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Abstract

In the present work a new approach for the analysis of polarization of

seismic signals is proposed. The method is based on Independent Com-

ponent Analysis and allows the identification and separation of the basic

sources, which are naturally polarized into the vertical and horizontal

planes. The results from the case study of a swarm of volcano-tectonic

earthquakes occurred at Campi Flegrei in October 2015 are impressive: a

clear separation of the P- and S-wave seismic phases in the time domain

is obtained. In addition, the efficiency of the method in retrieving the

polarization parameters is demonstrated by the comparison with other

standard techniques. The presented approach provides wavefield decom-
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position and polarization analysis in a single step, thus avoiding a priori

cumbersome filtering procedures and segmentation of the signals. It is

useful for discriminating and analysing different seismic phases and can be ap-

plied to a variety of volcanic and tectonic signals, therefore it can strongly

support all the studies on propagation and source mechanism. Moreover, due to its

fastness and robustness this stand-alone tool can be routinely used in the volcano

monitoring practice.
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1 Introduction1

The decomposition of the seismic wavefield into basic components finds several2

applications in source and path seismological studies. Unambiguous identifi-3

cation of P- and S-wave-packets is necessary for a precise detection of the first4

arrival time (Moriya and Niitsuma, 1996; Anant and Dowla, 1997), which5

is so crucial in earthquake location and tomography. Moreover, analysis of6

separate P- and S-wave data provides important information in estimating7

the subsurface elastic properties (Wang et al., 2002). The discrimination of8

the seismic phases is also relevant in volcanic signals, where the waveforms9

contain information of both source and path/site (Chouet , 2003; Kawakatsu10

and Yamamoto, 2007). In that case, the wavefield decomposition separates11

the different contributions, allowing the study of the source processes as12

well as the properties of the propagation medium. Several techniques have13
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been proposed for the separation and extraction of P- and S-wave-packets,14

among the others: wave-theoretical methods in the frequency-wave number15

domain (Robertsson and Curtis , 2002; Wapenaar et al., 1990) or transforma-16

tions of multi-component seismic data in the τ -p domain (Wang et al., 2002),17

all requiring the knowledge of the velocity model and the density of the re-18

ceivers. Starting from the seminal work ofMontalbetti and Kanasewich (1970),19

who used the polarization features of seismic signals to enhance20

body waves, polarization analysis has been widely applied for the seismic21

phases discrimination and extraction of specific wave-packets in both tec-22

tonic and volcanic environments, thus contributing to constrain the source23

geometry and mechanism. In addition, among the polarization-based tech-24

niques, more sophisticated approaches involving the discrete wavelet trans-25

form (DWT) have successfully provided automatic detection and separation26

of seismic phases. Anant and Dowla (1997) applied DWT to the seis-27

mograms recorded by a three-component short-period seismic sta-28

tion in the Sonseca array (Spain) to estimate P- and S-wave arrivals29

of regional earthquakes. Galiana-Merino et al. (2007) used a sim-30

ilar approach to obtain reliable estimation of the azimuth of the31

P-wave arrivals for local earthquakes detected by the short-period32

seismic network of Alicante (Spain). An interesting application in a33

volcanic area was presented by D’Auria et al. (2010), who imple-34

mented an automatic separation technique based on DWT to suc-35

cessfully detect and locate Very-Long-Period events at Stromboli36

volcano (Italy).37

In the last years, Independent Component Analysis (ICA), a technique used38

in advanced signal processing for the separation of statistically independent39
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sources (Hyvärinen et al., 2001), has found relevant developments in geo-40

physical applications and particularly in the seismological context. For the41

first time, ICA was successfully applied by Acernese et al. (2003,42

2004) to the seismic signals recorded at Stromboli volcano, provid-43

ing the separation of the basic wave-packets and demonstrating the44

radiality of the explosion-quake wavefield. Further applications to45

Strombolian-like explosions can be found in De Lauro et al. (2009),46

who obtained a spectral decomposition into three basic signals re-47

lated to the source at Erebus volcano. Fundamental self-oscillation48

modes with well defined spectral contents were also detected in the49

Long-Period (LP) signals associated with the volcanic activity of50

Colima volcano (De Lauro et al., 2012b). In those works, the au-51

thors were able to perform a fine polarization analysis by band-52

pass filtering the original seismic signals around the main peaks of53

the spectrum of each Independent Component (IC). Synthetic sig-54

nals were instead used by Van Der Baan (2006) to test the ICA55

performance for PP and PS wavefield separation in a simple three-56

layer model. Recently, many significative results have been obtained57

from the application of ICA to seismic signals at Campi Flegrei:58

automatic event detection performed by CICA (Convolutive ICA)59

improved the completeness of seismic catalogue relative to a huge60

swarm of LP events occurred in October 2006 (Ciaramella et al.,61

2011). An extension of such methodology was proposed to analyse62

massive datasets for discriminating VT activity among other nat-63

ural and/or artificial sources (Capuano et al., 2016a). In addition,64

constraints provided by the IC decomposition into the main spec-65

tral components contributed to the study of the source mechanism66
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and location of the LPs. (De Lauro et al., 2012a; Capuano et al.,67

