
condition instead of kinematic description (e.g., Di
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Carli et al. 2010; Ruiz and Madariaga 2011; Tward-
zik et al. 2014).

Characterizing the parameters controlling the
dynamic rupture process of an earthquake is still
challenging, as the spontaneous rupture growth is
determined by a very sensitive balance of the ener-
gies involved during the rupture at a given time. If a
single asperity is characterized around the hypocen-
ter, a robust solution can be obtained, and this
corresponds to the centroid moment tensor solution
(e.g. Ruiz and Madariaga 2011; Ulrich and Aochi
2015). On the other hand, it becomes very difficult to
solve for more than one asperities, especially when
they are visibly disconnected (e.g., Kaneko et al.
2010). This is because slip needs to be able to
propagate between the two asperities otherwise the
continuity of rupture propagation is lost, and at the
same time this slip needs to be almost negligible so
that a gap is observed between the two asperities
when the imaging of the rupture process is done.

In this study, we aim to characterize the 2016
Amatrice earthquake by a patch model using near-
field ground motions. We attempt to identify two
(known) asperities in their positions, size and fric-
tional conditions. As the earthquake occurs in the
shallow crust, we apply a new boundary domain
method to take into account the effect of the free
surface. However this new method requires large
numerical resources, so only a limited number of
simulations are carried out, allowing only a limited
exploration of the parameter-space.

2. Methods and Model

2.1. Boundary Domain Method

In order to carry out the dynamic rupture simu-
lation on a shallow normal fault (a fault in a 3D semi-
infinite medium), we apply a Boundary Domain
Method (BDM: Goto et al. 2010; Aochi 2018),
namely a hybrid method between a Boundary Integral
Equation Method (BIEM: Aochi et al. 2000) and any
other methods. Goto et al. (2010, 2012) used a finite
element method in 2D cases. For our work in a 3D
medium, we adopt a Finite Difference Method (FDM:
Aochi and Madariaga 2003; Aochi et al. 2013), as
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FDM is faster than any other volumetric method.
Figure 2 schematically explains the procedure of
BDM, using the fact that BIEM is robust and fast in
an infinite, homogeneous elastic medium for which
analytical Green’s functions are available. In the
discrete form of BIEM, stress field at any point (X, )
in a linear elastic medium is written by a spatio-
temporal summation of kernel K(¥,t; E, 7) and slip
history Au(,7) along faults:

(%) =Y > K@FE 1) A ),

time space

(1)

where (¥, ¢) and (E, 1) are pairs of space and time at
receiver and source. The kernel K(X,1; E, 7) consists
of Green’s functions of the medium and relative
geometry between source and receiver. The original
BIEM uses the analytical expression of K (X, f; z, 7) in
a homogeneous, infinite medium (e.g. Fukuyama and
Madariaga 1995; Aochi et al. 2000) so that the
applicability is very limited for heterogeneous or
finite domain. Kame and Aochi (2009) mention that it
is difficult to calculate numerically K(X,t; Z, 7)
because the numerical calculations are limited to a
certain frequency band and tiny perturbation is
accumulated during the convolution (Eq. 1) such that
the final solution is affected. For overcoming this
difficulty, Goto’s BDM proposes to couple with two
other terms numerically calculated. Letting the target
kernel expressed as Kiererogeneous (X t; E, 7), this term is
written in the following expression:

K _ KBIEM _ xFbM
heterogeneous — homogenous homogenous
FDM

(2)

+ heterrogenous*

KBIEM

Here K/, oeneous 15 the analytical kernel of the

BIEM in a homogeneous, infinite medium. K,fgnﬂgeneom
FDM :

and  Kjoproencons are the numerically calculated

kernels in a homogeneous, infinite medium and in

the target heterogeneous medium, respectively and all

the terms are functions of (X,f;&, 7). Goto’s idea is

that the method adjusts the kernel with
FDM FDM
( heterrogenous ~ homogenous) Ol'lly when the reflected/

refracted/surface waves are concerned. In practice,

instead of calculating and storing the numerical
FDM _ gFDM

kernels (Khetermgenous homogenous)’

directly Eq. (1), namely:
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time space

we evaluate
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The stress calculation on fault elements consists
of the BIEM calculation on the first term of the right
hand side and two other forward modelings of the
FDM in the infinite, homogeneous medium (second
term) and in a targeted, semi-infinite heterogeneous
medium (last term).

