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SUMMARY

The Pollino range is a region of slow deformation where earthquakes generally nucleate on
low-angle normal faults. Recent studies have mapped fault structures and identified fluid-
related dynamics responsible for historical and recent seismicity in the area. Here, we apply
the coda-normalization method at multiple frequencies and scales to image the 3-D P-wave
attenuation (Qp) properties of its slowly deforming fault network. The wide-scale average
attenuation properties of the Pollino range are typical for a stable continental block, with a de-
pendence of Op on frequency of Q' = (0.0011 4 0.0008) £©36+0-32) Using only waveforms
comprised in the area of seismic swarms, the dependence of attenuation on frequency increases
[0p' = (0.0373 £ 0.0011) f~0-39%0-0D] a5 expected when targeting seismically active faults.
A shallow very-low-attenuation anomaly (max depth of 4-5 km) caps the seismicity recorded
within the western cluster 1 of the Pollino seismic sequence (2012, maximum magnitude
My, = 5.1). High-attenuation volumes below this anomaly are likely related to fluid storage
and comprise the western and northern portions of cluster 1 and the Mercure basin. These
anomalies are constrained to the NW by a sharp low-attenuation interface, corresponding to
the transition towards the eastern unit of the Apennine Platform under the Lauria mountains.
The low-seismicity volume between cluster 1 and cluster 2 (maximum magnitude M,, = 4.3,
east of the primary) shows diffuse low-to-average attenuation features. There is no clear in-
dication of fluid-filled pathways between the two clusters resolvable at our resolution. In this
volume, the attenuation values are anyway lower than in recognized low-attenuation blocks,
like the Lauria Mountain and Pollino Range. As the volume develops in a region marked
at surface by small-scale cross-faulting, it suggests no actual barrier between clusters, more
likely a system of small locked fault patches that can break in the future. Our model loses
resolution at depth, but it can still resolve a 5-to-15-km-deep high-attenuation anomaly that
underlies the Castrovillari basin. This anomaly is an ideal deep source for the SE-to-NW
migration of historical seismicity. Our novel deep structural maps support the hypothesis
that the Pollino sequence has been caused by a mechanism of deep and lateral fluid-induced
migration.

Key words: Body Waves; Seismic attenuation; Seismic tomography; Fractures, faults, and
high strain deformation zones.

factor (Q) measures the anelastic attenuation of coherent waves.

I INTRODUCTION It is defined as the fractional energy lost per cycle and controls

Seismic waves lose energy during propagation in heterogeneous
Earth media. They lose amplitude in space and time due to seismic
attenuation, whose description is central when modelling seismic
wave propagation both at the laboratory and field scales (Miiller
et al. 2010; Cormier 2011; Sato et al. 2012). The total quality

the decay of the energy density spectrum with lapse time from
the origin time of the earthquake (Cormier 2011). While in many
seismological studies the physical processes measured by Q (e.g.
scattering and absorption) are considered a hindrance and removed,
the attenuation of body, surface and coda waves has become a
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fundamental attribute to image heterogeneous Earth structures
(Quan & Harris 1997; Romanowicz 1998; Schurr ef al. 2003; De
Siena et al. 2010; Mayor et al. 2016; Prudencio & Manga 2019).
Q is suited to image fluid storage and propagation at subduction
(Schurr et al. 2003) and, especially, fault scale (Chiarabba et al.
2009).

The most widely used method to estimate the attenuation of
seismic waves is the so-called * method (Romanowicz 1998;
Schurr et al. 2003), where #* represents the cumulative attenua-
tion along a ray path (Kanamori 1967). The * method measures
the high-frequency spectral decay rate above the corner frequency
(dependent on earthquake magnitude) for each waveform: e=*"/2
(Cormier 1982; Bindi et al. 2006), where o is the angular fre-
quency. While its application is easy and justifiable in the pres-
ence of gradually varying heterogeneity, the assumptions underly-
ing the method are often unfulfilled if there are strong velocity
variations, interference between coherent waves, and complex
source and site spectra (Del Pezzo 2008; De Siena et al. 2009;
Parolai et al. 2015). The method does not allow a frequency-
dependent reconstruction of structures, even if these certainly
interact differently with seismic waves depending on sampling
frequency.

Aki & Chouet (1975) and Rautian & Khalturin (1978) developed
the coda normalization as an alternative method to measure Q of
S waves (Qs) within highly heterogeneous lithospheric media.
Yoshimoto et al. (1993) extended the method to measure the at-
tenuation of P waves (QOp), normalizing P-wave energy by S-coda
energy. The effect of different radiation patterns on coda-normalized
measurements is negligible if the data set consists of events with a
wide range of epicentral distances that allow to average over many
focal mechanisms (Yoshimoto et al. 1993). Even considering single-
station measurements, radiation patterns only have secondary ef-
fects if the window taken to measure direct-wave amplitudes is long
enough. Takemura ef al. (2009) studied the distortion of the S-wave
radiation pattern of small-magnitude earthquakes due to small-scale
crustal heterogeneity. They concluded that the S-wave radiation dis-
tributes quasi-isotropically for high-frequency waves after a few
mean-free times from the origin-time of the earthquake. Obviously,
when enlarging the window used to measure P-wave amplitudes,
the risk is to include spurious surface phases, finally losing focus on
the infinite-frequency seismic ray. A preliminary measurement of
spatially varying coda properties is also necessary (De Siena et al.
2014a).

