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Abstract We extracted the Green’s functions from cross correlation of ambient noise recorded at
broadband stations located across the Apennine belt, Southern Italy. Continuous records at 26 seismic
stations acquired for 3 years were analyzed. We found the emergence of surface waves in the whole range
of the investigated distances (10–140 km) with energy confined in the frequency band 0.04–0.09 Hz. This
phase reproduces Rayleigh waves generated by earthquakes in the same frequency range. Arrival time of
Rayleigh waves was picked at all the couples of stations to obtain the average group velocity along the
path connecting the two stations. The picks were inverted in separated frequency bands to get group
velocity maps then used to obtain an S wave velocity model. Penetration depth of the model ranges
between 12 and 25 km, depending on the velocity values and on the depth of the interfaces, here
associated to strong velocity gradients. We found a low-velocity anomaly in the region bounded by the
two main faults that generated the 1980, M 6.9 Irpinia earthquake. A second anomaly was retrieved in
the southeast part of the region and can be ascribed to a reminiscence of the Adria slab under the
Apennine Chain.

1. Introduction

In the last decade the use of passive methods based on ambient noise analysis has become very popular. The
interest in their application is related to the possibility to reconstruct the properties of the propagation med-
ium by ambient noise measurements, without the use of localized natural or artificial sources. Hence, they
could be used as a cheap alternative to exploration methods based on the use of active seismic sources while
providing useful information even in regions where earthquakes do not occur.

The passive seismic methods are based on the cross correlation of seismic signals recorded at couples of
synchronized stations, located in different positions. It has been theoretically shown that the cross correlation
of signals recorded at pairs of receivers is proportional to the imaginary part of the Green’s function under the
condition of energy equipartition [Sánchez-Sesma and Campillo, 2006]. Since energy equipartition is peculiar
of multiple scattering, this condition can also hold for coda waves, whose cross correlation is still related to
the medium Green’s function [Campillo and Paul, 2003; Sneider, 2004]. Although in many cases energy
equipartition condition is not completely fulfilled, the cross correlation may still approximate the Green’s
function of themedium. It has been shown both experimentally and numerically that an isotropic distribution
of noise sources or scatterers around the receivers may allow to retrieve a coherent Green’s function from
cross correlation [e.g., Shapiro and Campillo, 2004; Paul et al., 2005].

The computed Green’s functions are usually dominated by surface waves owing to the location of receivers at
the surface. Its emergence originates from the fact that the seismic noise is preferentially excited by shallow
sources [Shapiro et al., 2005]. Nevertheless, also body waves can be extracted from cross correlation of ambi-
ent noise both at short [Roux et al., 2005; Draganov et al., 2009], regional [Poli et al., 2012], and teleseismic
[Boué et al., 2013] distances.

Passive seismic processing is mainly focused on two geophysical applications: imaging and monitoring. In
the former case the Rayleigh and Love surface waves are extracted from the cross correlation of seismic noise
to provide group and phase velocity maps at the surface and eventually tomographic images of the subsoil.
Many studies provided accurate velocity models both at regional [Shapiro et al., 2005; Yang et al., 2007] and
local scales [Roux, 2009; Picozzi et al., 2009; Pilz et al., 2013].
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In the latter case, the cross correlation extracted from the noise is used for the continuous monitoring of the
velocity changes in the propagation medium. These variation can be observed in several fault areas after the
occurrence of large earthquakes [Brenguier et al., 2008; Zaccarelli et al., 2011] and in volcanic regions, where
the seismic velocity variations can suggest pre-eruptive inflation of the volcanic edifice [Duputel et al., 2009].

Extraction of Green’s function requires summation of long time series of ambient noise cross correlation to
improve the signal-to-noise ratio. Additional processing is required to reduce the weight of earthquakes

Figure 1. Seismic stations installed in Southern Italy and used for the cross-correlation analysis and total ray length in cells.
(top) The dark gray triangles indicate the stations of ISNet, and the light gray triangles are the seismic stations of RSN (Rete
Sismica Nazionale) managed by INGV. The white lines between each couple of stations indicate the ray coverage of the
investigated area. (bottom) Total ray length (in m) in each cell (of size equal to 10 km× 7.5 km) of investigated area. The
gray dashed lines show the main buried thrust front of the area which defines the western limit of Bradano Foredeep.
The gray boxes indicate the positions of the main Seismogenic Sources of the investigated area: Colliano (C_SS),
Pescopagano (P_SS), San Gregorio Magno (SGM_SS), Melandro-Pergola (MP_SS), and Agri-Valley (AV_SS) [Basili et al., 2008].
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and coherent signals in the noise and
to eliminate instrumental irregulari-
ties such as spikes. In this case, recur-
sive filtering, spectral whitening
[Shapiro et al., 2006], one-bit normal-
ization [Larose et al., 2004; Shapiro
et al., 2005], data clipping [Sabra
et al., 2005], and running absolute
mean normalization [Bensen et al.,
2007] represent the common prac-
tice of single station processing
before correlation and favor the
emergence of the Green’s function
even for limited continuous time
series of seismological data.

In this study, we computed the cross
correlation of about 3 years of
ambient noise acquired in the
Campania-Lucania Apennine section
of Southern Italy. The Campano-
Lucano Apennine is characterized by
normal direct and antithetic fault sys-
tems (these faults are indicated as
C_SS, P_SS, SGM_SS, MP_SS, AV_SS in
Figure 1) and extends over an area of

about 100 × 100 km2 in Southern Italy. The region experienced in last century three events of magnitude
larger than 6 [Westaway, 1987; Emolo et al., 2004], the largest of which was the 1980, M 6.9, Irpinia
earthquake, that occurred along three northwest-southeast oriented fault segments. Since 2007, the instal-
lation of the dense network ISNet as a prototype for an early warning system in Southern Italy [Iannaccone
et al., 2010] allowed to develop near-fault observatory practices to characterize the geological structure
[De Matteis et al., 2012; Amoroso et al., 2014] and to monitor the evolution of the microseismicity of the
area [Bobbio et al., 2009; Stabile et al., 2012; Zollo et al., 2014]. Comparing the noise levels with the theore-
tical signature of small earthquakes based on the Brune model, the minimum magnitude of an event
detectable in the region is 1.1, while the threshold for an accurate location is 1.3 [Bobbio et al., 2009;
Vassallo et al., 2012].

In this study, we compute the cross correlation from ambient noise continuous records. After presenting the
seismic networks and the data selected for this study, we discuss the specific data processing for single sta-
tion that we applied before cross correlation. After retrieving the Green’s functions from the stack of the
cross-correlation functions, we compare the stacked functions to the low-frequency surface waves recorded
during the largest earthquake occurred in the area. We then isolate the surface wave contribution fromwhich
we retrieve the dispersion curves in terms of group velocity. Finally, we invert the traveltimes to obtain a 2-D
tomographic velocity model for the surface waves in the investigated area.

2. Seismic Stations and Data

For this study we used continuous data recorded by the broadband seismic stations located in the Irpinia
region and belonging to two different seismic networks: the local network ISNet and the national network
Rete Sismica Nazionale (RSN). The selected stations for the analysis are listed in Table 1, and their location
is shown in the map of Figure 1.

