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SUMMARY

The scattering and absorption of high-frequency seismic waves in the oceanic lithosphere is
to date only poorly constrained by observations. Such estimates would not only improve our
understanding of the propagation of seismic waves, but also unravel the small-scale nature of
the lithosphere and its variability. Our study benefits from two exceptional situations: (1) we
deployed over 10 months a mid-aperture seismological array in the central part of the Eastern
North Atlantic in 5 km water depth and (2) we could observe in total 340 high-frequency
(up to 30 Hz) Po and So arrivals with tens to hundreds of seconds long seismic coda from
local and regional earthquakes in a wide range of backazimuths and epicentral distances up to
850 km with a travel path in the oceanic lithosphere. Moreover, the array was located about
100 km north of the Gloria fault, defining the plate boundary between the Eurasian and African
plates at this location which also allows an investigation of the influence of an abrupt change
in lithospheric age (20 Ma in this case) on seismic waves. The waves travel with velocities
indicating upper-mantle material. We use So waves and their coda of pre-selected earthquakes
to estimate frequency-dependent seismic scattering and intrinsic attenuation parameters. The
estimated scattering attenuation coefficients are between 10~ and 4 x 107> m~! and are
typical for the lithosphere or the upper mantle. Furthermore, the total quality factors for
So waves below 5 Hz are between 20 and 500 and are well below estimates from previous
modelling for observations in the Pacific Ocean. This implies that the Atlantic Ocean is more
attenuative for So waves compared to the Pacific Ocean, which is inline with the expected
behaviour for the lithospheric structures resulting from the slower spreading rates in the Atlantic
Ocean. The results for the analysed events indicate that for frequencies above 3 Hz, intrinsic
attenuation is equal to or slightly stronger than scattering attenuation and that the So-wave coda
is weakly influenced by the oceanic crust. Both observations are in agreement with the proposed
propagation mechanism of scattering in the oceanic mantle lithosphere. Furthermore, we
observe an age dependence which shows that an increase in lithospheric age is associated with
adecrease in attenuation. However, we also observe a trade-off of this age-dependent effect with
either a change in lithospheric thickness or thermal variations, for example due to small-scale
upwellings in the upper mantle in the southeast close to Madeira and the Canaries. Moreover,
the influence of the nearby Gloria fault is visible in a reduction of the intrinsic attenuation
below 3 Hz for estimates across the fault. This is the first study to estimate seismic scattering
and absorption parameters of So waves for an area with several hundreds of kilometres radius
centred in the Eastern North Atlantic and using them to characterize the nature of the oceanic
lithosphere.
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1 INTRODUCTION

Since several decades, oceanic Pn and Sn waves—often referred
to as Po and So waves—have been observed worldwide (Walker
and Sutton 1971; Kennett et al. 2014; Kriiger et al. 2020), but their
properties and propagation have been seldom investigated and anal-
ysed in depth. These waves are reported to travel distances up to
thousands of kilometres and show high-frequency (up to 30 Hz) P-
and S-wave arrivals with tens to hundreds of seconds long seismic
coda. Characteristic for these observations is the nearly instanta-
neously arriving energy on the radial and tangential components
of recorded seismograms directly after the P onset on the vertical
component, which implies an origin in a high scattering regime.
On the other hand, Po and So waves show nearly equal amplitudes
on all three components, which is indicative for a nearly horizon-
tal wave propagation. Several authors (Kennett & Furumura 2013;
Shito et al. 2013; Kennett et al. 2014; Shito et al. 2015) showed that
these waves can be modelled if a heterogeneous oceanic lithosphere
is assumed. The heterogeneous models often consist of isotropic
material that has a much longer horizontal than vertical correla-
tion length and is therefore quasi-laminar and behaves anisotropic
(Kennett et al. 2014). Moreover, Kennett et al. (2014) found that
the diffuse wavefield is rather robust to any disturbance once it
has been established—especially in thicker lithosphere, as it is self
healing and resilient to changes in wave speed structure due to its
diffuse character. Even the transition between two lithospheric seg-
ments with different thickness or the passage of a fracture zone
cannot suppress Po or So, but only reduces their amplitude due to
local energy loss (Kennett ef al. 2014). However, Kennett & Furu-
mura (2013) demonstrated that Po and So waves are still sensitive
to changes in attenuation, for example as introduced by thermal
variation. The thermal state has a dominant influence on intrinsic
attenuation and is more important than the oceanic age for high-
frequency propagation in case of thermal variations such as the
influence of hotspots (Jackson 2007; Kennett et al. 2014). In their
modelling Kennett e al. (2014) also showed the trade-off between
the quality factor for S waves (Qs) and the thickness of the litho-
sphere, demonstrating that reducing lithospheric O has a similar
effect on the propagated wavefield as reducing the thickness of
the lithosphere. The authors also concluded that So is more sen-
sitive to effects of lateral variations of lithospheric structure and
seismic attenuation. However, it has to be noted that the numerical
models are so far limited to waves with frequencies below 5 Hz
(Shito et al. 2013,2015) or 10 Hz (Kennett & Furumura 2013; Ken-
nett et al. 2014) and often assume frequency independent attenua-
tion parameters and only allow a qualitative estimate of attenuation
parameters.

