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The geometry of three-dimensional subsurface structures plays an important role in determining local seismic
site effects as in the case of alpine valleys. Detailed knowledge of these structures is fundamental in seismic
hazard and risk studies. In this study we investigate an area in the upper Rhone valley around Visp, in the
southwestern part of Switzerland. A large dataset of geological and geophysical data, consisting of borehole logs,
microtremor horizontal to vertical spectral ratios and shear-wave velocity measurements, was compiled to build
a detailed 3D model of the subsurface. By combining fundamental frequency information from noise recordings
and shear-wave velocity profiles, three main geophysical discontinuities were identified and their physical
properties constrained through a stepwise process. First, the bedrock depth was estimated; in a second step a
generic velocity model was defined and finally, combining all the available geological and geophysical infor-
mation, we developed a 3D geophysical model. The model was compared with a local 3D geological model and a
model derived from gravimetric data. The study area is a complex alpine valley where 2D/3D wave propagation
phenomena occur. In such case a purely 1D response assumption is considered to be invalid. In order to test the
3D model, we modelled different ambient-vibration wave fields and compared observed and synthetic H/V
spectral ratios. We slightly modified our 3D geophysical model in some areas based on this comparison. Finally, a
good match between simulated and empirical spectral ratios corroborated the model. The results suggest that the
use of ambient vibration techniques are a powerful and cost-effective tools to reconstruct three-dimensional
models of the subsurface. Finally, we used the 3D model to predict amplification of earthquake ground mo-
tion in the basin. Again, the match between observed and modelled amplification at the locations of the seismic
stations is good. This allows us to map amplification inside the study area.

1. Introduction

The Rhone valley in the South-Western part of Switzerland (see inset
in Fig. 1) is located in the most active seismic zones of the country [1].
This area was struck by a series of strong seismic events such as the 1755
Brig (Mw 5.7), the 1855 Visp (Mw 6.2) and the 1946 Sierre (Mw 5.8)
earthquakes ([2,3]. The shape of the valley and the high velocity
contrast between sediments and bedrock make this area susceptible to
2D/3D seismic site amplification effects [4-9]. Due to the ongoing urban
development, the Rhone valley is an area of particular interest to study
site amplification effects. For this purpose, a detailed knowledge of the
geometry, thickness and velocity of the main sedimentary layers in the
valley is required. Previous studies have shown that such 3D structures
play an important role in seismic wave propagation and amplification (e.
g. Refs. [10-12]. In particular, several authors have successfully
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modelled, with numerical simulations, the amplification in a 3D basin
setting [13-15]. Among these for the Rhone valley area Roten et al. [6]
developed a 3D geophysical model for the city of Sion in the central
Swiss Rhone valley, and successfully compared simulated earthquake
ground motion with observations. They quantified the effects of 2D/3D
resonances and edge-generated surface waves on the ground motion
amplification.

The geometry and the structure of the subsoil can be effectively
investigated using several non-invasive techniques, such as ambient
vibration surveys based on single station and/or seismic array mea-
surements (e.g. Refs. [18-21]. In particular, the horizontal to vertical
spectral ratio (HVSR) method is useful to retrieve the fundamental fre-
quency (fp) of soft sediment (e.g. Ref. [22], whereas seismic array pro-
cessing techniques as the f-k analysis can be used to estimate S-wave
velocity (Vg) profiles of the subsurface (e.g. Ref. [23]. fp and Vg profile
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are key parameters to estimate the thickness (H) of the soft sediments
overlying the bedrock (e.g. Refs. [24,25]. The thickness obtained by
combining fp and Vg is in most cases in good agreement with estimates
obtained with other geophysical techniques such as gravimetry (e.g.
Ref. [26] as long as the investigated structure is not too complex. In fact,
several authors (e.g. Refs. [27,28] have warned that fy must carefully
interpreted, since even in the same geological formation different peaks
can be observed. Furthermore, sometimes a peak can simply not be
easily seen or when it exists, it does not correspond to the actual reso-
nant frequency.

In the framework of the Earthquake Risk Model Switzerland project
(ERM-CH, http://www.seismo.ethz.ch/en/research-and-teaching/on
going-projects/), the area around the municipality of Visp, located in
the upper Rhone valley, was selected to build a detailed 3D geophysical
model and to develop models for site amplification. We used a large set
of geophysical data, either collected in the past during the COGEAR
project [29] or more recently within the ERM-CH project [30,31]. For
the area of Visp (Fig. 1), the Swiss Seismological Service (SED) database
(http://stations.seismo.ethz.ch) contains 487 single-station noise mea-
surements, 12 small aperture seismic arrays (of which only 10 inside the
basin were used), 2 MASW and 98 borehole logs from geocadast re-
pository (https://geocadast.crealp.ch).

These data were used in a stepwise process in which HVSR and
borehole data helped to constrain the bedrock depth, whereas velocity
profiles obtained from surface waves dispersion curve inversions were
used to derive a velocity model. Therefore, we combined all the avail-
able geological and geophysical information to constrain the subsoil
structure. The obtained model was compared with a model based on
gravimetric data available for the Rhone valley, and a local 3D
geological model established for Visp by Canton Valais and Swisstopo.
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Several temporary and permanent seismic stations were operated in the
past decades, and are used to verify modelled ground-motion
amplification.