The coda normalization method is a standard for measuring and
mapping the average attenuation properties of the lithosphere. Ex-
amples comprise the comparison of shear wave attenuation in dif-
ferent areas of the crust (Frankel ef al. 1990) and collision zones
(Sharma et al. 2007; Parvez et al. 2012). Del Pezzo et al. (2006)
first developed an attenuation tomography method based on coda
normalization (CN) to image Mount Vesuvius. They measured Qs
along rays traced in a velocity model to invert for the 3-D attenua-
tion structure of the volcano. De Siena et al. (2009) benchmarked
the method against #*, obtaining a multiple resolution 3-D model
of both Os and Qp at the same volcano, using a direct-wave time
window of 3 s to remove radiation pattern effects. At Campi Flegrei
caldera, where topographic effects are marginal, the window length
was reduced to 2 s (De Siena ef al. 2010). Since then, body-wave
attenuation models based on the CN method have been applied at
crustal scale across the world, becoming a standard in volcanoes
(Matsumoto et al. 2009; De Siena et al. 2014b; Prudencio et al.
2015a, b; De Siena et al. 2017; Nazemi et al. 2017; Prudencio &
Manga 2019).
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While the coda-normalization method has been used to study the
average attenuation properties of fault zones (Akinci & Eyidogan
1996) a 3-D tomographic inversion has never been applied in
this setting. De Siena ef al. (2014a) have published MuRAT,
a MATLAB® code to obtain frequency-dependent Qp and Qg
measurements using the CN method and invert for the P- and
S-wave attenuation structures of highly heterogeneous regions. In
its 2.0 version, the code allows to estimate coda attenuation before
normalization, reducing the unknowns in the inversion.

2 STRUCTURE AND DYNAMICS OF
THE POLLINO FAULT NETWORK

The data in the present work have been recently used to map the 2-D
frequency-dependent spatial variations in scattering and absorption
across the Pollino fault network (Napolitano et al. 2020a). This fault
network comprises low-angle, E- and NNE-dipping faults, as well
as antithetic, high-angle, SW- to WSW-dipping faults (Brozzetti
et al. 2017). The area is historically recognized as a seismic gap in
the Apennines chain (Passarelli ef al. 2015). Regardless, there is a
record of historical earthquakes with magnitudes between 5.2-6.0
dating back to the seventeenth century (Tertulliani & Cucci 2014).
The Pollino seismic sequence has occurred between 2010 and 2014
within the gap and with a highly variable rate.

The activity started in Fall 2010, with a small cluster of events,
which faded out in Spring 2011 and started again in Fall 2011, lo-
cated in the SE part of the Mercure Basin. In May 2012, an event
with M, = 4.3 occurred to the east of the first sequence, with a
classical main shock—aftershock sequence (hereafter “cluster 2, as
labelled in Fig. 1). In July 2012, the activity restarted in the first
location, in the SE of the Mercure Basin, lasting several months,
with a peak My, = 5.1 normal faulting event occurring on 2012 Oc-
tober 25. Although the seismicity gradually faded by Spring 2012,
the seismicity rate was higher than usual until 2014. The seismic
activity in this location will be hereafter called ‘cluster 1°. These
sequences comprised thousands of low-magnitude earthquakes but
no main shock—aftershock succession (Passarelli ef al. 2015; To-
taro et al. 2015; Ferranti et al. 2017). Such features, together with
the occurrence of slow-slip earthquakes (Cheloni et al. 2017), have
supported the identification of Pollino as a region of slow defor-
mation. This slow-slip event, equivalent to an My, ~ 5.5, has been
detected between August 2012 and March 2013, and located in
the same seismogenic volume of the first cluster. Increased pore
pressure and, more generally, pressurized fluids modulating stress
along the fault, are the most likely sources of slow-slip events and
aseismic transients seismicity (Passarelli e al. 2015; Cheloni et al.
2017).

A frequency-dependent scattering and absorption mapping has
provided the spatial measurements of coda attenuation necessary for
the application of MuRAT2.0 (Napolitano et al. 2020a). This work
has brought forward the hypothesis that lateral fluid migrations
from the Castrovillari basin, SE of the fault network, is the most
likely source of historical seismic events (Napolitano et al. 2020a;
Sketsiou et al. 2020). Their high-scattering and high-absorption pat-
terns shift towards NW following the strike of NW-to-SE-trending
faults. The SE-NW migration stops at the boundary of the eastern
unit of the Apennine Platform (Brozzetti ef al. 2017) at interme-
diate frequencies. It marks the faults where the Pollino seismic
sequence nucleated in the highest frequency range. Despite the in-
creasing amount of shallow geological and geophysical information
(Passarelli e al. 2015; Totaro et al. 2015; Brozzetti et al. 2017),
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Figure 1. Map of the study area, showing the earthquakes used in this work (red circles) and the seismic stations (blue triangles). Historical seismicity is
marked with green circles. Mountain ranges in the area are marked with solid black lines and the locations of two sedimentary basins, Mercure (MB) and
Castrovillari (CB), are indicated by green squares. There are two clusters of events discussed in the paper, marked here by orange rectangles as cluster 1 (left)

and cluster 2 (right).

leading to new models and hypotheses of the deep fault structures
(Ferranti et al. 2017), deep 3-D geophysical models of the area are
still lacking.