In this study, we focus on the Eastern North Atlantic in the greater
vicinity of the Gloria fault (Fig. 1a) that is a major transform fault
and part of the Eurasian—African plate boundary. This plate bound-
ary is suspected to have hosted the 1755 earthquake that caused a
major tsunami being responsible for major destruction in Lisbon
(Vilanova et al. 2003). Furthermore, the region is influenced by
two known hotspots close to the Azores and the Canary Islands
(Fig. 1a). The locations of the hotspots have been mapped by iden-
tifying depressions in the topography of the 410 km discontinuity,
which indicate elevated temperatures (Saki et al. 2015). We use a
seismological array that was installed from July 2011 until April
2012 in 5000 m water depth about 100 km north of the Gloria
fault. Within this 10 months’ period, Kriiger et al. (2020) iden-
tified 349 local and regional earthquakes for epicentral distances
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up to 850 km (Fig. 1a) by using incoherent beamforming. The ac-
quired earthquake recordings show high-frequency (up to 30 Hz)
P- and S-wave arrivals with tens to hundreds of seconds long seis-
mic coda (Fig. 2). They show the typical appearance of Po and So
waves with the dominant energy in the first 30 s and a gentle decay
into an elongated coda afterwards as described by Kennett ez al.
(2014). Furthermore, the observed high-frequency content and the
increase of its relative portion in later coda wave time windows
(Fig. 2) have also been reported for other studies (Walker & Sutton
1971; Kennett et al. 2014). The waves travel with velocities that
are characteristic for upper-mantle material. One major difference
of this study to previous Po and So studies focusing mainly on the
Pacific Ocean is the slower spreading rate of the Atlantic Ocean
(1-3 cm a~!, Miiller et al. 2008). Kennett et al. (2014) expected
that due to the slower spreading rates, the horizontal and vertical
correlation lengths tend to be more similar. This near isotropic het-
erogeneity will still produce high-frequency guided waves, but the
generated stochastic wavefield will be less stable and would not be
sustainable for very long distances and more sensible to changes in
lithospheric properties, such as thickness and attenuation (Kennett
et al. 2014).

In the following, we estimate frequency-dependent seismic scat-
tering and intrinsic attenuation parameters based on envelope mod-
elling of So waves and their codas. The analysis is done for different
azimuth bins, in order to allow a comparison for different ocean
ages and lithospheric thicknesses. This allows to characterize the
attenuation of So waves in the Eastern North Atlantic and gives im-
plication on the overall oceanic lithospheric structure in this region.
Furthermore, as we also record So waves that travelled across the
Gloria fault, the influence of the fault on the attenuation is analysed.
Finally, we use the obtained results to characterize the thermal state
of the oceanic lithosphere in different azimuthal ranges.

2 DATA

We use data recorded on a 75 km aperture ocean bottom array that
was located approximately 100 km north of the Gloria fault in the
deep ocean (approx. 5000 m water depth) about 800 km from Por-
tugal mainland and also from the Azores (Fig. 1a). The data have
been recorded at 11 free fall ocean bottom stations (OBSs; Fig. 1b)
from DEPAS (Deutscher Gerite-Pool fiir amphibische Seismologie/
German instrument pool for amphibian seismology). Each station
was equipped with a wide band Guralp CMG 40 T (60 s eigen-
period) three-component sensor, a broad-band hydrophone (HTI-
04-PCA/ULF) and a Send Geolon MCS recorder (Stdhler et al.
2016; Alfred-Wegener-Institut Helmholtz-Zentrum fiir Polar- und
Meeresforschung et al. 2017). The data were recorded with a sam-
pling frequency of 100 Hz. The recording period was 10 months
(June 2011 until April 2012). The data have been corrected for clock
drifts and static time-shifts (Hannemann et a/. 2014) and the orienta-
tion of the horizontal seismometer components were estimated using
the particle motion of P waves and Rayleigh waves of teleseismic
earthquakes (Hannemann et a/. 2017). Furthermore, an incoherent
beamforming approach has been used to search the continuous data
forlocal and regional (up to 850 km epicentral distance) earthquakes
mainly in the oceanic parts of the Eurasian and African plates (see
yellow and orange circles in Fig. 1a and Kriiger et al. 2020 for pro-
cessing details). The final earthquake catalogue contains 349 events.
The majority of these events are located along the plate boundary, in
addition several small spatial clusters are located towards the north
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Figure 1. (a) Bathymetric map of the Eastern North Atlantic (GEBCO Compilation Group 2020) showing the distribution of earthquakes (light yellow and
orange circles) detected by the OBS array (white triangle). Only events shown as orange circles were used for the analysis. Furthermore, the lithospheric ages
(Miller et al. 2008) are shown as contours, plate boundaries as thick red lines (Bird 2003) and the approximate location of hotspots in this area by white dashed
lines (Saki ef al. 2015). (b) Layout of the OBS array. The station shown in grey had clamped components and was therefore not used in the analysis.

and south of the array and seem to be associated with morphological
features also visible in the bathymetry (Fig. 1a). These local and
regional events show the typical characteristics of Po and So waves
(Fig. 2).

Kriiger et al. (2020) observed that the Po and So waves travel with
typical upper-mantle velocities, which agrees with the hypothesis
that these waves mainly propagate in the oceanic mantle lithosphere.
The amplitudes of the Po and So waves are quite similar on all
three components that are inline with the proposed propagation
mechanism through scattering. The coda lasts for more than 100 s,
is diffuse and has energy at frequencies up to 30 Hz and sometimes
also higher (Fig. 2b) on all three components.

