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Abstract—A  broadband seismological station (PRIMA)
installed offshore Nice airport (southeastern France) reveals a
strong amplification effect of seismic waves. PRIMA station was in
operation for 2 years (9/2016 to 10/2018) on the outer shelf at a
water depth of 18 m. Situated at the mouth of the Var River, this
zone is unstable and prone to landslides. A catastrophic landslide
and tsunami already occurred in 1979, causing 10 casualties. Given
the level of seismicity of the area, it is important to infer the impact
of an earthquake on this zone. We analyze the recordings of
earthquakes and seismic noise at the PRIMA station by comparing
them to nearby inland stations. We find that the seismic waves are
strongly amplified at PRIMA at some specific frequencies (with an
amplification factor greater than 10 at 0.9 Hz). Using geological
and geophysical data, we show that the main amplification fre-
quency peak (at 0.9 Hz) is due to the velocity contrast between the
Pliocene sedimentary layer and fine-grained sediments dated from
the Holocene, at about 100 m depth. This velocity contrast is also
present along the Var valley, but the level of amplification detected
on PRIMA station is larger. Using numerical simulations of seismic
waves in a 2D model that accounts for the pinch-out geometry
related to the termination of the Holocene sedimentary layer, we
can partially explain this amplification. This offshore site effect
could have a crucial impact on the triggering of a submarine
landslide by an earthquake in this region. More generally, this
effect should be taken into account for the modeling of landslides
and induced tsunamis triggered by seismic waves.

Keywords: Earthquakes, site effects, landslides, offshore
seismometer, seismic hazard.
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1. Introduction

Ground motions generated by an earthquake
depend mainly on the magnitude of the earthquake,
the distance between the active fault and the site of
interest, and on near-surface effects commonly
referred to as site effects, which result from the
interaction between seismic waves and surface
lithology and/or topography.

The effect of superficial geology on seismic
waves has been detected since the end of the nine-
teenth century (see Sanchez-Sesma and Crouse 2015
for an historical review) but it has been clearly
identified and widely studied since the M = 8.0
Mexico earthquake that strongly damaged Mexico
City in 1985 (Anderson et al. 1986; Cruz-Atienza
et al. 2016). Built on top of ancient lake deposits,
Mexico City experiences some of the world’s largest
seismic site effects. Since then, several studies have
been undertaken worldwide in order to detect and
predict site effects in cities and to include them in
seismic risk building codes. Amplification due to
sedimentary layers has been quantified in several
cities such as Los Angeles (Clayton et al. 2015),
Tokyo (Yamanaka et al. 1989), Quito (Laurendeau
et al. 2017), Port au Prince (St Fleur et al. 2016), or
Amatrice in Italy (Milana et al. 2019).

Until recently, site effects studies were mainly
carried out inland. This can be explained by the small
number of well-calibrated broadband seismic stations
installed offshore. The other reason is certainly that it
is difficult to compare underwater recordings with
terrestrial recordings when distances between them
are large, which is often the case.
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Few studies have reported the fact that seismic
waves can also be amplified offshore. Nakamura et al.
(2015) demonstrated evidence for the development of
long-period (10-20 s) motions using deep ocean data
in Japan. Kubo et al. (2018) investigated the site
effects in the 0.2—-10 Hz frequency band on a seafloor
observation network installed in the Nankai subduc-
tion zone in Japan. They found very strong
amplification factors at some stations and focus on
the fact that, if uncorrected, this may bias earthquake
early warning (EEW) for subduction earthquakes. Li
et al. (2017) proposed a simulation method to obtain
offshore transfer functions. Recently, Gomberg
(2018) realized a systematic analysis of earthquake
recordings of the permanent offshore network of
Cascadia and detected that a specific site amplifica-
tion can be found at different stations, mainly
depending on their location. She pointed out that
these offshore site effects should be taken into
account in the analysis of the earthquake-triggered
turbidites used for paleoseismology at sea.

A correct estimation of the amplification caused
by offshore sediment on continental margins is of
great importance for several reasons. It is widely
recognized that landslides are one of the most dam-
aging collateral effects associated with seismic
shaking. In many seismically active areas of the
world, earthquake-induced landslides commonly
account for a significant portion of the total impact of
earthquakes (Meunier et al. 2007; Chousianitis et al.
2016). When the sources of landslides are in coastal
areas, they can generate proximal tsunami waves that
will reach the coastlines in only a few minutes. This
phenomenon has been observed at several places (e.g.
Kawamura et al. 2014; Piper et al. 1999; Wartman
et al. 2013) and is a subject of preoccupation when
the coasts are highly populated. Second, it is well
accepted that seafloor shaking during large earth-
quakes promotes multiple mass-wasting events and
subsequent widespread turbidity currents, depositing
greater volumes of particles than those triggered by
climatic events. Turbidite stratigraphy is therefore a
powerful tool to evidence and characterize the
occurrence of past earthquakes (e.g. Priest et al. 2017,
Ratzov et al. 2015) during historical and pre-histori-
cal times as well as during periods of supercycles and
superquakes (Goldfinger et al. 2013). The last reason
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is that in many highly populated areas, new buildings
and infrastructures (port, airport, storage of danger-
ous materials, and power plants) are more and more
often constructed on land reclaimed on the inner
continental shelf without taking into account the
possible offshore site effects. It is therefore crucial to
detect and to quantify the amplification effects caused
by superficial offshore sediment in order to use them
in predictive models.