3 DATA

The data set consists of 102 earthquakes (for a total of 702 wave-
forms) that occurred between 2010 and 2014 in the seismogenic
volume responsible for the Pollino seismic swarm-like sequence
(Passarelli et al. 2015; Napolitano ez al. 2020b) and nearby, as shown
in Fig. 1. The waveforms have been recorded at 18 seismic stations
operated by Istituto Nazionale di Geofisica e Vulcanologia (INGV),
Universita della Calabria (Margheriti et al. 2013) and GFZ, Pots-
dam, Germany (Passarelli et al. 2012). The strongest events of this
data set (ML > 2.7) have been used to study the source mechanism
and the development of the swarm (Totaro et al. 2015) and to con-
strain the geometry of the faults inferred by Brozzetti et al. (2017).
Most of these waveforms have been used to assess ground-motion
amplifications (Napolitano et al. 2018) and separation of scatter-
ing and absorption contribution to the total attenuation of coda
waves (Napolitano et al. 2020a; Sketsiou et al. 2020). To study the
P-wave attenuation, we selected the vertical component of the
Pollino waveforms, characterized by source-receiver distances be-
tween 1 and 40 km, by local magnitude between 1.8 and 4.3, and
depths between 1 and 32 km. The equipartition between P and
S waves (Napolitano et al. 2020a) allows us to use the vertical
component to compute coda waves at late lapse times, where the
diffusion regime is reached (Sketsiou e al. 2020). The selected
area, [lon: 15.4-16.4 (111 km); lat: 39.6-40.4 (70 km); depth:
20 km] was divided in blocks of 0.1°, a suitable size to solve a
3-D problem. For ray tracing, we interpolated the velocity model by

Barberi et al. (2004) between depths of 0 and 70 km, tracing rays
with a ray-bending approach (De Siena et al. 2014b).

We performed two different tomographic analyses, correspond-
ing to two data sets. Data set 1 comprises all the waveforms de-
scribed above to invert for the entire volume under consideration.
Data set 2 is a selection of 647 waveforms chosen to provide a
higher-resolution image of the zone where the Pollino swarm de-
veloped: [lon: 15.8-16.2 (44 km); lat: 39.8-40.05 (21 km); depth:
12 km].

4 METHODS

4.1 Assumption of frequency dependence

The (in)dependence of Q on frequency has been a debated question
for decades and is a central assumption for any imaging technique
using attenuation as attribute (i.e. attenuation tomography). When
Q is considered independent of frequency (Knopoff 1964), a valid
assumption for measuring attenuation, for example, in rock-physics
(Tisato & Madonna 2012), the frequency-shift method becomes the
ideal technique to image Earth media (Quan & Harris 1997). Still,
the complex heterogeneous attenuation of the lithosphere causes si-
multaneous phenomena which span, among others: (1) the enhance-
ment of high-frequency near-receiver surface waves due to scatter-
ing (Campman et al. 2005; Gabrielli et al. 2020); (2) anisotropic
attenuation due to fractures (Chapman 2003); (3) the wave-induced
flow acting at frequencies lower than 1 Hz (Pride et al. 2004; Miiller
et al. 2010). Most researchers agree that O measurements are de-
pendent, if not proportional, to frequency, at least at field scale and
above 1 Hz (Fedotov & Boldyrev 1969; Rautian & Khalturin 1978;
Aki 1980; Chapman 2003; Li & Lu 2010). The following imaging
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is thus performed at multiple frequencies. In zones of high reso-
lution, frequency-dependent images can be interpreted in terms of
scale-variations in geological structures and tectonic activity (Sato
etal. 2012).

4.2 The coda normalization equation

Seismic wave amplitudes can be modelled as the convolution of the
source, path, site, and instrument functions in the time domain (Del
Pezzo et al. 2006). The spectral amplitude of direct S waves :

T r) (M
Os(/)vs
where f'is the frequency, 7 is the source-receiver distance, 7. is the
coda-wave central lapse time, Ry, is the source radiation pattern (6
and ¢ the azimuth and take-off angle for a source—receiver ray), Ss(f)
is the source function, y the geometrical spreading exponent, /(f)
the known instrumental response, G(f, W) is the site amplification
factor (with W being the incident angle of the ray at the station), Os
is the S-wave quality factor and vg the average S-wave velocity in
the medium (Yoshimoto et al. 1993).

At late lapse times, where the diffusion regime is reached, the
spectral amplitude of coda waves can be written as

A f, 1) = Ss(NIP(S )G 2

The coda amplitude must be independent of the hypocentral dis-
tance (Calvet & Margerin 2013): for Pollino, this was proven by
previous works (Napolitano et al. 2020a; Sketsiou et al. 2020). The
attenuation of coda waves can then be expressed as (Aki & Chouet
1975):

P(fite) = 1" exp (=271 0, ') (3)

In this equation, n is the envelope spectral decay, Q. is the coda
quality factor and A4.(f; .) does not include the effect of the source
radiation pattern.

Eq. (1) can be divided by Eq. (2) to normalize the energy of the
spectral amplitude of direct S waves using the spectral amplitude of
coda waves:

As(ft)  _ _yG(f,‘I’)eXp<_ nf r) 1
Rop Ac(f. 1) G(f) Os(fyvs ) P(fite)’

where the source function Ss(f) and the instrumental response /(f)
contributions disappear. If the length of the direct-wave window is
chosen appropriately, the contribution of the source radiation pattern
Ry 1s negligible (De Siena et al. 2009). Since early coda consists of
randomly scattered waves, the coherency and the source radiation
pattern is eventually lost (Takemura et al. 2009). De Siena et al.
(2010) demonstrate that a coda window of 2 s is sufficient to make
the radiation pattern quasi-isotropic in a volcanic caldera. Still, the
window length must be carefully chosen at each frequency to avoid

near-receiver onset of surface waves (Gabrielli ez al. 2020).

