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In this paper, we investigated ground motion directional amplification and

horizontal polarization using ambient noise measurements performed in the

northern sector of Ischia Island which suffered damage (VIII EMS) during the

21 August 2017, Md 4.0 earthquake. Over 70 temporary seismic stations were

installed by the INGV EMERSITO task force, whose aim is to monitor site effects

after damaging earthquakes in Italy. To investigate ground motion directional

amplification effects, we have applied three different techniques, testing their

performance: the HVSR calculation by rotating the two horizontal components,

the covariance matrix analysis, and time–frequency domain polarization

analysis. These techniques resulted in coherent outcomes, highlighting the

occurrence of directional amplification and polarization effects in two main

sectors of the investigated area. Our results suggest an interesting pattern for

groundmotion polarization, that is mainly controlled by recent fault activity and

hydrothermal fluid circulation characterizing the northern sector of the Ischia

Island.

KEYWORDS

site amplification effects, directional amplification, ground motion polarization,
Casamicciola earthquake, fault damage zone, coseismic ruptures

Highlights

• Directional amplification and ground motion amplification are investigated at the

Ischia Island after the 21 August 2017, Md 4.0 earthquake.

• Robust results were obtained by applying three analysis techniques in time and

frequency domains, revealing a good agreement.

• The directional amplification pattern and polarization are mainly controlled by

recent fault activity and hydrothermal fluid circulation.
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1 Introduction

Directional amplification refers to site amplification in the

frequency domain mainly occurring along a site-dependent

azimuth. Such effects have recently been observed at rock sites

at frequencies of engineering interest (1–10 Hz), with the number

of observations increasing worldwide. The main signature of this

effect is that the signal is amplified along a site-specific azimuth

in the horizontal plane, and the horizontal components of

ground motion show amplitudes exceeding three times the

vertical component (Pischiutta et al., 2012). Along the

amplified azimuth, the horizontal ground motion amplitude

exceeds 100% of the complementary azimuth angle. In the

time domain, directional amplification corresponds to linearly

polarized ground motion.

Such effects are often consistently observed on both

earthquake wavefield and ambient noise, suggesting that the

local subsoil geological structure plays the main role, rather

than being related to the earthquake/noise source and/or path.

Moreover, it was proven that directional amplification effects

could unexpectedly involve relevant areal extents, up to several

kilometers wide (Pischiutta et al., 2014), and a high number of

rock sites among stations of permanent seismic networks

(Burjànek et al., 2014a; Burjànek et al., 2014b; Pischiutta et al.,

2018).

Directional amplification has been observed so far in

different geological frameworks, such as 1) fractured rock

slopes/gravitational instabilities/landslides (Del Gaudio and

Wasowski, 2007; Moore et al., 2011, 2018; Burjánek et al.,

2012; Häusler et al., 2019), 2) fault damage zones (Pischiutta

et al., 2012; Hailemikael et al., 2016; Di Giulio et al., 2019;

Vignaroli et al., 2019), and 3) the volcanic environment

(Falsaperla et al., 2010; Petrosino et al., 2012; Panzera et al.,

2020; Petrosino & De Siena, 2021).

On fractured rock slopes, maximum amplification and

ground motion polarization transversal to large open fractures

associated with the movement of the slope instability are

observed in several papers (Burjánek et al., 2010 and many

others). Recently, Burjanek and Kleinbrod (2019) successfully

reproduced the observed transfer function on fractured rock

slopes by using three-dimensional numerical simulations of

seismic wave propagation. They confirmed that compliant

fractures can generate polarized ground motion and

maximum amplification transverse to their strike, the effect

being primarily controlled by the stiffness, depth, number of

fractures, and inertial mass of the fractured rock.

Similar effects were also observed across fault damage zones

(FDZs), with maximum amplification and polarization

transversal to the predominant fracture field held open by the

acting stress field (Martino et al., 2006; Rigano et al., 2008; Di

Giulio et al., 2009; Marzorati et al., 2011; Pischiutta et al., 2012;

Vignaroli et al., 2019; Panzera et al., 2014; Panzera et al., 2020),

such as due to stiffness anisotropy. This interpretation was

confirmed by comparison with S-wave splitting studies

(Pischiutta et al., 2015; Panzera et al., 2017) and by the

controlled-source seismic experiment involving polarized

seismic sources (Di Giulio et al., 2019).

However, we remark that across fault zones, apart from

directional amplification and polarization transversal to the

predominant fracture field, another well-known effect can

occur. It involves trapped waves by damaged rocks with high

crack density (Ben-Zion & Sammis 2003, and references therein),

and it is caused by the constructive interference of critically

reflected phases (Ben-Zion & Aki, 1990; Li & Leary 1990; Li et al.,

1997; Spudich & Olsen, 2001). This effect results in the time

domain in polarization parallel to the fault strike and in the

frequency domain, to directional amplification in a frequency

band depending on the velocity contrast between the fault zone

and host rock.

