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Abstract
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Doctor of Philosophy

Broadband Surface Wave Tomography of Ireland, Britain, and Other
Regions

by Raffaele BONADIO

Over the last decades, seismic surface-wave studies have produced
increasingly detailed images of the Earth’s structure at a regional scale.
In this study, we have tuned well-established techniques and–when
required–implemented new ones in order to investigate regions in which
important debates are still ongoing, regarding the structure and the evolution
of the Earth beneath them.

Several studies suggested that the Paleogene uplift of parts of Britain
and Ireland was caused by a lateral branch of the Iceland mantle plume,
which played a fundamental role in the evolution of the North Atlantic Ocean
over the past 60 M.y. Alternatively, among competing hypothesis, it was
suggested that the uplift could be due to the far-field stress associated with
the Alpine and Pyrenees Orogenies, with reactivation of old Variscan and
Caledonian faults across Ireland and Britain. A major part of this study is
aimed at gaining new insights into the seismic structure of the British Isles,
which can help us answer these open questions. Teleseismic earthquakes
and ambient noise, recorded at densely spaced seismic stations in the region,
were used to determine the surface-wave dispersion across the British Isles
and construct detailed images of the seismic structure beneath the area. The
measurements, obtained using independent surface-wave analysis techniques
(cross-correlation of teleseismic surface waves, multimode waveform fitting,
and ambient noise interferometry), were applied to produce the first 3D
shear-velocity model of the lithosphere and the asthenosphere of the entire
region including Ireland, Britain, and the Irish Sea. The application of different
methodologies yielded complementary frequency bands of the measurements,
sensitive to different depths, from the shallow crust to the deep upper mantle.

Abundant, newly available data was used to image the region with higher
resolution than previously. The highly uneven station coverage resulted in a
considerably irregular distribution of the measurements in the area; this, and
the effects of errors on the measurements, required the development of a new,
multi-resolution tomographic scheme. This scheme allows us to maximize the
information extracted from the data and reach an optimal target resolution of
the model at each knot, minimizing the effects of uneven data sampling and
of the propagation of systematic errors.
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The multi-resolution phase-velocity maps, obtained at densely spaced
periods, were inverted, point by point, for shear-velocity structure in order
to produce a 3D, shear-velocity model of the lithosphere and asthenosphere.
The optimal resolution tomography offers important new insights into the
structure and evolution of the British Isles. A robust, low-velocity anomaly
beneath the Irish Sea and its surroundings persists in the models from ~60
to at least 140 km depth, indicating an anomalously thin lithosphere. The
area that exhibits the low velocity anomaly corresponds to where uplift and
volcanism are evidenced by geological data. Our results also show a striking
correlation with proposed underplating thickness and denudation, gravity,
and thermochronological measurements, and rule out the once common
assumption of a constant lithospheric thickness across Britain and Ireland.

At lithospheric depths, a clear contrast in seismic velocities between
Ireland and Britain could possibly explain why the seismicity is nearly absent
in Ireland, while modest but clearly higher in Britain. The higher velocities
beneath most of Ireland indicate thicker lithosphere and colder geotherms,
likely resulting in a higher-strength lithosphere, resisting deformation. In the
lithospheric mantle, the model displays an elongated high-velocity anomaly
stretching W-E approximately along the Iapetus Suture Zone in Ireland,
which may be the expression of a remnant of the Caledonian Iapetus slab
beneath the suture or, alternatively, fragments of thick continental lithosphere
incorporated into the Irish landmass in the course of the Caledonian Orogeny.

Another part of this study was on using surface-wave analysis to
investigate the lithosphere-asthenosphere system beneath the Tristan da
Cunha Hotspot, with the goal of understanding the enigmatic intraplate
volcanism in the region. Surface-wave analysis was applied in a challenging
setting, as this work involved the use of data recorded by ocean-bottom
seismometers, which required data-processing and measurement approaches
substantially different from those tuned for land-based arrays of stations.
We constrained a region-average, shear-velocity structure, using two-station,
cross-correlation measurements across the area, and inferred the temperature
of the lithosphere and asthenosphere beneath the area by means of petrological
modeling. Seismic inversion and petrological modeling show a lithospheric
thickness of only 65–70 km, confirming the previous estimates obtained from
receiver functions. Our observations are consistent with a hot plume from the
deep mantle, but the excess temperature estimated is much smaller than that
reported for some other major hotspots, in particular, Hawaii.
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Preface

This thesis is based on a collection of one published journal article (Chapter 4
and Appendix C) and two manuscripts in preparation for submission in
peer-reviewed journals (Chapters 2 and 3).

