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Abstract

The so-called site effects caused by superficial geological layers may be responsible for strong ground
motion amplification in certain configurations. We focus here on the industrialized Tricastin area, in
the French Rhéne valley, where a nuclear site is located. This area lies above an ancient Rhéne
Canyon whose lithology and geometry make it prone to site effects. This study presents preliminary
measurements to investigate the local seismic amplification. We deployed 3 seismic stations in the
area for several months: two stations were located above the canyon, the third one was located on a
nearby reference rock site. The recorded seismicity was analysed using the Standard Spectral Ratio
technique (SSR). The estimated amplification from weak motions reaches a value of 6 for some
frequencies. These first results confirm the possibility of estimating seismic amplification using
earthquakes recorded for less than one year, in this highly anthropogenic and industrialized
environment, despite the local low-to-moderate level of seismicity. Noise-based SSR, that presents
an obvious interest in such seismic context, shows also promising results in the area. To complement
this empirical approach, we estimated the amplification using 1D wave propagation modelling. This
numerical estimate is based on shear wave velocity profiles resulting from geophysical
characterization campaigns. Comparison of the two approaches at low frequency, where numerical
estimate is considered as the most representative, tends to suggest that edge-generated surface
waves may have a strong influence in the local seismic response. This interpretation will be further
investigated in the future.

Keywords : site effects ; seismic ground motion amplification ; Messinian canyon ; Surface Waves
Dispersion Analysis

Introduction

As it is well known, superficial geological layers can strongly modify the surface ground motion
induced by an earthquake. These so-called site effects are responsible for strong ground motion
amplification in certain geological configurations, such as sedimentary basins. In these structures, the
impedance contrast between the geological layers filling the basin and the bedrock at the basement,
together with the basin shape may be both responsible for ground motion amplification and complex
wave propagation inside the basin (e.g., Semblat et al., 2005; Semblat et al., 2000). Depending on the



basin characteristics, local 1D resonance, edge-generated waves traveling across the basin,
constructive or destructive interferences and 2D/3D resonance can take place (Bard and Bouchon,
1985; Kawase, 1996; Roten et al., 2006; Bindi et al., 2009; Ktenidou et al., 2016).

In this paper we focus on the Tricastin area, in the Rhéne valley (South-East France), where the
Tricastin Nuclear Site (TNS) is located. TNS consists of a power plant and a collection of nuclear fuel
cycle facilities. TNS is located above an ancient Rhéne canyon. This canyon was dug following the
closure of the Gilbraltar strait (5.95-5.32 Ma) and the resulting fall of the Mediterranean Sea level
during the Messinian time. The fall reached -1500 m in some areas leading to the incision of
Messinian Canyons such as the Rhone Canyon (Clauzon, 1982; Suc et al., 2011). After the reopening
of the Gibraltar strait, the canyon was flooded and then filled with Pliocene and Quaternary
sediments (sands and marls). The Rhéne Messinian canyon can be locally very deeply incised in
Cretaceous sandstones and limestones. Given this geological configuration, the area is prone to site
effects. Such effects must be estimated and taken into account for seismic hazard assessment.
Depending on the location of nuclear installations, IRSN as the French Technical Safety Organisation
(TSO) may be led to conduct studies on this topic.

The Tricastin region is characterized by a low-to-moderate seismicity. The last important earthquake
in the area is the Mw 4.9 Le Teil earthquake (2019, November 11th) that took place about 20 km
northward and severely damaged several villages in the vicinity of the rupture area (Ritz et al., 2020;
Cornou et al., 2021; Delouis et al., 2021). Before this event, seismic swarms occurred in 1773, 1872-
1874, 1934-1936 and 2002-2003 in the Tricastin region (Bollinger et al., 2021). Significant damages
were reported in villages during seismic swarms in 1773 and 1872-1874, as documented in the
SisFrance database of historical earthquakes (http://www.sisfrance.net, Jomard et al., 2021). The
2002-2003 swarm was recorded by a local seismicity network (Thouvenot et al., 2009). More details
about seismicity is the Tricastin region can be found in the Supplementary Material.

This study presents preliminary measurements to investigate the potential of the canyon to generate
ground motion amplification in the area of Tricastin. In particular, our aim is to assess if it is possible
to acquire some observations that could be useful for characterizing the site effects in this
industrialized and anthropogenic area located in a low-to-moderate seismicity region.

In this context, we installed 3 seismic stations in the area of Tricastin for several months. Two
stations were located above the Rhone Messinian canyon, the third one was located on nearby
Cretaceous outcrop (considered as a reference site, that is, free of amplification effect). These
stations have been deployed for durations ranging from 6 months to 1 year in order to record the
seismicity. The data were analysed to extract information regarding the amplification related to the
presence of the canyon. In particular, the so-called Standard Spectral Ratios (SSR, Borcherdt, 1970)
are applied between recordings at the different stations. To complement this empirical approach, we
examined the amplification estimated using a 1D numerical approach. This numerical estimate is
based on 1D shear wave velocity (Vs) profiles obtained at 2 of the stations resulting from geophysical
site characterization campaigns. After having introduced the local geology of the Messinian Canyon
(Section 1), we will present the criteria for the choice of the location of the 3 stations (Section 2).
Section 3 is devoted to the analysis of the seismic data acquired. In addition to the analysis
performed on earthquake recordings, preliminary tests on seismic ambient noise are also shown.
Section 4 is devoted to the 1D numerical estimation, by respectively presenting the determination of
the two local 1D Vs profiles and the numerical computation of the amplification. In Section 5, we will
then compare the 1D numerical estimate of seismic amplification with the empirical one at low
frequency and we will discuss possible interpretations in terms of physical processes related to site
effects.


http://www.sisfrance.net/

1. Local geology of the Messinian canyon

The geology, location and depth of the Messinian canyon remains poorly documented in the Tricastin
area. Early studies report some structural interpretations (Denizot, 1952; Ballesio, 1972; Mandier,
1984) and explain the digging of the canyon by crustal vertical movements. Moreover, they propose
some sections crossing Pliocene series, placing a fault to explain the local thickening of Pliocene
series. On the contrary, Clauzon (1982) is the first author to assert that the messinien rhodanian
talweg longitudinal profile (based on borehole analysis all along the river course) is the result of
regressive erosion associated to the falling of the Mediterranean base level. In the studied area,
some boreholes reach at least the Pliocene (mostly the easily identifiable marine Piacenzian blue
marls). The two deep boreholes located southeast of Pierrelatte (DPG1) and along the Donzere Canal
at Saint-Paul-Trois-Chateaux (F1) reach infra Pliocene basement, thereby bringing information about
the canyon depth and its filling in the eastern part of the Tricastin valley (Fig. 1). The DPG1 borehole
was dug in 1959 down to 351 m depth. The F1 borehole was dug in 2003 down to 834 m in the
Messinian canyon and the Cretaceous series below. They both show a thick Pliocene series filling a
canyon incised in cretaceous series (upper Aptian clayey marls — locally named Gargasian- overlying
Barremian hard and massive reef crystalline limestones — locally named Urgonian). From F1, the
depth of the canyon at the latitude of Saint-Paul-Trois-Chateaux is estimated to be at least 460 m. In
the DPG1 borehole located 4 km northward, the borehole reaches the canyon bottom at 291 m
depth. This is much shallower than in F1, meaning that the DPG1 borehole is located above the
canyon rim. The canyon axis may be estimated from the above mentioned boreholes and other data
such as specific studies for the TGV fast train (Mocochain et al., 2006) that evidenced the canyon
position at the Malataverne Pass (Figs 1 and 2). Other boreholes data and geological maps help to
approximately locate the canyon rims (Fig. 1). Some particular shallow Cretaceous coring or outcrops
show the existence of “Islands” in between the canyon in Pierrelatte town where a Cretaceous rock is
visible and, in the area located 4 km west of Bollene where some boreholes reach upper cretaceous
sandstones and lignite at low depth (Preference borehole location on Figure 1). From the last
observation, the width of the canyon at the latitude of Bolleéne cannot be greater than 4 km.