Furthermore, in the volcanic environment, recent studies

investigating temporal variations of ground motion polarization

suggested interesting outcomes. In these frameworks, the

presence of fluid flow in rock fractures generates local seismic

noise that progressively intensifies and causes a loss of

polarization (depolarization). This was mostly observed at

stations on fault zones where, in the absence of fluid flows,

ground motion exhibits polarization effects (Petrosino and De

Siena, 2021). Therefore, observed changes in polarization

strength patterns allowed Petrosino and De Siena (2021) to

map the stress build-up and release throughout time,

providing a technique to monitor fluid-driven processes at

stressed volcanoes.

In this paper, we study ground motion directional

amplification and polarization effects in Ischia Island, using

ambient noise recordings. We apply three different

techniques, testing their performance: the horizontal-to-

vertical spectral ratio (HVSR) calculation by rotating the two

horizontal components (Nakamura, 1989; Spudich et al., 1996),

the covariance matrix analysis (Kanasewich, 1981; Jurkevics,

1988), and the time–frequency domain polarization analysis

(Vidale, 1986; Burjànek et al., 2010).

1.1 Geological framework

Ischia is an active volcanic island on the northwestern side of

the Gulf of Naples and represents the subaerial portion of a

volcanic complex that was active since at least 150 ka B.P.

(Vezzoli, 1998). The island is characterized by numerous

effusive and explosive eruptions, with alternating periods of

quiescence (Tibaldi and Vezzoli, 1998; Vezzoli, 1998; Bruno

et al., 2002; Tibaldi and Vezzoli, 2004; de Vita et al., 2010).

The activity was dominated by the caldera-forming Green Tuff

eruption of 55 ka B.P, followed by at least 30 ka B.P. by block

resurgence within the caldera that finally created Mt. Epomeo

(787 m. a.s.l.) with an overall uplift of ca. 900 m. The last volcanic
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activity period started 10 ka B.P, with eruptions in the eastern

sector of the island including the most recent eruption of Arso in

1302 (de Vita et al., 2010).

Ischia is composed of volcanic rocks, epiclastic deposits, and

subordinate terrigenous sediments, reflecting a complex history

of alternating constructive and destructive phases. Lava and tuffs

are the more ancient rock of the island that comprise the

substratum for all the younger overlaying volcano-sedimentary

successions (Figure 1).

On 21 August 2017, a Md 4.0 (Mw 3.9) 1.4 km deep

earthquake struck Casamicciola Terme village, with the

hypocenter located inside the graben at the base of the N

flank of Mt. Epomeo. In this few square kilometer-wide

graben, seismic events have repeatedly occurred throughout

history with similar characteristics (Cubellis and Luongo,

1998; Alessio et al., 1999). This graben formed in the

Holocene as a consequence of the extensional tectonic

deformation and therefore, represents the stratigraphic and

morphological trace of active tectonics (Rittman, 1930;

Vezzoli, 1998; Tibaldi and Vezzoli, 1998; Sbrana et al., 2018).

It represents the long-term cumulative expression of repeated

earthquake surface faulting along two main systems (Nappi et al.,

2018a; Nappi et al., 2018b): 1) a parallel system of ENE-striking,

60°–85° N dipping synthetic faults, overall along the master fault

on the resurgent Mt. Epomeo N flank (slip-rate exceeding 3 cm/

yr between 33 kyr B.P and the present); and 2) a secondary

antithetic, southward dipping normal fault system.

Nappi et al. (2021) performed a detailed study of coseismic

effects and extensional faults, with the aim of formulating a

hypothesis on the seismogenetic source model for

2017 Casamicciola earthquake, even considering other

previous models based on deformation data (Sepe et al., 2007;

Calrderoni et al., 2019). They suggested that the 21 August

earthquake was caused by reactivation of the E–W normal

fault system that is associated with the Holocene uplift of the

Mt Epomeo N flank (blue lines in Figure 1). Its geometric

characteristics are similar to the causative faults of historical

strong earthquakes in the same area during 18–19 centuries

(1762, 1767, 1796, 1828, 1881, and 1883), with maximum

observed MCS intensities ranging between VII and XI (Selva

FIGURE 1
Geostructural sketch map on the shaded relief in UTM WGS-84 geographic coordinates by Nappi et al. (2010). The featured stratigraphic units
are simplified from Sbrana et al. (2018). Faults (in black) are from Acocella and Funiciello (1999) and de Vita et al. (2010), and geomorphological
lineaments (in black), from Nappi et al. (2010); active normal faults (red lines, marks on down-thrown side) are from Vezzoli (1998) and Tibaldi and
Vezzoli (1998); the coseismic ruptures (yellow lines) and causative fault (blue line) of 2017 earthquake and rose diagram of the same are from
Nappi et al. (2018b); surface trace of the 2017 earthquake causative fault (blue line) from this paper; and the 21 August 2017 mainshock (the yellow
biggest star) is from https://terremoti.ov.ingv.it/gossip/ischia/2017/index.html.
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et al., 2021 and references therein), and very strong attenuation

with increasing epicentral distance (Nappi et al., 2021). The high

resurgence rate combined with the seismic activity and the

hydrothermal system has produced steep slopes on the flanks

of Mt. Epomeo, exposing the ignimbrites and the overlying

marine sediments to subaerial slope instabilities, that favored

the development of shallow mass movements, debris avalanches,

debris flow, and lahars (Figure 1) (Del Prete and Mele, 1999,

2006; Della Seta et al., 2015).