ISNet, Irpinia Seismic Network, is a dense, local network of strong-motion, short-period, and broadband
seismic stations displaced over an area of approximately 100 × 70 km2 along the southern Apennines chain
[Iannaccone et al., 2010], around the fault system that generated the 1980, M 6.9 Irpinia earthquake. ISNet
is managed by AMRA (Analisi e Monitoraggio del Rischio Ambientale) and University of Naples Federico II

Table 1. List of Used Seismic Stations

#Station Sensor Network Acquisition System

ACER TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
BULG TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
CAFÉ TRILLIUM 40 s RSN GAIA2
CDRU TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
CMPR TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MCEL TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MCRV TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MGR TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MIGL TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MRB1 TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MRLC TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MRVN TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
MTSN TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
ORI TRILLIUM 40 s RSN GAIA 2
PALZ TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
PAOL TRILLIUM 120 s RSN GAIA 2
SGTA TRILLIUM 40 s RSN GAIA 2
SIRI TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
SNAL TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
SOR TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
VULT TRILLIUM 40 s RSN TRIDENT-NANOMETRICS
COL3 TRILLIUM 40 s ISNet OSIRIS-AGECODAGIS
PGN3 TRILLIUM 40 s ISNet OSIRIS-AGECODAGIS
RDM3 TRILLIUM 40 s ISNet OSIRIS-AGECODAGIS
RSF3 TRILLIUM 40 s ISNet OSIRIS-AGECODAGIS
TEO3 KS2000-EDU ISNet OSIRIS-AGECODAGIS
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and is composed of 32 stations, equipped with two three-component instruments: an accelerometer (Güralp
CMG-5 T) and a seismometer. Most of the seismometers are short-period velocimeters S-13 J from Geotech.
At eight stations short-period instruments are replaced by broadband sensors (40 s from Nanometrics
Trillium and Geotech) to better record regional and teleseismic events and to broaden the spectrum of the
noise in the area at low frequency. The data acquisition is performed by the Osiris-6 data logger
(Agecodagis), equipped with a Σ-Δ 24 bit analog to digital converter. Input signals entering the data logger
are not amplified and are acquired by the analog-to-digital converter at 125 or 250 samples/second. The data
sent by the stations to the control centers of the network are managed by the software Earthworm [Johnson
et al., 1995] that automatically picks the first arrivals and locates the events inside ISNet or on its outskirts.

The RSN (Rete Sismica Nazionale) is managed by Istituto Nazionale di Geofisica e Vulcanologia (INGV) and
receives signals from more than 270 stations belonging to the Italian National Seismic Network, the
MedNet Seismic Network, and several European and regional networks. The RSN collects data from more
than 150 broadband and very broadband instruments (Streckeisen STS-1 and STS-2, Guralp CMG 40 and
360, Trillium 40 and 120) and from about 100 short-period instruments, in addition to several accelerometers.
The acquisition system is mainly of two types, either realized by Nanometrics and or by INGV (GAIA system),
with a sampling frequency ranging from 50 to 200Hz. The acquisition system is fully operational since 2004
and is connected with digital terrestrial and satellite lines. It provides a first rapid location within 20–30 s from
the origin time, a first evaluation of local magnitudeMLwithin 40 s, and updated location andmagnitude esti-
mations with a delay ranging from 3 to 5min after the origin time [Amato and Mele, 2008; Schorlemmer
et al., 2010].

3. Data Processing and Cross Correlations

Continuous ambient noise records were collected and processed following the method described in Bensen
et al. [2007]. The block diagram of the processing chain is shown in Figure 2. At a single station, the available
vertical data stream was corrected for the instrumental response, decimated at 12.5 Hz, and cut in separated
windows of duration of 6 h, starting from the midnight of each day. The mean and the trend were removed
from the velocity traces, and the data were band pass filtered between 0.03Hz and 1Hz. When gaps occurred
in the helicorder, data were further cut in smaller continuous time windows; each of them was used for the
cross-correlation computation if its duration was at least 1 h.

Figure 2. Block scheme for single station processing (Phase 1) and cross correlation (Phase 2). After data selection and
filtering, data are equalized in time domain by one-bit normalization resulting into a barcode signal that keeps only
phase information. In the Phase 2 normalized traces are cross correlated for couples of stations and stacked.
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For the selected time windows, we applied
the one-bit normalization [Bensen et al.,
2007], with the goal of equalizing the
amplitude of the signal and taking care
only of the phases. The one-bit normaliza-
tion also reduces the weight of spikes and
of seismic and anthropogenic events in
the helicorder. We also tested the use of
the spectral whitening in the same fre-
quency range as selected for the filter. We
applied the whitening either before or
after the one-bit normalization. We did
not observe any improvement in the final
cross-correlation functions. Hence, the pre-
sented analysis was finally performed with-
out any spectral amplitude equalization.

After the single station processing, data
were cross correlated for couples of sta-
tions and stacked. When the complete data
stream for both the selected stations was
available, the cross correlation was per-
formed over time windows of 6 h. When
gaps occurred at one or both stations, we
computed the cross correlation only in
the case in which the two data streams
superimpose in a continuous window of
minimum duration of 1 h. A total number
of 277,049 vertical cross-correlation func-
tions were computed at 325 different cou-

ples of receivers extracted from the 26 seismic stations used in this study. The minimum number of cross-
correlated traces before stacking spans from 42 (10 days of continuous data) to 2590 (647 days of continuous
data), depending on the available data at the stations.

To check the quality of the resulting cross correlations and evaluate the upper frequency at which they are
stable, we narrowed the band of the filter applied to the data, and we selected the cross-correlated records
only when overcoming assigned values of the signal-to-noise ratio. We realized that no improvement larger
than few percent was gained when such an ad hoc procedure was adopted, indicating that ambient noise
features are pretty stable with time and automatic procedures are able to detect them. Hence, for further ana-
lysis we used the stack of all available cross-correlation functions at all the investigated couples of stations.

4. Cross-Correlation Analysis

The vertical cross-correlated stacked traces computed for all the available couples are shown in Figure 3. The
correlations are represented in the section so that the positive time corresponds to waves propagating from
the northernmost to southernmost station in the couple. Traces are then plotted as a function of the intersta-
tion distance. The cross correlations are filtered in the frequency band 0.04–0.09 Hz, and each trace in the sec-
tion is normalized to its maximum value. We clearly observe energetic seismic phases symmetrically with
respect to zero time, indicating that both “causal” and “anticausal” phases are retrieved by this analysis.
The amplitude of the most energetic signal differs between the positive and the negative directions with
the causal signal showing larger amplitudes than the anticausal one on average. It is worth to note that this
difference between causal and anticausal portions of the cross correlations only affects the relative ampli-
tudes while preserving the waveform and the arrival time of the most energetic phase. Hence, this asymme-
try in the amplitudes does not affect the estimation of the arrival time associated with such a seismic phase.
Nevertheless, this observation reveals a dominant direction of ambient noise propagation from north to

Figure 3. Cross-correlation stacks, organized for increasing interstation
distance. The dashed blue, red, and green lines show the theoretical
arrival times of a surface wave with velocity of 2.5, 3.0, and 3.5 km/s,
respectively.
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south in this area. At both positive and negative times, the most energetic seismic phase travels with a seis-
mic velocity of about 3–3.5 km/s that is compatible with crustal surface wave velocities observed in the area
by previous studies in the same frequency range [Brzak et al., 2009; Li et al., 2010].