2. Geological setting

The study area is shown in Fig. 1 centered around the municipality of
Visp and extending for about 3 and 6 km along the N-S and E-W di-
rections, respectively. The valley, which hosted the Rhone glacier, is
crossed by the homonymous river in the E-W direction. Depending on
the position along the valley, the bedrock is composed by Penninic units,
mainly outcropping in the south-western part, or by Helvetic units,
exposed towards the northern side [32]. These rocks, originating from
continental and lithosphere deformation [33], are calcareous meta-
sedimentary rocks (Penninic units) and gneisses, granites or schists
(Helvetic units). From a tectonic point of view, the two bedrock for-
mations are controlled by the Rhone-Simplon fault, a strike-slip fault
striking along the Rhone valley [34]. The shape of the bedrock was
derived in the past based on seismic reflection [35,36] and gravimetric
profiles [37]. The Quaternary infill of the valley is represented by a
complex succession of alluvial, glaciolacustrine and moraine deposits,
locally overlapped by landslide material and detritus from the valley
edges. The alluvial deposits can be subdivided into upper and lower
units, where the former are mainly silt linked to flooding episodes and
the latter are composed of gravel and sand from the river bed. The
glaciolacustrine deposits are instead a complex succession of bedload
sediments, gravel and sand, and suspended load sediments, mainly silt
and clay. Finally, the moraine deposits represent the deepest layer made
by rock detritus carried by the glacier [35,36,38,39]. This subdivision of
the Quaternary deposits is confirmed by the recent 3D geological model
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Fig. 1. Geological map of the investigated area (modified from Ref. [16] - geocover V3 map of Raron CN 1288). The red line in the geological map shows the rough
location of the Rhone-Simplon fault inside the valley (modified from Ref. [17] — GK500). The inset map in the upper right corner shows the study area location in
Switzerland. The green rectangles with red borders and the corresponding letters show the locations of selected HVSRs displayed in Fig. 2 (a, b, c and d) and in Fig. 11

(e, f, g and h). The maps are plotted with the permission of Swisstopo JA100120.
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for the Visp area, produced by the Federal Office of Topography
(Swisstopo) in collaboration with the Environment department of the
Canton Valais. The model is mainly based on information coming from
surficial boreholes (depth generally lower than 30 m) and its main
purpose is for hydrogeological modelling. This model was developed in
the framework of the project GeoQuat that aims in collecting and
reviewing all the different sources of information related to Quaternary
deposits in Switzerland [40].

3. Geophysical data processing
3.1. HVSR processing and picking

The 487 single-station ambient vibration measurements (green
rectangles in Fig. 1) were processed by means of the HVSR technique,
which is considered a fast method to support microzonation studies (e.g.
Refs. [41,42], showing generally a peak corresponding to the funda-
mental frequency of resonance fy of the site (e.g. Ref. [43]. The mea-
surements were performed in different projects over the past decades
[21,44-46] using different sensors and dataloggers. For this reason, all
the available measurements in the SED database (http://stations.seismo.
ethz.ch) from these projects were included in our study. Finally, we
selected 200 measurements having a sampling rate of 200 Hz and a
recording duration of at least 40 min. All are from measurements with
3-component 5s velocimeters. The recorded signals were homogenously
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reprocessed to obtain Fourier spectra in the frequency range 0.2-20 Hz,
by subdividing it in 50 s time windows. The window length was set equal
to 10 times the minimum processed signal period (T = 1/f). A Konno and
Ohmachi [47] smoothing filter was applied to the spectra, with the b
parameter set to 40. For each time window, the horizontal components
quadratic mean was divided by the vertical component. The final
spectral ratio for each investigated site was calculated by taking the
average of the logarithmic HVSRs obtained from all the time windows
[48]. When possible, the fy was picked on the 200 HVSR curves and
mapped (Fig. 2). Moreover, in compliance with SESAME [48] criteria,
we verified the peak amplitude and frequency stability of the picked fp.

3.2. Processing and inversion of surface wave data from array
acquisitions

As anticipated, 10 small-aperture 2D seismic arrays (see location in
Fig. 1) had been deployed over time in the valley basin, recording
ambient seismic vibrations [21,45,46]. Each seismic array was deployed
with 12-16 stations (Lennartz 5s sensors). The original data were ho-
mogeneously reprocessed with the 3 component high resolution f-k
method of Poggi and Fah [23]; providing Love and Rayleigh wave
dispersion curves and Rayleigh wave ellipticity. In addition, we used the
RayDec technique [49] to extract Rayleigh wave ellipticity curves at
each measurement point of the arrays. Examples of seismic arrays ge-
ometry used and achieved results are shown in Fig. 3.
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Fig. 2. Examples of HVSR curves and picked f, peak. The sites (with the corresponding letters) are shown in this map and also in Fig. 1. The map shows the f, peak

geographic distribution inside the valley.
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Fig. 3. From left to right examples for the seismic arrays #5, upper row, and #10, lower row, (see location in Fig. 1), Love (blue dots) and Rayleigh (red dots)
dispersion curves with array limits (black lines) and RayDec ellipticity at each station site (grey lines). Continuous and dashed black lines in the DC graphs show the

array resolution.

Love and Rayleigh wave dispersion curves and Rayleigh wave
ellipticity were inverted together to estimate the Vg profiles below each
seismic array. Note that in 8 cases over 10 the computed dispersion
curves did not present a frequency coverage that could be used to
retrieve the velocity contrast at the bedrock interface. By adding to the
inversion, the low-frequency Rayleigh wave ellipticity extracted from
single-station data at the array center, we constrained the velocity
profile down to the bedrock interface. In fact, it is well known that the
joint use of ellipticity, fundamental frequency and dispersion curve in-
creases the investigation depth [21,50-52]. The inversion was carried
out using the dinver code [53], considering for all the sites parameter-
izations of 4-8 constant-velocity layers having Vp, Vs, Poisson ratio and
density in the range 200-5000 m/s, 50-3500 m/s, 0.2-0.5 and
1700-2300 kg/m?, respectively. Note that density of the bedrock was set
to 2700 kg/m>. The chosen density values for sedimentary cover and
bedrock used in the inversion are based on Rosselli [54]. Examples of
inversions are given in Fig. 4.