2 Data

We use data collected by 75 temporary seismic stations

installed by the INGV EMERSITO task force in the northern

sector of Ischia Island, in the localities of Casamicciola Terme,

Fango, and Lacco Ameno (green triangles in Figure 1). They are

composed of a Lennartz 5 s triaxial velocimetric sensor coupled

with Reftek RT130 or Marslite digitizers. At each site, seismic

noise data were recorded for at least 1 h (Vassallo et al., 2018a;

Vassallo et al., 2018b; Nardone et al., 2022). Further details such

as geographical coordinates and date of noise acquisition are

reported in Supplementary Table S1.

3 Methods

In this paper, we analyze ambient noise recordings,

implementing three different techniques to investigate

directional motion. They have been used so far for similar

purposes and include 1) the horizontal-to-vertical spectral

ratios (HVSRs) after rotating the horizontal components,

operating in the frequency domain to detect directional

amplification peaks (first used in Spudich et al., 1996), 2) the

covariance matrix analysis (Kanasewich 1981; Jurkevics 1988)

performed in the time domain after bandpass filtering the signal

in selected frequency bands, and 3) the time–frequency analysis

working both in the time and frequency domains (Vidale 1986).

The combined use of these three different techniques is very

important to obtain an overall, robust, and complete description

of the observed effects and to overcome the limitations intrinsic

to each one. As an example, the HVSR technique can be “non-

informative” in some cases (e.g., in the presence of lateral and

vertical heterogeneities or velocity inversion), due to the

occurrence of amplification on the vertical component of

motion. Indeed, in the covariance matrix analysis, signals

need to be bandpass filtered; thus, it cannot furnish a

complete description of the effects in all frequency ranges.

Conversely, the time–frequency polarization analysis led to

description of the effect versus frequency, but it is hard to

interpret the results using the quantitative criterion, as we will

demonstrate in the next sections for the other two methods.

We use the following analysis flow:

1) We use rotated HVSRs to get a grasp on the directional

amplification effect, quantitatively defining its pattern

through several parameters (Section 3.1).

2) We apply the time-domain covariance matrix technique,

bandpass filtering signals in the frequency bands

0.2–0.8 and 1–5 Hz, where the main HVSR peaks fall,

obtaining an estimate at each station of polarization

strength and mean azimuth (Section 3.2).

3) Finally, the time–frequency technique was used to validate the

results using the two previous techniques in terms of the

polarization azimuth (Section 3.3).

3.1 Directional amplification (HVSRs)

The HVSRs are calculated at each station following the

technique proposed by Spudich et al. (1996) to study ground

motion horizontal polarization, which was subsequently widely

exploited (Cultrera et al., 2003; Rigano et al., 2008; Pischiutta.

2010). We used the package Geopsy (Wathelet, 2005). In order to

analyze the stationary parts and eliminate non-stationary

disturbances associated with very close disturbances, we

selected time windows using the antitrigger algorithm

proposed in the SESAME guidelines (SESAME, 2004). We

ensured the availability of at least 30 time windows at each

station.

The calculation of HVSRs was then performed by rotating

the two horizontal components by steps of 10° from 0° to 180°.

For each rotated component, we considered a window length of

120 s, 5% tapered, filtered with a fourth-order Butterworth filter

in the frequency range 0.1–25 Hz, and smoothed with the

Konno–Ohmachi algorithm (b=20, Konno and Ohmachi, 1998).

In Figure 2, we show directional amplification estimated

through the HVSR at two exemplificative stations, ESI35 and

ESI17. In the Supplementary Material, we also furnish results at

the other stations. The HVSR curves are plotted separately for

each rotation angle (panels a1 and c1). They are also graphed

using a contour plot (panels b1 and d1), the x-scale represents the

frequency; the y-scale, the rotation angle; and the color scale is

related to amplitude levels. In this way, HVSRs show to what

extent horizontal motion is amplified compared to vertical

motion, as a function of the frequency and direction of

motion allowing the detection of the frequency band where

ground motion tends to be mostly horizontal.

