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Abstract

Volcano-tectonic (VT) earthquakes produce high-frequency seismograms characterized by impulsive shear mech-

anism; their seismogram coda re�ects the random inhomogeneity of the volcano structure. Consequently, this

inhomogeneity can be investigated through the analysis of the coda wave envelopes of the VT events. In this

chapter, I will review the main observational results obtained from volcanoes around the World, with the aim

of quantifying the scattering and attenuation properties of the volcanic areas. First, I will review the coda-Q

observations and their frequency dependence, then I will report on attempts that have been made to sepa-

rate the intrinsic from the scattering attenuation using multiple scattering and di¤usion models, and �nally,

I will report on the interpretations based on these results. The results show that the coda-Q absolute values

characteristic of volcanoes are slightly smaller than those measured in non-volcanic zones, and that sometimes

their frequency dependence is di¤erent. It is impossible to deduce by coda-Q observations only whether this

di¤erence is controlled more by the intrinsic or the scattering attenuation. The application of multiple scatter-

ing models allows separate estimates of the intrinsic and the scattering attenuation coe¢ cients. Results show

that volcanoes are highly heterogeneous structures, with a mechanism of seismic wave energy dissipation that

tends to be controlled by the scattering phenomena with increasing frequency. For Mt. Vesuvius, Mt. Merapi

and Deception island volcano scattering attenuation prevails at frequencies higher than 2-3 Hz. At Mt. Etna,

intrinsic dissipation prevails or is comparable with scattering attenuation for frequencies lower than 8 Hz.

At high frequencies, di¤usion approximation is appropriate to describe the energy seismogram envelope.

The intrinsic dissipation of shear waves [possibly connected with magma reservoirs, which should decrease the

intrinsic Q values for shear waves] only has an important role at low frequencies.
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INTRODUCTION

Volcanic earthquakes

Volcanoes are sites of peculiar seismic activity, which is generally classi�ed into four categories: volcano-

tectonic [VT] earthquakes, long period [LP] events, very long period [VLP] events and volcanic tremor (Chouet,

2003) . In typical observatory practice, this classi�cation is carried out visually, by analyzing the seismo-

gram shapes and/or the spectral contents of the waveforms. Modern research in volcano seismology, aimed

at the quanti�cation of the seismic phenomena associated with volcanc eruptions, enlighten the role played

by magmatic and hydrothermal �uids in the generation of the seismic waves, making critically important the

quanti�cation of the source properties of LP and tremor. As the di¤erent events re�ect di¤erent kinds of source

mechanisms, the quanti�cation of their source is crucial to determine the extent and evolution of the magmatic

energy. In particular, LP events and tremor generally precede and accompany the eruptive phenomena [Chouet

(2003) and references therein], and are used to assess the eruptive state or to estimate the eruptive potential.

This is an obvious reason why monitoring the insurgence of this kind of seismicity is considered to be the most

reliable and powerful techniques of volcano monitoring. One of the problems is that the seismogram shape of the

volcanic quakes or, similarly, their spectral shape [frequency domain], is greatly dependent on the propagation

e¤ects, and hence on the elastic properties of the seismic medium. Consequently, the medium properties need

to be studied carefully to correctly adjust for the e¤ects of propagation and to obtain valid event classi�cations

aimed at an understanding of the physics of a volcanic source.

VT events are located inside the volcano structure, generally at shallow depths [down to 10 km]. They are

the brittle responses of the volcano materials to the magma processes and/or to changes in the thermal state

of the rocks [the heating or cooling in the vicinity of a magma body]. VT may also re�ect far-�eld stresses

acting on heterogeneous materials and changes in the pore pressure. The impulsive shear mechanism of these

events produces high-frequency seismograms that re�ect the random heterogeneity of the volcano structure in

their coda. The heterogeneity of volcanoes can thus be investigated through the analysis of the VT coda wave

envelopes. Other volcanic earthquakes, on the contrary, are characterized by non-impulsive and time-persistent

sources, which generate complex coda waveforms. In this case, the problem of separating the radiation generated

by the scattering phenomena from that related to the source is more di¢ cult.

Due to the impulsive shear mechanism that generates the high frequency content of the coda, VT earthquakes

are the most suitable for investigations into small-scale heterogeneity characterizing the earth medium beneath

volcanoes.
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A brief review of coda-Q�1 observation on volcanoes

The �rst attempts to quantify the scattering and attenuation parameters for rocks constituting the volcanic

structures, were carried out using the estimate of coda-Q�1, or Q�1C of the local VT earthquakes. As is well

known, this parameter describes the the energy density decay of the short period seismogram, ESS(x; t); recorded

at position x and at the time t due to an impulsive source applied at x0 in the single scattering assumption [

Sato and Fehler (1998) section 3.1.2 ] as

ESS(x; t) =
E0g0

4� jx� x0j2
K

�
�t

jx� x0j

�
H (�t� jx� x0j) e�!tQ

�1
C (1)

whereE0 is the energy density at the source, g0 is the scattering coe¢ cient, � is the seismic velocity for the

shear waves (taken as a constant), H is the Heaviside step function, K is a term depending on geometrical

spreading and distance and ! is the angular frequency. With short hypocentral distances [source is assumed to

be co-located with the receiver] formula 1 can be approximated by

ESS(t) ' E0g0

2��2t2
e�!tQ

�1
C (2)

Using these assumptions [often respected by VT earthquakes, that are generally recorded by stations close to

the source], Q�1C appears to include both absorption and scattering losses [see Sato and Fehler (1998), sections.

