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S U M M A R Y
In this work, we present regional maps of the inverse intrinsic quality factor (Qi

−1), the
inverse scattering quality factor (Qs

−1) and total inverse quality factor (Qt
−1) for the volcanic

environment of Deception Island (Antarctica). Our attenuation study is based on diffusion
approximation, which permits us to obtain the attenuation coefficients for every single couple
source-receiver separately. The data set used in this research is derived from an active seismic
experiment using more than 5200 offshore shots (air guns) recorded at 32 onshore seismic
stations and four ocean bottom seismometers. To arrive at a regional distribution of these
values, we used a new mapping technique based on a Gaussian space probability function.
This approach led us to create ‘2-D probabilistic maps’ of values of intrinsic and scattering
seismic attenuation. The 2-D tomographic images confirm the existence of a high attenuation
body below an inner bay of Deception Island. This structure, previously observed in 2-D
and 3-D velocity tomography of the region, is associated with a massive magma reservoir.
Magnetotelluric studies reach a similar interpretation of this strong anomaly. Additionally,
we observed areas with lower attenuation effects that bear correlation with consolidated
structures described in other studies and associated with the crystalline basement of the
area. Our calculations of the transport mean-free path and absorption length for intrinsic
attenuation gave respective values of ≈950 m and 5 km, which are lower than the values
obtained in tectonic regions or volcanic areas such as Tenerife Island. However, as observed in
other volcanic regions, our results indicate that scattering effects dominate strongly over the
intrinsic attenuation.

Key words: Seismic attenuation; Seismic tomography; Volcano seismology; Wave scattering
and diffraction; Wave propagation.

1 I N T RO D U C T I O N

There is increasing interest in the interpretation of velocity tomog-
raphy images in active volcanoes, as they strongly contribute to
constraining volcano dynamics. Recent results of this kind were
achieved at Mount St Helens (Lees & Crosson 1989), Kilauea
(Rowan & Clayton 1993), Vesuvius (Zollo et al. 1998), Etna (Patanè
et al. 2006) and Azores (Zandomeneghi 2007; Zandomeneghi et al.
2008). These images reveal a general presence in volcanoes of
strong lateral velocity contrasts, which may be associated with vol-
canoclastic deposits, multifracturated media or the presence of flu-
ids (hydrothermal or magmatic origin).

Despite the importance of the tomography images in volcanoes,
achieving them remains a difficult task, as one prerequisite to obtain
a stable and robust inversion is a seismic network with an optimal
distribution of receivers, associated with a uniform distribution of

earthquake foci inside the volume under study. Because such an
optimal scenario is rare, the structure of many volcanoes is still un-
known. In recent years, this matter has been approached through
active experiments where seismic signals are artificially gener-
ated on land or at sea. Examples in Japan include the Kirishima
(e.g. Tomatsu et al. 2001), Unzen (e.g. Shimizu et al. 1997) and
Usu volcanoes (Onizawa et al. 2007), the TomoVes experiment in
Vesuvio (Gasparini et al. 1998), TOMODEC at Deception Island
(Zandomeneghi et al. 2009), Tom-Teidevs at Tenerife (Ibáñez et al.
2008) or SEA-CALIPSO at Montserrat (Voight et al. 2010). On the
other hand, one important limitation of active seismic studies is that
they are based solely on the observation of the P-wave traveltimes,
which cannot definitively confirm the presence of fluids in the case
of low velocity anomalies.

This problem can be mitigated by complementary information
coming from seismic attenuation, particularly useful for interpreting
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volcano dynamics. An early effort to determine the scattering and
attenuation parameters for volcanic environments entailed using the
estimate of coda Q−1, or Q−1