2. Criteria used to select the location of measurement sites

In this section, we present criteria for selecting seismic station locations in the Tricastin area. Two
stations are located above the canyon sedimentary filling, the third station lies on cretaceous
outcrop (Urgonian limestones), considered here as a reference site, that is free of amplification
caused by the canyon. We based our choice first on geological investigations (field survey and
borehole database analysis) or Geophysical Noise Horizontal-to-Vertical Spectral Ratio (NHVSR,
Nakamura, 1989) measurements are then computed to confirm the geological choice.

The first site on the canyon filling is chosen nearby the deep borehole F1 (see Fig. 1) at approximately
4 km from the ADHE reference. The proximity of this site to this borehole is a key criterion for our
experiment since the knowledge of the geological log will help interpreting seismic observations. This
site is named PAUL in reference to the town of Saint-Paul-Trois-Chateaux where it is located. NHVSR
measurements were carried out to assess the fundamental resonance frequency of this site. The
results are presented hereafter. Given the industrial and anthropogenic environment nearby, this
site does not allow for further characterization investigations such as SWDA (Surface Waves
Dispersion Analysis) that require measurements over an extended area.



For this reason, a second site (BOLL) was chosen further south (i.e. downstream of the first point at
approximately 5.2 km from the BOLL site and 7 km from the ADHE site, with the 3 stations roughly
aligned), in the town of Bolléne. BOLL is located above the assumed path of the canyon as discussed
in section 1 and suggested by Mocochain et al. (2009). This site, being surrounded by farm fields,
makes array-based SWDA possible, such as the AVA (Ambient Vibration Array) method. Both NHVSR
and AVA experiments were thus conducted at this site to characterize the resonance frequency and
1D Vs profiles that will be presented in section 4a.

In order to characterize the amplification of the seismic signal at BOLL and PAUL sites due to the
canyon and its filling, we targeted a reference station located on a rock representative of the regional
substratum of the Rhone valley. As discussed in section 1 the reference rock is the Urgonian
limestone. After a field survey, we chose a limestone massif located south of the La Garde-Adhémar
village. At this site named ADHE, limestones are outcropping, free of alteration and soil cover, and
show a very slight dip towards the southeast. These characteristics are considered as good criteria
for the location of the reference station. In addition, the distance to BOLL and PAUL sites is adapted
to compute amplification using regional earthquakes. At this site, NHVSR and SWDA measurements
were also performed.

For sake of simplicity, in the following we will use the term “sediment station/site” (resp.
“rock/reference station/site”) to refer to a station/site located above the canyon sedimentary filling
(resp. Cretaceaous outcrop).
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FIGURE 2: North-South [A]-[B] and East-West [C]-[D] geological cross sections located on fig 1. The
low dippingdashed line is a projection of the Rhéne Canyon bottom located about two kilometres
west of the cross section (as indicated on the [C]-[D] cross section . The canyon bottom profile is
extrapolated from borehole data (F1) and Malataverne survey done for TGV works (Mocochain et al.,
2006). The boreholes) geology is schematically presented with the following correspondence :dark
blue = Pliocene marl, yellow = Pliocene sands, light blue, green, brown = Cretaceous formations. Note
that the DGP1 borehole seems to be suspended as it is probably located on the slope of the canyon.
The borehole locations are indicated on fig 1.

To complement this geological analysis, we performed NHVSR measurements using CMG-6TD Giiralp
velocimeters. As mentioned before, NHVSR measurements allowed us to estimate the fundamental
frequency of resonance, which can be seen as a characteristic feature of the underground structure
in terms of seismic response (e.g. Nakamura, 1989; SESAME team, 2004). Indeed, as found by
Bonnefoy-Claudet et al. (2008), the first NHVSR peak frequency provides a good estimate of the
fundamental resonance frequency whatever the peak origin (Rayleigh wave ellipticity, Airy phase of
Love waves, S-wave resonance). The NHVSR curves were computed on at least 50-s-long windows
spanning a 2-hour recording time using the Geopsy software (M. Wathelet, 2008; Marc Wathelet et
al., 2020). The fundamental resonance frequency fO is associated to the peak measured at low
frequency on the NHVSR curves. We compute the spectral ratios by using the average of the
horizontal components. Criteria of reliability based on the amplitudes and stability of the identified
peaks (SESAME team, 2004) are considered to determine the resonance frequency.



At PAUL, a clear peak is identified at 0.5 Hz on the NHVSR curves (average amplitude of 4, Fig. 3, a).
This peak could be explained by two major lithological interfaces identified in the F1 borehole log
(Fig. 3,c): the first one at 462 m represents the interface between the sandy basal part of the
Pliocene filling and the clayey marls of the Gargasian; the second interface is located at 570 m
between the Gargasian marls and underlying limestones (21 m of marly limestones overlying 243 m
of massive Urgonian limestones up to the borehole bottom at 834 m).

From the fundamental resonance frequency fO given by the NHVSR measurements and the interface
depth H given by the borehole interpretation, one can assess the time-average upper layer shear
wave velocity Vs, using the classical formula f0=Vsy,/4H assuming a linear elastic 1D monolayer
medium (lbs-von Seht and Wohlenberg, 1999). Two simple hypotheses can be formulated depending
on whether the resonance is due to one or the other of the interfaces mentioned above and
considering a simple hypothesis of homogeneous Vs velocity layer. If the main interface is between
Pliocene filling and Gargasian marls, the Vs, velocity for Pliocene would be 924 m/s; otherwise, if the
main interface is between Gargasian marls and Urgonian limestones, Vs, of the whole upper series
(Pliocene and Gargasian marls) would be 1140 m/s. Schlupp et al., (2001) estimated a mean Vs of 800
m/s in the Pliocene sedimentary filling in the area of Avignon, 30 km southward. Based on this, we
consider that the resonance expressed by the 0.5 Hz peak observed at PAUL is due to the first
interface at 462 m.

At BOLL station, the NHVSR shows a clear peak at 0.45 Hz (average amplitude of the order of 4, Fig. 3
top). This is of the same order as the fundamental resonance frequency estimated at PAUL,
supporting the hypothesis that this station is located above the canyon. Based on the value of Vs
inferred at the station PAUL (924 m/s), the base of the Pliocene infill beneath BOLL should be at
about 510 m depth. This is deeper than the base of the canyon at PAUL, consistently with the
downstream position of BOLL. Furthermore, given the depth of the top of Urgonian limestones (280-
450 m, Fig. 3, c) deduced from the geological map notice information, the canyon bottom is expected
to incise or at least, lies directly on top of the Urgonian limestones beneath BOLL. Therefore, we
interpret the fundamental frequency at BOLL as due to the interface between the bottom of the
Pliocene canyon filling and Urgonian limestones (see schematic view on Figure 3, c).

At ADHE, the NHVSR curve is almost flat and does not exceed 2 until 20 Hz (Fig. 3 top). This
encounters the SESAME criteria allowing us to consider this site as a suitable “rock” reference.
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FIGURE 3: a) NHVSR curves at the 3 SSR stations from north to south that are drawn on the rotated
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black thin dotted line that corresponds to the messinien erosional surface (MES). c) Synthetic logs at
the 3 SSR stations show the canyon filling and surrounding cretaceous series.

3. Empirical estimation of the seismic amplification

Perron et al.,, (2018) were able to assess a robust SSR in an industrial site located in Provence
(Southeast France) in a low-to-moderate seismicity area. To do so, they exploited 2 % years of
continuous recordings with the CMG-6TD broadband velocimeters as the ones used in this study. Our
goals are (i) to determine whether earthquakes can also be recorded with a good signal-to-noise
ratio (SNR) in the specific Tricastin industrialized area located in a zone of seismicity level fairly



equivalent to Perron et al., (2018) and (ii) to estimate ground motion amplification at BOLL and PAUL
with respect to ADHE station. In addition, following Perron et al. (2018), we investigate whether
ambient noise recordings could be helpful to assess this amplification.

We use continuous recordings at ADHE, BOLL and PAUL stations. ADHE recorded from 8 August 2016
to 9 June 2017, that is, 10 consecutive months. BOLL recorded from 26 October 2016 to 8 February
2017 and between 15 May and 9 June 2017. BOLL thus recorded data for 5 % months. PAUL station
recorded from 1 September 2016 to 8 February 2017, that is, 5 consecutive months. The 3 stations
were installed again from 5 November to 16 December 2019, that is, for about 1 % month more.

