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Northern Italy is a diverse geological region, including the wide and thick Po Plain sedimentary basin,
which is bounded by the Alps and the Apennines. The seismically slow shallow structure of the Po
Plain is difficult to retrieve with classical seismic measurements such as surface wave dispersion, yet
the detailed structure of the region greatly affects seismic wave propagation and hence seismic ground
shaking.

Here we invert Rayleigh wave ellipticity measurements in the period range 10-60 s for 95 stations in
northern Italy using a fully non linear approach to constrain vertical »s, vp and density profiles of the
crust beneath each station. The ellipticity of Rayleigh wave ground motion is primarily sensitive to
shear-wave velocity beneath the recording station, which reduces along-path contamination effects.
We use the 3D layering structure in MAMBo, a previous model based on a compilation of geological
and geophysical information for the Po Plain and surrounding regions of northern Italy, and employ ellip-
ticity data to constrain s, vp and density within its layers. We show that ellipticity data from ballistic
teleseismic wave trains alone constrain the crustal structure well. This leads to MAMBo-E, an updated
seismic model of the region’s crust that inherits information available from previous seismic prospection
and geological studies, while fitting new seismic data well. MAMBo-E brings new insights into lateral
heterogeneity in the region’s subsurface. Compared to MAMBo, it shows overall faster seismic anomalies
in the region’s Quaternary, Pliocene and Oligo-Miocene layers and better delineates the seismic struc-
tures of the Po Plain at depth. Two low velocity regions are mapped in the Mesozoic layer in the western
and eastern parts of the Plain, which seem to correspond to the Monferrato sedimentary basin and to the
Ferrara-Romagna thrust system, respectively.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction and geological context

The Po Plain is the largest sedimentary basin in Italy. It extends
in a west-east direction from the western Alps to the Adriatic sea
and it is bounded by the Apennines chain to the South with a total
surface of ~ 48,000 km?. It is one of the most densely populated
areas in Italy, with a population of ~ 20 millions, and one of the
most important industrial districts. At the surface, the Po Plain
looks like a large, flat and uniform plain, which is a relatively rare
shape in the generally tectonically-active Italian context. Over the
past centuries, this feature enhanced the concentration of human
activities in this area because of the fertility of the land and the
easier connections between the cities.

* Corresponding author at: Department of Earth Sciences, Faculty of Maths &
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From a geological point of view, this sedimentary basin corre-
sponds to the ancient African foreland environment, now being
squeezed between the Alps and the Apennines. It is filled by a
superposition of Pliocene-Quaternary deposits with thickness
ranging between a few hundred meters (above the buried thrust
systems) to 8 km (above the depocenters). Sedimentary layers
cover completely a complex system of buried faults that run
roughly parallel to the Apennines chain in the southern-middle
part of the plain. The Po Plain is divided into three main structural
segments, the Ferrara-Romagna Arc, the Emilia Arc and the Mon-
ferrato Arc from the East to the West, respectively (Fig. 1). A buried
thrust system lies in the north, parallel to the Alpine chain, from
western Alps to the Garda Lake region where it connects to the
Giudicarie thrust system (GS, Fig. 1, Vannoli et al., 2015).

The building of the Alps and Apennines — although with quite
different characteristics — is linked to the convergence of the Euro-
pean and African plates. This process is still ongoing today, with a
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Fig. 1. Main structural elements of the Po Plain (Barrier et al., 2005) FRA: Ferrara-Romagna Arc; EA: Emilia Arc; MA: Monferrato Arc; PATF: Pedeapeninnic thrust front; SAOA:
Southern Alps Outer Arc; GS: Giudicarie System. Squares: Historical seismicity before 1985 (M > 5.0) from the CPTI11 catalogue (http://emidius.mi.ingv.it/CPTI11/) and ISIDE
catalogue (http://iside.rm.ingv.it). Circles: Instrumental seismicity from 1985 to present day (M > 4.0). Stars: Instrumental earthquakes with magnitude M > 5.5. The blue

lines correspond to faults (Barrier et al., 2005).

convergence rate of 3-8 mmy/year (Serpelloni et al., 2007). The
Adria promontory (bounded by the easternmost Apennines, and
including the Adriatic Sea) is rotating counter-clockwise with a
rotational pole located in the western Alps. For this reason the con-
vergence rate in eastern Po Plain is higher than in the western part.
The tectonic activity generates a relatively moderate seismicity
(compared to other Italian zones) but still significant enough to
cause occasional, but notable, damage to human activities. The last
important seismic sequence hit the Ferrara region in May and June
2012, originating on the Ferrara-Romagna Arc. The two mainshocks
struck on 2012 May 20 (M,, 6.1) and 2012 May 29 (M,, 5.9). These
events caused a total of ~ 500 injuries, 27 deaths and ~ 20,000
evacuations. They also caused heavy damage to historical buildings
and an overall damage to the residential and productive infrastruc-
ture with value estimated in the order of billions of Euros. Emilia-
Romagna’s regional government gave a partial estimate of damages
of 2.7 billions of Euros, for the industrial sector only (www.regione.
emilia-romagna.it/terremoto/nove-mesi-dal-sisma/). The effects of
the earthquakes were much larger than expected as the ground-
shaking recorded exceeded the EC8' recommendation of the
European Union (Dujardin et al., 2016). This was due to the basin
effect of the sedimentary structure with slow and thick layers over
a crystalline and fast basement structure.