In order to test and quantify the potential amplifi-
cation of seismic waves offshore, we installed a
broadband seismometer near the transition between the
continental shelf and the upper continental slope, at a
water depth of 18 m, offshore Nice city airport
(southeastern France). This zone has the advantage of
being (1) well instrumented by a network of seismic
broadband stations that enables us to compare inland
and offshore recordings, (2) one of the most seismi-
cally active zones of western Europe, and (3) a zone
with high stakes because it previously experienced a
large submarine landslide that caused a tsunami wave,
causing partial destruction of the airport. This paper
presents a detailed analysis of the best earthquakes and
ambient noise recordings in time and frequency
domains from September 2016 to October 2018.

2. Context

2.1. Earthquake and Submarine Landslides
in the Nice Region

The Nice region is one of the most seismically
active regions of Western Europe (Larroque et al.
2001). We know from GPS measurements that it is a
slowly deforming intraplate area (Nocquet 2012).
Present-day seismic activity is characterized by
numerous small earthquakes rarely felt by the pop-
ulation and some moderate earthquakes (M > 4.5)
every 5-7 years (Courboulex et al. 2007; Larroque
et al. 2001, 2016). Nevertheless, larger earthquakes
causing extensive damage were also reported during
historical times. The best-known event occurred in
1887 and is named the Ligurian earthquake (Mw =
6.7-6.9, Larroque et al. 2012). It caused the death of
600 persons along the Ligurian coast and in villages
in the backcountry. This major earthquake was also
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responsible for a small tsunami (Ioualalen et al.
2014), the triggering of several small-scale submarine
landslides, and the emplacement of amalgamated
turbidites (Hassoun et al. 2014; Migeon et al. 2011).
The occurrence of such an event today would have
dramatic consequences, particularly because of the
high population density on the coast along the Italian
Liguria and the French Cote d’Azur.

More recently, another kind of dramatic event
affected the Baie des Anges area and the city of Nice.
On October 16th 1979, a submarine landslide
involving a volume of 8-9 x 10° m® of sediment
affected the continental shelf-upper slope transition
offshore Nice airport and generated destructive
tsunami waves (Gennesseaux et al. 1980; Ioualalen
et al. 2010; Kelner et al. 2016; Migeon et al. 2006;
Mulder et al. 1997). The combined effect of both the
landslide and the subsequent tsunami was responsible
for the death of 10 people and extensive infrastruc-
tural damage. It is now well established that the 1979
landslide was not triggered by an earthquake but
rather by exceptional loading caused by land-recla-
mation operations related to the building of a new
harbor (Dan et al. 2007). Nevertheless, the upper
continental slope of the Baie des Anges being
regularly affected by submarine landslides (Migeon
et al. 2012; Kelner et al. 2016) and seismic loading
being a prominent trigger for submarine landslides
(Locat and Lee 2002; Sultan et al. 2004), it is
important to predict the possible effect of a future
earthquake occurring in the region.

Because of the 1979 event, several studies have
already characterized the stability of the Nice conti-
nental slope using morpho-bathymetry investigations
(Klaucke and Cochonat 1999; Migeon et al. 2012;
Kelner et al. 2016), Envisat INSAR data (Cavalié
et al. 2015), in situ measurements (Stegmann et al.
2011; Steiner et al. 2015; Sultan et al. 2010),
laboratory experiments (Kopf et al. 2016; Mulder
et al. 1997; Stegmann and Kopf 2014), and numerical
modeling (Dan et al. 2007; Steiner et al. 2015). Only
a few studies (Sultan et al. 2004; Dan et al. 2007; Ai
et al. 2014) have focused on the potential effects of
the seismic waves of an earthquake on the airport-
slope stability, in order to answer the crucial ques-
tion: could local seismic waves trigger a major
landslide? The conclusions of these studies are

controversial and depend on the level of the input
seismic wave (more precisely the peak ground
acceleration) taken into account in the models.
Although the theoretical earthquake magnitude used
in these studies was generally taken around 6-6.5,
none of these studies took into account the possible
amplification of waves in this zone.

2.2. Continental Shelf/Upper Continental Slope Zone

The Nice continental shelf is part of the northern
Ligurian margin located at the junction between the
western Alps and the Mediterranean basin. This
passive continental margin developed during a phase
of rifting that started between 34 and 28 Ma and ended
around 21 Ma (Rehault and Bethoux 1984; Séranne
1999). Today, the Ligurian margin is narrow and
abrupt, without a large continental shelf. The conti-
nental slope is largely incised and displays numerous
submarine canyons. These canyons developed during
the Messinian event, when the Mediterranean sea level
dropped by 1500 m (e.g. Krijgsman et al. 1999).
Following the Messinian sea level drop, during the
Pliocene and the Quaternary, the downstream section
of the Var river was invaded by the sea and transformed
into ria (Clauzon 1978; Dubar and Anthony 1995). The
thick Plio-quaternary sedimentary succession, reach-
ing several hundreds of meters and originating from the
erosion of the western Alpine belt, built large Gilbert
deltas lying on the deeply incised erosional relief.

Thanks to multibeam bathymetry data, we have a
precise description of the present-day seafloor mor-
phology offshore Nice airport. It is dominated by
failure-related scars and their subsequent downstream
chutes (erosional pathways of mass flows, Kelner
et al. 2016). Around the southwestern part of the
airport next to the eastern (left-hand) flank of the Var
Canyon, the shelf is 70 m wide on average
(20-280 m) and the shelf break lies between 3 and
18 m water depth. Along the longer airport side
parallel to the runways, the continental shelf is wider
and exhibits three promontories (P1, P2, P3, Fig. 1).
The 1979-slide scarp (e.g. Dan et al. 2007) is located
between P1 and P2, and the PRIMA seismologic
station is located in the western part of P2, near the
transition between the continental shelf and the upper
continental slope.
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Figure 1
Top left: Photo of the airport runaways of Nice Cote d’Azur, situate%l at the western part of the city of Nice (southeastern France, see inset).
Top right: photo of the PRIMA seismic station installed on the sediment slope of Nice airport at a depth of 18 meters, before it was covered by
a semi-spherical plastic bell. Bottom: multibeam bathymetry data. The PRIMA station is located by a yellow triangle. The black line indicates
the localization of the sparker profile shown on Fig. 9. The place where the destructive 1979 landslide initiated is indicated