3a. Earthquake-based SSR

We use European EMSC (https://www.emsc-csem.org/) and French CEA-LDG catalogs (www-
dase.cea.fr) to identify earthquakes that occurred during the recording period. If an earthquake is
identified on recordings at both rock and at least one sediment station, P and S waves are picked,
together with the end of the earthquake recording. We select the signal between the S wave onset
and the end of the signal. We then select a noise window before the P wave, of the same duration
than the selected signal. The Fourier Amplitude Spectrum (FAS) of the signal and the noise windows
are then computed and smoothed using the Konno and Ohmachi filter (Konno and Ohmachi, 1998),
with the usual b value of 40. We select the usable frequency band by considering a signal-to-noise
(SNR) ratio threshold of 3, following Perron et al. (2017). SSR at each sediment site is then calculated
in this frequency band using (Borcherdt, 1970):

sediment _ FASSediment (1)
rock )= FASRock

SSR(

where FAS*®ment gnd FASF* are the FAS at sediment and rock sites respectively. SSR is computed for
the 3 components (N-S; E-W and vertical). As proposed by Borcherdt (1970), SSR gives an estimate of
site effects at the sediment station assessing that site effects at the rock site are negligible and that
the source and path components of the ground motion are the same at the sediment and rock sites.

We select earthquakes providing usable frequency bands around or above the fundamental
frequency fO observed at BOLL and PAUL, that is, about 0.5 Hz. The location of these earthquakes is
shown on Figure 4 (colored circles). The magnitude and distance of these earthquakes are presented
on Figure 4 and Table 1. The magnitude ranges from 3.8 for local earthquakes (distance of about 110
km) to 6.4 for teleseismic earthquakes (distance of about 1200 km). These earthquakes are mainly
located Southeast of the Tricastin area. Only 2 small earthquakes used to compute the SSR
(2016/12/13 and 2016/12/03) are located northward. Given their magnitude and distance, these
earthquakes led to small-strain ground motions in the Rhéne valley. Moreover, the distance between
BOLL (resp. PAUL) and ADHE being 9 km (resp. 4 km), the minimum epicentral distance is at least ten
times larger than the distance between sediment and rock stations, fulfilling one main requirement
of the SSR approach. SSR can thus be used to assess site amplification at PAUL and BOLL relative to
ADHE.

It has to be noted that the location of the Mw 4.9 Le Teil earthquake is displayed as well on Figure 4.
The very shallow earthquake (~1 km depth) led to significant damages in the area and to ground
surface rupture (Cornou et al., 2020 ; Ritz et al., 2020 ; Causse et al., 2020). This earthquake was
recorded at ADHE, BOLL and PAUL stations (see electronic supplement). The recorded waveforms
clearly show the effect of the canyon on the seismic ground motion that is much higher and longer at
BOLL and PAUL with respect to ADHE. However, because of the strength of the motion, the
waveforms recorded on the CMG-6TD velocimeters were clipped. This earthquake cannot thus be
used for site amplification assessment.
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FIGURE 4: Location of the earthquakes used in this study.

Location Date | Mag | Type | Depth | Latitude | Longitude | back- | Distance | Source
(km) (DD) (DD) azimut| (km)
(N°)

4 km E of Norcia, | 2016- 42.7 EMS
Central Italy 08-24| 5.5 | Mw 9 9 13.15 101 698 | C
3 km NE of
Accumoli,
Central Italy 2016- 42.7 EMS
(Amatrice EQ) 08-24| 6.2 | Mw 4 1 13.22 101 706 | C
4 km ENE of
Breil-Sur-Roya,
Alpes-Maritimes, | 2016- 43.9
France 09-03| 3.7 | ML 4 6 7.55 98 226 | LDG
10 km N of
Norcia, Central 2016~ 42.8 EMS
Italy 10-26 | 5.5 | Mw 9 8 13.13 100 693 | C
3 km NW of
Visso, Central 2016- 42.9 UsG
Italy (Visso EQ) 10-26| 6.1 | Mw 10 6 13.067 100 698 | S
140 N of
Palermo,
Tyrrhenian Sea, | 2016- 39.3 EMS
Italy 10-28 | 5.8 | Mw 449 5 13.44 120 909 | C
5 km N of
Norcia, Central 2016- 42.8 EMS
Italy (Norcia EQ) | 10-30| 6.5 | Mw 10 4 13.11 100 693 | C

10




13 km ESE of

La Motte-Du-

Caire, Alpes-de-

Haute-Provence, | 2016- 442

France 11-09| 3.8 | ML 2 8 6.17 94 111 | LDG

11 km ESE of

La Motte-Du-

Caire, Alpes-de-

Haute-Provence, | 2016- 442

France 11-10| 3.9 ML 2 9 6.15 93 110| LDG

6 km SSE of

Foucherans, 2016~ 47.0 EMS

Jura, France 12-03| 41 | ML 2 9 5.41 13 306 | C

3 km NNW of

Chabons, Isere, 2016~ 454

France 12-13| 3.8 | ML 2 7 5.42 31 132 | LDG

2 km, NW of

Capitignano, 2017- 42.5 EMS

Central Italy 01-18| 5.7 | mb 9 3 13.28 102 717 | C

D Albani 2019- 41.3 EMS
urres, AbaNIa gy o6l 64 | Mw | 10 8 1947 102| 1242|cC

30 km NW of 2019- 41.5 EMS

Durres, Albania | 11-26| 5.4 | Mw 10 8 19.33 101 1224 |C

Table 1: List and characteristics of selected earthquakes used in the SSR computation

Figure 5 shows the geometrical mean of SSR values calculated for the selected earthquakes at BOLL
and PAUL, plus or minus one logarithmic standard deviation. For the horizontal components, the
mean SSR increases from 1 at low frequency up to about 6 at f0. At higher frequencies, the
amplification globally varies between 6 and 8 at BOLL. At PAUL, it globally varies around 6 with an
increase to 8 between 3 and 4 Hz for the 2 components. The N-S component also shows a decrease
to 4 between 1.5 and 2.5 Hz. For the vertical component, the mean vertical SSR fluctuates between 3
and 6, with noticeable values of about 6 around 0.8-0.9 Hz and about 5 around 1.5 Hz. The associated
number of earthquakes recorded in each frequency band is plotted below each SSR plot on Figure 5.
It varies from a few earthquakes at the two edges of the frequency range to 9 earthquakes around 2
Hz at BOLL and 13 to 14 earthquakes at 1 Hz at PAUL.
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FIGURE 5: (a) Top panel : Amplification computed from Standard Spectral Ratio approach (Borcherdt,
1970) at BOLL stations with respect to ADHE station for the EW component. Mean amplification is
plotted together with mean amplification plus or minus one standard deviation. The bottom panel
represents the number of earthquakes used at each frequency. (b) et (c) Same as (a) respectively for
the NS and vertical components. (d), (e), (f) : same as (a), (b), (c) for PAUL station.
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FIGURE 6 : (a) Amplification at BOLL station with respect to ADHE station computed for the EW
component from individual earthquakes. The colors correspond to the backazimut of the
earthquakes. (b) and (c) : same as (a) with colors corresponding respectively to distances and
magnitude. (d), (e) and (f) : same as (a), (b) and (c) for the NS component.

Figure 6 shows the distribution of single-earthquake SSR as a function of the distance, magnitude and
backazimuth of the earthquake, for each horizontal component at BOLL. At low frequencies, regional
(~1000 km) significant (M~6) earthquakes located in the Euro-Mediterranean area (Central Italy,
Albania) are predominant. At higher frequencies, local earthquakes (~100 km) of lower magnitude
(M~4) located mostly within the same area (except 2 earthquakes located in Jura and Isere) are
predominant. We notice a higher logarithmic standard deviation between 1 and 4 Hz on the NS
component, due to SSR associated with the 2 earthquakes of different backazimuths (Jura and Isere
earthquakes). This is consistent with the results by Perron (2017) that show that backazimuth and
distance firstly control the SSR variability. Maufroy et al. (2016) also pointed out the influence of
backazimuth and distance on the basin response. They report discrepancies between SSR computed
from shallow and far earthquakes on one hand and from deep and close earthquakes on the other
hand. They also notice some discrepancies between SSR computed from earthquakes located at the
North of the basin on one hand and at the South on the other hand. They interpret this as being due
to a different generation of surface waves at the basin edge. Such a dependency on earthquake
backazimuth can be seen in Figure 6 for the NS component and could be related to the complex
geological structure of the basin.