To further investigate the relationship of the cross-correlated signals with the Green’s functions of the med-
ium, we compared them with data recorded for the largest earthquake occurred in this region since the
installation of ISNet. The selected earthquake occurred on 13 March 2010 at 03:36:18 UTC, and its local mag-
nitude was 3.7. The event occurred nearby COL3 station and was recorded all across the investigated area. In
Figure 4 we compare the velocity records of the earthquake at five stations (CMPN, SNAL, SIRI, RDM3, and
MTSN) with the cross-correlation functions between COL3 and one of the selected five stations. Both
earthquake data and cross correlations are filtered in the frequency band 0.04–0.09 Hz and normalized.
The earthquake data are corrected for the focal mechanism, while the causal and anticausal contributions
to cross-correlation functions were stacked before normalization. We observe that the largest amplitude
phase observed for the earthquake is well reproduced both in timing and shape at all the stations by the
cross-correlation functions. Small differences and short time shifts might be ascribed to the different epicen-
tral location and to the event focus. Hence, wemay conclude that the cross-correlation functions well approx-
imate Rayleigh wave Green’s functions between each pair of stations in the analyzed frequency band,
independently of the distance and the relative location in the area.

In Figure 3 we can also recognize a coherent seismic phase near zero time between 40 km and 60 km.
Although the limited distance range covered by the data does not allow to accurately characterize such a
phase, we believe that it is associated with a body wave. Nevertheless, a better characterization of this phase
requires larger distances and eventually longer time series, to improve the signal-to-noise ratio with the stack.

Finally, Figure 5 shows examples of cross correlations filtered in the 0.04–0.08 Hz, computed for three couples
of stations (COL3-PGN3, ACER-SIRI, and MCEL-PALZ) using all the data acquired in 2009. For each couple, the
horizontal axis represents the time lag of the cross-correlation function, while the vertical axis corresponds to
the time in Julian days at which the ambient noise was recorded. The color scale is proportional to the ampli-
tude of the cross-correlation function although each trace is normalized to its maximum value, positive and
negative amplitudes being red and blue, respectively. The corresponding stack functions are shown at the
top of each panel, while a map with the location of station pairs is shown at the bottom of the figure. For
all the three couples we observe a good coherence over the whole analyzed year. One can observe that

Figure 4. The map on the top left shows the location of the stations SNAL, RDM3, CMPR, MTSN, SIRI (gray triangles), and COL3 (blue triangle); this latter being
installed very close to the epicenter of ML = 3.7 earthquake (red star) occurred on 13 July 2010 at 03:36:13. In the other plots, the low-frequency records of the
earthquake at the stations CMPR, SNAL, SIRI, MTSN, and RDM3 (red curves) are compared with the cross correlation computed between COL3 and the same stations
(green curves). All waveforms are band pass filtered between 0.04 and 0.09 Hz.
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the cross-correlation functions are asymmetric around zero. Specifically, for the couples COL3-PGN3 and
ACER-SIRI anticausal signals show larger amplitudes, while the opposite behavior occurs for the couple
MCEL-PALZ. Nevertheless, the presence of clear causal and anticausal signals, albeit with different ampli-
tudes, evidences a wider azimuthal distribution of the noise sources. Although we observe a strong coher-
ence in both the causal and anticausal phases during all the year, we clearly see a decrease of the
amplitudes of both phases during summer time. This can be recognized in Figure 5, mainly in the first panel,
between days 150 and 200, and it is a common feature of all the cross correlations. A decrease of the power
spectral density computed on the ambient noise in the same area was observed in a slightly higher frequency
range (0.1–0.5) Hz [Vassallo et al., 2012], and it was correlated with the sea wave motion along the coast. We
then argue that the amplitude decrease of the cross-correlated function during the summer season is related
to a decrease in the wave motion; this hypothesis is also supported by the analysis of Brzak et al. [2009], who
also located the sources of the ambient noise in Southern Italy along the coast.

5. Picking and Ambient Noise Tomography
5.1. Picking

The main target of this work is the reconstruction of tomographic images of the subsoil in southern
Apennines from inversion of surface wave group velocity, as extracted from cross correlation of seismic noise.
We inverted Rayleigh wave arrival time measurements performed on the cross-correlation functions in time
domain. For the aim, the traces were filtered in different narrow bands applying a zero-phase, sine squared
tapered filter. Then, the picking was performed on the symmetric component of cross correlations obtained
by summing the causal part and the reversed anticausal part [Bensen et al., 2007]. To maintain a coherence in
the measurements of the arrival times, the traces were organized in seismic sections as a function of the
station interdistance and picked on the maximum of the wavelet, corresponding to the surface wave phase
along the section. In order to obtain reliable arrival time measurements, the picks are determined only for

Figure 5. Cross correlation filtered between 0.04 and 0.09 Hz for three couples of stations (COL3-PGN3, acer-siri, and mcel-
palz) as a function of time computed with data acquired in 2009. Each trace represents the cross correlation for 6 h long
signals. The stack of all the cross-correlation functions is highlighted on top of the panels. The map at bottom shows the
position of the couples. Cross correlation is almost stable with time.
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traces for which the distance between
the stations is longer than one wave-
length. The number of picks and the
minimum stations interdistance (offset)
used in each analyzed frequency band
are listed in Table 2. Figure 6 shows the
picks obtained in each frequency band.
In the figure we superimpose the theore-
tical arrival times for different velocities

values with a red dashed line. The figure shows the surface wave dispersion, with a decrease in the group velo-
city as the frequency increases. Figure 7 shows the group velocity dispersion curves measured from four station
pairs along different paths through the investigated area. For a fixed pair and frequency, the velocity is estimated
by dividing the interstation distance for themeasured arrival time. In Figure 7, we observe that dispersion curves
measured from the pair MRVN-SOR, crossing the Apenninic chain in the upper part of the investigated region,
show the largest velocity values. This can be ascribed to a larger velocity value in the northernmost part of
the analyzed region, at least for frequencies smaller than 0.07Hz. Conversely, theminimumof the group velocity
is observed along the Apenninic pathMRB1-ORI. This is a common feature of all of the Apenninic paths concern-
ing the station ORI, indicating a low-velocity body in the vicinity of this station. The remaining two pairs (ACER-
PAOL and MIGL-SOR) have intermediate dispersion curves between the first two cases.