2016b).68

In this paper, the efficiency of ICA in decomposing a wavefield into69

basic wave-packets naturally polarized in the vertical and horizontal70

planes is shown, proving that these components correspond to the71

principal seismic phases. In this way, for the first time, a clear iden-72

tification and separation of the P and S waveforms in time domain73

is provided. Hereinafter, we refer to this approach as ”ICA-based74

Polarization” (ICAP), and we will show that the polarization pa-75

rameters can be calculated directly by applying ICA in such an inno-76

vative way. In particular, the attention is focused on VT earthquakes,77

but in principle the method can be extended to other volcanic (LPs,78

hybrids, explosion-quakes, tremor) or tectonic signals. VTs are usually79

generated by brittle failure on a fault and their wavefield is mainly composed80

of P and S phases with impulsive or emergent onsets, depending on the depth81

and propagation path. Deep VT events generally show clear arrivals, on the82

contrary for shallow VTs sometimes it is hard to detect the S-wave phase83

(Wassermann, 2012).84

The main goal of our work is the discrimination of the principal seismic phases85

(P and S) without any a priori knowledge of the velocity model. The proposed86

procedure provides separate wave-packets with enhanced signal-to-noise ra-87

tio (SNR), allowing a first raw estimate of the azimuth of the first arrivals,88

as well as fast particle motion and polarization analysis avoiding any further89

filtering and/or segmentation operations. As case study, the VT earthquakes90

of a recent seismic swarms occurred at Campi Flegrei in October 2015 were91

selected. We compare the ICA results with those deriving from routinary P92
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and S pickings, as well as with the reliable location available for these events.93

The refined results provided by ICA with respect to those obtained by stan-94

dard techniques indicate that the method can be introduced as a suitable and95

flexible tool of analysis in support of the daily observatory practice and to96

improve the monitoring of high-risk volcanic areas.97

2 Data and methods98

Recent seismic activity at Campi Flegrei volcanic complex has been mainly99

characterized by swarms of VT earthquakes and LP events (for more de-100

tails see, Saccorotti et al. (2007); Falanga and Petrosino (2012)). Since the101

unrest phase started in 2005, several sequences of VTs have been observed;102

these earthquakes are strongly clustered in few hours or even in few minutes103

and their low-energy (magnitudes up to 2.5) makes sometimes difficult their104

discrimination in the background noise as well as the picking of the seismic105

phases. They are usually located in the area of Solfatara-Pozzuoli, up to 4 km106

of depth (Saccorotti et al., 2007; D’Auria et al., 2011). The present work107

considers the VT earthquakes occurred during the seismic swarm at Campi108

Flegrei which started on 2015, 7th October and lasted about two hours. It109

consisted of 33 events with magnitudes ranging from -1.1 to 2.5; the most en-110

ergetic events were felt by the population. The earthquakes were located north111

of the Pozzuoli town, along the eastern rim of the Solfatara crater, at depths112

between 1.1 and 2.3 km b.s.l. (Fig. 1). The data-set was collected by113

seven three-component broadband seismic stations managed by the Istituto114

Nazionale di Geofisica e Vulcanologia-Osservatorio Vesuviano (INGV-OV).115

Data pre-processing consisted in removing trend and mean from the116
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VT seismograms, filtering in the 1-20 Hz band and cutting them with a117

10-s-long time window starting 1 s before the event onset. Because of the short118

duration of the low-energy earthquakes, this time window contains the whole119

wavefield.After the pre-processing procedure, we applied ICA to each120

VT. The method exploits the notion of maximum nongaussianity for121

recognizing mutually statistically independent unknown source sig-122

nals from instantaneous mixtures. That goal is achieved by adopting123

techniques, which involve higher-order statistics (Hyvärinen et al.,124

2001). The data model in the general case of n mixtures and m125

sources is:126

xi(t) =
m∑
j=1

Aijsj(t), for i = 1, ..., n (1)127

where xi(t), sj(t) and Aij are the mixtures, the unknown sources and128

the mixing matrix, respectively.129

Instead considering one direction of motion at all stations as usu-130

ally done, we treated the North-South (NS), East-West (EW) and131

Vertical (Z) direction of motion at each station as instantaneous132

mixtures (x). The ICA output is represented by three independent133

signals corresponding to the basis vectors (s). The estimated coeffi-134

cient matrix A accounts for the amplitude of that independent wave135

at each location (station) and for each direction of motion. Hence,136

we got nine signals with proper amplitudes: three (IC1, IC2 and137

IC3; hereinafter ICs) for each direction of motion (NS, EW and Z).138

An example of original seismograms and extracted ICs is shown in139

Fig. 2.140

For each station, we estimated the direction of the ground motion141
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for both the raw data and the ICs. The particle motion of the raw data142

was obtained for three time windows: the first one starts from the P-wave ar-143

rival and ends before the arrival of the S phase (duration fixed to 0.7 s, which144

corresponds approximately to the S-P lag time); the second one starts at145

the S-wave time picking and has a duration 0.5 s; the third one starts 0.5146

s after the S-phase arrival and lasts 0.5 s. We will refer to these three time147

windows as TW1, TW2 and TW3, respectively. The particle motion of the148

three ICs was determined without a windowing procedure, but using149

the entire 10-s-long time window. To overcome the permutation indeterminacy150

of the ICA model (Hyvärinen et al., 2001), we first estimated the horizontal-151

to-vertical amplitude ratios (H/V) for each IC. This also allows to establish152

on which plane (vertical or horizontal) the largest amount of motion occurred.153

