ALMA MATER STUDIORUM - UNIVERSITA DI BOLOGNA

DOTTORATO DI RICERCA IN GEOFISICA - XXVIII ciclo

Settore concorsuale di afferenza: 04/A4

Settore scientifico disciplinare: GEO/10

Ellipticity of Rayleigh
waves and shallow
crustal structure

Presentata da

Dott. ANDREA BERBELLINI

Relatore: Coordinatrice didattica:
Prof. ANDREA MORELLI Prof.ssa NADIA PINARDI
Correlatore

Dott. ANTONELLO PIOMBO

Esame finale anno 2016






Abstract

The axes ratio of elliptically-polarised Rayleigh-wave particle motion may provide
information about shallow crustal structure beneath a seismographic station. This
seldom-used parameter, often called ellipticity, or H/V, is different from the popular
horizontal to vertical amplitude ratio of ambient seismic noise used for microzona-
tion and similar studies, as we refer to deterministic measurements on Rayleigh-
wave, fundamental-mode, wave groups originated by distant earthquakes. This
measure is not influenced either by the source, or the propagation, and may yield
robust information on crustal structure at shallower depth than group or phase
velocity at the same frequency. Ellipticity is a potentially excellent tool to retrieve
seismic parameters in sedimentary basins. We intend to examine feasibility and
robustness of ellipticity measurements, and their application to retrieval of shallow
crustal structure in northern Italy. The most striking structural element is the Po
Plain sedimentary basin, but also sedimentary and crystalline rocks in the Northern
Apennines and Alps. The Po Plain hides a complex system of active thrusts and
folds that caused the 2012 seismic sequence. Our aim is to set a reliable system to
measure and use H/V ratio to study the shallow crustal structure of this region.
We implement and test automatic measurements for 95 seismic stations in northern
Italy. Comparison between observations and predictions from a reference crustal
model show substantial fit, particularly for 7'~ 38s data. Discrepancy for shorter
periods suggests that slight modifications of the model are needed. Analysis of syn-
thetic and real data indicates the possibility of prograde (inverse) particle motion,
but the influence of ambient noise at the predicted, short, transition periods, makes
such observations less reliable. We further invert ellipticity curves to retrieve vg
profiles beneath each station, and finally build a high-resolution crustal model of
the Po Plain.






Contents

List of figures 13
Introduction 17
1 Po Plain region 21
1.1 Geological settings . . . . ... .. ..o oo 21
1.2 Seismicity . . . . . . .. Lo 22
1.3 Basin-effects . . . . . . . .. L 25
1.4 Seismological models . . . . . . .. ..o 26
2 Rayleigh Waves Ellipticity 33
2.1 Introduction . . . . . . . . . . . . ... 33
2.2 Previous studies . . . . . . .. ... e 35
2.3 Theoretical approach . . . . . . . .. ... 0oL 38

3 Ellipticity of Rayleigh waves in basin and hard-rock sites in North-

ern Italy 41
3.1 Introduction . . . . . . .. .. .. 42
3.2 Data . . . . e 45
3.3 Measurement scheme and results . . . . ... ... ... ... ... 49
3.4 Rayleigh wave ellipticity predictions from 3-D synthetics . . . . . . . 60
3.5 Prograde Rayleigh wave motion . . . . . . ... ... ... ... ... 63
3.6 Discussion and Conclusions . . . . . .. ... ... ... ....... 69
4 Inversion for shear-wave velocity 73
4.1 Inversion technique . . . . . . . . . . . ... L. 73
4.1.1 Forward problem . . . . . . ... ... L 73
4.1.2 Cost function . . . . . . .. ... 74

4.2 Parameterisation . . . . . . ... .. Lo 74
4.3 Synthetictest . . . . . . .. 75
4.4 Inversionresults . . . . . . . ... 76



4.5 Discussion and conclusions . . . . . . . ... Lo 83

5 Calibrating MAMBo with Rayleigh ellipticity: inversion with shape

constraints 85
5.1 Introduction . . . . . . . . . . . ... 85
52 MAMBomodel . . . ... .. ... 86
5.3 Inmversion . . . . . . . . .. 87
5.4 Results. . . . . . . . e 87
55 MAMBo-E . .. . . . . .. o 89
5.5.1 Vertical cross-sections . . . . . . ... ... .. ... ..., 91
5.5.2 Depthsections . ... ... ... ... ... ... ... ... 94
5.5.3 Ellipticity maps . . . . . . . . ... 95
5.5.4 Cross correlation . . . . . . ... ... ... ... 100
5.5.5 Phase and group velocities . . . . . ... ... ... .. 100

5.6 Discussion . . . . . . ... e 105
References 109



List of Figures

1.1

1.2

1.3

14

1.5
1.6

1.7

2.1

Main structural elements of the Po Plain (Cavaliere, A., 2016, per-
sonal communication) . . . . ... ..o
Historical seismicity in the Northern Italy from year 1000 to present
day from the CPTI11 catalogue (http://emidius.mi.ingv.it/CPTI11/)
and ISIDE catalogue (http://iside.rm.ingv.it). Historical seismicity
before 1985 (M > 5.0) is plotted with squares. Instrumental seis-
micity from 1985 to present day (M > 4.0) is shown with circles.
Instrumental earthquakes with magnitude M > 5.5 are shown with
red stars. . . . ..o
Focal mechanisms available for events with magnitude M,, > 5.0
from 2006 to present day (Pondrelli et al 2002, Pondrelli et al 2004,
Pondrelli et al 2006, Pondrelli et al 2007, Pondrelli et al 2011; Pon-
drelli et al 2015; RCMT database: http://www.bo.ingv.it/RCMT/)
a) EPcrust: sediment layer thickness (km). b) EPcrust: vg of the
sedimentary layer (km/s). c¢) EPcrust: vg ot the upper crust layer
(km/s). d) EPcrust: vg of the lower crust layer (km/s). (figures from
Molinari & Morelli 2011) . . . . . . . . ..
Model from Molinari et al (2015b) at different depths. . . . . . . ..
Maps of the thickness of the MAMBo sedimentary layers from Moli-
nari et al 2015a. . . . . . Lo
Displacement waveform simulation of the 29 May 2012 earthquake
(Mw5.8) using SpecFem3D. Red line: simulation using MAMBo.
Black line: real data. Gray line: simulation using 1D model used
for earthquake location. Amplitudes are normalized. (figure from
Molinari et al. 2015a) . . . . . ... ... ...

Sensitivity kernels for H/V ratio, group and phase velocity at 15 s
and 45 s, as a function of vg (solid line), vp (dashed line) and density
(dotted line) calculated by finite differences using a normal mode
formalism for the 1-D Prem Earth model (Dziewonski & Anderson
1981). o o

24



2.2

3.1

3.2

3.3

3.4

Figure from Lin et al. 2012. (a) The 30 sec Rayleigh wave H/V
ratio observed across the USArray. The triangles denote the stations
used in the study. The 3 km sediment contours are also shown for
several major sedimentary basins. WB: Williston Basin; PR: Pow-
der River Basin; GR: Green River Basin; DB: Denver Basin. The
depth sensitivities of 30 sec H/V ratio to vg, density (p), and vp/vg
perturbation are shown in the right. (b) Same as (a) but for 60 sec
H/V ratio. (c, d) Same as (a) and (b) but for Rayleigh wave phase

velocity. . . . . .. e

Distribution of the events database used in this study. We used
earthquake with epicentral distance between 10° and 140° from the
stations and my > 5.0 occurred from January 2008 to December
2014, .o

Seismic stations used and corresponding number of measurements.
The triangle size indicates the number of earthquake records available
for each station and its color represents the percentage of successful
measurements. Stations in the Po Plain sedimentary basin generally

perform worse (see main text). . . . . ... ...

Frequency histogram of azimuthal angle deflections with respect to
the theoretical great circle path. The maximum angle found is da =
—10.42°. Mean o = —0.07°. Standard deviation = 2.15°. . . . . . .

Measurement scheme shown for an earthquake at a distance of 60.3°
and magnitude My, = 6.4. We apply a bandpass filter to H and V
components (a) and we shift the V component of 90° in advance (b).
Then we calculate the cross-correlation between the two signals and
the envelope (c). Subsequently we define a characteristic function as
the product of cross-correlation and envelope (d). This function de-
fines a time window that contains the fundamental mode of Rayleigh
waves. We calculate ellipticity as the mean ratio between the V and

the H envelope inside the time window (e). . . . ... ... ... ..



3.5

3.6

3.7

3.8

3.9

Comparison between theoretical H/V values and measurements on
synthetic seismograms, for 426 CMT solutions of real earthquakes.
Theoretical ellipticity for the fundamental mode and first three over-
tones is represented by lines in different colour. Measurements from
full synthetic seismograms calculated for PREM correspond to the
black dots. Note that there are 426 dots for each period, mostly con-
centrated near the average, indicated by a red dot with error bars.
The presence of overtones (with different ellipticity ratios) influences
some measurements at shorter periods, but these appear as outliers
well outside the £o error bars of the measurements. (Note that, for
shorter periods, many dots overlap actually appearing as one, near
the black curve, and control the value of the average shown with
error brackets.) . . ... Lo
(a): Mean misfit (for all periods) between ellipticity computed for
an earthquake on synthetic seismograms, and theoretical value, as
a function of hypocentral depth. (b): Synthetic seismograms and
characteristic function for sample cases for hypocenters at 20 and
50 km depth in PREM. For depths larger than ~ 40 km the first

overtone dominates and mislead% the characteristic function. The

Zl |ET"—E}|
=

N
> B
i=1

of periods, E™ is the ellipticity measured on synthetics and E? is the

misfit is calculated using: m = , where N is the number

theoretical ellipticity calculated from eigenfunctions. . . . . . .. ..
Histograms of ellipticity measurements for station GIMEL (a) and
PRMA (b). Red vertical line indicates H/V median, also reported in
the labels with the corresponding error. Errors are calculated using
the percentiles corresponding to 15.9 and 84.1. Green dashed line is
the ellipticity calculated on Prem reference model. . . . . .. .. ..
H/V measurements for stations GIMEL and PRMA as a function of
period. Different colors show the density of dots. Dashed line is the
theoretical ellipticity for the PREM model. . . . . . ... ... ...
H/V ratios for different periods (shown in coloured solid circles)
compared with theoretical values for model MAMBo (Molinari et
al., 2015a) shown in the outer rings. Black outer ring means that
ellipticity values are greater than 0.6, going up to 2.0 (FAEN sta-
tion). The Pearson correlation coefficient between the observations
and predictions is shown in the title of each diagram. The back-
ground shows thickness of the Pliocene sedimentary layer according
to model MAMBo. . . . . . . ...



3.10

3.11

3.12

3.13

3.14

3.15

H/V ratios for different periods (shown in coloured solid circles)
compared with theoretical values for model MAMBo (Molinari et
al., 2015a) shown in the outer rings. Black outer ring means that
ellipticity values are greater than 0.6, going up to 2.0 (FAEN sta-
tion). The Pearson correlation coefficient between the observations
and predictions is shown in the title of each diagram. The back-
ground shows thickness of the Pliocene sedimentary layer according
to model MAMBo. . . . . .. ..

Comparison between ellipticity measured on synthetics seismograms
computed with a 3D model and ellipticity measured on synthetics
computed with a 1D model built using the 3D profiles beneath each
station. The bars are the errors associated with real measurements
from each station. They give an estimate of the errors expected in
real measurements (see figure 3.12). In the boxes the correlation
coefficient between the two datasets is shown. This test shows that
the local 1D approximation at the receiver can be used instead of a
3D model from source to receiver. The errors are always under the

observed data errors. . . . . . . ...

Comparison between ellipticity of synthetic seismogram computed
with 3D model and real data. x and y error bars are from real

measurements. In the boxes there is the correlation coefficient.

Theoretical ellipticity curve (solid black line) compared to ellipticity
measured on synthetic seismogram (red dots) computed for model
MAMBo at station CMPO (for location, see Figure 3.2). The big
peak at ~ 12.5s corresponds to the transition between retrograde

motion (on the right) and prograde motion (on the left). . . . . . . .

Map of the transition period between retrograde and prograde parti-
cle motion calculated on model MAMBo. In blank areas no transition
isfound for T">1s. . . . . . . . . . e

Histograms of ellipticity measurements for station CMPO (a) and
BNI (b). Green histograms represent the measurements of retrograde
particle motion. Red histograms represents the measurements of

prograde motion. . . . . . . ... ...

10

62

66



3.16

3.17

4.1

4.4

4.5

Measurement scheme for the March 11 2011 earthquake in the To-
hoku region (Japan) (origin time: 05:46:23.00 UTC, mw = 9.0)
recorded at the station CMPO at a period of 4s (left) and 8s (right).
(a) Full waveforms filtered with a narrow Butterworth-Bandpass fil-
ter. Vertical component is plotted in red, horizontal (radial) compo-
nent is plotted in black. (b) Zoom of the waveform. Vertical com-
ponent is shifted in advance by a 90° phase. (c) Cross-correlation
between the de-phased vertical component and horizontal compo-
nent (solid line) and normalized envelope of horizontal times vertical
components. Negative cross-correlation indicates a prograde polar-
ization of rayleigh waves. (d) Characteristic function, defined as the
product of envelope and cross-correlation. (e) H/V ratio between the

envelopes of horizontal and vertical component. . . . . . . .. .. ..

Measurement scheme for the March 11 2011 earthquake in the To-
hoku region (Japan) (origin time: 05:46:23.00 UTC, mw = 9.0)
recorded at the station CMPO at a period of 12s (left) and 16s (right).
(a) Full waveforms filtered with a narrow Butterworth-Bandpass fil-
ter. Vertical component is plotted in red, horizontal (radial) compo-
nent is plotted in black. (b) Zoom of the waveform. Vertical com-
ponent is shifted in advance by a 90° phase. (c) Cross-correlation
between the de-phased vertical component and horizontal compo-
nent (solid line) and normalized envelope of horizontal times vertical
components. (d) Characteristic function, defined as the product of
envelope and cross-correlation. (e) H/V ratio between the envelopes

of horizontal and vertical component. . . . . . . . .. ... ... ...

Synthetic test results. On the left: best vg profile found (red line)
compared with the true model used for the test (green line). Gray
lines are all the model sampled during the inversion procedure. On
the right: ”observed data” obtained from the true model (black cir-
cles), H/V calculated from the best model found (red line). . . . . .

Triangles: vg of the best model found for each station at different
depths. Background: map of vg from MAMBo model at the same
depth. . . . . . . .

Triangles: vg of the best model found for each station at different
depths. Background: map of vg from MOL15 model at the same
depth. . . . . . . . e

11

78

79



4.6

4.2

4.3

5.1

5.2

5.3

5.4

9.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14

Triangles: vg of the best model found for each station at different
depths. Background: map of vg from MOL15 model at the same
depth. . . . . . . e
Best model found for station CMPO (a) and BNI (b) compared with
MAMBo model (blue line) and MOL15 (green). Gray models are all
the models sampled with cost function up to 10 times the best one. .
Triangles: vg of the best model found for each station at different
depths. Background: map of vg from MAMBo model at the same
depth. . . . . . .