At first, we found the largest amplitude value (A0) on HVSR

curves and read the associated frequency value, that is the

frequency peak (F0). In accordance with the SESAME

guidelines (2004), we considered an Amax of HVSRs higher

than 2 as the basic condition for ground motion

amplification. Then, following Pischiutta et al. (2018) and

considering the minimum (MinHV) and maximum (MaxHV)

amplitude values given at F0 by all rotation angles, we

automatically estimate at each station:
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1) The directionality index, defined as follows:

DI f( ) � MaxHV

MinHV
. (1)

The directionality index was proposed by Pischiutta et al.

(2018) to distinguish whether a peak is directional or

uniform in the CRISP INGV database (http://crisp.ingv.it),

involving all stations of the Italian seismic network. They

FIGURE 2
Results at two exemplificative stations for directional amplification estimated through the HVSR by rotating the two horizontal components at
steps of 10° from 0° to 180°: ESI35 (clear peaks), panels (A,B), and ESI17 (no peaks), panels (C,D). HVSR curves obtained separately for each rotation
angle are graphed in panels a1 and c1. Rotated HVSRs are also plotted using a contour plot: the x-scale representing frequency; the y-scale, the
rotation angle; and the color scale is related to amplitude levels (panels b1 and d1). In this way, HVSRs show to what extent horizontal motion is
amplified, compared to vertical motion, as a function of frequency and direction of motion allowing the detection of the frequency band, where
ground motion tends to be mostly horizontal. We apply an automatic criterion to interpret results and distinguish directional peaks (Pischiutta et al.,
2018). We use the directionality index (DI) (f) (Eq. 1), defined as the ratio between themaximumandminimum amplitude values given at the frequency
peak (F0) by all rotation angles (panels a2 and c2). To assess the frequency band where the largest amplification falls, we consider the parameter C (f),
as defined in Eq. 3 (panels a3 and c3). Finally, the directional amplification pattern at each station is defined through the frequency band, F0;maximum
amplitude (A0); polarization azimuth; and directionality index (DI). Such parameters obtained for the two exemplificative stations are summarized in
panels b2 and d2.
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considered a threshold of 1.5 for DI [that is called “function B

(f)” in their work], based on authors’ practice and

common experience. However, in this work, due to

comparison with other techniques, we chose to downgrade

this threshold to 1.4.

2) The polarization azimuth (i.e., the rotation angle associated

with Amax).

3) The frequency band where the largest amplification falls. It is

defined using the parameter C (f), given by

C f( ) � MaxHV( )2
MinHV

, (2)

using the portion of C(f) where

C f( )>mean C f( )( ). (3)

Further details about the criterion used to objectively

interpret the results of HVSR analysis involving DI (f) and

C(f) can be found in Pischiutta et al. (2018).

Station ESI35 shows two peaks at 0.6 and 1.9 Hz, respectively,

with amplitudes over 2. They are associated with DI over 1.4, and

therefore, this station is considered to be affected by directional

amplification. Polarization azimuth values are 90° and 110° for F0
of 0.6 and 1.9 Hz, respectively. These directions correspond to

the maximum amplitude values at the two peak frequencies, and

therefore, there is no associated standard deviation.

On the contrary, station ESI17 is not affected by

amplification effects, and HVSR amplitudes are lower than

two in the whole considered frequency band 0.2–15 Hz.

Therefore, in the absence of peaks, the remnant parameters

are not defined (ND).

In order to assess HVSR result variability over small

distances, we also processed data acquired by four 2D seismic

arrays, whose data and results are described in detail in a

complementary paper by Nardone et al. (2022). Stations in

each array acquired a simultaneous signal for at least 90 min

during daytime, with a sampling rate of 250 Hz. Their locations

and results in terms of rotated HVSRs are furnished in the

Supplementary Data Sheet S1.

3.2 Covariance matrix analysis

Ambient noise recordings at each site were filtered by

applying a bandpass a-causal Butterworth filter in two

frequency bands, 0.2–0.8 and 1–5 Hz, chosen on the basis of

HVSR results. Then, we applied the covariance matrix method

(Kanasewich 1981; Jurkevics, 1988) to the three-component

filtered signals using a sliding time window whose length was

fixed to contain 1.5 wave cycles of the maximum period, with an

overlap of 75%. In each window, the polarization ellipsoid is

estimated through the eigenvalues and eigenvectors of the

covariance matrix by solving the algebraic eigenvalue problem.

They correspond, respectively, to the length and orientation of

the polarization ellipsoid, thus defining the polarization vector in

3D (Figure 2 in Pischiutta et al., 2015). According to Jurkevics

(1988), the polarization ellipsoid is characterized by three

parameters:

- rectilinearity R, defined as

R � 1 − λ2 + λ3
2λ1

[ ], (4)

with λ1 > λ2 > λ3 being the eigenvalues of the covariance matrix.

R takes values between 0 (pure spherical motion) and 1 (pure

rectilinear motion).