At fixed frequency band and starting lapse-time for coda win-
dows, P(f, t.) is assumed to be constant in the standard coda-
normalization method (Del Pezzo et al. 2006; Sato et al. 2012).
Taking the logarithm, eq. (4) becomes

As(fite) ] _ o - G af .
m[Ac(f»tc)}_ln(’ y)““[ G(f)} Ostrs P B)

By pre-computing G(f, W) over many earthquakes we remove its
dependency on the incident angle W. Finally, dividing by 7f, the
coda-normalization equation is defined as

H[As(ft)} oty - [1 ")
7f L AdS ) s UV Ty

As(f.7) = Rogp Ss(/)r " I(/)G(f, W) exp (—

4)

}+K(f) (6)
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where K.(f) = % Yoshimoto et al. (1993) demonstrated that
earthquakes within a small magnitude range show the same spectral
shape for P and S waves. Hence, we can write

A(f. 1) o< Ss(f) o Sp(2) (N

and that Eq. (6) can be used for coda normalization using P-wave
velocities (vp):

Ap(/ 1) — 05l — In(r)
ﬂfln[A(ft)] Op v y|:ﬂf:|+KC(f)' ®)

Both Eqgs (6) and (8) are forward models that can be used in to-
mography to solve for quality factor variations (Del Pezzo et al.
2006; De Siena et al. 2010, 2014b). In the following, these forward
models are used by MuRAT (Del Pezzo et al. 2006; De Siena et al.
2014a) in order to map Q at Pollino. The new version, currently in-
tegrated in MuRAT?2.0 (https.// github.com/LucaDeSiena/MuRAT),
pre-computes spatially varying coda attenuation (Sketsiou er al.
2020) and uses it to remove one of the unknowns (K.(f)) from
Egs (6) and (8).

4.3 Tomographic procedure

We follow the methodology developed by Del Pezzo et al. (2006)
and implemented computationally by De Siena et al. (2014a). This
methodology uses Eqs (6) and (8) to obtain a tomographic forward
model. From the linear regression of Eqs (6) and (8), the average
inverse total quality factor is Qp & (where the subscripts refer to
either P- or S-wave amplitudes), the geometrical spreading () and
K. (which is assumed to be constant for a fixed frequency band and
lapse time) are obtained. As explained before, the only unknown in
K. is the average coda quality factor Q. (Eq. 3), which is measured
experimentally for each source-receiver pair.

This pre-calculation allows to define a new data vector (d) for
each source-station path (k):

[Aé.s(f, te)

1
dfo=—1
Ps M A

- } Kl 1)+ 22 10r) + gk

©)

The area under study is divided into a grid of M equally spaced
nodes and the forward model is derived from Eqs (6) and (8) using
the new data vector and defining the inversion matrix Gy g:

dIl:s = Zl;Bsslfs 5(QP s ZGPS 5(QP ) ] (10)
where k refers to the source-station path, B indicates the Bth of the
M blocks that the kth ray crosses, s, is the slowness of segment of
length /,, crossing the Bth block, and 8(Qf ¢)™" are the variations
from Qp 35 in each block. Eq. (10) is solved using a zero-order
Tikhonov regularization. The damping parameter can be chosen
from the corresponding L-curve (Aster et al. 2013). The total quality
factor in each block is obtained as Q'

(089 = (0rs) ' +8(0F )" (11)

5 RESULTS
5.1 Average direct and coda attenuation values and
dependence on frequency

We start with reporting the results obtained using Data set 1 (see
Sketsiou et al. (2020) for details). The dependence of In O}, "on the
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Figure 2. Dependence of the logarithm of the average Qp ! value in the
Pollino area on the logarithm of frequency. Panel (a) shows the results of
Data set 1 between 6 and 18 Hz, with their associated error values. Panel
(b) shows the results of Data set 2 between 3-18 Hz with their associated
error values. The points were fitted using the linearized form of the equation
Q;l =0, . J 71, from which we estimated Q ! and 7 for each data set
using linear regression.

Table 1. Best set of input parameters. #. and L are the starting lapse-time
and length of the coda window, respectively and Lp is the length of the
window for the body wave analysis. The window for the analysis of the
body waves starts with the P-wave onset, and is chosen taking into account
the g — tp of the waveforms with the shortest epicentral distance.

fe(s) Lw(s) Lp(s)
15 12 0.8

logarithm of frequency is shown in Fig. 2(a). The points were fitted
by taking the logarithm of an equation of the form Q5 ' = [N Lo
(Petrosino et al. 2008). Several parameters affecting the results such
as the coda window onset ¢, and length L, length of the P-wave
window Lp and the envelope spectral decay » have been tested
(Havskov et al. 2016). The best set of these parameters are shown in
Table 1. The values of QOp and y obtained using Eq. (9) for frequen-
cies between 3-18 Hz are shown in Table 2. The resulting equation is
05" = (0.0011 4 0.0008) £ 36032 The p-value of the regression
model, which tests whether this model fits significantly better than
a degenerate model consisting of only a constant term, is equal to
0.343 which is higher than 0.05, meaning that the aforementioned
linear model does not adequately represent the data. Additionally,
we modelled the dependence of Q! on frequency. The points were
fitted with a power law as in the case of Oy ', resulting in the rela-
tionship 07! = (0.0057 £ 0.0006) f~0-55%0-05),