Picture from Molinari et al., 2015b. a) stratigraphic column of the
Po Plain. b) Gradients of vp and vg relative to each stratigraphic
layer. . . . ..
Inversion results for vg velocity for station CMPO. On the left: best
model found (black line) compared to MAMBo (dashed line). In gray
all the models sampled during the inversion process. On the right:
observed data (black circles with error bars) compared to H/V syn-
thetic values from MAMBo (dashed line) and H/V synthetic values
from best model found (black solid line). . . .. ... ... ... ..
Inversion results for vg velocity for station PRMA. On the left: best
model found (black line) compared to MAMBo (dashed line). In gray
all the models sampled during the inversion process. On the right:
observed data (black circles with error bars) compared to H/V syn-
thetic values from MAMBo (dashed line) and H/V synthetic values
from best model found (black solid line). . . . . . .. ... ... ...
Delta Vg between MAMBo-E and MAMBo for loose sediment layer
(a), Quaternary layer (b), Pliocene layer (c), Oligo-Miocene layer
(d), Mesozoic layer (e) and magnetic basement (f) . . .. ... ...
Section of model MAMBo (top) and MAMBo-E (bottom) . . . . ..
Section of model MAMBo (top) and MAMBo-E (bottom) . . . . ..
Section of model MAMBo (top) and MAMBo-E (bottom) . . . . ..
Section of model MAMBo (top) and MAMBo-E (bottom) . . . . ..
Section of model MAMBo (top) and MAMBo-E (bottom) . . . . ..
Shear-velocity at 2 km of depth for MAMBo (a) and MAMBo-E (b)
Shear-velocity at 4 km of depth for MAMBo (a) and MAMBo-E (b)
Shear-velocity at 6 km of depth for MAMBo (a) and MAMBo-E (b)
Shear-velocity at 8 km of depth for MAMBo (a) and MAMBo-E (b)
Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 11s period. . . . ... .. ... ... ...

12

80

81

82



5.20

5.21

5.22

Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 16s period. . . . ... ... ... ... ..
Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 25s period. . . . . ... ... ... ....
Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 38s period. . . . ... ... ... .....
Comparison between observed ellipticity (y axes) and synthetic el-
lipticity calculated on MAMBo (on the left, x axis) and MAMBo-E
(on the right, x axis) for 11 s (a), 16 s (b), 25 s(c), 38 s (d).

Phase velocity at period T = 6 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (c) and MAMBo-E (d).
Black dots indicate the seismic stations used in this work. . . . . . .
Phase velocity at period T = 10 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (¢) and MAMBo-E (d).

Black dots indicate the seismic stations used in this work. . . . . . .
Phase velocity at period T = 16 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (c) and MAMBo-E (d).

Black dots indicate the seismic stations used in this work. . . . . . .
Phase velocity at period T = 24 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (¢) and MAMBo-E (d).

Black dots indicate the seismic stations used in this work. . . . . . .

13

. 100



14



Acknowledgments

I would like to thank my supervisor Andrea Morelli for his guidance and patience.
I learned a lot in the last three years and I owe it mostly to him.

A special thanks to Ana Ferreira for her support and help during my long visit to
University College of London. It has been a fundamental period for my professional
and human growth.

A great thanks also to Paolo and all of my family for their unconditional support

and love.

15



16



Introduction

Po Plain corresponds to the largest sedimentary basin in Italy extending for ap-
proximately 400 km in a west-east direction from the western Alps to the Adriatic
sea with a total surface of 47,820 km?2. It covers completely the foreland between
the southern Alps and the northern Apennines and it corresponds to the drainage
basin of the Po river, the largest and longest Italian river. Po Plain is one of the
most populated areas of Italy with a total population of & 20 millions of inhabitants
and high density of industrial activities.

Despite its flat and homogeneous surface, the Po Plain hides a complex system of
buried active thrusts and folds. In the southern part, parallel to the Apennines chain
a system of Apennines outer folds runs from west to east. It is divided into three
structures named the Monferrato Arc, the Emilia Arc and the Ferrara-Romagna
arc, from west to east. These active tectonic structures are totally buried under a
thick sedimentary Plio-Quaternary layer. In the northern part of the Plain other
buried structures lie parallel to the Alpine chain from Milano to the Garda region.
These outer arc are less complex and less tectonically active than the southern
Apennines arcs.

These buried structure cause a relatively infrequent seismicity in the region com-
pared to other zones in Italy, big enough for causing damages and impact in hu-
man activities. This region has been struck by an important seismic sequence in
May /June 2012. The two mainshocks hit the Ferrara area on May 20 (Myy6.1) and
May 29 (Mp5.9) and caused a total of 27 dead and ~ 500 injuries, 20,000 evacuated
and damages for millions of Euros. This earthquake had a larger impact on human
activities than expected for several reasons.

This area has a particular high exposure because of the density of population and
economic activities. Together with this factor, the sedimentary basin in the plain
strongly influences the propagation of the waves. Basin effects include strong local
amplification due to the known effect of seismic waves in a slow medium over a
fast crystalline basement and because of the energy trapping phenomenon. These
effects caused strong amplification in the terms of amplitude, longer duration of

the signals and stronger excitation of surface waves, especially at longer periods.
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Ground-shaking recordings exceeded the EC8 recommendation for building design
for civil and building works (Dujardin et al 2016), causing more damages than
expected. This sequence had also a great impact on the population awareness of
the seismic risk. The latest seismic event was in the first decade of 1900 and the
population did not have the feeling of living in a seismic active zone, although a
number of significant earthquakes are known from historical catalogues. The 2012
sequence was the first seismic activity digitally recorded in this area and focused
the attention of the Italian seismological community.

Before the 2012 events there was not a complete and detailed seismic model of the
plain. The first comprehensive seismic model of the basin has been published by
Molinari et al (2015a). This model, named MAMBo, has been built by the collec-
tion and critical interpretation of a number of geological information from water
and hydrocarbon research, made in the last decades. MAMBo describes the layered
structure of the sedimentary basin with a very high resolution (0.01° x 0.01°). It has
been used for ground-shaking simulation for the 2012 mainshocks and it showed a
reliable better capability of reproducing the observed recordings. A wide and com-
prehensive validation of the model is still in progress. Geological studies used for
building the MAMBo model gave very detailed information on layer interfaces and
shape, but poor information on the seismic parameters inside each layer. Because
of this, laboratory researches and empirical relations between seismic parameters

have been used for making the model.

The aim of this work is to set up a reliable system to use a relatively little-known
parameter of seismic surface waves (Rayleigh-wave polarisation characteristics), po-
tentially very sensitive to the first km of crustal structure, and apply it to improve
out knowledge of the shallow crustal structure of this region. We focus mainly on
the first ~ 10-15 km of depth, where the largest portion of the sedimentary layers
of the plain lies. This shallow section affects mostly the local seismic propagation
and causes the strong basin effects. Traditional tomography techniques based on
phase and group velocities are not very sensitive to the very shallowest part of the
crust (i.e. 1 —2 km) so they are not reliable for this purpose. Our approach is

based on the measurement and inversion of the ellipticity of Rayleigh waves.

Ellipticity (also named H/V ratio) is defined as the ratio between the ampli-
tude of the horizontal component and the vertical component of a Rayleigh wave.
It depends only on the seismic structure beneath the receiver station. It behaves
in a similar way to phase and group velocity but it can be measured using only
one station. For this reason it is a precise tool even in the case of poor or uneven
coverage. Compared to phase and group velocities it has a very shallower sensitiv-
ity, an important property in sedimentary basins settings like this. Ellipticity can

be measured using teleseisms from all over the world so it can be used virtually
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everywhere, even where the local seismicity is small. These two properties makes
ellipticity a interesting field of research and a tomographic technique based on it can
be applied in many different cases, such as volcanic islands or low-coverage areas.

This thesis is organized in four parts. In the first chapter we give a general
overview on the geological and tectonic setting of the Po Plain. We present also
the historical and recent seismicity of the region with a particular attention to the
May 2012 sequence, presenting also the main basin-effects affecting the area. We
give also an overview on the seismic models available in the study area. In the
second chapter we focus on the ellipticity of Rayleigh waves presenting the previous
studies available on this research field and a theoretical approach to the problem.
In the third chapter we present the original technique implemented in this work
to measure ellipticity on real data recordings and the results of the measurements.
We also present here the results of the study of the phenomenon of the inversion
of polarity of Rayleigh waves in sedimentary basins. The last two chapters are
devoted to the inversion of ellipticity curves using two different approaches. In
the first we use a simple 4-layers parametrization for the crust. In the second we
use the same complex parametrization of MAMBo to obtain an updated version of
MAMBo. In both the cases we used a completely non-linear inversion technique.
We used the Neighbourhood Algorithm, a fast, self-adaptative and efficient Monte
Carlo method.
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Chapter 1

Po Plain region

1.1 Geological settings

Figure 1.1: Main structural elements of the Po Plain (Cavaliere, A., 2016, personal
communication)

Po Plain corresponds to the largest sedimentary basin in Northern Italy, extend-
ing for about 400 km from the western Alps to the Adriatic sea. It is surrounded
by the Alps chain to the North and West, the Apennines chain to the south and
Adriatic Sea to the east. It is crossed by the Po river, the longest and largest
Italian river. From a geological point of view, the Po Plain corresponds to the
foreland basin of the Alpine and Apennines fold-and-thrust belts, verging toward
each other. The two chains originated by the convergence of African and European

plates. This process started in the Cretaceous age and it caused the subduction of
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both the plates (Carminati & Doglioni 2012) and it is still ongoing at a rate of a few
mm per year. The Po Plain is composed by a superposition of Pliocene-Quaternary
alluvial deposits, filling completely the foreland basin between the two chains. The
sedimentary sequence has uneven thickness, from a few hundreds of meters over
the buried anticlines to 8 km over the depocenters (e.g. in the Modena area). The
thickness generally increases southward, toward the Northern Appenines mountain
front. Sediments cover completely the outer arcs of the Northern Apennines, divided
into three different structures: the Ferrara Arc, the Emilia Arc and the Monferrato
Arc, respectively from east to west. Toward the rear of the Ferrara and Emilia Arcs
lies the Pedeapenninic Thrust Front (Boccaletti et al. 1985). This structure, at the
southern edge of the plain, has been recently interpreted as a anticline forelimb of
a deeper thrust ramp (Picotti & Pazzaglia 2008), not as an evidence of a shallow
thrust, as thought before. This different interpretation could have a substantial
difference in the modelisation of expected ground-shaking, a crucial point consid-
ering the high density of population living in this area. In the northern part of the
Plain a simpler outer thrust front from the Southern Alps runs from the Milano
area to the Garda region. On the East it is connected to the Giudicarie thrust
system (Castellarin & Cantelli 2000, Massironi et al. 2006). (For a detailed and
comprehensive description of the tectonics of the Plain see Vannoli et al. 2015)

The Po Plain is still seismically quite active, despite the aspect of a completely
flat plain at the surface. GPS measurements showed that the convergence process of
FEurope and African plates that caused the raising of Alpine and Apennines chains
is still ongoing. Serpelloni et al. (2007) measured the convergence with a rate of 3-8
mm/year with an increasing rate from west to east of 1-3mm/year. The Adriatic
promontory is also rotating counter-clockwise with respect to the European plate.
The rotation pole is located in the western Alps (Anderson and Jackson 1987, Weber
et al. 2010) and the Po Plain represents the northern termination. Following this
model the eastern part of the Plain is characterized by a compressional stress and
borehole breakout measurements and focal mechanism in this area confirmed this
model (Heidbach et al 2008, Montone et al 2012, Carafa & Barba 2013).

1.2 Seismicity

Convergence processes still active in this area causes a relatively moderate and
infrequent seismicity (compared to other zones in Italy) in the plain and surround-
ing hills. On May-June 2012 a relatively strong seismic sequence hit this densely
populated area. The first main shock took place on the 20th of May 2012 at
02:03:52UTC with a moment magnitude 6.1 (Regional Centroid Moment Tensor
http://www.bo.ingv.it/RCMT). The second main shock hit nine days later, on the
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Figure 1.2: Historical seismicity in the Northern Italy from year 1000 to present
day from the CPTI11 catalogue (http://emidius.mi.ingv.it/CPTI11/) and ISIDE
catalogue (hitp://iside.rm.ingv.it). Historical seismicity before 1985 (M > 5.0) is
plotted with squares. Instrumental seismicity from 1985 to present day (M > 4.0)
18 shown with circles. Instrumental earthquakes with magnitude M > 5.5 are shown
with red stars.

29th of May 2012 at 07:00:03UTC (M,,5.9, Sarao & Peruzza 2012). Both the main-
shocks have been followed by a sequence of hundreds of smaller aftershocks, the
strongest one with moment magnitude equal to 5.5. A total of 2100 aftershocks hit
this area in the period from 29th of May 2012 and the 25th of June 2012 (Malagnini
et al 2012). This seismic sequence caused unexpected heavy damages: 27 dead,
~ 500 injuries, ~ 20,000 people evacuated and damages to historical buildings and
industrial facilities for hundreds of millions of Euros. The hypocenters of the 2012
sequence (see fig.1.3) were located on the Ferrara-Romagna Arc, in particular in the
central section of this buried active zone (Lai et al 2015, Luzi et al 2013, Dolce & Di
Bucci 2014). A WSW-dipping low angle thrust faults sources have been indicated
by the spatial distribution of aftershocks and focal mechanisms (Sarad & Peruzza
2012), with a seismogenetic zone ranging the depth between 5 and 10 km, above
the basal detachment of the outer thrust fronts.

The 2012 sequence was the first in this area registered by digital recordings. In
the history several other earthquakes hit this region (see fig. 1.2). The historical
catalogues show that the seismicity is located principally along the foothills and

the buried thrusts of the northern Apennines and southern Alps. The strongest
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earthquake that hit the region, the M,,6.7 with epicentre in the Verona area, was
an exception to this setting. Northern Apennines thrusts show a higher seismicity
than Southern Alps. Even if the distribution of the epicentres is not regular there
is an increasing trend of historical seismicity eastward, from the Monferrato Arc to
the Ferrara-Romagna Arc. The seismic activity is in general due to a compressional
mechanism, with mainly thrust faults. Seismic sequences are often characterized by
a mainshock followed by several similarly large aftershocks, a characteristic similar
to all the Italian sequences. This may be due to the high complexity of Italians
faults, where a mainshock often causes the rupture of the fault into a number of
transverse smaller faults (Vannoli et al. 2015). This behaviour limits the length of
the rupture of a fault, but it can cause the activation of several adjacent structures.
Historical catalogues also record possibly deeper seismicity, below the approximately
15 km depth typical of earthquakes located in the active arcs. The 1909 earthquake,
M,,5.5, that hit the Bassa Padana has been felt in a wide area of 180,000 km?, with
also spread damages and injuries. This suggests that the hypocentre of this event

may have been =~ 40 km deep (Faccioli 2013). More recently a couple of lower-

crustal earthquakes have been recorded in the Reggio Emilia area (25th January
2012, Mp5.0, depth 29.0 km) and Parma area (27th January 2012, M15.2 , depth
72.4 km).