On the basis of these results (H/V minimum or maximum), each of the three154

ICs was associated with the: 1) maximum (or primary) vertical component155

(PVC); 2) primary horizontal component (e.g. the horizontal component with156

the maximum amplitude; PHC); 3) secondary horizontal component (SHC).157

Following the ICAP approach, the azimuth and incidence angle of158

the polarization vector were directly calculated from the ratio of the159

amplitude coefficients of the mixing matrix A. On the other hand,160

we also estimated the polarization parameters of the raw data by us-161

ing the standard method of the covariance matrix (Montalbetti and162

Kanasewich , 1970). By diagonalizing this matrix, one can evaluate163

the azimuth of the polarization vector (clockwise from the North,164

with an ambiguity of 180o) and the incidence angle between the165

polarization vector and the vertical axis. These parameters were166

retrieved for time windows of 0.5 s of duration sliding along the167

10-s-long signals, with an overlap of 50%. The polarization features168
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inferred by the standard covariance method were compared with169

those obtained directly form the ICs.170

3 Results171

The directions of ground motion of the raw data and the ICs are172

compared in Fig. 3. For almost all the stations, the particle motion of the173

PVCs corresponds to the particle orbit of TW1, similarly the hodograms re-174

lated to the PHCs well reproduce the ground motion direction retrieved from175

TW2. There is also a good agreement between the particle motion calculated176

on TW3 and that relative to the SHCs. These results prove that ICA well177

decomposes the seismic wavefield in the vertical and horizontal planes and the178

ICs, clearly polarized, correspond to wave-packets containing different seismic179

phases. It is relevant that this separation is achieved without segmentation180

of the signals, but automatically using the entire seismograms. Moreover, this181

also implies that the ICA-based approach overcomes the problem to identify182

the best filter bands, which enhance the different seismic phases.183

The azimuth of the particle motion in the horizontal plane can be used for184

constraining the epicentral area of the earthquake source. In order to com-185

pare the azimuths retrieved from the particle motion of the three ICs with186

those corresponding to the true location, we also calculated the station-to-187

source azimuths by using the epicenter coordinates inferred from a 3D-grid188

location procedure (Lomax et al., 2000). The results relative to seven selected189

events, chosen among those with the best SNR and for which waveforms were190

available from the largest number of seismometers (so providing reliable lo-191

cation), are plotted in Fig. 4. The plot highlights that for each station, at192
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least one of the extracted IC has an azimuth compatible with that retrieved193

from the location, thus pointing towards the VT source. Since this direction194

corresponds to that of the particle motion of the raw data in TW1 (the time195

window containing the VT onsets), that particular IC component (which is196

also the one with the largest amount of motion in the vertical plane, PVC)197

has de facto extracted the P-wave. Moreover, in almost all the cases, ICA also198

extracts a component whose hodogram in the horizontal plane is oriented at199

about 90o with respect to the station-to-source direction, coherent with the200

particle motion of the raw signal in TW2 and likely associated with the S201

phase. Overall, ICA separates components with well defined azimuth values,202

mainly along the station-to-source and the orthogonal directions. It is in-203

teresting to note that in some cases the directions retrieved from204

the polarization analysis and from the location procedures slightly205

differ. This behaviour has been also observed in other volcanic areas206

and it is associated to the presence of lateral heterogeneities in the207

propagation medium or to local velocity structure anomalies under208

the receivers. The azimuthal discrepancies can be up to 60-100o, as209

observed by the analysis of regional earthquakes (Saccorotti et al.,210

2001) and shot data (Yeguas et al., 2011) at Deception Island vol-211

cano (Antarctica). The high degree of geological heterogeneity of212

the Campi Flegrei caldera strongly control wave propagation (De213

Siena et al., 2010; Tramelli et al., 2010; Petrosino et al., 2012),214

possibly causing the observed discrepancies in the azimuthal direc-215

tion.216

Further constraints on the directional properties of the wavefield217

come from the results of the polarization analysis. For each station,218

the statistical distribution of both azimuth and incidence angles for the most219
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energetic earthquake is shown as example in Fig. 5. For the raw data, the220

broader statistical distributions of the polarization parameters are221

related to an uncomplete separation among the seismic phases (P,222

S, surface and coda waves) composing the wavefield. On the contrary,223

each IC (and hence each basic source) shows well defined azimuth and in-224

cidence angle values that overall correspond to the most recurrent statistical225

values retrieved for the raw data. Similar behavior is also observed for226

all the events of the swarm, as further supported by the cumulative227

distribution of the polarization parameters. In Fig. 6, the rose plots of228

the azimuths and the histograms of the incidence angles are shown for all the229

events and stations. As already observed for the single event, the statistical230

distributions of the raw data are more disperse (blue rose plots), while those231

relative to the ICs are narrower and peaked on particular values. For both232

the data sets, we estimated the statistical variance. Depending on233

the station, the percentage differences of the variance of the raw234

data compared with the ICs ranges from 2 up to 50% for the az-235

imuth and from 7 to 30% for the incidence angle, thus confirming236

that the polarization parameters of the raw data are more spread237

out than those relative to the ICs. Predominant values of azimuth238

and incidence angles of the ICs correspond to the most populated bins for239

the polarization attributes of the raw data. Most of the IC azimuths are240

oriented towards the source or along the direction at about 90o, supporting241

the hypothesis that the extracted ICs are the separate main seismic242

(P and S) phases.243
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4 Concluding remarks244