3.1., 3.3.2 and 7.1.1] although its physical meaning has been controversial for many years. The idea that coda-

Q�1 accounts for both intrinsic and scattering attenuation prevailed untill the appearance in the literature

of theoretical (Shang and Gao, 1988), numerical (Frankel and Clayton, 1986) and laboratory (Matsunami,

1991) studies concluding that coda-Q�1 is essentially an estimate of intrinsic-Q�1. More recently, Zeng (1991)

described the solution of the integral equation for the seismic energy density, E(x; t); recorded at position x

and at the time t due to an impulsive source applied at x0. The integral equation, that is equivalent to the

equation of radiative transfer in case of isotropic scattering, is given by

E(x; t) = E0

�
t� jx� x0j

�

�
e��jx�x0j

4� jx� x0j2
+

Z
V

�SE

�
�; t� jx� �j

�

�
e��jx��j

4� jx� �j2
dV (�) (3)

where E0
�
t� jx�x0j

�

�
represent the impulsive Energy radiated by the source, � = �S+�I is the total attenuation

coe¢ cient, with �S and �I respectively the scattering and the intrinsic attenuation coe¢ cients, and � is the

variable of integration (describing the spatial position of the scatterers). The quality factors for scattering and

intrinsic attenuation can be expressed in terms of attenuation coe¢ cients by
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Q�1S;I = �S;I�=! (4)

where subscripts S and I stand for scattering and intrinsic, respectively. The assumptions underlying equation

(3) are more general than those for the equation (1), as all multiple scatterings are included. In both equations

(1) and (3) scattering is assumed to be isotropic and the medium randomly uniform.

Formulas (1) and (2) have been widely used for �tting the experimental coda envelopes to invert for Q�1C .

Results obtained over time and throughout the World have been used to characterize the average attenuation

properties of the zones under study simply by comparing coda-Q�1 parameters. Unfortunately, as reported

above, the physical interpretation may be confusing. Moreover, there is an additional problem of interpretation

of these early results, due to their signi�cant dependence on the time window in which the �t of data with

single scattering model is made. This dependence is often named "lapse time dependence of QC". Due to this

dependence [Q�1C decreases with lapse time], the experimental results reported without an explicit speci�cation

of the lapse time window length used for calculations may be not strictly suitable for comparison among the

di¤erent areas. Figure 1 shows a compilation of Q�1C observations made in volcanic areas using similar lapse

time window lengths (or I explicitly report the lapse time used). Looking at the plots of Figure 1 it can be

noticed that in some cases coda-Q pattern show a peculiar frequency pattern. This is particularly evident for

Kilauea, Mt. S. Helens and Mt. Vesuvius. A comparison with Q�1C estimates in stable or tectonically active

non-volcanic areas using data taken from Ibanez (1990) and Del Pezzo et al (1996), is reported in Figure 2 for

the volcanic area of Mt. Etna (Italy) and the non-volcanic zone of Andalucia (Spain). The plots reproduce

estimates obtained at the same lapse time intervals. Leaving aside the interpretation of the physical meaning,

these plots show that Etna volcano behaves di¤erently from the tectonically active sedimentary Granada basin,

showing an overall higher coda-wave attenuation.

The results reported in Figure 1 show that in some cases [Etna, Kilauea and Vesuvius] there is a frequency

dependence that is weaker than or opposite (Q�1 increasing with frequency) to the other regions. Whether these

di¤erences are controlled more by intrinsic or by scattering attenuation is impossible to deduce by examining

only Q�1C observations. A further di¢ culty in the interpretation of Q�1C is given by the uniform half space

assumption. Gusev (1995) found that Q�1C may be closer to the real Q�1I for earth media characterized by

strong velocity gradients. This study demonstrated that coda decay is quantitatively well explained if the

scattering coe¢ cient decreases with depth, when the leakage of scattered energy to the bottom cannot be

discriminated from intrinsic loss. Margerin et al (1998) and Wegler (2004) using the di¤usion approximation

derived analytical expressions which describe the coda decay due to leakage, in the assumption of a heterogeneous

layer superimposed to a transparent half space.
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It can be concluded that there is no simple relation between Q�1C and scattering and intrinsic inverse-Q. Con-

sequently, separate estimates of intrinsic and scattering attenuation coe¢ cients performed by using the realistic

assumptions of positive (with depth) seismic velocity gradients and depth-dependent attenuation parameters

are necessary to quantify the scattering processes in volcanic regions.

SEPARATED ESTIMATES OF INTRINSIC AND SCATTERING ATTENUATION

To date, the most complete approach to characterize the earth medium for optimally describing energy

propagation and scattering properties has been the radiative transfer theory, which includes multiple scattering

of any order (Ryzhik et al, 1996). This theory allows the analytical description of the coda envelope as a function

of source-receiver distance and lapse time, in the hypothesis of a uniform medium and isotropic scattering (Zeng,

1991) . Numerical simulation is needed to describe more realistic media, characterized by non-isotropic scattering

and/or non-uniform velocity and scatterer distributions [ Hoshiba et al (1991), Gusev and Abubakirov (1996)].