c of the local volcano-tectonic (VT)
earthquakes (Aki & Chouet 1975) in the assumption of single-
scattering process. At present, the most complete approach to char-
acterize volcanic environments in term of energy propagation, in-
trinsic attenuation and scattering properties is the radiative transfer
theory (based on the transport equation), which involves multiple
scattering of any order (Zeng et al. 1991; Ryzhik et al. 1996). This
theory, which can be fitted to the experimental coda envelope to
obtain the scattering and intrinsic attenuation coefficients, is often
applied using multiple lapse-time window analysis (Hoshiba 1993).
The transport equation has an important asymptotic approximation
in the case of strong scattering: the diffusion equation (Wegler &
Lühr 2001; Wegler 2003, 2004). This approximation is mathemati-
cally much simpler and can therefore be easily applied to real data.
Work by Wegler & Lühr (2001) at Merapi volcano and La Rocca
et al. (2001) at Mt Vesuvius, using small aperture seismic arrays,
led them to justify the presence of diffusive waves in local seismo-
grams in volcanic environments. These and other theoretical results,
such as those reported by Aki (1992) or Yamamoto & Sato (2010),
point to the utility of the separate analysis of intrinsic and scattering
attenuation using seismic active data in volcanic areas by means
of the diffusivity approach. Del Pezzo (2008) provides a thorough
review of this matter.

Prudencio et al. (2013, this issue) present a new method to ob-
tain 2-D maps of scattering and intrinsic attenuation. These authors
apply the diffusion approximation of the transport equation to fit
the energy envelope of seismograms, in order to estimate separately
the effect of scattering and seismic attenuation at Tenerife Island
(Canary Islands). This methodology was previously used by Wegler
& Lühr (2001) and Wegler (2003) to fit the coda envelopes of local
quakes occurring in other volcanoes. In this paper, we use data from
an active experiment carried out at Deception Island (Zandomeneghi
et al. 2009), and estimate two parameters (proportional to intrinsic-
and scattering-attenuation coefficients) for any single seismogram
envelope. The new means of deriving a map of the spatial dis-
tribution of these values through the introduction of a weighting
function of the space of coordinates based on a Gaussian form

In recent years, Ben-Zvi et al. (2009), Barclay et al. (2009) and
Zandomeneghi et al. (2009) presented results of 2-D profiles and
3-D P-wave velocity tomography using data from an active seis-
mic experiment (TOMODEC) in the Deception Island volcano. The
above authors found that the inner bay of the island is characterized
by a very low velocity body that extends from the surface to the reso-
lution limit; on the basis of numerical models and volcanological ev-
idence, they interpret this body as a magmatic intrusion feeding the
volcanic system. However, a certain degree of uncertainty underlies
this interpretation, founded on the use solely of P-wave data.

In this work, we analyse the data set used by the above authors to
derive a separate intrinsic and scattering attenuation structure. Our
results provide further confirmation of the structural complexity of
Deception Island volcano, including additional proof of the presence
of a large molten body near the surface, located in the inner bay
(Port Foster) of the island.

2 G E O L O G I C A L A N D G E O P H Y S I C A L
S E T T I N G S

Deception Island is a strato-volcano located between the South
Shetland Islands and the Antarctic Peninsula. Even though it is

considered to be the most active volcano of the backarc of the
Bransfield Strait, the origin, history and regional tectonic context
of Deception Island is poorly understood. Some models propose
that Deception Island suffered a major caldera-forming eruption,
while others suggest that the inner flooded bay (Port Foster) formed
progressively through passive extension along sets of normal faults
that cut the island (Martı́ et al. 1996; Smellie et al. 2002). The
emerged top of the volcano is a small horseshoe-shaped island with
a diameter of ∼15 km that encircles the inner bay (Port Foster), with
a narrow opening to the sea (Fig. 1). Most of the island is covered
by glaciers, volcanic cones and lava flows. The volcanic activity
extends from 0.75 Ma to the last eruptions in 1842, 1967, 1969 and
1970 (e.g. Baker et al. 1975; Smellie 2001).

The local seismicity of Deception Island is consistent with that
of an active volcano. It includes VT earthquakes related to the acti-
vation of faults, as well as long-period events mostly related to the
interactions between shallow aquifers and hot materials. Addition-
ally, volcanic tremor, hybrid events, avalanche signals, rock falls
and ice crack signals have been detected and analysed (Almendros
et al. 1997; Ortiz et al. 1997; Alguacil et al. 1999; Ibáñez et al.
2000, 2003; Carmona et al. 2012).