This work is devoted to the wavefield decomposition of VTs at245

Campi Flegrei into basic source signals and the identification of246

their characteristics. We show that ICA provides fast separation of247

the wave-packets naturally polarized in the vertical and horizontal248

planes, allowing to obtain the predominant directional properties of249

the ground motion. As already observed by Capuano et al. (2016b),250

who compared the performance of ICA with other blind source sep-251

aration methods, the technique provides robust and reliable results252

in the extraction of the basic sources, even in case of low SNR.253

This topic was extensively tackled in De Lauro et al. (2005), who254

demonstrated that deterministic harmonic signals can be recognized255

in a noise with an amplitude 1000 times higher; the threshold is re-256

duced to 100 in the case of nonlinear systems. Our work provides257

more insight into the wavefield decomposition obtained by ICA. In-258

deed, focusing on VT events characterized by a few distinct seismic259

phases, we show that ICA applied to the three directions of motion260

as input is able to recognize basic wave-packets corresponding to261

separate P and S seismic phases at individual station. On this basis,262

we propose a novel approach, ICAP, which consists in the estimate263

of the polarization parameters directly from the ICs, overcoming264

De Lauro et al. (2009, 2012b) who applied the standard polariza-265

tion filter to the original traces, considering only the information266

about the spectral content of basic sources (ICs).267

The results presented in our work indicate that ICA is a useful (statistical-268
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based) tool for directly retrieving radiation pattern and polarization features269

of the seismic signals, avoiding to choose a priori parameters such as the270

length of time windows or the frequency bands for segmentation and filter-271

ing operations. Moreover, no modeling (source/velocity structure) is required272

for the recognition of the seismic phases. For these purposes, ICA repre-273

sents a stand-alone toobox and does not need to be combined with274

other standard techniques. These advantages make the technique suitable275

for speditive waveform analysis and real-time implementation, thus sup-276

porting the routine observatory practice. In addition, for an appropriate277

seismic network geometry (e.g., surrounding the source) the estimate of the278

azimuth of the first arrivals inferred by using ICA can constrain the source279

position and provide a prompt raw estimate of the epicenter. More in general,280

the ICs, extracted waveforms with enhanced SNR ratio, can be used as input281

signals for further analyses, such as refining arrival picking (e.g. for282

travel-time tomography), improved localization, and moment tensor283

inversion. The good performance shown by ICA in decomposing relatively284

complex wavefield such as that of VTs into simpler wave-packets makes us285

confident that the method can be extended to other kinds of volcanic (e.g.286

LP and hybrid events, tremor) and tectonic signals for separating the differ-287

ent components of the wavefield, thus leading to a better estimation of the288

propagation effects and significantly contributing to the study of the seismic289

source.290
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Fig. 1. Map of Campi Flegrei with the locations of the seismic stations

(blue triangles) used for the analysis and the epicenters (blue circles) of

the VT earthquakes.
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Fig. 2. Seismograms of the earthquake recorded on 2015 October 7th, 07:37 GMT

at PESG station (blue line), and the three extracted ICs (red=IC1, green=IC2,

magenta=IC3) for each direction of motion.
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Fig. 3. Comparison between the particle motion of the raw data and the ICs, for

the earthquake recorded on 2015 October 7th, 07:37 GMT at PESG station. In each

row of the figure, the hodograms (EW-NS, NS-Z, EW-Z) of the raw signal (blue

line) are calculated in TW1, TW2 and TW3, respectively. The trajectory of the

three ICs is represented in red for IC1, green for IC2 and magenta for IC3.
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Fig. 4. Station-to-epicenter (blue circles) and particle motion azimuth angles of the

three ICs (crosses; red=IC1, green=IC2, magenta=IC3) for seven earthquakes of

the October 2015 seismic swarm.
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Fig. 5. Rose diagrams of the polarization azimuth and relative frequency histograms

of the incidence angle calculated for the raw signals (blue) and each of the three ICs

(red=IC1, green=IC2, magenta=IC3). The bins of the rose plots and histograms

were set equal to 20o, to account for the uncertainties in the angle values. The results

are relative to the most energetic earthquake of the swarm occurred on October 7th,