- Azimuth AZ of the polarization vector, defined as the angle

between the projection on the horizontal plane of the

polarization vector and north, measured clockwise.

- Incidence angle I between the polarization vector and the

vertical axis: 90° angles indicate horizontal propagation,

whereas 0° angles correspond to the vertical incidence.

In order to select polarization azimuth values associated with

a horizontal and linear ground motion, we apply a hierarchical

criterion proposed by Pischiutta et al. (2012), mainly consisting

of :

- Exclusion from statistics values of AZ for which R < 0.5 and

I < 45° (that means sub-spherical and nearly vertical

polarization ellipsoids).

- Linearly normalizing between 0 and 1 the R and I values

ranging in the intervals 0.5 ≤ R < 1 and 45° ≤ I < 90°,

making linearized values Rlin and Ilin.

- Calculation of a weight value WH in each time window

given by

WH � Rlin*Ilin. (5)

We use as a threshold WH≥ 0.7 to select AZ values

associated with the same time windows. This condition was

set consistently with previous papers (Pischiutta et al., 2012,

2018) to ensure that results are representative of a significant part

of the signal (i.e., the percentage of rejected time windows had to

be lower than 25%).

Finally, in order to quantify the spread of the azimuthal

distribution of the polarization vector, we estimated a statistical

parameter, and the resultant vector length is defined as follows:

RL � 1
N

∑n
i

ri

���������
���������, (6)

where ri is the unit vector representing the angles in the two-

dimensional plane. RL ranges in the interval [0,1] and the closer it

is to one, the more concentrated the sample around the mean
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direction is. This parameter was set as equal to 0.4 to discriminate

directional/non-directional motion, in accordance with

Petrosino and De Siena (2021). Then, for each station with

RL>0.4, we calculate the mean polarization azimuth. The

retrieved values are listed in Supplementary Table S2.

The results at two exemplificative stations (ESI35 and ESI17)

are shown in Figure 3. Histograms of polarization azimuth values

are obtained in the frequency bands 0.2–0.8 Hz (panels a1 and

c1) and 1–5 Hz (panels b1 and d1). Similarly, in panels a2, b2, c2,

and d2, we also add histograms of the rectilinearity values, given

by Eq. 4. We stress that in both frequency bands, at station ESI35,

polarization azimuth values are concentrated around a mean

(N88°±19° and N104°±25° for the bands 0.2–0.8 and 1–5 Hz,

respectively). In fact, the RL parameter in both the bands is

higher than 0.6. Conversely, at station ESI17, polarization

azimuth values are spread (RL ≤ 0.4); therefore, a mean

polarization azimuth cannot be defined. We finally stress that

at ESI17, rectilinearity values are lower than those at station

ESI35, confirming that ESI17 is not affected by ground motion

horizontal polarization effects.

In the Supplementary Material, we add results at the other

recording stations, using a similar representation.

3.3 Time–frequency polarization

The time–frequency (TF) polarization analysis was proposed

by Vidale (1986) and was subsequently used by Burjánek et al.

(2012). This technique can provide robust results, overcoming

the bias that could be introduced by the denominator spectrum

in the HVSR calculation. The continuous wavelet transform

(CWT, Kulesh et al., 2007) is applied to signals in order to

select time windows whose length matches the dominant period:

it affects all the polarization parameters and the analysis

resolution. Signals are thus decomposed in the time–frequency

domain, and the polarization analysis is applied. For each

time–frequency pair, polarization is characterized by an

ellipsoid from which the polarization azimuth is defined as

the azimuth of the major axis projected to the horizontal

plane from North.

In Figure 4, we show results obtained at stations ESI35 and

ESI17. In panels a1 and b1, we plot the ellipticity versus frequency

which is defined, according to Vidale (1986), as the ratio between

the length of the minor and major axes: ellipticity approaches

0 when ground motion is linearly polarized. Unfortunately, in

this dataset, we found that this parameter is not sensitive enough

FIGURE 3
Results for ground motion polarization retrieved through the covariance matrix analysis at the two exemplificative stations ESI35 showing an
effect, panels (A,B); and ESI17 not showing an effect, panels (C,D). Polarization azimuth is defined as the angle between the projection on the
horizontal plane of the polarization vector and north, measured clockwise. This parameter gives a clear indication on the predominant polarization
direction of horizontal ground motion (0° corresponds to geographic North; 90° and 180° correspond to geographic East and South,
respectively). Histograms of polarization azimuth values are obtained in the frequency band 0.2–0.8 Hz (panels a1 and c1) and in the frequency band
1–5 Hz (panels b1 and d1). Similarly, in panels a2, b2, c2, and d2, we also add histograms of the rectilinearity values, given by Eq. 4. This parameter
ranges between 0 (pure spherical motion) and 1 (pure rectilinear motion). Finally, in panels a3, b3, c3, and d3, we add final resulting parameters of the
covariancematrix analysis: polarization azimuth and RL, the latter representing the concentration/spread of polarization azimuth distribution (Eq. 6).
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to distinguish linearly polarized motion. In fact, we obtained