Many seismic studies have demonstrated the structural complex-
ity of the Deception Island volcano. Saccorotti et al. (2001) analysed
the data from two short period seismic arrays deployed at the is-
land, and found a complex wave field associated with the magmatic
and hydrothermal activity of the volcano. They furthermore investi-
gated the dispersive properties of the Rayleigh waves at both arrays
to obtain a shallow velocity structure below both, showing strong
differences. The velocity differences were attributed to the different
fracture systems bordering the inner volcano structure. Recently,
Luzón et al. (2011) completed this study for different seismic array
sites at the inner corner of Deception Island. In addition to ob-
serving that the upper part of the island is made up of relatively
soft volcanoclastic and sedimentary deposits extending about 400
m, they observed highly variable deeper structures most likely as-
sociated with pre-calderic structure and products. Garcı́a-Yeguas
et al. (2011) analysed data recorded by eight seismic arrays during
an active seismic experiment to compare estimated array solutions
with theoretical values where source and receiver positions are well
known. They found strong differences between the two values (ob-
served and expected), interpreted as the effects of the seismic wave
propagation.

According to Ben-Zvi et al. (2009) and Zandomeneghi et al.
(2009), the main feature of the tomographic images of Deception
Island is the presence of a low-velocity body under Port Foster
(Fig. 2), described as a possible shallow magmatic chamber sur-
rounded by high-velocity chilled magmatic bodies and crystalline
continental basement.

The presence of melt beneath Port Foster has also been inferred
from seismic refraction studies (Somoza et al. 2004) and gravity,
magnetism, magnetoteluric and seismic attenuation observations
(Vila et al. 1995; Muñoz-Martin et al. 2005; Catalan et al. 2006;
Pedrera et al. 2012).

3 DATA

In the present work, we analyse the data set provided by an active
seismic experiment called TOMODEC, carried out in the Antarctic
volcano of Deception Island during 2005 January. This data set was
previously used to develop 2-D and 3-D velocity tomography and
other studies of the region (Ben-Zvi et al. 2009; Zandomeneghi
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Figure 1. Geographic location of the South Shetland Islands and simplified topographic map of Deception Island, showing locations of last eruptions and
scientific stations.

et al. 2009; Garcı́a-Yeguas et al. 2011; Luzón et al. 2011). Seismic
signals were generated by air gun shots fired on the sea and recorded
at seismic stations distributed on the island and ocean bottom seis-
mometers (OBS), as indicated in Fig. 3.

Air guns were placed aboard the Spanish Oceanographic research
vessel Hesperides, using an array of six BOLT 1500LL air guns
configured in pairs. The air gun arrays had a length of 12 m; the
pairs of air guns were separated by 2.5 m, and the distance between
pairs was 0.8 m. In the first round of shots in the inner bay only
four guns were used with a total of 1520 cubic inches (24.91 l or
0.024908 m3), while outside all of them were used 3520 cubic inches
(57.7 l or 0.057 m3). In the second round inside the bay, the total
capacity was increased from 1520 to 2020 cubic inches (33.1 l or
0.033101 m3). The signals were produced every minute in the inner
bay of Deception Island and every 2 min offshore. The OBSs were
distributed in the inner bay and in a circular configuration around
the island. Onshore stations were installed at least 0.2 km far from
the coastline covering the main part of the island, and included
autonomous stations as well as dense seismic arrays with small
distances in between, 100 to 300 m. During the experiment, some
positions of the stations deployed on land and some of the OBS
were changed in order to increase the number of places recording
the seismic signals.