The developed BDM is able to model shallow
non-planar fault systems of any mechanism in a
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Figure 2
Schematic illustration of the employed boundary domain method (BDM). For the boundary integral equation in general, we prepare the kernel

K in an inhomogeneous medium using the analytical solution of K in an infinite, homogeneous medium (
KoM
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Table 1

Model parameters used in BDM simulations

Parameter

Quantity and unit

3D volume (FDM)

Grid spacing of FDM

Time step of FDM

Fault dimension (BIEM)

Fault mechanism (strike, dip, rake)
Fault element of BIEM

Time step of BIEM

Top layer (above 1.5 km depth)
P-wave velocity Vp

S-wave velocity Vs

Elastic medium density p

Depth layer (beneath 1.5 km depth)
P-wave velocity Vp

S-wave velocity Vs

Elastic medium density p

90 km (EW) x 100 km (NS) x 30 km (UD)
200 m

0.0794 s

20.4 km (strike) x 20.4 km (dip)

(156°, 50°, — 90°)

400 m

0.0312 s

3800 m/s
2200 m/s
2600 kg/m®

6000 m/s
3464.2 m/s
2700 kg/m®

homogeneous, semi-infinite medium (Aochi 2018). It
is also possible to include heterogeneous medium
structure excluding the fault system. For the purpose
of this paper, we consider only a single planar normal
fault in a two-layered medium (Table 1). After
several preliminary attempts, FDM grid spacing is
taken as half of the BIEM element size, similarly
with the sequential simulations from BIEM to FDM
(e.g. Aochi and Madariaga 2003; Aochi et al. 2013).
Consequently, the FDM time step is taken as a fourth
of the BIEM one. Both methods need to synchronize
regularly in the uniform BDM framework. One
typical calculation takes a few tenths minutes using
560 cores of bi-processors Intel 14 cores (ES-2690
V4@2.6 GHz) at French Supercomputing center
(GENCI/CINES). Within the limited available com-
puting resources, we need some a priori on the model
setting to limit the search for the optimal parameters,
as we cannot run a global search.

2.2. Fault Model by Patch Superposition

The 2016 Amatrice earthquake is composed of
two asperities, with a weak connection between them
(Tinti et al. 2016). The purpose of this study is not to
obtain such detailed description of the rupture process
as in kinematic models, but instead to retrieve the
dynamic parameters of the two asperities. Therefore,
we adopt a compact description of the source
heterogeneity by using circular patches. Unknown

parameters are the size and position of the patches
(seismogenic asperities), and their frictional charac-
teristics (e.g. Twardzik et al. 2014). In order to model
asperities that are far from the initial rupture area, we
add supplementary patches (sP) that ensure the
continuation of rupture propagation with a moderate
contribution to fault slip and seismic wave radiation
due to their small size and small stress drop (Fig. 3).
The shape of the asperities and the sP are assumed
circular, as this simple geometry reduces the number
of parameters and is also consistent with the fractal
concepts proposed in previous studies (Ide and Aochi
2005; Ruiz et al. 2011). Thus, the fault plane consists
of an initial circular patch where the earthquake
nucleates (IP), large target asperities where most of
the energy is released (up to two patches), as well as
additional small patches (sP) that ensures the con-
nection between the asperities and the IP. The regions
outside the asperities and patches (B) are defined as
barriers to the rupture propagation.

Tested model parameters are listed in Table 2. We
introduce a slip-weakening friction law for describing
the fault strength (friction) ¢ as a function of slip Au
(Ida 1972):

o(Au) = 1, + At,(1 — Au/D.)H(1 — Au/D,), (4)

where 7, 7, and At,(= 1, —1,) are peak strength,
residual strength and breakdown strength drop,
respectively. D, is the critical slip displacement and
H (x) is Heaviside function. The product (D, x Atp)/2
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Iterative search of asperities by patches. We begin with a combination of an initial patch (IP) and a patch to be determined (Patch), using the

nearest station data (AMT). According to the obtained solution of a better patch, we add (a) supplementary patch(es) (sP) between the IP and

