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Abstract. In certain geological settings such as sedimentary basins, the ground motion induced by an
earthquake may be amplified by local site conditions. Estimating these site eVects is important for
seismic hazard assessment but can be diYcult to do empirically due to the scarcity of site-specific
field data in time and space, especially in low-to-moderate seismicity regions where the earthquakes
needed for measuring the site eVects have long return periods. In this study, we try to overcome these
limitations and investigate an alternative approach based on ambient seismic noise and numerical
simulations. More specifically, we use a 3D numerical model of seismic properties derived from
Ambient Noise Surface-Wave Tomography (ANSWT) for 3D numerical simulations of seismic wave
propagation, and consequently for a numerical estimation of seismic amplification in the basin.
We illustrate the approach on a target site located in the French Rhone valley, where the Messinian
salinity crisis has dug a paleo-canyon which is now filled by soft sediments in direct contact with a
harder substratum, thereby providing typical conditions for significant site eVects, as also observed
by previous studies in the area. This work makes use of two dedicated datasets. On one hand, we use
earthquake recordings acquired by a network of broadband stations deployed over the target site over
8 months, in order to estimate seismic amplification in the basin with respect to a rock-site reference
via Standard Spectral Ratios (SSR), which we consider as our reference for evaluating our numerical
results. On the other hand, we exploit one-month-long ambient noise recordings acquired by a dense
array of 400 3C sensors. Prior to this work, this noise data was used to build a 3D shear-wave velocity
(Vs) model of the target site via ANSWT, and also to estimate seismic amplification via noise-based
Standard Spectral Ratios (SSRn). The obtained ANSWT model well reproduces the main geological
structures of the basin, with lateral variations of velocities at depth depicting the deeper parts of the
basin. However, our simulation results also show that some of its limitations related to surface wave
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sensitivity and resolution capability have an impact on the numerical amplification predicted in the
basin. In particular, this ANSWT model lacks clear basin edges in order to eYciently trap seismic
waves in the basin and to generate significant 3D wave propagation eVects (diVractions, reflections,
and generation of laterally propagating surface waves at the edges of the basin). As a result, the
numerical amplification predicted in the ANSWT model remains dominated by a 1D response and
does not reproduce the broadband character of the observed amplification at locations aVected by
significant 3D propagation eVects. On the other hand, the numerical amplification predicted in the
ANSWT model shows a good agreement with the observations at locations that seem less aVected by
3D propagation eVects, including in complex regions of the model where lateral variations must be
taken into account. Our results therefore contribute to identify and better understand the potential
and limitations of using ANSWT models for numerical site eVect estimation. This study allows us to
propose perspectives for future work to improve the approach, which remains promising for site eVect
assessment in low- to moderate-seismicity contexts.

Keywords. Seismology, Seismic hazard, Site eVects, Passive seismic imaging, Numerical simulations.
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1. Introduction

In sedimentary basins, the impedance contrast at the
interface between soft sedimentary layers and the
underlying bedrock leads to the trapping of seismic
waves within the sedimentary in-filling. This gives
rise to complex wave phenomena (body wave reso-
nance, generation and diVraction of surface waves at
the edges of the basin, vertical and lateral reverbera-
tions, focusing eVects) which highly depend on the
three-dimensional (3D) geometry of the basin and
often result in an increased amplitude (or “amplifi-
cation”) and duration of the ground motion (or “du-
ration lengthening”). This modification of ground
motion due to local geology is referred to as site ef-
fects. Site eVects have been the subject of many
studies, especially since the devastating 1985 Mex-
ico earthquake that brought to light the influence of
local soil conditions on the strong amplification of
ground motion observed in Mexico City, despite the
long distance to the seismic source [e.g., Campillo
et al.,, 1989]. This example, along with many other
observations around the world [e.g., Kawase, 1996,
Graves et al., 1998, Lebrun et al., 2001, Roten et al.,
2008, Bindi et al., 2011, Ktenidou et al., 2016], makes
it clear that the quantification of these site eVects
is essential for seismic hazard assessment (SHA).
Because they are related to local soil conditions,
site eVects can be highly variable from one site to
another, and therefore require site-specific studies
for a robust estimation that accounts for the whole

complexity of wave phenomena, in particular in 3D
geological structures.