3. PRIMA Offshore Station and the Permanent
Seismological Network

EMSO (European Multidisciplinary Seafloor and
water-column Observatory) is a large-scale, dis-
tributed, marine Research Infrastructure. It consists of

ocean observation systems for the sustained

monitoring of environmental processes and their
interactions. The EMSO observatory nodes have been
deployed at key locations in European seas, from the
Arctic to the Atlantic, through the Mediterranean to
the Black Sea. One of them, EMSO-Nice observa-
tory, centered on the Nice airport continental slope, is
jointly managed by IFREMER (the French Marine
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Science Research Institute) and CNRS (Centre
National de la Recherche Scientifique, France). The
Var Canyon, offshore Nice, is one of the most active
in Europe, with turbidity currents that transfer large
volumes of continent-derived material directly to the
abyssal plain (Piper and Savoye 1993). As previously
described, it was the site of a large landslide in 1979
(see its trace on the bathymetric map of Fig. 1);
therefore the platform offshore the airport at the top
of the canyon was chosen for long-term and high-
resolution monitoring of the slope instability, the
effect of regional seismicity, and the formation of
submarine canyons.

PRIMA seismological station was installed on
September 26th, 2016. Its Guralp 360 s broadband
sensor was partially buried as horizontally as possible
in very soft sediment, 18 m below sea level (Fig. 1).
It functioned perfectly for 2 months for the 3 com-
ponents. The north—south component subsequently
stopped working, certainly because the leveling had
not been respected. It was reinstalled horizontally by
underwater divers and worked very well for 6 more
months. Then it suddenly stopped in October 2018.
The cable had probably been cut by the anchor of a
boat and the sensor damaged. The station has been
reinstalled recently (December 2019) in a safer place.

PRIMA is directly connected via a seedlink server
to the Gé€oazur seismological system (Observatoire de
la Cote d’Azur), which analyzes regional seismicity
for the French seismological RESIF network (RESIF
RESIF 1995a, b). The signal recorded at the PRIMA
station is not suitable for micro-seismicity detection
and location. It presents a large amount of noise due
to the airport runaways and the fact that it is buried in
soft sediment.

The region of Nice is particularly well instru-
mented by permanent seismic stations. In the Alpes
Maritimes area, 12 broadband velocimetric stations
and 17 accelerometric stations measure the ground
vibrations in continuous mode at a sampling rate of
100 Hz and 125 Hz respectively (Fig. 2). Data of all
stations, including PRIMA, are sent continuously
both to the Géoazur laboratory and to the French
center for data (RESIF).

4. Earthquake Data Analysis

We gather the earthquakes recorded since the
station installation and select the ones with the best
signal-to-noise ratio (larger than 5 in the frequency
range of interest). We keep two very large earth-
quakes (M > 7.5) recorded at teleseismic distances
(Chile and Solomon Islands), one regional earthquake
(the Norcia Mw 6.5 earthquake that occurred in Italy
on October 30th 2016) and three local events with
magnitudes between 3 and 4 (characteristics of the
events are presented in Table 1. Local events are
localized on Fig. 2).

4.1. Teleseismic Earthquake Validation

We first analyze the signals at the PRIMA station
of the two largest events that occurred at teleseismic
distances (Chile and Solomon Island, Table 1) and
compare them with the signals at three broadband
stations: CALF, TURF and SAOF. The comparison
(in velocity) of such weak signals (the largest
amplitude ~ 0.1 mm/s was detected for the Mw
7.9 Solomon earthquake of January 22, 2017) can be
made only for frequencies lower than 0.1 Hz (at
higher frequencies the level of noise does not enable
us to see clearly the earthquake signal). For these
frequencies we find the same waveforms for the
PRIMA station and the other broadband stations (see
the example of the Chile earthquake on Figure Supl).
This proves that the instrumental response and the
orientation of PRIMA is correct and that the ampli-
tude of its signal can be used in further analysis. It
also shows that for frequencies lower than 0.1 Hz, no
site effect is detected. Note that teleseismic earth-
quakes are well recorded only at broadband stations;
accelerometric stations are not sensitive enough to
detect such small vibrations. These stations will be
used for the analysis of local and regional events in
the next paragraph.

4.2. Regional and Local Earthquakes

We now focus on the best regional and local
earthquakes recorded at the PRIMA station. As for
teleseismic events, we compare the signals at PRIMA
station with the one at broadband stations, but in
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Left: permanent seismic network in the southeast of France (RESIF network) and west of Italy (Italian network). Each station is represented

by a white triangle. Almost all the stations are equipped with both a broadband sensor and an accelerometric one, except the stations in the

black rectangle around Nice that are equipped with accelerometric sensors only. The locations of local earthquakes studied in this paper are

indicated by stars. Top right: zoom on the Nice area. Red triangles represent the permanent accelerometric stations (RAP-RESIF). Bottom

right: zoom on the airport zone and the three stations (SLAF, NCAU, NCAD) mainly used in this study. The PRIMA station is represented by
a yellow triangle

addition, we use the stations of the accelerometric
network of the city of Nice (RAP-RESIF). Three
stations of this network are located particularly close
to Nice airport: station NCAD in the center of the Var
valley, SLAU on the right-hand side of the Var river
and NCAU on the left-hand side. NCAD is located on
recent fluvial deposits while NCAU and SLAF are
installed on conglomerates. NCAU will be our
reference station for the area, although it is not really
placed on hard rock. The four stations (NCAD,
NCAU, SLAF and PRIMA) being located in a small
zone, at a maximum distance of 3.2 km from each
other (Fig. 2, bottom right), the differences observed
in their recordings cannot be attributed to differences
in epicentral distance or regional attenuation factors,
but to site effects.

