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Lateral variations of Pn propagation in Italy: Evidence for
a high-attenuation zone beneath the Apennines
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Abstract. Pn phases recorded by 40 stations of the Italian
seismic network are analyzed using the spectral ratio technique to
estimate the Q structure of the uppermost mantle beneath the
Italian peninsula and nearby Adriatic Sea. A total of 344 digital
waveforms are analyzed from 22 earthquakes that occurred within
distances of 300 to 1600 km. The calculated apparent Q values
are grouped into two categories: Q > 800 characterizes the
Adriatic side of the Italian peninsula, indicating that the Adriatic
lithosphere is very efficient in propagating Pn phases through the
uppermost mantle; O < 600 characterizes the uppermost mantle
beneath the Apennines and western Italy, indicating less efficient
wave propagation. The presence of asthenospheric mantle
material at shallow depths beneath the Apennines can explain the
observed Q.

Introduction

The Italian Telemetered Seismic Network (ITSN) is composed
of more than 80 short period stations. Many waveforms are
recorded owing to active tectonism in the central Mediterranean.
Seismograms from regional earthquakes show great variability in
efficiency of propagation for both Pn and Sn phases, seemingly
correlated with surface geology and tectonics.

The geology of Italy has been strongly influenced since the
upper Cretaceous by the convergence of the Eurasian and African
plates [e.g., Dewey et al., 1973]. Since late Miocene, rifting
predominated in the internal (Tyrrhenian) domain, while
compressional deformations initiated the Apennine thrust-and-
fold system. Substantial magmatic activity has taken place since
the Plio-Pleistocene in and around the Tyrrhenian basin [e.g.,
Barberi et al., 1973]. The Adriatic continental block represents
the undeformed foreland of the Apennine orogen [e.g., Lowrie
and Alvarez, 1974; Channell et al., 1979].

The aim of this paper is to estimate the uppermost mantle Q
using Pn phases recorded by the Italian seismic network. Previous
attenuation studies in the Italian peninsula have been focused on
seismic hazard assessment in volcanic and seismogenic areas
[e.g., Rovelli, 1983; Del Pezzo et al., 1985; Mayer-Rosa and
Schenk, 1989]. The present study, together with an ongoing study
of shear wave attenuation [Mele et al., 1995], is the first to
evaluate the efficiency of high-frequency seismic energy
transmission at a regional scale. The attenuation of Sn waves is
very strong, so that poor signal-to-noise ratios do not allow
quantitative evaluation for Sn efficiency.
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Data

The data used in this study are Pn waveforms recorded by the
ITSN which is operated by the Istituto Nazionale di Geofisica
(ING). Signals from the station sites are transmitted to the ING
via phone lines and then A-D converted by an automatic
procedure [Barba et al., 1995]. The sampling rate is 40 sps. All
stations are equipped with short-period (1 s) S-13 Teledyne
seismometers. Most of the stations operate with only a vertical-
component sensor while a few are in triaxial configuration.

Earthquakes occurring along the western coast of Greece and in
the Ionian Sea (Fig. 1) are favorably situated for this study. Their
ray paths cross the Italian peninsula along its longitudinal axis
and the station azimuths are similar for each event. Thus,
amplitude variations due to the radiation pattern are minimal,
allowing unbiased estimates of attenuation between the northern
and the southern parts of the Italian peninsula. The attenuation of
Sn waves is very strong, so that poor signal-to-noise ratios do not
allow quantitative evaluation for Sn efficiency.

We analyzed the vertical components of 344 waveforms
produced by 22 shallow earthquakes with local magnitude greater
than 4 and epicentral distances ranging from 325 to 1620 km.
Earthquake locations and origin times are from the ING bulletin.

Analysis and Results

The spectral ratio approach was used to estimate the attenuation
of Pn waves which propagate in the uppermost mantle (i.e., in the
mantle lid of the lithosphere). The amplitude spectrum of the Pn
phase is expressed as a function of frequency f and epicentral

distance R, R

A(f,R) = H(f) Ag(f,9)- G(R)exp(——)
vQ
where H(f) is the instrument transfer function, Ag(f, ) is the
source spectrum whose radiation pattern is dependent on azimuth
¥, and G(R) is a geometrical spreading function; v and Q are
the average values of Pn wave velocity and quality factor,
respectively, in the uppermost mantle. Q is assumed to be
frequency-independent since we are dealing with a narrow
frequency band.

