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ABSTRACT: This paper investigates the combined effects of natural geological heterogene-
ities of the Earth’s crust and the highly fractured transition zone across fault discontinuities.
The numerical exercise is performed by means of the Spectral Element Method. The heteroge-
neous domains constituting (1) the crustal model and (2) the thin layer corresponding to the
highly fractured transition zone are modeled by adding random spatial fluctuations of the
mean mechanical properties.

The first heterogeneous domain is modeled by a weakly random medium with large correl-
ation length according to the nature of the crustal heterogeneity. The second one is model by
a strongly random medium instead, owing to the geological descriptions of the heavily frac-
tured rocks in the vicinity of the fault.

The synergetic effect of both type of heterogeneities is explored and its impact of the high
frequency part of the frequency content of seismic wave motion is showed.

1 INTRODUCTION

Tectonic and seismic activities induce fracturing in the Earth’s crust in the immediate sur-
roundings of buried fault discontinuities. Recent geological investigations highlighted strongly
fractured rock material at several tens meters from the fault core (Mitchell et al. (2011),
Mitchell & Faulkner (2009) and Ben-Zion & Sammis (2003)). This particular structure has dir-
ectly influence on the seismic wave propagation.
Moreover, crustal heterogeneity has an impact on the wave-motion at high frequencies as

the apparent damping for the wave train travelling towards the surface (Anderson & Hough
1984) This study represents an attempt to unravel the complex relationship between the
propagated wave-field and the statistical properties of the regional medium (e.g. the natural
geological heterogeneities of the crust as well as the highly fractured transition zones across
fault discontinuities). This objective is pursued by inspecting the broad-band (0-25 Hz) syn-
thetic wave-forms obtained by source-to-site 3-D numerical simulations in regional-size
scenarios.
The virtual scenario embodies a ground shaking event generated by a realistic extended

fault rupture, buried at depth, in a heterogeneous layered half-space.
Two levels of heterogeneity are considered: (1) one representing the weak fluctuation of the

mechanical properties of the Earth’s crust and (2) a strongly heterogeneous layer (a few tens
of meters) embedding the fault surface.
The two models are represented as realizations of large scale stationary random field, with

realistic auto-correlation properties. The numerical set-up is supported by a Spectral Element
wavepropagation numerical solver, coupled with a generator of large 3-D random fields (both
efficiently running on parallel architectures). The latter is exploited to generate realizations of
the mechanical properties of the Earth’s crust to represent, in a first approximation, the spatial
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fluctuation of the fracture network close by the seismic fault. In this numerical exercise, the
free-surface wave-field is monitored by a dense array of sensors, to assess the properties of the
generated coda-waves, the high-frequency attenuation and the possible wave localization
around the source.

2 NUMERICAL MODEL

2.1 Numerical tools

The following study cases are performed by means of SEM3D1, a numerical code based on
the Spectral Element Method, jointly developed by CEA, IPGP and CentraleSupelec in the
context of project SINAPS©2

The Spectral Element Method consists of a high polynomial order Finite Element
method, endowed with spectral convergence property, obtained by employing Lagrange
polynomials and a grid of Gauss-Lobatto-Legendre points (Komatitsch et al. 1999).
This method yields to high numerical efficiency because of (1) the lower numerical
dispersion compared to traditional Finite Element and Finite Difference methods (for
equal number of integration points per minimum wavelength) and (2) the ease of imple-
mentation on parallel super-computers efficient and has low dispersion (Göddeke et al.
2014).
The outcome of the simulations illustrated hereafter has been run on the supercomputer

Fusion, hosted by the Mesocentre Moulon3, using 216 MPI-cores Intel Xeon E5-2670 v3 at 2.30
GHz and 64 Gb of RAM. See Table 1 for details on the computational resources employed.