Figure 1.3: Focal mechanisms available for events with magnitude M, > 5.0 from
2006 to present day (Pondrelli et al 2002, Pondrelli et al 2004, Pondrelli et al 2006,
Pondrelli et al 2007, Pondrelli et al 2011; Pondrelli et al 2015; RCMT database:
http://www.bo.ingv.it/RCMT/)



1.3 Basin-effects

Sedimentary basins often have strong effects on seismic wave propagation and
ground shaking. Basin effects have been studied widely in the past, from the 19th
September 1985 Mexico City earthquake (Bard et al 1998) to the 4th September
2010 Darfield earthquake in New Zealand (Bradley 2012). The long list of stud-
ies on basin effects on seismic wave propagation include those on the Los Angeles
basin (Aagaard et al 2008), the Kanto basin (Koketsu & Kikuchi, 2000; Dhakal &
Yamanaka, 2013), the Osaka basin (Kagawa et al., 2004) and the Grenoble basin
(Stupazzini et al., 2009; Chaljub et al., 2010) The 2012 seismic sequence, despite
the relatively small magnitude (Myy6.1 and My5.9), caused unexpected damages
in a large area in the middle of the plain. Seismic records in some areas exceeded
the EC8 recommendation for building design for civil and building works (Dujardin
et al. 2016). Bragato et al. (2011) and Massa et al. (2012) showed that the ground
motion equations underestimated the actual ground shaking by a factor of 2 or
more. This effect is particularly evident for longer periods, i.e. T' > 10s.

Recently Dujardin et al. (2016) simulated the basin effect in the 2012 Emilia
earthquake using the empirical Green’s function simulation (EGF) technique to re-
produce the recorded seismograms. This technique reproduced with a good agree-
ment seismics signals (Seismograms, Fourier spectra, PGA, PGV, duration, Stock-
well transform) at an epicentral distance ranging between 5 and 160 km. Long-
period seismic waves in sedimentary basins are mainly controlled by surface waves.
Abraham et al. (2015) showed that in this particular setting Rayleigh waves are
more excited, even if the seismic source is located inside the basin and the source-
receiver distance is relatively small. Rayleigh waves are more dispersive then Love
waves, with a clear separation of waves in the frequency domain. This phenomenon
is due to the geometrical configuration of the basin that causes internal reflections,
scattering and energy trapping. Waves dispersion of Rayleigh waves causes also a
significant increasing of signal duration that increases the potential for damages to
structures (Bommer & Martinez-Perreira 1999 and Bommer et al., 2009). Liquefac-
tion effects of the soils have been recorded in large areas of the Po Plain (Emergeo
working group, 2013). These effects increased the impact of the earthquake on
the buildings and they were amplified by the long duration of ground-shaking and
by long-periods signals. Summarizing, the effects of the basin on seismic waves

propagation are:
1 Stronger generation of surface waves
2 Surface wave amplification

3 Liquefaction phenomena
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All these effects highlighted the importance of a detailed knowledge of the basin
seismic structure to better estimate the local effects of earthquakes to buildings and

human activities.

1.4 Seismological models

0 3 6 9 12 15 18 10 15 20 25 3.0
Sediment depth (km) VS sediment (km/s)

(a) (b)

2.7 3.0 3.3 3.6 3.6 3.8 4.0
VS upper crust (km/s) VS lower crust (km/s)

() (d)

Figure 1.4: a) EPcrust: sediment layer thickness (km). b) EPcrust: vs of the
sedimentary layer (km/s). ¢) EPcrust: vsg ot the upper crust layer (km/s). d)
EPcrust: vs of the lower crust layer (km/s). (figures from Molinari & Morelli
2011)

The detailed knowledge of the crustal structure of the plain has a crucial im-
portance for the estimation of ground-shaking and seismic hazard. After the 2012
seismic sequence, the Po Plain has been the subject of renewed interest by, mostly,

Italian seismologists.
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In the previous decades a number of seismic models with a continental scale
had become available for this region. For example EPcrust by Molinari & Morelli
(2011) is a crustal model for the European Plate (fig.1.4). It has been derived by
the collection and integration of information from previous literature. It covers the
full Europe plate from Northern Africa to the North Pole with a resolution of 0.5° x
0.5°. The crust is parameterised with a 3-layers setting: sediments, upper crust and
lower crust. It can be used for example for seismic wave propagation modelling in
a continental scale or linearised crustal correction in seismic tomography. Because
of its low resolution it can not be used for local-scale studies such as earthquake
scenario computation.

Diehl et al (2009) obtained a 3D P-wave velocity structure of the Alpine crust
from local earthquake tomography using a set of high-quality traveltime data. The
model covers the depth ranging between 0 and 60 km with a lateral grid of 5 km x 5
km and 1 km of vertical resolution. In their study they located relatively small-scale
known geological structures like Ivrea Body, in the western Alps.

Also Wagner et al (2012) focused their attention to the Alpine chain, in partic-
ular on the western part. They used a combination of controlled-source seismology
(CSS) and local earthquake tomography (LET)data to obtain a 3-D crustal model
of the Alps. The combined technique takes advantage by the strengths of both the
methods: both CSS and LET data constrained well the Moho and LET constrained
mainly the lateral variations of seismic velocities. Their model showed three Moho
surfaces: Europe, Liguria and Adria and the major tectonic structures like suture
zones and Ivrea Body.

Gualtieri et al (2014) built a model of the whole Italian crustal and shallow
mantle structure, including a revised Moho depth map using a regional travel time
tomography technique. They inverted 191,850 P, and P, wave arrivals from 6850
earthquakes. The final model has a 0.1° lateral resolution and 2 km vertical grid
spacing. They used EPcrust model (Molinari & Morelli, 2011) as a-priori informa-
tion in the non-linear inversion process.

Molinari et al (2015) derived a 3-D crustal structure model for S-wave velocity
under Italy and Alpine region. They used a database of Rayleigh-wave phase and
group velocities from ambient noise cross-correlations (Verbeke et al., 2012) inte-
grated by a dense set of new ambient-noise-based phase and group velocities ob-
servations. They also parameterised the model using the same scheme as EPcrust
reference model with a lateral resolution of 0.25°x0.25° degrees (figure 1.5).

A high-resolution model of the Po Plain has been published by Molinari et
al 2015a. The model, named "MAMBo0”, covers the area of northern-Italy and
it has been built with the purpose to have an instrument for local modelling of

ground-shaking and seismic scenarios calculation. MAMBo is mainly focused on

27



the detailed description of the Po Plain with a very high resolution: 0.01° x 0.01°.
It has been built by the collection and interpretation of all the information on the
geological structure available for the plain, mainly obtained in the last decades
for hydrocarbon and water exploration. These geological studies gained very reli-
able information on the depth and thickness of each sedimentary layer, but poor
resolution on the seismic parameters associated to them. Seismic parameters in-
side each layer have been taken from laboratory research and petrological surveys.
They are parameterised with two consecutive linear slopes to simulate the velocity
increasing as a function of depth and they are laterally uniform. The model is
made of a maximum of six superposed layers, from the most recent and shallowest
loose sediment layer to the deeper Mesozoic sedimentary layer (see fig.1.6). All
the stratigraphic column lies on a crystalline-rock basement. MAMBo has been
used to simulate ground-shaking effects of earthquakes localised in the plain using
a spectral-element model (SpecFem3D Komatitsch and Tromp, 2002; Peter et al,
2011). Comparison with real-data recordings shows a better agreement then sim-
ulation with 1D model used usually to locate earthquakes for the Italian seismic
bulletin by INGV (see fig.1.7). The comparison show a reliable better agreement,
especially for the simulation of duration of the signal, due to a better simulation
of the basin-effect of internal reflections. This model has a very detailed layered
structure with a very high resolution. On the other hand seismic velocities and
densities inside each layer have been obtained by laboratory surveys and empirical
laws between seismic parameters and there is no lateral variation of the seismic
parameters inside each layer. Because of these two reasons an update of MAMBo

using an independent method is necessary.
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Figure 1.5: Model from Molinari et al (2015b) at different depths.
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Figure 1.6: Maps of the thickness of the MAMBo sedimentary layers from Molinari
et al 2015a.
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Figure 1.7: Displacement waveform simulation of the 29 May 2012 earthquake
(Mw5.8) using SpecFem3D. Red line: simulation using MAMBo. Black line: real
data. Gray line: simulation using 1D model used for earthquake location. Ampli-
tudes are normalized. (figure from Molinari et al. 2015a)
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Chapter 2

Rayleigh Waves Ellipticity

2.1 Introduction

As we have seen in the previous chapter, the detailed knowledge of the shallowest
seismic structure of the crust is a key-point for hazard estimates and ground-shaking
scenario. Local effects are mainly influenced by the local shallowest structure,
especially in sedimentary terrains. The models described in the last section of the
previous chapter have been obtained from classical tomography like phase and group
velocities (excepted MAMBo model), often measured by the cross-correlation of
ambient noise. Phase and group velocities in the period range between 5s and 50s are
mostly sensitive to crustal structure ranging between 10 km and 80 km (see fig.2.1).
They are not very sensitive to the shallowest part of the crust, corresponding to
the sedimentary layers. For this reason surface wave dispersion is not the best

observable to model the sedimentary layers.

Rayleigh waves are surface waves P-SV polarised on vertical plane ellipses. They
have a quite similar to ocean waves, but the particle motion at the surface is usually

retrograde (we will see in the next chapter that this assumption is not always true).

Ellipticity (also named H/V ratio) is a seismic parameter defined as the ratio of
amplitudes of vertical and horizontal motion of the Rayleigh wave. Like phase and
group velocities, ellipticity depends only on the local structure at the receiver, but it
can be measured locally using a single station. Such a characteristic makes ellipticity
an interesting alternative observable in the cases of poor or uneven coverage of
seismic networks or poor seismicity: it can be measured using teleseisms and it can

be applied virtually everywhere in the world.
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Figure 2.1: Sensitivity kernels for H/V ratio, group and phase velocity at 15 s and
45 s, as a function of vg (solid line), vp (dashed line) and density (dotted line)
calculated by finite differences using a normal mode formalism for the 1-D Prem

Earth model (Dziewonski & Anderson 1981).

As we can see in fig.2.1 ellipticity has a shallower sensitivity compared to phase

and group velocities. For example at a period of 15s it has a negative maximum

very close to the surface and it decreases around 20 km. At a period of 40s it is

sensitive down to around 60 km. This characteristic makes ellipticity a good seismic
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observable for very shallow crust imaging. The presence of a large negative peak
in the sensitivity kernel of ellipticity shows that this observable has a strongly non-
linear behaviour as a function of increasing seismic velocities of the model. This
makes ellipticity measurements difficult to be interpret because the same increase
of vg at two different depths will increase or decrease ellipticity depending if the
variation is under or above the zero-crossing of the sensitivity kernel.

H/V ratio is a relatively little known and little used parameter and only a few
seismological studies have been published on this topic in the last decades. However
it may be very useful in sedimentary basin environments, to retrieve the sedimentary
layer structure.

In fact, H/V has been widely used for engineering purposes (Nakamura & Saito,
1983). They measured H/V ratios from ambient noise using a statistical approach,
without a proper identification of seismic sources. Here we are concerned on deter-
ministic measurements on particle motion identified as elliptically polarised.

In this chapter we will present the most important previous studies on the

subject, and briefly discuss theoretical implications.

2.2 Previous studies

The first studies about ellipticity of Rayleigh waves have been published at the be-
ginning of 80s, when Nakamura & Saito (1983) observed the strong motion records
from different sites in Japan. They noticed that in soft soils the horizontal com-
ponent had larger amplitude than vertical component. In hard-rock sites, instead,
the two components were almost equal in terms of both maximum amplitude and
waveform. They measured H/V ratio firstly as the ratio between the maximum of
the amplitudes of the horizontal and vertical component and they related it with the
soil softness and local amplification factor. This result has been confirmed by mea-
suring H/V from the spectral ratio between frequency spectrum of ambient noise,
starting from the assumption that ambient noise is mainly composed by Rayleigh
waves. They hypothesized that the vertical component of the ambient noise is not
strongly influenced by the sedimentary layer and it keeps the characteristics of the
Rayleigh waves at the basement. On the other hand the horizontal component is
strongly amplified by low-velocity shallow structures. When taking the ratio be-
tween the horizontal and vertical component the effects of Rayleigh wave path and
source included in the vertical component are cancelled out and only the effects of
receiver structure remain. They found a simple relation between the frequency Fj
of the first peak on spectral H/V ratio and impedance contrast and thickness of
shallowest layer. In a simplified model with a single slow layer with S-wave velocity
Cs and thickness h over a faster hard basement with S-velocity Cjp the depth of the
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basement is:

Cy
H = 2.1
4AF) (2.1)
where Ag is the impedance contrast
Ay = Cp/Cs (2.2)

Nakamura’s technique, also called QTS (Quasi-Transfer Spectra), has been widely
applied in engineering and microzonation studies to evaluate the local site parame-
ters for hazard mitigation. Such a technique based on ambient noise works with high
frequency signals between around 0.1 Hz and 20 Hz. The sensitivity of the method
is then limited to the first few hundred meters from the surface. Such a shallow
sensitivity is enough for engineering purposes but it is not usable for seismologi-
cal imaging of the first kilometres of the crust. For this purpose the seismological
community focused mainly on the usage of longer period signal such as earthquake
recordings.

In the last decades the availability of good-quality and large seismic data gained
more attention to the deterministic measurement of ellipticity on earthquake record-
ings. Ferreira & Woodhouse (2007b) made a first attempt of measuring ellipticity
of fundamental mode of Rayleigh wave on earthquake-generated seismic signals at
a single period of 150s. They found a clear unexpected variation on H/V results,
but the small dataset used did not permit a wide statistical analysis of the results.

Tanimoto & Rivera (2008) introduced two observational approaches to ellipticity
measurement on seismic records for a period range between 20s and 250s. Both
the schemes work on the phase-shift measurement between vertical and horizontal
component and they are based on the assumption that for the fundamental mode
Rayleigh wave the two components are phase-shifted by 90°. These methods showed
a good capability of detecting and separating the fundamental mode from spurious
arrivals for a source-receiver distance ranging between 20° and 140°. They applied
the two schemes to a large dataset of real data from all the large events that
occurred between 1988 and 2003 recorded by two broadband stations in Southern
California. They found similar results for both the schemes and values compatible
with theoretical values computed for that seismic structure. They pointed out
that measuring ellipticity is possible only using a large amount of data. They
also showed that a numerical finite-difference approach is possible for calculating
sensitivity kernels for ellipticity.