A total of 122 seismic stations on land and 14 OBS were deployed,
and 1309 shots were performed in the inner bay of Deception Island
and 3933 offshore. We used two types of onshore seismic stations
configuration: we deployed 11 short aperture seismic arrays along
Port Foster coast with 10–12 vertical seismic stations in each array
and with a maximum separation of 300 m between seismometers;
additional autonomous three-components seismometers were de-
ployed in the inner part of Deception island. The quality of data is
generally good, with a low noise level both on land and in some
ocean bottom seismometers. Due to the nature of the emplacement
site, cultural noise is completely absent, and the only observed effect
is due to strong winds shaking the island coasts and the sporadic
presence of volcanic tremor activity. OBS data sometimes have a
signal to noise ratio lower than data collected on land, due to sea cur-
rents and other probable local sources of noise. Identifiable P-wave
arrivals are recognized out to 30–40 km ranges and in some cases
as far as 60 km. The distribution of the shots and seismic stations
is shown in Fig. 3. Finally, we selected 32 stations on land and four
OBS on the basis of the best signal quality (Fig. 4) and optimal spa-
tial coverage. For onshore stations we selected from each seismic
array only one or two high-quality stations as representative of the
array site in order to avoid redundancies in data analysis, obtaining
very good spatial coverage of the zone.
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Figure 2. Tomographic images obtained by Zandomeneghi (2007) and Zandomeneghi et al. (2009). The images are horizontal sections at 0, 1.5, 3 and 5 km
depth. In the right-hand part of the image, the area of the inner bay of Deception Island is shown at 0, 0.5, 1 and 1.5 km depth.

Figure 3. Map of Deception Island showing the experiment configuration.
Positions of seismic stations (both land stations and ocean bottom seismome-
ters, or OBS) are shown as green triangles (only the stations used in this
work are shown) and the profile of air gun shots appears as red dots. Note
that the inner bay of Deception Island is completely red due to the proximity
of shots. The top right-hand part of the figure shows the configuration of the
shot inside the inner bay.

4 M E T H O D A N D DATA P RO C E S S I N G

We applied the methodology first developed by Wegler & Lühr
(2001), applied by Wegler (2003) and Del Pezzo (2008) and de-
scribed in Prudencio et al. (2013, this issue) to estimate separately
the intrinsic and scattering attenuation coefficients.

The first step of the process is to fit observed to theoretical seismo-
gram energy envelopes generated by the diffusion model, in terms
of the intrinsic attenuation coefficient and diffusivity coefficient.
This approach permits one to calculate the values of scattering
and intrinsic attenuation coefficient for every seismogram asso-
ciated to a single source–receiver couple. Filtering the observed
seismogram in different frequency bands enabled us to study the
frequency dependence of the two attenuation coefficients in the
region.

First, spectral analysis was performed to determine the bandwidth
where the seismic signal was recorded with a high signal-to-noise
ratio (Fig. 4). In view of this analysis, we chose six frequency bands
with central frequencies of 4, 6, 8, 12, 16 and 20 Hz.

The whole data analysis procedure was:

(i) P-wave onsets were taken from the work of Zandomeneghi
et al. (2009) and the duration of the signal was measured in
each seismogram, calculating the signal-to-noise ratio of the sig-
nals, fixing the end at the time when this ratio reached a value
of 2.
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Figure 4. (a) An example of two Z-component seismograms of shots recorded at 800 m and 10 km from the station, filtered between 2 and 30 Hz. (b) Spectra
of the seismogram of 10 km. The signal is plotted as a blue line and the prevent seismic noise as a red line. (c) The vertical component seismogram for an
explosion recorded at 4.5 km from the source filtered at 4, 6, 8, 12, 16 and 20 Hz using an eight pole bandpass filter.

(ii) The signals were then filtered using an eight pole zero shift
Butterword bandpass filter with central frequencies of 4, 6, 8, 12,
16 and 20 Hz and a bandwidth of fc ± 0.6 fc (Fig. 4).

(iii) Energy envelopes were calculated through Hilbert transform,
using moving windows of a size of 70 samples (0.7 s long) over-

lapped 50 per cent. In Fig. 5 we show an example of the final enve-
lope derived from the real data.

(iv) The squares of the envelopes are windowed between the
P-wave arrival (tmin) and 15 s starting from the origin time
(tmax).
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Figure 5. An example of the best fitting for observed energy envelope
(black line) and theoretical curve (dashed blue line) for the logarithmic
energy density.

(v) After multiplying by tp/2 we fit Log(tp/2 W) to the corre-
sponding theoretical quantity, retrieving a1, a2 and a3 (eq. 4 from
Prudencio et al. 2013) and hence b and d by:

b = −a2 (1)

d = − r 2

4a3

(vi) We estimate Qi and Qs by:

Qi = 2π f

b
, (2)

Qs = 2π f pd

v2
, (3)

where f is the frequency, p is the dimension (three in the assumption
of the analysis of body waves) and v is the velocity for S waves,
here taken as v = 2.8 km s−1.