3 ESTIMATION OF ABSORPTION AND
SCATTERING

In the following analysis we focus on the So wave and its coda. We
exclude the Po wave as its coda might be influenced by the later
arriving So wave. Furthermore, simulations (Kennett & Furumura
2013; Kennett et al. 2014) indicate that the So wave is more sensitive
to changes in lithospheric properties (e.g. thickness and attenuation)
than the Po wave. The python toolbox Qopen (Eulenfeld & Wegler
2016) allows the simultaneous determination of intrinsic and scat-
tering attenuation parameters by envelope inversion of the recorded
So wave. For the analysis, we calculate the energy density of the
waveform recordings for a combination of all three components for

different frequency bands by

po (it (¢, 7))

Eobs(l‘ar)= CAf

()

in which py is the mean mass density and (i (¢, r)*) is the mean
square velocity, that is the envelope of the recorded So wave. The
normalization factor Af describes the width of the used filter (Eu-
lenfeld & Wegler 2016). The factor C is a projection factor (Emoto
et al. 2010) that corrects the influence of the amplification of an in-
cident wave (e.g. by the free surface) on the estimated energy value.
As we are analysing So-wave data from the ocean bottom, we have
to re-evaluate this factor to check whether it is feasible to apply C
= 4, as it would be done in case of the free surface (Eulenfeld &
Wegler 2016). The factor C should correct for the amplification at
the interface between ocean bottom and water column, therefore it
is valid to consider an isotropic medium above and below this inter-
face and to separately evaluate the case of an incident horizontally
polarized S wave (SH wave) and an incident vertically polarized S
wave (SV wave). In the SH wave case, the wave energy is totally
reflected and the resulting amplification is 4 and is independent of
the incidence angle. For the SV wave case, we find that the ampli-
fication at the ocean bottom is comparable to the free surface case
(Fig. 3, for further details see the Appendix) and at least for small
incidence angles (<30°) C = 4 is valid.

Kennett & Furumura (2013) showed that the So waves propagate
nearly horizontally through the oceanic lithosphere. We therefore
use the analytical approximation of 2-D isotropic radiative transfer
(Paasschens 1997) as Green’s function to model the direct and the
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Figure 2. (a) Example for three-component seismogram showing a regional event (2012 March 7, 107 km epicentral distance, 242° backazimuth, M, 2.3)
with characteristic Po and So waves. The data were high pass filtered at 0.88 Hz. The dark grey shaded areas mark the chosen time window for estimating the
mean amplitude of the direct S wave and the light grey shaded areas mark the chosen coda wave time window. The dark grey dashed line marks the Po-wave
onset and the white dashed line the So-wave onset. (b) Spectrograms for all three components of same event as presented in (a). The lines mark the chosen time

windows for direct S wave and coda wave.
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Figure 3. Comparison of amplification factors at the free surface (grey solid line) and the ocean bottom (black dashed line) for an incident SV wave for a
medium with v, /vs = /3 in comparison to four times the projection factor (dark grey dotted line). (a) Vertical amplification. (b) Horizontal amplification.

Modified after Emoto et al. (2010, fig. 8).
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The Green’s function depends on the time ¢, the distance r be-
tween source and receiver and the transport scattering coefficient
go. The mean S wave velocity vs is assumed to be constant along
the whole ray path. In contrast to the 3-D Green’s function used
by Eulenfeld & Wegler (2016), the 2-D Green’s function has the
dimension m~? instead of m—>, we therefore have to normalize the
resulting energy by the inverse of the median lithospheric thickness
along the ray path (D) to properly model the energy of the wave:

W R(r _
Emoa (t,7) = 5 )ng(t,r,go)e o

3)
L

Herein, e * describes the exponential decrease due to intrinsic at-
tenuation, which is described by the intrinsic attenuation coefficient
b. The spectral source energy W and the energy site amplification
factor R account for the influences of the source and the receiver
site (Eulenfeld & Wegler 2016). These two parameters will not be
analysed in this study.

Justified by recent studies (Hannemann et al. 2016; Kriiger et al.
2020), we use a mean S-wave velocity of 4600 m s~!. This velocity
gives a good match of the So-wave arrival for a wide distance
range (Fig. 4). Furthermore, we choose a mean mass density of
3380 g m~3 that corresponds to the density given for the lithospheric
mantle by PREM (Dziewonski & Anderson 1981). We filter the data
with different second-order, zero-phase Butterworth filters in octave
frequency bands with centre frequencies between 1 and 30 Hz,
resulting in nine analysed frequency bands. In order to correct for
the noise level, we use the minimum average amplitude of five 10-
s-long noise time windows (see Table 1 for times) for the correction
of the energy envelope. The bulk time window for the So wave
and the coda time window is chosen relative to the S onset (see
Table 1). For the inversion, the data in the coda time window is
smoothed in 5 s Bartlett time windows. Furthermore, we shorten
the coda-time window either if the signal-to-noise ratio (SNR) drops
below 2 or at a local minimum if this minimum is followed by a
local maximum with twice the amplitude of the minimum. The
SNR is determined by using the minimum average amplitude of
the noise time windows and the energy density of the wave form
recordings (eq. 1). The shorting of the coda-time window in case
of a local minimum is done to exclude additional phases that may
arrive later in the S-wave coda. The inversion is not done if the
coda time window is shorter than 10 s and if there are less than two
station—event pairs left after the exclusion of data.