The selected Vg profiles (Fig. 5) for all the seismic arrays have a 5
layers parameterization; the results indicate only a weak velocity
contrast between the first and the second layer (total thickness of the
first two layers is between 1 and 11 m and is not well resolved in Fig. 5
plots). In Fig. S1 of the supplementary material, the Vg profiles are
compared to previous analysis (taken from the SED database). The
comparison clearly shows that the surficial part of the profiles are
similar, whereas by using ellipticity information the deeper parts of the
velocity profiles are better resolved in our analysis.

Besides the microtremor array measurements carried out, an active
surface wave survey (MASW) was performed in Visp (see location in
Fig. 1) on calcareous metasedimentary rock [55]. The available space
was not enough to deploy a long linear array and, consequently, 14
seismic stations with a 2 m inter-station distance were used, resulting in

a total line length of 26 m. Each recorder (24 bit datalogger Quanterra
Q330) was equipped with two three components Lennartz 3C 5s sensor.
Seismic waves were excited by a 120 kg mass dropped from a height of 1
m and located 10 m away from the first sensor. The f-k spectra of ten
single shots were stacked to improve the signal-to-noise ratio of the final
dispersion curves. For their inversion we used same code and parame-
trization as for the passive seismic array, but the obtained best-fitting
model is characterized by 6 layers (Fig. 6). The surficial part of the
bedrock profile in Visp is characterized by a 2 m thick detritus with Vg
lower than 400 m/s, followed by a gradual increase from 800 m/s to
1200 m/s. The rock at the surface has a Vg of about 1000 m/s, pro-
gressively increasing with depth.

4. Definition of the 3D geophysical model
4.1. Velocity model for the sedimentary layers

From the processing and inversion of surface wave it is reasonable to
affirm that in the Visp area the bedrock is overlain by three main layers
(see paragraph 3.2, and in particular Fig. 5). Collating this geophysical
structure with available geological information [40], it is possible to
identify these layers as, from top to bottom, alluvial, glaciolacustrine
and moraine deposits. We attributed to each of these three layers and to
the hafspace an average S-wave velocity value Vs obtained as a weighted
mean of the corresponding Vg from the 10 velocity profiles derived from
the inversion of the small-aperture array surface wave data (Fig. 5):

o NN H Vs,
Vs, = 10 5 (@)
2=

where the suffix i refers to the layer number (i =1, 2, 3, 4), j is the index
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Fig. 4. Example of inversion results for the site #3 and #8 (see location in Fig. 1) considering 5 layers. From left, target and modelled Rayleigh, Love and ellipticity
curves. To the right, inverted Vg profiles, with the best one highlighted in grey. Continuous and dashed black lines in the dispersion-curves graphs show the
array resolution.
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Fig. 5. Best fit Vg profiles (grey lines) for the considered small aperture arrays plotted with generated Vs models (coloured lines with the respective misfit).
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running through the 10 inverted velocity profiles and H indicates the
thickness of the layers of such profiles. The corresponding standard
deviation is given by:

10 =3 2
S Hij(Vsij — Vs,)
10
> miHj

The estimated average Vg is 210 + 53 m/s, 381 + 44 m/s and 850 +
103 m/s for the first, second and third layer, respectively. The bedrock is
instead characterized by an average Vs of 2030 + 240 m/s. Note that the
third layer (constituted by moraine) is generally more than 100 m thick
and the constant-velocity approximation in this case may be too

S(Vs,i) = (2)

Travel time (s)
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simplistic, since it doesn’t take into account the effect of sediment
compaction. The simplest way to represent the effect of the lithostatic
pressure, is to introduce a positive velocity gradient varying with depth
(e.g. Ref. [56]. Therefore, we retrieved for this third layer a gradient that
is equivalent, in terms of travel-time, to the obtained homogeneous
velocity value obtained from the inversion. For this purpose, the ob-
tained Vg profiles were used to compute the time average ATy, for the j
profile and i layer defined as:
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where Z;; is the depth to the bottom of the layer. The ATg;; versus depth
were then plotted in Fig. 7a and for each profile the travel time function
(TTg;) was calibrated using a power law [57,58]:

TTy=a,Z" )

Using the TT; functions for each velocity profile the top and the
bottom layer Vg values for the third layer were estimated (coloured dots
and squares in Fig. 7b). Results show that Vg in the third layer has an
initial (average) value of 487 m/s and increases to 1300 m/s after about
300 m. These data were fitted to formulate an exponential law
expressing the gradual increase of velocity with depth in the third layer
(black line in Fig. 7b):

V(2) = Vsuar + Vemin — Vinax )& 7% )

representing the behaviour of Vg in the third layer. In (5) Vsmn and
Vsmax are respectively the minimum and maximum velocity, Z is the
depth of interest and Z, is the most shallow depth of the top of the layer.

P-wave velocity values inferred from the inversion were not
considered reliable as the input data are not sensitive to this parameter
[59]. We therefore followed an approach similar to the one just outlined
and introduced a travel time (TTp) function for Vp having the analytical
form shown in Eq. (4). Its calibration was based on the interpretation of
earthquake time-series recorded at the borehole station SVISP (see
location in Fig. 1). This station, active between 2015 and 2019, con-
sisted of 4 accelerometers installed at 0.5, 15, 58 and 102 m depth
(Fig. 8a).