Table 2. O} and geometrical spreading y measurements with their asso-
ciated errors o, and o, (one standard deviation) obtained from the linear
regression at different frequency bands using the best set of parameters,
shown in Table 1.

f(Hz) Q;l +op, yxo,

3 -0.0051 + 0.0048 0.890 £ 0.106
6 0.0026 £ 0.0026 0.827 £ 0.112
9 0.0018 £ 0.0019 0.993 £0.126
12 0.0021 £ 0.0016 1.092 4+ 0.139
15 0.0032 £ 0.0015 0.999 £0.153
18 0.0036 £ 0.0013 0.908 £ 0.163

0;' = Qalf‘”Using Data set 2 (Section 3), we calculated the
same dependence of Q;' on frequency. This data set spans a
depth range of just 12 km, half of Data set 1, and are constrained
around the source region. With the same set of input parameters
as described for Data set 1 (Table 1), the resulting relationship is
05" = (0.0373 4 0.0011) £0-9+00D showing the expected higher
attenuation and frequency dependence. The p-value of the regres-
sion model is equal to 1.61 x 107, which is significantly lower
than 0.05, meaning that the linear model represents the data well.
However, the dependence of Q! on frequency results in the rela-
tionship O;! = (0.0057 £ 0.0006) /035099 " \which is identical
to Data set 1. This is a strong indication that coda waves behave
homogeneously in space regardless of the size of our study area at
the chosen lapse times. The Q' and 5 values obtained are charac-
teristic of stable continental crust (Data set 1) and high-seismicity
zones (Data set 2), respectively (Sato et al. 2012).

5.2 Frequency-dependent tomographic results

We obtain several 3-D models of the Pollino fault network in dif-
ferent frequency bands and interpret them in terms of both resolved
features and scale of the heterogeneity. We consider horizontal slices
taken at 2.5 km, 7.5 km and 12.5 km in the three frequency bands
(Figs 3(a)—(i)) as well as S—-N, W—E and NW-SE vertical profiles
crossing the area of the Pollino swarm (Supporting Information
Fig. S1).

Given the velocities we used (Barberi et al. 2004) and the depths
sampled by the earthquakes, we expect to resolve structures of the
order of 10 km?® across the medium at 3 Hz (Fig. 4, top row). The
only resolved anomaly at a depth of 2.5 km at all frequencies is
a low-attenuation pattern located just above the volume where the
last Pollino swarm occurred (Figs 3(a)—(c)). At 7.5 km, most of the
volumes west of 16.3° longitude and centred at 7.5 km are resolved
(Fig. 4, middle row). Here, high attenuation anomalies trending
NW-SE (Fig. 3(d)) appear across the northern fault network, fol-
lowing historical seismicity (Fig. 1). The area of the Pollino swarm,
centred at this depth around [16.0 lon, 39.9 lat], has average atten-
uation characteristics. At a depth of 12.5 km, the resolved region
is between 15.9—-16.3 lon and 39.8-40.04 lat (Figs 3(g), S1). Two
high attenuation anomalies are located NW and SE of the shallower
epicentral area of the Pollino swarm (Fig. 3(g)), respectively. The
NW high-attenuation anomaly is at the borderline of our resolv-
ing power (Fig. 4, bottom row) and possibly a ghost. The resolved
SE high-attenuation anomaly corresponds to the oldest historical
seismicity recorded in the area (Tertulliani & Cucci 2014).

A NW-SE vertical cross-section (Supporting Information
Fig. S1) shows that the low-attenuation volume topping the epi-
central area extends from the surface down to a depth of 5 km above
the Pollino swarm. The N-S and W-E profiles, taken at 16.01 lon
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and 39.92 lat, respectively (Supporting Information Fig. S1) show
that this medium-to-low attenuation volume characterizes the whole
southern portion of the study area. While the rupture zone for the
MS5 Pollino earthquake is sandwiched at the top of the two deeper
high-attenuation anomalies in the NW and SE, only the SE anomaly
(1) is resolved and (2) is related to historical seismicity. The only re-
solved high-attenuation anomaly at the average depth of the swarm
(7.5 km) is north of it (Figs 3(d)—(f) and Supporting Information
Figs S1(d)—(f)).

The 6 Hz model confirms the broadest features visible in the 3 Hz
maps (Figs 3(b),(e),(h)):

(i) a wide low-attenuation volume extending above and to the
south of the Pollino hypocentral area down to 5 km;

(i1) the NW-SE trend of high attenuation volumes centred at a
depth of 7.5 km and following historical seismicity;

(iii) two high-attenuation volumes sitting just below the hypocen-
tral area (12.5 km depth), although again the northern anomalies
are unresolved;

(iv) the high-attenuation volume at 7.5 km depth, located just
north of the hypocentral area showing average attenuation charac-
teristics.

The 15 Hz maps provide a more resolved reconstruction of all the
high- and low-attenuation anomalies listed above (Figs 3(c),(),(1)).
However, the high-attenuation anomaly north of the hypocentral
area at 7.5 km now extends southwards along the NS-trending faults
west of the swarm area.

