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6.5 Study of regional variations of the coda characteristicsin the Barents
Sea using small-aperture arrays

6.5.1 Introduction and first observations

At regional distances, codawaves arriving after deterministic phaseslike Pn, Pg, Sn, or Lg, are
broadly attributed to seismic wave scattering phenomena associated with heterogeneities
located within the crust. Therefore, the characteristics of the coda depend on the characteristics
of the seismic source, but also on the properties of the medium of propagation. The analysis of
phases composing the coda are then ideally suited for studying crustal structures.

Detailed analyses of coda phases can be made by using small-aperture seismic arrays. Com-
pared with a single station, seismic arrays give the advantage of recording spatio-temporal
sampling of the seismic wavefield. Therefore, array analysis not only enhances the signal-to-
noise ratio (SNR) to emphasize more details in the seismograms, but it also allows the associa
tion of phase velocities and backazimuths with the coherent arrivals of the seismograms.

In this study, our objective was to obtain a better understanding of the propagation effects that
affect the seismic wave field when it propagates through the Barents Sea. This work was moti-
vated by the particular characteristics (parameters of propagation) observed for the coda of an
earthquake located in northern Norway (Lat 64.68° N; Lon 22.85° E) and recorded by the
ARCES array. We performed frequency-wavenumber (f-k) analysis (Kvaana & Doornbos,
1986) in amoving window to analyze the waveforms of all 25 vertical components recorded by
ARCES. Fig. 6.5.1 shows the results that we obtained for this particular earthquake located
northern Scandinavia. The signals are band-pass filtered in the most energetic (highest SNR)
frequency band (here this frequency band is 2 — 8 Hz). We used a 2 swindow |length to perform
the wavenumber decomposition. For each time window, the most energetic peak of the wave-
number decomposition is selected and the parameters of propagation (direction and apparent
velocity) are deduced from its position in the wavenumber domain. The relative power of this
main peak, which is actually a coherency measure of the waveforms over the whole array, is
also calculated. Fig. 6.5.1cisamap of the studied area and the black dotted line shows the
source-array propagation path for this earthquake. Fig. 6.5.1a shows the signal recorded by the
central sensor of the array and Fig. 6.5.1b gives the time evolution of the parameters of propa-
gation. For each time window, we present the difference between the observed direction of
propagation obtained from the wavenumber decomposition and the theoretical backazimuth.
The color scale gives a measure of the apparent velocities of the different phases observed, in
this case between 2.5 and 8 km/s. The size of each dot is proportional to the coherency of the
wavefield calculated within each time window. The velocity scale and the coherency scale are
depicted on the right hand side of the picture.

For this earthquake, the regional Pn, Pg, Sn, and Lg phases are clearly identified. The directions
of propagation are very close to the one expected and exhibit a high stability for the different

time windows, from thefirst arrival until the beginning of the Lg-coda. The seismic waves that
compose the Lg-coda are clearly characterized by larger scattering from the direction of propa-
gation. The time evolution of the apparent velocities shows that the Pn-codais essentially com-
posed of Pn phases, the Sn-coda of Sn phases and the Lg-coda of Lg phases. One has also to

notice the high coherency of the waveforms over the whole array, not only for the deterministic
phases of the seismograms, but also for the time windows used for analyzing Pn- and Sn-coda.
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The time-azimuth-vel ocity evolution obtained for this earthquake shows that the most impor-
tant scattering processes arise along the direct epicenter-array path. Lateral heterogeneities of
the medium seem not to be involved in the main scattering processes. Such features of the coda
have already been observed by different authors and mechanisms like multiple refractionsin
the crust have been proposed to explain the coda characteristics similar to those observed for
this particular earthquake (Vogfjord & Langston, 1989; Dainty & Toksdz, 1990; Baumgardit,
1990).

The strong stability and coherency of the coda phases observed for this event contradicts the
model of arandom process, which generally is used to explain the coda, and shows that some
deterministic processes of scattering are also responsible for the coda. The objective of this
study isto have a better overview of the physical processes that govern the codaformationin
northern Norway and adjacent areas. Therefore, we selected around 50 seismic events located
in and around the Barents Sea, in order to answer specific questions:

» Canthetemporal stability of the directions of propagation be observed independently from
the location of the earthquakes?

* Isthereavariability of the nature (P/S) of the coda phases depending on the source-array
propagation path?

* How are the coda characteristics modified when the events are recorded by other arrays?

6.5.2 Thedata set

We selected around 50 seismic events located in and around the Barents Sea. Depending on
their geographical locations, we divided the data set into 4 different groups represented in Fig.
6.5.2. Thegroups G1, G2, G3, and G4 are composed of eventslocated along the Mid-Atlantic
ridge, closeto Svalbard, close to Novaya Zemlya and in the northern Fennoscandia / Kola
Peninsula Region respectively. In this study, we mainly focused on the observations made by
thetwo arrays ARCES (Mykkeltveit et al., 1990) and SPITS (Mykkeltveit et al., 1992; Fyen &
Ringdal, 1993) on Spitsbergen in the Svalbard Archipelago (Fig. 6.5.2).