Let us consider two stations (denoted by the subscripts i and j )
aligned along a ray path. In this case the spectral ratio R ij (f) of

'An electronic supplement of this material may be obtained on a
diskette or Anonymous FTP from KOSMOS.AGU.ORG. (LOGIN to
AGU's FTP account using ANONYMOUS as the username and GUEST
as the password. Go to the right directory by typing CD APEND. Type
LS to see what files are available. Type GET and the name of the file
to get it. Finally, type EXIT to leave the system.) (Paper 94JB00000,
Title of paper, by author(s)of paper). Diskette may be ordered from
American Geophysical Union, 2000 Florida Avenue, N.W., Washing-
ton, DC 20009; $15.00. Payment must accompany order.
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Figure 1. Map of Italy showing the seismic stations (squares)
used to estimate Q. Circles indicate the epicenters of the
earthquakes used in this study (see Table 1).

the Pn waves can be written as
A(f,R) H() G(R;) mfL; ;
R, ;(f)= L ! p(— ”j M
A(fR) H;(f) G(R;) vQ

where L; ij is the distance between the two stations. Uniform
attenuation along the crustal paths beneath the two stations is
implicitly assumed in (1). For this reason the quality factor Q
estimated through (1) is usually called "apparent Q". The
breakdown of this assumption has to be considered in interpreting
our results.

In our case, all the station sites are equipped with the same type
of receiver and the amplifier-modulator-demodulator chain differs
among stations only by a frequency-independent amplification
factor,

H,',j(f)=c,"j'H()(f) fISfoz

where C; i is the amplification factor at i-th or j-th station. The
restriction f; < f < f, is motivated by the possibility of station-
variable low- and high-pass filters outside of this band. Equation
(1) is then simplified to
7UL,' j
- 2

G GR) (
exp
vQ

R, (f) =
C G(R)

and, taking the logarlthm of both sides of the equation, we obtain
a linear relation between the amplitude ratios and frequency

lOgRi’j (f)=a-bf (3)
C,G(R) L ;
where a = log————,and b = —=loge.
C. G(Rj) vQ

Equation (3) allows us to estimate the apparent Q from the
spectral ratios of Pn phases recorded at aligned stations. The
slope b of a straight-line fit to the spectral ratios is related to Q
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Many of the unknown parameters of the initial equation (1) are
cancelled by the ratioing operation, while others appear only in
the intercept value a, which is not an essential term in estimating
Q. Therefore, using this methodology the source properties, as
well as the geometrical spreading of regional phases, are not
required. As far as the instrument response is concerned, no
correction is needed, provided that the only difference in station
responses is a static gain factor in a sufficiently broad frequency
band ( £, f5).

The analysis was performed in the frequency band 0.5 - 5 Hz
which guarantees H,(f) to be the same for all stations.
Amplitude spectra were computed from only the first 10 s of the
Pn phase. This prevents contamination from the Pg phases into
the Pn spectra. After windowing, the seismograms were tapered
(5% of the total window length) and the spectra were calculated
using a standard FFT technique. The analysis was restricted to
stations whose signal-to-noise ratio was higher than 10 over the
selected frequency band. The background noise was measured in
a 10 s window before the Pn arrival. A mean value of 8.2 km/s
was used for the uppermost mantle Pn velocity in calculating the
Q values. Even though Mele et al. [1995] show that Pn velocity
values in the study area range between 7.9 and 8.4 km/s, this
variation would affect the estimated Q by about 5%, which is
small compared to uncertainty of this parameter.

Instead of computing spectral ratios for all possible station pairs
lying on the available ray-paths, we preferred to compute a
reference spectrum for each earthquake and use it as the
denominator in equation (1)

R,(f) = AR ®)
Ay(f,Ry)

In fact, depending on earthquake location, stations LCI, BRT,
TDS, ORI and MGR (see Figure 1) tend to lie at epicentral
distances not differing by more than few tens of kilometers. In
general, we selected among the above mentioned stations those
lying within % 50 km from an average epicentral distance Rj. In
(5) Ry and A (f,R,) were computed as the average values

M

M<S5 (6)

Amplitude

Frequency (Hz)

Figure 2. Example of computation of the reference Pn spectrum
for event #3 of Table 1. Amplitude spectra from three stations are
averaged to obtain the reference spectrum (solid line). Stations
used in this study to calculate the reference spectra (squares) and
the #3 earthquake location (circle) are shown in the upper corner.
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and

M
—1A _(f,R
Zm=t Ay (o Rn) R, - Ry|<50km ()

Ao (f,Ry) =
respectively. The subscript m was run over the reference stations
lying within R, * 50 km (see Figure 2). In (5), the subscript n
was run over all stations, excluding LCI, BRT, TDS, ORI and
MGR. This procedure yielded one estimate of Q at each station
for each of the 22 earthquakes in Table 1 (electronic supplement).

The reference spectrum was used, rather then all possible
station pairs, in order to have a more stable spectrum in the
denominator of (5) and to avoid problems arising from small
distances between station pairs. Pairs of nearby stations would
predict a very small slope in (3) so that spectral fluctuations for
the different station response would mask the spectral decay
when measured in a narrow frequency-band. Figure 3 shows an
example of the application of (5) for one earthquake (event #3 in
Table 1). Assuming that calculated values of Q! are normally
distributed, the average value (1/Q) and its standard deviation ¢
were computed for each station. To minimize effects of unreliable
outliers, the average was recalculated excluding values exceeding
+ ¢ from the mean. Listed in Table 2 (electronic supplement) are
the inverse of the final mean value, percent errors, and an interval
of statistical uncertainty 15 computed from the final standard
deviation. The lower and upper limits of Iy are defined as the
inverse of (1/Q) + ¢ and (1/Q) - ©, respectively.