The resolution tests at 2.5 km depth show that the only resolved
area is directly above the swarm for Data set 1 (Fig. 4, top row).
At 7.5 km, the majority of our study area is resolved, up to 16.3°
lon using Data set 1 (Fig. 4, middle row). Using Data set 2, the
majority of the area between 15.88° and 16.14° lon is resolved at
this depth (Fig. 5). At 12.5 km depth, the resolved area for Data
set 1 is between 15.9-16.3° lon and 39.8-40.04° lat (Fig. 4, bottom
row).

For Data set 2 the resolution is limited both above and below
7.5 km due to the lower ray-crossing (Figs 5(b),(e),(h)). Regardless,
they provide more details in the area of the seismic sequence than
Data set 1 around a depth of 7.5 km (Figs 5(b),(e)). The high-
attenuation anomaly previously comprising the Mercure basin now
extends across the western side of the cluster 1 events and stops
in the NW and W due to a sharp low-attenuation interface, at the
boundary of our lateral resolving power (Figs 5(c),(f),(i)). The low-
to-average attenuation anomaly previously characterizing the entire
seismic sequence now comprises only the eastern part of the cluster
1 events, as well as the aseismic zone between clusters 1 and 2.

6 DISCUSSION

Fig. 6 is a simplified sketch of our tomographic model and in-
cludes geophysical and geological results used in the following
interpretation. We primarily refer to this sketch while mentioning
the tomographic sections when discussing resolution and reliability.

6.1 Frequency dependence of seismic attenuation
measurements

Using Data set 1, there appears to be no dependence of Q;l on
frequency (Fig. 2 (a)). Considering the error on each value, we
see that the trend is approximately constant, showing nearly no
dependency on frequency. The reduction of the study area with

Data set 2 led to focusing on the fault networks and, as a result, the
Q7' dependence on frequency is significant. The Oy and 7 values
obtained are indicative of tectonically active areas (Padhy 2005;
Sato et al. 2012). The QC’Ol and 7 values obtained using Data sets 1
and 2 are the same: they indicate that coda waves behave similarly
regardless of the size of our study area and they are characteristic
of continental areas with high seismicity (Sato et al. 2012).

6.2 Low-permeability shallow volumes topping lateral
seismic migration

The low-attenuation volume topping the hypocentral area of the
cluster 1 events (depth of 2.5 km) corresponds to a relative absence
of extended faulting and, consequently, lack of historical and more
recent seismicity (Fig. 6(a); Tertulliani & Cucci 2014; Ferranti ez al.
2017). This volume seems able to stop the vertical rupture of the
western fault during the Pollino sequence. As fluids are the likely
cause of swarms and aseismic transients (Passarelli et al. 2015;
Cheloni et al. 2017; Napolitano et al. 2020a), the volume could
mark semi-impermeable formations. The presence of such an im-
permeable layer at 4.5-5 km depth and lat >39.92° is supported
by the highly detailed relative location of clusters having similar
waveforms, obtained by Napolitano ez al. (2020b) and shown in its
figs. 10 and 11. The hypocentres migrated horizontally (between
4.5 and 6 km depth) from the middle of the fault network towards
North between Nov. 2011 and Feb. 2012, just below the interpreted
impermeable formation. The re-located hypocentres started prop-
agating vertically between Sept. 2012 and June 2013, only after
the seismicity migrated towards the South over the boundary of the
low-attenuation anomaly (lat <39.92°). The results of these two in-
dependent analyses obtained using different data sets, consistently
point to a mechanism of lateral fluid migration and, possibly, excess
of pore fluids (Passarelli ef al. 2015), as the cause of the Pollino
seismic sequence. The distribution of deep-sourced springs shows
that these deep-sourced fluids find their way to surface along the
SW boundary of the formations (Gaglioti et al. 2019), in spatial re-
lation with the main aseismic transient, synchronous to the swarm
(Cheloni et al. 2017) (Fig. 6).

At these depths, impermeable formations would correspond
mostly to the transition from the shallower ductile-behaving Apen-
nines imbricate wedge and the brittle Apulia sedimentary crust
(Ferranti et al. 2017). According to Brozzetti et al. (2017), the loca-
tion comprises a part of the Mercure basin, a part of a Liguride unit
and a part of the Apennine platform western unit. The first ~ 2 km
layer of sediments in the area (limestones and dolomites) have thus
likely high permeability.

6.3 Deep fluid reservoirs and low-attenuation,
low-seismicity gap between the two clusters

All the higher resolution maps (Fig. 5) show that a wide high-
attenuation volume develops at a depth of 7.5 km across the Mercure
basin, and comprises the western and central part of the cluster
1 events (Figs 5 and 6). Constrained in the north, west (Lauria)
and east (Pollino Range) by the low-attenuation eastern unit of the
Apennine Platform (Knott 1987; Giaccio et al. 2014; Brozzetti et al.
2017; Fig. 6), the high-attenuation volumes are likely representing
the seismic signature of a deep fluid reservoir in the area (‘Mercure
reservoir’). These deep fluids find their way to the surface across
the boundary between the reservoir and the Lauria mountains, the

1202 1SNBNy Og UO Jasn usapiaqy Jo Asioniun Aq |288/19/9€G/1/92Z/a0e/1B/wod dno-olwspeoe//:sdyy wous papeojumoq



Lat. °©

3 km

3-D attenuation imaging of the Pollino fault network 543

39.9

9.8 — : ‘
1885 18851 805 1615 15.78 15.98 16.18 15.85 1595 16.05 16.15
Lon. Lon. ©
AV,/AV, mm—— AQ - X10°
-0.1 -0.03 0.03 0.1 0.2 -0.06 -0.03 0 0.03 0.06 -1 -01 08 1.6 25