(vii) Following Mayeda et al. (1992) and Akinci et al. (1995), we
used the F distribution at a 70 per cent level of confidence to estimate
the uncertainty intervals in b and d parameters. We measured this
uncertainty interval (and in parallel observed the potential trade-off
between the two parameters b and d) plotting the rms of the estimates
in a 2-D plot (an example is shown in Fig. 6). Percent uncertainty

Figure 6. An example of the grid-search result for the fitting of experimental
and theoretical energy envelope to obtain b and d attenuation parameters.
The best fit corresponds to the paired values marked with a cross. Observe the
absence of trade-off between parameters b and d; therefore, we can mate
the two attenuation coefficients independently. Each ellipse surrounding
the best fit corresponds to iso-surfaces with the same F distribution at a
different per cent value. Dashed red line is associated to a 70 per cent level
of confidence that permits us to estimate the uncertainty intervals.

intervals are �a2 = ±7 and �a3 = ±9 (eq. 5 from Prudencio et al.
2013). From the isolines of the error function observed in Fig. 6,
we can deduce that the trade-off between b and d is minimal.

(viii) Then we calculated the uncertainty interval for the inverse
of quality factors using the error propagation theory:

�Q−1
i = σb

2π f
, (4)

�Q−1
s = 4v2σc

6 f πr 2
. (5)

(ix) Finally, we calculated the value of Q−1
t as:

Q−1
t = Q−1

i + Q−1
s . (6)

Assuming a dominance of S waves, we can calculate the transport
mean-free path, ltr Given the results from Ben-Zvi et al. (2009) and
Zandomeneghi et al. (2009), we took an average S-wave velocity
(v) of 2.8 km s−1. Using an average value of d ≈ 0.8 km2 s−1, we
obtained ltr = 3d/v ≈ 950 m. This value is approximately two or-
ders of magnitude smaller than usual values for the Earth’s Crust
(≈100 km). A comparison with values obtained in other regions
[e.g. Merapi (≈100 m), Vesuvius (≈200 m) or Tenerife (≈4 km)],
shows that the average heterogeneity at Deception is of the same
order of Vesuvius and Merapi volcanoes, and significantly different
from that measured in Tenerife. The absorption length for intrin-
sic attenuation, li = v/b, is of the order of ≈5 km, much larger
than the transport mean-free path. This confirms that the scattering
attenuation dominates over intrinsic attenuation.

5 R E S U LT S

5.1 New 2-D probabilistic attenuation maps

For the present work, we implemented a new mapping procedure
of the attenuation parameters described by Prudencio et al. (2013).
This process assumes that the majority of the seismogram is gen-
erated through diffusion processes in an area around the direct ray
path between source and receiver. On these premises we can assign
a maximum probability of occurrence of this diffusion process in
the midpoint source–receiver region, assigning non-zero probability
in the surrounding areas defined by an ellipsoid. Outside this ellip-
soid the probability is zero. Thus, we can define a bidimensional
Gaussian function centred at that midpoint region, which extends
over a surface associated with source–station distance. For each
source–receiver pair we estimated the values of Qi and Qs. Addi-
tionally, with the information of the distance source–receiver and
the lapse time of the seismogram analysed, we built the ellipsoid
following Prudencio et al. (2013). The region under study can be
divided into cells, assigning to each one the different attenuation
values weighted by the probability for each source–receiver pair
analysed. At the end of the analytical procedure we will average all
the attenuation values that have been assigned to each cell, to obtain
the average Qi and Qs values of the entire data set analysed.

To elaborate regional attenuation maps, we divided the region
into cells of 1 km × 1 km. The depth at which we obtained informa-
tion is conditioned by the size of the minor semi-axes; in our case,
6 km deep on the average. Because we cannot invert the probabilis-
tic function in depth, the final images are a projection at surface
(2-D maps) of the attenuation phenomena occurring in the fixed
3-D volume. The surface projection of the different revolution el-
lipsoids was moved along the surface of the area under study in
view of the position of the shots and receivers.
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5.2 Resolution and robustness test

To check the resolution of the method, we performed a checkerboard
test. The region was divided into cells of 3 km × 3 km and in
1 km × 1 km as shown in Fig. 6. In this figure, the test for a grid
size of 1 km × 1 km is shown only for a small region to demonstrate
the resolution of the method. We assigned values of b and d (in eq.
2 from Prudencio et al. 2013) for each cell; then, for each source–
receiver couple, we calculated the average, weighted by a Gaussian
function of the parameters b and d as described in Prudencio et al.
(2013). The theoretical envelope is thus calculated using b and d,
and finally, random noise is added.