This raises the question of the minimum number of earthquakes necessary to get a robust SSR
estimate in such a complex geological configuration. Perron (2017) showed that depending on the
dataset, 15 to 50 events may be necessary to get a relative variation of the mean SSR less than 10%
in 95% of the cases. It is likely that the limited number of earthquakes in our case does not allow to
have such a robust estimate of the mean SSR in this statistical sense. SSR presented in Figure 5
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should rather be seen as a first rough assessment of amplification. More data will be needed to
confirm these first results and further explore the variability of SSR depending on earthquake
characteristics for stations located in the canyon.

As a conclusion, these results show that regional and local earthquakes are usable to assess ground
motion amplification associated with the presence of the paleo canyon in the area of Tricastin. This
amplification is significant, around 6, and roughly of the same order at BOLL and PAUL stations. To
our knowledge, this is the first time this amplification has been assessed. These first results provide
some quantitative knowledge about the seismic response of the Tricastin area. Moreover, it confirms
the possibility to get a first estimate of the ground motion amplification using earthquakes recorded
for less than one year, in this highly anthropogenic and industrialized environment, despite the local
low-to-moderate level of seismicity.

3b. Noise-based SSR (SSRn and SSRh)

The previous section has shown that earthquake recordings may be used to compute ground motion
amplification in the Tricastin area, but still, a limited number of earthquakes are usable in this low-to-
moderate seismic area. Therefore, methods based on ambient noise are of great interest for these
regions. Following Perron et al. (2018), we compare SSR computed from earthquake data (we use the
mean value) to SSR assessed from ambient noise data. Perron et al. (2018) tested 2 approaches: SSRn
(“noise” SSR) and SSRh (“hybrid” SSR). SSRn corresponds to SSR computed using ambient noise only.
Hereafter SSRn between stations PAUL and ADHE is noted SSRn (PAUL/ADHE). The SSRh approach
considers a local reference station inside the basin for which an earthquake-based SSR is available.
Here, SSRh is computed for PAUL station using BOLL as local reference inside the basin. SSRh at PAUL
is obtained through the product of the SSRn at PAUL with respect to BOLL and of the SSR at BOLL
with respect to ADHE, namely:

SSRh(PAUL) — SSR (PAUL)SSR BOLL (2)
apHE) = 22" \BoLL CGonE

SSRn is computed using ambient noise data sliced into 1-hour files. Each 1-hour file is windowed as
six windows of ten minutes. Following Denolle et al. (2013), we discard 10-min windows containing a
peak that exceeds 5 times the standard deviation assessed from the 1-hour file. Overall, 1000 10-min
windows are used to compute SSRn. The same processing is applied for all the SSRn estimations (i.e.
also used in the SSRh computation). In the following, only mean values are presented.

Figure 7 shows SSR computed from earthquakes (similar to Figure 5), SSRn and SSRh computed at the
PAUL station. First, we observe that SSR and SSRn are in good agreement up to about 0.5 Hz (i.e. f0).
From 0.5 to 1 Hz, SSRn is lower than SSR at some individual frequencies for the EW and vertical
components and on a larger frequency band for the NS component (amplitude of 6 instead of 7 or 4
instead of 5). SSRn remains generally between the mean SSR plus or minus one standard deviation
(see Figure 5). Such similarity between SSR and SSRn is consistent with results of Perron et al. (2018)
that showed that SSRn was able to retrieve fO and AO (i.e. the amplification at f0) for 2 sedimentary
basins, in Argostoli (Greece, fO values between 1 and 2 Hz) and in Provence (Southeast France, fO
values of a few Hertz). Here, we notice that SSR and SSRn are even in good agreement up to 1 Hz on
the EW and vertical component. This limit coincides with the appearance of anthropogenic noise in
ambient noise (1 Hz is usually considered as the limit). SSRn then shoots up beyond this frequency for
EW and vertical components, and beyond 1.5 Hz for the NS component. Perron et al. (2018) suggest
that the basin represents a natural barrier for seismic waves of frequencies greater than fO which
limits the propagation into the stiffer medium for wavefields generated within the basin, explaining
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the discrepancy between SSRn and SSR for f>f0. This effect may become particularly pronounced for
ambient noise at f>1Hz expected to be generated very locally. This suggests that a combination of
factors (related to the geological structure as well as the generation of the ambient noise wavefield)
impacts the ability of SSRn to reproduce SSR.

By contrast, SSR and SSRh show comparable amplification until 4 Hz at PAUL. SSRh is also closer to
SSR than SSRn at fO in the EW component. These results confirm the conclusions by Perron et al.
(2018) that SSRh is an approach that can be used to characterized amplification up to frequencies
significantly higher than the fundamental frequency. In Perron et al. (2018), SSRh was able to
reproduce SSR until 10 Hz and even 20 Hz for some stations, with interstation distances varying from
1 to 2 km. Here, PAUL and BOLL stations are located at 5 km distance. This is of the same order than
distances from the reference rock stations. This suggests that distance is not the key factor for the
quality of SSRn. However, PAUL and BOLL are located within the same geological formation inside the
canyon, which was considered by Perron et al. (2018) as a key ingredient to explain the ability of
SSRh to reproduce SSR. These results are very promising and suggest that such an approach could be
used within the Rhone valley on the Messinian canyon to assess amplification using either PAUL or
BOLL stations as local reference inside the basin. More generally, and in the continuity of the work by
Perron et al. (2018) on the two small-scale basins (width of about 1 km and depth of about 100 m),
these results suggest that SSRh could also be promising in kilometer-scale basins.
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FIGURE 7: (a) Mean amplification at PAUL station with respect to ADHE station computed for the EW
component from the SSR approch (black), the SSRn approach (blue) and the SSRh approach (red).
SSRn computed at BOLL is added for comparison. (b) and (c) : same as (a) for the NS and vertical
components.

4. Numerical estimation of the amplification based on local 1D
approximation

To compare to the empirical amplification estimated in the previous section at BOLL and PAUL
relative to ADHE, we compute a numerical amplification based on a local 1D approximation. This
numerical computation requires 1D subsurface characterization at our station sites. We detail here
data acquisition and processing for the estimation of 1D Vs profiles. The “profiles” can be as well
named as “models” since they are determined from an inversion. Values considered in the numerical
simulations for other geophysical parameters such as the attenuation will be presented in subsection
4c.
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We used SWDA to assess 1D Vs profiles at our station sites. This approach is based on the dispersive
characteristics of surface waves, meaning that different wavelengths are sensitive to different depth
ranges thus giving insights into medium variation as a function of depth. SWDA is being increasingly
used to determine 1D velocity profiles and Vs30, the shear wave velocity in the first 30 m (e.g.,
Garofalo et al., 2016; Hollender et al., 2018; Cushing et al., 2020). As mentioned in section 2, the
environment of PAUL does not allow for SWDA characterization. We thus focus here on BOLL and
ADHE. The acquisition configuration involved techniques and data processing may differ for the two
sites for practical reasons (e.g. site accessibility and configuration) and geological configuration (very
different expected Vs). The two characterization campaigns having been carried out at different
times, we also took into account the feedback from the first campaign (BOLL) for the second
campaign (ADHE). It is worth noting that the resulting interpretation is however very consistent from
one site to the other as well as with the geological information available in the area.