This theory can be �tted to the experimental coda envelope to directly invert the scattering and dissipation

attenuation coe¢ cients, and is well suited to model the seismic coda on volcanoes.

This inversion for attenuation coe¢ cients has often been carried out with the multiple lapse-time window

analysis [MLTWA] technique, as described by Hoshiba (1993). This analysis is based on calculation of the

seismogram energy integrals across three successive time windows, as a function of the source-receiver distance

and medium parameters. The three energy-distance curves are then �tted to the theoretically determined values,

to retrieve the scattering attenuation and the intrinsic dissipation coe¢ cients [for a detailed discussion of this

method, see also Sato and Fehler (1998), pages 190-191]. Due to the low velocity of the S-waves in the shallowest

layers of the volcanic areas [as low as 1.5 km/s], to the short duration of the seismograms of VT earthquakes,

and to the limited intervals of source-station distance generally available for these kinds of earthquakes, the

integrals in the three successive time windows cannot generally be calculated with su¢ cient numbers of data

points, and the distance range is insu¢ cient to make the �t stable. Consequently, the application of MLTWA to

volcanoes may become di¢ cult. For this reason, previous attempts carried out to separately estimate intrinsic

and scattering attenuation coe¢ cients for local volcanic earthquakes are based on di¤erent and sometimes

approximate techniques. In the following sections, I will review the approaches used to experimentally study

the scattering properties of volcanic areas and I will discuss the results obtained.

The method of Wennerberg

One of the �rst attempts to separately obtain scattering and intrinsic attenuation parameters in volcanic areas

was done for the zones of Etna and Campi Flegrei [Italy] (Del Pezzo et al, 1995) using an approach developed
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by Wennerberg (1993). This study suggested the possibility of reinterpreting the estimates of single-station

Q�1C values in terms of multiple scattering. It used the approximation given by Abubakirov and Gusev (1990)

to the Energy transport theory in the formulation of Zeng (1991) to describe the multiple-scattered wave �eld

in the case of a source co-located with the station. Wennerberg (1993) expresses Q�1C as a function of Q�1I and

Q�1S as:

Q�1C = Q�1I + [1� 2�(�)]Q�1S (5)

where �(�) = �1
4:44+0:738� and � = 2�ftQ

�1
S . Using the de�nition of Q�1T = Q�1I +Q�1S , the total inverse quality

factor for S-waves, this method allows the estimation of Q�1I and Q�1S from (independent) measurements of

Q�1T , and Q�1C . The method is strictly applicable to local earthquake data recorded at stations close to the

source for which the direct ray-paths share the same volume encompassed by the scattered waves. Results

obtained for Etna volcano and Campi Flegrei areas were compared with the tectonically active non-volcanic

zone of Granada Basin, for which the same experimental conditions were encountered [shallow sources located

close to the recording stations - 20 s maximum lapse time for Q�1C ]. The results for QC , QT , QI and QS are

summarized in Table 1 of Del Pezzo et al (1995). Martinez Arevalo et al (2003) applied the same method to

local VT earthquakes recorded at a small aperture (300 m) array composed of 13 short period sensors, located

in Deception Island, Antarctica. Deception is the most important active volcano of the South Shetland Islands,

and is located northeast of the Antarctic Peninsula. Results are reported in Fig. 17 of Martinez Arevalo et al

(2003).

The plot of Figure 3 show the results obtained for Etna and Deception [those for Campi Flegrei after being

reviewed by Del Pezzo et al (1996) were shown to be based on a rough estimate of total Q-inverse, and will

be discussed later]. For the sake of uniformity with the plots of the present study, I have plotted Q-inverse

(instead of Q) with its error bars for Etna and Deception Island, and compared the results obtained with

those of the tectonically active area of Andalucia. The plot shows that the earth lithosphere beneath volcanoes

(Etna and Deception) and the tectonically active area of Andalucia (Granada basin) have di¤erent scattering

properties: the two volcanic zones are more heterogeneous than the tectonically active zone of the Granada

basin. Attenuation at Etna is controlled by intrinsic dissipation at frequencies below 8 Hz, whereas for the

higher frequency bands, dissipation and scattering e¤ects are comparable. At Deception only the frequency

bands higher than 7 Hz are available. For high frequencies, scattering e¤ects predominate over the intrinsic

dissipation at Deception.
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The Energy �ux model

An approximate method, di¤erent from that described in the previous section, for obtaining separate esti-

mates of intrinsic and scattering attenuation parameters was applied to Campi Flegrei area, close to Naples,

Italy, by Del Pezzo et al (1996). These study used the energy-�ux model for coda generation in a uniform

medium (Frankel and Wennerberg, 1987) - see formula 3.34 of Sato and Fehler (1998) . The energy-�ux model

is a phenomenological model based on the assumption that coda envelopes, recorded at di¤erent distances,

approach the same value for increasing lapse time. In contrast to that of Wennerberg (1993), this method,

inverts the coda envelope and does not use an independent estimate of Q�1T :The results are obtained assuming

a-priori a frequency dependence of Q�1S . Del Pezzo et al (1996) assume that Q�1S = q0f
�n and calculate both

Q�1S and Q�1I for a suite of n values, spanning the interval between 0:1 and 0:9. Here I report in Table ?? only

those for n = 0:9 and for n = 0:1, corresponding to a strong frequency dependence and an almost constant Q�1S

with frequency, respectively. Results were obtained for three frequency bands (centered at 6, 8 and 10 Hz,

respectively).