We selected 18 earthquake recordings (Table 1, out of a total of 50)
characterized by a very good signal-to-noise ratio to reduce the uncer-
tainty on the P-wave arrival time estimation. The picked first breaks on
the four accelerometers for each event were then used to build the TTp
function shown in Fig. 8b. We also draw the Vp velocity profile at the
station SVISP using the time average and depth interval related to the
position of the accelerometers (blue line in Fig. 8c).

We then used the obtained continuous travel-time function TTp (red
line in Fig. 8b) and the estimated depth of the top and bottom of each
layer (Fig. 5) to derive the corresponding Vp values for every layer at
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each of the 10 profiles obtained from the processing of array measure-
ments. We used the following relationship:
H;;

Vpij= (6)
JTTT, TT,
P ij, bottom P ij, top

where TTp i, potom and TTp i, op represent the travel time to the bottom
and the top of the i-th layer at the j-th profile, respectively (indexes i and
j are the same as in egs. (1) and (2)). The average Vp values and their
residuals for the three sedimentary layers were then defined as in Egs.
(1) and (2), leading to 914 + 176 m/s, 1571 + 110 m/s and 2355 + 177
m/s for the first, second and third layer, respectively.

As in the S-wave case, we let the P-wave velocity follow a velocity
gradient in the third layer. We therefore define a functional form similar
to the one in Eq. (5) to track the Vp/Vs ratio with depth:

Ve [ VS(Z) = (Ve /V$)ar + [(Ve/VS)ax = (Vi V)i €77 %)
where (Vp/Vs),i, and (Vp/Vs),q, are the minimum and maximum ratio
(Z and Z, have the same meaning as in Eq. (5)). Note that here Vp is the
expected velocity at the top and bottom of the third layer as estimated
using the TTp function (Fig. 8b) and Eq. (6). The Vp/Vs ratios for the
third layer at the 10 sites where Vg is estimated from array measure-
ments and Vp from Eq. (6) are as high as 3.54 at the top of the layer
(corresponding to v = 0.46) and decrease to 2.42 (corresponding to v =
0.40) after about 300 m (Fig. 8d).

The final velocity values for the sediment cover, together with den-
sity estimates from available literature [54], are summarized in Table 2.

4.2. Estimation of velocity for the bedrock formation

From the analysis of the MASW results (see section 3.2) it is
reasonable to affirm that the intact rock at the surface has a Vs of about
1000 m/s, progressively increasing with depth. In order to obtain an S-
wave velocity profile valid for the bedrock at larger depth, we had to
adopt a different strategy than the one based on the procedure in Poggi
et al. [55]. The method relies on the information coming from the
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Fig. 8. a) Stratigraphy of the SVISP borehole station with related accelerometer locations at depth; b) Travel time vs. Depth function (red line) in which the black
dots are travel time from the considered events; c) Best Vs profiles for the array number 5 (see location in Fig. 1) and P-wave velocity profile obtained for the SVISP
station using travel times and accelerometer depths; d) Vp/Vs versus depth function for the third layer (black line) and estimated Vp/Vs values at the top (coloured

circles) and at the bottom (coloured squares) of the 10 velocity profiles.
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Table 1
Earthquakes used to pick the P-wave arrival time.
ID yyyy-mm-gg hh:mm:ss.ms Dist. Az. Lon. Lat. Dep. Ml
1 2015-10-14 00:13:45.06 27.3 97.2 7.525 46.331 4.356 3.10
2 2016-01-02 10:42:44.60 27.1 200.6 7.997 46.529 6.870 3.11
3 2016-03-27 20:02:50.33 6.0 305.6 7.941 46.269 6.642 1.44
4 2016-03-30 19:39:19.94 27.9 247.7 8.212 46.395 5.943 2.12
5 2016-05-04 23:36:19.41 4.9 326.5 7.913 46.264 2.744 0.75
6 2016-10-03 06:43:43.46 63.9 230.1 8.513 46.669 4.940 3.25
7 2016-10-24 14:44:11.58 23.1 100.5 7.580 46.338 8.241 4.14
8 2016-10-24 14:45:04.24 23.3 101.9 7.580 46.343 7.645 2.84
9 2016-10-25 01:42:14.08 23.1 99.2 7.580 46.334 8.152 2.61
10 2016-11-07 23:33:53.70 23 101.3 7.582 46.341 8.063 2.12
11 2017-03-06 20:12:07.40 105 230.1 8.925 46.907 4.223 4.63
12 2017-04-29 00:21:54.85 2.8 107.9 7.843 46.308 6.413 1.00
13 2017-04-29 00:32:27.24 2.8 83.7 7.841 46.298 6.324 0.25
14 2017-04-29 00:44:09.65 2.9 92.4 7.839 46.302 6.718 0.86
15 2018-07-20 22:20:35.49 32.9 3.1 7.861 46.005 6.692 2.60
16 2017-10-08 08:22:31.48 30.6 324.4 8.113 46.076 3.354 1.95
17 2018-10-14 04:25:26.54 4.6 25.3 7.853 46.263 3.760 2.33
18 2018-12-05 02:14:45.58 16.6 110.7 7.674 46.353 5.321 1.57
of discrete frequencies in the range 1-15 Hz. Using this set of regressions
zabliz cal s for the sediment for Vi between amplification values and Vow, from the EAF at SVIO a corre-
eophysical properties for the sediment cover for Visp area. ) . . .
phy prop P sponding Vowi, profile was determined (Fig. 9b). Therefore, the same
Layer Ve Vs (m/s) Ve/Vs Density global optimization procedure as described in Poggi et al. [55] is used to
(m/s) (kg/m) derive from the derived Vowr, at SVIO a simplified gradient reference
First (alluvial 914 210 ~4.4 1795 rock velocity model for Visp. After applying the global optimization
deposits) rocedure to the computed V, rofile, the outcome profile for Vis
Second 1571 381 ~4.1 1900 I()F' 9¢) is gi b tﬁ) foll. QwL P t', . P P
(glaciolacustrine ig. 9c¢) is given by the following equation:
deposits) _ZipZ
Third (moraine - 1494 — 2.38 +1.12  2000-2200 sy = (3260 — 1000) (1 —2.7 ) + 1000 (8)
deposits) 1035¢0:005(22) o—0-009(Z~2o)