The French-German DARE project (Dense ARray
for site eVect Estimation) has been conceived and de-
signed in this line. The idea is to implement vari-
ous and complementary approaches to perform a de-
tailed study of site eVects at a target site located in
the French Rhéne valley. The area hosts critical facil-
ities including nuclear installations, thereby motivat-
ing the need for robust SHA studies locally. This site is
located on the deep and elongated Messinian Rhone
Canyon, whose geometry and lithological character-
istics make it a good candidate for generating mul-
tidimensional site eVects. DARE is centred on the
exploitation of dense and complementary datasets
acquired in the area [Froment et al., 2022b]. The
project proposes to investigate the interest of using
such datasets for a robust estimation of site eVects,
especially in low-to-moderate seismicity areas such
as metropolitan France.

One first, standard approach considered in DARE
relies on earthquake recordings through the calcula-
tion of so-called site/reference Standard Spectral Ra-
tios [SSR, Borcherdt, 1970]. SSR estimate the local
seismic amplification by direct comparison between
earthquake seismograms simultaneously recorded at
a given site station laying on a sedimentary basin
(subject to site eVects) with respect to a nearby refer-
ence station (typically on a bedrock outcrop, consid-
ered free of site eVects). This empirical method has
proven to be eYcient for a robust quantification of
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site eVects in various con gurations. The implemen-
tation of this method may however show some di Y -
culties in low-to-moderate seismicity areas, such as
mainland France [Traversa et al., 2020], where mod-
erate to large earthquakes (M, E 5.0) have long re-
turn periods, therefore requiring long deployments.
Alternative approaches may thus be considered to
complement such seismicity-based analysis of site
eVects. To this end, the DARE project investigates
two main research tracks in order to explore the
potential of using weak but ubiquitous vibrations—
known as ambient seismic noise—as an alternative
source of data for estimating site e Vects due to com-
plex wave propagation in sedimentary basins [e.g.,
Boué et al., 2016]. On one hand, seismic noise can be
used directly for empirical estimations of site e Vects,
via H/V analysis [e.g., Bonnefoy-Claudet et al., 2006,
Spica et al., 2017, van Ginkel et al., 2019] or noise-
based SSR estimations [e.g., Perron et al., 2018, Gis-
selbrecht et al., 2023]. On the other hand, ambient
noise could also be used in a more indirect way as the
initial ingredient to build seismic models of the tar-
get site that could then be used for numerical predic-
tion of the ground motion and thus of seismic ampli-
cation. The present paper focuses on this numerical
aspect.

By giving access to the complete wave eld, simu-
lations help to evaluate the spatial variability of site
eVects and more importantly to understand the un-
derlying physical parameters to which they are sen-
sitive [e.g., De Martin et al., 2021]. 1D modelling of
body-wave resonance phenomena is a rst way to
calculate the response of a sedimentary layer over-
laying a rigid bedrock [e.g., Thomson, 1950, Haskell,
1953]. However, in the presence of complex geolog-
ical structures, several studies have shown the limi-
tation of 1D numerical simulations, and the neces-
sity of 2D or 3D simulations of seismic wave prop-
agation to reproduce the observed ampli cations
[e.g., Kawase, 1996, Smerzini et al., 2011, Matsushima
et al., 2014, Ktenidou et al., 2016]. Gélis et al. [2022]
reach the same conclusions for our target site, as
they observe that 1D simulations do not reproduce
the ampli cation measured in the Tricastin basin, in
particular regarding its maximum amplitude (up to a
factor 8) and its broadband spectral character, typ-
ical of 3D wave propagation e Vects [Chavez-Garcia
etal., 2000, Cornou and Bard, 2003, Bindi et al., 2009,
Michel et al., 2014]. The conclusions of this pre-