The modelling by Kennett & Furumura (2013) showed that So
waves are sensitive to lateral variations in lithospheric structure and
seismic attenuation, therefore we decided to analyse the regional
events in 45° azimuth bins each 15° to obtain more stable results
that can also be compared with the age and thickness of the litho-
sphere. A look at the azimuthal distribution for the 45° bins each 15°
(Fig. 5a) shows that most of the events are located in the azimuthal
bins around 120° and 240°. This corresponds to the azimuthal di-
rections of the plate boundary (compare Fig. 1a). Moreover, a horse

shoe like pattern is observable in the azimuth—distance distribution
(Fig. 5¢), which can be associated with the plate boundary. In order
to obtain comparable results for the simultaneously inverted events
for each azimuth bin, we decided to further subdivide the events in
each azimuth bin in 50 km distance bins and choose only the two to
three strongest events in each azimuth—distance bin (Fig. 5d). For
all results presented in this study, we simultaneously analyse the
recordings at all stations of the array. However, the applied qual-
ity criteria mentioned before may lead to an exclusion of specific
station—event pairs from the analysis; therefore, not all events are
inverted for all stations.

For better comparability with other studies, we calculate inverse
quality factors for intrinsic (Q;"), scattering (Q') and total at-
tenuation (Qy, ) from the obtained attenuation coefficients (go and
b):

b
0 =5 7 “)
J = f;'} )
Ou =07+ 0. (6)

Furthermore, we estimate the seismic albedo By, which indicates
whether the scattering or intrinsic attenuation dominates the total
attenuation:

-1
B, = =5 7
0= o] Q)

Finally, we also calculate the absorption and transport mean free
path length (/; and /i) whose values can indicate the length scale of
the most relevant structures for the propagation of the waves (Sato
etal 2012):

l._l = — 8

; 5 (3)
1

=L ©
80

4 RESULTS

In Fig. 6(a), we show an exemplary comparison of the recorded
waveform energy and the modelled energy for the different fre-
quency bands between 0.8 and 40 Hz. As can be seen, the modelled
energy fits well to the recorded energy for frequencies above 2 Hz.
Furthermore, we present the estimates for the transport scatter-
ing coefficient gy (Fig. 6b) and intrinsic attenuation coefficient b
(Fig. 6¢) with frequency for all azimuth bins and for the azimuth
bin between 240° and 285°, in which the event shown in Fig. 6(a)
lies. The frequencies in Figs 6(b) and (c) correspond to the centre
frequency of the frequency bands named in Fig. 6(a). As already
mentioned in the previous section, recordings of the coda wave
were shortened if the SNR drops below 2 or if a local maximum
is present and furthermore too short coda time windows (<10 s)
were removed during the inversion. We therefore grouped the pre-
sented results based on the number of finally used events (indicated
by transparency in Figs 6b and c) to indicate the quality of the
estimates.

In general, the transport scattering coefficient g is decreasing for
higher frequencies except for the last frequency band (2040 Hz)
for which a small increase is visible. The g, values range between
10~* and 4 x 10~° m~'. For the intrinsic attenuation coefficient
b, we estimated nearly constant values between 3 x 1072 and 5 x
10~2 57! for centre frequencies between 2 and 10 Hz.
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Table 1. Time windows used for inversion with Qopen.
List of used abbreviations: OT = origin time; ST = S-

onset time.
Type Start EndN
Noise time window 1 OT-20 s OT-10s
Noise time window 2 OT-10 s oT
Noise time window 3 oT OT+10s
Noise time window 4 OT+10s OT+20 s
Noise time window 5 OT+20 s OT+30s
Bulk time window ST-5s ST+20 s
Coda time window ST+20s ST+120 s
original catalog (349 events) used events (181 events)
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Figure 5. Azimuth—distance distribution of used events. We analyse the events in 45° wide azimuth bins every 15° up to a epicentral distance of 850 km. (a)
Number of events per azimuth bin for all events in original catalogue up to an epicentral distance of 850 km. (b) Number of events per azimuth bin which
have been simultaneously inverted. (c) Number of events per azimuth and 50 km distance bin in original catalogue up to an epicentral distance of 850 km. (d)
Number of simultaneously inverted events per azimuth and 50 km distance bin.
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the number of events used for the analysis.

For the comparison of the attenuation parameters with litho-
spheric age and thickness, we used the ocean ages provided by
Miiller et al. (2008) and extracted lithospheric thicknesses from the
LITHO1.0 model (Pasyanos et al. 2014) which employs surface
wave modelling. The latter was done by extracting the top of the
uppermost sedimentary or crustal layer and the bottom of the litho-
spheric mantle for 0.2° steps in latitude and longitude (Fig. 7). Up
to an age of 80 Ma, there seems to be a direct correlation between
lithospheric thickness and ocean age. This is mainly true for areas
west of the OBS array (Fig. 7). In the east, we see a greater vari-
ation in lithospheric thickness which shows no direct correlation
with ocean age (Fig. 7). Based on these observations, we decided
to analyse the obtained attenuation results as a function of azimuth
and not directly as a function of ocean age or lithospheric thickness,
as we think that neither the ocean age nor the lithospheric thickness
can solely be used to interpret the obtained results. We estimated the
median ocean age and lithospheric thickness for every 45° azimuth

bin every 15° and the further subdivisions in the 50 km distance
bins (Fig. 8).