Yano et al. (2009) measured H/V ratios analysing data from GEOSCOPE
network in the period range between 20 and 250s. They also inverted them for
vg structure beneath each station using a linearised method using CRUST2.0 and

PREM as starting models. They found that the final solutions are strongly linked
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Figure 2.2: Figure from Lin et al. 2012. (a) The 30 sec Rayleigh wave H/V
ratio observed across the USArray. The triangles denote the stations used in the
study. The 8 km sediment contours are also shown for several major sedimentary
basins. WB: Williston Basin; PR: Powder River Basin;, GR: Green River Basin;
DB: Denver Basin. The depth sensitivities of 30 sec H/V ratio to vg, density (p),
and vp/vg perturbation are shown in the right. (b) Same as (a) but for 60 sec H/V
ratio. (¢, d) Same as (a) and (b) but for Rayleigh wave phase velocity.

to initial models and the depth of the Moho is a delicate parameter to set up before
the inversion. They showed that H/V ratio data can be used as a supplementary
information during a joint phase and group velocity inversion because of the different

sensitivity in depth.

Lin et al. (2012) jointly inverted for vg and density structure H/V measurement
together with phase-velocities from USArray data available at the time of their work.
They used a simple 4 layer parametrization for the crust with Moho depth fixed
to values given by previous studies and thickness of the layer fixed. They found
that the shallowest structure is better constrained by the joint inversion compared
to the inversion with phase-velocity alone. The results are in good agreement with

known vg anomalies in the western US (see figure 2.2).
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2.3 Theoretical approach

H/V ratio or, in short, ellipticity depends only on the structure beneath the receiver
station through the ratio between eigenfunctions (Ferreira and Woodhouse, 2007).
This characteristic derives directly from full ray theory: for a smooth, laterally
heterogeneous, slightly anisotropic, anelastic, non-rotating, self-gravitating earth
model the amplitude of a surface wave is we can approximate the generic component

0 of the surface wave displacement in the frequency domain as (Woodhouse 1974):
u(w) = Z Z Aw)e™ @) (2.3)
a=0n=1
Where A(w) is the amplitude factor that takes the form:
A=A A)A, (2.4)
and the phase:

7/1 = ws + ¢p + ¢r (2‘5)

Here the subscript s indicates the term depending on the seismic source, p the term
depending on the waves path and r the term depending on the structure at the

receiver. Ag, Ay, A, are given by:

1
Vs

) A ) Vi iNZ
Ape ™ =y &rsefmh( N g )dL4iNg (2.7)
1

A, e 0 = 0 Sy (2.8)

VCr

C is the angular group velocity C' = g—/\. sy is the local displacement eigenvector at

Age s = M : Efell (2.6)

the receiver. For Rayleigh waves it is:
Sr = rf'r - ZWRI‘

U, is the radial and K, is the vertical eigenvalue. A, and A, don’t have any
dependency on which component of u(w) we are considering so if we take the ratio
between the vertical and radial component of u, A; and A, cancel out. We then

have:

(2.9)



where Afl x —V, and Af x U,. U, and V, are the displacement eigenfunctions

evaluated at the receiver. Ellipticity will be:

E(w) x —3 (2.10)
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Chapter 3

Ellipticity of Rayleigh waves in
basin and hard-rock sites in
Northern Italy!

Abstract

We measure ellipticity of teleseismic Rayleigh waves at 95 seismic stations in North-
ern Italy, for wave period between 10 s and 110 s, using an automatic technique
and a large volume of high-quality seismic recordings from over 500 global earth-
quakes that occurred in 2008-2014. Northern Italy includes a wide range of crustal
structures, from the wide and deep Po Plain sedimentary basin to outcropping
sedimentary and cristalline rocks in the Northern Apennines and Alps. It thus
provides an excellent case for studying the influence of shallow earth structure on
polarisation of surface waves. The ellipticity measurements show excellent spatial
correlation with geological features in the region, such as high ellipticity associated
with regions of low seismic velocity in the Po Plain and low ellipticity values in
faster, hard rock regions in the Alps and Apennine mountains. Moreover, the ob-
served ellipticity values also relate to the thickness of the basement, as highlighted
by observed differences beneath the Alps and the Apennines. Comparison between
observations and predicted ellipticity from a reference crustal model of the region
show substantial fit, particularly for T ~ 38 s data. Discrepancy for shorter wave
period suggests that slight modifications of the model are needed, and that the el-
lipticity measurements could help to better constrain the shallow crustal structure
of the region. Predictions for the Po Plain are larger than the observations by a

factor of four or more and transition from retrograde to prograde Rayleigh wave

!This chapter has been submitted to Geophysics Journal International and it is currently under
review.
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motion at the surface for periods of T ~ 10-13 s is predicted for seismic stations
in the Plain. Analysis of corresponding real data indicates a possible detection of
teleseismic prograde particle motion, but the weak teleseismic earthquake signals
are mixed with ambient noise signals at the predicted, short, transition periods. De-
tection of the period of polarity inversion from the joint analysis of earthquake and
ambient noise ellipticity measurements may provide further, stringent, constraints

on the structure of sedimentary basins.

3.1 Introduction

Ellipticity of Rayleigh waves (also called H/V ratio) is defined as the ratio between
the axes of the elliptically-polarised particle motion, and is measured as the ratio
between the displacement amplitude of horizontal and vertical components of the
fundamental mode wave train. In a flat layered medium or in a smooth, laterally
heterogeneous medium, the H/V ratio depends only on the structure beneath the
station, without any dependence on event distance, azimuth, depth or magnitude
(e.g., Ferreira and Woodhouse, 2007b). This represents a main advantage of the
usage of this observable: using ellipticity we can retrieve earth structure beneath
each station without the need of a description of the structure between source
and receiver. This feature is particularly relevant in areas with low or uneven data
coverage. Ellipticity measurements do not require high seismicity rates in the study
area because they can conveniently be performed on teleseismic records, so they can
be carried out virtually anywhere. Ellipticity is more sensitive to shallow crustal
structure than surface wave group and phase velocity at the same period (Figure
2.1) so it is a useful observable for example for the characterisation of sedimentary
basins (e.g., Lin et al., 2012). The situation is somewhat similar to that of receiver
function studies, insofar teleseismic records can be used to characterise the structure
beneath a receiver. Unlike receiver functions, however, ellipticity is sensitive to
seismic velocities (and density) rather than to discontinuities.

The use of Rayleigh wave ellipticity for the determination of crustal structure
has been proposed several times in the past (e.g. Boore & Nafi Toksoz, 1969) but
for decades other seismic observables have been preferred, such as phase and group
velocities of surface waves. This was perhaps due to more difficulties in modelling
amplitude rather than phase (arrival time) of a seismic pulse. A H/V spectral tech-
nique based on ambient noise signals has been introduced by Nogoshi and Igarashi
(1971) and Nakamura (1989). This rather empirical technique — that works with-
out proper identification of Rayleigh-wave polarisation, assuming that background
noise is mainly composed by surface waves — has been further developed using

small-aperture seismic arrays to derive wavefield characteristics and shear-wave ve-
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locity profiles (e.g., Di Giulio et al., 2006; Wathelet et al., 2008), mainly for seismic
engineering applications. Over the last decades, a wealth of high-quality seismic
data have become available, so the deterministic measurement of ellipticity on the
fundamental-mode wave packet of earthquake-generated Rayleigh waves has gained
more attention. Some attempts of measuring ellipticity for characterisation of deep
earth structure have been done by Ferreira & Woodhouse (2007b). They measured
ellipticity at the single period of 150 s, and they found substantial variability in
amplitude ratios — in contrast with expectations — possibly revealing the pres-
ence of small-scale heterogeneity. However, they used a small dataset that did not
permit a statistical analysis of results. Tanimoto & Rivera (2008) developed two
automatic schemes to measure ellipticity on a complete seismogram. They applied
the method to all the large events that occurred between 1988 and 2003 recorded
by two broadband stations in Southern California. They showed that by using a
very large set of measurements, the results become statistically consistent and in
good agreement with theoretical expectations. On the other hand, their study was
limited only to two seismic stations. Other studies recently followed this approach,
such as Yano et al. (2009), Lin et al. (2012) and Lin et al. (2014). In particular,
Lin et al. (2012) jointly inverted H/V measurements together with phase velocities
of ambient noise Rayleigh waves in the western United States, using data from all
USArray stations available at the time of their study. Phase velocity is sensitive to
deeper structure than H/V (Figure 2.1) so the joint inversion allows a better illu-
mination of crust and upper mantle structure. On the other hand, by using phase

velocity measurements, the technique is not based on single stations any more.

Northern Italy includes a wide variety of crustal structures ranging from the wide
and deep Po Plain sedimentary basin, to outcropping sedimentary and cristalline
rocks in the elevated terrains of the Northern Apennines and Alps, representing an
excellent laboratory for validating seismic appraisal techniques aimed at gauging
shallow earth structure. Tomographically-imaged crustal shear-wave velocities are
generally low beneath the Po Plain and Molasse basins, and high velocities are seen
in the crystalline crust of the Alpine mountain belt (e.g., Molinari et al., 2015b).
This region has been hit in 2012 by two earthquakes, on two close tectonic struc-
tures (My = 5.9 on May 20"", 2012, and My, = 5.8 on May 29" 2012) that
caused extensive damage, hundreds of injuries, and 27 fatalities, in spite of their
moderate magnitudes. These events revealed considerable seismic vulnerability of
this region, even for relatively modest earthquakes. Significant damage appears to
be due to high exposure of this territory associated high density of population and
industries, and because of local amplification of seismic waves caused by sedimen-
tary basin structures. Seismic knowledge of this region has recently improved due

to renewed interest and recent investigations. For example, the recent 3D seismic
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model MAMBo (Molinari et al., 2015a) has been constructed collecting and merg-
ing information from geological studies and active-source experiments carried on
during the 80’s and 90’s decades of the last century for hydrocarbon and water re-
search. MAMBo is a rather reliable 3D model including laterally-varying thickness
of stratigraphic layers, that has shown to be quite accurate in modelling seismic wave
propagation at a regional scale. However, being mostly based on a compilation of
geological and geophysical information, MAMBo has not been directly constructed
inverting seismic data. The many new broadband seismic stations deployed in the
region in the past decade offer an opportunity to further refine this model. Thus,
the northern Italian basin and neighbouring mountain belts, with a large variety of
geological terrains, wide availability of recent data, evolving background geological
and geophysical studies, and a reliable a priori seismic model of the crust, seem an
excellent candidate for a comprehensive analysis of Rayleigh wave ellipticity.

The main objective of this study is to evaluate the reliability of observation of
Rayleigh wave ellipticity, and its dependence on local crustal structure (or other
factors) in diverse geological situations. With this purpose, we carry out extensive
measurements on fundamental-mode Rayleigh wave trains from teleseismic earth-
quake records in Northern Italy. We investigate the reliability and robustness of the
measurements, and the response of hard rock vg. sedimentary sites. We preliminary
assess potential azimuthal misalignments in the seismic stations in the region, which
could have an impact on amplitude measurements. We also quantify the differences
between observations and predictions for the MAMBo crustal model, and examine
the possibility of identifying prograde vg. retrograde (normal) particle motion and
its use to constrain shallow earth structure. Finally, we assess the validity of our

approach using complete theoretical seismograms for a 3-D Earth model.
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3.2 Data

Events distribution

Figure 3.1: Distribution of the events database used in this study. We used earth-
quake with epicentral distance between 10° and 140° from the stations and myy > 5.0
occurred from January 2008 to December 2014.

We focus our attention on the northern part of Italy, in a region encompassing
the Po Plain, the northern Apennines and the Alps (Figure 3.2). We use data from
95 seismic stations belonging to different networks: Italian Seismic Network (47
stations), South Tyrol Seismic Network (7 stations), North East Italy Broad Band
Network (8 stations), Swiss Seismological Network (9 stations), MEDNET Project
(5 stations) and Regional Seismic Network of Northwestern Italy (19 stations). We
collected all the data from the ORFEUS data center. For each station we select
earthquakes with magnitude My, > 5.0 and epicentral distance between 10 and 140
degrees that occurred from January 2008 to December 2014 (see figure 3.1). We
measure ellipticity on all available data, using the measurement scheme described
in the following section, in the period range between 10 s and 110 s. We perform
measurements excluding all the data with an estimated signal-to-noise ratio less
than 100. We also remove clear outliers with computed H/V ratio > 10.0 and
H/V ratio < 0.1, since such values are not realistic (see theoretical predictions in

the next section). We then calculate the median and percentiles of the ellipticity
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Figure 3.2: Seismic stations used and corresponding number of measurements. The
triangle size indicates the number of earthquake records available for each station
and its color represents the percentage of successful measurements. Stations in the
Po Plain sedimentary basin generally perform worse (see main text).

Figure 3.2 shows, for each station, the number of earthquake records retrieved
from the database (depending on data availability and station operation), for which
an attempt to measure ellipticity has been done; and the success rate, i.e., the ratio
of number of measurements effectively obtained vg. the number of attempts. We
notice that the measurement success rate is generally much lower for stations in the
sedimentary plain than for stations on the mountain belts. This is probably due to
two main reasons: 1) noisier locations in the plain, due to anthropic activities; and
2) more complex crustal structure of sedimentary layers that causes the superposi-
tion of the fundamental mode with overtones, reflected /converted modes, and other
spurious arrivals. Some of the stations on the plain also have fewer data (smaller
triangles in Figure 3.2) because they have been installed more recently than other
stations.

Measurements of seismic wave amplitudes can be affected by systematic errors
due to problems in the station set-up, such as orientation or amplitude response of
horizontal sensors. If sensor pairs are not perfectly aligned (north and east), the
amplitude of the horizontal component of Rayleigh waves will be under-estimated,

because of the wrong rotation from north and east directions to the radial compo-
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Figure 3.3: Frequency histogram of azimuthal angle deflections with respect to the
theoretical great circle path. The maximum angle found is dao = —10.42°. Mean
da = —0.07°. Standard deviation = 2.15°.

nent of motion. Errors in sensor bearing are not so rare: Ekstrom & Busby (2008)
found alignment errors up to 20 degrees for USArray stations. For this reason
we implemented an algorithm for the determination of possible errors due to the
misalignment of sensors. We started from the technique outlined by Ekstrom &
Busby (2008). For each station we calculate synthetic seismograms using normal
mode summation (Gilbert, 1970; Herrmann, 2013) for PREM (Dziewonski & An-
derson 1981) for radial and transverse components, and we compare them to the
corresponding components of real data, rotated from N-E (geographical) to R-T
(radial-transverse) using the great circle path filtered with a Butterworth-bandpass
filter in the range 100s - 150s. Then we rotate the R-T components of real seismo-
grams from —90° to +90° with 1.0° steps. At each step we compute the correlation

coefficient C between the data and the synthetics using the following equation:

N

> 0isi
=1

N N
> 07> 87
=1 =1

where o; are the observed data and s; are the synthetic. N is the number of time

C = (3.1)

points in the surface wave window. We then recalculate C' for the radial and trans-

verse component at each rotational step. We define the total correlation coefficient
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Cror as:
Cror(da) = min(|Cr(éa)l), |Cr(da)]) (3:2)

where da it the correction angle. The best correction angle da is the one that cor-
responds to maximum Cror.