Patch until the position of the patch converges and its magnitude does not exceed the known value. Once a Patch is obtained, we continue the

same procedure in the other direction using another nearest station (NRC). The initial condition of shear stress and frictional parameters are
schematically demonstrated below. The sP is supposed to have a small stress drop and a small diameter

is fracture energy of interface, the work necessary to
reduce the shear stress to the residual strength level,
often noted as G.. Equation (4) is evaluated with
respect to the shear stress 7 such that

{r = g(Au) for Au#0

t<o(Au) for Au=0" where 1=19 + Atqy (1),

(5)

where 79 and Atg, are initial stress and dynamic

change of stress during the rupture process,

respectively. No explicit normal-stress dependency
on the parameters is introduced for simplicity. We
have adopted the slip-weakening friction law (Eq. 4)
because it captures the macroscopic fault behavior of
the coseismic weakening process, while rate-and state
friction laws are most suited to look at microscopic
processes (Cocco and Bizzarri 2002). Hereafter we
on At, as well as stress drop
(At = 19 — 7). As shown in Fig. 3, all the frictional
parameters are uniform inside the asperities and sP

only focus
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Table 2

Model parameters describing a heterogeneous fault by patches

Parameter Initial Background Supplementary patches Asperity (high stress case) Asperity (low stress case)
crack (sP)

Radius 1 km - 1 km 2-4 km 2-4 km

Peak strength At 0 MPa 3.8 MPa 6.5 MPa 12.9 MPa 6.5 MPa

Stress drop At 4.6 MPa 0 MPa 4.6 MPa 9.2 MPa -

Stress drop At 4.2 MPa 0 MPa 4.2 MPa - 4.2 MPa

Critical slip displacement Dc 0 m 0.4 m 0.1 m 0.1 m 0.1 m

Position Fixed - Given (0-4) To search To search

At,, values for patches represents the maximum at each center and Gaussian shape distribution is given on it (See Fig. 3). Two stress states,

high and low, are tested

except for At, which follows a Gaussian distribution
(Twardzik et al. 2014). We only test two different
levels of the stress only (Fig. 3 and Table 2) since the
purpose of this study is not for determining precise
values of each parameter. As we will see later, the
solutions are always associated with uncertainties so
only the average features will be discussed.

3. Iterative Search of Asperity Locations

3.1. Procedure

Let us characterize the fault heterogeneity by
superposition of circular patches with given size,
location and frictional condition. We adopt the
procedure of iterative search, which aims to find the
characteristics of the patches one by one instead of all
at once, a procedure similar to the inversion tech-
nique from deconvolution by subevents (e.g. Kikuchi
and Kanamori 1982). At each stage of the searches,
we look for better solutions by trial-and-error within
the predefined bounds of each parameter.

One of the key observations about the 2016
Amatrice earthquake is that the two asperities appear
disconnected, and both seem to not be attached to the
hypocenter (e.g., Tinti et al. 2016; Pizzi et al. 2017).
In order to keep the continuity of the dynamic rupture
process, we have to add supplementary patches which
guarantee the rupture propagation but does not
contribute significantly in wave radiations. The
setting of the supplementary patches (sP) is manually
carried out by progressively adding a new sP at
favorable location until the connection between the

first asperity and hypocenter as well as between
the second large asperity and the hypocenter is
guaranteed. During the iterative search of a target
asperity patch, every time we add a new patch, we
test three different sizes (2, 3 and 4 km of radius),
eight different positions (four azimuths every 45° and
two distances from the sP) and two stress conditions
at maximum (therefore, 48 at maximum). This is so
that we limit the number of simulations. For each
parameter, we stop if the tested value of the
parameter does not lead to an improvement of the
fit compared to the previous value. For instance, if we
find that a radius of 2 km is better than one of 3 km,
we do not run the simulation for 4 km.