We applied the processing as described in the first section to each event of the data set in order
to retrieve the time-frequency evolutions of the parameters of propagation of the different
phases of the coda. This processing is mainly divided into two steps:

*  Visua check of the data quality. We used as many sensors as available (ideally, this num-
ber is 25 for ARCESS and 9 for SPITS). The signals are band pass filtered in the fre-
guency band corresponding to the highest SNR.

*  F-k decompositions using the moving time window technique for the whole signals. This
step gives the time evolution of the parameters of propagation of the different seismic
phases that compose the seismograms. We used afixed length for the time window, around
2 —3's, depending on the central frequency of analysis, i.e., the applied band-pass filter.
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6.5.3 Theresults

Comparison of the coda characteristics recorded by ARCES for all events belonging to
group G4

In order to determine if the coda characteristics of the earthquake presented in Fig. 6.5.1 are
similar for al the events located in northern Norway, we compared the time-evolution of the
parameters of propagation that we obtained for all the events of group GA4.

Theresults are presented in Fig. 6.5.3. Thisfigure represents only the energetic distribution of
the directions of propagation corresponding to the different phases that compose the coda. For
each event, the energy of the incoming wavefield is summed up as afunction of direction of
propagation and we plot the results by using a polar representation. Each circle corresponds to
adifferent event of group G4, and the red line points to the epicenter of the event.

First of all, we see that for each event, thereis a very good agreement between the expected
direction of propagation and the most energetic direction of the distribution. In addition, we
observe a high sharpness of the distributions around their main peak. This characteristic shows
a high temporal stability of the directions of propagation of the most energetic phases that con-
tribute to the signal. Thus, this confirms that for the group of events located in the northern
Fennoscandia/ Kola Peninsula Region, the coda phases result mainly from multiple scattering
along the direct source-array path. Scattering due to lateral heterogeneities along the great cir-
cle paths between the sources and ARCES is very weak.

Comparison of the coda characteristicsrecorded by ARCES for the different event
groups (GL/G2/G3/G4)

We compared the typical coda characteristics that we obtained for the events of the group G4
(see Fig. 6.5.1) with the ones obtained for the events of the groups G1, G2 and G3. One typical
event of each of these groupsis represented in Fig. 6.5.4. On the right hand side, we plotted the
direct propagation path for each of the 3 selected events and on the left hand side, we displayed
the results of the f-k analysis.

For the events of the groups G2 and G3, we observe the same characteristics as for the one of
group G4 presented in Fig. 6.5.1. The direction of propagation does not change greatly with
time for these two events and is close to the expected receiver to source backazimuth. The
apparent velocities follow the same pattern as for the event presented in Fig. 6.5.1 (Pn phases
for Pn codaand Sn phasesfor Sn coda). In terms of wave composition, the strongest difference
between the events of the group G4, and the events of the groups G2 and G3 (or more generally
with al events for which a part of the propagation path lies within the Barents Sea) is the
absence of Lg phases. The Lg blockage for events located in the Barents Sea and recorded by
the ARCES array has been observed and investigated by several authors (Baumgardt, 2001,
Hicks et al., 2004).

The characteristics of the coda are completely different for the events belonging to the group
Gl, i.e, the oneslocated along the Mid-Atlantic ridge. We observe that the Pn-codais, in this
case, not longer dominated by multiple Pn phases, but by phases characterized by lower veloc-
ities. In addition, the high temporal stability of the direction of propagation isno longer present
and differences close to 50° between the observed and the theoretical backazimuth can now be
observed. Another interesting feature is the deviation of the main direction of propagation in
the Pn- and Sn-coda. The main Pn phase propagates through the array with the expected direc-
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tion, but the coda phases exhibit a slow increase of the directions of propagation to more north-
ern directions. The same pattern is observed for the S part of the seismograms. Such deviations
have been quasi-systematically observed for all the events of group G1 and this result is sum-
marized in the Fig. 6.5.5, where we represented the energetic distributions of the directions of
propagation for all the events of this group. Compared with the energetic distribution calcu-
lated for the events of the group G4 (Fig. 6.5.3), we observe awidening of the distributions
around the main peak. This means that the distributions of the direction of propagation of the
coda phases are now much more scattered around the expected bachazimuth. Fig. 6.5.5 also
shows that the main peaks of the distributions can show a systematic deviation from the
expected direction of propagation. These deviations cannot be attributed to heterogeneities
located close to the array since they are generally not observed for the events from the other
groups (Fig. 6.5.3), even for events at similar azimuths.

These results are summarized on the map represented in Fig. 6.5.6. We separate the events that
we will call ‘normal events' for which the Pn- and Sn-coda are composed of phases propagat-
ing with typical velocities values of Pn and Sn respectively, from the events called * abnormal
events' which do not show this pattern. The locations of the normal and abnormal events are
represented by red and black stars respectively in Fig. 6.5.6. With very few exceptions, the
abnormal events are the events of the group G1, located along the Mid-Atlantic ridge, as the
events of the groups G2, G3 and G4 exhibit anormal distribution of the coda phases. It isinter-
esting to see that for the events of the group G3, the single event which does not conform to the
normal distribution of coda phasesis the nuclear explosion that took place in Novaya Zemlya
on 24 October 1990.