At Etna, as also in the area of Campi Flegrei, scattering phenomena strongly predominate over inelastic

dissipation.

2-D transport theory applied to Volcanic tremor

Volcanic tremor is a sustained seismic signal which is often seen in association with magmatic activity. Its

importance as a forecasting tool of eruptions has been widely acknowledged since many years [e.g. Chouet (2003),

and references therein]. The mechanism of the tremor source is still under debate, although the generation of the

sustained ground motion is generally ascribed to the trapping of elastic energy in �uid-�lled cavities. Studying

the tremor sources is, however, challenging, due to the main reason that tremor signal is quasi-stationary, with

no clear onsets and/or clear phases that can be ascribed deterministically to a particular path. Moreover, the

signal generally looses coherency with increasing station spacing, making it impossible to adopt classical tools

for locating sources and separating path, source and site e¤ects. An understanding of the scattering properties

of the volcanic media for the tremor wave propagation is consequently an important task that should be properly

addressed.

The �rst measurements of the total attenuation for tremor waves were carried out by Del Pezzo et al (1989) at

Etna volcano, who simply calculated the spectral amplitude decay of the tremor as a function of source-station

distance. The results show that total Q-inverse is frequency dependent with data �tting well the relation

Q�1T = q0(
f
f0
)�n with f0 = 1 Hz, n = 0:7 and q0 = 1

12 . Lower values of Q
�1
C and Q�1T calculated for VT-
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earthquakes in the same area [see the previous section of the present chapter] were interpreted in terms of a

strong depth dependence of attenuation: as the tremor wave propagation is essentially shallow [the tremor is

mainly composed of a mixture of surface waves], it samples the highest attenuation layers. A �rst attempt to

separately estimate intrinsic and scattering attenuation coe¢ cients for volcanic tremor has been carried out by

Del Pezzo et al (2001) utilizing data recorded at Etna by Del Pezzo et al (1989) and at Masaya volcano by

Metaxian et al (1997). The method is based on the energy transport theory in two dimensions (Sato, 1993).

The space and time pattern of the tremor seismic energy is calculated by convolution of the source function

with the energy density for an impulsive source radiation. The source time function for tremor is assumed to be

constant, in the hypothesis of time- and frequency-stationary emission of seismic energy, and the convolution

integral reduces to the following expression

ETremor(r) �
Z +1

�1
E(r; t)dt =

1
2�r exp

h
�(�S +

�I
v(f) )r

i
jv(f)j + (6)

+

Z +1

r=v(f)

�S

2�
p
v(f)2t2 � r2

exp
h
�S
p
v(f)2t2 � r2 � v(f)t

i
exp(��It)dt

where ETremor(r) is the tremor energy as a function of distance, r, the frequency, f , the wave speed, v(f),

the intrinsic attenuation coe¢ cient, �I , the scattering attenuation coe¢ cient, �S , and the lapse time, t. v(f)

represents the wave velocity in a dispersive wave �eld. E(r; t) is the Green�s function for an impulsive source [

Sato and Fehler (1998) pages 173-176].

Formula (6) was �t to the experimentally measured tremor energy decay with distance. The best estimates

of �I and �S were obtained with a grid search method, and the results for Q
�1
S and Q�1I derived from formula

( 4 ) are given in Table 2. Despite the trade o¤ between the estimate of Q�1I and Q�1S , the results show that

the mechanism of dissipation is predominant over scattering phenomena in the characterization of the seismic

attenuation of tremor for both volcanoes under study. This is in contrast to the earlier results for VT events

at Campi Flegrei, Etna and Deception. This contradictory result may have a geological explanation, as the

uppermost layers composing the structure of Etna are spatially homogeneous (smaller amount of scattered

energy) , all composed by loose and incoherent materials (high intrinsic dissipation).
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DIFFUSION MODEL APPLIED TO SHOT DATA

Uniform half-space

Hereafter I will focus attention on two volcanoes, Vesuvius and Merapi, where most of the studies dealing

with the application of the di¤usion model [ that will be described in the present and in the following sections],

have been done.

The transport theory has an important asymptotic approximation in the case of strong scattering: the

di¤usion theory (Wegler, 2004). This approximation is mathematically much simpler and can be analytically

expressed in case of a medium composed of two layers with di¤erent characteristics. The analytical expression

for an homogeneous earth medium is

E(jxj ; t) = E0(4�Dt)�p=2e(�bt�
jxj2
4Dt ) (7)

where p = 3 for body waves and p = 2 for surface waves. p = �=�SD and b = �I�. D is named "di¤usivity".

The presence of di¤usive waves was revealed experimentally in the seismograms of arti�cial shots �red at Mer-

api [Indonesia; Wegler and Luhr (2001) ] and at Vesuvius (Wegler, 2003) during active tomography experiments.