5.2. Group Velocity Inversion and Resolution Analysis

The surface wave tomography of the investigated area was obtained using the Fast Marching Surface
Tomography software (FMST) [Rawlinson and Sambridge, 2004]. This iterative nonlinear traveltime tomogra-
phy code uses the fast marching method (FMM) for the forward prediction step, with traveltimes computed

in a 2-D spherical shell system and a
subspace inversion scheme for the
inversion step. The algorithm imple-
ments an iterative nonlinear method in
which the inversion step assumes local
linearity, but the repeated application
of the FMM and the subspace inversion
allows to account for the nonlinear
relationship between velocities and tra-
veltimes. In the inversion step both
smoothing and damping regulariza-
tions are allowed in order to address
the problem of nonuniqueness of the
solution. The combination of the FMM
and the subspace method provides
stable and robust tomographic images;
therefore, the FMST was widely used
by several authors working with ambi-
ent noise tomography [Saygin and
Kennett, 2010; Nicolson et al., 2012;
Vuan et al., 2014].

For the computation of the tomo-
graphic images, the investigated area
was subdivided in a 2-D regular grid of
10 × 10 velocity nodes. The nodes are
not equally spaced along the longitude
and latitude, with a relative distance of
0.115° and 0.065°, respectively. The
damping factor ε and the smoothing

Table 2. Number of Picked Traveltimes and Minimum Stations
Interdistance (Offset) Used in Each Analyzed Frequency Band

Frequency Band Number of Picks Offset (m)

0.04–0.05 Hz 144 75,000
0.05–0.06 Hz 158 70,000
0.06–0.07 Hz 175 65,000
0.07–0.08 Hz 192 60,000
0.08–0.09 Hz 210 55,000

Figure 6. Picks of the arrival time of the Rayleigh wave, used for group
velocity inversion, for data filtered in the bands 0.04–0.05 Hz, 0.05–0.06 Hz,
0.06–0.07 Hz, 0.07–0.08 Hz, and 0.08–0.09 Hz. The red dashed lines show the
theoretical arrivals for surface wave traveling at velocity of 2.0, 2.5, 3.0, 3.5,
and 4.0 km/s.
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factor ɳ are chosen following the approach of Rawlinson and Sambridge [2003]. It is based on a three-step
procedure using the trade-off curves between the RMS function and the model roughness on the one hand
and between the RMS function and the model variance on the other hand. We analyzed the trade-off curves
between data fit and model roughness and data fit and model variance for different values of ε and ɳ as
shown in Figure 8. The optimal results were obtained when the decrease of the RMS started to slow down

Figure 7. (top) Group velocity curves measured from the couples MRVN-SOR, MRB1-ORI, ACER-PAOL, and MIGL-SOR.
(bottom) Interstation paths for group velocity measurements.

Figure 8. Trade-off curves used to choose the appropriate damping and smoothing parameters in the inversion. Several inversions with different values of such
parameters are required in order to construct these curves. (left) Data fit versus model perturbation for different values of the damping factor ε. (right) Data fit
versus model roughness for different values of the smoothing parameter ɳ.
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when decreasing the two different parameters. The choice of parameters which fix the misfit to a reasonable
size allows to limit the contributions from data errors and rounding errors on the final solutions. Following the
curves of Figure 8, the values of ε= 1 and ɳ= 100 were selected.

The velocity models obtained from the inversion are shown in Figures 9a, 9c, 9e, 9g, 9i, and 9k. Rayleigh
waves sample the crossed geological structure, at an average depth of about one third of its wavelength.
Assuming this scaling, the images obtained for the investigated frequency scan the subsoil up to depths of
about 14 and 18 km, respectively. The tomographic maps show frequency-dependent features. At low
frequencies (between 0.04 and 0.07 Hz) a variation of seismic velocity clearly appears in the direction of
the Apennine chain. The main feature at these frequencies is a high-velocity body in the northernmost part
of the maps. It follows the Sorrento peninsula and cuts the Apennine chain from southwest to northeast. This
change in the velocity is clearly visible in the first tomographic map (Figure 9c), but it can be retrieved also at
higher frequencies, although the velocity anomaly is smoother. In the same frequency range a low-velocity
anomaly is located in the southeast part of the region, below the Sant’Arcangelo basin. The contrast is more
evident in the frequency range 0.05–0.07 Hz (Figures 9e and 9g) than at very low frequencies (Figure 9c), indi-
cating a shallower anomaly, as compared to the previous one.

At higher frequencies, between 0.07 to 0.09Hz (Figures 9i and 9k), the models show the occurrence of strong
lateral variations of seismic velocity orthogonally to Apennine chain. In the well-resolved area, (a detailed dis-
cussion of which is present at the end of the section), inside the dashed black lines, we can recognize domains
characterized by low and high velocities, respectively. These bodies appear very clearly in the 0.08–0.09Hz
(Figure 9k) tomographic image, but they start to emerge also in the frequency range 0.07–0.08Hz (Figure 9i).
These two maps correspond in depth to the region above 14 km where most of the present microseismicity
occurs [Amoroso et al., 2014]. The zone where the sharpest lateral transition occurs is well correlated with the
location of the NW-SE oriented, primary normal faults associated with the 1980,Ms 6.9 earthquake. The surface
trace of these faults is superimposed to the tomographic maps with solid black lines. This observation is in good
agreement with other tomographic results obtained for the same area from the inversion of traveltimes of local
events [Amoroso et al., 2014] and of local/regional events [Di Stefano et al., 2009]. The different characteristics of
the tomographic models, with a transition between SW-NE oriented structures at low frequencies to NW-SE
domains at higher frequencies, suggests a significant change in the structure.

A synthetic checkerboard test was used to investigate the resolution of the tomographic results. The checker-
board was built from the final retrieved model with a maximum velocity perturbation at the vertices of the
grid of 0.2 km/s in order to ensure small perturbations for ray paths. The regularization parameters used dur-
ing the checkerboard tests are the same as used for the reconstruction of final tomographic models. The
checkerboard results (Figures 9b, 9d, 9f, 9h, 9j, and 9l) show that the regions where the checkerboard pattern
is well reconstructed are located in the central part of investigated area where there is a large number of seis-
mic stations and dense ray crossing.

We defined the well-resolved areas (represented by black dashed lines) using both the results of the checker-
board test and the distributions of available paths and azimuthal coverage in each cell of the velocity model.
The resolved areas are those in which the perturbation retrieved by the checkerboard test has the same sign
of the velocity anomaly introduced as input. Although in some areas the shape of the anomaly is not correctly
reconstructed, the distribution of available paths from the cross-correlation analysis (Figure 1) provides a rea-
sonable imaging of the gradient of the group velocity through the explored area. The size of resolved areas
increases with frequency because the number of picks used for the tomographic inversion also increases with
frequencies. This is also due to the selection of picks based on the signal wavelength as a function of source
receiver distance.