empirical amplification function (EAF) at station SVIO of the Swiss
strong motion network (SSMNet) located on a rock outcrop in Visp (see
location in Fig. 1). The EAF referred to Swiss rock model defined in
Poggi et al. [55] is computed automatically by the Swiss Seismological
Service every time an earthquake is recorded at the station based on an
inversion procedure described in Edwards et al. [60]. Poggi et al. [55]
compared 27 quarter-wavelength velocity profiles (Vowr) from Swiss
seismic stations with the related EAF. In particular, the authors esti-
mated in the log space linear regression between EAF and Vqw, in a set

where 1000 m/s is the minimum Vg as obtained from the MASW anal-
ysis, whereas 3260 m/s is the expected maximum velocity at 4000 m
depth, according to Husen et al. (2003) P-wave velocity converted into
Vs assuming a Vp/ Vs ratio of 1.73. This value is within the typical range
for sandstone and other well-consolidated rocks [61,62]. The density for
the bedrock is taken from Rosselli [54] and set equal to 2700 kg/ms. In
Fig. 9c the derived reference-rock velocity model for Visp is compared
with the Swiss one (Fig. 9¢). Although the lithology of the bedrock in the
Rhone valley is variegated and changes from granite to gneiss in the
North part to limestone in the South part depending on the position
along the valley, we assume homogenous physical properties within the
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Fig. 9. a) Empirical amplification function mean (black line) and standard deviation (dashed black lines) at SVIO site obtained through empirical spectral modelling
[60] and referred to the Poggi et al. [55] Swiss reference rock velocity profile. b) Vow;, profile (white squares) obtained using correlation functions between Vo, and
amplification factors from spectral modelling of earthquake spectra as in Poggi et al. [55] for the SVIO site and its related uncertainties (grey squares). Black dots
represent the inverted Vw, profile. ) Best velocity profile in gradient form achieved from global optimization procedure (black line) and Swiss reference rock model
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area under study for the bedrock.

4.3. Geometry of the basin

In a first step, we defined the borders of the valley bed, intended as
the transition between soft sediments and surrounding competent rock
units, based on the geologic map (Fig .1) and the precise digital eleva-
tion model describing the surface of Switzerland without vegetation and
constructions (grid 2 x 2 m) available for the area swissALTI3D (Swis-
stopo, 2020). The obtained results can be considered acceptable, even
though the bedrock is covered by shattered rock deposits in some areas
along the northern and south-eastern borders (see Fig. 1).

The sedimentary cover thickness (H), coming from both the inver-
sion of geophysical data (Vs profiles, gravimetric measurements) and
direct borehole observations, were plotted versus fp from HSVR in a
scatterplot (Fig. 10), displaying a non-linear trend with frequency.

Taking into account that fy far from the basin edge is quite well
correlated with bedrock depth, whereas close to the basin edge the
correlation is hindered by edge effects [63,64], we applied a power law
as proposed by Ibs-Von Seth and Wohlenberg [24]:

H=a*f! (C)]

where a and b are the regression coefficients. In particular, to take into
account the difficulties related to the edge effects we performed and
compared two fits. The first fit (Fit 1 in Fig. 10) was performed using H
coming from Rosselli and Olivier [37] gravimetric data inversion and
picked fp (Fig. 10). The gravimetric depth seems to be generally well
correlated with fy, except towards the borders. The second regression
(Fit 2 in Fig. 10) was based on H from boreholes (see location in Fig. 1)
and from the results of the joint inversion with the corresponding fp.
These two data fits are in good agreement but they diverge somewhat at
high frequency and for thinner layers. We then consider the second fit as
the more reliable one, because it is constrained in the fy frequency range
1.5-9.0 Hz with borehole data and inverted velocity profiles.

The thickness of the sedimentary cover was then estimated con-
verting fy at each HVSR point using Eq. (9) and a contour map with a
resolution of 10 m was produced based on kriging interpolation (third
layer map in Fig. 11) motivated by the heterogeneous data distribution
(see Fig. 1). We used the VESPER (Variogram Estimation and Spatial
Prediction with ERror) software [65] developed by the Australian
Center for Precision Agriculture (ACPA) since it is capable to perform

103 :
H =286.85f61'67
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H =303.95f61'76
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Thickness from gravimetry
® Thickness from joint inversion
® Thickness from borehole

e Fit 1
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Fig. 10. fy vs. H scatter plots, with the corresponding regression curves Fit 1 (fp
vs. H from gravimetric technique) and Fit 2 (fp vs. H from borehole and
geophysical data).
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kriging with local variograms [66]. Briefly, kriging with local vario-
grams allows: i) to search for the closest neighbourhood for each pre-
diction site, ii) to estimate the variogram from the neighbourhood, iii) to
fit a variogram model to the data and iv) to predict the value and its
uncertainty. We tested the spherical and exponential variogram,
preferring the former because it results in a smaller root-mean-square
residual. The obtained values were then smoothed to reduce the pres-
ence of spikes associated to isolated data points by using a non-linear
filter having size 15 x 15 pixels.