In these two cases, a rapid decrease of direct S-wave energy was observed and detected up to a distance of less

than 1 km from the source. Despite this rapid decrease, the coda of the seismogram shots exhibits increasing

amplitudes up to a lapse time much greater than the S-wave travel time and a slowly decaying amplitude for

longer lapse time. Observations at small aperture arrays set up at Merapi (Wegler and Luhr, 2001) and at

Mt. Vesuvius (La Rocca et al, 2001) in the time period of the active experiments showed that the coherence

among the array stations is lost at distances smaller than a few tens of meters for frequencies higher than 1

Hz; the polarization properties calculated at the array stations also show that the pattern is chaotic, being the

three components of the ground motion almost uncorrelated. This evidence is phenomenologically interpreted

by Wegler and Luhr (2001) as the product of a di¤usive wave �eld composing the coda of the seismogram shots.

Fitting the experimentally calculated energy envelopes to the expression of formula (7) it is possible to invert

for D and b and to separately obtain the intrinsic and scattering attenuation coe¢ cients.

The pattern of intrinsic and scattering attenuation as a function of frequency [averaged over distance] for

Mt. Vesuvius and for Merapi obtained for the shot data is reported in Figure 4. In both cases, scattering

predominates over inelastic dissipationby at least one order of magnitude in the analyzed frequency range.

Wegler and Luhr (2001) estimate that the transport mean free path ��1S is of the order of 100 m for Merapi

whereas Wegler (2003) estimate ��1S = 200 m for Mt. Vesuvius [for a wide and exhaustive discussion about
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the physical meaning of the transport mean free path, see Gusev and Abubakirov (1996)]. In both studies,

a dominance of S-waves in the coda of the seismogram shots is assumed. This estimate is consistent with

the assumption that di¤usion is a valid approximation when source-station distance is much greater than the

transport mean free path. In their experiments, source-station distance is always greater than 1 km. Almost the

same di¤usivity value is obtained assuming a three- or a two-dimensional propagation. This is due to the strong

in�uence of the term e(�bt�
x2

4Dt ) in formula (7) with respect to the term accounting for geometrical spreading.

The above results indicate that multiple scattering cannot be neglected in the modeling of seismic wave

propagation and in studying seismogram formation in volcanic areas. The comparison of the transport mean

free path at Vesuvius and Merapi (' 200 m) with the much higher value estimated for the earth�s crust

(' 200 km) leads to the important conclusion that the multiple scattering strongly a¤ects the seismogram

shape for sources close to or within volcanoes. An indirect con�rm of this important observation comes from

high resolution velocity tomography carried out in volcanoes [ see e.g. Scarpa et al (2002) , Chouet (2003) and

references therein] which shows high velocity contrasts in small scale structures. This result cannot be neglected

in any modeling of seismic wave propagation in volcanic environments.

Two layer media

The uniform random medium assumes that heterogeneity is uniformly distributed in the propagation volume.

On the other hand, it is quite reasonable and well accepted that the earth properties change with increasing

depth. The transport equation (3) can be solved analytically for a uniform random medium with a uniform

scatterer distribution. Numerical simulation is necessary in the case of non-uniform velocity and/or scatterer

density [see e.g. Hoshiba et al (2001)]. In the approximation of strong scattering, the di¤usion equation can be

solved for a two-layer model formed by a shallower di¤usive layer over a weakly scattering half space. Margerin

et al (1998) proposed a boundary condition for the layer half space including deterministic re�ections. Wegler

(2005) presents an improved boundary condition for the di¤usion equation connecting a strongly scattering

layer to a weakly scattering half space. This condition has a wide range of validity, failing only when the the

thickness of the upper layer (the strong scattering layer) is smaller than its transport mean free path, and/or

when a large contrast in scattering strength between the upper layer and the half space exists. The application

of this two-layer model to volcanoes is straightforward, as volcanoes are highly heterogeneous structures in their

upper part, due to the presence of lava and ash formations; and generally less heterogeneous in their deeper

portion, made up by the last part of the upper crust. An understanding of the di¤usive characteristics of the

volcanic media using this realistic earth model may explain why the scattering strength apparently decreases

with the increasing source-receiver distance when it is estimated assuming a half space model.
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This approach has been used to study Merapi (Wegler, 2005) and Mt. Vesuvius (Wegler, 2004). At Merapi,

the application of the theory to the same data set used by Wegler and Luhr (2001) yields new insight in the

seismogram interpretation. For shot data [where the source is located at the surface] the coda envelopes well �t

to a model with a di¤usivity coe¢ cient in the upper layer equal to 0:027 km2s�1 [corresponding to Q�1S = 0:7

at 6 Hz] and in the lower half space equal to 0:3 km2s�1 [corresponding to a Q�1S = 0:06]. The data inversion

yields the position of the half space boundary at 0:5 km depth below the zero level. This model explains

well the di¤erences in the estimates of di¤usivity obtained at di¤erent source-station distances for the uniform

half-space model, �tting the data well at both short and long distance [see Fig. 5 of Wegler, 2005]. For Mt.