vious study by Gélis et al. [2022] form the motiva-
tion for the use of 3D numerical simulations in our
work. 3D simulations have become more a Vord-
able lately thanks to the rapid increase of compu-
tational resources and to the development of dedi-
cated software, using in particular spectral-element
methods [SEM, e.g., Komatitsch and Vilotte, 1998,
De Martin, 2011, Trinh et al., 2019]. These devel-
opments led to many applications, notably in sedi-
mentary basins with complex geometries that require
detailed simulations [e.g., Komatitsch et al., 2004,
Maufroy et al., 2015, 2016, Chaljub et al., 2010, 2015,
Paolucci et al., 2015, Thompson et al., 2020, De Mar-
tin et al., 2021, Panzera et al., 2022]. These simula-
tions however require an accurate knowledge of the
subsurface, both in terms of geometry and of seis-
mic properties ( S-wave velocity Vs, P-wave velocity
Vp, density ¥3 and S- and P-wave attenuation factors
Qs and Qp). As a consequence, these numerical ap-
proaches also rely on eld data and geophysical sur-
veys in order to constrain numerical models and de-
ne reliable input parameters for the simulations. On
the other hand, seismic data (earthquake and noise
recordings) are also essential to provide observations
which the outputs of the simulations can be com-
pared and calibrated with.

Most studies involving 3D numerical simulations
for site eVect estimation rely on layered models
[e.g., Taborda and Bielak, 2013, Maufroy et al., 2016,
De Martin et al., 2021, Panzera et al., 2022]. In these
models, layers are separated by interfaces associated
to sharp impedance contrasts, and seismic prop-
erties are usually assumed either homogeneous or
varying only vertically within each layer. The geom-
etry of the interfaces is often derived from geologi-
cal knowledge (borehole data, eld campaigns, sur-
face mapping or interpreted cross-sections), from the
interpretation of active seismic migrated images, or
from H/V spectral ratio analysis, while seismic prop-
erties are often estimated from a limited number of
local measurements such as Ambient Vibration Anal-
ysis (AVA) and extrapolated to the entire layers, as-
suming vertical but no lateral variations within the
layers [e.g., Manakou et al., 2010, Molinari et al., 2015,
Cushing et al., 2020, Panzera et al., 2022].

In the present paper, we propose an alternative
approach that uses ambient-noise surface-wave to-
mography (ANSWT) for building 3D seismic models
of the target area. ANSWT is a tomographic method
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that has proven very successful for imaging shear-
wave velocities (Vs) at the crustal and lithospheric
scales [e.g., Shapiro et al., 2005] and more recently at
smaller, basin scales [e.g., Boué et al., 2016, Chmiel
et al.,, 2019]. Taking full advantage of the deploy-
ment of dense seismic networks, this passive seismic
imaging technique is particularly attractive. ANSWT
has the advantage to provide a quantitative model of
shear-wave velocity structure in 3D, including both
vertical and lateral variations, at relatively low cost.
However, ANSWT provides smoother models com-
pared to active seismics and to the geology-based lay-
ered models usually considered in numerical simu-
lations. The aim of this paper is to investigate the
use of standard ANSWT models for the numerical es-
timation of seismic ampli cation and for site e  Vect
assessment. More precisely, the question we address
here is the following: what are the potential and lim-
itations of 3D numerical simulations based on stan-
dard ANSWT models to assess seismic ampli cation
in complex sedimentary basins?