On October 30, 2016, about 1 month after the
installation of the sensors, the Mw 6.5 Norcia
earthquake occurred in the central Apennines in
Italy. It was followed by several aftershocks of lower

magnitude. Nevertheless, we focus on the mainshock
waveform because it was the only one recorded both
at PRIMA and the accelerometers with a good signal-
to-noise ratio (larger than 5). CALF and TUREF, two
broadband stations installed on rock, provide refer-
ences with no site effects. We choose them in the east
and the west part of the region in order to be sure that
the epicentral distance difference is not the main
reason for the waveform differences. We time-
differentiate the signal of PRIMA, CALF and TURF
in order to compare them with the accelerograms of
the RAP-RESIF network.

The recorded signals show (Fig. 3) that ground
acceleration recorded at PRIMA is clearly the
highest. The peak ground acceleration (PGA) is
almost four times larger at PRIMA than at NCAU and
SLAF, and two times larger than at NCAD. The
duration of the signal is also much longer at PRIMA
than at the other stations. This earthquake was the
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Table 1

Characteristics of the well-recorded earthquakes at the PRIMA station and used in this study

Name Date/hour Latitude/longitude Depth (km) Magnitude Epicentral distance/PRIMA
(UTC) (degree N and E)

Chile 2016-12-25 14:22:27 —43.84 —73.77 33 Mw = 7.6 Teleseismic

Solomon 2017-01-22 04:30:22 —6.24 155.17 135 Mw =17.9 Teleseismic

Norcia (Central Italy) 2016-10-30 06:40:18 42.86 13.09 8 Mw = 6.5 487 km

Digne (South of France) 2016-11-10 02:48:13 44.29 6.17 4 Ml =4 107 km

Limone (Northern Italy) 2017-04-08 09:52:34 4427 7.28 5 Ml =3.6 69 km

Monaco (offshore) 2018-06-03 01:47:06 43.63 7.72 10 Ml =31 40 km

Location (stars on Fig. 2), time, and magnitude of the three local events (Digne, Limone and Monaco) were determined by the Géoazur
Observatory. For the other events, characteristics are from ISC (International Seismological Center)

first evidence we obtained that clear site effect
amplification exists at the PRIMA station.

The recordings on the two broadband stations on
rock, CALF and TUREF, refer to signals not affected
by site effects. The amplitude level that is observed
before the P wave arrival (before 30 s on the
seismograms of Fig. 3) indicates that the level of
high-frequency noise is high for this event for the
three accelerometric stations SLAF, NCAD and
NCAU, whereas it is much lower at PRIMA.

Since the Norcia event of 2016, three local
earthquakes have also been very well recorded by
PRIMA (stars on Fig. 1, Table 1). The first occurred
107 km to the northwest (local magnitude, Ml = 4,
30/10/2016), the second one 70 km to the northeast
(M1 = 3.6, 8/04/2017) and the last one, 40 km to the
southeast, occurred offshore Monaco (M1 = 3.1, 3/06/
2018). As for the Norcia event, we compare the
ground motions recorded at the different stations.

We plot the recordings from two earthquakes at
the same stations as for the Norcia event (see the
Digne event and the Monaco event on Fig. 4). The
amplitude (Fig. 4, left) at PRIMA is higher than for
the three other nearby stations (NCAU, NCAD,
SLAF) but the difference is less clear than the results
previously obtained for the Norcia event (Fig. 3).
Because the Norcia event occurred 500 km away, its
waveforms were naturally low-pass filtered. We then
low-pass filter the waveforms of the local earthquakes
(Fig. 4, right, low-pass filter of 2 Hz) and we retrieve
a larger amplification at PRIMA station and a much
longer duration of the signal. This indicates that the
amplification of the signal at PRIMA (and to a lower
extent at NCAD also) is particularly higher for
frequencies below 2 Hz.

In order to better visualize the signal at different
frequencies, we plot the S-transforms (Stockwell
et al. 1996) of the signals in velocity at stations
PRIMA, NCAD and NCAU. Figure 5 shows the
spectrogram for the Digne earthquake, but a similar
plot could be obtained for the other events. First, the
velocity spectral amplitude, represented by colors, is
clearly higher at PRIMA than at NCAD, and much
higher than NCAU. This is especially clear after the
arrival of S and surface waves (at 20 s on the
horizontal axes). Second, the amplitude is still high
after 60 s at PRIMA, especially at frequencies around
1 Hz when, on the contrary, the signal at station
NCAU and NCAD had already retrieved the level of
noise. This increase of the seismic wave’s duration is
particularly well highlighted by this representation.
The frequency band in which the signal is the highest
(red colors) is 0.7-10 Hz for PRIMA, 1-10 Hz for
NCAD, and much narrower at NCAU (2-8 Hz). On
the vertical component of station PRIMA (Fig. 5, top
right), we see a strong amplitude at frequencies
around 0.1-0.2 Hz. This value, typically observed for
offshore seismometers, is well known to be due to sea
wave action (Ardhuin et al. 2011; Frontera et al.
2010).