Sedimentary basins have a strong effect on the amplitude of
ground-shaking and on seismic wave propagation. These effects
have been observed and studied in many instances, from the
1985 Mexico City earthquake (Bard et al., 1998) to the recent
2010 Darfield (New Zealand) earthquake (Bradley, 2012). Other
studies on this topic have been performed by Aagaard et al.
(2008) on the Los Angeles basin, Koketsu and Kikuchi (2000) and
Dhakal and Yamanaka (2013) on the Kanto basin (Japan) and by
Stupazzini et al. (2009) and Chaljub et al. (2010) on the Grenoble
basin. All of these studies showed that sedimentary structures
strongly amplify the amplitudes of surface waves. The knowledge
of the shallow structure in sedimentary terrains — such as the Po
Plain — has then a crucial importance for hazard calculation and
ground-shaking assessment.

T EN 1998-1 (2004): Eurocode 8: Design of structures for earthquake resistance —
Part 1: General rules, seismic actions and rules for buildings [Authority: The European
Union Per Regulation 305/2011, Directive 98/34/EC, Directive 2004/18/EC].

Crustal seismological models currently available for northern
Italy have been mostly developed at a regional scale. EPcrust
(Molinari and Morelli, 2011) is a continental crustal model of the
European plate, from northern Africa to the North Pole, with a res-
olution of 0.5° x 0.5°. This model has been built by collecting and
integrating previous seismological studies in the region. It is
parameterised using a 3-layer setting: sedimentary, upper crust
and lower crust. It is not useful for local-scale modelling because
of its low resolution. Diehl et al. (2009) focused their attention
on the western part of the Alpine region, building a 3-D crustal
model by a classical technique based on first arriving P-phases
picked on a good-quality teleseismic dataset. Wagner et al.
(2012) built a 3-D model of the Alps by the combination of two
tomographic techniques: controlled-source seismology (CSS) and
local earthquake tomography (LET). Gualtieri et al. (2014) built a
model of the crust and shallow mantle of the Italian region and a
revised map of the Moho depth using regional travel time tomog-
raphy. The model has a lateral resolution of 0.1 degrees and 2 km
vertical resolution. Molinari et al. (2015b) obtained a 3-D model
of Italy and the Alpine region by using phase and group velocities
from ambient noise cross-correlation (Verbeke et al., 2012). They
used the same parameterisation scheme as EPcrust, with a resolu-
tion of 0.25° x 0.25°.

None of these models has enough resolution for local-scale seis-
mic waveform studies, as needed for hazard assessment and calcu-
lation of earthquake scenarios. The more recent model MAMBo
(Molinari et al., 2015a) represents the 3D crustal structure in the
Po Plain area with better detail. It has been built with the purpose
of improving the ability of simulating and predicting the effects of
earthquakes in the Po Plain. The shallow seismic structure (zp, vs,
density) of the sedimentary filling has been defined by merging
all available geological and geophysical information, mostly
extracted from the abundant prospection work that has been per-
formed in the last decades for hydrocarbon exploration. The model
has resolution of 0.01° x 0.01°, with a very detailed description of
the interfaces between the sedimentary layers (Fig. 2). Velocities
inside each layer are defined following empirical relations result-
ing from laboratory studies (Brocher, 2005), using profiles made
by two gradients in each layer (Fig. 2). Each stratigraphic layer
varies laterally in thickness, but there is no lateral variation of its
seismic parameters. Molinari et al. (2015a) showed that MAMBo
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Fig. 2. Left: stratigraphic column of the Po Plain. Right: Gradients of vs relative to each stratigraphic layer used in the construction of the MAMBo model (redrawn after

Molinari et al., 2015b).

is able to predict the amplitude and duration of seismograms orig-
inating from an earthquake in the Plain better than previously
available models. Nevertheless, the use of empirical relations to
estimate the physical properties of the subsurface is a limitation
of MAMBo. Thus, an improvement of the MAMBo model using
information from actual seismic recordings rather than from com-
pilations of information is a key priority to better simulate seismic
propagation, ground-shaking and local effects in the Po Plain.

MAMBo covers a very shallow section of the crust, down to
~ 10 km depth. This is indeed the most significant domain for mod-
elling seismic wave propagation in hazard studies. Such a shallow
depth cannot be properly imaged using earthquake-based tomo-
graphic techniques — such as surface-wave phase/group velocity,
or body-wave travel times — because of scarcity of local seismicity.
Regional-distance paths do not reach optimal sensitivity at such
shallow depth. We thus use a seldomly used seismic observable:
the aspect ratio of elliptically-polarised Rayleigh wave ground
motion from teleseismic events. Ellipticity of Rayleigh waves, also
called H/V ratio, is defined as the ratio between the amplitude of
the horizontal component of Rayleigh wave motion over its vertical
component. It does not depend on the source or the path of the
wave, but it depends only on the structure beneath the receiving
station (e.g., Ferreira and Woodhouse, 2007a,b). It is mostly sensi-
tive to shallow values of shear-wave velocity (Fig. 3) but the sensi-
tivity to vp and density is not negligible either. In Fig. 3 we can also
notice that ellipticity kernels change sign at any fixed period at
rather shallow depth, where amplitude is large. As a consequence,
either a shallow lower velocity, or an appropriately deeper higher
velocity, can increase H/V. The zero crossing shifts deeper as the
wave period considered increases, making a broad band inversion
much less sensitive to this uncertainty. Also, since we perform a
fully linear Monte Carlo inversion, we do not actually use linearised
sensitivity kernels in our work, but it is instructive to examine them
to understand what part of the structure influences our
observables.