As described in section 4.1, three main layers were found for the
sedimentary basin based on array measurements and surface wave data
inversion. Contour maps of the depth to each interface were obtained
using a similar kriging procedure as the one described for the bedrock. In
particular, the first (shallowest) discontinuity (Fig. 11) was constrained
using 74 boreholes (Fig. 1) and the inverted Vg profiles (Fig. 5). The
corresponding layer has a thickness varying between 1 and 11 m, with
higher values occurring along the Rhone river, and it can be related to
the upper alluvial deposits mainly composed by silt and sand.

The second discontinuity map (Fig. 11), between the second and the
third layer, was instead more difficult to obtain due to the low number of
direct information coming from deep boreholes. For this reason, the
depth to second interface was determined by inverting single station
ellipticity curves extracted from 100 of the 200 ambient vibration
measurements used in this study (Fig. 12). The geophysical model in
Table 2 assuming a homogenous bedrock, having the Vg obtained by Eq.
(6) at the bedrock depth, was used for the parametrization together with
the depth to the first and last (i.e. bedrock) interface previously con-
strained. For each site 200,000 models were generated, allowing to the
input velocity profiles to vary up to 20% of their original value.
Therefore, the depth of the second interface coming from the best
inversion result was used to derive the geometry of the second
discontinuity.

5. 3D model validation

5.1. Testing 1D velocity profiles comparison with gravimetric and
geological data

The final 3D velocity model (Fig. S2 of the supplementary material)
was validated by extracting 1D velocity profiles at selected locations
(marked by letters in Fig. 1) and comparing the relative measured and
theoretical ellipticity curves. Although this alpine valley is probably
characterized by 2D/3D effects, but not 2D/3D resonances, the 1D
assumption can be considered valid for sites far from the borders [64].
The two sets of curves, shown by black and green-dashed lines in Fig. 12,
are generally in good agreement. The observed discrepancies in term of
frequency of the fundamental peaks are probably due to the un-
certainties in discontinuities depth and layer velocities linked to the
kriging method used to interpolate the subsoil model.

A further comparison was made between the bedrock map as ob-
tained in this study and the gravimetric model of the Rhone valley [37].
Although the gravimetric model is not a high-resolution model, the
comparison evidences a similar bedrock shape and good correspondence
in terms of depth to bedrock values (Fig. 13).

The main differences are observed along the edges as shown by the
cross-sections in Fig. 13. These discrepancies can be explained consid-
ering the particular attention paid in this study to define the valley edges
(rock to sediment contact) and considering that the gravimetric model
was derived using a limited number of transects along the Rhone valley
[37]. The scale of features which can be identified with a gravimetric
survey depend on the grid spacing used for the survey compared with
the size and shape of the investigated feature [67].

Finally, we compared the 3D geological model of Visp obtained in
the frame of the GeoQuat project [40] with this study model. The results
highlighted that 80% of the lithology contained in the first layer of the
3D geophysical model are upper deposits (mainly silt linked to flooding
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Fig. 11. Contour maps of the first, second and third layer bottom depth from the surface of the 3D geophysical model, obtained by using spherical local variogram
method with kriging algorithm. The contour maps are plotted on the relief map with the permission of Swisstopo JA100120.

episodes). From the comparison, the second layer of the 3D geophysical
model is composed for 90% by lower deposits (gravel and sand carried
inside the river bed). The GeoQuat model does not resolve the bedrock,
because it relies mostly on borehole profiles of limited depth (<30 m).

5.2. Modelling 3D ambient vibrations

To further validate the velocity model, we compared synthetic and
measured HVSR spectral ratios at several locations in the sedimentary
basin. We did not consider only peak values, but verified whether the
whole curve was well reproduced.

Three-dimensional ambient noise simulations for the Visp velocity
model were carried out by using SW4 code [68,69], a fourth-order

10

finite-differences numerical package that solves the equation of mo-
tion in displacement formulation. The input model measures 6100 m
along the x axis (easting), 7800 m along the y axis (northing) and 4000
m along the z-axis (depth). The model was discretized with a grid step of
40 m and a mesh refinement at z; = 1000, 2z, = 700, and z3 = 480 m,
resulting in at least 12 grid points per wavelength at 4.0 Hz. In fact, the
refinement command in SW4 enables to locally refine the computational
mesh in areas where finer resolution is needed [68,69]. As a result, the
composite grid contains mainly four level grids, where the coarsest has a
grid size of 40 m and it covers the bottom of the model (z; < z < 4000
m). The next refined grid has half grid size (20 m) and covers the depth
range z; < z < 22, whereas the grid size in the third level is refined by
another factor 2 (10 m) and it spans 2z < z < 23. Finally, 23 indicates the
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starting depth of the grid size 5 m which covers the model up to the top
surface. The total number of grid points with this configuration is 2.030
x 108, The SW4 code works with a free surface condition on the top
boundary and absorbing super-grid conditions on the far-field boundary
[70]. The super-grid damping layer at the sides and bottom of the model
prevented spurious reflections from contaminating the computed
ground motions. Intrinsic attenuation and topography were neglected
after a few tests, since we found that they did not influence sensibly the
synthetic spectral ratios. In particular, topography was not considered
since we did not model the site response of the rock outcropping on the
basin edges; the simulation results cover only the valley floor hosting
unconsolidated sediments. To reproduce the diffusive nature of ambient
vibrations, we deployed 5000 impulsive single-forces randomly located
in the sedimentary basin, with amplitudes in the O to 1 range. Sources
orientation was normally distributed around the vertical, in order to
excite a consistent amount of Rayleigh waves. Our simulations were 135
s long, although the first 15 s were discarded because of non-stationary
wavefield amplitude (see example in Fig. S3 of the supplementary ma-
terial). We compensated the relatively short duration of the synthetic
time-series (dictated by their computational cost) by considering three
sets of simulations, each characterized by a different seed number for the
generation of the random source parameters.