5. Spectral Analysis on Earthquake Recordings
and Ambient Vibrations

In order to better characterize the site effects at
the PRIMA station, we use standard techniques based
on spectral ratios, usually applied to inland stations.
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Figure 3
Norcia earthquake (Mw 6.5, Central Italy) on horizontal components of station PRIMA (offshore), stations NCAD, NCAU and SLAF situated

less than 3 km from PRIMA, and broadband stations TURF and CALF. Signals are aligned on the P wave arrival

5.1. Earthquake Analysis

The Standard Spectral Ratio (SSR) method allows
an estimation of the seismic transfer function by
calculating the spectral ratio of seismic records at the
site of interest and a reference site, assumed to be free
from site effects (Borcherdt and Gibbs 1976). The
SSR method imposes that the distance between the
studied station and the reference station is small
compared to the distance between the hypocenter and
the reference station, such that the effects of source
and propagation are identical between stations. Then,
under the assumption that the signal recorded at the
reference station effectively corresponds to the
ground motion on the bedrock, the spectral ratio
represents the transfer function of the soil column
underneath the site.

The first step is then to select a reference station,
i.e. a station where the signal is supposed not to be
modified by superficial layers or topography, and
which simply reflects the incoming wave. In some
regions, this selection is particularly difficult (e.g., St

Fleur et al. 2016; Laurendeau et al. 2017). In the
present case, stations CALF or TURF would be
perfect reference stations in that they are installed on
hard rock and we know that they are not affected by
site effects. The problem is that these stations are not
close enough to PRIMA and the differences obtained
in the waveforms are biased by the differences in
epicentral distances. We then decide to select the
closest station that can be used for comparison: the
NCAU station. It is situated on the left side of the Var
valley on consolidated conglomerates (a more
detailed description of the geological context is given
later in this paper).

The second step is to compute spectral ratios for
local and regional events. After removing the mean,
correcting for instrumental response, tapering and
filtering between 0.1 and 15 Hz to keep a good signal
to noise ratio, we apply a fast Fourier transformation
and divide the amplitude of the spectra of PRIMA by
that of NCAU for each earthquake. We add a small
value to the denominator (1% of the maximum
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Accelerograms (east—west components) of the Digne (M1 4) and Monaco (M1 3.1) earthquakes at 6 seismological stations: PRIMA (offshore),

NCAD, NCAU and SLAF situated at a maximum of 3 km from PRIMA in and around the Var valley, and two broadband stations, TURF and

CALF, situated on hard rock in the east and the west part of the department (see Fig. 2). Left: unfiltered signals. Right: signals have been low-

pass filtered under 2 Hz (Butterworth filter, 4 poles, 2 pass). Signals are aligned on the P wave arrival. The amplification at PRIMA is strong,
especially for frequencies lower than 2 Hz
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Figure 5
Spectrograms (S-Transforms) of the Digne (M1 4) local earthquake at station PRIMA (offshore), NCAD in the center of the Var valley and
NCAU situated on rock (EW component to the left and the vertical component at right. The signal of NCAD and NCAU have been integrated
to be compared with the one at PRIMA). The signals are clearly stronger and longer at station PRIMA than at NCAD and even more NCAU

spectral value) to avoid excessively low values of the
frequencies in the spectral division. The spectra are
smoothed using a 5-point moving average. We
present the results for EW components only because
the NS component of the PRIMA sensor was out of
order during the Digne and Limone earthquakes (it
was later repaired, enabling it to correctly record the
last Monaco earthquake).

For the four earthquakes, a first peak appears at a
frequency around 0.9 Hz (0.7-1.1 Hz, Fig. 6). It

reaches high values, larger than 10. A second peak
(on Fig. 6) is also visible on the four signals around
1.8 Hz. Its amplitude is very strong for the signal of
Digne and Monaco, smaller for Limone and even
smaller for the Norcia event. At frequencies around
3—4 Hz, a third peak of amplification can be identi-
fied mainly on the signals of the three local
earthquakes.

The inter-event variability of spectral ratios is
widely observed (e.g. Field and Jacob 1995; St Fleur
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Standard Spectra Ratio (EW components) for the recordings of threeglocal (Digne, Monaco and Limone) and one regional earthquake (Norcia
events). The continuous lines represent the spectral ratios between PRIMA and NCAU (left side of the Var valley). Shadow zones underline
the main frequencies where amplifications are detected around 0.9, 1.8 and 3—4 Hz. Dotted lines represent the spectral ratio between PRIMA
and NCAD (center part of the Var valley) only for the local earthquakes

et al. 2016). It may be due to differences in the
azimuth of the incident waves that may interact
differently with the geometry of the upper layer
interfaces. Unfortunately, in this study, given the
small number of available events, it is impossible to
correctly analyze these azimuthal effects. The spec-
tral ratio is also restricted to the frequency content of
the incoming waves, which mainly depends on the
magnitude of the earthquake and the epicentral
distance. For the Norcia recordings, for example
(Fig. 6, bottom trace), as previously mentioned, the
high-frequency content has been naturally removed

by the attenuation effect. For this reason the peaks in
Fig. 6 are not well expressed at frequencies larger
than 2 Hz. This is clear for the regional Norcia event
where only those frequencies lower than 3 Hz have a
signal-to-noise ratio higher than 5 (Fig. 6).

5.2. Ambient Noise Analysis

We analyze 3 days of ambient seismic noise
recordings in order to calculate the spectral ratio
between horizontal and vertical components at the
PRIMA station. The so-called H/V method (or
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H/V spectral ratios over 3 days of ambient vibrations at the PRIMA station. The main frequency peak around 0.7-1 Hz is clear all along the
time period. Black stars indicates the hour of two earthquakes from Central Italy (17:10, Mw =5.5 and 19:18, Mw = 6.1.
distance ~ 500 km)

HVSR) is widely used to obtain the main frequencies
that are amplified at a given site (Nakamura 1989).
The method is particularly useful when a main
impedance contrast exists in a 1D layered under-
ground medium.