5.3. S Wave Velocity Model

We obtained an S wave velocity model from inversion of the group velocity dispersion curves, using the soft-
ware Geopsy [Wathelet et al., 2004]. For each of the 400 control nodes in the group velocity map, as obtained
in the previous section, we extracted a dispersion curve to get a local 1-D velocity profile with depth. To limit
the model variation and avoid multiple solutions, we fixed the density to 2700 kg/m3, while the layer thick-
nesses and P and S wave velocity values within each layer were obtained from inversion. We also bounded
the range of variation for the S wave speed from the minimum surface wave velocity value to 2.5 km/s and
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Figure 9. (c, e, g, i, and k) Group velocity maps in the frequency bands 0.04–0.05 Hz, 0.05–0.06 Hz, 0.06–0.07 Hz,
0.07–0.08 Hz, and 0.08–0.09 Hz. (d, f, h, j, and l) The results of checkerboard resolution test associated to each tomographic
model. The black dashed lines, determined by the results of checkerboard test, limit the well-resolved areas in the
tomographic models. (a) The investigated area with the recent seismicity (epicentral positions of seismic events occurred in
the last 10 years) and the epicentral position of 6.9 Mw 1980 Irpinia earthquake and (b) the theoretical pattern of the
perturbation used for the checkerboard tests.
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Figure 10. Horizontal and vertical sections of S wave velocity values obtained from the inversion of the dispersion
curves. (a–d) The areal distribution of the S wave velocity field at four different depths (500 m, 4500m, 8500 m, and
12500m, respectively). The black boxes indicate the positions of the main seismogenic sources of the investigated area,
the white lines show the position of vertical section, and gray dashed lines delimit the well-resolved areas of the
tomographic models on basis of the checkerboard tests. Cross sections along (e) Apennine and (f) anti-Apennine
directions. The gray dashed lines show the positions of faults lines along the vertical section (from Database of
Individual Seismogenic Sources, http://diss.rm.ingv.it/diss/).
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for the Poisson parameter from 0.2 to 0.5. For each dispersion curve, we performed three inversions fixing the
number of layers from two up to four. To select the best representation in terms of number of layers, we
studied the decrease in the misfit function, estimated as the L2 norm between synthetic and measured
dispersion curves, as the number of layers increases. Comparing the decrease in the misfit function, we
concluded that a three-layer model is the best solution for all of the nodes, andmoreover, we did not observe
any significant improvement when increasing the number of layers beyond three. As expected we also found
that such dispersion curves can only resolve the S wave model, because the P wave velocity values are
completely unconstrained.

To smoothen the solution and study the uncertainty in the model, for each inversion we extracted a family of
solutions around the minimummisfit. We then resampled the depth with a space step of 200m, and we aver-
aged the S wave velocity using all the models in the selected set. We also associated the standard deviation
coming from the variability in the velocity values at the same depth as the uncertainty in the velocity at such
a depth (the maps of the standard deviations are shown in Figure S2 in the supporting information). This
strategy clearly generates a smoothly changing velocity profile with depth. After estimating the S wave velo-
city profile beneath each node of the grid, we interpolated the velocity values to obtain a 3-D model which
allows us to follow the lateral variations of the medium.

The model is represented in Figure 10, as 2-D slices at constant depth or 2-D profiles, one along the Apennine
(BB′ line in Figure 10) direction and the second one almost orthogonal to the first one and crossing the faults
traces (AA′ in Figure 10). The dashed line in areal maps represents the boundary of well-resolved area
obtained by adding all the resolved areas reconstructed for each frequency band (shown in Figure 9).
Figure 10 also shows the position of the main seismogenic sources (black boxes) within the investigated area.
The three northernmost faults (Colliano, C_SS; Pescopagano, P_SS; and San Gregorio Magno, SGM_SS seis-
mogenic sources in Figure 10a) were the ones responsible for the 1980, Mw 6.9, Irpinia earthquake. The final
S model ranges between 2.7 km/s and 4.0 km/s and the penetration depth between 10 km and 15 km,
depending on the above velocity model. The larger the average S wave speed in the shallow crust, the larger
the penetration depth. We observe that most of the variations occur along the anti-Apennine direction, while
they look almost homogeneous along the Apennine chain. A low-velocity zone follows the Apennine Belt in
the NW-SE direction and it lies, in the northernmost part, within the two segments of the Irpinia fault system
(Colliano C_SS and Pescopagano P_SS seismogenic sources in Figures 10e and 10f) that generated the 1980
earthquake. We performed a shape test in order to check the reliability of low-velocity anomaly located
between the two fault segments as retrieved in the final tomographic model. The test consists in computing
the arrival times and then performing the inversion for a specific velocity pattern. The goal of the test is to
check the ability of the inversion method to reconstruct the location, the shape, and the amplitude of a fixed
anomaly, maintaining the station configuration unchanged. The comparison between the initial and the
retrieved models can give information on the resolution of the tomographic image in specific areas and
can also highlight any effect of smearing due to nonoptimal ray sampling. For the test, a low-velocity anom-
aly was added to a uniform velocity model. This anomaly has the same amplitude, geometry, and position of
that retrieved in the 3-D tomographic model. In Figure S3, the results of the tests are shown for different fre-
quency bands, according to the data selection specified in Table 2. The results clearly show that the area char-
acterized by the low-velocity anomaly is well constrained by data. Indeed, the synthetic tests show that in all
frequency bands the presence of the low anomaly is well reconstructed by the data inversion.

Low values of the Swave speed are also retrieved in the southeast part of the area, although the extension of
the anomaly is less constrained because of the lower number of stations leading to less crossing rays through
themodel for this region. Moving from the 1980 Irpinia fault along the chain border and hence along the fault
system, as reported by the Database of Individual Seismogenic Sources group (http://diss.rm.ingv.it/diss/), we
found an increase of the Swave speed, which reaches high values along the southernmost faults (3.5–4.0 km/
s) at depth of 10–15 km. An additional low-velocity anomaly is retrieved beneath the Amalfi peninsula, but
here the resolution rapidly degrades with depth.

6. Discussion

The S wave velocity model, as obtained from the inversion of the group velocity maps, shows a strong low-
velocity anomaly along the Campania-Lucania belt, in the region where the 1980, M 6.9 Irpinia earthquake
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occurred. When superimposing the fault segments associated with this earthquake, as obtained from Bernard
and Zollo [1989], we clearly see that the anomaly is bounded by the first and last fault segments that were
responsible for the Irpinia earthquake. This separation is clearly visible for depths larger than 5 km, in the
2-D sections of Figure 10. The two fault segments are NW-SE trending antithetic faults, with dipping angle
of 60° and 70°, respectively, and they were activated with a delay of about 40 s during that earthquake.
The second, shorter segment instead, located southward, lies in a region of transition between the anomaly
and a high-velocity body. The S wave speed in the anomaly at depths between 5 km and 10 km ranges
between 2.7 km/s and 3.0 km/s, while its value outside is about 3.5–3.8 km/s.