These synthetic envelopes are fitted to the theoretical curves
to obtain the checkerboard image (results shown in Fig. 7). We
performed this test for both intrinsic (Figs 7a and b) and scattering

attenuation (Figs 7c and d). As can be seen, there is good resolution
for the entire region under study.

To test the robustness of the data we applied a jackknife test,
randomly removing a percentage of data and stations. Fig. 8 shows
the images with 100, 80 and 60 per cent of the data. It is evident that
the main attenuation characteristics are maintained even with a loss
of 40 per cent of the data.

5.3 Regional distribution of intrinsic and scattering
attenuation

In Figs 9 and 10, we represent the regional distribution of Q−1
i and

Q−1
s values, respectively. The following common patterns are seen:

Figure 7. Checkerboard test for Deception Island. (a) The island is divided into 3 km × 3 km cells, different values of b and d are assigned to each cell and
the obtained values of Qi

−1 are represented. (b) Results are shown for a smaller region of the island divided into 1 km × 1 km cells. (c) and (d) are the same as
(a) and (b) but for Q−1

s values.
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Figure 8. Jackknifing test images. The figure shows the images with
100 per cent (a), 80 per cent (b) and 60 per cent (c) of the data.

(i) The distribution of Q values reveals a very heterogeneous
structure of the island.

(ii) Q is strongly frequency dependent.

The dominant attenuation process corresponds to scattering phe-
nomena, as has been observed in other volcanic regions.

To highlight the local differences in the parameter under study,
we calculated intrinsic and scattering inverse quality factor anomaly
maps. This anomaly is defined as the difference between the value
of the parameter that is obtained and the average value of this
parameter in the whole region. Figs 11 and 12 illustrate the esti-
mated anomaly map for Deception Island for intrinsic and scattering
Q−1, respectively, at the six frequency bands analysed. These maps
were calculated using as baseline the average Q−1 value reported in
Table 1.

6 D I S C U S S I O N

In this work, we applied a method based on whole-seismogram fit
to a diffusion model, in order to determine the spatial distribution
of seismic intrinsic and scattering attenuation of the volcanic island
of Deception. We use the procedure developed by Wegler & Lühr
(2001) to fit the data derived from an active seismic experiment
in the region. The regional distribution of the attenuation values
obtained for Deception Island, as a function of frequency, is shown
in Figs 9 and 10.

6.1 Average intrinsic and scattering Q values and their
frequency dependence

The average Q value for the entire region as a function of the
frequency is given in Table 1. A strong dependence between Q
and frequency (for both Qi and Qs) is observed. The empirical
relationships linking inverse-Q and frequency are: Qi = 19 × f 0.85,
Qs = 3 × f 0.87 and Qt = 9 × f 0.93.

Note that the three average Q values have very similar frequency
dependence, from 0.85 to 0.93. This range is in line with the fre-
quency dependence observed in several volcanic regions (e.g. Sato
& Fehler 1998, p. 196; Del Pezzo 2008). If we compare the present
results to other attenuation estimates obtained for the same region
(e.g. Vila et al. 1995 or Martı́nez-Árevalo et al. 2003) we observe
similar pattern. Moreover, the present Qi values are very close to
other attenuation estimates of Qi and similar to the Qc, reported
for other regions (Del Pezzo 2008). Other previous authors such as
Martı́nez-Árevalo et al. (2003) obtained a frequency dependence
law of Qi = 15 × f 0.86 while Qc at a lapse time of 8 s followed
a frequency pattern given by Qc = 12 × f 0.88 for a lapse time of
10 s Qc = 24 × f 0.70. It is noteworthy that different data and tech-
niques provide very similar intrinsic attenuation values. In general,
the most significant correlations in the different attenuation studies
of the region are:

(i) Strong seismic attenuation.
(ii) Strong dependence of the attenuation with frequency.
(iii) Strong predominance of scattering attenuation over the

intrinsic attenuation.