H/V ratios have been used in the last decades mostly for soil
characterisation and micro-zonation and they have been measured
mostly on seismic noise by spectral ratio analysis (Nakamura,
1989). Such measurements on ambient noise can be performed
at very short periods, being sensitive to the top few hundred
metres of the subsurface, which is not the scope of this study.
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Fig. 3. Sensitivity kernels of H/V ratio at wave periods T=15s and T=40s to s
(solid line), »p (dashed line) and density (dotted line) calculated by finite
differences using a normal mode formalism for the 1-D PREM Earth model
(Dziewonski and Anderson, 1981).

We use instead measurements of ellipticity based on seismic sig-
nals from teleseisms, with a longer period range and thus with sen-
sitivity spread over the whole crustal depth. A few studies have
carried out similar measurements in different regions (e.g.,
Ferreira and Woodhouse, 2007a; Tanimoto and Rivera, 2008; Lin
et al., 2012) but the full scope of teleseismic ellipticity measure-
ments and inversion has not been fully explored yet.

The aim of this work is to build a new model of the crust of
northern Italy using ellipticity measurements based on teleseismic
recordings. We use a wide dataset of ellipticity curves measured
previously by Berbellini et al. (2016) at 95 seismic stations in
northern Italy from ~ 500 teleseisms from all over the world in
the period range 10s-110s. Since Rayleigh-wave ellipticity is non-
linearly related to shear-wave structure, we implement a fully
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non-linear Monte Carlo inversion method based on the Neighbour-
hood sampling algorithm (Sambridge, 1999) and we perform a full
inversion of all the data available. We keep the layered structure of
MAMBo unchanged and we invert for shear wave speed inside each
layer. We then interpolate by ordinary kriging the values obtained
for each layer and for each station and we build a new crustal
model, with the same layered structure as MAMBo, but with later-
ally changing values of shear-wave velocity. Therefore the new
model merges information from different approaches: geological
and geophysical field studies (through the interfaces structure of
MAMBo) and seismological modelling (from ellipticity inversions).
Our goal is to build a model with high lateral resolution, layering
based on the main geological discontinuities, and reliable details
in the shallowest layers — where usually tomographic models do
not have their best resolution. In the following, we will
briefly recall the dataset used — obtained in Berbellini et al.
(2016) — followed by an explanation of the inversion technique,
including some synthetic recovery tests. We then describe and dis-
cuss the resulting model.

2. Dataset

We use a large dataset of ellipticity curves measured by
Berbellini et al. (2016) for 95 broadband seismic stations in north-
ern Italy in the period range 10-110 s. Ellipticity curves have been
obtained by measuring H/V ratios on seismic signals of approxi-
mately 500 teleseisms from all over the world. For each earthquake
the Rayleigh wave fundamental mode has been extracted from the
rest of the record by analysing the phase shift between vertical and
radial component Rayleigh waves, and time-windowing the signal
where the phase shift is 90°, as expected for the Rayleigh wave fun-
damental mode. Ellipticity has then been calculated as the average
ratio between the envelopes of vertical and radial component
amplitude data. Finally, median and percentiles have been used
to define a single representative ellipticity curve and uncertainties
for each station. For more details about the measurement
technique, we refer the reader to the study of Berbellini et al.
(2016). The distribution of the measurements used to build the
ellipticity curves is shown in Fig. 4 and the number of measure-
ments as a function of wave period are given in Table. 1. As
reported by Berbellini et al. (2016), measured ellipticity curves
show higher H/V values for stations located on the Plain (Figs. 5)
compared to stations on the mountains. This effect is particularly
evident at short wave periods. This is due to the very slow shear-
velocity waves at shallow depth in the Plain associated with the
high sensitivity of ellipticity to the shallowest layers of the crust
(Fig. 3).

Fig. 5 compares measured H/V values at T=11s and T=16s
with theoretical values calculated using a normal mode formalism
(Herrmann et al.,, 2013) for the MAMBo model (Molinari et al.,
2015a). The comparison shows a larger mismatch for the stations
in the Plain than for the stations on the mountains. This shows that
there is room for improvement in MAMBo to better match the seis-
mological observations.

3. Inversion technique

Yano et al. (2009) and Tanimoto et al. (2013) inverted ellipticity
curves using a linearised method. Yano et al. (2009) noticed a
strong dependence of the final solution on the starting model —
not surprising, given known difficulties of linearised methods to
tackle strong non-linearity, as present in this case — and showed
that ellipticity is able to improve resolution of shallow structure
in a joint inversion with other seismic observables, such as phase
and group velocities. We will instead invert ellipticity data alone

12

10}
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100 200 300 400 500 600
n. of measuments

Fig. 4. Histogram of the number of measurements performed for each station.

— although subject to constraints, as will be shown — and in this
endeavour, to avoid local minima, we resort to a fully non linear
Monte Carlo inversion.