Vesuvius, Wegler (2004) uses the same data set utilized in the work done assuming a half space [see also Fig. 5

in the present study], and �nds nearly the same di¤usivity and intrinsic attenuation as those determined for the

two-dimensional di¤usion model. The corresponding Q�1S spans the interval between 0:6 to 0:07 . The values

are similar to those obtained at Merapi. At Mt. Vesuvius the di¤usive layer thickness is found to be of the

order of 1 km , and the results for a di¤usive layer over a half-space are similar to those for a homogeneous

model. This is due to the source receiver distance range used, that is always greater than the thickness of the

di¤usive layer. The results for Mt. Vesuvius appear to be independent of the boundary conditions used.

ENERGY TRANSPORT THEORY APPLIED TO EARTHQUAKE DATA

Uniform half space

Del Pezzo et al (2006) use earthquakes instead of shot-data to measure the scattering properties of the earth

materials beneath Mt. Vesuvius. These authors use the energy transport theory in the approximation of Zeng

(1991), given by

EMS(x; t; �i; �S) ' E0e
�(�i+�S)�t

"
�
(t� jxj

v )

4�� jxj2
+ �s

H(t� jxj
� )

4�� jxj t ln
1 + jxj

�t

1� jxj
�t

#
+ (8)

+cH(t� jxj
�
)(
3�s
4��t

)
3
2 e�

3�sjxj2
4�t ��i�t

where c = E0
[1�(1+�s�t)e��s�t]

4p
�

R p3�s�t

2
0 e��2�2d�

; symbols are the same as for equation (3). This equation was �t to the average

normalized energy coda envelope calculated for two stations, BKE and OVO of the local seismic network [see

Fig. 1 of Del Pezzo et al (2006)] . These two stations are approximately 1 km distant from each other, and

are located respectively eastward and westward from the crater. The assumptions of this theory are constant

velocity and scattering coe¢ cient in a uniform random medium .
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This study used the stacked S-coda envelope at BKE and OVO obtained by �ltering seismograms in four

frequency bands, centered respectively at fc = 3; 6; 12 and 18 Hz with a bandwidth of �0:3fc. The stack is

achieved by aligning all the three component envelopes at the P-wave onset time and normalizing to the coda

level at 11s lapse time. The average coda is �t to the theoretical model of formula (8) starting at a lapse time

of twice the S-wave travel time, after which all the envelopes have a smooth and regular time decay. A further

�t of the same data was also done to the di¤usion model [equation (7) ].

The results are given in Figure 5. Details on the mis�t function at 1� con�dence level are given in Del Pezzo

et al (2006). The errors are always of the order of �25% of the estimated value. From Figure 5 it appears

clear that 3-component stack and vertical component average energy envelope share the same pattern and yield

the same result. Multiple scattering (MS) and di¤usion models (DF) furnish the same results, whereas single

scattering approximation (Q�1C ) gives di¤erent results. This last result indirectly indicates that the di¤usion

regime is also appropriate to describe the seismic energy decay in the coda at Mt. Vesuvius for natural VT

earthquakes, con�rming the results obtained for shot data. The most important condition for the validity of the

di¤usion approximation is that the lapse time, t, should be greater than the transport mean free path divided

by the wave velocity:

tlapse > L=� (9)

Taking � = 1:5 km/s and estimating the mean free path L from the estimates of Q�1S obtained by Del Pezzo

et al (2006) through the formula (Sato and Fehler, 1998)

Q�1S =
�

2�fL
(10)

Results show that for OVO station L ' 0:7 km for frequencies centered at 3 and 6 Hz and L > 5 km for higher

frequency; for BKE station L ' 0:5 km in the whole frequency range investigated. Since the lapse-time window

utilized by Del Pezzo et al (2006) is in the range from 4 to 12 s, inequality (9) is ful�lled except for the highest

frequency band at OVO.

Possible bias introduced by assuming a uniform di¤usive layer

On the basis of the results obtained by a velocity tomography study carried out by Scarpa et al (2002), Del

Pezzo et al (2006) assume a simpli�ed two-layer structure for Mt. Vesuvius: the �rst layer with V p = 2:6 km/s

from the crater top down to the limestone interface overlying a half space with V p = 4:5 km/s. A further
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assumption is that the S-wave velocity is estimated by the P-velocity divided by the V p=V s ratio [1:8, averaged

from the values reported in Scarpa et al (2002)]. Hereafter, I will call MODEL1 the uniform half-space and

MODEL2 the two-layers model.

Del Pezzo et al (2006) use the analytical solution for the di¤usion equation obtained for a thick layer over

a homogeneous half-space, described by Wegler (2004) assuming a) that di¤usivity D (see eq. 7) is constant

in the top layer of MODEL2 and b) that the whole di¤usion process takes place in the same layer. They

check both the cases of a fully absorbing boundary between the two layers and a fully re�ecting interface

[equation 16 and 18 of Wegler (2004) respectively] comparing the energy envelopes obtained for MODEL2

with those calculated for MODEL1. The results are that the coda energy envelope for MODEL1 calculated

with the di¤usion parameter, Duniform , is well approximated by the energy envelopes in MODEL2 with

Dabsorbing ' Duniform and Dreflecting ' 2Duniform. This result indicates that an earth model more realistic

than the half space may introduce severe biases into estimate of di¤usivity. These may be introduced by

neglecting the e¤ects of the leakage, as described in Margerin et al (1998) , whereas the di¤usion constant may

be not severely in�uenced by the simpli�ed assumptions. The bias introduced by the simplifying assumption

of half space has been demonstrated for shot data �red at Mt. Vesuvius by Wegler (2004) and has thus been

con�rmed also for natural seismicity. This should be taken into account for any comparisons among di¤erent

volcanic zones.