A local tomographic model of the area, obtained from inversion of P and Swave arrival times measured from
earthquakes [Amoroso et al., 2014], shows large values of P wave velocity, corresponding to a structural high
and a large ratio between P and Swave speeds in correspondence of the low Swave anomaly retrieved in this
study, although the maximum values of both P wave velocity and Vp over Vs are located more southward.
Combining the tomographic results, with the location of themicroseismicity and the quality factor anomalies,
Amoroso et al. [2014] interpreted this volume as a fluid-rich reservoir, where prevention of the fluid diffusion
across the main structures is likely due to the low permeability of the fault core, while the internal region is a
highly damaged fault zone, where fluids can migrate along fractures. Although the tomographic model is
smooth, a strong velocity gradient is retrieved across the two bordering faults, indicating possible bimaterial
interfaces. We estimated a shear wave velocity contrast up to 15–20% across the main fault that generated
the 1980 Irpinia earthquake. We argue that this contrast is mainly due to a lithological discontinuity, although
we might expect also a contribution owing to fluid saturated damage materials, as also suggested by
Amoroso et al. [2014]. Indeed, laboratory measurements on fluid-saturated limestones require large values
of the porosity (>~10%) to justify such a contrast [Assefa et al., 2003].

An in-plane rupture propagating along a bimaterial interface may grow faster for slip in the direction of the
more compliant medium [Rubin and Ampuero, 2007]. In-plane rupture is coupled to antiplane propagation
for normal faults in the initial stage of the rupture, while most of the later rupture propagation only occurs in
mode III. In its initial stage, hence, a rupture along a bimaterial interface loaded with a homogeneous stress,
is favored to propagate downdip. Nevertheless, as pointed out by Andrews and Ben-Zion [1997], the stress var-
iation with depth usually controls the rupture initiation, and then most of the normal fault ruptures propagate
updip even in the case when the hanging wall is softer than the footwall. However, also in the presence of het-
erogeneous stress loading, the bimaterial effect for these faults hinders the updip propagation. This is also the
case of the 1980 Irpinia earthquake, which nucleated at depth and propagated up to the surface [Westaway and
Jackson, 1987] and of the recent moderate magnitude events occurred along the Apennine chain, such as the
2009 L’Aquila earthquake [Cirella et al., 2009] and the 1997 Colfiorito earthquake [Zollo et al., 1999]. The resolu-
tion in depth of the model obtained from this study is velocity dependent. The larger the average velocity
values in the model, the better resolved the depth. Moreover, the resolution in depth could also be influenced
by the depth of interfaces separating high-velocity from low-velocity shallow layers. Although the average
depth resolution of model is around 12–15 km (see Movie S1 in the supporting information), the small area
located in the southeast part of themodel is resolved up to depth about 20–25kmwith almost uniform velocity
(3.5–3.7 km/s). This area is the region below the Sant’Arcangelo marine basin, one of the largest basins of the
Apennines located close to the outer portion of the Lucano Apennine, west of the Bradanic Foredeep
[Caputo et al., 2007]. Its occurrence at the rear of the leading edge of the chain implies a complex stratigraphic
and tectonic control. On the basis of the available deep wells for hydrocarbon research, the upper Pliocene-
Pleistocene succession of the basin was interpreted as the continuation of the external foredeep basin.

The geophysical investigations of the area revealed a magnetic positive anomaly [Speranza and Chiappini,
2002] and low Bouguer gravity anomalies [Tiberti et al., 2005] that could represent the effect of the northern
lateral edge of the slab existing beneath the Calabrian arc [Selvaggi and Chiarabba, 1995]. The presence of a
low-gravimetric anomaly in the area suggests the presence of deep bodies having lower density than the
surrounding region, which is in good agreement with the presence of a deep body characterized by a low
S wave velocity as retrieved in this work.

Finally, another low-velocity anomaly is observed south of the Sorrento peninsula. This latter could be due to
the presence of extensional faults located along the southern part of peninsula [Casciello et al., 2005], asso-
ciated to the accumulation of a thick layer of sediments. Together with other extensional structures along
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the Tyrrhenian margin of the Campania region, these faults are reminiscent of the complex patterns of sub-
sidence and uplift that characterized the area during the Pleistocene while fitting well within the regional
geodynamic framework of the southern Tyrrhenian Sea.

7. Conclusions

Cross-correlation analysis of 3 years of ambient seismic noise was used to reconstruct Rayleigh waves travel-
ing between couples of stations and a high-resolution 3-D shear wave tomographic model in Southern Italy.
Coherent Rayleigh waves extracted from cross correlations at couple of stations exhibit a significant energy in
the frequency range 0.04–0.09Hz, this band being related to the particular noise sources possibly due to the
interactions of the marine waves along the coasts of Italy.

Compared to the results obtained from earthquake tomography, the shear wave images reconstructed in this
work provided complementary information on the investigated area and its geological structures. The main
normal faults associated to the Irpinia 1980 earthquake show a good spatial correlation with a clear low Vs
anomaly. The strong velocity gradient in the fault region well fits the parameters of seismogenic sources
(depth and dip), indicating that fault may be bimaterial interfaces that could hinder the nucleation and
propagation of large earthquakes.

This study also highlighted the opportunity to study the rich Italian catalog of geological, volcanic, and
seismogenic structures through tomographic analysis performed on the ambient seismic noise at low fre-
quency acquired by broadband sensors. Future work will explore the possibility to reconstruct new 3-D
and 4-D seismic models for different areas of the Italian peninsula taking advantage of the huge number
(more than 300 stations) of broadband seismic stations of Italian Rete Sismica Nazionale (RSN) and other
local/regional seismic networks that continuously acquire the ground motion.

References
Amato, A., and F. Mele (2008), Performance of the INGV National Seismic Network from 1997 to 2007, Ann. Geophys., 51(2/3), 417–431.
Amoroso, O., A. Ascione, S. Mazzoli, J. Virieux, and A. Zollo (2014), Seismic imaging of a fluid storage in the actively extending Apennine

mountain belt, Southern Italy, Geophys. Res. Lett., 41, 3802–3809, doi:10.1002/2014GL060070.
Andrews, D. J., and Y. Ben-Zion (1997), Wrinkle-like slip pulse on a fault between different materials, J. Geophys. Res., 102(B1), 553–571,

doi:10.1029/96JB02856.
Assefa, S., C. McCann, and J. Sothcott (2003), Velocities of compressional and shear waves in limestones, Geophys. Prospect., 51(1), 1–13.
Basili, R., G. Valensise, P. Vannoli, P. Burrato, U. Fracassi, S. Mariano, M. M. Tiberti, and E. Boschi (2008), The database of Individual Seismogenic

Sources (DISS), version 3: Summarizing 20 years of research on Italy’s earthquake geology, Tectonophysics, 453, 20–43, doi:10.1016/j.
tecto.2007.04.014.

Bensen, G. D., M. H. Ritzwoller, M. P. Barmin, A. L. Levshin, F. Lin, M. P. Moschetti, N. M. Shapiro, and Y. Yang (2007), Processing seismic
ambient noise data to obtain reliable broad-band surface wave dispersion measurement, Geophys. J. Int., 169, 1239–1260.

Bernard, P., and A. Zollo (1989), The Irpinia (Italy) 1980 earthquake: Detailed analysis of a complex normal fault, J. Geophys. Res., 94,
1631–1648, doi:10.1029/JB094iB02p01631.

Bobbio, A., M. Vassallo, and G. Festa (2009), A local magnitude scale for Southern Italy, Bull. Seismol. Soc. Am., 99(4), 2461–2470, doi:10.1785/
0120080364.