We run the algorithm for each earthquake available and for each station. We statis-
tically summarize the da found and calculate the median for each station. We then
obtain a correction angle for each station. The results of this analysis are shown in
Figure 3.3. We found for most of the stations rather small correction angles: the
maximum angle found is —10.42°, but most values are smaller than about 3° (with
a mean and standard deviation of —0.07° and 2.15°, respectively), corresponding to
a maximum underestimation of the radial amplitude generally less than 0.2%, that
is small enough for the purpose of this study. Hence, we do not deem necessary to

apply azimuthal corrections for our further analyses.
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3.3 Measurement scheme and results

Station: GIMEL Period: 47.0s Ellipticity: 1.113
Event: 200801090826A Mw: 6.4 Distance: 60.3deg
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Figure 3.4: Measurement scheme shown for an earthquake at a distance of 60.3°
and magnitude My = 6.4. We apply a bandpass filter to H and V components (a)
and we shift the V component of 90° in advance (b). Then we calculate the cross-
correlation between the two signals and the envelope (c). Subsequently we define a
characteristic function as the product of cross-correlation and envelope (d). This
function defines a time window that contains the fundamental mode of Rayleigh
waves. We calculate ellipticity as the mean ratio between the V and the H envelope
inside the time window (e).
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The first and main difficulty in the determination of the H/V ratio are the detection
and identification of the Rayleigh fundamental mode wave train from the rest of the
signal. To do this we look for the particular elliptical and retrograde polarisation
of Rayleigh waves. In theory, the radial component is 90° degrees phase-advanced
with respect to the vertical component for smooth, laterally varying media. Start-
ing from this assumption we implemented a measurement scheme based on that
proposed by Tanimoto & Rivera (2008). This is illustrated in Figure 3.4. We first
measure the signal-to-noise ratio (SNR) on all the records by comparing the maxi-
mum amplitude in the Rayleigh-wave time window to the average background noise
amplitude in a 10-minute pre-event window, and then discard records with SNR
below 100. We then apply a narrow Butterworth bandpass filter to the vertical
and radial components, and phase-shift the vertical component advancing it by
90°. When the signal consists of fundamental-mode Rayleigh-wave motion, the two
components will match. We then cross-correlate the radial and the phase-shifted
vertical components, and multiply the result by the product of the envelopes of both
components. We thus obtain a characteristic function that defines a time window
as it exceeds a pre-defined threshold, where the measurement is made. This, in
fact, applies a further requirement on the coherence and amplitude of the signal be-
yond the noise level, as a condition must be met not only on high cross-correlation
but also — via multiplication by envelopes — on amplitude of signal as compared
to noise. This measurement technique proved very selective, and very effective in
separating the fundamental mode Rayleigh wave from the rest of the signal, but
we need a large data set in order to have enough measurements. We carry out
these measurements for many earthquakes, and calculate median and percentiles
of results. As we consider the ratio of two positive numbers, either of which can
become very small, rather than using the straight amplitude ratio — H/V or V/H
— we always use and show the logarithm of the ratio logio(H/V'), that is better

behaved and statistically more meaningful.
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Figure 3.5: Comparison between theoretical H/V values and measurements on syn-
thetic seismograms, for 426 CMT solutions of real earthquakes. Theoretical ellip-
ticity for the fundamental mode and first three overtones is represented by lines
in different colour. Measurements from full synthetic seismograms calculated for
PREM correspond to the black dots. Note that there are 426 dots for each period,
mostly concentrated near the average, indicated by a red dot with error bars. The
presence of overtones (with different ellipticity ratios) influences some measure-
ments at shorter periods, but these appear as outliers well outside the o error bars
of the measurements. (Note that, for shorter periods, many dots overlap actually
appearing as one, near the black curve, and control the value of the average shown
with error brackets.)
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misfit is calculated using: m = =t , where N is the number of periods, E™ is

N
;lEZ" |
the ellipticity measured on synthetics and E' is the theoretical ellipticity calculated
from eigenfunctions.

To validate and quantify the ability of this scheme to detect and estimate H/V
ratios, we compute synthetic seismograms using normal mode summation and we
measure the H/V ratio on these synthetics. We then compare the results with
theoretical ellipticity curves calculated as the ratio of spheroidal mode horizontal
and vertical eigenfunctions evaluated at the Earth surface (e.g., Ferreira & Wood-
house, 2007b). For both synthetic seismograms and theoretical values we use the
global model PREM (Dziewonski & Anderson 1981). We perform this calcula-
tion for an ensemble of 426 centroid-moment tensors of real earthquakes from the
Global CMT catalogue (GCMT, Dziewonski et al. 1981; Ekstrom et al. 2012;
http://www.globalcmt.org/CMTsearch.html) — the same set used for the analy-

sis on real data. Figure 3.5 shows these results, i.e., 426 ellipticity values for 15
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wave periods between 10 seconds and 200 seconds. As expected, measured ellipticity
mostly concentrates quite well along the theoretical value for the fundamental mode
(black line). At shorter periods (< 30s) a few events show a bias of measurements
with respect to values expected for the fundamental mode. These outliers can be
attributed to the overlap of overtones, which have lower H/V (see Figure 3.5) and
may in some cases appear conspicuously on the waveforms. In fact, while we did
not find any dependence of measured ellipticity on back azimuth, focal mechanism,
magnitude, or time, there is some correlation with focal depth, as shown in Figure
3.6a. For focal depths larger than about 40 km the misfit increases. We verify that
this is due to the increased excitation of overtones for deeper events. Figure 3.6b
shows the characteristic function, used to identify the wiggles on the seismograms
to compute H/V amplitude ratio, for two PREM synthetic seismograms for earth-
quakes with 20 km and 50 km depth. For depths larger than about 40 km, the
first overtone dominates and misleads the characteristic function, which affects the
ensuing amplitude ratio measurement. In real measurements, a selection of crustal
earthquakes therefore avoids this source of error. We then proceed to make mea-
surements on real data for all the stations shown in Figure 3.2, for 12 wave periods
between 10 s and 110 s. Results for two sample stations are shown in Figure 3.8
where, for reference, we also plot the theoretical ellipticity curve for PREM. The
behaviour of the measured ellipticity as a function of period is rather smooth and
stable. For longer periods, both stations show ellipticity values similar to those of
PREM, but deviate quite significantly for the shorter periods. The difference is
more notable for PRMA, a station on the edge of the sedimentary basin, than for
GIMEL, which is located in the Alps (Figure 3.2). This difference reflects different

crustal structures beneath the stations, as we will discuss in the following section.
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Figure 3.7: Histograms of ellipticity measurements for station GIMEL (a) and
PRMA (b). Red vertical line indicates H/V median, also reported in the labels with
the corresponding error. FErrors are calculated using the percentiles corresponding
to 15.9 and 84.1. Green dashed line is the ellipticity calculated on Prem reference
model.
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Figure 3.8: H/V measurements for stations GIMEL and PRMA as a function of
period. Different colors show the density of dots. Dashed line is the theoretical
ellipticity for the PREM model.

Figure 3.9 and 3.10 show the measured H/V ratios at four sample periods (10 s,
16 s, 24 s, 37 8) for all stations, superimposed on a map of thickness on the Pliocene
sedimentary layer in model MAMBo (Molinari et al., 2015a). As explained previ-
ously, MAMBo is a recent seismic model of the sedimentary basin of this region,

and it integrates information from exploration geophysics and geological studies
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performed in the last decades for hydrocarbon and water research. It describes
the basin with six sedimentary layers, among which the Pliocene deposits represent
the seismically most relevant unit. We computed theoretical H/V ratios for this
crustal model combined with PREM velocities in the upper mantle. Large-scale
tomographic models show only slight lateral variation of shear wave velocity at the
top of the mantle over this region, and values always very close (within +1%) to
PREM (e.g., Schivardi and Morelli, 2011) so — given the weak sensitivity to mantle
depths — this simplification appears legitimate. For each station, such theoretical
prediction is shown with color in the outer ring of symbols in the map of Figure
3.9 and 3.10 to be compared with measured values, plotted instead in the inner
circle. The Pearson correlation coefficient between predictions and observations is
computed for each period, and is shown in the title of each diagram. The measured
ellipticity values clearly correlate with geological features. We observe higher values
of H/V (reddish colours) for stations in the sedimentary basin (e.g., MNTV, SBPO,
CAVE, CMPO, PRMA, ROTM). This is particularly clear for shorter periods (Fig-
ure 3.9), as we expect from the sensitivity kernels (Figure 2.1). On the other hand,
stations in the Alps and Apennines show lower values of H/V. For the longest wave
period (Figure 3.10b) we notice that stations in the Apennines (southern side of
the plain) have higher observed values of H/V compared to Alpine stations, which
likely reflects the deeper basement beneath the Apennines than in the Alps (e.g.,
Molinari et al., 2015a).

Comparing the H/V ratio predictions for the MAMBo model (outer rings) and
the observations (inner circles), we see that for stations in the Apennines and in the
Alps, MAMBo predictions are nearly constant and in good agreement with observa-
tions at many stations. However, the observations show some lateral variations not
predicted by MAMbo, notably a region of decreased ellipticity in the North West-
ern Alps (Figure 3.9b and 3.10a; e.g., for stations DAVOX, TUE, FUSIO, DIX,
MMK, MRGE, LSD). This correlates well with increased upper and mid-crustal
vp and vg in the Western Alps, with respect to the Eastern Alps (Gualtieri et al.,
2014; Molinari et al., 2015b) via negative sensitivity of H/V (kernels in Figure 2.1).
In the Po Plain, the MAMBo model predicts ellipticity values much larger than
observed for the two shortest wave periods by a factor of about four (Figure 3.9);
this discrepancy will be discussed in the next section. Finally, there is generally
an improved agreement between the predictions and observations for the longest
wave period (Figure 3.10b), which is probably due to the sensitivity of these data

to deeper, simpler structure.

Lateral resolution is still an open issue. The variations also observed at short
distances may perhaps be related to the fact that amplitude data are more sensitive

to small scale structure than phase (or travel times). Some variability at short
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spatial scale has indeed been observed in other H/V studies (e.g., Lin et al 2012),
but the larger spacing between USArray stations used (about 70 km) does not allow
a clear assessment. The SEM simulations we show here are not very informative
to this purpose, because the crustal model we use has resolution wider than the
station spacing, and hence not very relevant for this particular test. Unfortunately
computing synthetics with such a fine grid needs longer computational time and
would be well beyond the scope of this study. We may also speculate that, because
sensitivity kernels are shallow and very peaked at the surface, a local, very shallow,
very slow heterogeneity could in principle affect one single station only and not

show up in neighbouring ones, even for the longer of the periods we consider.
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Figure 3.9: H/V ratios for different periods (shown in coloured solid circles) com-
pared with theoretical values for model MAMBo (Molinari et al., 2015a) shown in
the outer rings. Black outer ring means that ellipticity values are greater than 0.6,
going up to 2.0 (FAEN station). The Pearson correlation coefficient between the
observations and predictions is shown in the title of each diagram. The background
shows thickness of the Pliocene sedimentary layer according to model MAMBo.
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Figure 3.10: H/V ratios for different periods (shown in coloured solid circles) com-
pared with theoretical values for model MAMBo (Molinari et al., 2015a) shown in
the outer rings. Black outer ring means that ellipticity values are greater than 0.6,
going up to 2.0 (FAEN station). The Pearson correlation coefficient between the
observations and predictions is shown in the title of each diagram. The background
shows thickness of the Pliocene sedimentary layer according to model MAMBo.
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3.4 Rayleigh wave ellipticity predictions from 3-D syn-
thetics

Ellipticity of Rayleigh waves is a local property of the elastic medium. In this, it is
not different from, e.g., phase velocity. However, generally we cannot measure local
phase velocity directly: rather, we measure a phase difference (or a travel time)
between two points at some distance, so a phase measurement brings information
on phase velocity integrated along a path. Measurement of ellipticity at a single
station, instead, brings information solely on the structure beneath the seismograph,
and not about the whole path travelled by the wave. This dependency of ellipticity
only on the structure beneath the receiver station can be demonstrated for a smooth,
laterally heterogeneous, slightly anisotropic, anelastic, non-rotating, self-gravitating
medium using full ray theory (e.g., Ferreira and Woodhouse, 2007a,b). However,
one can question whether such description is valid for realistic 3-D Earth models

and for the wave periods considered in this study.

In order to address this question, we perform a synthetic test. We compute
synthetic seismograms of a real earthquake with SPECFEM3D_GLOBE (Komatitsch
and Tromp, 2002; Peter et al, 2011), which is a widely used code for the simulation
of seismic wave propagation. It is based on the spectral-element method (SEM)
and it accurately simulates complete waveforms in complex media. We perform
simulations using a global 3D Earth model combining the recent global mantle
model SGLOBE-rani (Chang et al., 2015) with the crustal model Crust2.0 (Laske
et al., 2012). We use an event that occurred in Costa Rica on July 5, 2012, with
My = 6.8 and 29.7 km hypocentral depth, at a distance of approximately 88° from
the area of study. The SEM synthetics are computed using 3456 processors and are
accurate down to a period of ~ 5.6 s. H/V ratios are then measured on the SEM
synthetics using the same measurement technique as that used with real data. We
also compute theoretical ellipticity using 1D models with the same structure as in
the 3D Earth model beneath each station in Northern Italy. We then compare the
SEM H/V ratios with the theoretical predictions from the 1-D models as a function
of the wave period. We see in Figure 3.11 that overall there is a good agreement
between the values of ellipticity measured on the 3D synthetics and the theoretical
predictions for the local 1D models, notably for wave period T~25-72s. Differences
are always smaller than the errors of real data measurements shown as grey error
bars, which further strengthens the validity of our approach. We also compare the
SEM H/V ratios with real data measurements (Figure 3.12). As expected, there
are larger differences between them than in Figure 3.11 because the real structure
in the study region is much more complex than in CRUST2.0. These discrepancies,

along with the differences between predictions and observations seen in Figure 3.9
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Figure 3.11: Comparison between ellipticity measured on synthetics seismograms
computed with a 3D model and ellipticity measured on synthetics computed with a
1D model built using the 3D profiles beneath each station. The bars are the errors
associated with real measurements from each station. They give an estimate of the
errors expected in real measurements (see figure 3.12). In the boxes the correlation
coefficient between the two datasets is shown. This test shows that the local 1D
approximation at the receiver can be used instead of a 3D model from source to
recetver. The errors are always under the observed data errors.
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and 3.10, highlight that inversions of the observed H/V ratios for elastic structure
as a function of depth should help refine Earth structure models of the study region.
Nevertheless, it is important to bear in mind that these comparisons are only for one
earthquake (due to the high computational cost of the SEM simulations accurate
down to T ~ 5.6 s). Hence, probably part of the differences observed in these tests
are mitigated by the fact that in real data applications a very large number of events
along with strict data selection criteria are used to ensure stable measurements of
H/V ratios.