It is remarkable that scattering effects clearly predominate over
the intrinsic attenuation, with Qs values an order of magnitude lower
than Qi estimations. Even in the external areas of the island, where
the effects of scattering are lower, its contribution to total-Q is more
important than the contribution of intrinsic attenuation.

6.2 Regional distribution of Q−1
i

Fig. 9 shows how a very heterogeneous distribution of intrinsic
attenuation values characterizes the investigated area. We interpret
this heterogeneity in terms of tectonic and volcanic properties of
the region, in light of the Fig. 7 from Zandomeneghi et al. (2009)
and Figs 6 and 7 from Ben-Zvi et al. (2009). Two clearly different
regions can be distinguished in Fig. 9 of this paper in terms of their
intrinsic attenuation behaviour: the upper North zone of the region,
which presents very-low attenuation values, and the rest of the zone
where high intrinsic attenuation bodies are identified together with
other small low intrinsic attenuation structures. It is remarkable that
in the areas where Ben-Zvi et al. (2009) and Zandomeneghi et al.
(2009) observed high velocity anomalies, we found low intrinsic
attenuation values (high Qi), and vice versa; thus, we associate
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Figure 9. Regional map of Q−1
i obtained with the probabilistic Gaussian representation method for the six frequency bands analysed. A, B, C and D correspond

to high intrinsic attenuation areas described in Section 6.2.

areas with high attenuation values with those characterized by low
velocity anomalies.

This Northern region, with low intrinsic attenuation values,
matches the crystalline basement of the continental edge of the
Bransfield Strait. As Zandomeneghi et al. (2009) indicate, this
area should be more consolidated and rigid than the Southern part
of the studied area. This region, defining the northwestern limit
of the Bransfield Basin, coincides with the northern margin of
the caldera, likewise confirmed by bathymetric studies (Barclay
et al. 2009).

There are four well-defined high intrinsic attenuation zones iden-
tified as A, B, C and D in Fig. 9. All of them match zones of
low velocity anomalies determined by Zandomeneghi et al. (2009).
Each high intrinsic attenuation area was interpreted according to
different structural and volcanological characteristics by Ben-Zvi
et al. (2009) and Zandomeneghi et al. (2009). Three high intrin-
sic attenuation areas are located outside Deception Island and one
of them (zone A) just beneath Port Foster in the centre of the Is-
land. The high intrinsic attenuation area of Port Foster matches
an area identified by the above authors as a large magma cham-
ber below Deception Island extending from 1 km depth to the
limit of resolution of their studies (around 8 km depth). However,
the effect of a thick shallow sedimentary layer located from the
surface to around 1.5 km depth (Ben-Zvi et al. 2009) cannot be
excluded.

Our high intrinsic attenuation areas B and C can be interpreted
as a combination of different factors such as: strong sedimen-
tary deposits, the presence of evident active normal faulting sys-
tems (Fernandez-Ibáñez et al. 2005) and the existence of several
slump deposits and channels, and some possible volcanic seamounts

(Barclay et al. 2009). The high intrinsic attenuation observed in re-
gion D could be related to the presence of a rougher seafloor that
includes small seamounts due to a possibly thicker extrusive layer
(Barclay et al. 2009; Zandomeneghi et al. 2009).

6.3 Regional distribution of Q−1
s

Since the scattering process predominates over the intrinsic attenua-
tion, with differences of an order of magnitude, total-Q distribution
is practically identical to scattering.

The main observation is that an area with the strongest scattering
effect in comparison to the rest of the studied region corresponds
to the centre of Deception Island (Port Foster). This coincides with
region A of the intrinsic attenuation maps. Interestingly, the high
scattering anomaly is maintained for all frequency ranges analysed.
This observation implies that the scattering effect is present for the
entire wavelength range. As indicated in the interpretation of Qi, this
particular region is located in a zone where previous studies reported
a layer of low-velocity material infilling the caldera basin along with
an underlying possible magma chamber extending downward from
around 1.5 km below the seafloor to as much as 6 km, which may
contain a large volume of molten material (Ben-Zvi et al. 2009;
Zandomeneghi et al. 2009).