4a. 1-D Vs at BOLL (sediment site)

Among SWDA techniques, the deployment of ambient vibration arrays (herein referred as to AVA) is
one of the most widely used. AVA is based on the ability of seismic sensors arrays to give information
about the propagation of an incident wave front (i.e. direction and velocity). It uses the easy-to-
record ambient vibrations of the Earth’s surface (or seismic ambient noise), which are assumed to be
mainly composed of surface waves and present the advantage of not requiring artificial sources. The
design of AVA acquisition configuration depends on the characterization target and medium
properties. The main objectives of this campaign were to estimate 1) an average Vs of the canyon
sedimentary filling, 2) the depth of the canyon bottom (expected to be about a few hundreds of
meters) and 3) the Vs contrast between the sedimentary filling and the substratum.

We focused on a farming area where station arrays of several hundreds of meters can be rather
easily deployed. The centre of the acquisition is still located 350 m north of BOLL because of the
organization of crops and agricultural plots around the site. We used 9 Giiralp CMG-6TD broadband
velocimeters for the array measurements. The experimental deployment has been designed based
on SESAME criteria (SESAME team, 2004) to find optimal array layout given our site configuration
(accessibility, number of sensors, medium properties, depth range targeted). The chosen layout
consisted of 2 arrays, whose location and geometry are shown in Figure 8a. Each array is composed
of 8 CMG6-TD stations distributed on two circles (i.e. double-circle geometry with radii of 30 and 75
m for the smallest array; of 125 and 250 m for the largest) around a central seismic station. To
optimize the azimuthal coverage, the inner stations are shifted by 45 degrees with respect to the
azimuth of the external stations for each array. The maximal aperture of each array is 140 and 500 m,
respectively. Because of the field conditions and accessibility, some adjustments have been
necessary, leading to a non-perfect circle for the largest radius (Fig. 8a). The average duration of
acquisition for the two arrays is 3 hours.

Data acquired have been processed using the Geopsy software package (Wathelet et al., 2020). The
most stationary noise windows within the raw recordings have been selected using a STA-LTA
criterion. The single sensor recordings were processed as NHVSR measurements to check the
homogeneity over the array. NHVSR curves obtained do not vary significantly in shape and in
frequency. This homogeneity in NHVSR measurements as well as in the local geology make us
consider that the assumption of a local 1D model at the basis of the processing and inversion of AVA
measurements is fulfilled. We averaged the NHVSR curves computed for each station composing the
arrays and obtained an average value of fO for the array of 0.45 Hz. One can notice that this is
perfectly consistent with the value estimated at station BOLL (see section 2), supporting our
assumption of using this array analysis to characterize the medium below BOLL. This value will be
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used in the data inversion as characterizing the ellipticity of Rayleigh waves to constrain the depth of
the main interface at the origin of the resonance.

Data were then analyzed using frequency-wavenumber (FK) techniques (e.g., Lacoss et al., 1969;
Capon, 1969; Rost and Thomas, 2002). Rayleigh dispersion curves were derived from the analysis of
the vertical component of ambient noise signals recorded on the arrays. Each array measurements
have been analyzed and led to a dispersion curve. The analysis has been restrained within the array
resolution capabilities (minimum resolvable wavenumber at low frequencies and aliasing limit at high
frequency) that are controlled by the array geometry (M. Wathelet, 2008). For the 2 arrays, the
dispersion diagrams show a single dominant mode that we interpret as the fundamental Rayleigh
mode. The dispersion curves extracted from each array measurements are very consistent within the
common frequency ranges (1.5-2.5 Hz), strengthening our assumption that the individual curves
reflect the same propagation mode. These two curves are thus combined to provide a broader
frequency-band dispersion curve (0.5-5 Hz). Figure 8b shows this average curve as well as the
associated uncertainties observed at each frequency.

We used the dinver software, part of the Geopsy package (Wathelet et al.,, 2020) to invert the
dispersion curve and estimate a 1D Vs profile below BOLL. This software uses a global search
approach with a neighborhood algorithm (Wathelet, 2008). In order to add some information on the
interface depth between the sedimentary filling and the substratum, the resonance frequency
estimated from NHVSR computed over the array stations (f0=0.45 Hz) is taken into account, and
jointly inverted as Rayleigh-wave ellipticity peak with the array-based dispersion curve. An
uncertainty of 0.05 Hz was associated with f0. We considered equal weight for the dispersion curve
and the resonance frequency in the inversion process. We estimated the thickness of the first layer
and the maximum resolution depth using usual rules of thumb, that is, considering one third of the
minimum and maximum observed wavelengths, respectively. This results in a model resolvable depth
ranging from 35 m down to about 540 m. Different parameterizations were tested, especially
regarding the number of layers used. We found that 4 layers were necessary to reproduce the
observed dispersion curves, especially at low frequency, which constrains the velocity at depth (i.e. in
the basement). Surface waves are mainly sensitive to Vs and layer thickness. Regarding other
parameters, we assumed a fixed density of 2.2 and a Poisson ratio varying between 0.2 and 0.5 for
the inversion.

Figure 8d shows the 8610 velocity models whose misfit is inferior to 1. The misfit represents the RMS
(Root Mean Square) difference between the forward-modelled parameters and the measured ones
normalized by one standard deviation. The parameters are the dispersion curve of the fundamental
model of Rayleigh waves and the Rayleigh wave ellipticity peak considered as a good indicator of the
fundamental resonance frequency. This comparison is also illustrated in Figs 8b and c showing a good
agreement. The resulting models are characterized by a surface layer (fixed at 35 m) with a mean Vs
of about 500 m/s with a standard deviation of 65 m/s. It is worth noting that these values could give
a first order estimate of Vs30 and associated uncertainties in this model that cannot resolve exactly
the upper 30 m. This first 35-m deep layer overlies a layer of approximately 70 m with Vs ranging
from 680 to 850 m/s. We then have 2 layers with Vs slightly increasing from 950 m/s to about 1050
m/s reaching the depth of 500 m. We there found an interface corresponding to the
sediment/bedrock interface whose depth is situated between 490 m and 590 m, with an average
value of 534 m and a standard deviation of 47 m. The mean velocity in the sediment layer is 844 m/s
and the associated standard deviation is 46 m/s. The underlying velocity is found difficult to
determine precisely in view of the theoretical maximal solvable depth of about 540 m. The velocity
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models shown in Figure 8d suggest however a strong velocity contrast at this interface with
underlying velocities characterized by a mean Vs of 3132 m/s with a standard deviation of 287 m/s.
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FIGURE 8: Site characterization at BOLL. (a) Geometry of the ambient vibration arrays (AVA) involving
2 double-circle arrays (R1-R2 and R3-R4) around a central station RC. Because of site constraints, RC is
located 350 m north of BOLL (green triangle). (b) and (c) Comparison between the observations and
forward modelling associated with velocity models estimated from the inversion and shown in (d): (b)
The black curve shows the observed dispersion curve of the Rayleigh fundamental mode and its
uncertainties. The coloured curves correspond to the forward-modelled dispersion curves. Colour
stands for the misfit value in (b), (c) and (d). (c) The black line points to the measured fundamental
resonance frequency fO estimated at BOLL using NHVSR (section 2). Coloured lines indicate the
forward modelled peak of Rayleigh ellipticity (see text for discussion). (d) 1D Vs models obtained from
the inversion process.

4b. 1-D Vs profile at ADHE (rock site)

ADHE station being surrounded by dense vegetation, it was not possible to carry out SWDA
measurements at the exact station location neither. We had to shift about 400 m apart from the
exact station location. However, the geological configuration of the limestone slab under the SSR

18



ADHE station, the MASW site location and the AVA (see below) is very similar (all measurement
locations are located on the same structural surface of the Urgonian limestone).

As for BOLL, we used AVA to estimate the 1D Vs profile at depth. ADHE being located on the
Urgonian limestones whose Vs is expected to be very high (~2000 m/s), this will naturally pull the
AVA-based characterization towards larger depths for a given array geometry in comparison with
sediment sites (like BOLL). To complement the AVA approach and thus our characterization at
shallower depths in this specific context, we use the Multichannel Analysis of Surface Wave approach
(MASW, Stokoe et al., 1994; Park et al., 1999; Hollender et al., 2018) in which geophones are placed
along a line and surface waves were generated by hitting the ground with a sledge hammer. Using
these complementary methods should also allow us to obtain an estimate of Vs30 at ADHE.