After mean removal, tapering and bandpass
filtering between 0.02 and 20 Hz, we calculate the
H/V ratios by a moving window of 1 h of time
duration. The horizontal signal, H, is taken as the
quadratic mean of both horizontal components. In
Fig. 7, the time dependent H/V ratios can be seen for
the 3-day period from October 24 to October 26,
2016. A main frequency peak around 0.7-1 Hz can
be clearly seen all along the time period, which is
surely related to the resonance of the sedimentary
sequence of the slope. The mean value of this
frequency is constant but the variability around this
value is wider at some moments. This variability is
not related to days and night (therefore not linked to
aircraft activity). At lower frequencies, between 0.1
and 0.2 Hz, an extremely low H/V value (lower than
one) is obtained. This is certainly due to the fact that
the vertical component (denominator in the H/V
ratio) at this frequency is high and dominated by the
action of the swell (as previously seen on the
spectrograms of Fig. 5). On the third day (October
26), we can detect the occurrence of two earthquakes
(Central Italy at 17:10, moment magnitude, Mw =
5.5 and 19:18, Mw = 6.1, distance = 500 km). The
H/V variations when the seismic waves arrive, as
well as the influence of weather conditions will be
further analyzed in future research work.

If we compare the H/V results for ambient seismic
noise with the SSR results for earthquake data
(Fig. 6), we remark a good coherency of the main
peak around 0.9 Hz. Nevertheless, the peaks that are
obtained at higher frequencies on SSR between 1.5
and 4 Hz are not clearly expressed in the H/V ratios
from ambient noise.

6. Interpretation and Discussion

In this section we present geological and geo-
physical constraints that bring new elements to
explain the seismological observations.

6.1. Geological Constraints

We build two geological cross sections in the
lower Var valley, one along strike the valley (Fig. 8c)
and the other one perpendicular to it, (Fig. 8b. See
Fig. 8a for an aerial view of the profile and the station
location) in order to image the depth of the major
interfaces. These cross-sections are based on the
interpolation of data from (1) several boreholes
(down to 100-m-depth), including one 70-m-depth
located near the NCAD station (Dubar and Anthony
1995); (2) onshore and offshore field data on the
Pliocene conglomerates (Clauzon 1978; Piper and
Savoye 1993) and (3) local Electrical Resistivity
Measurements (ERM) (Guglielmi 1993) and (4) one
older seismic reflection profile that helped us to
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a Aerial view of the studied area. SLAF, NCAD, NCAU and PRIM%X stations are represented by yellow triangles and the geological cross-
sections by white lines. The two red dots on the airport platform correspond to the 100-m-deep boreholes used in this work (BSSO02HJFT to
the west and BSSO02HJFR to the East, http://infoterre.brgm.fr/). The yellow line offshore represents the position of the sparker profile
presented in Fig. 9. On the two cross sections b and ¢, green lines represent the limit between the Holocene sedimentary cover and the
Pliocene conglomerates. It is this limit that is responsible for large wave amplification along the Var Valley and PRIMA station. Red lines
indicate the Jurassic limestones depth. Description of the geological layers: a Jurassic limestones, b and c¢: Pliocene-Early Pleistocene Var
Gilbert delta deposits (marls and conglomerates respectively), d Late Pleistocene alluvial terraces, e Holocene Var delta deposits (sand and

gravels)

image the top of the Jurassic limestone (Horn et al.
1965).

At the surface, a few meters of alluvial terraces of
Pleistocene age cover the eastern and western slopes
of the lower Var valley (Fig. 8b). Stations NCAU and
SLAF are located on the hills of Nice, made of the
Pliocene conglomerates while NCAD and PRIMA
are located in the lower Var valley on Holocene sands
and gravels. Onshore, NCAD lies on a nearly
horizontal topography, while offshore, PRIMA is at
the boundary with the upper continental slope dipping
20° southward.

The central part of the lower Var valley is filled
by fine-grained shallow marine and estuarine-deltaic
sediments dating from the Holocene, which have
accumulated during the last 10 ky in this small deep

and narrow valley (white layer under stations NCAD
and PRIMA in Fig. 8b and c). Below, the Pliocene
deposits of the Var Gilbert delta (marine marls and
coarse conglomerates) lie on the Jurassic limestones.
The contact between these two geological formations
is the Messinian erosional surface (Clauzon 1978;
Lofi et al. 2011). At depth, the boreholes enable us to
characterize the sedimentology of the first hundred
meters below the topographic surface. The ERM,
seismic reflection profile and field data enable us to
assess the depth of the Holocene sands-Pliocene
conglomerates and the Jurassic limestones/Pliocene
marls-conglomerate boundary (red line in Fig. 8c).
The Holocene and Pliocene deltaic formations
display highly variable thicknesses and a particular
pinch-out geometry related to the progradation of the
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Figure 9
Sparker profile (location on Figs. 1 and 8). The seafloor corre-
sponds to the pink reflector. As in Fig. 8, the green reflector is the
boundary between the Pliocene Var conglomerates and the
Holocene deposits. Prograding sedimentary structures are under-
lined by the blue reflector

deltaic sedimentation. At shallow depth, the highest
velocity contrast is located at the boundary between
the Var conglomerates (Pliocene) and the Holocene
deposits.