Comparison of the coda characteristicsat ARCESand at SPITS

We the processed the waveforms recorded by the SPITS array for some of the events of our
data set (the ones with highest SNR). The processing procedure is the same as for the ARCES
array, except that the SPITS array consists of 9 vertical sensors, instead of 25 for ARCES. In
Fig. 6.5.7, the time-evolution of the parameters of propagation is shown for the same earth-
guake, for which the observation at ARCES is presented in Fig. 6.5.4b. The codais character-
ized by even more stable parameters of propagation compared with the coda recorded by
ARCES for this event. In addition, the coherency of the wavefield over the whole array (mea-
sured by the size of the dots) is higher for the waveforms recorded by SPITS than for the ones
recorded by ARCES. To simulate a SPITS type array, the ARCES data were also processed for
only 9 sensors. The result of thistest was that configuration and smaller aperture of the SPITS
array can be ruled out as reason for the observed, more coherent coda.

The more interesting events recorded by SPITS are the one located along the Mid-Atlantic
ridge. For these events, two general situations are observed: (1) no S phase is observed or (2)
when a S phase is observed, the coherency is very low or inexistent. The situation (1) is
depicted in Fig. 6.5.8a, where we present the time evolution of the parameters of propagation
for an event located along the Mid-Atlantic ridge and recorded at SPITS. For comparison, we
present also the results for an event of group G2, approximately located at the same distance
(Fig. 6.5.8b) from the array. For the event of the group G1, the time arrival of the S phase
should be around 115 s but the results of the f-k decomposition does not exhibit any S-type
energy. Instead, the velocities of propagation are very high, closer to typical Pn phases. These
features may be partly related to the radiation pattern of the seismic source, but the complex
structures located between the source and the array may also be responsible for a part of the
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observed characteristics. The source mechanism of the earthquakes of group G1 should be
investigated more carefully in order to find out, which of the two effects (source or propaga-
tion) is predominant.

6.5.4 Conclusion

We investigated the characteristics of the coda for alarge data set recorded by ARCES and
SPITS. F-k decompositions have been used to cal culate the time evolution of the parameters of
propagation of the different phases that compose the coda.

We show that for the arrays ARCES and SPITS, the characteristics of the coda are very similar
for events located in northern Fennoscandia/ Kola Peninsula region (G4), close to Novaya
Zemlya (G3) and close to Spitsbergen in the Barents Sea (G2). The coda propagates mainly
along the great circle paths between source and arrays. The apparent velocities are typical of Pn
phases for the Pn coda and Sn phases for the Sn coda. In this case, we imply mechanisms like
multiple crustal reflections to explain our observations.

The characteristics of the coda are very different for all the events of group G1, located along
the Mid-Atlantic ridge. Strong differences are generally observed between the direction of
propagation of the coda phases and the expected one. This shows that the scattering is no
longer confined to the great circle path, but that lateral structures are also involved into multip-
athing and diffraction processes. In addition, compared with the events of the groups G2, G3
and G4, for which the Pn codais mostly composed of Pn waves, the Pn coda of the events
located along the Mid-Atlantic ridge are composed of energy travelling with lower apparent
velocity, which is closer to typical Sn phase velocities. Such particular characteristics are
observed both at ARCES and SPITS. One of the main differences between the wavefield prop-
agation of the events of group G1, compared to the groups G2, G3 and G4 isthat for the events
located along the Mid-Atlantic ridge, the wavefield propagates across the western continental
margin, characterized by strong topography of the Moho and a complex geometry. The conti-
nental margin is also known for many lateral heterogeneous geological featuresin the whole
crust related with the opening of the North Atlantic (e.g., Faleide, 2000). The P-to-S conver-
sions and the backazimuth deviations that we observed for the events located along the ridge
could be explained by the interactions with this large-scale structure. As further work, we plan
to use the converted P-to-Stravel time aswell asthe direction of propagation given by the array
analysisin order to obtain a better characterization of the heterogeneous structures responsible
for our observations.
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Fig. 6.5.1. (a) Sgnal recorded by the central sensor of the ARCES array and band-pass filtered
between 2 and 8 Hz. (b) Time-evolution of the directions of propagation. The color of each
dot represents the apparent vel ocity obtained from the wavenumber decomposition and its
size is a measure of the coherency of the waveforms over the whole array (measure between
0 and 1). The scales corresponding to the coherency and the apparent vel ocity are given on
the right side of the figure. (c) Map of the studied area. The black black line shows the prop-
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Fig. 6.5.2. This map shows the location of the 4 groups of events (G1/G2/G3/G4) analyzed during
this study. The size of each dot is proportional to the magnitude of the event.
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Fig. 6.5.3. Energetic distributions of the directions of propagation for all the events of group G4
observed at ARCES.
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Fig. 6.5.7. Time evolution of the parameters of propagation for an event of group G3 recorded at
FITS
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