Figure 4 shows the pattern of the apparent Q in Italy as
estimated through the inverse of (1/Q). Only values averaged
over at least 5 recordings were mapped. These values represent
the average O along the uppermost mantle path between each
station site and the reference stations. Evidence for a spatial
variation of O emerges with a high statistical reliability,
indicating that the uppermost mantle structure is not
homogeneous in the study area.

Discussion

Regional seismic phase attenuation studies show that high Q
characterizes regions of lower temperature and high-strength
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Figure 3. Examples of computation of Pn apparent-Q for event
#3. Seismograms (a) and spectral ratios (b) are shown for most
recording stations. Station codes and epicentral distances are
indicated.
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Figure 4. Map of Italy showing Pn apparent-Q values. Each value
represents the average O between reference stations (Fig. 2) and
the station of interest. Open squares indicate high-Q stations,
solid squares indicate low-Q stations; triangles indicate stations
recording low signal-to-noise ratio Pn phases; circles indicate
epicenter locations. A minimal extent of the low-Q zone in the
uppermost mantle is indicated (dotted area).

upper mantle materials, while low Q corresponds to higher
temperature and low strength materials [e.g., Kadinsky-Cade et
al., 1981; Barazangi and Ni, 1982]. Accordingly, partial melting
in the uppermost mantle is thought to be the main cause for
attenuation in the mantle lid [e.g., Brunn, 1986]. Several
estimates of the upper mantle Q indicate that values of the order
of 1000 and higher are typical for efficient propagation paths
within the lithosphere. In contrast, low Q values (= 500 or less)
characterize inefficient propagation paths [e.g., Molnar and
Oliver, 1969; Whitman et al., 1992].

Figure 4 shows two subsets of Q values with spatial
dependency. High apparent Q values, ranging from 850 to 2000,
were estimated for propagation paths crossing the undeformed
Adriatic lithosphere below the Po plain and the Adriatic basin,
indicating that a high-strength mantle lid is present beneath these
regions. This is observed at most of the stations located in
northern Italy as well as station ARV (see Figs. 1 and 4).
Significantly, lower apparent Q values (250 to 650) characterize
the Apennine belt and western Italy. The low Q values are
interpreted as due to a high attenuation zone in the uppermost
mantle beneath the Apennines (dotted area in Fig. 4), probably
due to partial melting below the Moho. Present-day extension in
the Apennines, as well as volcanism and high heat flow in
western Italy, may be related to this high-temperature uppermost
mantle.

One of the assumptions made in writing equation (1) was that
crustal attenuation is the same for all stations. Because this is not
the case and high temperature materials are probably injected into
the crust beneath some stations, local attenuation in the crust may
affect the estimated uppermost mantle Q. Hence, lower apparent
Q values can be observed locally. However, the poor signal-to-
noise ratio we have found for Pn phases recorded in northwestern
Italy (stations DOI, BNI and CKI in Figure 1) is a strong
evidence that propagation paths crossing the Apennine uppermost
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mantle are attenuated. This is because the crust beneath
northwestern Italy is very different (less attenuating) from the
crust beneath the Tyrrhenian margin (more attenuating) [e.g.,
Boriani et al., 1989].

In a recent study of Sn attenuation and Pn velocity, Mele et al.
[1995] show that regional shear waves propagate neither beneath
the Apennines nor along the Tyrrhenian side of the peninsula, and
that low Pn velocities (about 7.9 km/s) are present in both
regions. These findings are consistent with geodynamic models
involving asthenospheric mantle at shallow depths, such as
subduction and back-arc spreading [e.g., Malinverno and Ryan,
1986; Patacca et al., 1990; Mantovani, 1996], mantle diapirism
[Locardi, 1988] and post-orogenic lithosphere delamination [e.g.,
Channell and Mareschal, 1989].

The lateral variations of regional wave propagation in Italy
have important implications for earthquake hazard. We find that
high frequencies are strongly attenuated along paths crossing the
central and western parts of the Italian peninsula. On the contrary,
seismic energy is efficiently transmitted through the Adriatic
lithosphere.

Conclusions

We find large lateral variations in the rheological properties of
the uppermost mantle beneath Italy. The continental Adriatic
lithosphere is characterized by high apparent Q values (850 to
2000) that are interpreted to indicate high-strength and low-
temperature uppermost mantle material (mantle lid) below the
Moho. In contrast, anomalously high seismic wave attenuation (Q
ranging from 250 to 600) is found beneath the Apennines and the
western part of the Italian peninsula, where extensional tectonic
processes and volcanism have been active since late Miocene.
Partial melting processes caused by decompression melting in
extensional regime might be responsible for the high attenuation
zone observed in the study area.
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