Lat. °
40

39.9

15.98

16.18 1585 1595 16.05

1585 1595  16.05 15.78 1615
. o
AV/AV, mmm— o e O™ 107
P 017-0.05 0.0010.05 0.1 AQ7 e o e A4 0403 09 15
Lat. ® Lat. °

40

39.9

1585 1595 1605  16.15 15.78
Lon.
AV/AV, mmm—— AQT
02 0.1 -0.1 -0.07 0.04 22

15.98

-1.2 01 095 2

16.18 1585 1595 16.06 ‘ 16.15
o Lon= | — i0°
x10 -1 -01 08 16 2.5X

Figure 5. Maps of AVp/AVs velocity variations (left column) at 3 km, 7.5 km and 12.5 km depth and AQ~" at 7.5 km depth (middle column) at three central
frequencies (3, 6 and 15 Hz) using Data set 2, with the associated checkerboard tests for attenuation (right column panels). The central frequency is shown at
the bottom left corner on the Q! maps and at the bottom right corner of the checkerboards. The grey areas on the O~ ! maps are beyond our resolution power
and they have been masked for simplification. The velocity model was adapted from Totaro et al. (2014).

primary region of deep-sourced springs in the study area (Margiotta
et al. 2012; Canora et al. 2019).

A low-attenuation volume develops inside the low-seismicity
gap between cluster 1 and cluster 2 events (Figs 5 and 6(b)). It
separates the Mercure reservoir from a second high-attenuation
anomaly, east of the cluster 2 events and underlying the Castrovillari
basin. This high attenuation volume dips towards SE, below 10 km
(Fig. 6(b)). The low-attenuation gap underlies (likely young) small-
scale cross-faulting (Brozzetti ef al. 2017) and comprises patches of
high attenuation that increase in size at higher frequencies. There is
no clear indication of consistent high-attenuation pathways between
the Mercure and Castrovillari reservoirs, and these patches are be-
low our resolution power. However, the attenuation values in this
volume are higher than those in the surrounding regions (parts of the
eastern units of the Appenine platform) (Fig. 6). These observations
are hardly explained by the presence of a barrier for fluid migra-
tion similar to that inferred under the Lauria Mountains (Fig. 6).
They better agree with the hypothesis that the volume comprises
a system of asperities (Passarelli et al. 2015) that can break in the
low-attenuation matrix.

The attenuation structure obtained using Data set 2 was compared
with the velocity model of Totaro et al. (2014), which is different
from the 1-D velocity model of Barberi et al. (2004) we used for our
tomographic procedure. In their paper, Totaro ef al. (2014) studied

the crustal Vp, Vs and Vp/Vs structure of the southern Apennine—
Calabrian arc border between 3 km and 30 km. For our study, the
original model was interpolated between 3 km and 12.5 km and
cross-sections at 3 km, 7.5 km and 12.5 km were plotted for our
area of interest (Figs 5 and S3). In Fig. 5 positive and negative
variations of attenuation are spatially correlated with positive and
negative variations of V'p/Vs. The low Vp/Vs and attenuation support
the interpretation of the low-seismicity gap as a poorly permeable
system that slows down fluid migration.

The impermeable formations capping the cluster 1 events area
and this deep low-attenuation volume depict the ideal setting for
the development of transient slip events due to fluid redistribution
and migration within the Mercure reservoir and adjacent faults
(Passarelli e al. 2015). The aseismic transient identified during the
seismic sequence by Cheloni ef al. (2017) is located just under
the impermeable formations. The transient develops NW across the
reservoir, consistent with the transtensional stress field acting in
the southern part of the Mercure Basin, associated with NNW-SSE
normal faulting (Passarelli et al. 2015).

6.4 Fluid sources and earthquake-inducing fluid migration

Our model depicts a closed reservoir system lacking high-
attenuation fluid sources that could create pressure directly below
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of the tomographic model.

the cluster 1 events (Fig. 3). Our models lose resolution at depths
below 10 km, especially when using Data set 2 (Fig. 5) and are
clearly more affected by the interpolation of the broader velocity
model (Barberi ef al. 2004), necessary to obtain high-resolution at-
tenuation maps. We observe deep anomalies (12.5 km) west of the
seismic events, corresponding to old extended NS-trending faults
(Brozzetti et al. 2017; Figs 3(g)—(i)). These anomalies are unre-
solved and, given their aseismicity (both recent and historical), they
are likely ghosts produced, for example, by the shallower Mercure
reservoir. Despite the uncertainties, at least at the wider scale (Data
set 1I—Fig. 3), we are able to resolve a single deep high-attenuation
volume that shows the extension to depth of the Castrovillari reser-
voir, SE of the fault networks (Figs 3 and 6).

The absence of high-attenuation volumes sourcing fluids just
below the cluster 1 events (Figs 3(d)—(i) and 5) is expected given the
structural characteristics of the area (Brozzetti ef al. 2017; Ferranti
et al. 2017) and the evidence of historical (Napolitano ez al. 2020a)

and recent (Passarelli ef al. 2015; Napolitano et al. 2020b) lateral
fluid migration. Historical earthquakes correlate with a general shift
of fluid-related, high-absorption anomalies from the Castrovillari
basin towards the NW, stopping at the foot of the Lauria mountains
(Napolitano et al. 2020a). Even today, the deep volumes below the
Castrovillari basin seem the most likely source of deep fluids. Here,
at depths between 9 km and 14 km, Ferranti ez al. (2017) speculate
the existence of the ductile Verrucano (s. 1.) layer, a siliciclastic and
lower-velocity layer that rises above its average depth in the eastern
part of our model. Similar ductile characteristics are detected as
high-attenuation anomalies when mapping volcanoes with seismic
attenuation (De Siena et al. 2017), thus they could affect imaging
of the deeper volumes.