similar values at ESI35 and ESI17, while both the HVSR and

covariance matrix techniques highlighted the occurrence of

directional amplification at ESI35 and the absence of effects at

ESI17. Therefore, it is hard to find a semi-quantitative criterion to

interpret the polarization strength using ellipticity; thus, we use

this technique only to validate results obtained through the

HVSR and covariance matrix techniques in terms of

polarization azimuth. Azimuth values obtained from all over

the time series are cumulated and plotted in panels a2 and b2 and

represented using polar plots. The contour scale represents the

relative frequency of occurrence of each value; the distance to the

center represents the signal frequency in Hz (panels a2 and b2);

and white dotted circles indicate frequencies of 1 Hz, 3 Hz, and

8 Hz. The mean polarization azimuth and standard deviation are

calculated at stations where the HVSR analysis highlighted the

occurrence of directional amplification, at the frequency F0, as

identified by the HVSR technique. At station ESI35, we obtained

values of 83°±14° and 114°±22°, considering HVSR peak

frequencies of 0.6 and 1.9, respectively. At station ESI17, such

parameters were not defined since the HVSR technique did not

reveal any directional amplification effects.

In the Supplementary Material, we furnish the results at all

stations.

4 Results

4.1 Comparisons among applied
techniques

In previous sections, we described the three methodologies

and the analysis flow (Section 3) that we applied to investigate

ground motion directional amplification and polarization.

Their combined use furnished redundant results and led to

a robust estimate of the observed effect overcoming

limitations intrinsic to each of them. In the Supplementary

Table S2, we report analysis results for the three techniques for

the two frequency bands. They include the estimation of the

following parameters:

- Directional amplification through HVSR calculation: F0,

AMAX, polarization azimuth AZ (not associated standard

deviation, see Section 3.1) and directionality index (DI).

The common condition for amplification effects is AMAX>2
(according to SESAME 2004 guidelines). We, therefore, did

not further analyze stations with HVSR not exceeding this

threshold (indicated in Supplementary Table S2 as “no

peaks”). Furthermore, we chose the condition for

directional HVSR as DI > 1.4. When this condition was

FIGURE 4
Results for time–frequency polarization analysis at stations ESI35 (A) and ESI17 (B). In panels a1 and b1, we show ellipticity versus frequency. It is
defined as the ratio between the length of theminor andmajor axes and approaches 0 when groundmotion is linearly polarized. In panels a2 and b2,
polarization azimuth values obtained from all over the time series analyzed are cumulated and graphed using polar plots where the contour scale
represents the relative frequency of occurrence of each value, and the distance to the center represents the signal frequency in Hz. Dashed
circles depict frequencies of 1 Hz, 3 Hz, and 8 Hz. Finally, in panels a3 and b3, a summary of obtained results is shown.
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FIGURE 5
Results obtained in the two frequency bands, 0.2–0.8 Hz (top panel) and 1–5 Hz (bottom panel), through the covariance matrix analysis. The
inset in the left-bottom is focused on Casamicciola village. Faults in the area are reported (red lines), as is the causative fault of the 2017 earthquake
(blue line). Stations with directional amplification and polarization effects are depicted through red triangles, and the others, with yellow triangles.
Polarization azimuth distribution is plotted as a rose diagram. Contour maps of the resultant length are produced using an inverse distance
squared interpolation (red colors correspond to linearly polarized motion).
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not satisfied, the parameter AZ was not estimated

(indicated as “ND” in Supplementary Table S2).

- Covariance matrix analysis in the time domain after

bandpass filtering signals in two frequency ranges,

0.2–0.8 Hz and 1–5 Hz: Polarization azimuth AZ (with

associated standard deviation) and resultant length RL

(Section 3.2). The condition for polarized ground

motion is given by RL >0.4, and when not satisfied, the

parameter AZ was not estimated (indicated as “ND” in

Supplementary Table S2).

- Time–frequency analysis: Polarization azimuth AZ and

standard deviation (Section 3.3) were evaluated in the

frequency equal to F0 when DI>1.4 (otherwise indicated

as “ND” in Supplementary Table S2).

At first, we investigate the consistency of results obtained

from HVSR and covariance matrix analysis, in terms of the

polarization strength (by comparing parameters DI and RL)

and in terms of polarization azimuth values. In the frequency

band 0.2–0.8 Hz, seven stations do not show any amplification

effects; at seven stations, the results from the two techniques

are not consistent (identified in Supplementary Table S2 in red

as “discrepant res”); at 47 stations, the two techniques

consistently highlight the occurrence of directional

amplification and polarization effects; at 14 stations, the

two techniques furnish consistent results but no directional

effects (Supplementary Table S2). In the frequency band

1–5 Hz, 26 stations do not show any amplification effects;

at eight stations, the results by the two techniques are not

consistent (identified in Supplementary Table S2 in red as

“discrepant res”); at 31 stations, the two techniques

consistently highlight the occurrence of directional

amplification and polarization effects; at 10 stations, the

two techniques furnish consistent results but no directional

effects (Supplementary Table S2).