We chose the neighbourhood sampling algorithm, as described
and implemented by Sambridge (1999). This method samples the
model space in a very efficient way in order to find an ensemble
of models that minimise a cost function, which describes the abil-
ity of a model to fit observed data, together with its likelihood
according to some a priori knowledge. As explained in detail below,
we define our cost function by summing a term describing the mis-
fit between observed and theoretical ellipticity data, and a term
describing the difference from an a priori model.

For each model sampled we calculate the theoretical ellipticity
curve using a normal mode approach (Herrmann, 2013). Theoreti-
cal ellipticity is calculated as the ratio between the horizontal and
the vertical eigenfunctions evaluated at the Earth’s surface of the
spheroidal mode equivalent to the Rayleigh wave considered
(Ferreira and Woodhouse, 2007b). Observed ellipticity is taken
from the measurements by Berbellini et al. (2016). We assume that
measurements i = 1,...N have uncorrelated Gaussian variances

0}'32, and that the a priori model also has uncorrelated uncertainties

a}'v,z on model parameters j=1,...P. We find the solutions that

minimise the cost function:

2 2
C:Hg(m _dHCEl +Hm_mprior||cl\7’1’ (1)

where the diagonal matrices C;' and C;;' are formed by the uncer-
tainties 0'{,2 and a;'v,z respectively. Eq. (1) that can be re-written as:

N P
Z g (m) abs + Z
i=1 J

where d',. are the observed data, gi(m) are the theoretical values
calculated for a given trial model m, ¢, is the variance of the mea-
surement calculated on observed data and ¢i, is the variance of the
a priori model. We choose as gy the value corresponding to 50% of
the a priori model. The first term in (1) represents the misfit
between observed data and theoretical prediction for the specific
candidate model sampled, whereas the second term defines the dis-
tance of the candidate model from the a priori model. The inversion
procedure samples the model space seeking to minimise the misfit
to the observed data without picking models too far from a refer-
ence model. This is important to avoid unrealistic models that
may fit the data better. Since we do not impose any boundary to

2
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Table 1

Average number of final measurements performed for each station and for each wave period; Average number of measurement per station: 270; Average number of teleseismic

records available per station: 490.

Wave period 11s 13s 16s

20s 25s 31s 38s 47 s 58s

Average n. of measurements 146 204 248

253 248 223 194 164 136

Ellipticity, T=11s

I 4
-0.25 0.00 0.25 0.50 0.75 1.00
log(H/V)

(2)

Ellipticity, T=16s

L 4
-0.25 0.00 0.25 0.50 0.75 1.00
log(H/V)

(b)

Fig. 5. Observed ellipticity (circles) compared to theoretical predictions for MAMBo
(background) at period T=11s (a),and T=16s (b).

the distance from the reference model MAMBOo, in principle a model
can be very different from the reference one, but the new model
must reproduce the observed data very well, otherwise it will gain
a low cost function value and it will be rejected.

Also, for example if a layer is too thin and the data do not have
enough sensitivity to resolve it, the system will choose a model
close to the reference model and thus will avoid unrealistic
features.

The geographically localised sensitivity of Rayleigh H/V ratio
may discourage from inverting these data alone. In fact, the result
of inversion is a profile below each station, and — particularly
when stations are spaced at a scale larger than the expected struc-
tural variations, as in our case — one is left with the problem of
interpolating among vertical profiles at different locations. Specific
techniques, such as kriging (e.g., Davis, 2002), may help, but a

likely consequence may be an unduly smooth model. We follow
a different approach, and choose to use ellipticity data to tune
the existing model MAMBo, by enabling lateral variations in
shear-wave speed within its constituent domains. As explained
in Section 1, model MAMBo describes in detail the geometry of
shallow subsurface structure beneath the Plain. However, the seis-
mic properties of the sedimentary layers (e.g., vs) are not obtained
from direct observations, but from laboratory and empirical rela-
tions related to geological information. New constraints on the
crustal structure beneath the Po Plain, and neighbouring areas,
can be obtained from ellipticity data given their strong sensitivity
to shallow crustal structure. In our inversion, we honour the geom-
etry of discontinuities among geological layers, and within these
shapes we adjust the model parameters used to describe wave
speed (baseline and slope with depth for each structural element).
As we will see in the next section, the ellipticity data cannot pre-
cisely locate discontinuities, so we deem a better choice to fix them
— including the Moho — to reliable values, as defined in MAMBo.
We thus apply the non linear inversion scheme to the ellipticity
curves for 95 stations available in the study region (Berbellini
et al., 2016), using local MAMBo discontinuity depths as con-
straints. In our search, we let s vary, and scale vp and density
using the relations by Brocher (2005). In the following, when illus-
trating and discussing results of the inversion we will only refer to
vs, but variations proportionally affect P-wave velocity and density
as well — as we find that an inversion for only s would have lim-
ited significance investigating. Whether widely-adopted Brocher
(2005) scaling relations are always appropriate for our region is
beyond the scope of this study. Possible differences should be
small and with minor effect so we assume they are valid. For each
station we obtain an ensemble of models from which we extract
the best fitting one. We use measurements in the period range
10 s-60 s because at longer periods they are more unstable, possi-
bly due to miscalibration of seismic stations and problems with the
instrument’s response. We then build maps of crustal structure in
northern Italy by interpolating the values of vs in each layer and
in each profile within the geographical boundaries of our study
region. The interpolation uses ordinary kriging (Davis, 2002), a
technique widely used in geophysical studies because it allows to
take into account the uneven spacing among interpolated points.
This leads to an updated crustal model, MAMBo-E, which has the
same layered structure as MAMBo, but with laterally varying vs
(and scaled density and vp) constrained by the ellipticity data.