2.2 3-D numerical model

The problem set up studied herein consists in a wave propagation in layered half-space, pic-
tured in Figure 1,with global domain size of Lx = Ly = 3000 m, Lz = 6000 m and a fault zone
size of lx = lZ = 1000 m, ly = 400 m . Simulation’s accuracy reaches a maximum frequency
fmax=25 Hz. A point-wise seismic moment source is used, based on the Brune spectral model
(Brune 1970) with a frequency corner of 25 Hz and a magnitude corresponding to a moment
magnitude MW ~ 5. Moment time history function is reported in Eq. 1.

M tð Þ ¼ 1016 1� 1þ tfcð Þ exp �tfcð Þð Þ N:m½ � ð1Þ

To reproduce radiation conditions, Perfectly Matched Layers (Festa & Vilotte 2005) are
added at the truncation boundary. The monitoring sensors are placed at the top of the model
on free surface.

Table 1. Numerical parameters of 3-D model

Number of nodes Number of elements Frequency band

~12.106 ~200.103 [0-25]Hz

1. SEM3D Ver 2017.04. Registered at French Agency for Protection of Programs (Depot APP) under IDDN.
FR.001.400009.000.S.P.2018.000.31235 (Inter Deposit Digital Number) by owners: CEA - Commissariat a
l’Energie Atomique et aux Energies Alternatives; IPGP - Institut de Physique du Globe de Paris; Centrale-
Supelec; CNRS - Centre National de la Recherche Scientifique.

2. Seisme et Installations Nuclaires, Amliorer et Prenniserla Sret
3. http://mesocentre.centralesupelec.fr/
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2.3 Modelling crustal heterogeneities

The mechanical properties of the homogeneous medium representing the seismological bed-
rock are listed in Table 2 where Vp,Vs and ρ represent the P-wave, S-wave speeds and the unit
mass density respectively.
Crustal heterogeneity is modelled by adding to the listed mechanical properties random

spatial functions ξ(x, y, z). The strategy followed herein is consists into generating an
independent random field, corresponding to the log-normal fluctuations of the shear wave
velocity Vs. Two kinds of fluctuations are cast into the presented model: (1) strong hetero-
geneity corresponding to the fault zone described previously and (2) a weak heterogeneity
corresponding to the crustal medium embedding the fault zone. Both the models lean on
the Von Karman correlation function of short wavelength components. Moreover this
description provides fractal description used to model geological structures. The Hurst
exponent, denoted H, controls the decay of this distribution. The random properties of
the crust is applied to the part of the model that involves the fault zone (see Figure 2 and

Figure 1. Numerical Model geometry

Table 2. Mechanical properties of the homoge-
neous layer

V
p

Vs ρ

5400m.s-1 3000m.s-1 2700kg.m-3

Figure 2. Random field for S-velocity of a 2D part of Crustal heterogeneities
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Table 3. The correlation lengths are of order of one thousand meters depending to the
geological area and the Hurst exponent is taken between 0 and 0.3 (Imperatori & Mai
2013).

2.4 Thin fractured rock layer

The Von Karman correlation function is used for the thin layer corresponding to the hetero-
geneities within the fault zone. Based on geological investigations(Mitchell & Faulkner 2009),
the size of fractures and their volume density have stronger influence than the crustal hetero-
geneities. (see Figure 3 and Table 4)

3 IMPACT OF THE PRESENCE OF HETEROGENEITIES ON THE HIGH
FREQUENCY CONTENT

3.1 Normalisation

In order to compare the different results obtained for each numerical model, the signal is nor-
malised by the energy input in each of those cases.

3.2 Model comparison

To compare the effect of the presence of the different heterogeneities level within the crust or
the fault zone, 3 different model are developed using the same geometry and mesh (see
Figure 4). The following part considers the effect of the heterogeneities on the coda-wave with
qualitative results. Then the second part focuses on the effect of the heterogeneities on the fre-
quency content of the seismic signal.