07:37 GMT.
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Fig. 6. Cumulative distribution of the polarization parameters (rose plots for the

azimuths and bar plots for the incidence angles) for the raw seismograms (blue

shaded) and the ICs (full yellow). The blue ellipse encompasses the epicentral

area of the VTs.
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Abstract

In the present work a new approach for the analysis of polarization of seismic

signals is proposed. The method is based on Independent Component Analysis and

allows the identification and separation of the basic sources, which are naturally

polarized into the vertical and horizontal planes. The results from the case study

of a swarm of volcano-tectonic earthquakes occurred at Campi Flegrei in October

2015 are impressive: a clear separation of the P- and S-wave seismic phases in the

time domain is obtained. In addition, the efficiency of the method in retrieving the

polarization parameters is demonstrated by the comparison with other standard

techniques. The presented approach provides wavefield decomposition and polariza-

tion analysis in a single step, thus avoiding a priori cumbersome filtering procedures
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and segmentation of the signals. It is useful for discriminating and analysing differ-

ent seismic phases and can be applied to a variety of volcanic and tectonic signals,

therefore it can strongly support all the studies on propagation and source mech-

anism. Moreover, due to its fastness and robustness this stand-alone tool can be

routinely used in the volcano monitoring practice.

Key words:

Independent Component Analysis, Wavefield decomposition, P and S waveform

separation, Location and polarization estimates, Seismic source

1 Introduction1

The decomposition of the seismic wavefield into basic components finds several2

applications in source and path seismological studies. Unambiguous identifi-3

cation of P- and S-wave-packets is necessary for a precise detection of the first4

arrival time (Moriya and Niitsuma, 1996; Anant and Dowla, 1997), which is5

so crucial in earthquake location and tomography. Moreover, analysis of sep-6

arate P- and S-wave data provides important information in estimating the7

subsurface elastic properties (Wang et al., 2002). The discrimination of the8

seismic phases is also relevant in volcanic signals, where the waveforms con-9

tain information of both source and path/site (Chouet , 2003; Kawakatsu and10

Yamamoto, 2007). In that case, the wavefield decomposition separates the dif-11

ferent contributions, allowing the study of the source processes as well as the12

properties of the propagation medium. Several techniques have been proposed13

for the separation and extraction of P- and S-wave-packets, among the oth-14

ers: wave-theoretical methods in the frequency-wave number domain (Roberts-15

∗ Corresponding author e-mail: simona.petrosino@ingv.it
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son and Curtis , 2002; Wapenaar et al., 1990) or transformations of multi-16

component seismic data in the τ -p domain (Wang et al., 2002), all requiring17

the knowledge of the velocity model and the density of the receivers. Starting18

from the seminal work of Montalbetti and Kanasewich (1970), who used the19

polarization features of seismic signals to enhance body waves, polarization20

analysis has been widely applied for the seismic phases discrimination and ex-21

traction of specific wave-packets in both tectonic and volcanic environments,22

thus contributing to constrain the source geometry and mechanism. In addi-23

tion, among the polarization-based techniques, more sophisticated approaches24

involving the discrete wavelet transform (DWT) have successfully provided au-25

tomatic detection and separation of seismic phases. Anant and Dowla (1997)26

applied DWT to the seismograms recorded by a three-component short-period27

seismic station in the Sonseca array (Spain) to estimate P- and S-wave arrivals28

of regional earthquakes. Galiana-Merino et al. (2007) used a similar approach29

to obtain reliable estimation of the azimuth of the P-wave arrivals for local30

earthquakes detected by the short-period seismic network of Alicante (Spain).31

An interesting application in a volcanic area was presented by D’Auria et al.32

(2010), who implemented an automatic separation technique based on DWT33

to successfully detect and locate Very-Long-Period events at Stromboli vol-34

cano (Italy).35

In the last years, Independent Component Analysis (ICA), a technique used36

in advanced signal processing for the separation of statistically independent37

sources (Hyvärinen et al., 2001), has found relevant developments in geophys-38

ical applications and particularly in the seismological context. For the first39

time, ICA was successfully applied by Acernese et al. (2003, 2004) to the40

seismic signals recorded at Stromboli volcano, providing the separation of the41
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basic wave-packets and demonstrating the radiality of the explosion-quake42

wavefield. Further applications to Strombolian-like explosions can be found in43

De Lauro et al. (2009), who obtained a spectral decomposition into three basic44

signals related to the source at Erebus volcano. Fundamental self-oscillation45

modes with well defined spectral contents were also detected in the Long-46

Period (LP) signals associated with the volcanic activity of Colima volcano47

(De Lauro et al., 2012b). In those works, the authors were able to perform48

a fine polarization analysis by band-pass filtering the original seismic signals49

around the main peaks of the spectrum of each Independent Component (IC).50

Synthetic signals were instead used by Van Der Baan (2006) to test the ICA51

performance for PP and PS wavefield separation in a simple three-layer model.52

Recently, many significative results have been obtained from the application of53