The content of the published article was unaltered to conform with Journal
copyrights (Bonadio et al., 2018), except for correction of a few typographical
errors (indicated by footnotes).

The results presented were generated using programs written mostly in
Unix Shell, C, C++, Fortran, and Python, as well as Matlab. All programs were
compiled and run on Ubuntu Linux distributions.

The figures were produced using Generic Mapping Tools (Wessel et al.,
2013).
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Chapter 1

Introduction

1.1 Overview

Through the use of passive seismology, we aim to gain information on the
structure of the Earth’s interior and on the relationships between tectonic and
magmatic processes and the deep dynamics of the lithosphere. We do this by
recording and interpreting natural seismic wave fields, as opposed to active
seismic techniques, which involve, instead, the study of artificially-generated
elastic waves in the subsurface (a seismic man-made wave or pulse is
generated at the surface by an active seismic source as a vibration, a
mechanical impact, or an explosion). Natural seismic wave fields include
the waves propagating from earthquakes and volcanic tremors, as well as
the so-called ambient noise, which is generated by wind, ocean waves, and
anthropogenic activity.

When an earthquake occurs, seismic waves radiate away from
the hypocentre in all directions. Through the use of permanent
seismological observatories, land temporary seismic stations and ocean
bottom seismometers deployed around the globe, the vibrations of the Earth
produced by earthquakes and other sources are recorded and used to obtain
models of the Earth’s internal structure. The two main types of seismic
waves are body waves, which can propagate deep inside the Earth and, when
recorded at long distances from the source, provide information about deep
structures and surface waves which, instead, travel within the Earth’s outer
layers (Fig. 1.1).

Surface waves are commonly used to produce tomographic images of
the Earth’s interior. They allow us to constrain the structure of the Earth’s
lithosphere and sublithospheric mantle at high resolution. Surface waves can
be retrieved by measuring the propagation between the source and seismic
stations, or between two or more seismic stations. The different nature of
propagation and speed of seismic waves results in distinct seismic phases
arriving at different times at a seismic station: the P (primary) body wave
is recorded first, followed by S (secondary) and, then, surface waves. The
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FIGURE 1.1: Wave propagation (after Braile et al. (2003)). Body
waves propagate deep inside the Earth and, when recorded
at long distances from the source, provide information
about deep structures. Surface waves, instead, travel
within the Earth’s outer layers and are commonly used to
produce tomographic images of the Earth’s lithosphere and

sublithospheric mantle.

surface waves, which are usually the most energetic arrivals in the seismogram
and are responsible for the destructive motion of the ground, travel within
the Earth according to two different polarization. Love waves depend on
the horizontally polarised shear wave propagation (with particle motion
perpendicular to the great-circle plane), whereas Rayleigh waves depend on
the vertically polarised shear wave and P wave propagation (with particle
motion parallel to the great-circle plane) (Fig. 1.2). Surface waves, which are
the main tool of investigation utilized in this work to probe the structure
of the Earth’s crust and upper mantle, are dispersive. This means that
the waves travel at different velocities for different frequencies (Fig. 1.3).
This frequency-depth dependence of the propagation of the waves makes it
possible to infer the shear velocity as a function of depth, thus it gives us
the possibility to infer the structure of the sub-surface (e.g., Aki and Richards,
2002; Dahlen and Tromp, 1998; Thorne and Wallace, 1995; Shearer, 1999; Udías
and Buforn, 2017). In the period range from ~1 to 500 s, surface waves are
sensitive to the structure of the crust, mantle lithosphere and asthenosphere
(e.g., Figs. 1.4 and 1.6).
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FIGURE 1.2: Left panel: illustration for the displacements
occurring from a P wave (primary) and S wave (secondary)
traveling horizontally across the page. Right panel: illustration
for fundamental mode Love surface wave (purely transverse
motion) and Rayleigh surface wave (both vertical and radial
motion) displacements for horizontal propagation across the

page (figure adapted from Shearer (1999)).

1.2 Methodology

We use the two-station method (e.g. Sato, 1955; Meier et al., 2004; Endrun et al.,
2008; Deschamps et al., 2008; Yao et al., 2006; Soomro et al., 2016; Bonadio et al.,
2018) to retrieve Rayleigh- and Love-wave fundamental-mode dispersion
from teleseismic earthquakes and seismic ambient noise. Broadband
phase velocities between pairs of stations are obtained using three
complementary independent approaches: cross-correlation of teleseismic
earthquakes (Section 1.2.1), waveform inversion (Section 1.2.2), and ambient
noise interferometry (Section 1.2.3).