The fact that we observed such strong scattering attenuation con-
trast associated with the area where the presence of magma is con-
firmed could suggest that the melt zone is not homogeneous, possi-
bly formed by the superposition of melt pockets inside a structure
formed by colder rocks, thus favouring the scattering of the shear
waves.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/195/3/1957/2874185 by guest on 23 April 2024



1966 J. Prudencio et al.

Figure 10. Regional map of Q−1
s obtained with the probabilistic Gaussian representation method for the six frequency bands analysed. Note that scattering

values are at least two orders of magnitude greater than intrinsic values. These high values indicate that the scattering effect predominates over intrinsic
attenuation.

Figure 11. Q−1
i anomaly maps for the six frequency band analysed, highlighting the areas with strongest attenuation contrast.
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Figure 12. Q−1
s anomaly maps for the six frequency band analysed, highlighting the central area of the island with the strongest scattering attenuation contrast.

Table 1. Average values of Q−1
i , Q−1

s and Q−1
t and Qi, Qs and Qt.

Frequency (Hz) Q−1
i Q−1

s Q−1
t Qi Qs Qt

4 0.015 ± 0.002 0.09 ± 0.03 0.11 ± 0.03 67 11 9
6 0.012 ± 0.001 0.08 ± 0.02 0.09 ± 0.02 83 12 11
8 0.010 ± 0.001 0.06 ± 0.01 0.07 ± 0.01 100 17 14

12 0.0066 ± 0.0007 0.044 ± 0.009 0.051 ± 0.009 151 23 20
16 0.0048 ± 0.0005 0.030 ± 0.006 0.032 ± 0.006 208 33 31
20 0.0040 ± 0.0004 0.024 ± 0.005 0.026 ± 0.005 250 42 38

6.4 Regional distribution of anomalies of Q−1
i and Q−1

s

The maps highlight areas with strong contrast in attenuation. In
the case of intrinsic attenuation, the four defined zones with high
attenuation effects are more clearly emphasized. For scattering at-
tenuation, we see the effect of the high attenuation at the centre of
the island. In any case, the attenuation contrast of the island is very
high, as indicated in the distribution of the Q anomaly values.

7 C O N C LU S I O N S

This paper presents a study of the distribution of intrinsic and scat-
tering attenuation for the volcanic island of Deception. Assuming
the dominance of S waves and S-wave velocity (v) of 2.8 km s−1, we
measured a transport mean free path of ltr = 3d/v ≈ 950 m. This
result is two orders of magnitude smaller than values calculated for
the usual crust of the Earth (ltr ≈ 100 km). We arrived at a typical
absorption length for intrinsic attenuation of li = v/b. We obtain
values around 5 km. These results confirm that the attenuation of
the direct S waves in Deception Island is predominantly caused by
scattering rather than by intrinsic attenuation, in agreement with
previous attenuation studies of volcanic regions.

The spatial distribution of the stations and sources allowed us
to obtain a robust and reliable 2-D image of Deception Island that
reveals the existence of a strong contrast of the attenuative behaviour
in the region, probably related (in view of the findings by Ben-Zvi
et al. 2009; Zandomeneghi et al. 2009; Pedrera et al. 2012) to the
presence of a large magmatic volume near the surface.
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Muñoz-Martin, A., Catalan, M., Martin, J. & Carbo, A., 2005. Up-
per crustal structure of Deception Island area (Bransfield Strait,
Antarctica) from gravity and magnetic modelling, Antarct. Sci., 17, 213–
224.

Onizawa, S. et al., 2007. P-wave velocity structure of Usu volcano: implica-
tions of structural controls on magma movements and eruption locations,
J. Volc. Geotherm. Res., 160, 175–194.

Ortiz, R., 1997. Monitoring of the volcanic activity of Deception Island,
South Shetland Islands, Antarctica (1986–1995), in The Antarctic Region:
Geological Evolution and Processes, pp. 1071–1076, ed. Ricci, C.A. et al.,
Terra Antarctica Publishers.
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