ICA to seismic signals at Campi Flegrei: automatic event detection performed54

by CICA (Convolutive ICA) improved the completeness of seismic catalogue55

relative to a huge swarm of LP events occurred in October 2006 (Ciaramella et56

al., 2011). An extension of such methodology was proposed to analyse massive57

datasets for discriminating VT activity among other natural and/or artificial58

sources (Capuano et al., 2016a). In addition, constraints provided by the IC59

decomposition into the main spectral components contributed to the study60

of the source mechanism and location of the LPs. (De Lauro et al., 2012a;61

Capuano et al., 2016b).62

In this paper, the efficiency of ICA in decomposing a wavefield into basic wave-63

packets naturally polarized in the vertical and horizontal planes is shown,64

proving that these components correspond to the principal seismic phases. In65

this way, for the first time, a clear identification and separation of the P and S66

waveforms in time domain is provided. Hereinafter, we refer to this approach67
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as ”ICA-based Polarization” (ICAP), and we will show that the polarization68

parameters can be calculated directly by applying ICA in such an innovative69

way. In particular, the attention is focused on VT earthquakes, but in principle70

the method can be extended to other volcanic (LPs, hybrids, explosion-quakes,71

tremor) or tectonic signals. VTs are usually generated by brittle failure on a72

fault and their wavefield is mainly composed of P and S phases with impulsive73

or emergent onsets, depending on the depth and propagation path. Deep VT74

events generally show clear arrivals, on the contrary for shallow VTs sometimes75

it is hard to detect the S-wave phase (Wassermann, 2012).76

The main goal of our work is the discrimination of the principal seismic phases77

(P and S) without any a priori knowledge of the velocity model. The proposed78

procedure provides separate wave-packets with enhanced signal-to-noise ratio79

(SNR), allowing a first raw estimate of the azimuth of the first arrivals, as well80

as fast particle motion and polarization analysis avoiding any further filtering81

and/or segmentation operations. As case study, the VT earthquakes of a recent82

seismic swarms occurred at Campi Flegrei in October 2015 were selected. We83

compare the ICA results with those deriving from routinary P and S pickings,84

as well as with the reliable location available for these events. The refined85

results provided by ICA with respect to those obtained by standard techniques86

indicate that the method can be introduced as a suitable and flexible tool87

of analysis in support of the daily observatory practice and to improve the88

monitoring of high-risk volcanic areas.89
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2 Data and methods90

Recent seismic activity at Campi Flegrei volcanic complex has been mainly91

characterized by swarms of VT earthquakes and LP events (for more de-92

tails see, Saccorotti et al. (2007); Falanga and Petrosino (2012)). Since the93

unrest phase started in 2005, several sequences of VTs have been observed;94

these earthquakes are strongly clustered in few hours or even in few minutes95

and their low-energy (magnitudes up to 2.5) makes sometimes difficult their96

discrimination in the background noise as well as the picking of the seismic97

phases. They are usually located in the area of Solfatara-Pozzuoli, up to 498

km of depth (Saccorotti et al., 2007; D’Auria et al., 2011). The present work99

considers the VT earthquakes occurred during the seismic swarm at Campi100

Flegrei which started on 2015, 7th October and lasted about two hours. It101

consisted of 33 events with magnitudes ranging from -1.1 to 2.5; the most102

energetic events were felt by the population. The earthquakes were located103

north of the Pozzuoli town, along the eastern rim of the Solfatara crater, at104

depths between 1.1 and 2.3 km b.s.l. (Fig. 1). The data-set was collected by105

seven three-component broadband seismic stations managed by the Istituto106

Nazionale di Geofisica e Vulcanologia-Osservatorio Vesuviano (INGV-OV).107

Data pre-processing consisted in removing trend and mean from the VT seis-108

mograms, filtering in the 1-20 Hz band and cutting them with a 10-s-long109

time window starting 1 s before the event onset. Because of the short du-110

ration of the low-energy earthquakes, this time window contains the whole111

wavefield. After the pre-processing procedure, we applied ICA to each VT.112

The method exploits the notion of maximum nongaussianity for recognizing113

mutually statistically independent unknown source signals from instantaneous114
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mixtures. That goal is achieved by adopting techniques, which involve higher-115

order statistics (Hyvärinen et al., 2001). The data model in the general case116

of n mixtures and m sources is:117

xi(t) =
m∑
j=1

Aijsj(t), for i = 1, ..., n (1)118

where xi(t), sj(t) and Aij are the mixtures, the unknown sources and the mix-119

ing matrix, respectively.120

Instead considering one direction of motion at all stations as usually done,121

we treated the North-South (NS), East-West (EW) and Vertical (Z) direction122

of motion at each station as instantaneous mixtures (x). The ICA output is123

represented by three independent signals corresponding to the basis vectors124

(s). The estimated coefficient matrix A accounts for the amplitude of that125

independent wave at each location (station) and for each direction of motion.126

Hence, we got nine signals with proper amplitudes: three (IC1, IC2 and IC3;127

hereinafter ICs) for each direction of motion (NS, EW and Z). An example of128

original seismograms and extracted ICs is shown in Fig. 2.129

For each station, we estimated the direction of the ground motion for both130

the raw data and the ICs. The particle motion of the raw data was obtained131

for three time windows: the first one starts from the P-wave arrival and ends132

before the arrival of the S phase (duration fixed to 0.7 s, which corresponds133

approximately to the S-P lag time); the second one starts at the S-wave time134

picking and has a duration 0.5 s; the third one starts 0.5 s after the S-phase135

arrival and lasts 0.5 s. We will refer to these three time windows as TW1, TW2136

and TW3, respectively. The particle motion of the three ICs was determined137

without a windowing procedure, but using the entire 10-s-long time window.138

To overcome the permutation indeterminacy of the ICA model (Hyvärinen139
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et al., 2001), we first estimated the horizontal-to-vertical amplitude ratios140