In Fig. 8, we present the obtained inverse quality factors for in-
trinsic (Fig. 8a) and scattering (Fig. 8b) attenuation for different
frequencies, as well as the median age (Fig. 8c) and median litho-
spheric thickness (Fig. 8d) for different distance ranges. In order to
facilitate interpretation, we subdivided the data in four azimuthal
ranges: north (300-60°), south (120-240°), west (210-330°) and
east (30—150°). The results of the north and south ranges are pre-
sented from west to east and the results of the west and east range
from north to south. The overlaps of 30° between neighbouring az-
imuthal ranges should help to identify trends with backazimuth in
the presented results. Overall, the inverse quality factors decrease
with increasing frequency for all azimuth bins. However, there are
slight changes for different azimuths in the inverse quality factors.

For the north, the inverse quality factor for intrinsic attenuation
(Q;!, Fig. 8a) ranges between 1.4 x 107 and 3.2 x 1073 if at least
the recordings of three events are included in the inversion (6.0 x
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Figure 7. Lithospheric thickness as extracted from the LITHO1.0 model (Pasyanos et al. 2014). In addition, the used events (selected from the catalogue by
Kriiger et al. 2020), the ocean ages (Miiller et al. 2008), plate boundaries (Bird 2003) and locations of known hotspots (Saki ef al. 2015) are shown.

1073 t0 2.0 x 1072, if results obtained with less than three events
are additionally taken into account) and shows a slight increase
from west to east in all frequencies for results obtained with at
least three events. The southern azimuths show a wider range from
9.2 x 107510 5.2 x 1073 (9.2 x 1075 to 5.2 x 1073) and a small
undulation from west to east which peaks around 175°. For the west,
we obtained O;! values between 1.1 x 10™* and 4.7 x 1073 (6.0 x
1075 to 6.1 x 10~%) which show an undulation which peaks around
295°. The eastern azimuths show a decrease from north to south
and O; ! ranges between 8.1 x 107° and 6.6 x 1073 (8.1 x 1075 to
2.1 x 1072).

The inverse quality factor for scattering attenuation (Q_', Fig. 8b)
ranges between 7.2 x 107 and 2.2 x 1073 (4.3 x 107° to 2.1 x
1072) for northern azimuths. Similar to the inverse quality factor
for intrinsic attenuation, it shows a slight increase from west to east.
In the south, the estimated Q! values are between 5.2 x 107> and
1.1 x 1072 (5.2 x 1075 to 1.1 x 1072). The values show a small
undulation with backazimuth and peak around 215° and 155°. For
western azimuths, Q' values undulates between 4.7 x 107> and
6.4 x 1073 (4.3 x 1073 t0 6.4 x 1073). The values peak around 295°
and increase from 235° towards 215°. In the east, we again observe
a similar behaviour of Q! as for O;! with a slight decrease from

north to south. The Q! values lay between 5.0 x 107° and 2.1 x
1072,

The ocean ages (Fig. 8c) show a clear pattern for the four az-
imuthal ranges. For all azimuth bins we observe a clear trend in age
with increasing distance from the array, getting either younger or
older. In the north, we observe an increase in age from 10-80 to
80-130 Ma going from west to east, as we would expect it from
the map in Fig. 1. Furthermore, in the south we also observe an
increase from 45 to 100 Ma in the west to 80—-180 Ma in the east. In
addition, a gap of approximately 20 Ma is visible for the distance
bins below and above 100-200 km which corresponds to the age
difference across the Gloria fault. Moreover, western azimuths have
the youngest ocean ages and are nearly constant between 10 and
80 Ma for azimuths between 260° and 330°. They increase towards
the south reaching values between 60 and 120 Ma. The eastern az-
imuths have the oldest ages, between 30° and 80° they are nearly
constant between 70 and 130 Ma and increase for the azimuths
between 80° and 150° to ages between 80 and 180 Ma.

In addition, it becomes clear that the lithospheric thicknesses
(Fig. 8d) overall show no correlation with the ocean ages. For all
azimuth ranges, they do not show a clear distance dependency. For
northern azimuths, the median lithospheric thickness first increases
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Figure 8. Estimated inverse quality factors for (a) intrinsic (Q;!) and (b) scattering (Qg') attenuation for different frequencies in each azimuthal bin and
(c) extracted median age (Miiller et al. 2008), as well as (d) median lithospheric thickness (Pasyanos et al. 2014) for each azimuth—distance bin (circles) and
for each azimuth bin (orange dashed lines). Grey shaded areas mark data presented in Fig. 9. Transparency indicates number of used events. Note that the
backazimuth axis of the southern and western azimuths are flipped for better comparability with northern and eastern azimuths. The colours in (a) and (b)
indicate the centre frequency of the applied frequency band. In (c) and (d), the colours show the distance from the array for the corresponding azimuth—distance

bin.

starting between 40 and 100 km in the west and reaching thicknesses
of 100-200 km at around 45° and then slightly decreases to 100—
180 km towards the east. In the southern azimuthal range, they
increase from 50 to 140 km in the west to 100-160 km between
180° and 210° and decrease to 60—130 km in the east. For western
azimuths, we observe nearly constant thickness between 40 and
100 km from 260° to 330° and an increase to 60—-160 km towards
the south. The eastern azimuth bins show a decrease from north to
south from 110-210 km towards 50-140 km.