AVA

We used 11 Giralp CMG-6TD broadband velocimeters for AVA measurements in this second
campaign. Once again, the experimental deployment has been designed based on SESAME criteria.
The chosen layout consisted of 3 arrays: 1 circle involving 10 sensors and a central station (radius of
210 m); and 2 double-circle geometry with increasing paired radii (60 m and 120 m; 120 m and 210
m) involving 2x5 sensors equally spaced around 2 circles and the central station. Figure 9a shows the
measurement points belonging to R3, R2 and R1 whose radius are respectively 210 m, 120 m and 60
m. As for BOLL, the azimuth of the sensors for the larger circle was shifted with respect to the
azimuth of the sensors for the smaller circle, to optimize the azimuthal coverage of the whole array.
The layout is shown on Figure 9a. The central station is located 480 m away from ADHE. For each
array, the acquisition lasted for a few hours (the larger aperture arrays, the longer the acquisition
duration).

Data acquired has been processed using the Geopsy software package (Wathelet et al., 2020) and the
same pre-processing as for BOLL, namely using a STA-LTA criterion for selecting stationary windows
and computing NHVSR on each array station. The amplitude of NHVSR curves remains smaller than 2
for most of the stations, satisfying the SESAME criteria for rock sites (SESAME team, 2004).
Moreover, the topographical maximal slope is less than 5% in the measurement area and geological
structure is relatively flat (dip ~5° N). This homogeneity in NHVSR measurements as well as in the
geology configuration make us consider that the assumption of a local 1D model is fulfilled. Similarly,
to the processing at BOLL, AVA measurements were then analyzed using frequency-wavenumber (FK)
techniques and the Geopsy software. Rayleigh dispersion curves were derived from the analysis of
the vertical component of continuous data. As for BOLL, the curves obtained from the different array
measurements showed a good agreement within their shared frequency range. This allowed us to
build a unique curve between 4 and 25 Hz we interpret as the dispersion of the fundamental mode of
Rayleigh waves.

MASW

The MASW acquisition was set up southeast of the AVA arrays, along a nearby dirt road. This is
placed at around 400 m distance from the ADHE station on the same geological unit following the
geological map. 24 4.5 Hz 1C vertical geophones were positioned along the road with a 2-meter
interval. The distance between the closest receiver and the shot position was fixed successively to 2
meters and then 10 meters at both ends of the seismic line. In Figure 9a, points named Masw-0m
and Masw-66m correspond to the two extreme shot positions and Masw-33m is located in the
middle of these two extreme positions. For each shot position, the shots generated by a
sledgehammer were repeated 10 times to increase the signal to noise ratio. We computed Rayleigh
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waves dispersion diagrams from MASW data following Bitri et al. (1998), Gelis et al. (2005) and Park
et al. (1999). We were able to pick manually the dispersion curve of the fundamental mode of
Rayleigh waves between 105 and 183 Hz. These frequencies lie between the aliasing limit evaluated
according to the criterion of Foti et al. (2018) and the maximum resolvable wavelength due to the
length of the seismic line evaluated according to the criterion proposed by Bodet (2005).

One can notice that the dispersion curves derived from our 2 approaches (AVA and MASW) cannot
provide any velocity information between about 25 and 100 Hz (Fig. 9b). This gap in the dispersion
curve implies that the model obtained from the inversion of this composite dispersion curves will
present a large uncertainty on a portion of the depth range investigated. This will be kept in mind
while interpreting the resulting models.

Inversion

We again used the dinver software of the Geopsy package (Wathelet et al., 2020) to invert the
obtained dispersion curve. We tested different parametrizations for the velocity models. This time,
we needed a 10-layer model to reproduce the observed dispersion curves, especially at low
frequencies. Density was fixed at 2.5 and the Poisson ratio may vary between 0.2 and 0.5. Figure 9c
shows the 1148 velocity models obtained whose misfit is below 1. Using the rule of thumb of one
third of the minimum and maximum wavelength to estimate the resolvable depth range, the
dispersion curves suggest that AVA (resp. MASW) measurements will constrain the Vs model
between the depth of about 30 m and 230 m (resp. within the first 5 meters). This suggests a poor
resolution of the model for depth ranging from 5 to 30 m. This shows that contrary to what we
expected, AVA measurements were able to provide an average information within the upper 30m
(and hence Vs30). This comes from the possibility in this case to process ambient noise data up to 25
Hz which is rather high and may not anticipated since it completely depends on the nature of the
ambient noise at the site of interest.

Once again, the dispersion curves computed from the resulting models fit well our observations,
both at low and high frequencies and support the robustness of these results (Fig. 9b). In these
models, Vs regularly increases with depth, from about 1000 to 1500 m/s at the surface to 2700 to
3600 m/s at 200 m depth. The mean velocity at depth is equal to 3180 with a standard deviation of
252 m/s. Such high velocity values at depth are consistent with the presence of Urgonian limestones
whose thickness is estimated in this area as ~700 m from geological investigations. Relatively lower
velocity values close to the surface are interpreted as the effect of surficial weathering effects due to
erosion on Urgonian limestones. Figure 9d shows the Vs profiles in the first 30 meters. The mean
Vs30 value extracted from these models is equal to 2016 m/s with a standard deviation of 122 m/s.
This high Vs30 value is an indicator of a hard rock site, which is consistent with the hardness of
Urgonian limestones observed on field. It is also consistent with other Vs30 measurements on hard
limestones found in Southeast France: Vs30 of 2100 m/s in Cretaceous limestones (Perron et al.,
2018) and of 2090 m/s in the Upper Jurassic (Tithonian) limestones (Hollender et al., 2018). This
follows most criteria of Felicetta et al. (2017) and is a further support to use this site as a reference
rock site.

It is worth noting that the velocity profile at depth estimated at BOLL can be discussed in the light of
these results. Indeed, the Vs estimated in the substratum below BOLL tends to show similar values
(even if it is associated with large uncertainties). This is totally consistent with Vs estimated for
Urgonian limestones at ADHE and with the geological interpretation detailed in section 2 suggesting
that Pliocene directly overlies Urgonian limestones at the bottom of the canyon, below BOLL. This
somehow strengthens the presence of Vs as high as 3000 m/s within the substratum below BOLL.
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FIGURE 9: Similar to Figure 7 for ADHE. (a) Geometry of the ambient vibration arrays (AVA) involving
3 arrays: 1 circle (R3) and 2 double circles (R2-R3odd and R1-R2) around a central station RC. Because
of site constraints RC is located 480 northeast of ADHE. R3odd corresponds to the 5 sensors of odd
index in R3. The location of MASW measurements is shown in dark blue. (b) The black curve shows the
measured dispersion curve of the Rayleigh fundamental mode and its uncertainties, resulting from
the processing of AVA and MASW measurements. The coloured curves correspond to the forward-
modelled dispersion curves associated with 1D Vs models estimated from the inversion (c). (c) and (d)
respectively show the Vs models until the maximum inverted depth and in the first 30 meters. Colour
stands for the misfit value in (b) and (c).

4c. Numerical amplification based on the derived 1D profiles
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FIGURE 10 : (a) and (b) Transfer functions computed from 1D models presented respectively in Figure
8 for BOLL and Figure 9 for ADHE. (c) and (d) mean transfer function and mean transfer function plus
or minus one standard deviation for 1D models with misfit lower than 1 respectively at BOLL and
ADHE. (e) Mean ratio of transfer functions plotted in (c) and (d) and mean ratio plus or minus one
standard deviation.

In this section, we are interested in assessing ground motion amplification and its variability from the
1D velocity profiles obtained in sections 4a and 4b. Teague and Cox (2016) investigate three
approaches to take into account the variability and accuracy of Vs estimates for site response
analysis. They (i) use Vs profiles obtained from dispersion curves inversion, (ii) modify the true model
considered as the best-case Vs profile by 20% to obtain upper/lower range profiles and (iii)
randomize this best-case Vs profile using the approach of Toro (1995). Using these three approaches
to account for Vs variability, they found that the first approach gives a lower variability than the last
one in terms of dispersion curves and transfer function. The dispersion curve is better fitted in the
first case than in the last case while dispersion curves are shifted in the second case. They conclude
that, as long as the observed dispersion curve is well-fitted and that different parametrization have
been tested, Vs profiles obtained from surface wave inversion provide a means to account for Vs
uncertainty. In our study, velocity profiles computed from surface wave inversion at BOLL and ADHE
(Fig. 8 and 9) fit well the dispersion curves and different model parametrizations have been tested.
Therefore, we follow the first approach proposed by Teague and Cox (2016) to account for Vs
variability and include this variability in site response analysis. In the following, we compute the site
response for each model presented in Figure 8 for BOLL and 9 for ADHE. The inter-model variability is
guantified through the standard deviation of transfer functions.