(H/V) for each IC. This also allows to establish on which plane (vertical or141

horizontal) the largest amount of motion occurred. On the basis of these re-142

sults (H/V minimum or maximum), each of the three ICs was associated with143

the: 1) maximum (or primary) vertical component (PVC); 2) primary horizon-144

tal component (e.g. the horizontal component with the maximum amplitude;145

PHC); 3) secondary horizontal component (SHC).146

Following the ICAP approach, the azimuth and incidence angle of the polariza-147

tion vector were directly calculated from the ratio of the amplitude coefficients148

of the mixing matrix A. On the other hand, we also estimated the polarization149

parameters of the raw data by using the standard method of the covariance150

matrix (Montalbetti and Kanasewich, 1970). By diagonalizing this matrix, one151

can evaluate the azimuth of the polarization vector (clockwise from the North,152

with an ambiguity of 180o) and the incidence angle between the polarization153

vector and the vertical axis. These parameters were retrieved for time win-154

dows of 0.5 s of duration sliding along the 10-s-long signals, with an overlap155

of 50%. The polarization features inferred by the standard covariance method156

were compared with those obtained directly form the ICs.157

3 Results158

The directions of ground motion of the raw data and the ICs are compared159

in Fig. 3. For almost all the stations, the particle motion of the PVCs corre-160

sponds to the particle orbit of TW1, similarly the hodograms related to the161

PHCs well reproduce the ground motion direction retrieved from TW2. There162

is also a good agreement between the particle motion calculated on TW3 and163
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that relative to the SHCs. These results prove that ICA well decomposes the164

seismic wavefield in the vertical and horizontal planes and the ICs, clearly po-165

larized, correspond to wave-packets containing different seismic phases. It is166

relevant that this separation is achieved without segmentation of the signals,167

but automatically using the entire seismograms. Moreover, this also implies168

that the ICA-based approach overcomes the problem to identify the best filter169

bands, which enhance the different seismic phases.170

The azimuth of the particle motion in the horizontal plane can be used for171

constraining the epicentral area of the earthquake source. In order to com-172

pare the azimuths retrieved from the particle motion of the three ICs with173

those corresponding to the true location, we also calculated the station-to-174

source azimuths by using the epicenter coordinates inferred from a 3D-grid175

location procedure (Lomax et al., 2000). The results relative to seven selected176

events, chosen among those with the best SNR and for which waveforms were177

available from the largest number of seismometers (so providing reliable lo-178

cation), are plotted in Fig. 4. The plot highlights that for each station, at179

least one of the extracted IC has an azimuth compatible with that retrieved180

from the location, thus pointing towards the VT source. Since this direction181

corresponds to that of the particle motion of the raw data in TW1 (the time182

window containing the VT onsets), that particular IC component (which is183

also the one with the largest amount of motion in the vertical plane, PVC)184

has de facto extracted the P-wave. Moreover, in almost all the cases, ICA also185

extracts a component whose hodogram in the horizontal plane is oriented at186

about 90o with respect to the station-to-source direction, coherent with the187

particle motion of the raw signal in TW2 and likely associated with the S188

phase. Overall, ICA separates components with well defined azimuth values,189

mainly along the station-to-source and the orthogonal directions. It is inter-190
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esting to note that in some cases the directions retrieved from the polarization191

analysis and from the location procedures slightly differ. This behaviour has192

been also observed in other volcanic areas and it is associated to the pres-193

ence of lateral heterogeneities in the propagation medium or to local velocity194

structure anomalies under the receivers. The azimuthal discrepancies can be195

up to 60-100o, as observed by the analysis of regional earthquakes (Saccorotti196

et al., 2001) and shot data (Yeguas et al., 2011) at Deception Island volcano197

(Antarctica). The high degree of geological heterogeneity of the Campi Flegrei198

caldera strongly control wave propagation (De Siena et al., 2010; Tramelli et199

al., 2010; Petrosino et al., 2012), possibly causing the observed discrepancies200

in the azimuthal direction.201

Further constraints on the directional properties of the wavefield come from202

the results of the polarization analysis. For each station, the statistical dis-203

tribution of both azimuth and incidence angles for the most energetic earth-204

quake is shown as example in Fig. 5. For the raw data, the broader statistical205

distributions of the polarization parameters are related to an uncomplete sep-206

aration among the seismic phases (P, S, surface and coda waves) composing207

the wavefield. On the contrary, each IC (and hence each basic source) shows208

well defined azimuth and incidence angle values that overall correspond to the209

most recurrent statistical values retrieved for the raw data. Similar behavior is210

also observed for all the events of the swarm, as further supported by the cu-211

mulative distribution of the polarization parameters. In Fig. 6, the rose plots212

of the azimuths and the histograms of the incidence angles are shown for all213

the events and stations. As already observed for the single event, the statistical214