Table 4. Thin fractured layer - Random field parameters

Hurst exponent correlation lengths Standard deviation

H = 0.3 lx = ly = lz= 50 m σ = 0.3

Table 3. Crustal heterogeneities - Random field parameters

Hurst exponent correlation lengths

H = 0.3 lx = ly = 1500 m lz = 500 m σ = 0.05

Figure 3. Random field for S-velocity of a 2D part of fault heterogeneities
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3.3 Spectral analysis

The coda part of signals refers to the last part of signals where the amplitude of the motions is
significantly small compared to the strong motion window. The presence of heterogeneities
extended the length of coda wave (refer to Figure 5). The effective duration for each models is
presented Table 5. To understand the possible effect of the presence of weak heterogeneities
(Crustal heterogeneities) and strong heterogeneities (fault heterogeneities), the results are pre-
sented in terms of difference between accelerograms obtained for each model at the sensors
placed on the free surface.
The first result compares model (A) and model (C) is pictured in Figure 6(a), (b) and (c).
The heterogeneities have an impact of the high frequency part of the signal:
For the frequency band of [15-25]Hz, a part of the signal is attenuated by the presence of

heterogeneities. Moreover, for two different sensors at an equal epicentral distance (Figure 6
(a) and Figure 6(b)), the heterogeneous response is different. Then, we can notice a directional
effect of the heterogeneous field. To better understand the specific effect of each heteroge-
neous field, the result Figure 7 directly compares the response between the model (B) and the
model (C)

Figure 4. a) Homogeneous model, b) Heterogeneous model of the fault zone embedded by an homoge-
neous crust and c) Heterogeneous model of the fault taking into account the crustal heterogeneities

Figure 5. The coda of the seismic signal at the surface

Table 5. Effective duration

Model (A) Model (B) Model (C)

0.059s 0.1201s 0.1401s
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In this case, the weak heterogeneities of the Earth’s crust increase the attenuation of the fre-
quency content of the seismic signal. Even though the trend of the different curves is similar,
Fourier’s spectra show increasing fluctuations with the addition of different levels of heterogen-
eity. Those fluctuations, whenever the fault transition zone is included, can correspond some-
how to the resonance modes of this weak zone (Huang et al. (2014) and Lewis & Ben-Zion

Figure 6. Velocity spectra for different epicentral distances denoted as R. Model (A) is represented by
the red dashed line and model (C) by the continuous black line. Sensors (a) and (b) are at the same epi-
central distance but, due to the heterogeneous properties of the fault, the seismic waves captured at the
surface for both sensors do not have the same propagating path inside heterogeneities

Figure 7. Velocity spectra for different epicentral distances denoted as R. Model (B) is represented by
the blue line and model (C) by the black line. Sensors (a) and (b) are at the same epicentral distance but,
due to the heterogeneous properties of the fault and the crust, the seismic waves captured at the surface
for both sensors do not have the same propagating path inside heterogeneities
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(2010)). To determine the quantitative impact of the model of the crustal heterogeneity though,
it will be necessary to increase the scale of the numerical model to link the crustal heterogeneities
to a well- known parameter of travelling attenuation such as K described by (Anderson &
Hough 1984). However, the outcome of the numerical simulations performed herein shows.

4 CONCLUSION

In this study, a numerical exercise has been performed to analyse the effect of the presence of
heterogeneities in the Earth’s crust on the seismic wave motion propagation. In this physics-
based simulation, heterogeneity has been taken into account as a random field on the fre-
quency content of a seismic wave.
A key conclusion of the study is the high frequency attenuation due to strong heterogene-

ities in the vicinity of the fault. The random fluctuation of the mechanical properties of the
Earth’s Crust and of the fractured zone across the fault discontinuity act as multiple scatters
on the wave- train propagating towards the surface. Possibly, the resonance mode of the fault
transition zone embedded in the model influence the overall seismic wave motion recorded at
surface. Further works will determine if the heterogeneities of the fault could be consider such
as an apparent damping depending of the frequency or if it could be possible to have a part of
the energy that is localised within the fault zone.
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