6.2. Offshore Seismic Profile

High-resolution seismic profiles (Sparker profile)
were collected close to PRIMA station (see location
on the map of Fig. 8a) using a SIG2mille energy
source coupled with a single-channel streamer 50-m
long during the Sparklice campaign (2014). The
profile was shot using an energy of 250 J, at a speed
of 4 knots. With such a configuration, it is possible to
penetrate up to 100-150 ms below the seafloor with a
theoretical vertical resolution of 0.5-1 m. Raw data
were corrected from the wave effect before geolog-
ical interpretation. The profile shown in the paper
enables to discriminate several shallow seismic units
(Fig. 9). At depth, a well-layered, low-frequency and
low-amplitude reflection unit is observed. It is located
below the seafloor at a depth increasing from about
90 ms (corresponding to a depth of 67-76 m, the
uncertainty is due to the uncertainty in the Vp value,
from 1500-1700 m/s in the sea, used for the conver-
sion) to 140 ms (105-119 m) going seaward (green
line on Fig. 9). Its upper contact exhibits a mean
slope of 4.4° to the south. This boundary represents
the top of the Pliocene conglomerates that has been

Pure Appl. Geophys.

identified on the geological profiles (green line on
Fig. 8b and c). In the northern part of the profile,
between 110 and 40 ms below the seafloor, the
acoustic signal is disrupted by the multiples, thus
information about the sediment architecture can be
obtained only in the shallowest interval, 20-50 ms
below the seafloor (about 15-40 m). On the conti-
nental shelf, prograding structures with moderate to
high-amplitude reflections are present and can be
interpreted as coarser-grained shallow delta deposits.
Around the transition between the continental shelf
and the upper slope, prograding structures change
into continuous and parallel moderate to high-ampli-
tude reflections dipping seaward (blue line on Fig. 9).

These shallow structures reveal that a significant
thickness of recent sediment has deposited in this
area, and seaward prograding structures make this
sedimentary accumulation particularly prone to
landslide.

6.3. Discussion

Our analysis suggests that the strong amplification
observed at the PRIMA station at low frequency
(f = 0.9 Hz) is certainly related to the limit between
the conglomerate and the soft quaternary sediment
underlined by the green line on the geological profiles
(Fig. 8) at an approximate depth of 90-120 m.
Indeed, if the deeper interface between Jurassic
limestones and Pliocene deposits (red line on
Fig. 8) was in cause, it would also affect station
NCAU and SLAF, which is not the case.

The average shear wave velocity in the sediment
of the lower Var valley has been determined by
independent in situ experiments by the CEREMA
group (Rohmer et al. 2019) at around 400 m/s. If we
use the simple 1D formula to retrieve the resonance
frequency of a layer fO = Vs/4 H, where H is the
interface depth and Vs the shear-wave velocity, we
find that the resonance frequency should be between
0.8 Hz (for H = 120 m) and 1.1 Hz (for H = 90 m).
This is coherent with the first frequency pick we
obtain on SSR around 0.9 Hz, and then confirms that
it is this interface that plays a major role in the
amplification obtained at low frequency. This also
explains why this low frequency amplification no
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longer exists at SLAF and NCAU, which are situated
on the sides of the valley (Figs. 4, 8b).

Thus, both PRIMA and NCAD being situated in
the central part of the Var valley, we could expect
that they amplify seismic waves identically. Never-
theless, after looking at time domain seismograms
(Fig. 4) it is clear that for frequencies lower than
2 Hz the wave amplitudes are higher at PRIMA than
at NCAD. In order to evaluate the differences
between both stations, we divide the Fourier spectra
of PRIMA recordings by those of NCAD (dotted
black lines of Fig. 6). For the first frequency peak
(0.9 Hz), the relative amplification between PRIMA
and NCAD remains, but is strongly attenuated (we
obtain values of 3-7, when the spectral ratio using
NCAU reached 10-15).This means that at PRIMA, a
specific effect causes the increase of the signal
amplitude and duration at this frequency.

Because PRIMA is an offshore station, it is
important to understand the effect of the water layer
on the recordings. Boore and Smith (1999) analyzed
the recordings of eight earthquakes at six offshore
sites and found that the P waves could be modified
mainly for a resonant frequency fp = Vp/4hw, where
Vp is the P wave velocity in the sea and hw the water
depth (S waves are not affected by the water layer). In
our case, hw = 18 m and if we take Vp = 1500 m/s,
we obtain a main resonance at 21 Hz, which is
beyond the frequency range studied here.

Another reason must then be found to explain the
differences obtained at NCAD and PRIMA. One
solution could be a 2D-3D effect due to the special
pinch-out geometry related to the termination of the
Holocene sedimentary layer in the PRIMA area
(Fig. 8c). This effect could enhance surface wave
generation and thus the duration and amplitude of
seismograms, as has been observed in other regions
(Cruz-Atienza et al. 2016).

To check this hypothesis, we ran several simula-
tions using the SPECFEM2D 7.0.0 (Tromp et al.
2008; Komatitsch et al. 2012) published under the
CECILL V2 license, using the transverse geological
cross-section passing through PRIMA and NCAU
stations (Fig. 8c). The physical model is discretized
in two linear elastic subdomains: the conglomerate
bedrock with compressional velocity Vp = 2500 m/s,
shear wave velocity Vs = 1200 m/s, and density