3.5 Prograde Rayleigh wave motion

Station: CMPO

140 Event: CMTSOLUTION_201209051442A
: — Theoretical E
e*e Measured E
120
100-
80t
2 Prograde Retrograde
S ol motion motion
2
T

Period (s)

Figure 3.13: Theoretical ellipticity curve (solid black line) compared to ellipticity
measured on synthetic seismogram (red dots) computed for model MAMBo at station
CMPO (for location, see Figure 3.2). The big peak at ~ 12.5s corresponds to the
transition between retrograde motion (on the right) and prograde motion (on the

left).

Rayleigh wave elliptical polarisation usually implies retrograde particle motion
at the surface, but inverts polarity and becomes prograde at a certain depth. This
behaviour can be seen theoretically for Rayleigh waves in a homogeneous half-space
(e.g., Stein and Wysession, 2009). However, in some cases, it may happen that the
Rayleigh wave fundamental mode shows prograde particle motion at the surface,

e.g., when a very slow sedimentary layer is overlaid onto a faster crustal structure.

63



Tanimoto & Rivera (2005) studied this phenomenon with numerical simulations
using a mode summation technique, and showed that such sign inversion of the
elliptically polarised motion of Rayleigh waves may indeed take place near the
surface in the period range 3.8 — 7.1 s for a sedimentary layer of 4 km. They also
found a correlation between the thickness of the sedimentary layer and the period
where the reversal begins: the thicker is the layer, the longer the inversion period
is. No inversion has been found if the sedimentary layer is thinner than 2 km.

Since, on sedimentary basins, Rayleigh wave particle motion trajectories may
transition to prograde polarity, we could potentially face measurement instabilities
near the period corresponding to the transition from 'normal’ (retrograde) to pro-
grade motion in Po Plain stations. In order to investigate this issue, we compare
theoretical ellipticity curves from the MAMBo model for stations in the Po Plain
with values measured on synthetic seismograms computed by normal mode sum-
mation for the same model. In order to allow prograde motion to be detected, we
modify our measurement algorithm to allow separation of retrograde from prograde
motion, by considering for simplicity that prograde motion would show a cross-
correlation equal to —1 (rather than +1), maintaining the usual (positive) phase
shift.

Figure 3.13 presents the results of measurements on the mode summation syn-
thetics for station CMPO. We notice a big peak in the theoretical curve at a period
of about 12.5 seconds corresponding to the transition period between retrograde
motion (on the right) and prograde motion (on the left). This also explains the
very large predicted ellipticity values in the Po Plain seen in Figure 3.9. Measure-
ments performed on the synthetics align along the theoretical curve, except for the
amplitude of the transition peak, which corresponds to a singularity, and hence
where the bigger mismatch occurs. Nevertheless, the overall behaviour of the the-
oretical curve is captured well, and gives us some clues on the expected behaviour
for real data measurements.

We then calculate the theoretical transition period for the whole study area as
expected by the MAMBo model, and shown results in Figure 3.14. The transition
period is longer for stations on the plain than elsewhere, and no inversion from
retrograde to prograde motion is predicted for periods T > 1 s for stations on
hard-rock sites on the mountain chains, where the motion is always expected to be
retrograde.

Figure 3.14 shows that the expected transition periods are in the range 2-16s
with longer periods in the southern part of the plain, in a region parallel to the
Apennines chain (around PRMA, CMPO, CAVE, MODE stations). In this area the
sediments reach a thickness of 6 - 8 km (Molinari et al 2015). In such a geological

setting the expected inversion periods of 10-13 s are compatible with the values
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predicted by Tanimoto & Rivera (2005) for the Los Angeles basin, that has similar
geological features, where they predicted the transition in the period range between
3 and 20s.
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Figure 3.14: Map of the transition period between retrograde and prograde particle
motion calculated on model MAMBo. In blank areas no transition is found for
T>1s.

Finally, we measure ellipticity on real data for all the stations in the Po Plain
separating retrograde from prograde motion in the same way as in the synthetic test
explained above. For comparison, we also carry out the same analysis for station
BNT in the Western Alps. Figure 3.15 compares histograms of the results for stations
BNI and CMPO, the latter being located in the Po Plain (the results for the other
stations in the Plain are similar to CMPO). Figure 3.15 shows that at CMPO
for periods shorter then 13.3 s the detections of prograde motion on earthquake
seismograms generally increase as the period decreases, where they are mixed with
retrograde motion. This suggests that there may be an actual transition period
around ~ 13.0s, from which both prograde and retrograde motion can sometimes
be detected. This agrees well with the transition period predicted by MAMBo
(Figure 3.13). On the other hand, for station BNI there seems to be no transition to
prograde motion down to 10 s. In both cases, it is difficult to measure ellipticity for
shorter periods on earthquake data, because of the surge of microseismic noise where

prograde and retrograde detections are mixed together (possible coherent noise
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Figure 3.15: Histograms of ellipticity measurements for station CMPO (a) and BNI
(b). Green histograms represent the measurements of retrograde particle motion.
Red histograms represents the measurements of prograde motion.

wave trains may come from all azimuths, hence they present complete ambiguity

on motion polarity). Moreover, the presence of ambient noise propagating in the

same or opposite azimuth of the earthquake may also lead to detections of signals in

the vertical component, which may reduce the measured H/V ratios. Hence, while

these results suggest that for station CMPO we may have detected a transition

period around 13 s, further work based on analysis of azimuthal distribution and

polarisation of ambient noise signal is needed for firmer conclusions. (For time-

domain waveforms recorded at station CMPO see figures 3.16 and 3.17.)
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Figure 3.16: Measurement scheme for the March 11 2011 earthquake in the Tohoku
region (Japan) (origin time: 05:46:23.00 UTC, mw = 9.0) recorded at the station
CMPO at a period of 4s (left) and 8s (right). (a) Full waveforms filtered with a
narrow Butterworth-Bandpass filter. Vertical component is plotted in red, horizon-
tal (radial) component is plotted in black. (b) Zoom of the waveform. Vertical
component is shifted in advance by a 90° phase. (c) Cross-correlation between the

Time (minutes)

Station: CMPO Period: 8s

= ple-4 ‘ Filtered H and V components
?E/ 1 — Hfiltered
[9] — Vfiltered
§ 0
g 1
s % 50 100 150 200 250
T 2 1e-4 Shifted V. component
5
£
80 81 82 83 84 85
10 Cross correlation and normalized HV envelope
0.51(©) - o N
0.0F-""ve~ccmon-- 2N LA Iy /0
= RZ Cross correlation
—0.5\/\\\/ - - Normal. H*V envelope
9% 81 82 83 84 85
10 Characteristic function
0.5((d)
0.0-w—\/\ W
-0.5 N
-1.0L ‘ ‘ ‘ ‘ ‘
80 81 82 83 84 85
= H/V envelope ratio
41(e)
3
2
1
%0 81 82 83 84 85

Time (minutes)

de-phased vertical component and horizontal component (solid line) and normal-

ized envelope of horizontal times vertical components.

Negative cross-correlation

indicates a prograde polarization of rayleigh waves. (d) Characteristic function, de-

fined as the product of envelope and cross-correlation. (e) H/V ratio between the

envelopes of horizontal and vertical component.

67



Station: CMPO Period: 12s Station: CMPO Period: 16s

= ple=3 Filtered H and V components = ple=3 Filtered H and V components

pet 17(3) — Hfitered Z (a) — Hfitered

g -1 g -1

5% 50 100 150 200 250 5% 50 100 150 200 250
£ 2le=8 Shifted V component £ 2le-3 Shifted V component

E 1 B

E 0 5 Oy

52 12 114 116 118 Sz T4 116 118 120 122

10 Cross correlation and normalized HV envelope 10 Cross correlation and normalized HV envelope
0'57 | - ~ -

[0 )00) A . RN N,—-i
050 : = o v svolpe
1o 12 114 116 18 O 4 Tie 118 120 122

10 Characteristic function 10 Characteristic function
0.51(d) [~ 0.5—(_(1)_/\/\/\/\
0_0_—_/ \——“/\ 0.0 \u\
-0.5- -0.5
1o 12 114 116 18 O 4 Tie 118 120 122

= H/V envelope ratio = H/V envelope ratio

4 U ey

21 —\/ 2

1+ 1 —

0 12 114 116 18 OFiz 414 16 18 120 122
Time (minutes) Time (minutes)

Figure 3.17: Measurement scheme for the March 11 2011 earthquake in the Tohoku
region (Japan) (origin time: 05:46:23.00 UTC, mw = 9.0) recorded at the station
CMPO at a period of 12s (left) and 16s (right). (a) Full waveforms filtered with
a narrow Butterworth-Bandpass filter. Vertical component is plotted in red, hori-
zontal (radial) component is plotted in black. (b) Zoom of the waveform. Vertical
component is shifted in advance by a 90° phase. (c) Cross-correlation between the
de-phased vertical component and horizontal component (solid line) and normalized
envelope of horizontal times vertical components. (d) Characteristic function, de-
fined as the product of envelope and cross-correlation. (e) H/V ratio between the
envelopes of horizontal and vertical component.
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3.6 Discussion and Conclusions

We measured ellipticity H/V of Rayleigh waves in Northern Italy in the period
range 10-110s using an automatic scheme that showed good capability of detection
and separation of fundamental mode of Rayleigh waves from the rest of the signal.
A large volume of high-quality teleseismic recordings in 2008-2014 has been used
and we investigated potential horizontal component misalignments in the seismic

stations used, which were found to be negligible.

Rayleigh wave ellipticity is sensitive to shallower structure than phase and group
velocity for the same period. It is mostly sensitive to vg, but it is also sensitive to
vp and density. However, the dependence of ellipticity on earth structure is more
complex than that of phase or group velocity, because sensitivity kernels change sign
with depth. Sensitivity to vg is typically negative near the surface and becomes
positive deeper in the crust, with a zero-crossing at some depth that depends on
the wave period (Figure 2.1). Hence, a shallow fast vg anomaly generates a low
ellipticity value, whereas the same fast anomaly at greater depths leads to a high

ellipticity value.

Our new measurements of H/V ratios show a good spatial coherency and excel-
lent correlation with geological features, and exhibit small-scale variations, possibly
highlighting small-scale heterogeneity. Locations of high ellipticity correspond to
regions of low velocity in the Po plain sedimentary basin. Conversely, seismically
faster hard rock regions in the Alps and Apennine mountain ranges show lower el-
lipticity values. Moreover, the observed ellipticity values also relate to the thickness
of the basement, as highlighted by differences in observations beneath the Alps and

the Apennines, notably for wave periods of T ~ 37 s.

Comparisons between observations and predicted H/V ratios for the MAMBo
model show a reasonable agreement in terms of the first order patterns, particularly
for the longest period data (T ~ 37 s). For the two shortest wave periods considered
(T ~ 10 s and 16s), the predictions for the Po Plain are larger than the observations
by a factor of four or more. This is due to the fact that for T ~ 10-13 s MAMBo
predicts an inversion from retrograde to prograde Rayleigh wave particle motion at
the surface in the Plain, where the vanishing amplitude of vertical component of
motion leads to a singularity in the ellipticity, and hence to very large predicted
values. Analysis of real data from the Plain allowing the detection of both retrograde
and prograde surface wave particle motions suggests possible detection of prograde
particle motion. However, the mix of weak teleseismic earthquake signals with
ambient noise at the predicted transition periods complicates the interpretation
of the results. Future work should be carried out analysing the polarisation and

ellipticity of both earthquake and ambient noise data, including azimuthal analyses,
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which are beyond the scope of this study. Nevertheless, when robust detections
of inversion periods are confirmed, they could provide key information about the
structure of sedimentary basins, notably about their thickness.

In order to test whether ellipticity depends only on the structure beneath the
receiver station for realistic 3-D Earth models, we use our technique to compute
Rayleigh ellipticity using accurate theoretical seismograms calculated using the
Spectral Element Method for a recent 3-D mantle model and a global crustal 3-D
Earth model. Our results show an overall good agreement between the measure-
ments on the 3-D synthetics and the ray theory, local receiver structure predictions,
within the measurement errors. These tests help us further validate our technique.
A significant step of the Moho under the Northern Apennines has been shown to
reflect laterally surface waves in the 15-20 s period band (Stich and Morelli, 2007)
and has been imaged from time reversal of reflected surface waves along the axial
zone of the mountain chain (Stich et al., 2009). Such a strong and sharp lateral
gradient of structure could possibly perturb ellipticity measurements, but we find
no clear indication of that in our measurements. However, actual sensitivity of el-
liptical polarisation parameters in situations far from a flat layered medium, or its
smooth perturbations, still have to be explored in detail.

Besides an overall fair agreement between theoretically predicted and observed
values, we also image geographically coherent deviations from expectations. This
makes us conclude that ellipticity may indeed represent an appropriate tool for
improving knowledge of shallow crustal structure. The strong non-linearity of its
dependence, represented by highly variable sensitivity kernels, may grant resolution,
but make the inversion more complex. Joint inversion with other observables —
such as surface wave group and phase velocities, or body wave receiver functions —

may result beneficial to this extent.
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Chapter 4

Inversion for shear-wave

velocity

4.1 Inversion technique

As we have seen in the previous chapter, ellipticity shows a highly non-linear be-
haviour. This is evident looking at the vg sensitivity kernels (fig.2.1): they depend
on the local structure, and they change sign at a relatively shallow depth, so that,
say, a low-velocity layer may cause positive or negative H/V change depending on
the actual (unknown) velocity profile. For this reason we must use a complete non-
linear inversion technique to obtain vg profiles from ellipticity curves. Therefore we
follow a Monte Carlo approach, in particular we employ the neighbourhood algo-
rithm. This method, implemented by Sambridge (1999), samples the model space
iteratively in a very efficient way: in the first stage the system pick randomly a set
of models inside the parameter ranges set by the user. For every model it solves
the forward problem, calculating the theoretically-expected observations (for us, a
theoretical ellipticity curve found by modal summation, following Herrmann, 2013)
and compares them with the observed data to calculate the misfit between observed
and synthetic data. The best models found are then used to re-sample the model
space iteratively, re-sampling at every step around the best models found. The final

ensemble of models will be denser around the best model found.

4.1.1 Forward problem

We calculated the theoretical ellipticity curve for each model sampled by modal
summation using the algorithm implemented by Herrmann (2013). This fast and
efficient algorithm uses a 1D flat layered model to calculate the eigenfunctions at the

receiver. As we have shown in the previous chapter, we can consider that ellipticity
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of the fundamental mode only depends on the structure at the receiver, without the

need of a modelisation of the structure at the source and along the wave path.