At each step of the iterative search, we only use the
closest station to the target asperity, because it is the
one that is going to be the most affected by the spatio-
temporal location of the patch. This way, the effect of
wave propagation in the complex 3D medium is
limited, and so using only the stations closest to the
target is a good way to reveal its source characteristics
(e.g. Archuleta 1984; Bouchon et al. 2000). Thus, for
the asperity close to the hypocenter, we use the nearest
station AMT with a time window short enough to
capture only the rupture of the first asperity (15 s).
Once this asperity is characterized, we use station NRC
with the same time window length to search for the
second target patch, while fixing the location and
frictional characteristics of the first asperity. The
residual (misfit) is calculated between the synthetic
and observed waveforms of the three components,
Y’Syn (¢) and ?obs(t), after a bandpass filter between 0.05
and 0.5 Hz on displacement:
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Z Z ?3)" - _’obs(t))z, (5)

component

where the time series are resampled by 20 Hz. We do
not apply any weighting on the amplitudes, since the
three components at one station have the amplitude of
the same order and our interest is on the macroscopic
behavior of the asperities rather than the detailed
rupture process within the asperity. The reference
origin time is fixed at 01:36:32 UTC. During the
search of the first asperity, the origin time of the
simulations is allowed to be shifted between — 1.5
and 1.5 s to better fit the waveforms, assuming that
the given hypocenter and origin time is good enough.
This time shift is necessary, because the dynamic
rupture starts abruptly at the nucleation patch, which
may not reflect the real beginning of this earthquake.

Once this is done, the origin time of the simulation is
fixed during the search of the second asperity.

3.2. Results

3.2.1 First Asperity Near the Hypocenter

Figure 4 illustrates the process of iterative search for
the first asperity using station AMT. The goal here is
to find the location and size of the first asperity as
well as how to connect the nucleation patch at the
hypocenter (IP) and the first asperity using supple-
mentary patches (sP). At first, when sP = 0, we only
search for the azimuth of the first asperity with
respect to IP. By looking at the misfit, we find that it
tends to be located SSE of the hypocenter. Then, we
explore solutions in which the first asperity is shifted
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Figure 4
a Convergence of the interactive search of the first asperity from 147gsimulati0ns. The misfit is normalized by the minimum value, aligned by
the simulation number and the resultant moment magnitude (Mw) and colored by the number of supplementary patches (sP). b The fitting of
ground motion for the station AMT filtered between 0.05 and 0.5 Hz. The best solution is illustrated in red, the other best solutions
(normalized misfit < 1.1) are plotted in green, and all the others in yellow, comparing to the observation in blue. ¢ The obtained asperity
location (the best in red and the other best solutions in green). All the tested asperities are in grey. The initial patch is represented by a blue
circle at the origin
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Misfits for the nine best solutions during the search of the first

asperity. It appears the two minimums at around 1.0 and 1.5 s,

reflecting that a difference of 0.5 s corresponds a difference of
position of about 2 km (Fig. 4c)

from the hypocenter but connected to it using 1-3 sP.
Because the first asperity seems to be located SSE of
the hypocenter, we also aim to approximately align
the sP along the SSE direction. Currently, this is done
manually but such a procedure could be optimised
and automated in the future.

The preferred solution for the first asperity has an
equivalent moment magnitude of around 5.9 (Fig. 4a).
One best solution can be uniquely defined in terms of
misfit, but it is preferred to show all solutions with low
misfit (Iess than 1.1 of normalized misfit) in order to
illustrate the variability of the solutions. We find that
there are little differences among them in terms of
ground motions (Fig. 4b). For all the best solutions,
the position of the first asperity is consistent and
located SSE of the hypocenter, and the obtained
asperity is not directly connected to the hypocentre but
instead by two to three supplementary patches
(Fig. 4c). The stress condition of the first asperity is
high when the patch is small (R =2 km), and low
when the patch is larger (R = 3 km), an aspect that
will be discussed later. The shift of the origin time is
compared in Fig. 5 for the best solutions.

3.2.2 Second Asperity Northwest of the Hypocenter

To find the characteristics of the second asperity, we
first fix the characteristics of the first asperity using
one of our preferred solutions (i.e., the smallest
asperity of R = 2 km, and with the time shift of the

Pure Appl. Geophys.

nucleation by 1.45 s). Then, we only search for the
characteristics of the 2nd asperity in the other
direction (Fig. 6). As for the first asperity, we show
the misfits for all 119 simulations (Fig. 6a), the
comparison of ground displacement at station NRC
(Fig. 6b) and the patch localizations (Fig. 6¢). The
best solution in terms of misfit is found for a moment
magnitude of 6.2. Instead, if we focus on the family
of solutions that explain the ground motions at NRC
relatively well (i.e., a normalized misfit of less than
1.15), we find that the models range from moment
magnitude 6.0-6.2, with an average value of 6.11.
This is very consistent with the known magnitude of
this earthquake (Mw 6.0 by INGV; Mw 6.2 by
USGS). The position of the second asperity is found
to be several km away from the initial rupture area
and the first asperity, requiring three supplementary
patches to connect the hypocenter to the second
asperity. The size of second asperity varies from
R =2 km to 4 km. High stress condition is observed
when the radius of the asperity is shorter than 3 km.
Otherwise, a low stress condition is preferred. Again,
this will be discussed in more detail in the next
section.