We produced three sets of ground motion simulations at 22 seismic
station sites evenly distributed in the basin (Fig. 14), where each set was
characterized by different source properties determined by different
seed numbers. Although microtremor velocity spectra are normally used

Soil Dynamics and Earthquake Engineering 155 (2022) 107163

to compute HVSR, displacement or acceleration spectra can be used as
well [71]. The displacement time-series were then processed with
Geopsy following a workflow very similar to that applied to the field
data. We chose a window length of 40 s with a window-overlap of 50%.
The window length was chosen such that the resolution at lower fre-
quencies is well guaranteed in the spectral ratios. A Konno and Ohmachi
[47] smoothing b = 40 was applied to the spectra. A comparison be-
tween experimental and modelled HVSR spectral ratios at four repre-
sentative locations is shown in Fig. 14 (in the Supplementary Material
Figs. S4 and S5 are reported the results related to the other 18 sites).
We found an overall good agreement between synthetic and
observed spectral ratios, particularly in terms of fundamental frequency,
likely indicating realistic depth to bedrock values and fairly accurate
physical properties. Although the whole curve was in general well
reproduced at most stations, we noticed that our velocity model often
predicted lower ratios than otherwise observed. Following Bonnefoy-
Claudet et al. [22]; we speculate that this systematic difference is
mainly associated to the relative amount of Rayleigh and Love waves in
the simulated wave field, which may not reflect real conditions. Second
order differences in the spectral ratios could be related to the bedrock in
the Rhone valley that is variegated and changes from granite to gneiss in
the North to limestone in the South depending on the position along the
valley. This aspect is well highlighted if we subdivide the points where
synthetic HVSR amplitude is higher or lower with respect the experi-
mental one at the fundamental frequency (Fig. 14). Although, we tried
to adjust the model in some points accordingly with the comparison
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between synthetic and experimental HVSR modifying the layer thick- 6. Modelling the earthquake amplification
nesses, the point #2 (orange rhombus in Fig. 14) is the only one where

there is not good agreement between observation and modelling. This The validated velocity model was then used to obtain seismic site
site reflects the complexity of the area where the site is located. In amplification in the area of Visp using Standard Spectral Ratio technique
particular, it lies on a conoid deposits, which we didn’t include in our (SSR). The SSR consists in the ratio between the horizontal components
model. of motion at the soft sediment site with respect a reference site on rock
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[72]. For our synthetic SSR, we choose 64 surface receivers randomly
distributed inside the valley (Fig. 15a). Six of these receiver points
correspond to temporary seismic stations instrumented with Quanterra
Q330 digitizer and LE3D-5s short period sensor (Fig. 15a). This tem-
porary network collected local and regional earthquakes with local
magnitude in the range 0.9-4.0 between 2008 and 2009 [73]. evaluated
the seismic site response at these sites through SSR method with respect
a local reference site, named VISP9 and positioned only 75 m far from
the permanent station SVIO. In the area are also present others SSMNet
stations named SVISP, SVIT and SVIL (Fig. 15a) for which EAF are also
routinely computed.

To compute the synthetic SSR at the surface receivers we did not use
a single reference station on rock outcrop having the characteristics
described in Ref. [74]; but we ran simulations twice: the first time
considering a parallelepiped-shaped model that does not contain the
sedimentary basin and it has the properties of the bedrock shown in
Fig. 9, and the second time using the 3D full velocity model of Visp
(inclusive of sedimentary basin). In both simulations the sources were
placed at the same location. Therefore, the Fourier spectra of the
recorded time series at the chosen locations of the full sedimentary basin
(soft soil) were divided for the corresponding Fourier spectra of the
model without Basin (rock condition). This approach should ensure, that
the differences in the travel path can be neglected. For the simulation we
used again the SW4 code [68,69] and the same model size employed for
the noise simulation. The SW4 code does not allow to simulate the
propagation of plane incidence waves and a single source located inside
the model is not ideal to generate synthetic SSR since the spectral ratio
will strongly depend on the respective radiation pattern (e.g. Ref. [75].
In order to avoid this issue, the 3D model maximum depth was extended
to 7000 m and we placed on a horizontal plane at 5000 m depth 5500
point sources randomly distributed with a minimum distance between
each other of 300 m. This plane has a length of 3000 m in x-direction and
5000 m in y-direction so that it is sufficiently away from the 3D model
borders. This approach can be assumed as being virtually equivalent to a
composite source model in which an earthquake is made up of numerous
point source sub-events distributed along a plane (e.g. Ref. [76]. All
these sources follow a Brune model as source time functions and they
trigger at 0 s with the synthetic waveform having a duration of 20 s (see
example in Fig. S3 of the supplementary material). The corner frequency
of the Brune-functions is chosen to be 1 Hz; strike, dip, and rake of each
source are randomly assigned to reproduce the complex source process
and to avoid synthetics having at times one component with amplitude
much lower than the other (i.e. nearly nodal motions) as highlighted by
Zeng et al. [77]. Finally, the moment amplitude is chosen to be 1 and no
attenuation is considered in the simulations. We then performed 5
simulations with different sub-events positions and source parameters
(strike, dip and rake). This number of simulations was chosen as a
trade-off between computational costs and robustness of the results. The
final SSR curves at each receiver are the arithmetic averages of the
curves obtained by the five simulations with different seed states of the
random parameters. The achieved signals were then processed applying
the same filter and smoothing as for HVSR. A comparison between
synthetic and experimental amplification functions (SSR and EAF) was
made to test the reliability of the results (Fig. 15b). This synthetic and
empirical SSR dataset are referred to the local reference rock condition
(Fig. 9), whereas the EAF are referred to the Swiss reference rock con-
dition [55]. According to Fig. 9 the local reference condition shows a
slightly higher Vg entailing an EAF of the SVIO station with amplifica-
tion level lower than 1 in a broad frequency range.