Another way to look at the dependency of the attenuation on
ocean age and lithospheric thickness is to focus on those azimuth
bins with the youngest and oldest ocean ages in the west and east.
Perpendicular to these two directions one can focus on the azimuth
bins with nearly the smallest variation in age towards the north and
the azimuth bins with the clearest age gap towards the south (grey
shaded areas in Fig. 8). We present the selected curves as function
of distance and frequency respectively in Fig. 9.

As can be seen in Fig. 9(a), the ages close to the array are com-
parable for all four directions but for greater distances, the age
differences become clearer. The youngest ages are found towards

the west. In the north, we have nearly constant ages with distance.
Similar is true for the south, except for a jump of about 20 Ma at
a distance of around 175 km. The oldest ages are found towards
the east. In Fig. 9(b), we see that the inverse quality factor for in-
trinsic attenuation decreases nearly linearly with frequency in the
log—log graph for all four azimuthal ranges. For frequencies above
3 Hz the inverse quality factor is decreasing from west to north to
south to east. For the scattering attenuation (Fig. 9¢c), the decrease
with frequency is similar. For frequencies above 3 Hz, the curves
for eastern and southern azimuths are quite similar, western and
northern azimuths show slightly higher values. If we look at the
inverse quality factor for the total attenuation (Fig. 9d), we again
observe a linear decrease with frequency in the log—log graph and
for frequencies above 10 Hz a decrease in the inverse quality factor
from west to north to south to east, but not as clear as in case of the
intrinsic attenuation.

The lithospheric thicknesses for the four azimuthal ranges
(Fig. 9¢) show much more variation with distance than the ages.
For western azimuths, we observe a decrease in thickness up to a
distance of around 200 km from 100 to 50 km, for larger distances
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Figure 9. Comparison for (a) age—distance profiles, inverse quality factors for (b) intrinsic attenuation, (c) scattering attenuation and (d) total attenuation
including constant Qs as was used for the oceanic mantle lithosphere with different ages for the numerical modelling of Po and So waves by Shito ef al. (2013;
Qs = 2000 for 150 Ma) and Shito et al. (2015; Os = 500 for 15 Ma and Qs = 1000 for 30-60 Ma), (e) lithospheric thickness—distance profiles, (f) absorption
path length, (g) transport mean free path length and (h) seismic albedo for So waves for two azimuthal bins in each direction (east: blue circles, south: green
triangles, north: yellow crosses and west: red squares). The rose next to the legend sketches the selected azimuth bins.

the median thickness remains nearly constant. For eastern azimuths,
we observe a slight decrease in lithospheric thickness with distance
from 110 to 75 km. For northern azimuths, the median lithospheric
thickness is constantly at 120 km up to 400-600 km distance and
then peaks at 700 km distance with 150-200 km and decreases to
120 km again for larger distances. The lithospheric thicknesses for
southern azimuths undulate around 130 km with an amplitude of
plus/minus 50 km until it reaches a constant level at 130 km at a
distance of 600 km.

The absorption path length /; (Fig. 91) is nearly constant between
3 and 10 Hz for all four azimuthal directions and shows an increase
for larger frequency. For the western and northern azimuths, /; is
around 80-100 km and slightly increases towards 90—-110 km. In
the eastern and southern directions, /; is 120 km in the frequency
range between 3 and 10 Hz and increases for lower as well as for
higher frequencies.

The transport mean free path length /. (Fig. 9g) increases from
100-150 to 250-600 km up to a frequency of 10-20 Hz and then

decreases again for higher frequencies. For southern and eastern
azimuths, the behaviour of the curves are similar and they peak
around 600 km at 20 Hz. For northern and western azimuths, the
transport mean free path lengths scatter more and are shorter (300—
400 km).

The last presented value is the seismic albedo B, which indicates
the influence of the scattering attenuation on the overall attenuation.
As can be seen in Fig. 9(h) for frequencies above 2—3 Hz, the seismic
albedo is below or around 0.5 and has a minimum between 0.15-0.3
around 10-20 Hz. For frequencies below 2 Hz, B, reaches values
above 0.5 and for southern azimuths a value of around 0.7.

5 DISCUSSION

The estimated scattering attenuation coefficients (go) between 10~
and 4 x 1075 m~! are typical for the lithosphere or the upper mantle
(Sato et al. 2012). This is in line with the suggested propagation
mechanism for So waves in the lithospheric mantle (Kennett ez al.
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2014). The presented example for the fit of the observed and mod-
elled energies in Fig. 6(a) also demonstrate the shortening of the
coda time window in case of a local maximum in the coda for
frequencies above 3.54 Hz. This local maximum is probably re-
lated to a T-phase arrival. This phase travels mainly in the water
column through the Sound Fixing And Ranging (SOFAR) channel
with about 1.48 km s~!' (Shen 2002). Its arrival might influence
the overall shape of the late So-wave coda. For our data set, the
T-phase might arrive within the chosen coda time window for earth-
quakes up to an epicentral distance of about 400 km, but Fig. 6(a)
shows that the chosen quality criteria are able to avoid including this
phase in the inversion. Besides the shortening, we also choose to
simultaneously invert events from different distance and we there-
fore conclude that the presented results are not biased by T-phase
arrivals.