At the end, we have run 266 simulations in total to
identify and characterize two asperities. One cannot
deny any trade-off in solutions, as the range of the
parameter search is limited. However, as we discuss
in the next section, the obtained solution seems
reasonable in terms of the magnitude and the
positions of two asperities. Figures 7 and 8 show
the snapshot of the best solution found in Fig. 6 and
the ground motion comparisons for the six surround-
ing stations including stations AMT and NRC. The
rupture propagates first to the south and breaks the
first asperity close to station AMT, and with a slight
time lag, it progresses to the north on the second
asperity. Fault slip is pronounced on the obtained
asperities and we find much less slip on the supple-
mentary patches. Although only the two stations
AMT and NRC are used for calculating the misfits,
the resultant ground motions are globally consistent
with the other four surrounding stations by capturing
well the wave characteristics (Fig. 8). This suggests
that the position and the timing of rupture of the
asperities are reliable.
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a Convergence of the interactive search of the second asperity from 119 simulations. The misfit is normalized by the minimum value, aligned

by the simulation number and the resultant moment magnitude (Mw) and colored by the number of supplementary patches (sP). b The fitting

of ground motion for the station NRC filtered between 0.05 and 0.5 Hz. The best solution is illustrated in red, the other best solutions

(normalized misfit < 1.1) are plotted in green, and all the others in yellow, comparing to the observation in blue. ¢ The obtained asperity

location (the best in red and the other best solutions in green). All the tested asperities are in grey. The initial patch is represented by a blue
circle at the origin. The previously obtained patches for the first asperity is fixed and shown in light blue

4. Discussion

4.1. Comparison with Other Models for the 2016
Amatrice Earthquake

To summarise, the results of the iterative search is
that the Amatrice earthquake (Mw 6.1) is composed of
two asperities located ~ 3 km above the hypocenter.
The first circular asperity, located ~ 4 km SSE from
the hypocenter, has a radius of 2.6 km and a maximum
slip amplitude of about 1 m (corresponding to Mw
5.9). The second circular asperity, located ~ 8 km
north from the hypocenter, has a radius of 3.1 km and
a maximum slip amplitude of about 1 m (Mw 6.0). In
order to assess the reliability of our model, we

compare our results with other source models that
have been obtained using seismic data.

For instance, Cirella et al. (2018) have obtained
the spatio-temporal evolution of slip by inverting
both seismic and geodetic data. Their results are
remarkably consistent with our model. Their model
shows a bilateral rupture with one asperity in the SE
with an area of 8 km? and a maximum slip of 0.7 m
(Mw 5.8) and a second asperity in the NW with an
area of 35 km” and a maximum slip of 1.3 m (Mw
6.0). Tinti et al. (2016) and Pizzi et al. (2017) have
also reached similar conclusions when inverting
seismic data only. One main difference is that Pizzi
et al. (2017) find that the two asperities are
connected, which is similar to what we find in our
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Snapshot of the dynamic rupture propagation (the best solution shown in Fig. 6). The rupture propagates first to the south and then heads to the
north. The second asperity in the north is larger than the first one in the south. Ar = 0.0312 s

model. On the other hand, the models of Tinti et al.
(2016) and Cirella et al. (2018) show disconnected
asperities. Pizzi et al. (2017) argue that this is due to
the use of different regularisation techniques. How-
ever, we believe that this is a necessary feature of the
rupture model that ensures that the rupture process is
dynamically viable. Our model shows that the
connection can be set in such a way that it does not
radiate much, explaining why it might not appear
clearly when imaging the rupture process using
kinematic models.