4.1.2 Cost function

The inversion process is based on the minimisation of a cost function, that indicates
the ability of a model to fit the observed data. Minimising the distance, in data
space, between observed and theoretical values using the L? norm can lead to un-
realistic results, with rough models showing too large variations between adjacent
layers and vg decrease with depth. This behaviour is common in solving inverse
problems and is due to under-determination: many models fit the data equally well
or, however, within data errors. A possible and well known solution to this is-
sue consists of searching only relatively smooth models, under the assumption that
they are more realistic and simpler, hence preferable on the basis of Occam’s rule
(Constable et al., 1987). We implement this condition by adding a term to our
cost function, expressing a will to also keep model roughness (represented by its

curvature) minimum when fitting observed data:

€= ZMJFAZ(%U—1)—2vs(j)+vs(j+1))2 (4.1)

i=1 ( Jj=2

Here N is the number of measurements, d; is the observed data, g(m;) is the the-
oretical ellipticity value for the m model, A is a scale factor, P is the number of
parameters and vg is the shear-wave velocity. The first term is the misfit between
observed and synthetic data. The second term represents the model roughness, as
the norm of its second derivative implemented by a finite-difference operator. The
scale factor, A, needs to be chosen. There may be different ways to find the most
appropriate value for A (the original implementation of Occam’s razor searches the
smoothest model that fits data within data errors) but for this experiment we easily
find a best value so that the models attain good fit to the data without unrealistic

oscillations.

4.2 Parameterisation

To calculate the theoretical ellipticity curve we need to parametrise the crust as
a layered model with flat, parallel, laterally uniform, isotropic layers. We chose a
simple parametrisation based on the one proposed by Lin et al 2012 (see tab. 4.1).
Thickness of the layers are fixed because ellipticity has a weak sensitivity to layers’

thickness. We inverted vg only and calculate vp and density as a function of vg
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Layer Thickness (km) Vs
1 3-+elevation Inverted (gradient)
2 8 Inverted (gradient)
3 [Moho - (thick 1 + thick 2)]/2 Inverted
4 [Moho - (thick 1 + thick 2)]/2 Inverted

Table 4.1: Parameterisation of the crust used in the inversions. vp and density are
calculated from vg by Brocher relations (Brocher 2005)

by empirical relations (Brocher 2005). We parameterised vg in the first two layers
with a gradient and we inverted for the vg at the top and at the bottom of the
layers. Third and fourth layers have constant vg. We fixed the moho depth to the
value of Epcrust (Molinari 2011) and we used for the upper mantle the values of
Epmantle (Schivardi 2011). We also take into account the altitude of the stations

increasing the thickness of the first layer by the elevation value.

4.3 Synthetic test

To verify the ability of the inversion algorithm to select the best models and to
validate the parameterisation chosen we first perform a synthetic test. We select
a 7true” complex model and we calculate an ellipticity curve. Then we use the
synthetic curve as observed data and invert it using the technique described before.
In fig.4.1 we show to the left the best models found (red profile) compared to the
true model (green profile). All the models sampled are plotted in light grey. Models
that fit the data within 10 times the best cost function found are plotted in darker
grey. To the right we show the ”observed” data (black circles) compared to the
ellipticity curve for the best model found (red line) and the ellipticity curve from
models with cost function down 10 times the best one. We conclude that our non
linear inversion scheme is indeed able to reconstruct the model that originated a
given ellipticity curve. The neighbourhood algorithm explores a wide model space
and indicates, as a result, a rather narrow domain of acceptable models, very close

to the true one.

75



Station: SYNT Models plotted: 9629
Min1c(§)st function: 0.03

Oy
N
5| “\\\
10+ 05l
15;
£ 20, 1S
P L o0} —
Q. ()]
8 25¢ 19
30t
35 -0.5
40} 1
== Best model === H/V from best model
Y 123456 O . 102
Vs (km/s) Period (s)

Figure 4.1: Synthetic test results. On the left: best vg profile found (red line)
compared with the true model used for the test (green line). Gray lines are all
the model sampled during the inversion procedure. On the right: ”observed data”
obtained from the true model (black circles), H/V calculated from the best model
found (red line).

4.4 Inversion results

We inverted the ellipticity curve for stations in northern Italy (see previous chapter)
using the inversion technique described before. We obtain a wvg profile for each
station and we compare them with the most recent models available for this region:
MAMBo (Molinari et al 2015a) and MOL15 (Molinari et al 2015b). For details

about the models see chapter 1.

In fig.4.2a and b we show as an example the results for two station, CMPO, in
the center of the Po Plain and BNI, in the western Alps. The best model found
in the inversion is plotted in red, model MAMBo is plotted in blue, MOL15 in
green. We also show in shadows of grey the models that obtained a cost function
up to 10 times the best one. CMPO results show a very good agreement between
our results and MAMBo model at the shallowest depth, down to 4 km. At larger
depths our results are slower than the values predicted by MAMBo. Conversely,
comparing with MOL15, we see a bad agreement at shallow depth, down to 7 km
and a better agreement between 7 and 37 km. We may point out that model MOL15

is the result of inversion of surface-wave dispersion data, that may not have best
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sensitivity to the shallowest few km of the structure, and may be considered more
reliable at lower-crustal depths. BNI shows in general a better agreement between
the three models. This is probably due to the simpler structure of the Alps where
no sedimentary layer at the surface. The three models are mostly flat and the
predicted ellipticity curves do not show great differences with the observed data.
We show in fig.4.3 and 4.4 and fig.4.5 and 4.6the inversion results for all the stations
used in this study at four depths, compared with the values of MAMBo and MOL15

respectively.
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Figure 4.4: Triangles: vg of the best model found for each station at different depths.
Background: map of vg from MAMBo model at the same depth.
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Figure 4.5: Triangles: vg of the best model found for each station at different depths.
Background: map of vs from MOL15 model at the same depth.
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Figure 4.6: Triangles: vg of the best model found for each station at different depths.
Background: map of vs from MOL15 model at the same depth.
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Figure 4.2: Best model found for station CMPO (a) and BNI (b) compared with
MAMBo model (blue line) and MOL15 (green). Gray models are all the models
sampled with cost function up to 10 times the best one.
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Figure 4.3: Triangles: vg of the best model found for each station at different depths.
Background: map of vg from MAMBo model at the same depth.
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4.5 Discussion and conclusions

Results plotted in fig.4.3 and 4.4 show that for small depth there is a good agreement
between vg obtained in the plain and reference MAMBo values. Slow velocities of
~ 0.5-1.0 results at 0.5 km depth for station CMPO. At this depth values slightly
higher then expected result for stations CAVE, SBPO, MNTV and OPPE, in the
central part of the plain. A similar trend is observed at 1.5 km depth. At larger
depths it becomes evident that stations on the Apennines show a generally lower vg
than stations on the Alps. This is probably due to the different geology of the two
chains: Apennines are composed mostly by metamorphic and compact sedimentary
rocks while Alps are made of granite-crystalline rocks. It is also notable that at 3
and 5 km depth stations on the southern part of the Alps show a slower vg than
northern (and higher) Alps. This is probably due to the different composition of
the geological structure of the Italian Prealps, made of sediments and metamorphic
rocks.

Looking at the comparison with ambient noise model in figure 4.5 and 4.6, we
notice that the minimum depth described by the model is 3 km because of the deeper
sensitivity of phase velocity used in the tomography. We can notice also that model
MOL15 is much smoother than MAMBo, because it has a regional scale covering the
whole Italian territory with a resolution of 0.1° x 0.1°. Comparisons in this case
should consider the difference in resolution: our ellipticity bring information on
local, shallow, structure beneath each station, while MOL15 represents a smoother
shear-wave velocity field best resolved at a larger horizontal scale and larger depth.

These results show good ability of the inversion to infer the shallowest part
of the crust with a good fit with observed data. Resolution rapidly decreases at
depth larger than 15 - 20 km. This simple parametrization with 4 layers permits a
fast and efficient Monte Carlo inversion, with the Nearest Neighbourhood sampling
technique, with very short computational time (~ 10 minutes in a small cluster
with 20 CPUs).

Because of its strong shallow sensitivity ellipticity measurements appear to be a
good tool to update and calibrate the pre-existing model MAMBo, that has a very
detailed layer structure. But we need to find a more appropriate parameterisation,
than the one used here to derive velocity profiles. Also, velocities profiles beneath
each station refer to totally different geological structures, from the sedimentary
basin of the plain to the crystalline rocks of the Alps. It would not be realistic to
just interpolate shear-wave velocity between stations, at each depth, without any
account for known geological structure. We therefore choose to change the setting
of the inversion using exactly the same layered structure of MAMBo and modify

the seismic parameters inside each layer.
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Chapter 5

Calibrating MAMBo with
Rayleigh ellipticity: inversion

with shape constraints

5.1 Introduction

In the previous chapter we used a simple parameterisation of vg as a function of
depth to invert ellipticity curves. Such a simple scheme was a good pilot study to
evaluate the ability of H/V measurements to retrieve information on the shallow
structure of the crust, but it is not functional for building a new crustal model.
The study region has a very complex shallow structure and it cannot be described
using a simple 4-layers scheme. The Po Plain is made by the superposition of a
number of sedimentary layers, from the shallowest most recent loose sediment layer
to the oldest, more compact mesozoic layer. The use of the same parameterisation
beneath all the stations can not give the possibility of any interpolation between
them: For example two stations, one located on the plain and one on the mountain,
will give information on vg at a certain depth, but the information will be related to
different geological structures and they cannot be interpolated to obtain a continue
information between them. We then choose to start from a previous 3D model of the
plain, MAMBo (Molinari et al 2015), and update it using the information given by
the ellipticity measurements, but keeping the same parameters (and volume shapes)
as in the original model. Velocities in MAMBo layers only depend on depth on the
basis of pre-assigned profiles: we build here also lateral variations (see chapter 2).
In this chapter we describe in detail the MAMBo model and the updating procedure

by the inversion of ellipticity curves.
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5.2 MAMBo model

v_ (km/s V. (km/s)
A o b) 5 . P 4 )5 6 0 1 ° 2 3 4
Quaternary 0 Y
Pliocene = .
7 -4
-6 -6
Paleocene | B
< -10 -10
=
: % = Loose sediment
Mesozoic Q12 =©— Quaternary =Ie
14 =&- Pliocene -14
£ Oligo-Miocene
-16} | =—4—Paleocene -16
Basement . Mesozoic _18
B —e— Basement
-20 -20

Figure 5.1: Picture from Molinari et al., 2015b. a) stratigraphic column of the Po
Plain. b) Gradients of vp and vg relative to each stratigraphic layer.

The seismic model MAMBo covers a region of around 600 km by 300 km in
northern Italy. It describes with a resolution of 1 km the Po Plain area and the
surrounding regions. It is made of a maximum of 6 superposed sedimentary lay-
ers lying on a crystalline basement:they are named Loose sediments, Quaternary,
Pliocene, Oligo-Miocene, Paleocene and Mesozoic, from the shallowest and most
recent to the deepest and oldest. The stratigraphic column is shown in Figure 5.1a.
The thickness of each layer varies laterally but it could also be equal to zero when
the layer does not exist. Together with the high-resolution geometrical description
of the layers of the plain (called “objects”), the model is made of an ensemble of
“rules” giving the velocities and density gradients inside each layer (Figure 5.1b).
All the geological layers but the loose sediment one, have a simple velocity pro-
file with two linear slopes. The shallower gradient is higher than the lower because
seismic velocities and density increase more rapidly at shallower depth. These gradi-
ents have been derived by laboratory studies and empirical measurements (Brocher,
2005) and, within each layer, they do not change with geographical position. Con-
sequently inside each layer there will not be any later variation at a certain depth.
The lateral variations of seismic parameters in the earth’s crust will only be given
by the different layer structure. In this study we have used the same layered struc-
ture as MAMBo and we inverted ellipticity curves to gain information about lateral

variations of the rules associated to each layer.
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5.3 Inversion

For each station we invert the ellipticity data shown in chapter 2 using the same
non-linear technique described in the previous chapter. For each station we use the
layer structure by MAMBo and we invert for the shear-wave velocities inside each
layer. We keep the slope coefficient unchanged because ellipticity did not show a
high sensitivity to it, especially for very thin layers. We then scale proportionally
the shear-wave velocity profile by the same factor, changing the intercept param-
eters gq; and ¢o. For each iteration we calculate the theoretical ellipticity curve
expected for the model sampled and we compare it with the observed data. Assum-
ing Gaussian uncertainty in measurements, represented by uncorrelated variances
0332 for measurements ¢ = 1,...N, and a similar Gaussian uncertainty on the a
priori model MAMBo, represented by uncorrelated variances 0}&2 on model param-
eters j = 1, ... P, the classical least squares solution is found by minimising the cost
function (Tarantola, 2005):

lgm) = dI2, o + 1l = mprior| 12, (5.1)

(where diagonal matrices CBI and 0;41 are formed by 052 and 05\42 respectively),

that can be simplified as:

N i i P j J 2
(gl (m) — djybs)z <mj - mpm‘or)
=T
i=1 oD j 573

Where g¢(m) is the expected valued for the sampled model calculated by modal
summation, d’,  is the observed data, 0%, is the error associated to the measurement.
The first part defines the misfit between observed data and expected values for the
model sampled while the second part defines the difference between the model and
the apriori model. During the inversion process the system will minimise the cost
function and it will produce an ensemble of models that fit the dataset. As before,
to tackle the non-linearity of the functional g(m), we use the neighbourhood direct-

search method (Sambridge, 1999) to sample the model space.

5.4 Results

We show in detail results for stations CMPO and PRMA. The first is in the eastern
part of the plain, close to the Adriatic Sea, the second in the center, close to the
southern edge of the plain. In fig. 5.2 and fig. 5.3 on the left we see the best model
found (solid line) compared to MAMBo model (dashed line) in grey we show all the

models sampled. On the right hand side we show the observed data with error bars
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Figure 5.2: Inversion results for vs wvelocity for station CMPO. On the left: best
model found (black line) compared to MAMBo (dashed line). In gray all the models
sampled during the inversion process. On the right: observed data (black circles
with error bars) compared to H/V synthetic values from MAMBo (dashed line) and
H/V synthetic values from best model found (black solid line).

and the synthetic data for both MAMBo (dashed line) and best model found (solid
line). CMPO best model shows a faster structure than MAMBo down to around
4 km and a slower vg in the deeper crust. For station PRMA we notice a similar
shape, with faster layers on the top of the profile and slower vg below. For both
stations H/V values predicted by MAMBo are much higher then the observed data.
This is due to the instability of H/V around the polarization inversion period, as
we explained in chapter 2, where relatively small changes in structure may result

in very different polarisation characters.
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Figure 5.3: Inversion results for vg wvelocity for station PRMA. On the left: best
model found (black line) compared to MAMBo (dashed line). In gray all the models
sampled during the inversion process. On the right: observed data (black circles
with error bars) compared to H/V synthetic values from MAMBo (dashed line) and
H/V synthetic values from best model found (black solid line).

5.5 MAMBo-E

We applied the inversion scheme to all the stations available and we obtained an
updated shear-wave velocity profiles beneath each station, through adjustments of
the original parameters. We then interpolate the values obtained using a Ordinary
Kriging scheme (Davis 2002). This interpolation technique is widely used in geo-
sciences as it has been built to characterise geographic areas without information
in the case of uneven distribution of geological data. We then build a new model
putting together the MAMBo objects and the rules derived by the kriging interpo-
lation of the inversion results. As a result a new model contains the same layers
as before, but with lateral variations within each layer, as we show in fig. 5.4. We
plot here the percentage variation of MAMBo-E as a respect to MAMBo.