4. Synthetic tests

Before proceeding to invert real data, we test the inversion pro-
cedure by attempting retrieval of synthetic, known, models for
which we simulate the observations they would yield. The inver-
sion of such simulated observations gives us key information about
the benefits and drawbacks of our approach. The first such
experiment is designed to evaluate the ability of the method to
retrieve a realistic s profile, given a slightly different prior model.
We choose a sample station (PRMA; Fig. 5), and take the layered
structure beneath that station from model MAMBo. This will be
our a priori model. To simulate a different 'real’ model, we modify
this o5 profile from MAMBo, by scaling its shear wave velocity
gradients by a factor. We obtain a modified model with the same
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found. The grey lines correspond to models with a cost function within 10% of the best model (left) and the associated theoretical ellipticity curves (right).

70 -

Delta 1 (%)

Delta 2 (%)

Delta 3 (%)

Delta 4 (%)

Delta 5 (%)

Delta 6 (%)

%% 0 F0-70 0 70-70 0 0 0 70-70 0 70
Delta1 (%) Delta2 (%) Delta3 (%) Delta4 (%) Delta5 (%) Delta6 (%)

Fig. 7. Marginal model density distributions on all pairs of velocity parameters for the test in Fig. 6. Black dots: models sampled; Red star: best-fitting model found. Green
circle: target model. Each point represents a model sampled during the inversion and it shows the value of the percentage anomaly from the reference model MAMBo relative
to different layers (for example, Delta 1 is the percentage anomaly for layer 1). If there was a trade-off between two layers then the cloud of points will show a distribution
along the diagonal. Since the clouds are denser around the best value without showing any directivity, there is no significant correlation between parameters in the various
layers.



A. Berbellini et al. / Physics of the Earth and Planetary Interiors 265 (2017) 1-14

Station: MONC Min cost function: 0.174

# rrio(c)iel plotted: 4687

N
o

0.0}

N
b
Cog (H/V)

Depth (km)

w
o

pressrrrerremmrsee

—0.5}

W
u

40} =— Best model
== MAMBo
---- Target model|

== Synt H/V from MAMBo
== Synt H/V from best model
000 Observed data

45 1.0

0123456 10
Vs (km/s)

20 30
Period (s)

40 50 60

Fig. 8. Synthetic recovery test when inverting jointly for shear wave speed and thickness of a layer. Left panel: target model used for the simulation (dotted line), model
MAMBo sampled beneath station MONC, which is used as a priori model (dashed line), and best-fitting model resulting from the inversion (solid line). Right panel: Synthetic
data (circles, with error bars) calculated for the target model using a normal mode scheme, with noise added; theoretical H/V from model MAMBo at the sample station
MONC (dashed line); and, synthetic ellipticity curve (solid line) calculated for the best-fitting model found. The grey lines correspond to models with a cost function within
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figure; the models in grey on the left have errors in layer’s thickness, which lead to velocity jumps away from the discontinuity in the target model.
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Fig. 9. Trade-off between vs and layer thickness H (only models with cost function
within 10% of minimum misfit are shown). Left: Histogram of the percentage
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Histogram of the percentage variations of the thickness H during the inversion.
Right top: Trade-off between the parameters and best-fitting model found (red
star). The green lines/point represent the target model (§vs measured with respect
to a priori model MAMBo). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

layered structure but different velocities in each layer, which rep-
resents our target model. We use this target model to calculate a
synthetic ellipticity curve using a normal mode approach. To

reproduce more realistically the observed data, we add some noise
to the computed ellipticity curves: we compute 200 theoretical
ellipticity curves (a number of events consistent with the real case)
adding a Gaussian random noise to each point with a standard
deviation 0.2 (similar to observed errors). Each curve will simulate
a single event with the relative measurement error. We then take
the median and percentiles as in real measurements (Berbellini
et al.,, 2016). We use this ellipticity curve as observed data for
the inversion, as described in the previous section, and invert it.
Fig. 6 shows the results of this test. The solid black line shows
the best-fitting model, whereas the grey lines correspond to mod-
els with a cost function within 10% of the best model, which give
empirical information about model’s errors. We see that the true
model is correctly retrieved, except for the first shallowest layer,
where the final model stays close to the a priori one. This is due
to the fact that the first layer is too thin to be uniquely resolved
by our data, so the inversion procedure prefers to keep the value
of this layer close to the reference a priori model. The first layer
is indeed about 0.2 km thick, thinner than the vertical resolution
that we infer from further resolution synthetic tests (see Supple-
mentary Materials, Figs. S1-S6), which show that the thinnest
layer that our data can resolve is 500 m thick. Fig. 7 shows the den-
sity distribution of acceptable models, projected on the subspace of
all pairs of parameters. Such marginal density distributions repre-
sent a useful tool to analyse possible correlation between model
parameters in retrieved models and the presence of trade-offs.
Boxes along the main diagonal in fact represent (trivial) correlation
of each parameter with itself, so model values are distributed along
a line. Any other box shows acceptable models generally clustered
around the best fitting one (red star), with no apparent correlation
or directivity on the model cloud, compared with the target values
(represented by green circles). These plots show that model
parameter 1 (velocity in the first layer) is slightly under-
estimated, but this comes with no specific correlation with velocity
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in the other layers (boxes on first column). Layer 1 is very thin, and
the fact that it is — even rather loosely — constrained by a slower a
priori value, is the main reason for this slight under-estimation.
Velocity in all the other layers is well retrieved.