Coda localization e¤ects

Aki and Ferrazzini (2000) observed at Piton de la Furnaise volcano (PdF) that the coda site ampli�cation

depends on source position when sources are close to the crater and that most of the scattered energy is produced

near the source. This phenomenon has been called coda localization. The same phenomenon was claimed to

explain the energy coda shape observed at Merapi volcano by Friederich and Wegler (2005). This study showed

that in their area of investigation the coda energy envelope had the same systematic decrease with increasing

source-receiver distance, di¤erent from the general observation of Aki and Chouet (1975) that the coda energy

tends to a common level independent of source-receiver distance. The Io¤e Regel criterion kL < 1 [k is the wave

number and L is the scattering mean free path - Van Tiggelen (1999)] is met in their data. This is the condition

for the application of the Anderson localization model (Van Tiggelen, 1999). In this scattering regime Weaver

(1994) found phenomenologically a formula describing the energy density decay E as a function of distance r

and lapse time t, which includes the intrinsic dissipation:
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E(r; t) = E0 exp(�
r

�
� ( r2+n

4Drest�
n )

h � bt) (11)

where n and h are empirically determined constants (assumed to be respectively equal to 0:46 and 0:76), � is

the localization length, Dres is the residual di¤usivity and b is the intrinsic dissipation coe¢ cient. Friederich

and Wegler (2005) compared the Anderson localization model with the half space di¤usion model �tted to their

data using both equations (11) and (7). They saw that at Merapi the energy envelopes as a function of distance

and lapse time �t well to formula (11) in the frequency band between 1 and 3 Hz with Dres ' D = 0:12km2=s

; b = 2�f

Q�1
I

= 0:2s�1; � = 1:7km:The condition kL < 1 indicates that the Anderson localization regime may be

present in their data at low frequency, with a localization length � . It is important to note that, however, the

spatial localization of coda energy can also be explained, according to Friederich and Wegler (2005) as a result

of an inhomogeneous distribution of scattering strength.

For earthquake data recorded at Mt. Vesuvius the Io¤e-Regel criterion is not met in the investigated frequency

bands. Taking v = 1:5 km/s and estimating the mean free path L from the estimates of Q�1S obtained through

the formula (10) we have for OVO station 13 < kL < 7 � 103 and for BKE station 6 < kL < 48, well outside

the limits given by kL < 1. In conclusion, the di¤erence at OVO should be not a distance e¤ect, as OVO and

BKE are almost equally distant from the location centroid of VT earthquakes. The di¤erent energy envelope

shape between OVO and BKE may be interpreted as being due to di¤erent scattering conditions between the

N-Western part of Mt Vesuvius, where OVO is set up, and the Eastern part of the volcano, where most of the

other seismic stations are located.

CONCLUDING REMARKS

In the present chapter I have described the results obtained from �tting several scattering models to the

seismic coda envelopes of volcanic earthquakes and arti�cial shots �red in volcanic structures. The estimates of

coda-Q values on volcanoes [made with the single scattering model] are only slightly smaller than those measured

in non-volcanic zones, and the frequency dependence of coda-Q in volcanic areas is sometimes di¤erent from

that in tectonically active regions. However, it is impossible to deduce using only coda-Q observations whether

this di¤erence between the coda-Q estimates in volcanic and non-volcanic zones is controlled more by intrinsic

or by scattering attenuation.

In contrast, the application of multiple scattering models allows a separate estimate of the scattering and

intrinsic attenuation parameters. The main results obtained in volcanoes show in general that, at low frequency,

intrinsic dissipation is more important, whereas scattering predominates at high frequencies. Volcanoes are
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consequently heterogeneous structures with a mechanism of seismic wave energy dissipation that tends to be

controlled by the scattering phenomena with increasing frequency. For Mt. Vesuvius, Mt. Merapi and Deception

Island volcano scattering attenuation prevails at frequencies higher than 2-3 Hz, but unfortunately there is no

informations for lower frequencies. At Mt. Etna intrinsic dissipation prevails or is comparable with scattering

attenuation for frequencies lower than 8 Hz. This result, obtained in the early 1990�s with the use of approximate

models, has been con�rmed by the application of the energy transport theory to both earthquakes and tremor.

At a �rst sight, it sounds unexpected, as one can image volcanoes as structures where the magma reservoirs,

partially �lled with melted, high temperature rocks, intrinsically dissipate the seismic energy. This seems to

happen only at low frequency. The di¤erence in the pattern of attenuation between low- and high-frequencies

can be explained in terms of the scale length of heterogeneity. Volcanoes may represent non self-similar earth

medium, characterized by one or more predominant characteristic correlation length.

As a consequence of the high degree of heterogeneity in volcanoes, the seismograms of VT events can visually

appear di¤erent in shape from the corresponding magnitude seismograms of non-volcanic earthquakes. In fact,

the coda of volcanic earthquakes is longer than that for earthquakes generated with the same magnitude in less

heterogeneous environments, including tectonically active non-volcanic areas. Moreover, the maximum of the

energy envelope for volcano earthquakes (VT) is more delayed with respect to the time of S-onset than that for

non-volcanic earthquakes.