Considering the proximity and geological homogeneity between
VISP9 and SVIO, we assume their site responses to be virtually equiva-
lent, hence the EAF at VISP9 (not measured) can be reasonably
approximated by the EAF at SVIO. Therefore, the EAF at SVISP and SVIL
(same place of VISP8) were divided with the EAF at SVIO so that the
resulting amplification functions are all referred to the local reference
site (red lines in Fig. 15b) and can be equated with SSR (blue lines in
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Fig. 15b). In fact, the EAF at SVIO represents the ratio between the
amplification expected at the local rock site in Visp and the Swiss
reference rock model. The comparison between synthetic and experi-
mental amplification functions shows an overall good agreement in all
the sites located inside the valley (SVISP, SVIL- VISP8, VISP1, VISP2 and
VISP5). The agreement diminishes in the sites located nearby the bor-
ders (VISP4 and VISP6) probably because our model near the borders is
not too accurate or the lithologic sequence especially for the site VISP6 is
more complex.

The amplification values extracted at the different locations were
then interpolated using a similar kriging procedure as the one described
for the 3D model. This allows us to obtain amplification maps at several
frequencies (Fig. 16). As expected, the sediment thickness play an
important role on the amplification values. In particular, it is possible to
observe that at frequencies lower than 1.0 Hz the main amplification
occurs in the West edge of the considered basin portion with values
reaching factor 8 in amplification. Instead, at 1.0 Hz the amplification
increases up to factors of 15 in the central part of the considered model,
where the thickness of the sedimentary cover (200-300 m) causes a
fundamental frequency near to 1.0 Hz. Finally, the map at 3.3 Hz clearly
shows the role played by the layers 1 and 2 of our model, with the main
amplification observed along the river deposits. Such high amplification
values are frequently observed at the floor of deeply-incised valleys of
the Swiss alpine region, as witnessed by several authors [6,21,46,60].

7. Conclusions

We characterized the main geophysical discontinuities and their
properties in the alpine basin in the Visp area based on ambient vibra-
tion data and earthquake recordings integrated with borehole
information.

The ambient vibrations recorded with small aperture seismic arrays
were processed by means of the f-k technique to retrieve dispersion
curves and to determine 1D Vg profile at several locations, whereas
HVSR were used to determine fy related to the sediment thickness. The
Vg profiles allowed us to highlight the presence of three main layers for
which we derived Vg values. The two shallowest layers were considered
homogenous and with constant velocity, whereas for the thick third
layer the effect of sediment compaction was taken into account by
introducing an exponential functional form. The Vp values were deter-
mined based on earthquake P-wave arrival times recorded at the SVISP
vertical array. For Vg at the bedrock we adopted an approach similar to
that proposed by Poggi et al. [55] by extracting from the empirical
amplification function for station SVIO a Vgwi, profile subsequently
inverted using a global optimization process.

A relationship between sediment thickness and f) was determined
following Ibs-Von Seth and Wohlenberg [24]; whereas borehole data
were used to infer the geometry of the first layer. The second disconti-
nuity was instead determined by inverting single station ellipticity
curves complemented by a scarce number of boreholes measurements
reaching larger depths.

The obtained velocity model and the geometry of the bedrock were
validated by comparing theoretical ellipticity from extracted 1D profiles
with the measured one. Moreover, the gravimetric model of Roselli and
Olivier [37] was used for comparison. A comparison of the two surficial
layers proposed in a model developed during the GeoQuat project [40]
allows us to affirm that there is a good agreement with Rhone and gla-
ciolacustrine deposits. Synthetic HVSR were computed based on
three-dimensional ambient noise simulations. The good correspondence
between simulated and empirical HVSR further corroborated the accu-
racy of our model.

Finally, we computed synthetic spectral ratios at specific receiver
locations simulating ground shaking, using an approach virtually
equivalent to that of a composite source model. The modelled amplifi-
cation functions were compared with amplification functions obtained
by using actual earthquake recordings at temporary and permanent
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strong motion stations. The good agreement we obtain confirms the
validity of our approach. Finally, kriging interpolation was used to
derive amplification maps for different frequencies. The sediment
thickness appears to play an important role on the resulting amplifica-
tion, which reaches factors of 8-15. Such high amplification values are
not unusual for valleys of the Swiss alpine region.

This final result suggest that ambient vibration techniques are a
powerful and cost-effective tool to reconstruct three-dimensional
models of the subsurface that can be used for geothermal, geological,
hydrogeological and seismic site response studies.
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