We perform a further synthetic recovery test to test trade-offs
between thickness and shear-wave velocity of a sedimentary layer.
We set as a priori model the local velocity profile for station MONC
in MAMBo (Fig. 8). We define our target model by decreasing vs in

two contiguous layers. We compute the ellipticity curve for the tar-
get model, and contaminate it with noise as in the previous syn-
thetic test. We then invert the computed ellipticity for both layer
thickness (i.e., the depth of the interface between the layers) and
shear-wave velocity in the layers. The results are shown in Fig. 8.
We notice that the inversion is able to correctly retrieve the vs pro-
file with an error of ~0.3% (the corresponding error range is too
small to be visible in the x-axis variability of the grey lines),
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Fig. 12. Percentage shear wave velocity difference between MAMBo-E and MAMBo for the loose sediment layer (a), Quaternary layer (b), Pliocene layer (c), Oligo-Miocene

layer (d), Mesozoic layer (e) and magnetic basement (f) see also Fig. 2.

whereas the layer thickness is not very well constrained: while the
best fitting model matches the target layer thickness well (~ 1 km
difference), the suite of acceptable models (in grey in Fig. 8) spans a
wide depth range. We also plot the correlation between the per-
centage variation of vs compared to the retrieved percentage vari-
ations of the layer thickness (Fig. 9). This clearly shows that when
inverting simultaneously for layer thickness and shear wave speed,
the layer’s thickness is constrained more poorly than vs. Moreover,

most retrieved models show thicker layers associated with lower
vs than in the target model.

Three further synthetic recovery tests are presented in the Sup-
plementary Materials (Figs. S1-S6), showing that our approach is
able to resolve 0.5 km thick layers just beneath the surface. As
expected, the resolving power decreases with depth, but our tests
suggests that the errors in the retrieved »s do not exceed ~ 8%
down to 20 km depth.
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Fig. 13. Shear wave velocity at 2 km depth for MAMBo (a) and MAMBo-E (b).
Stations used in the inversion are shown with black dots.

5. Results

In this section we show results from our real data ellipticity
inversions using as vertical parameterisation the layered structure
in the MAMBo model, which is also our a priori model. We invert
for vs, vp and density simultaneously in each layer (v, and density
are scaled from »s using relations by Brocher (2005)) using the
approach tested through the synthetic tests presented in the previ-
ous section. We show only the results for »s because it is the
parameter with the highest sensitivity (see Fig. 3), but ellipticity
showed a non-negligible sensitivity also to density. Density and
shear-wave velocity are not easily separable using these data
alone, so we chose to invert them together, scaling them by empir-
ical relations. We first present detailed results for stations CMPO
(Figs. 10 and S8 in Supplementary Material) and PRMA (Figs. 11
and S9 in Supplementary Material), both located in the Po Plain
(see, e.g., Fig. 5). Similar to the synthetic tests, for each station
we show the best fitting model found (black solid line), models
with a cost function within 10% of the best-fitting model (grey
lines) and the corresponding profile from the model MAMBo
(dashed line). We also plot observed data (black circles with error
bars) compared to the theoretical H/V curves from model MAMBo,

02 04 06 08 10 12 14 16 1.8 20 22 24 26 28 30 32 34 36 38 4.0

Vs (km/s)
(b)

Fig. 14. Shear wave velocity at 4 km depth for MAMBo (a) and MAMBo-E (b).
Stations used in the inversion are shown with black dots.

the predicted H/V curve from the best-fitting model (black solid
line) and predicted H/V curves from the models with a cost func-
tion within 10% of the best-fitting model. As we can see, for both
stations the best fitting model reaches a good fit of the observed
data, while the synthetic H/V curve from model MAMBo is much
larger than the observed values, especially for the CMPO station.
Once we find the best-fitting models for all the stations, we
interpolate vs in each layer among the applicable stations (layers
laterally thin and pinch out, so they are not always present beneath
every station). This leads to a laterally varying model of »s within
each structural element (layer). The structure of the layers is
shown in Fig. 12, where we — separately, and for each layer — plot
the percantage variation in shear wave velocity between our new
crustal model (MAMBo-E) and MAMBo (see also Fig. 2). Note that
these layers vary, not only in thickness, but also in depth, so these
maps are not at constant depth (constant depth maps are shown in
Figs. 13-15). The loose sediments layer (Fig. 12a) does not show
very large differences between MAMBo-E and MAMBo, with differ-
ences dvs being mostly in the order of —2.5% to +2.5%. This is
probably due to the very thin top layer that is not always resolved
by the inversion, as we showed in the previous section. For
Quaternary (Fig. 12b) and Pliocene (Fig. 12¢) layers, s is in general
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Fig. 15. Shear wave velocity at 6 km depth for MAMBo (a) and MAMBo-E (b).
Stations used in the inversion are shown with black dots.

faster than in MAMBo by about 10-25%. The Oligo-Miocene layer
(Fig. 12d) shows faster velocity in the western part of the Plain,
while no substantial differences are seen in the eastern part. The
Mesozoic layer (Fig. 12e) shows faster shear-wave velocity in the
northern and western part of the Plain than in MAMBo, while
lower velocities are seen in the southern-eastern part. In the mid-
dle of the Plain there are no substantial differences from MAMBo.
The magnetic basement layer (Fig. 12f) shows two low velocity
zones corresponding to stations MONC, ROTM (western part of
the Plain) and CMPO, MTRZ (eastern part of the Plain), with inter-
mediate velocity values between them. At the margins of the Plain
the shear wave velocities are in general lower than in MAMBo.