For each 1D model we compute the transfer function corresponding to the ratio of the Fourier
Amplitude Spectra at the surface and at depth. To that purpose, the wave propagation for vertically
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incident waves is computed using the code « gpsh » from the geopsy software (Wathelet et al.,
2020), that can directly use the models resulting from the inversion process as input. This code is
based on the reflectivity method (Kennett and Kerry, 1979) as implemented in P.-Y. Bard and Gariel
(1986) and Theodulidis et al. (1996). As a simple comparison, we computed also the transfer function
using the Haskell-Thomson method (Haskell, 1950, Thompson, 1953) that shows a good agreement
with the one obtained with gpsh. We introduce attenuation in the models through the quality factor
Qs for S waves. We consider Qs equal to 50 at BOLL and 100 and ADHE as first order approximation.
It is worth noting that using these values, or Qs equal to one tenth of Vs that could alternatively be
used as first rough approximation, does not change conclusions presented hereafter.

Figure 10 shows the transfer functions obtained using the set of 1D velocity profiles estimated at
BOLL (Fig. 8) and ADHE (Fig. 9). At BOLL, the transfer functions present several distinct peaks (Fig.
10a). The first amplified frequency, corresponding to the fundamental resonance frequency, is
estimated at around 0.45 Hz, consistently with the value used in the inversion process. The mean
amplitude is 3.2 and ranges from 3 to 3.5 when the inter-model variability is taken into account (Fig.
10c). We observe a second and third peaks respectively at 1.2 Hz and 1.9 Hz. The mean amplitude of
these peaks is about 3 and ranges from 2 to 4 (Fig. 10c). The amplitude variability is therefore larger
than for the first peak. At higher frequency, the inter-model transfer function variability increases.
This is consistent with results by Foti et al. (2009) that study transfer functions computed using 1D
velocity profiles coming from the inversion of a single dispersion curve: they found that the resulting
transfer functions are similar at low frequency and that the variability increases with frequency due
to the inter-model variability. The inner structure of the sedimentary filling could have an influence
on the 1D transfer function at high frequency. Our experimental configuration and inversion process
prevent us from getting high-resolution knowledge of the sedimentary filling. We thus focus our
interpretation on the low frequency part of the transfer function, especially its amplitude and shape
around the first amplified frequency. In other words, in the assumption of a local 1D geometry, we
consider that the mean Vs and thickness of the sediment layer together with the Vs contrast with
underlying bedrock are trustful. On the other hand, the impact of the inner structure of the
sedimentary layer at BOLL is considered as secondary in our analysis.

At ADHE, both the transfer function amplitude and its variability increase with frequency (Fig. 10b).
However, the mean transfer function plus one standard deviation is lower than 1.5 on the whole
frequency band (Fig. 10c); it is about 1 at 0.45 Hz.

In an attempt to assess the ground motion amplification at BOLL taking ADHE as a reference, we
select pairs of (sediment, rock) velocity profiles that show similar velocities at depth (i.e. with a
difference lower than 10 m/s), implying a similar modelled ground motion. To reduce computation
costs, only velocity models with a misfit lower than 0.5 are considered. Then, for each of the selected
velocity pairs, we extend the velocity profile at the rock site, so that the velocity profile at ADHE is as
deep as the one at BOLL. The amplitudes of the corresponding transfer functions are slightly lower
for ADHE site (mean value is 1.3 in Figure 10b instead of 1.35 at 20 Hz in Figure 10d) since the
calculated ground motion is more attenuated at the surface due to a larger propagation distance.
Finally, we compute the ratio between the transfer functions obtained at BOLL and ADHE (Fig. 10e).
This ratio is an approximation of the amplification between BOLL and ADHE. At the first order, it is
similar to the transfer function at BOLL because of the low amplitude of the transfer function at
ADHE. In particular, mean amplification at 0.45 Hz is about 3.3, and inter-model amplification ranges
from 3 to 3.5.

To conclude, we use the 1D velocity profiles at BOLL and ADHE to assess the ground motion
amplification between these two stations around the first amplified frequency. In the next section,
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we discuss how this numerical amplification, based on the assumption of a 1D local geometry,
compares to the empirical one estimated from earthquakes recordings in section 3a.

5. Discussion on the comparison between the empirical and numerical
amplifications at low frequency

In this section, we focus our comparison on the amplitude and shape of the transfer function around
the first amplified frequency in order not to overinterpret the higher frequency part of the numerical
curve which is tainted with more uncertainties as discussed above. The first amplified frequency f0 is
0.45 Hz for both estimations but the mean value is different: about 6 for the empirical estimation
(section 3a) and about 3.3 for the numerical one (section 4c). Moreover, the amplification computed
using 1D velocity profiles presents a peak around 0.45 Hz whereas the empirical amplification shows
a plateau-like shape. It is worth noting that, this observation remains true even at higher frequencies.
Decreasing the smoothing used to compute empirical amplification leads to more pronounced peaks
at some frequencies. However, it does not improve the comparison between empirical and
numerical amplifications neither in shape nor in amplitude.

The observed discrepancies between the empirical and the numerical amplifications at low
frequencies could have different explanations:

1. Inacurracy in 1D velocity models. The model parametrization is kept simple in our inversion
process and the resulting resolution is limited. However, our analysis allows us to consider the mean
velocity in the sedimentary filling well constrained by the inversion process and the velocity at depth
trustful (in particular given the consistency with ADHE, see discussion in section 4b). Reaching an
amplification of 6 at the fundamental frequency with 1D velocity models would require to either
decrease the mean velocity in the basin or increase the velocity in the bedrock. While the latter
seems unlikely given the very high velocities, the former would imply a reduction of velocity by a
factor of 1.5-2 (amplification ratio between empirical and numerical assessments) that will not allow
to fit the observed dispersion curve. Moreover, a decrease in velocities would also lead to a
shallower interface between sediments and bedrock to preserve the fit with the ellipticity peak. As
explained in section 2, a geological interface at about 535 m depth is consistent with information
from deep boreholes and geological data. Therefore, an interface shallower by a factor of 1.5-2
seems to be unlikely as well.

2. Incidence angle of the incoming wavefield. The incoming wavefield may be not vertical as used in
numerical simulations but inclined. A vertical incident angle is compatible with regional and
teleseismic events. As a sensitivity study, we change the angle of incidence from 0 (vertical incidence)
to 20 degrees using the Haskell-Thomson (Thompson, 1950; Haskell, 1953) method. The amplitude
and shape of the obtained transfer function are very similar to the ones shown in Figure 10a. Perron
(2017) found an influence of the earthquake epicentral distance on amplification in the Argostoli
basin. But these differences are observed for distances lower than 26 km, that is much shorter than
the minimal distance of about 110 km considered in our case. The discrepancies observed between
amplifications computed with different earthquakes in section 3a seems to be rather related to the
influence of the earthquake azimuth (Fig. 6).