rtho = 2200 kg/m>, a single sedimentary layer of
Vp = 1600 m/s, Vs =450 m/s and rho = 2000 kg/
m>, which corresponds to the alluvial infill of the Var
valley, and one linear acoustic subdomain corre-
sponding to the water layer with compressional wave
velocity Vp = 1500 m/s and water density rho =
1000 kg/m>. These characteristics are taken from the
recent study of Rohmer et al. (2019). The unstruc-
tured numerical mesh contains 11,506 quadrilateral
elements and allows simulations up to 5 Hz maxi-
mum frequency. Snapshots of the incoming plane
wave with SV polarization can be seen at different
t=0, 2, 4 and 6 s (Fig. 10). The incoming SV plane
wave is modulated in time by a Ricker source time
function with 1 Hz central frequency (usable fre-
quency band between 0.2 and 2.5 Hz). We placed
receivers on top of the solid subdomain from the
onshore to the offshore sides in order to compare the
variation of seismic wave amplification with respect
to the first receiver (REF on Fig. 10) which corre-
sponds to the location of the NCAU  station
(X =725 m). The offshore receiver chosen to simu-
late the PRIMA seismograms is located at
X =5000 m, around 18 m water depth. A third
virtual station is located inland on the sedimentary
layers of the Var valley (VAR on Fig. 10). The
simulated seismograms on the three virtual stations
along the profile are presented (Fig. 10, right side) for
vertical and horizontal components. For the vertical
components, we obtained that the signal on PRIMA
has an amplitude 3 times larger than on VAR and 5
times larger than on REF. It is interesting also to note
the time elongation of the synthetic signals near the
pinch-out tip on the sea side, certainly due to the
converted waves in the sedimentary layer. On the
horizontal traces, we were unable to reproduce the
large amplification observed at PRIMA. We ran
additional simulations varying the incoming polar-
ization angle of the SV plane-wave obtaining similar
results (maximum amplifications up to 5, mainly on
the vertical components) but we could not succeed in
reproducing the data. This model is thus too simple to
reproduce the large amplification measured. As a next
step, we plan to implement fully 3D simulations in a
larger frequency band, which aim to better explain
the offshore site effect and its larger amplitude with
respect to the inland stations.
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Left: snapshots of the displacement field in red (vector moduli) at different simulation times. At 0 s the incident horizontal SV input wave, at

2 s the reflected wavefield at the surface begins to interact with the incoming and the converted waves in the sedimentary layer. At4 s and 6 s

the surface wave train is already formed and can be clearly seen in the sedimentary layer, emitting some body waves at both sides of the

sedimentary layer tips. The size of the simulation domain is 7000 m length by 2000 m height. The elastic bedrock subdomain is shown in

black, the sedimentary layer is shown in gray and the water layer in light blue. The green dots represent receiver positions. The reference

station (REF), a station on the top of the sedimentary layers of the Var valley (VAR), and offshore station (PRIMA) are shown by vertical

arrows. Right: synthetic seismograms of the displacement field at the three virtual stations REF, VAR and PRIMA on the vertical (top) and the
horizontal components (bottom)

Concerning the second and third peaks observed
in the SSR (1.8 and 3-4 Hz on Fig. 6) the amplifi-
cations are similar for NCAD and PRIMA with
respect to NCAU (the dotted line is around one in
Fig. 6). We then conclude that they may be due to the
sedimentary layered structures present all along the
lower Var valley.

For frequencies higher than 5 Hz, the amplifica-
tion only exists at PRIMA (it persists if PRIMA is
divided by NCAD, Fig. 6). This high-frequency
amplification could be due to shallower layers:
prograding structures visible on the sparker image
or even the 2-4 m of unconsolidated mud present in
the area (Sultan et al. 2004).

For many years, site effects have been studied in
the city of Nice from the measurement of earth-
quakes, ambient vibration and
modelization (Courboulex et al. 2001; Duval and
Vidal 2003; Semblat et al. 2000, 2008). Duval et al.
(2013) summarized the results obtained by the
measurements of H/V on ambient vibrations at 687
sites and presented a map of the main resonance
frequency. They showed that in alluvial deposit
zones, the main resonance frequency is lower than
2 Hz. On the airport runaways inland, they obtained a
resonance frequency around 1 Hz, compatible with
our offshore results. New PRIMA recordings enabled
us to confirm that the site effect exists also under sea
water, that the amplification factor is larger than 10

numerical
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for f = 0.9 Hz, and that the signal length is enhanced
due to a large generation of surface waves.

To what extent can a site effect be dangerous for
airport zone stability? Roesner et al. (2019) recently
attempted to answer this question. They thought that
the site effect at the airport should be the same as that
obtained at a station located on soft sediments west of
Nice, the NALS station, (see its location of Fig. 2, top
right map). In their study, they considered the signals
of a magnitude 6.3 earthquake on a fault 25 km south
of Nice, simulated at this station by Salichon et al.
(2010) using an empirical Green’s function method
that allows a realistic account of site effects. The
uniform cyclic triaxial tests they used indicate that
using this input motion (with a PGA around
0.5 ms_l), liquefaction failure is likely to occur in
Nice slope sediments. They highlight that a potential
future submarine landslide could have a slide volume
similar to the 1979 event.

Thanks to the results presented in this paper, we
now know that the linear amplification due to site
effects is strong on the airport slope, especially at
frequencies around 0.8—-1 Hz. This amplification
should be taken into account to quantify how it
increases the triggering power of a future earthquake
in the area. In the case of strong shaking, non-linear
effects that may reduce high-frequency values and
increase lower frequencies (Bonilla et al. 2011;
Régnier et al. 2016) should also be taken into account.

7. Conclusion

Thanks to the analysis of seismic recordings at a
new broadband offshore station, we find a large
amplification of the seismic waves on the outer shelf
offshore Nice airport. The sparker image reveals a
significant thickness of recent sediments and seaward
prograding structures that makes this zone prone to
landslides. The site amplification we have highlighted
increases the amplitude of the incoming seismic
waves and thus the probability of triggered landslide
during a future earthquake.

This offshore site effect is probably also strong in
many other regions of the world and thus should be
considered in submarine shaking-triggered slope-
stability failure studies. Site effects are increasingly

taken into account in the hazard prevention plans
through the use of microzonation results in building
codes. Since offshore constructions are becoming
frequent, it is important that this effect is also taken
into account at sea.
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