The trace of the Mercure reservoir at 7.5 km depth is close to
the hypocentral location of the Mercure basin seismic sequence in
1998 (Brozzetti et al. 2009) (see main shock in Fig. 6). Our tests
(Fig. 4 and Supporting Information Fig. S2) show that the interface
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under the Lauria mountain is a reliably reconstructed barrier for NW
propagation, where stress accumulates at the end of aseismic tran-
sients (Cheloni et al. 2017; Fig. 6). This barrier is the same acting
on historical seismicity, hindering its general SE-to-NW migration
(Napolitano et al. 2020a). The evolution of the Pollino swarm se-
quence, with transient aseismic and seismic events alternating west
and east of the low-attenuation low-seismicity structure, suggests
a mechanism of fluid migration within sealed structures develop-
ing mostly across the strike of late Pleistocene-Holocene faults
(Brozzetti et al. 2017). The stress changes caused by seismic activ-
ity and the increased fault zone permeability due to fracture opening
leads to fluid re-distribution through seismic and aseismic slip (Pas-
sarelli et al. 2015; Cheloni et al. 2017). The fluid distribution returns
to equilibrium when the seismic activity fades out. The recovered
attenuation structure represents a temporal average of the short- and
long-term processes that developed in the area.

The Mercure reservoir is likely fluid-saturated so any fluid in-
put within the reservoir increases pore fluid pressure in fluid-filled
cracks around faults (Amoroso et al. 2014; Passarelli et al. 2015).
The highest-magnitude seismicity consistently develops at the in-
terface of the low-attenuation volume separating the cluster 1 and
cluster 2 events, in the region of strongest short-scale cross fault-
ing. We infer that this volume is a major structural control for the
dynamics of this and following seismic sequences; if our inference
about fault patches is correct, the volume could fail seismically in
the future. Additional geophysical studies which integrate a range
of interdisciplinary methods, a more detailed velocity model of the
area, and broader seismic data sets better encompassing the study
area are needed to investigate the proposed hypotheses further.

7 CONCLUSIONS

High seismic-attenuation anomalies are a reliable marker for fluid
accumulation and propagation in the lithosphere. In a setting where
fluid migration and changes in pore pressure are expected as the
main trigger for aseismic transient and seismicity, our results offer
a 3-D structural framework to interpret where fluids come from
and how they interact with complex tectonics to nucleate swarms
and feed springs at the surface. This fluid accumulation (depth of
7.5 km) underlies the two primary sedimentary basins of the study
area, Mercure and Castrovillari.

The structures and dynamics affecting these two reservoirs ap-
pear different, with deeper high-attenuation anomalies (12.5 km)
sourcing fluids only under the Castrovillari basin. There is no high-
attenuation volume directly below the cluster 1 events. The low-
attenuation volume directly above the area of the cluster 1 events
correlates with the presence of impermeable formations possibly
enhanced by changes in fault mechanisms. This low-attenuation
volume as well as those corresponding to the ductile low-Vp east-
ern unit of the Apennine Platform are contoured by deep-sourced
springs and likely control the spring feeding mechanisms. Seismic-
ity before the swarm develops mostly horizontally and below the
impermeable formations, supporting an interpretation in terms of
lateral fluid migration. The primary deep source region for these
fluids is located under the Castrovillari basin, with fluid migra-
tion possibly developing from SE (Castrovillari basin) to the NW
(Mercure basin). This trend corresponds to the fluid/stress migra-
tion derived from historical seismicity and stops under the Lauria
mountains due to a sharp high-to-low attenuation contrast. However,
along this trend, the two clusters of the Pollino sequence develop
on either side of a deep low-attenuation volume, showing no direct
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high-attenuation pathways for fluid migration. Our results suggest
no barrier between reservoirs. More likely, delayed lateral stress
exchange accommodates on small fault patches that allow fluid
propagation and could break in the future.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. Cross-sections showing the AQp' variations at three
frequency bands: 3, 6 and 15 Hz for Data set 1. The top single
panel shows a map of the area with the seismic events used in this
study (red dots) and the seismic stations (blue triangles). Line AA’
represents an NW—SE cross-section (second row panels). Line BB’
represents an N—S cross-section (third row panels) and line CC’
represents an E-W cross-section (bottom row panels), all of them
taken through the main swarm. The black circle markers repre-
sent the events of the main seismic swarm, the hourglass markers
represent the events of the secondary swarm and the open square
markers represent the rest of the seismicity in the area. The grey
areas are beyond our resolution power and they have been masked
for simplification.

Figure S2. Input (right panels) and results (left panels) of two spike
tests performed using Data set 1 at a frequency of 3 Hz at 7.5 km
depth. The black lines on the panels represent the main faults in the
area, adapted from Brozzetti et al. (2017).

Figure S3. Cross-sections showing the AVp (left column) and AV
(right column) velocity structure in our area of interest at 3, 7.5 and
12.5 km. The model has been adapted from Totaro et al. (2014). The
depth is shown at the bottom left corner of each panel. The black
lines represent the main faults in the area, adapted from Brozzetti
et al. (2017).
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