The paper is organized as follows. Section 2
presents the target zone, its geological context, and
the seismic data acquired in the frame of the DARE
project. Section 3 reminds the steps of the standard
ANSWT work ow used to build a3D Vs model of the
target site, and explains how we derive other seismic
properties (Vp, ¥5 Qs, Qp) in order to build a full 3D
seismic model. In Section 4, we present our numer-
ical results and the seismic ampli cation predicted
in the 3D model, which we compare with observed,
earthquake-based SSR, as well as with noise-based
SSRn and with 1D approximations. Finally, we dis-
cuss the results in Section 6, highlighting the poten-
tial of using ANSWT models for the seismic charac-
terization of sedimentary basins, but also underlin-
ing some limitations in their use for the numerical
estimation of site e Vects, which leads us to propose
perspectives for future work.

2. Target site and data

The DARE project targets the area of the Tricas-
tin Nuclear Site (TNS) in the French Rhéne Valley
(Figure 1). The TNS is located on the Messinian
Rhdne canyon that was dug about 6 million years
ago during the Messinian Salinity Crisis (MSC) by
the paleo-Rhone river in older geological forma-
tions. In this area, the geological basement is mainly

constituted by hard and thick (several hundreds of
meters) lower Cretaceous limestones (Barremian),
so-called “Urgonian” limestones, which we consider
to be the reference bedrock unit in the region. These
Urgonian limestones are overlain by more detrital
lower to upper Cretaceous (Aptian to Turonian) for-
mations (sands, sandstones, and marls), and then by
Tertiary marine and continental detrital formations.
These units are called hereafter “post-Urgonian Cre-
taceous (and/or Tertiary) formations” in order to dis-
tinguish them both from the Urgonian bedrock and
from post-Messinian sediments. Indeed, after the
MSC, the canyon has been lled with Pliocene sed-
iments of marine (sands and clays) and continen-
tal (uviatile conglomerates) origins, nowadays cov-
ered by the Rhdéne lower-to-recent Quaternary ter-
races. In 2019, when the DARE project was initi-
ated, the local geology of the Messinian canyon re-
mained poorly documented in the region of Tricastin.
Gélis et al. [2022] provide some rst insights about
the canyon rims and the local subsurface characteris-
tics based on borehole data, geological study, and lo-
cal 1D geophysical characterization campaigns (H/V
and AVA measurements). This rst study provided
local knowledge about the characteristics (thickness
and Vs velocities) of the sedimentary canyon in-
lling and of the underlying bedrock at two sites in
the area. A rst site is located 2—-3 km south of the
TNS (seismic station E1/BOLL in Figure 1), on top of
the sedimentary basin. At this site, Gélis et al. [2022]
show that the base of the canyon reaches a depth of
at least 500 m, incising—or, at least, lying directly
on top of—high-velocity Urgonian limestones. The
2nd site is station G6/ADHE on a nearby outcrop of
Urgonian limestones, which Gélis et al. [2022] char-
acterize as a hard rock site with an estimated V530
(the average shear-wave velocity in the rst 30 m)
of about 2000 m/s. At larger depth, the 1D Vs pro-
les show velocity rapidly increasing with depth and
reaching about 3000 m/s beyond 50 m depth. Gélis
et al. [2022] present the various criteria for consid-
ering G6/ADHE as a good reference for SSR calcu-
lations. It is worth noting that Vg pro les obtained
at ADHE and BOLL are consistent (i) with avail-
able geological data [e.g., Bagayoko, 2021, Do Couto
et al.,, 2024] and (ii) with each other in terms of
mean velocities at depth, therefore giving a refer-
ence velocity of Vg ZE3000 m/s for the deep Urgonian
substratum.
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Figure 1. Simpli ed geological map of the target zone and localisation of the two deployments (red cir-
cles: nodal array, blue triangles: broadband network). Background colors correspond to main geological
units (see legend). The extent of the map corresponds to the domain of interest for numerical simula-

tions (excluding 15-km-wide margins).