3. small-scale variations of subsurface properties (e.g., velocities): these heterogeneities are not
taken into account in our 1D simulations. They could however lead to wave scattering and transfer
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functions modification. Such phenomenon could be taken into account using frequency-dependent
attenuation. Alternatively, small-scale heterogeneities can be introduced in models. Among others,
Thompson et al. (2009), El Haber et al. (2019), Tchawe et al., (2021) have shown that the impact of
these heterogeneities depends on their properties. In particular, El Haber et al. (2019) compute the
wave propagation in a model composed of a sedimentary layer above a homogeneous bedrock. The
sedimentary layer is defined by strong perturbations of velocities (coefficient of variation of 40%).
Hundred random realizations of this medium are generated in which the wave propagation is
computed. The mean first amplified frequency and corresponding amplification are modified by
around 25% and 30% respectively with respect to the homogeneous model. At high frequency, these
perturbations lead to a mean transfer function that corresponds to a smooth version of individual
transfer function among frequencies. Moreover, Thompson et al. (2009) observe a reduction of
amplification at the first amplified frequency when accounting for small scale heterogeneities with a
coefficient of variation of 25%. Given that the discrepancy between modelled and observed
amplification at BOLL is at least 50%, we consider that material heterogeneities could explain part of
the discrepancy between numerical and empirical amplifications at BOLL, but it is reasonable to think
that other processes also play a role. A precise quantification of these effects would require more
data (e.g., velocity measurements in boreholes, CPT/SPT dense measurements in the area, ambient
noise dense acquisitions).

4. The 2D/3D geometry of the basin. The complex geometry of the basin could explain discrepancies
between observed and modelled ground motion because other waves than shear waves with a
vertical incidence propagate inside the basin. Indeed, the shear wave velocity reduction leads to
ground motion amplification (lithological effects). Other phenomena, such as 2D/3D resonances, or
propagation of waves generated at the basin edges, could also occur (Kawase, 1996; Cornou and
Bard, 2003; Roten et al., 2006; Michel et al., 2014). In order to get an idea of the main propagation
regime in the vicinity of BOLL, we use the approach of Bard and Bouchon (1985). Assuming that the
basin is the deepest at BOLL in the area, the basin depth (h) ranges from 486 to 581 m (mean depth
plus or minus one standard deviation from the 1D velocity profiles) and the basin width (w) is about 4
km according to geological data. The basin shape ratio (2 X h/w) therefore varies between 0.24 and
0.29 in this area. The velocity contrast at depth varies between 3.38 and 4.05. Following the Bard and
Bouchon (1985) criterion, Figure 11 suggests that 1D resonance combined with lateral propagation is
the dominant regime. This is a first approximation since the basin geometry may be strongly different
from the sinus-like shape used in Bard and Bouchon (1985), with sharp basin edges for example.
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Several studies have examined the influence of such edge-generated waves on the amplification. In
the Gubbio basin in Italy, Bindi et al. (2009) propose that the amplification at fO could be due to 1D
resonance effects together with edge-generated surface waves that propagate within the basin. This
interpretation is based on Earthquake Horizontal to Vertical Spectral Ratio (EHVSR) whose peak
occurs at fO with an amplitude of about 6 whereas SSR amplitude is about 10. Similarly, EHVSR
amplitude at fO estimated at BOLL and PAUL is about 4 and lower than SSR amplitude of about 6. In
the Grenoble basin in France, Cornou and Bard, (2003) attribute energy discrepancy between
numerical amplification in a 1D model assessed from borehole measurements and empirical
amplification computed from earthquake recordings to the presence of diffracted waves from the
basin edges above f0. The reference station is located at depth in a borehole but this conclusion
could also hold for reference stations located at the surface. Mascandola et al. (2021) compare
transfer functions computed from 1D velocity profiles to empirical ones obtained from earthquake
recordings at surface and depth at 4 locations inside the Po Plain in Italy. For one of these stations,
they observe an underestimation of the numerical transfer function with respect to the empirical one
of up to 60% at low frequency. They correct for the basin effect using a correction term that accounts
for the generation of surface waves at the basin edges in the GMPE of Lanzano et al (2016) calibrated
for the Po Plain area and Northeastern Italy. Such correction allows them to better fit the empirical
transfer function. At last, Michel et al. (2014) compute the transfer functions from 1D velocity
profiles determined from array measurements. They compare them with the amplification deduced
from the difference between predicted ground motions at a generic rock and observed ground
motions, representative of the site response. This comparison is made in terms of the presence of
peaks (smooth vs peaky curves), corresponding frequency values, and the level of amplification over
the whole frequency band. It is then used to determine whether the site has a 1D response and if
edge-generated waves propagate. Even if we focus our analysis and discussion on the low frequency
part (amplification and shape around the first amplified frequency), we note that, following Michel et
al. 2014’s approach, the plateau-like shape of the empirical amplification together with its larger
amplitude value over a large frequency band favor the interpretation of differences between
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empirical and numerical amplification as due to the presence of edge-generated surface waves
propagating inside the basin.

To summarize, the available information tends to suggest that edge-generated waves may have a
strong influence on the local basin response at BOLL and PAUL. However, the available local 1D
characterization is not sufficient to quantify their actual impact. Imaging the whole canyon geometry
and determining its properties appears to be necessary and is foreseen as a follow-up of this study. It
would allow to perform 3D numerical simulations of wave propagation inside the area to better
understand the influence of edge-generated waves and its impact on the empirical amplification
within the basin. The role of wave scattering due to small scale heterogeneities could also be
addressed in a further step.

Conclusions and perspectives

In this paper, we presented seismic experiments conducted in the Tricastin area (French Rhéne
valley) where an ancient canyon was dug and then filled with marls and sands. We estimated the
ground motion amplification caused by this geological configuration using two approaches, the first
one based on the analysis of earthquake recordings, the second one based on numerical simulations
in 1D models.

Based on geological considerations and NHVSR measurements, we selected two sites located above
the ancient canyon (BOLL and PAUL) and one site located at a nearby reference rock (ADHE). Despite
the low-to-moderate seismicity context and the anthropogenic and industrialized environment, it
was possible to record earthquakes providing usable frequency bands for amplification estimation
around or above the fundamental resonance frequency (as deduced from NHVSR measurements).
These earthquakes cover a wide range of distance (from about 100 to 1000 km) and of magnitude
(from about 4 to 6.5) and therefore provide usable signals in different frequency bands. The
amplification was computed at BOLL and PAUL using ADHE as reference rock site from these weak-
motion earthquakes using the SSR approach. SSR curves present a plateau-like shape and reaches a
value of 6 on the horizontal components (4 on the vertical component).

We also test the capacity of the seismic ambient noise to assess amplification computed from
earthquake recordings at these stations. Amplification computed from SSRn and SSRh approaches at
PAUL is similar to the one obtained from SSR, respectively until about 0.5 Hz (corresponding to f0)
and 1 Hz.

We also carried out SWDA measurements at BOLL and ADHE to obtain local 1D Vs profiles. Vs profiles
computed at BOLL show a sediment layer with a velocity of about 850 m/s and a depth estimated
between 490 and 590 m. At ADHE, the experimental configuration allows us to estimate Vs30,
providing a value of about 2000 m/s. At larger depth, the 1D Vs profiles show velocity slightly
increasing with depth. It is worth noting that Vs profiles obtained at the two sites are consistent 1/
with the available geological data and 2/ with each other in terms of mean velocities at depth
(ranging from 2800 to 3400 m/s).

Transfer functions were computed at BOLL and ADHE from these velocity profiles. The ratio of these
transfer functions is computed as a numerical estimation of the ground motion amplification
between BOLL and ADHE. By contrast to the empirical one, this numerical estimation shows several
distinct peaks, the larger one being observed at 0.5 Hz with an amplitude of about 3-3.5. Given the
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large uncertainties of this numerical amplification at high frequency, we limit our interpretation to
the lower frequency part of the curve (i.e. around the fundamental resonance frequency).

Different processes are proposed to explain the discrepancies (amplitude and shape) observed
around the fundamental resonance frequency between empirical and numerical amplifications.
Using the Bard and Bouchon (1985) criterion, we suggest that surface waves generated at the edges
of the basin play a major role.

In this study, we carried out classical and easy-to-handle seismic experiments that still allowed us to
provide information about local ground motion amplifications caused by the ancient Rhone canyon.
This highlights the interest of acquiring on-site observations also for areas of low-to-moderate
seismicity and in industrialized and potentially noisy environments. Such measurements are
preliminary. In particular, these local measurements do not allow us to catch any spatial variability of
the amplification within the basin and prevent us from fully investigating processes related to the
2D/3D geometry of the basin. These perspectives are part of the French-German DARE project
including a 2D/3D characterization of the basin and extended measurements at the basin scale for
several months.
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