6. Discussion

Fig. 13 shows the shear-wave velocity at a constant depth of
2 km. Model MAMBo (13a) shows considerable contrast in velocity
beneath the Alps and the Apennines, as opposed to the Plain.
Beneath the Alps, shear-wave velocity reaches the value of
3.2 km/s in crystalline granitic rocks. Beneath the Plain, »s is much
lower, down to 1.0 km/s in the eastern part of the Plain. Here the

shallowest crust is made of the most recent (and relatively loose)
sediments, carried by the Po River. The structure beneath the
Apennines shows lower velocity (3.0 km/s) than in the Alps, a dif-
ference that can be linked to different lithological structure, with
lower velocity of clastic sedimentary rocks. Fig. 13b shows the
same s section for model MAMBo-E. The layered structure is the
same as MAMBo, and the main features are thus inherited, but
we focus on the lateral variations of shear-wave velocity within
the large domains, which are laterally uniform in the top panel.
We see here that the contrast between shear wave speed beneath
the Plain and the mountains is smaller, with values under the Plain
not lower than 1.4 km/s in the eastern part of the Plain and vs
beneath the Alps reaching 3.0 km/s. Shear-wave velocity beneath
the Apennines decreases going away from the southern border of
our box (that somehow follows the topographic crest) as we could
expect from the different age and origin of the rocks. The southern
part of the Tuscany-Ligurian Apennines is composed by Oligo-
Miocene basin deposits, while the northern part is made of
Jurassic-Early Cenozoic deepwater sedimentary melange and ophi-
olites (Thomson et al. (2010)). The Apennine region is quite tecton-
ically active, with moderate seismicity (see Fig. 1). Shear-wave
velocity beneath the Alps shows a more uniform shape, with a
decrease of velocity from the north to the south-east. The Eastern
Alps show quite a more complex structure, with higher velocities
on the north-east and lower velocities in the south. There are not
many previous studies of the seismic wave velocity at such shallow
depth. For example, the inversion of the TRANSALP wide-angle
seismic profile (Bleibinhaus and Gebrande, 2006), roughly along
the 12°E meridian, shows relatively high P-wave velocity at about
latitude 47°N and south of 47°S, which is in good qualitative agree-
ment with our results in Fig. 13b.

The velocity structure in the Po Plain shows the most interest-
ing features. In the western part of the Plain, in the Monferrato
area, it is evident that model MAMBo-E shows lower shear-
wave velocities than MAMBo (vs ~ 2.2 km/s), similar to values
of the Plain, while MAMBo predicted values similar to the Apen-
nines. A similar result has been also found by Molinari et al.
(2015b). This area in fact corresponds to the Monferrato sedimen-
tary basin, characterised by Upper Eocene - Miocene shallow
water clastic and carbonate facies (Mosca et al., 2010). This is dif-
ferent from the larger Po Plain basin, which originated mostly
from Ligurian Apenninic sediments (Biella et al., 1997), but has
similar seismic features. Thus, in MAMBo-E this region is assimi-
lated to the Po Plain (this result is well-documented by two sta-
tions MONC and ROTM). On the contrary, MAMBo maps it as
belonging to the Apenninic domain, because of a lack of available
seismic lines in this area. While the south-western extension of
the basin is not well constrained by the only two stations avail-
able in the region, MONC and ROTM, with the shear wave speed
being smoothed towards the a priori values, it is nonetheless sig-
nificant that this missing basin in MAMBo has been detected by
ellipticity data alone.

In the central part of the Plain we notice a small area, located
around coordinates 11°E —45°N, with slightly higher velocity
(=~ 1.8 km/s) than the surrounding area (~ 1.6 km/s). This feature
is evident in the shallowest crust only, while it is not visible at 4
and 6 km depth (see Figs. 14b and 15b). This is well documented
by three stations: MNTV, CAVE and SBPO. This higher velocity
region may be possibly due to non-uniform composition of the
shallowest sedimentary layers. However, we do not have sufficient
geological information to better interpret this feature and we will
comment it in more detail in the discussion of vertical cross-
sections below. The easternmost part of the Plain is characterised
by a small area with very low shear-wave velocities, due to the
most recent and loose river deposits. This feature is inherited from
the starting model MAMBo.
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Fig. 17. Vertical cross-section of model MAMBo (top) and MAMBo-E (bottom).