From this rst knowledge of the canyon, a 10 km
£ 10 km area surrounding the imprint of Pliocene
and Quaternary sediment deposits around the TNS
(Figure 1) was targeted. This extension allows us to
embed the edges of nearby outcrops of Cretaceous
series incised by the canyon, that constitute the base-
ment of the canyon sedimentary in- lling. Most of
this target zone is located in a heavily industrialized
area, including the widespread TNS, a hydroelectric
dam, towns, several railroads and a highway. The as-
sociated anthropogenic activity controls the distribu-
tion of high-frequency noise sources locally [Gissel-
brecht et al., 2023].

Two complementary seismic campaigns were car-
ried out in the framework of the DARE project [Fro-
ment et al., 2022b]. The rst campaign consisted
of deploying 400 3-component seismic nodes over
a 10 km £ 10 km area for one month (red dots in
Figure 1). This campaign targeted the recording of

seismic ambient noise. A second campaign consisted
of deploying about 50 broadband stations over the
same target area for more than eight months and tar-
geted the recording of seismicity (including teleseis-
mic events, regional, and local seismicity). These two
datasets [Pilz et al., 2021, Froment et al., 2023b] are
presented in detail in a data paper [Froment et al.,
2022b] and are publicly available (see section Data
and software availability ).

The present study exploits the ambient noise data
recorded by the 400-node network. In the method-
ological approach adopted in this work, seismicity
data recorded by the 50-station network will only
be used here to compare our numerical estimations
of seismic ampli cation with observations. Three-
component Geospace GSX nodes have been used for
the dense nodal experiment whose design is shown
in Figure 1. The average inter-node distance is about
800 m over the area. About half of the stations
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spaced 200-250 m apart are used to form a denser
grid located south of the TNS. Similarly, two dense
east—west lines following two roads are located north
of the TNS. Information about data completeness,
noise levels, and overall data quality is available in
Froment et al. [2022b]. A detailed characterization of
seismic noise sources recorded by the nodal network
is given in Gisselbrecht et al. [2023].

3. Soil model from noise-based medium char-
acterization

3.1. 3D Vg model from ANSWT

As mentioned in the introduction, the dataset of con-
tinuous seismic noise recorded by the nodal array
was processed using a standard ANSWT work ow to
obtain a 3D model of shear-wave velocity, as pre-
sented in Froment et al. [2022a]. In order to bring el-
ements for the discussion of the results obtained by
using this model, we detail the work ow used in this
previous work hereafter:

(1) Cross-correlations of seismic signals between
all pairs of stations of the nodal array (except
6 nodes located outside the dense 10 £ 10 km
grid, and 24 nodes with unusable data, result-
ing in 69,192 valid cross-correlations). Con-
tinuous signals were cross-correlated over 30-
min-long time windows after spectral whiten-
ing, and stacked over the one-month duration
of the acquisition. The cross-correlations of
all three components (N,E,Z) provided the full
cross-correlation tensor.  Inter-station cross-
correlations were then rotated in terms of radial
(RR) and transverse (TT) components assuming
straight inter-station paths. The vertical com-
ponents (ZZ) of the cross-correlations were used
for exploiting Rayleigh waves and the transverse
(TT) for exploiting Love waves.

(2) Semi-automatic picking of fundamental-
mode group-velocity dispersion curves us-
ing frequency-time analysis [FTAN, Dziewon-
ski et al.,, 1969, Levshin et al., 1989]. A sta-
tistical quality control of the picked disper-
sion curves was used to reject outliers falling
outside two standard deviations of the dis-
tribution of picked values. After this quality
control, a total of 17,031 Love dispersion curves

between 0.4 and 3 Hz and 29,719 Rayleigh dis-
persion curves between 0.35 and 6.5 Hz were
kept for tomography (i.e., 25% and 43% of the
full dataset, respectively). The tomography is
therefore considered to be well constrained
up to 3 Hz (by both Love and Rayleigh data)
and partially constrained up to 5-6 Hz (only by
Rayleigh data).

(3) Frequency-dependent 2D traveltime tomogra-
phy [Barmin et al., 2001] in order to convert
inter-station dispersion curves into local dis-
persion curves, i.e. build group velocity maps.
This step was performed via a linearized inver-
sion involving regularization in the form of norm
damping and lateral smoothing. The choice of
these regularization parameters plays a role in
the resolution of the nal model.