For the northern azimuths, the lithospheric thickness increases
with age until an azimuth of around 45° and then it slightly de-
creases. As Kennett ef al. (2014) showed that a decrease in litho-
spheric thickness has a similar effect on the resulting wavefield
as an increase of the inverse quality factor. For the inverse quality
factors, we observe a slight increase from the northwest to the north-
east, which is contrary to the expected decrease with age, but the
slight reduction in lithospheric thickness for the older ocean ages in
the northeast and the before mentioned modelling results of Kennett
et al. (2014) can explain the observed slightly higher inverse quality
factors in the northeast compared to the northwest. In the south, we
observe a different pattern. There the thickness decreases with age,
which is probably related to a thermal variation. Most likely, this ef-
fect is caused by the known hotspots and small-scale upper-mantle
upwellings in this region which are associated with Madeira and the
Canary Islands (Saki et al. 2015; Civiero et al. 2021). Therefore, the
small undulations in the quality factor and the nearly constant values
might be an effect of the trade-off between the age, the thickness
and the thermal effect on the attenuation. In western directions, we
observe a direct correlation between age and thickness. The peak in
the inverse quality factors around 295° corresponds to the thinnest
and youngest lithosphere and represents the influence of the mid-
oceanic ridge on the attenuation. This observation is inline with the
one made by Kennett & Furumura (2013) which also suggested that
Po and So waves are highly attenuated by mid-ocean ridges. The in-
crease of the scattering attenuation towards the southwest (azimuths
from 240° to 210° in Fig. 8b) is an indication of the influence of the
plate boundary (i.e. the Gloria fault) on the So waves. The hypocen-
tres estimated by Kriiger ef al. (2020) indicate that this structure is a
deep reaching lithospheric fault. Therefore, the observed behaviour
is probably associated with the change in lithospheric thickness and
age, as was already suggested by modelling (Kennett et al. 2014).
For eastern azimuths, the lithospheric thickness decreases with in-
creasing age, which seems to be counter intuitive on a first glance,
but is inline with our observations for the south. In contrast to the
northeast, we do not observe an increase in attenuation for the thin-
ner lithosphere in the southeast. Probably, the overall influence of
the much older and therefore colder lithosphere is greater than the
effect of the thermal anomaly on the attenuation which leads to an
overall decrease in the quality factors compared to the northeast.

The influence of the ocean age on the quality factors becomes
even clearer if we analyse the selected azimuth bins in Fig. 9. We
observe a general tendency that the inverse quality factors decrease
with the age of the lithospheric plate from the west where the
lithosphere is younger to the east where it is older for frequencies
above 3 Hz for the intrinsic attenuation and above 10 Hz for the
scattering and total attenuation. This implies that the younger the

lithosphere the more attenuative it gets at least for frequencies above
3-10 Hz. If we compare our estimates for the total attenuation
with Qs values used by Shito ez al. (2013, 2015) for modelling
So waves up to 5 Hz in the Pacific Ocean, we observe that our
attenuation estimates are higher. This observation implies that the
oceanic lithosphere of the Eastern North Atlantic is probably more
attenuative than the one in the Pacific Ocean. We conclude that
this is inline with the assumption that due to the slower spreading
rate in the Atlantic Ocean the generated So wavefield is less stable
and not sustainable for long distances and therefore experiences
a higher attenuation than in the Pacific Ocean as suggested by
Kennett ef al. (2014). In contrast to the last paragraph, we do not
observe a pronounced influence of the lithospheric thickness on
the attenuation, but this is most likely related to the fact that the
chosen azimuth ranges are not associated with the strong variations
in lithospheric thickness and thermal variation in the northeast and
southeast which we observe in Fig. 8. Hannemann et al. (2016)
found that the total crustal thickness below the DOCTAR array
is between 4 and 10 km. This is much less than the estimated
absorption path length between 60 and 300 km and the transport
mean free path length between 100 and 600 km. This size difference
implies that the oceanic crust itself has only a weak influence on the
appearance of the So wave and its coda (Sato ez al. 2012). Moreover,
the absorption path length and the transport mean free path length
for older lithospheric ages (eastern and southern azimuth bins) is
larger than for younger lithospheric ages (western and northern
azimuth bins) which is inline with the former conclusions that the
old lithosphere is less attenuative than the young lithosphere. For
frequencies above 3 Hz the seismic albedo implies that the scattering
attenuation is less or equal to the intrinsic attenuation. Only for
southern azimuths and frequencies below 3 Hz the seismic albedo
is clearly above 0.5 which indicates that the scattering attenuation
dominates the total attenuation. However, if we consider Fig. 9(c),
we observe that the scattering attenuation is not remarkably higher
for the southern azimuths than for the other directions, but if we
take a look at the intrinsic attenuation (Fig. 9b) we observe for
the southern azimuths below 3 Hz smaller intrinsic inverse quality
factors than for the other directions. This is probably the influence
of the plate boundary (i.e. Gloria fault) where a change in ocean age
and lithospheric thickness takes place (Figs 7, 8¢ & d and 9a & e).