Boué, P., P. Poli, M. Campillo, H. Pedersen, X. Briand, and P. Roux (2013), Teleseismic correlations of ambient seismic noise for deep global
imaging of the Earth, Geophys. J. Int., 194(2), 844–848, doi:10.1093/gji/ggt160.

Brenguier, F., N. M. Shapiro, M. Campillo, V. Ferrazzini, Z. Duputel, O. Coutant, and A. Nercessian (2008), Towards forecasting volcanic
eruptions using seismic noise, Nat. Geosci., 1, 126–130, doi:10.1038/ngeo104.

Brzak, K., Y. J. Gu, A. Okeler, M. Steckler, and A. Lerner-Lam (2009), Migration imaging and forward modeling of microseismic noise sources
near Southern Italy, Geochem. Geophys. Geosyst., 10, Q01012, doi:10.1029/2008GC002234.

Campillo, M., and A. Paul (2003), Long-range correlations in the diffuse seismic coda, Science, 299, 547–549, doi:10.1126/science.1078551.
Caputo, R., L. Salviulo, S. Piscitelli, and A. Loperte (2007), Late Quaternary activity along the Scorciabuoi Fault (Southern Italy) as inferred from

electrical resistivity tomographies, Ann. Geophys., 50(2), doi:10.4401/ag-3078.
Casciello, E., M. Cesarano, and G. Pappone (2005), Extensional detachment faulting on the Tyrrhenian margin of the southern Apennines

contractional belt (Italy), J. Geol. Soc., 163, 617–629, doi:10.1144/0016-764905-054.
Cirella, A., A. Piatanesi, M. Cocco, E. Tinti, L. Scognamiglio, A. Michelini, A. Lomax, and E. Boschi (2009), Rupture history of the 2009 L’Aquila (Italy)

earthquake from non-linear joint inversion of strong motion and GPS data, Geophys. Res. Lett., 36, L19304, doi:10.1029/2009GL039795.
De Matteis, R., E. Matrullo, L. Rivera, T. A. Stabile, G. Pasquale, and A. Zollo (2012), Fault delineation and regional stress direction from the

analysis of background microseismicity in the southern Apennines, Italy, Bull. Seismol. Soc. Am., 102(4), 1899–1907.
Di Stefano, R., E. Kissling, C. Chiarabba, A. Amato, and D. Giardini (2009), Shallow subduction beneath Italy: Three-dimensional images of the

Adriatic-European-Tyrrhenian lithosphere system based on high-quality P wave arrival times, J. Geophys. Res., 114, B05305, doi:10.1029/
2008JB005641.

Draganov, D., X. Campman, J. Thorbecke, A. Verdel, and K. Wapenaar (2009), Reflection images from ambient seismic noise, Geophysics, 74,
A63–A67.

Duputel, Z., V. Ferrazzini, F. Brenguier, N. M. Shapiro, M. Campillo, and A. Nercessian (2009), Real time monitoring of relative velocity changes
using ambient seismic noise atthe Piton de la Fournaise Volcano (La Réunion) from January 2006 to June 2007, J. Volcanol. Geotherm. Res.,
184, 164–173.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012410

VASSALLO ET AL. PASSIVE SEISMIC IMAGING OF NORMAL FAULT 4304

Acknowledgments
The authors gratefully thank P. Brondi
who helped in the development of
software for data analysis and S. Mazza
who provided seismic data acquired by
Italian Rete Sismica Nazionale (RSN) and
A. Zollo, L. Cantore and G. Di Giulio for
helpful discussions and suggestions.
Continuous seismic data used in this
work were collected by the Irpinia
Seismic NETwork (ISNet; continuous
waveform are available upon request, for
contact http://isnet.fisica.unina.it/, last
access 30 July 2015) and by Italian Rete
Sismica Nazionale (RSN, continuous
waveform are available online at link:
http://eida.rm.ingv.it/, last access 30 July
2015).

http://dx.doi.org/10.1002/2014GL060070
http://dx.doi.org/10.1029/96JB02856
http://dx.doi.org/10.1016/j.tecto.2007.04.014
http://dx.doi.org/10.1016/j.tecto.2007.04.014
http://dx.doi.org/10.1029/JB094iB02p01631
http://dx.doi.org/10.1785/0120080364
http://dx.doi.org/10.1785/0120080364
http://dx.doi.org/10.1093/gji/ggt160
http://dx.doi.org/10.1038/ngeo104
http://dx.doi.org/10.1029/2008GC002234
http://dx.doi.org/10.1126/science.1078551
http://dx.doi.org/10.4401/ag-3078
http://dx.doi.org/10.1144/0016-764905-054
http://dx.doi.org/10.1029/2009GL039795
http://dx.doi.org/10.1029/2008JB005641
http://dx.doi.org/10.1029/2008JB005641
http://isnet.fisica.unina.it
http://eida.rm.ingv.it


Emolo, A., G. Iannaccone, A. Zollo, and A. Gorini (2004), Inferences on the source mechanisms of the 1930 Irpinia (Southern Italy) earthquake
from simulations of the kinematic rupture process, Ann. Geophys., 47(6), 1743–1754.

Iannaccone, G., et al. (2010), A prototype system for earthquake early-warning and alert management Southern Italy, Bull. Earthquake Eng.,
8(5), 1105–1129.

Johnson, C. E., A. Bittenbinder, B. Bogaert, L. Dietz, and W. Kohler (1995), Earthworm: A flexible approach to seismic network processing, IRIS
Newslett., 14(2), 1–4.

Larose, E., A. Derode, M. Campillo, and M. Fink (2004), Imaging from one-bit correlations of wide-band diffuse wavefields, J. Appl. Phys.,
95(12), 8393–8399.

Li, H., F. Bernardi, and A. Michelini (2010), Surface wave dispersion measurements from ambient seismic noise analysis in Italy, Geophys. J. Int.,
180(3), 1242–1252.

Nicolson, A., A. Curtis, B. Baptie, and E. Galetti (2012), Seismic interferometry and ambient noise tomography in the British Isles, Proc. Geol.
Assoc., 123(1), 74–86, doi:10.1016/j.pgeola.2011.04.002.

Paul, A., M. Campillo, L. Margerin, E. Larose, and A. Derode (2005), Empirical synthesis of time-asymmetrical Green functions from the cor-
relation of coda waves, J. Geophys. Res., 110, B08302, doi:10.1029/2004JB003521.

Picozzi, M., S. Parolai, D. Bindi, and A. Strollo (2009), Characterization of shallow geology by high-frequency seismic noise tomography,
Geophys. J. Int., 176, 164–174.

Pilz, M., S. Parolai, and D. Bindi (2013), Three-dimensional passive imaging of complex seismic fault systems: Evidence of surface traces of the
Issyk-Ata fault (Kyrgyzstan), Geophys. J. Int., 194, 1955–1965.

Poli, P., H. A. Pedersen, M. Campillo, and and the POLENET/LAPNET Working Group (2012), Emergence of body waves from cross-correlation
of short period seismic noise, Geophys. J. Int., 188, 549–558.