distributions of the raw data are more disperse (blue rose plots), while those215

relative to the ICs are narrower and peaked on particular values. For both the216

data sets, we estimated the statistical variance. Depending on the station, the217
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percentage differences of the variance of the raw data compared with the ICs218

ranges from 2 up to 50% for the azimuth and from 7 to 30% for the incidence219

angle, thus confirming that the polarization parameters of the raw data are220

more spread out than those relative to the ICs. Predominant values of az-221

imuth and incidence angles of the ICs correspond to the most populated bins222

for the polarization attributes of the raw data. Most of the IC azimuths are223

oriented towards the source or along the direction at about 90o, supporting224

the hypothesis that the extracted ICs are the separate main seismic (P and225

S) phases.226

4 Concluding remarks227

This work is devoted to the wavefield decomposition of VTs at Campi Fle-228

grei into basic source signals and the identification of their characteristics. We229

show that ICA provides fast separation of the wave-packets naturally polar-230

ized in the vertical and horizontal planes, allowing to obtain the predominant231

directional properties of the ground motion. As already observed by Capuano232

et al. (2016b), who compared the performance of ICA with other blind source233

separation methods, the technique provides robust and reliable results in the234

extraction of the basic sources, even in case of low SNR. This topic was exten-235

sively tackled in De Lauro et al. (2005), who demonstrated that deterministic236

harmonic signals can be recognized in a noise with an amplitude 1000 times237

higher; the threshold is reduced to 100 in the case of nonlinear systems. Our238

work provides more insight into the wavefield decomposition obtained by ICA.239

Indeed, focusing on VT events characterized by a few distinct seismic phases,240

we show that ICA applied to the three directions of motion as input is able to241
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recognize basic wave-packets corresponding to separate P and S seismic phases242

at individual station. On this basis, we propose a novel approach, ICAP, which243

consists in the estimate of the polarization parameters directly from the ICs,244

overcoming De Lauro et al. (2009, 2012b) who applied the standard polariza-245

tion filter to the original traces, considering only the information about the246

spectral content of basic sources (ICs).247

The results presented in our work indicate that ICA is a useful (statistical-248

based) tool for directly retrieving radiation pattern and polarization features249

of the seismic signals, avoiding to choose a priori parameters such as the250

length of time windows or the frequency bands for segmentation and filter-251

ing operations. Moreover, no modeling (source/velocity structure) is required252

for the recognition of the seismic phases. For these purposes, ICA represents253

a stand-alone toobox and does not need to be combined with other stan-254

dard techniques. These advantages make the technique suitable for speditive255

waveform analysis and real-time implementation, thus supporting the routine256

observatory practice. In addition, for an appropriate seismic network geometry257

(e.g., surrounding the source) the estimate of the azimuth of the first arrivals258

inferred by using ICA can constrain the source position and provide a prompt259

raw estimate of the epicenter. More in general, the ICs, extracted waveforms260

with enhanced SNR ratio, can be used as input signals for further analyses,261

such as refining arrival picking (e.g. for travel-time tomography), improved262

localization, and moment tensor inversion. The good performance shown by263

ICA in decomposing relatively complex wavefield such as that of VTs into264

simpler wave-packets makes us confident that the method can be extended265

to other kinds of volcanic (e.g. LP and hybrid events, tremor) and tectonic266

signals for separating the different components of the wavefield, thus leading267

to a better estimation of the propagation effects and significantly contributing268
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to the study of the seismic source.269
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Fig. 1. Map of Campi Flegrei with the locations of the seismic stations (blue trian-

gles) used for the analysis and the epicenters (blue circles) of the VT earthquakes.
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Fig. 2. Seismograms of the earthquake recorded on 2015 October 7th, 07:37 GMT

at PESG station (blue line), and the three extracted ICs (red=IC1, green=IC2,

magenta=IC3) for each direction of motion.
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Fig. 3. Comparison between the particle motion of the raw data and the ICs, for the

earthquake recorded on 2015 October 7th, 07:37 GMT at PESG station. In each

row of the figure, the hodograms (EW-NS, NS-Z, EW-Z) of the raw signal (blue

line) are calculated in TW1, TW2 and TW3, respectively. The trajectory of the

three ICs is represented in red for IC1, green for IC2 and magenta for IC3.
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Fig. 4. Station-to-epicenter (blue circles) and particle motion azimuth angles of the

three ICs (crosses; red=IC1, green=IC2, magenta=IC3) for seven earthquakes of

the October 2015 seismic swarm.
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Fig. 5. Rose diagrams of the polarization azimuth and relative frequency histograms

of the incidence angle calculated for the raw signals (blue) and each of the three ICs

(red=IC1, green=IC2, magenta=IC3). The bins of the rose plots and histograms

were set equal to 20o, to account for the uncertainties in the angle values. The results

are relative to the most energetic earthquake of the swarm occurred on October 7th,

07:37 GMT.
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Fig. 6. Cumulative distribution of the polarization parameters (rose plots for the

azimuths and bar plots for the incidence angles) for the raw seismograms (blue

shaded) and the ICs (full yellow). The blue ellipse encompasses the epicentral area

of the VTs.
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