6 CONCLUSIONS

In this study, we estimated for the first time intrinsic and scatter-
ing attenuation parameters using an envelope inversion of So-wave
energy of regional events recorded on ocean bottom stations in the
Atlantic Ocean and analysed them in comparison with ocean ages
and lithospheric thickness. Based on the estimated scattering at-
tenuation coefficients (107 m™' < gy < 4 x 107 m~') which
show typical values for the lithosphere and upper mantle (Sato et al.
2012), we confirm that the So waves mainly propagate through the
oceanic mantle lithosphere as was proposed by numerical modelling
(Kennett & Furumura 2013). Furthermore, the comparison with at-
tenuation parameters used for the modelling of So waves in the
Pacific Ocean indicates that the oceanic lithosphere of the Atlantic
Ocean is more attenuative (Q; < 500 for frequencies below 5 Hz)
than the one of the Pacific Ocean. In a detailed analysis, we con-
cluded that the estimated attenuation parameters can be explained
by a rather complex interplay between lithospheric thickness, ocean
age and thermal effects. The influence of the mid-ocean ridge to-
wards the west is clearly visible in an increase of the estimated
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inverse quality factors. The effect of the hotspots and small-scale
upper-mantle upwellings in the southeast of the ocean bottom sta-
tions (Saki er al. 2015; Civiero et al. 2021) together with the old
lithospheric ages lead to nearly constant inverse quality factors for a
wider azimuthal range. However, for future studies, including heat
flow measurements or geodynamic models of lithospheric tempera-
ture will probably allow to draw further conclusions on the influence
of thermal variations on attenuation. For this study, by concentrating
on specific azimuth ranges which represent the youngest and oldest
parts, and those azimuth ranges which showed the least variation
in age, we draw three main conclusions. First, an increase in at-
tenuation can be observed for a decrease in lithospheric age which
is inline with previous observations made in the Pacific Ocean by
Kennett ef al. (2014) and Shito et al. (2013, 2015). Second, for
frequencies above 3 Hz the scattering attenuation is less or equal
to the intrinsic attenuation. However, for southern azimuths and
frequencies below 3 Hz we estimated a clear reduction in intrinsic
attenuation leading to a dominance of scattering attenuation. This
effect is most likely related to the influence of the Gloria fault,
that is the plate boundary towards the south. Third, the estimated
absorption and transport mean free path lengths between 60 and
600 km indicate only a weak influence of the oceanic crust on the
appearance of the So wave and its coda (Sato et al. 2012).

In summary, this study shows that the analysis of So waves of
local and regional earthquakes at OBSs provides insight into the at-
tenuation parameters of the surrounding lithosphere. Furthermore, a
combined analysis with lithospheric ages and thicknesses is helpful
to draw further conclusion on the thermal state of the lithosphere in
specific azimuthal ranges.
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APPENDIX: AMPLIFICATION OF SV WAVES AT THE OCEAN BOTTOM

If an SV wave arrives at the interface between the water column and the ocean bottom, three waves are generated at the interface: a reflected SV
wave and a reflected P wave in the ocean bottom, and a refracted P wave in the water column (Fig. A1). In order to estimate the amplification
which will be measured at the interface for an incident SV wave, we need to consider the displacements due to the incident SV wave, the
reflected SV wave and the reflected P wave (similar as in the case of an incident P wave, see Hannemann ef al. 2016). Therefore, we need
to calculate both reflection coefficients for the ocean bottom. We follow the notation by Aki & Richards (2002) who used an acute accent to
represent an upgoing wave (e.g. S') and a grave accent to represent a downgoing wave (e.g. 5'). We calculated the coefficients $S and SP:

. 1 —k(1-1)
1ok Al
1+ k(1+1) -
Gp — _ P1Vs1 Oy sin (4 ¢s0) ! , A2
P2Vp2 COS P L+k+1])
with
v, 2 : 1
k= (E) B sin (2¢50) sin (2¢,2) , ™
2
[ < ) ) _cosCeo) "
Vg sin (Zg()pl) tan (2¢50)

These coefficients are similar to the ones published by Zoeppritz (1919) except for the opposite sign in eq. (A2) which results from an
opposite definition of the polarization direction of the reflected P wave.

The resulting amplitude of the vertical displacement is found by considering the displacements of all wave types in the ocean bottom in
z-direction (compare Fig. A1) and inserting eqs (A1)—(A4):

4= (SS n 1) sin gy — SP cos g1, (AS)

refracted P wave
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Figure Al. SV waves (blue) and P waves (red) at the interface between water column and ocean bottom resulting from an incoming SV wave front (represented
as dashed blue line). The direction of particle motions of the single wave types are shown as small black arrows. The normal of the zr-plane 7 points into the
negative transverse direction. The ocean bottom has the P-wave velocity v,1, the S-wave velocity vs and the density p1. The water column has the P-wave
velocity v,> and the density p,.
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The resulting amplitude of horizontal displacement is found by considering the displacements of all wave types in the ocean bottom in
r-direction (compare Fig. A1) and inserting eqs (A1)—(A4):

47 = (SS - 1) cos gy + SP sing,,, (A9)
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