The horizontal section at 4 km depth (Fig. 14) shows more uni- the Alps and the Apennines show a shape similar to those at
form features than at 2 km depth, with a lower contrast between 2 km depth, with lower velocity beneath the Apennines than the
the Plain and mountains than in MAMBo. The structures beneath Alps. Sedimentary layers beneath the Po Plain are less extended
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at this depth. Similar to the results for 2 km depth, in MAMBo-E we
also observe the Monferrato basin. In the eastern part of the plain,
a broad low velocity heterogeneity is located near coordinates
11.5°E-44.5°N corresponding to the thrust system located between
the Ferrara-Romagna Arc and the Pedeapeninnic thrust front (FRA,
PATF Fig. 1). This low velocity anomaly is well-documented by a
number of recording stations, and it may be explained as a large-
scale lateral variation of shear-wave velocity in the Mesozoic layer,
possibly due to different composition of sedimentary rocks.

The depth section at 6 km (Fig. 15) shows an even more uniform
pattern of shear-wave velocities. Here the large-scale low velocity
anomaly in the eastern part of the Po Plain that we just discussed is
very clear.

Vertical cross sections help gaining a better understanding of
the three-dimensional variations of the model. Section A
(Fig. 16a) shows a cut through the model in the western part of
the Plain. We confirm that around station MONC, ~ 120 km from
point A, model MAMBOo-E has lower vs values than MAMBo, similar
to the values in the Plain (this has been remarked already, and put
in connection with the Monferrato basin). This low-velocity anom-
aly goes down to 6 km depth. The main filling of the Po Plain sed-
imentary basin, however, is now slightly faster than in the starting
model, with a less evident discontinuity.

Vertical section D (Fig. 16b) shows the vertical structure around
the central high-velocity zone that we have noticed in Fig. 13. Ver-
tical section H (Fig. 17) presents a complete cross-section across
the whole Po Plain. Here we notice both a high-velocity anomaly
beneath station MNTV, at ~ 2 km depth, and a low-velocity anom-
aly at around 365 km from point H, at a depth of 2-6 km. We
remark again that the high-velocity bump is located near station
MNTV; therefore, it is required by the data and it is not an artefact.
Nevertheless, as seen in the synthetic test in Fig. 9 errors in the
depth of the interface could give rise to errors in the retrieved
shear wave speed (e.g., a thinner layer than in reality could lead
to an artificially faster layer).

7. Conclusions

We built MAMBo-E, a new crustal seismic model of shear-wave
velocity beneath the Po Plain and surrounding areas. MAMBo-E
combines the detailed stratification information of MAMBo (that
included data from seismic prospection and other geological data)
with shear wave speed constrained by Rayleigh-wave ellipticity
data. We developed a new scheme that retrieves velocity profiles
from ellipticity data using a non-linear Monte Carlo inversion tech-
nique based on the Neighbourhood Algorithm by Sambridge
(1999). Previous studies such as by Lin et al. (2012) showed that
H/V ratios are a useful seismic parameter to better constrain the
shallowest part of the crust in a joint inversion with phase-
velocities measurements. Yano et al. (2009) inverted H/V ratios
curves using a linearised iterative technique and demonstrated
that the results have a strong dependency on the starting a priori
model. We used the MAMBo model as a priori model in the inver-
sion, and the geometry of its 3D shapes as constraints. Our study
shows that fully non-linear Monte Carlo inversion of H/V ratios
alone is able to constrain crustal shear wave speed, with negligible
dependency on local minima set by the initial a priori model. Inver-
sion of H/V ratios is independent from other seismic observables,
such as phase or group velocities, and is performed using single
station information. This is an important feature in case of poor
or uneven coverage of seismic networks.

To validate the inversion technique and estimate its vertical res-
olution we perform a number of synthetic tests. The tests show
that »s is always well constrained, when the number and thickness
of subsurface layers is known. Shallow layers with thickness as

small as ~ 0.5 km can be resolved and that resolution decreases
as depth increases. We estimate that the inversion is able to
resolve a layer ~ 2 km thick at 5 km depth.

MAMBo-E shows many shallow crustal features that correlate
well with the surface’s geology, such as distinct faster seismic
wave speed beneath the Alps and Apennines than in the Po Plain,
as expected. When compared with MAMBo, MAMBo-E clearly
shows a low velocity anomaly corresponding to the Monferrato
sedimentary basin in the western part of the study region, which
was not seen in MAMBo. Moreover, MAMBo-E seems to better
delineate the Po Plain at depth, notably by suggesting that the
Monferrato basin is part of the Po Plain rather than of the Apenni-
nes domain. In addition, in the Quaternary, Pliocene and Oligo-
Miocene layers, MAMBo-E overall shows higher seismic wave
speeds than MAMBo. Finally, a low velocity anomaly is mapped
in the Mesozoic layer in the thrust system between the Ferrara-
Romagna Arc and the Pedeapenninic thrust front.

Independent information on the presence and location of dis-
continuities and sharp gradients, both in the vertical and horizon-
tal directions, may be necessary to drive interpolations between
the various seismic stations. When this information is available,
such as in our case, H/V ratios prove reliable and very valuable at
imaging the shallow crustal structure. The resulting model incor-
porates critical information about shear-wave structure at shallow
depth, which is key for accurate simulations of seismic wave prop-
agation and hence seismic shaking in sedimentary basins.
Although we expect that our modification of model MAMBo is
likely to improve performance in numerical simulation of seismic
wave propagation across the sedimentary basin, actual calculations
are beyond the scope of this study.
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