(4) Inversion of local group-velocity dispersion
curves into local 1D Vs pro les using a Neigh-
bourhood Algorithm [Sambridge, 1999, Mordret
et al., 2014]. Here the use of a global optimiza-
tion scheme allowed for a statistical exploration
of the model space and provided an average
of best- tting models for each 1D Vs pro les,
which were then linearly interpolated into a 3D
Vs model.

The tomographic process was guided by assump-
tions derived from the geological knowledge at the
time of this rst imaging. In particular, for the 1D
depth inversion (step 4), the expectation of a strong
velocity contrast between sediments and bedrock led
to a parameterization of the 1D pro les consisting
in two smooth layers (represented by splines func-
tions) potentially separated by a velocity disconti-
nuity (if required by the data). This parameteriza-
tion was adapted locally within sub-areas de ned
by clustering the local dispersion curves after the
2D tomography stage (step 3), using a data-driven
K-means algorithm [MacQueen, 1967]. The result-
ing four sub-areas are shown in Figure 2 and turn
out to well coincide with previous geological knowl-
edge. Area #1 (in blue in Figure 2) corresponds to
the deepest parts of the basin. Area #2 (in green)
corresponds to the shallower northwestern edge of
the basin, including the northwesternmost corner
where Urgonian limestones are outcropping. Area
#3 (in yellow) corresponds to the eastern edge and
its outcrops of post-Urgonian/pre-Messinian forma-
tions (limestones, sands, sandstones, and marls of
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Figure 2. Regionalization of the tomographic domain in sub-areas based on the clustering of local

dispersion curves.

Aptian to Miocene ages). Finally, Area #4 corresponds
to a complex zone, including the so-called Lapalud
island, formed by post-Urgonian Cretaceous units
(limestones, sandstones and marls of Aptian to Tur-
onian ages) expected to have lower seismic velocities
than the hard Urgonian limestones [e.g., Bagayoko,
2021, Do Couto et al., 2024]. In addition to adapt-
ing the parameterization of the 1D inversion in these
sub-areas, the sub-arrays were also used to perform
FK analysis and estimate an average phase velocity
curve that was used to constrain the 1D depth inver-
sion of local group velocity curves within each sub-
area.

Besides the assumption of a two-layer model with
smooth velocity variations within each layer, we did
not impose any strong constraint to the inversion.
This preliminary 3D Vs model is therefore mainly

data driven, its purpose being precisely to investi-

gate how such a model, based on seismic noise only
via a blind ANSWT work ow, can be used to pre-
dict seismic ampli cation in the basin. This remains

a fairly open question, considering that the ANSWT
procedure uses phase information only (amplitudes

are discarded by spectral whitening in the cross-
correlations).

In order to use the ANSWT model for numerical
simulations, the 3D Vg volume is extrapolated out-
side the tomographic domain, both laterally and ver-
tically, to de ne seismic properties in the full simula-
tion domain, which extends laterally by 15 km from
the limits of the domain of interest ( SEM domain
in Figure 2), and vertically down to 30 km depth.
Because, in a rst time, we want to rely on our
data-driven ANSWT model and avoid making strong
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assumptions about the subsurface, lateral extrapola-
tion is performed invariantly at a given depth. Down-
ward vertical extrapolation consists in a smooth tran-
sition from the bottom of the tomographic model
(1000 m below ground surface) to a constant veloc-
ity of 3000 m/s at 1500 m depth. This value of Vs /A&
3000 m/s is chosen for consistency with prior mea-
surements in the area [Gélis et al., 2022]. It also
roughly corresponds to the maximum velocity of the
tomographic model at 1 km depth, and therefore
ensures a positive velocity gradient with respect to
depth. Outside the basin, we also perform a ver-
tically invariant extrapolation upwards in order to
assign seismic properties to topographical heights
above basin level.