Gallovic et al. (2019) have also performed a
dynamic inversion for the 2016 Amatrice earthquake.
Compared with our iterative search approach, they
combine dynamic rupture simulation with a Bayesian
optimisation technique in order to obtain the fric-
tional properties of the fault on an array of regularly
distributed control points. Their model also exhibits a
bilateral rupture of two asperities but with a smooth
slip distribution (i.e., connected asperities). Unlike

our model, they find that the final slip is much
dominated by the asperity in the NW, which is larger
than the second asperity in our model (~ 65 km?
compared to 30 km?, respectively). Because Gallovic
et al. (2019) find a larger rupture area, they obtain a
fracture energy summed over the total ruptured area
of ~ 1.6 x 10 J, which is ~ 2.5 times larger than
the summation of the two asperities in our model
(6.34 x 10"3 J). This is consistent with the fact that
the size of the rupture area in Gallovic et al. (2019) is
also ~ 2.2 times what we obtain. This is why, as we
discuss in the next section, both models follow the
same scaling relationship between the size of the
asperity and the fracture energy.

Although obtained with an iterative search over a
limited parameter-space, our model is in great
agreement with other rupture models that have been
obtained using seismic and geodetic data. Thus, it
shows that using simple parameterization such as the
superposition of circular asperities is capable to
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The comparison of the ground motions at six surrounding stations shown in Fig. 1. The best solution is shown in red, the other best solutions
(normalized misfit < 1.15) in green and the observation in blue. The waveforms are filtered between 0.05 and 0.5 Hz

retrieve first order features of the earthquake rupture
process as well as important information about the
energy balance of the coseismic rupture as discussed
in the following.

4.2. Scaling in Dynamic Rupture Parameters

Since the parameter range during the iterative
search is limited, we have to assess the uncertainty of
the solution. The choice of the model setting (slip-

preferred solution (i.e., solution with a normalized
misfit < 1.1 for the first asperity, and < 1.15 for the
second one). As pointed out by Guatteri and Spudich
(2000), the integrated fracture energy (G.) is a
quantity that can be reliably constrained by the
observed waveforms rather than the actual values of
D, and At,,. The fracture energy of an asperity Egg,(or
energy release rate) is further calculated by the
integral over the asperity (X):

Rasp
weakening friction law, and the circular geometry of . 1
the asperities and patches) may also lead to some Eayp = / Ged2 = / 2anR-§(Arch). (6)
> 0

bias. Thus, the best solution may have large uncer-
tainties. To account for the non-uniqueness of the
solution we construct our best model by averaging the

The calculated values are listed in Table 3.
Statistically, it is confirmed that the first asperity is
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Table 3

Averaged fracture energy and radius of the two asperities

Asperity 1 Asperity 2
Fracture (2535 £ 0.63) x 10> J (38.05 £ 7.91) x 10”7
energy
over
asperity
Eagp
Asperity (2.6 £ 0.5) km (3.1 £0.9) km

radius R,

We use the eight and six best solutions for each asperity,
respectively

smaller than the second one in size and fracture
energy. However, we note that the solution is better
constrained for the first asperity than for the second

Pure Appl. Geophys.

asperity. Indeed, Figs. 4a and 6a show that the
iterative search converges well for the first asperity,
while it is more scattered for the second asperity.
Then, we have done a non-exhaustive compilation
of the results from dynamic inversions for other
earthquakes to show how fracture energy (E,,,) scales
with the size to the asperity (Fig.9). For some
studies, the seismologic and geodetic surface obser-
vations are used to directly constrain the dynamics of
rupture propagation (i.e., the frictional properties on
the fault), while in some studies the frictional
properties on the fault are constrained by converting
a kinematic rupture model into a dynamic rupture
model that can explain as well the observations. In
both cases, we can consider that the observations are
used to constrain the frictional properties of the

1017 4

1016 4

1015 4

1014 4

Fracture energy integrated over the rupture area (J)

Mirwald et al. (2019)

Ruiz et al. (2017)

Herrera et al. (2017)
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Twardzik et al. (2014)

Ruiz and Madariaga (2013)
Ruiz and Madariaga (2011)

Di Carli et al. (2010)

Gallovic et al. (2019)

This study

Peyrat and Olsen (2004)
Weng and Yang (2018)

Ma et al. (2008)