Rawlinson, N., and M. Sambridge (2003), Seismic traveltime tomography of the crust and lithosphere, Adv. Geophys., 46, 81–198.
Rawlinson, N., and M. Sambridge (2004), Wave front evolution in strongly heterogeneous layered media using the fast marching method,

Geophys. J. Int., 156, 63l–647.
Roux, P. (2009), Passive seismic imaging with directive ambient noise: Application to surface waves and the San Andreas Fault in Parkfield,

CA, Geophys. J. Int., 367–373.
Roux, P., K. G. Sabra, P. Gerstoft, and W. Kuperman (2005), P-waves from cross-correlation of seismic ambient noise, Geophys. Res. Lett., 32,

L19303, doi:10.1029/2005GL023803.
Rubin, A. M., and J. P. Ampuero (2007), Aftershock asymmetry on a bimaterial interface, J. Geophys. Res., 112, B05307, doi:10.1029/2006JB004337.
Sabra, K. G., P. Gerstoft, P. Roux, W. A. Kuperman, and M. C. Fehler (2005), Extracting time-domain Green’s function estimates from ambient

seismic noise, Geophys. Res. Lett., 32, L03310, doi:10.1029/2004GL021862.
Sánchez-Sesma, F. J., and M. Campillo (2006), Retrieval of the Green’s function from cross correlation: The canonical elastic problem, Bull.

Seismol. Soc. Am., 96(3), 1182–1191.
Saygin, E., and B. L. N. Kennett (2010), Ambient seismic noise tomography of Australian continent, Tectonophysics, 481(1), 116–125,

doi:10.1016/j.tecto.2008.11.013.
Schorlemmer, D., F. Mele, and W. Marzocchi (2010), A completeness analysis of the National Seismic Network of Italy, J. Geophys. Res., 115,

B04308, doi:10.1029/2008JB006097.
Selvaggi, G., and C. Chiarabba (1995), Seismicity and P-wave velocity image of the southern Tyrrhenian subduction zone, Geophys. J. Int., 121,

818–826, doi:10.1111/j.1365-246X.1995.tb06441.x.
Shapiro, N. M., and M. Campillo (2004), Emergence of broadband Rayleigh waves from correlations of the ambient seismic noise, Geophys.

Res. Lett., 31, L07614, doi:10.1029/2004GL019491.
Shapiro, N. M., M. Campillo, L. Stehly, and M. H. Ritzwoller (2005), High-resolution surface-wave tomography from ambient seismic noise,

Science, 307, 1615–1618.
Shapiro, N. M., M. H. Ritzwoller, and G. D. Bensen (2006), Source location of the 26 sec microseism from cross-correlations of ambient seismic

noise, Geophys. Res. Lett., 33, L18310, doi:10.1029/2006GL027010.
Sneider, R. (2004), Extracting the Green’s function from the correlation of coda waves: A derivation based on stationary phase, Phys. Rev. E,

69(4, 046610).
Speranza, F., and M. Chiappini (2002), Thick-skinned tectonics in the external Apennines, Italy: New evidence from magnetic anomaly

analysis, J. Geophys. Res., 107(B11), 2290, doi:10.1029/2000JB000027.
Stabile, T. A., C. Satriano, A. Orefice, G. Festa, and A. Zollo (2012), Anatomy of a microearthquake sequence on an active normal fault, Sci. Rep.,

2(410), 1–7, doi:10.1038/srep00410.
Tiberti, M. M., L. Orlando, D. Di Bucci, M. Bernabini, and M. Parotto (2005), Regional gravity anomaly map and crustal model of the central–

southern Apennines (Italy), J. Geodyn., 40(1), 73–91, doi:10.1016/j.jog.2005.07.014.
Vassallo, M., G. Festa, and A. Bobbio (2012), Seismic ambient noise analysis in Southern Italy, Bull. Seismol. Soc. Am., 102(2), 574–586,

doi:10.1785/0120110018.
Vuan, A., M. Sugan, and M. P. Plasenci Linares (2014), A reappraisal of surface wave group velocity tomography in the subantarctic Scotia Sea

and surrounding ridges, Global Planet. Change, 123, 223–238, doi:10.1016/j.gloplacha.2014.07.020.
Wathelet, M., D. Jongmans, and M. Ohrnberger (2004), Surface wave inversion using a direct search algorithm and its application to ambient

vibration measurements, Near Surf. Geophys., 2, 211–221.
Westaway, R. (1987), The Campania, Southern Italy, earthquake of 1962 August 21, Geophys. J. R. Astron. Soc., 88, 1–24.
Westaway, R., and J. Jackson (1987), The earthquake of 1980 November 23 in Campania-Basilicata (Southern Italy),Geophys. J. Int., 90(2), 375–443.
Yang, Y., M. H. Ritzwoller, A. L. Levshin, and N. M. Shapiro (2007), Ambient noise Rayleigh wave tomography across Europe, Geophys. J. Int.,

168, 259–274.
Zaccarelli, L., N. M. Shapiro, L. Faenza, G. Soldati, and A. Michelini (2011), Variations of crustal elastic properties during the 2009 L’Aquila

earthquake inferred from cross-correlations of ambient seismic noise, Geophys. Res. Lett., 38, L24304, doi:10.1029/2011GL049750.
Zollo, A., S. Marcucci, G. Milana, and P. Capuano (1999), The 1997 Umbria-Marche (central Italy) earthquake sequence: Insights on the

mainshock ruptures from near source strong motion records, Geophys. Res. Lett., 26(20), 3165–3168, doi:10.1029/1998GL005285.
Zollo, A., A. Orefice, and V. Convertito (2014), Source parameter scaling and radiation efficiency of microearthquakes along the Irpinia fault

zone in southern Apennines, Italy, J. Geophys. Res. Solid Earth, 119, 3256–3275, doi:10.1002/2013JB010116.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012410

VASSALLO ET AL. PASSIVE SEISMIC IMAGING OF NORMAL FAULT 4305

http://dx.doi.org/10.1016/j.pgeola.2011.04.002
http://dx.doi.org/10.1029/2004JB003521
http://dx.doi.org/10.1029/2005GL023803
http://dx.doi.org/10.1029/2006JB004337
http://dx.doi.org/10.1029/2004GL021862
http://dx.doi.org/10.1016/j.tecto.2008.11.013
http://dx.doi.org/10.1029/2008JB006097
http://dx.doi.org/10.1111/j.1365-246X.1995.tb06441.x
http://dx.doi.org/10.1029/2004GL019491
http://dx.doi.org/10.1029/2006GL027010
http://dx.doi.org/10.1029/2000JB000027
http://dx.doi.org/10.1038/srep00410
http://dx.doi.org/10.1016/j.jog.2005.07.014
http://dx.doi.org/10.1785/0120110018
http://dx.doi.org/10.1016/j.gloplacha.2014.07.020
http://dx.doi.org/10.1029/2011GL049750
http://dx.doi.org/10.1029/1998GL005285
http://dx.doi.org/10.1002/2013JB010116


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