Second, we compare polarization azimuth values

obtained from the three techniques considering the two

frequency bands, 0.2–0.8 Hz and 1–5 Hz (Supplementary

Figure S13). We found that such values at all stations

differ by less than 30°, which is an acceptable

approximation range even considering that during the

sensor placement in the ground, errors in the order of

10°–15° may frequently happen when manually aligning to

geographic north. Therefore, in Supplementary Table S2, we

give the final effect in terms of the geographical direction

evaluated as a mean of azimuth values and in terms of the

frequency band (from the HVSR analysis).

In Figure 2 and in Supplementary Figures S1–S11, we show

results at all stations. Moreover, in Supplementary Figure S12, we

add some examples for inconsistent results, suggesting that such

discrepancies are related to the strict constraints that we use to

distinguish between directional/non-directional and polarized/

non-polarized motion.

4.2 Result interpretation

In Figure 5, we summarize the results gathered by the

covariance matrix analysis performed bandpass filtering in the

two frequency bands, 0.2–0.8 Hz (top panel) and 1–5 Hz (bottom

panel). Due to the high station density in Casamicciola village, on

the left-bottom side of each panel, an inset is produced and

focused on this area. In addition, we also add the mapped fault

systems in the investigated area (Figure 1). Red triangles indicate

stations at which the applied techniques consistently highlight

the occurrence of directional amplification and polarization

effects (Section 3.1), and polarization azimuth distribution is

plotted as a rose diagram. The other stations not showing a

directional effect are depicted using yellow triangles. In Figure 5,

we also produce maps of the resultant length RL by using an

inverse distance squared interpolation. In such contour plots, red

colors correspond to linearly polarized motion, while blue colors

correspond to non-polarized motion.

There are several stations arranged along two N–S trending

strips, showing non-directional amplification effects (ESI19, 20,

22, 23, 25, 26, 27, 28, 30, 38, 52, 53, 61, and 63). In the

northwestern sector of the studied area (Fango and Lacco

Ameno villages, see Figure 1), stations show polarized motion,

with high values of the RL parameter and polarization azimuth

tending to be oriented in the NE–SW direction (stations ESI31,

32, 33, 44, and 67). Such observations agree with those of Martino

et al. (2020), who found ground motion polarization mostly in

the NE–SW direction on Zaro promontory, one km from our

stations and along a fault system trending NW–SE. This

polarization effect at a high angle to the fault strike could be

ascribed to stiffness anisotropy caused by fracture rocks

associated with fault damage zones (Pischiutta et al., 2017).

The high-angle effects of the fault strike are also evident in

the NE sector of the investigated area and close to the coast, with

polarization tending to be oriented in the NNE–SSE direction

(stations ESI36, 50, 51 64, and 66), nearly orthogonal to

ESE–WSW faults). In both areas, polarization at a high angle

to the fault strike is observed only in the frequency band

0.2–0.8 Hz, while they are absent in the frequency band

1–5 Hz, suggesting that such effects are produced by

heterogeneities at deeper depth (hundreds of meters

considering shear wave values in the order of 300–600 m/s).

However, when approaching the active normal fault (red

lines in Figures 1, 3), polarization tends to be fault-parallel, even

following fault strike oscillation from ENE–WSW to EW. This

is also in agreement with the coseismic ruptures (yellow lines

in Figures 1, 3) and causative fault of the 2017 earthquake

(blue lines in Figures 1, 3). This effect is evident in both

frequency bands (0.1–0.8 Hz and 1–5 Hz) and, due to the high

number of installed stations, it is particularly clear in the

sector of Casamicciola village that suffered the highest

damage (X MCS) during the last earthquake (see the inset

in the bottom panel).
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In the lack of further constraints, we propose the following

two hypothetical explanations for this parallel relation between

ground motion polarization and the strike of these active system

faults.

1) The active fault structure may act as a waveguide. Polarization

parallel to the fault strike has been widely observed both in

active (Lewis et al., 2005; Spudich & Olsen, 2001, and

references therein) and inactive faults (Rovelli et al., 2002),

where damaged rocks with high crack density produce low-

velocity fault zone layers (Ben-Zion & Sammis 2003, and

references therein) which act as a waveguide trapping seismic

energy as a result of constructive interference of critically

reflected phases (Ben-Zion and Aki 1990; Li & Leary 1990; Li

et al., 1997).