Unfortunately, a comparison among the investigated volcanoes is only partial, as seismograms from both shots

and VT earthquakes recorded at Mt. Vesuvius have a su¢ cient signal to noise ratio only at high frequency, in

contrast to those of Etna and Merapi. Consequently, the best estimate of separated intrinsic- and scattering-

attenuation is stable for Mt. Vesuvius only at high frequencies and we have no information in the low frequency

band between 1 and 5-6 Hz. Further e¤orts need be made towards quantifying the observation at low frequencies

on this volcano and in general on di¤erent volcanoes, to determine if the di¤erence in the attenuation pattern

at low and high frequencies could be ascribed to a general phenomenon, peculiar for volcanic environments, or

to the geological characteristics of only some volcanoes.

Quanti�cation of the scattering properties is seen also to be very useful in the physical interpretation of the

seismic phenomena accompanying volcanic eruptions. Recent results have shown that small changes in the

elastic properties of the medium, that have no detectable in�uence on the �rst arrivals, are instead ampli�ed

by multiple scattering and may thus be readily observed in the coda. This idea is quanti�ed in the concept

of coda wave interferometry (see another chapter of this book) that is going to be one of the most promising

techniques to monitor the temporal changes of the scattering coe¢ cients of the earth medium [see Gret et al

(2005) and references therein]. So, knowledge of the average scattering properties may help in quantifying the
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e¤ects on the earth medium of the stress changes acting on volcanoes before and during the eruptive periods.

This knowledge is also very useful in the interpretation of the attenuation tomographic images obtained in

volcanoes. Recent work by Nishigami (1997) and Tramelli et al (2006) among others, show that most of the

strong scattering in volcanoes takes place in zones with maximum contrast in their geological characteristics.

Tramelli et al (2006) show, for example, that the border between the old caldera rim and the central new caldera

zone at Campi Flegrei is characterized by the maximum positive spatial change in the scattering coe¢ cient. As

this zone coincides with that of maximum total attenuation, this is an indirect con�rmation that the low-total

Q zones in volcanoes are often associated with low scattering-Q.
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FIGURE CAPTIONS

Figure 1.Q�1C as a function of frequency, calculated for several volcanic areas around the world. References

are: Campi Flegrei (Bianco et al, 1999) ; Etna (Del Pezzo et al, 1996) ; Deception (Martinez Arevalo et al,

2003); Tres Virgenes (Wong et al, 2001) ; Tengchong (Baiji et al, 2000); Canary Islands Canas et al (1995);

KilaueaMayeda et al (1992); Mt S. Helens (Bianco et al, 1999). Lapse time intervals in which the �t to the

single scattering model has been carried out are also given. Data from the literature with no explicit report of

lapse time interval have been disregarded.

Figure 2. Comparison of Q�1C vs frequency, calculated for the same lapse time interval at Etna volcano and in

Andalucia (Granada basin- Southern Spain). Despite the similar frequency patterns the values of attenuation

are di¤erent; higher for Etna volcano than for the tectonically active region of Andalucia.

Figure 3. Q�1I and Q�1S obtained using the approximate method of Wennerberg for Etna volcano, Deception

Island volcano and Andalucia.

Figure 4. Di¤usion model under the assumption of a half space applied to shot data recorded at Merapi and

Mt. Vesuvius. The patterns of both Q�1I and Q�1S are similar for the two volcanoes. Scattering attenuation

prevails over the intrinsic dissipation of about one order of magnitude.

Figure 5. a) Left panel shows Q�1C , Q�1I , Q�1S , Q�1T (= Q�1I +Q�1S ) for BKE station- three component stack

(see Del Pezzo et al (2006) for the station location); The right panel shows the same quantities for BKE vertical

19



Q�1S n

6 Hz 8 Hz 10 Hz

0:004� 0:001 0:005� 0:001 0:005� 0:001 0:1

0:05� 0:01 0:04� 0:01 0:031� 0:007 0:9

Q�1I
6 Hz 8 Hz 10 Hz

0:00365� 0:00007 0:0031� 0:0001 0:0028� 0:0001 0:1

0:00357� 0:00006 0:0031� 0:0001 0:0027� 0:0001 0.9

Table 1. Separation of inverse Qi and Qs for Campi Flegrei. Values are re calculated from Table 2 of Del Pezzo
et al. (1996)

Volcano Frequency(Hz) Q�1I �Q�1
I

Q�1S �Q�1
S

Etna 1 0:2 0:4 0:009 0:005
2 0:5 2 0:005 0:001
3 1 10 0:010 0:001
4 0:3 7 0:009 0:007
5 0:1 0:2 0:005 0:002

Masaya 2 0:2 0:5 0:04 0:02
3 0:1 0:5 0:005 > 0:001

Table 2. Separation of inverse Qi and Qs for volcanic tremor at Etna and Masaya. Values are re calculated from
Table 1 of Del Pezzo et al. (2001)

component only. b) The same of for OVO station. 3D Q�1C and 2D Q�1C values were obtained using di¤erent

geometrical spreading (body waves and surface waves respectively).
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