The loose sediment layer (fig.5.4a) do not show a big difference to MAMBo, all the
variations are smaller than 2.5%. This is probably due to the very small thickness of
this layer that cause a very low sensitivity. We notice that for the Quaternary and
Pliocene layers (fig.5.4b and c) vg of MAMBo-E is in general faster then MAMBo
with a variation of ~ 10—25%. The central part of the plain, around MNTV, SBPO
and CAVE stations is faster then the other part of the basin. The Oligo-Miocene
layer (fig.5.4d)has very small variations with respect to MAMBo in the eastern part
of the plain, while it is faster in the western part. The Mesozoic layer (fig.5.4¢e) has
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a similar shape, with faster shear-wave velocity on the western-northern part of
the plain and lower velocity on the eastern-southern part, possibly due to different
composition of Alpine sediments that went into the sin-orogenic foreland basin. The
magnetic basement layer (fig.5.4f) shows lower vg under the plain, especially in the
western area (around MONC and ROTM stations).

Layer: Loose_sediment Layer: Quaternary
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Figure 5.4: Delta Vi between MAMBo-E and MAMBo for loose sediment layer (a),
Quaternary layer (b), Pliocene layer (c), Oligo-Miocene layer (d), Mesozoic layer
(e) and magnetic basement (f)
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5.5.1 Vertical cross-sections
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Figure 5.5: Section of model MAMBo (top) and MAMBo-E (bottom)

We show a few vertical cross-sections, cut through both the original MAMBo
(top panels), and the calibrated MAMBo-E models (bottom panels). A detailed
discussion of the geological implications of the variations mapped here is beyond
the scope of the present study. We may however briefly point out some of the most
relevant features. We focused on the shallowest crust down to 10 km where the
most relevant differences are.

MAMBo-E shows a general higher shear-wave velocity compared to MAMBo,
especially in the plain. Differences with MAMBo are more evident in the eastern
part of the plain (sections C, D, E and F) at shallow depth.

At section A (figure 2.4) a high-velocity zone is evident beneath station MONC,
at &~ 125 km from A point. This area corresponds roughly with the Monferrato
Arc, an outer arc of northern Apennines (see section 1.1).

Another high-velocity zone is visible in the eastern part of the plain at around
375 km from G and H points (figure 5.8 and 5.9). This area corresponds to the
Eastern extremity of the Ferrara-Romagna Arc, the fold system that caused the

2012 Emilia seismic sequence (see chapter 1).
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Figure 5.6: Section of model MAMBo (top) and MAMBo-E (bottom)

0o 1 2 3 4 0o 1 2 3 4

Depth (km)

Depth (km)

100 150
Distance from E (km) Distance from F (km)

(a) (b)
Figure 5.7: Section of model MAMBo (top) and MAMBo-E (bottom)
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Figure 5.8: Section of model MAMBo (top) and MAMBo-E (bottom)
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Figure 5.9: Section of model MAMBo (top) and MAMBo-E (bottom)
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5.5.2 Depth sections

We show here a few sections, cut at constant depth, of vg of both MAMBo and
calibrated MAMBo-E. The same main features observed in the cross-sections are
visible here. vg is in general higher for model MAMBo-E than MAMBo and differ-
ences are much more evident for shallow depth in the plain. In all the depth sections
we can notice the high-velocity zone in the western part of the Po Plain, around the
point with coordinates 8.4°E - 45°N. This corresponds to the Monferrato Arc. The
other high-velocity zone is located in the south-eastern part of the plain, around the
point with coordinates 11.5°E - 44.5°N. This feature is visible at 4 km, 6 km and
8 km (figure 5.11, 5.12 and 5.13) and corresponds to the Eastern Ferrara-Romagna
Arc There are no reliable differences between MAMBo and MAMBo-E beneath the
Alps at larger depth (e.g. 6 - 8 km).
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Figure 5.10: Shear-velocity at 2 km of depth for MAMBo (a) and MAMBo-E (b)
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Figure 5.11: Shear-velocity at 4 km of depth for MAMBo (a) and MAMBo-E (b)
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Figure 5.12: Shear-velocity at 6 km of depth for MAMBo (a) and MAMBo-E (b)
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Figure 5.13: Shear-velocity at 8 km of depth for MAMBo (a) and MAMBo-E (b)

5.5.3 Ellipticity maps

We calculate by modal summation (Herrmann, 2013) the theoretical ellipticity from
both MAMBo and calibrated MAMBo-E for four periods: 11 s, 16 s, 25 s and 38 s
(figures 5.14, 5.15, 5.16 and 5.17) compared to real measurements of ellipticity.

Obviously MAMBo-E theoretical values show a good agreement with real data,
since measurements have been used for retrieve the calibration of the model. Small
discrepancies are still visible between observations and predictions, especially at
shortest periods (e.g. stations CMPO and FAEN). This is possibly due to the
Ordinary Kriging interpolation that smooths the model between the stations to
obtain a realistic model.

For shortest periods (e.g. 11 s and 16 s) MAMBo produces very high and
unrealistic H/V values that are not present any more in calibrated model MAMBo-
E.
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Figure 5.14: Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 11s period.
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Ellipticity, T=16s
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Figure 5.15: Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 165 period.
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Ellipticity, T=25s
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Figure 5.16: Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 25s period.
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Ellipticity, T=38s
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Figure 5.17: Ellipticity observed (circles) compared to expected values for MAMBo
(a) and MAMBo-E (b) at 38s period.
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5.5.4 Cross correlation

We compare here observed H/V ratios with theoretical values calculated by modal
summation (Herrmann, 2013) from MAMBo (left panel) and MAMBo-E (right
panel) at four periods: 11 s, 16 s, 25 s and 38 s (figures 5.18a,b,c and d). On the
top of each panel there is the Pearson correlation coefficient between predictions
and observations. As expected stations in the plain (blue dots) show the largest
differences between MAMBo and MAMBo-E predictions. For all the periods the
correlation for MAMBo-E is bigger than for MAMBo.
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Figure 5.18: Comparison between observed ellipticity (y azes) and synthetic ellip-
ticity calculated on MAMBo (on the left, x axis) and MAMBo-E (on the right, ©
axis) for 11 s (a), 16 s (b), 25 s(c), 38 s (d).

5.5.5 Phase and group velocities

Finally we plot the phase and group velocities computed by modal summation for
model MAMBo and MAMBo-E for four periods: 6 s, 10 s, 16 s and 24 s. Seismic
stations used in this study are plotted with black dots.
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Figure 5.19: Phase velocity at period T = 6 s for model MAMBo (a) and MAMBo-E
(b), group wvelocity for model MAMBo (c¢) and MAMBo-E (d). Black dots indicate
the seismic stations used in this work.

We see that the features observed in the depth and cross sections are still visible,
both in group and phase velocities maps. MAMBo-E has in general faster velocities.
The same high-velocities zones seen in the section are visible here, especially at a
period of 10 s. One is located in the south-eastern part of the plain, close to the
Adriatic Sea and it visible also at longer periods (16 and 24 s). The other is located
in the western part of the plain, in the Monferrato Area, around the point with
coordinates 8.4°E - 45°N. Smaller discrepancies between MAMBo and MAMBo-E

are visible on the Alps.
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Figure 5.20: Phase velocity at period T = 10 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (¢) and MAMBo-E (d). Black dots indicate
the seismic stations used in this work.
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Figure 5.21: Phase velocity at period T = 16 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (c¢) and MAMBo-E (d). Black dots indicate

the seismic stations used in this work.
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Figure 5.22: Phase velocity at period T = 24 s for model MAMBo (a) and MAMBo-
E (b), group velocity for model MAMBo (c¢) and MAMBo-E (d). Black dots indicate

the seismic stations used in this work.
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5.6 Discussion

The inversion method proposed here showed a good ability of retrieve shear-wave
profiles under the plain. We have obtained an updated version of MAMBo, MAMBo-
E, that shows quite large discrepancies from the starting model especially in deep-
sedimentary areas and small depth. This was expected since the depth sensitivity
of ellipticity is concentrated in the first few kilometres. Because of this, this method
was particularly reliable in this geological setting. Moreover the reliability of the
updated model is not uniform: the distribution of the station network is not even
so in some areas, like in the western Po Plain, the new model is not totally reli-
able. Ellipticity only gives information on the structure beneath the station, so no
information is given in areas between to far stations. A joint inversion with phase
and group velocity measurements from ambient noise can compensate the uneven
station coverage and give a better illumination of the study area, both laterally and
vertically, because of deeper sensitivity. The model MAMBo-E has to be validated
by comparison with an independent dataset, like dispersion curves, to evaluate its

resolution and ability of reproducing real data.
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Conclusions

This study was aimed to set up a reliable system to use ellipticity of Rayleigh waves,
a relatively little-know parameter of seismic surface waves, to improve the knowledge
of the shallow crustal structure of northern Italy. A detailed knowledge of the
shallowest part of the crust is indeed crucial for seismic hazard and ground-shaking
prediction in sedimentary settings like Po Plain, the largest sedimentary basin in
Italy. This became particularly clear after the 2012 Emilia sequence, that showed
that even intermediate-magnitude events can impact seriously on the anthropic and

economic infrastructure.

To achieve our purpose we firstly implemented a method for measuring elliptic-
ity on teleseismic records based on a schemes originally proposed by Tanimoto &
Rivera (2008). One of the main difficulties to overcome consists on how to separate
the fundamental mode of Rayleigh waves from overtones and other arrivals in the
wave train. We validated the method comparing the values measured on synthetics
with theoretical expected values. The comparison showed a good capability of the
method to separate and measure the ellipticity of Rayleigh waves for crustal earth-
quakes. Some discrepancy has been found for deeper earthquakes. The method is
very selective so a large dataset is needed for coherent statistical analysis of the
results. Noisy stations needs at least 100-150 large events to yield a stable and
reliable average of measurements.

We widely applied the measurement scheme to a total of 95 seismic stations in
northern Italy located both on the valley and on the mountains. For each station we
selected earthquakes with magnitude My, > 5.0 and epicentral distance between 10
and 140 degrees that occurred from January 2008 to December 2014. We measured
ellipticity on all available data in the period range between 10 s and 110 s. We found
a clear correlation between higher values of ellipticity and shallow sedimentary
structures, particularly evident at shorter periods. This confirms the hypothesis
that H/V ratio is mostly sensitive to the shallowest part of the crust, as shown
from the sensitivity kernels (figure 2.1).

We verify that ellipticity does not depend on the wave path or on the seismic

source, as expected from ray-theory. We compared ellipticity values measured on

107



synthetics computed by numerical simulations done with a spectral-element code
(SpecFem3D Globe, Komatitsch & Tromp, 2002; Peter et al. 2011) using the 3D
global model SGLOBE-rani (Chang et al., 2015) with ellipticity measured on syn-
thetics calculated by modal summation from 1D models computed at the receiver.
We found no discrepancies between ellipticity from 3D and 1D models, showing
that indeed only the structure at the receiver affects ellipticity measurements.

We then studied the phenomenon of the inversion of particle motion polariza-
tion of Rayleigh waves from retrograde (normal) motion to prograde motion. We
calculated the transition period in the study area and we found values in the range
2 s — 16 s, compatible with the values found by Tanimoto & Rivera (2005) for the
Los Angeles basin. We found a clear correlation between longer transition periods
and thicker sedimentary layers. Direct observation of the polarity inversion on real
data was difficult due to the low signal amplitude in earthquake recordings in this
period range, together with higher level of ambient noise for stations located on the
plane, where the inversion is expected.

We then inverted the ellipticity curves as a function of period to obtain a vg
profile for the crust beneath each station. We used a completely non-linear in-
version technique (the Neighbourhood Algorithm by Sambridge 1999) because of
the high non-linearity of the problem, shown by the sensitivity kernels (figure 2.1).
Parametrization of the crust has been a particularly critical issue because of the
non-linearity of ellipticity. We followed two approaches.

First, we used a simple 4-layers parametrization, the same for all the stations,
with Moho depth fixed to values from previous studies (EPCrust by Molinari &
Morelli 2011). The profiles obtained show a general good agreement with previous
results like MAMBo and phase and group velocity tomography from ambient noise
measurements. However, these results cannot be directly and optimally used for
constructing a new 3D model of the whole area, as such an endeavour would involve
wide interpolation between stations. We recall here that the information we have
derived, are to be referred as profiles beneath stations, geographically point-like in
their nature (or relative to, say, areas one wavelength wide). To fill an entire 3D vol-
ume thus entails interpolation in regions with no stations — of which unfortunately
there are wide expanses in the inner plain.

We then followed a different approach: we kept the same layer structure of
MAMBo (Molinari et al., 2015) and we inverted for vg inside each geological layer.
The parameterisation was then different for each station, both for layer thickness
and the number of layers. We used the results to update the MAMBo model and
obtain a new model that better reproduces ellipticity measurements.

The results obtained demonstrated that ellipticity of Rayleigh waves is an im-

portant tool for the study of the shallowest part of the crust, particularly useful in
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sedimentary terrains.

The inversion of ellipticity alone showed a good capability to yield a profile for
vg. A joint inversion of ellipticity with phase and group velocity could improve the
sensitivity in depth, illuminating the whole crust down to the Moho. Such a joint
inversion on the other hand will loose the advantage of using a totally single-station
technique.

There are still some open issues: The new model obtained, MAMBo-E, is indeed
successful in better reproducing ellipticity. However, it still awaits a wider validation
using propagating surface waves, i.e. group and/or phase velocity measurements,
to investigate its ability to fit other independent data. This may efficiently be done
using ambient noise correlation, but such an analysis is beyond the scope of the
present study.

The lateral resolution of ellipticity is still an open issue: we point out that H/V
depends only on the structure beneath each receiver station. This is shown by ray
theory. However, once we look at finite-frequency effects we expect that a lateral
area of sensitivity — in fact, a Fresnel zone — should be involved. These details need
further significant efforts to be clarified. In preliminary numerical simulations,
we found that a region of influence indeed exists, where a sharp perturbation of
structure shows its effects, but such exploratory results need extensive work to be
put in a clear and consistent picture. Such an investigation, also, is well beyond
the scope of the present study.

The elongation ratio of elliptically-polarised Rayleigh-wave particle motion is a
little-known, and hence seldom used, observable sensitive to shallow earth structure.
Its measurement can be done in a reliable and robust way, without large difficulties.
Measured values can then be efficiently used to retrieve information, mainly about
shear-wave velocity, beneath each station, with a depth that of course depends
on the specific frequency band of each measurement. Sensitivity of ellipticity is
shallower, and hence complementary, to that of phase or group velocity. We think
therefore that ellipticity has excellent prospects for wider use for retrieval of crustal

structure, especially in sedimentary basin environments.
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