Mikumo and Fukuyama (2006.1)
Mikumo and Fukuyama (2006.2)
Ma and Archuleta (2006)
Favreau and Archuleta (2003)
Peyrat et al. (2001)
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Figure 9
Scaling relationship between the total fracture energy of asperity and the size of the asperity. The effective radius denotes the radius of a

circular patch whose surface is the same as non-circular rupture areas. This figure compiles the studies that have performed a dynamic
inversion, i.e., use dynamic rupture simulations to explain surface observations and constrain the frictional parameters on the fault. The two
broken lines represent the scaling relationship from numerical experiments for the 2015 Mw 8.3 Illapel, Chile, earthquake (Aochi and Ruiz
2018) and the 2011 Mw 9.0 Tohoku earthquake (Ide and Aochi 2013). Open circles highlight intermediate-depth earthquakes while filled
circles are for shallow earthquakes. The squares show the value that we have obtained in this study. Triangles are for inversions that use
kinematic models as a priori, while circles are for inversions that directly use dynamic rupture models. All the data are summarised in Table 4
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Table 4

List of the fracture energy over asperity (Eq,) of the past earthquakes from dynamic rupture simulations

Earthquakes Fracture energy (J) Surface (km?) References
2017 Mw 6.9 Valparaiso (Chile) 8.79 x 10 157.1 Ruiz et al. (2017a, b)
2017 Mw 7.1 Puebla (Mexico) 104.0 x 10" 713.0 Mirwald et al. (2019)
2016 Mw 6.0 Amatrice (Italy) 1.60 x 10" 147.0 Gallovic et al. (2019)
2016 Mw 6.0 Amatrice (Italy) 0.25 x 10™ 21.6 This study (asp. 1)

0.38 x 10" 29.6 This study (asp. 2)

0.63 x 10" 51.3 This study (overall)
2015 Mw 6.7 Jujuy (Argentine) 3.58 x 10 121.5 Herrera et al. (2017)
2015 Mw 7.8 Gorkha (Nepal) 84.0 x 10 6000.0 Weng and Yang (2018)
2011 Mw 6.5 Zumpango (Mexico) (144 £ 3.5) x 10 88.5 £ 18.0 Diaz-Mojica et al. (2014)
2008 Mw 6.8 Northern Iwate (Japan) (3.03 £+ 0.24) x 10"° 93.1 £ 11.3 Ruiz and Madariaga (2013)
2007 Mw 6.7 Michilla (Chile) (6.93 + 1.42) x 10" 146.1 + 26.8 Ruiz and Madariaga (2011)
2004 Mw 6.0 Parkfield (USA) 0.49 x 10" 85.05 Twardzik et al. (2014)
2004 Mw 6.0 Parkfield (USA) 0.30 x 10" 150.0 Ma et al. (2008)
2000 Mw 6.7 Tottori (Japan) 12.6 x 10" 344.9 Di Carli et al. (2010)
2000 Mw 6.7 Tottori (Japan) 24 x 10" 336.0 Peyrat and Olsen (2004)
2000 Mw 6.7 Tottori (Japan) 25 x 10™ 360.0 Mikumo and Fukuyama (2006)
1999 Mw 7.4 Oaxaca (Mexico) 32.0 x 10 2400.0 Mikumo and Fukuyama (2006)
1994 Mw 6.7 Northridge (USA) 3.2 x 10* 465.8 Ma and Archuleta (2006)
1994 Mw 6.7 Northridge (USA) 6.7 x 10 374.6 Nielsen and Olsen (2000)
1992 Mw 7.2 Landers (USA) 45.0 x 10" 900.9 Peyrat et al. (2001)
1979 Mw 6.5 Imperial Valley (USA) 1.3 x 10" 155.0 Favreau and Archuleta (2003)

A standard deviation is calculated when more than one model are available. In Fig. 9, fracture energy is plotted with respect to the equivalent

radius R, from the surface

earthquake. The compilation of data is summarised in
Table 4. simple
parametrization (e.g., elliptical or circular asperities),
while others use rectangular subfaults, leading to
more heterogeneous frictional properties on the fault,
we correct the data so that the size of the asperity is
represented by a circular patch of radius R whose
surface is equivalent to the rupture area of the
original model.

To the first order, we find that all earthquakes
tends to align along the two dotted lines shown in
Fig. 9, which are the scaling relationships assumed
for dynamic rupture simulations of megathrust sub-
duction earthquakes (Ide and Aochi 2013; Aochi and
Ruiz 2018). Our results for the Amatrice earthquake
(square symbol), which corresponds to asperities of
small size (R < 4 km), seems also to align fairly well
along this scaling relationships.