2) Along the active fault system of the study area, most of the

fluids rise from the deep to the superficial water (Di Napoli

et al., 2009, and references therein). Crampin and Zatsepin

(1997) observed that in the presence of fluid-saturated

fractures, a 90°-flip occurs in the seismic anisotropy fast

direction, and the anisotropy fast direction becomes

orthogonal to cracks. This effect was related to pore

pressure variation causing the reorganization of open and

closed fluid-filledmicrocracks (Crampin et al., 2002; Crampin

et al., 2004; Padhy & Crampin, 2006; Pastori et al., 2019).

Moreover, a 90° flip was observed also by Bonness and

Zoback, (2006) who ascribed this effect to structural

anisotropy. Pischiutta et al. (2014 and 2015) and Panzera

et al. (2017) found that in fault damage zones, ground motion

polarization and velocity anisotropy show an orthogonal

relation. Therefore, in the area hit by the 2017 earthquake,

the presence of recently formed faults and coseismic ruptures

affected by relevant hydrothermal fluid circulation (Di Napoli

et al., 2009; Falanga et al., 2021) may cause a 90° flip of both

ground motion polarization (which, thus, becomes parallel to

fracture) and seismic anisotropy fast direction (which, thus,

may become orthogonal to fractures). However, further

analyses are needed to test this latter hypothesis, implying

a study of seismic anisotropy to confirm the occurrence of a

90° flip. Unfortunately, during their short operating periods,

our stations did not record any seismic events. Moreover, up

to now, earthquake recordings at stations of the temporary

network installed by INGV to detect aftershocks are poor and

not appropriate for anisotropy studies.

A final consideration regards the possibility that observed

amplification may be due to the Mt. Epomeo topography,

such as due to constructive interference of seismic waves

diffracted by the convex shape of topography, according to

the “topo resonant model” (Burjanek et al., 2014a; Burjanek

et al., 2014b), where the resonance frequency is related to the

hill dimension and the mean shear-wave velocity (Géli et al.,

1988). We exclude the role of Mt. Epomeo topography since

the effect is clearly concentrated close to the causative fault of

the 2017 earthquake, particularly in the frequency band

0.2–0.8 Hz. Moreover, amplification due to topography

convexity is expected on the top, while here, stations

showing amplification are mainly located at the lower slope

of Mt. Epomeo, and stations installed at the middle slope do

not show any effects (e.g., ESI16, ESI17, ESI18, ESI19, and

ESI47).

These findings also confirm those of several recent papers

highlighting that on topography, rather than the sole convex

shape, other features in the subsoil can have a prevailing role in

producing directional effects, such as impedance contrasts

(Baron et al., 2021), large-scale open cracks (Moore et al.,

2011; Burjánek et al., 2012), or microcracks in fractured rocks

associated with fault activity (Martino et al., 2006; Marzorati

et al., 2011; Pischiutta et al., 2017).

5 Concluding remarks

- We determined polarization and directional amplification

patterns in northern Ischia, across active fault systems

responsible for the 2017 Md 4.0 earthquake, considering

both the main and secondary amplification peaks.

- Our observations suggest that horizontal polarization

patterns depend on the site and are mainly controlled by

the local geology, as suggested by several other studies on

fault zones (Marzorati et al., 2011), volcanoes (Falsaperla

et al., 2010; Cusano et al., 2020a; Cusano et al., 2020b), and

landslides (Burjanek et al., 2010).

- On older faults and geomorphological lineaments, we

found polarization at a high angle to the fault strike,

consistent with several studies (Panzera et al., 2014).

- Conversely, across the active fault system, polarization

becomes fault-parallel, suggesting a strong correlation

with coseismic ruptures and active faults. This can be

interpreted in terms of fault-guided waves, and/or

furthermore, a role is probably played by the intense

fluid circulation in the hydrothermal system, causing the

90° flip of polarization (and seismic anisotropy). Therefore,

in this latter interpretation, time variations of ground

motion polarization may be further investigated for

seismic and geochemical monitoring because they can

indicate some variations in the hydrothermal system (as

fluid flow increase/decrease), as in Petrosino and De Siena,

(2021).
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The data analyzed in this study are subject to the following

licenses/restrictions: Raw data (ambient noise recordings) for this

research are still not publicly available because of another paper
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still in preparation by the INGV EMERSITO task force; the

preliminary results are being shown at international meetings

(Vassallo et al., 2018a; Vassallo et al., 2018b). Therefore, the

access is currently restricted to the INGV EMERSITO task

force, but the embargo will be released in the following

months. We have begun archiving metadata in an

appropriate repository, but the process is not complete.

They include data files representing the polarization results

and results of HVSR analysis. Software directional

amplification was investigated by using the open source

software “Geopsy” available at https://www.geopsy.org.

Software for polarization analysis is available in this

in-text data citation references: Petrosino and De Siena,

(2021), at the Open Science Framework, link: osf.io/

kqtbp. . Requests to access these datasets should be

directed to emersito@ingv.it.
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