Figure 3 gives several views of the obtained 3D
Vs model. Figure 3a gives a 3D view that includes
N-S and E-W vertical cross-sections through the Vg
model (left and back panels, rst colorbar), as well as
the 1200-m/s iso-velocity surface that can be associ-
ated to the interface between sediments and bedrock
(second colorbar). Figure 3b gives a 3D view of
the numerical model, after extrapolation of the AN-
SWT model outside the tomographic domain over
the full domain of interest (but excluding 15-km-wide
margins, which just consist of further extrapolation).
Figure 3c shows a vertical N-S cross-section along the
expected axis of the Rhdne paleo-canyon [Gélis et al.,
2022, Froment et al., 2022a], passing through the TNS
and through station E1/BOLL [on which we will focus
later on to illustrate our results, and compare them
with those of Gélis et al., 2022]. Figure 3d shows a
vertical E-W cross-section in the south of the tomo-
graphic domain, through the Lapalud island and sta-
tion DO (on which we will also focus later on to illus-
trate our results).

As already described by Froment et al. [20223],
the ANSWT Vs model agrees well with the main ge-
ological structures expected in the area. In particu-
lar, the range of estimated shear-wave velocity val-
ues are consistent with previous studies [e.g., Gélis
et al., 2022], with values ranging from 500 to about
1200-1400 m/s in the sediments, and from about
1700—-2000 to 3000 m/s in the underlying bedrock.
Moreover, the velocity discontinuity between the
two layers (which roughly corresponds to the 1200-
m/s iso-velocity surface shown in Figure 3a) coin-
cides well with the expected depth of the paleo-
canyon, at least for its deeper parts, with a north—

south axis corresponding to the paleo-Rhdéne and a
southwestern branch corresponding to the paleo-
Ardeche (Figure 3a). Between these two branches,
the model also depicts the so-called Lapalud is-
land with higher velocities reaching shallower
depths, representing post-Urgonian Cretaceous units
(Figures 3a,c).

However, when looking in more detail, we notice
that some features of the model are questionable.
In particular, the model does not display high ve-
locities reaching the surface, even in regions where
we expect surface outcrops of Cretaceous formations
(especially in the northwestern corner and on the
eastern edge of the basin, Figures 3a, b). Instead,
the model exhibits a lower-velocity layer (500 CVsC
1000 m/s) with a thickness of at least 200 m over the
entire domain (Figures 3b—d). This low-velocity layer
is not restricted to the basin, which is therefore not
well delimited laterally. We will see in the following
that this lack of basin edges will have consequences
in terms of seismic ampli cation.

In spite of these limitations, the fact that the 3D
Vs model derived from ANSWT well depicts the ex-
pected large-scale geometry of the Messinian paleo-
valley at depth, including some complex structures
such as the Lapalud island, motivates us to use this
model for numerical simulations, in order to look at
the seismic ampli cation that it may generate. This,
however, rst requires the de nition of other seis-
mic properties in the considered 3D volume. We
will now present how we de ne these properties, and
we will distinguish between properties that are con-
strained by the same seismic noise data as the Vg
model (namely Qs) and other properties that are es-
timated by other means ( Vp, density, Qp).

3.2. Estimation of shear-wave quality factors Q s

Besides ANSWT, the seismic noise recorded by the
dense array is processed via Q-SPAC analysis [Prieto
et al., 2009] to estimate seismic attenuation param-
eters (Qs), following the methodology of Boxberger
etal. [2017]. To this end, the study area is subdivided
into 15 sub-arrays, each of them containing 15 to 25
seismic nodes.

In a rst step, the Extended Spatial AutoCorrela-
tion (ESAC) method is adapted to rst obtain mean
1D Vs pro les below each sub-array by joint inver-
sion of Rayleigh wave dispersion and H/V spectral



Figure 3. Caption continued on next page.
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