The scaling relationship between fracture energy

Because some studies use

(G,) and the size of the asperity is also suggested by
Viesca and Garagash (2015) and Nielsen et al.
(2016). Both show that fracture energy scales with
slip amplitude, and thus indirectly with asperity size.

However, their observations rely essentially on
measurements from laboratory experiments, on kine-
matic models, or on theoretical modelling. Mai et al.
(2006) have shown such relationship between frac-
ture energy and slip based on dynamic rupture
models, i.e., models in direct agreement with earth-
quake physics. From this compilation, we show that
the relationship is still valid even when we include
results from dynamic inversion, i.e., when the
observations are used to directly constrain the
dynamics of rupture propagation. Therefore, such
relation could be used for physically consistent near-
source ground motion calculations as pointed out by
Mai et al. (20006).

4.3. Seismogenic Depth of Asperities: Why
the Rupture Has Stopped?

According to Walters et al. (2018), who have used
InSAR and GNSS observations to study the slip
distribution of all majors earthquakes of the
2016-2017 Central Italy sequence, most of the slip
is confined at depths below 2 km, with the exception
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of a small portion (2 km) of the M6.6 Norcia
earthquake. In our model of the 2016 Amatrice
earthquake, the two asperities are also aligned hori-
zontally at a depth of about 4 km despite having
different sizes. This result is very consistent with that
of Walters et al. (2018). Aochi (2018) has studied
numerically the dynamic rupture process according to
the Mohr—Coulomb criterion with depth-dependent
confining pressure and reported that the rupture
process of normal faulting becomes unfavorable at
shallow depths (less than 1 km under the given
condition) because of the unfavorable stress accumu-
lation and negative feedback of dynamic stress during
the dynamic rupture propagation. The fact that we
find the seismogenic asperities to be deeper than
2 km for the 2016 Amatrice earthquake is thus
consistent with such theoretical insight. The question
remains if the alignment of the asperity at a certain
depth is a general feature of the earthquake
sequence, but it is suggested by the results of Walters
et al. (2018). In the case where the asperities of
normal faults are localized at depth, this can explain
why the faults have not ruptured simultaneously as
one large earthquake. Indeed, From the point of view
of dynamic rupture process, it is easier for the rupture
to jump from one segment to another when it gets
close to the free surface (e.g. Kase and Kuge 2001;
Oglesby 2005). Here, the absence of seismogenic
asperities near the surface makes difficult the
dynamic interaction between adjacent faults.

5. Conclusion

Numerical simulations are carried out for the
dynamic rupture and wave propagation process of the
24th August 2016 ML 6.0 Amatrice, Italy, earthquake,
using a Boundary Domain Method (BDM), a hybrid
method of boundary integral equation and finite dif-
ference methods. Dynamic rupture parameters of two
seismogenic asperities are searched by iterative search
through the comparison with near-field ground
motions (two are used for calculating the misfits and
four others are for forward modeling). We run 266
simulations in total and select some of them as the
preferred models. The preferred models indicate two
disconnected asperities, and unattached to the initial
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rupture point. The two asperities are aligned at around
4-5 km depth, shallower than the hypocenter. A few
supplementary patches are required to connect the
asperities, but these patches are less energetic and do
not contribute much to the radiation of seismic waves.
The major asperities are characterized by a radius of
2-3 km in the south (first one to rupture) and of
2—4 km in the north (second one to rupture), and the
corresponding fracture energies over the asperities are
obtained  as (25.35 £ 0.63) x 1027 and
(38.05 + 7.91) x 10" J, respectively. These values
are consistent with the scaling relation extrapolated
from the analyses of the large earthquakes. The
magnitude of the first asperity is Mw 5.86 and the
total moment magnitude is estimated to be 6.11 by
averaging all the preferred models. Although the
parameter space of the search is limited due to the
numerical performance of the dynamic rupture simu-
lation, the proposed simple characterization of the
earthquakes source confirms the scaling relationship
between fracture energy and the size of the seismo-
genic asperities, which is essential for constructing
mechanically reliable earthquake source models for
quantitative seismic hazard study.
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