Typically the phase velocity measurements retrieved using the interstation
teleseismic cross-correlation (TSCC) method (e.g., Meier et al., 2004; Lebedev
et al., 2006; Agius and Lebedev, 2013) span a broader period range than those
used in global tomography (e.g., Lebedev and van der Hilst, 2008; Schaeffer
and Lebedev, 2013). The advantage of using automated waveform inversion
(AMI) for interstation measurements and combining them with those obtained
by teleseismic cross-correlation is that the method produces phase velocities
for long-period surface waves where the cross-correlation, instead, often fails
because of strong interference between body and surface waves. In addition
to these, ambient noise cross-correlation (ANCC) yields higher frequency
measurements compared to those obtained by TSCC and AMI. Therefore,
utilizing these three independent surface wave methodologies, we obtain
measurements in a very broad period range (e.g., Fig. 3.5), and are thus able to
map the Earth’s structure from the shallow crust to the deep upper mantle.

1.2.1 Teleseismic two-station cross-correlation

Surface-wave tomography has suffered a lack of measurements at high
frequency for a long time. Source-receiver surface wave dispersion
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FIGURE 1.3: Empirical distribution of the group (left panel)
and phase velocities (right panel) of the fundamental (top)
and higher modes (bottom) for Rayleigh waves, plotted
logarithmically as a function of period. Surface waves are
dispersive; this means that the waves travel at different
velocities for different frequencies (figure after Schaeffer

(2014)).

measurements are limited at high frequency (frequencies sensitive to shallow
structure of the lithosphere) because of scattering of the short-period
waves, long-path coverage, uneven distribution of receivers and sources,
lack of information on the characteristics of the source. The inter-station
cross-correlation allows us to overcome some of these limitations. The
measurements are obtained from wave phase differences between the stations,
so the phase shifts due to the source mechanism and due to the propagation
of the fundamental modes from the source to the stations are eliminated. It is
therefore possible to use distant earthquakes to study, at a regional scale, the
Earth’s structure between the two considered stations.

The classical two-station method was implemented recently (Meier et al.,
2004; Soomro et al., 2016) to yield measurements at regional distances (10s to
100s of km) in broader period ranges than previously possible: down to 5 s and
shorter periods instead of down to 15–20 s only in previous implementations.
Over the last decades, the interstation phase-velocity measurements have been
widely used for regional studies (e.g., Meier et al., 2004; Endrun et al., 2008;
Lebedev et al., 2006; Darbyshire and Lebedev, 2009; Adam and Lebedev, 2012;
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FIGURE 1.4: Depth sensitivity kernels (after Schaeffer (2014))
of Love-wave phase velocities to changes in compressional
(α, top panel) and shear (β, bottom panel) velocities for the
fundamental and higher modes, computed for AK135 (Kennett

et al., 1995).

Agius and Lebedev, 2013; Soomro et al., 2016; Bonadio et al., 2018). The TSCC
method can provide phase-velocity measurements in a very broad frequency
band, and this band overlaps the measurements obtained by AMI (e.g.,
Lebedev et al., 2006) and ambient noise interferometry in the intermediate
periods band.

Inter-station phase velocities, in the recent implementation of the
two-station method (Meier et al., 2004), are computed by analyzing the
phase difference of teleseismic surface waves recorded at two different
stations, aligned on the great circle path of the considered event. The phase
difference is computed using the cross-correlation of the two signals, after
elaborate filtering in frequency and time. The frequency is discretized with
increasing-length increments (the length of the increments depends on the
frequency) (Lebedev et al., 2009), and for each frequency the cross-correlogram
is filtered around that specific frequency. The resulting filtered signal is
windowed in the time-domain using a Gaussian window centered around the
time of the maximum amplitude of the signal itself. The phase measurement
is computed in the frequency domain as the arctangent of the ratio of the
imaginary to real part of the cross-correlation function (e.g., Udías, 1999; Meier
et al., 2004).

This scheme allows to reduce the strong, high-frequency effects of noise
and interference between the fundamental mode and higher modes, and other
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FIGURE 1.5: Phase velocity dispersion can be computed
analyzing the phase difference of teleseismic surface waves
recorded at two different stations, aligned on the great circle
path of the considered event. The figure shows an example of
an interstation, Rayleigh-wave, phase-velocity measurement
for one station pair. (a and b) The recorded seismograms
and the time-frequency representations of their waveforms.
(c) The cross-correlation function and its time-frequency
representation. (d) Phase-velocity curves (in blue) plotted
together with a reference curve (dashed black line) and the

accepted segment (in red).

scattered waves. The phase velocity dispersion computed between the two
stations can be written as (this formula is valid under the approximation of
a spherically symmetric isotropic Earth model (e.g., Snieder and Nolet, 1987;
Tromp and Dahlen, 1992)):

c(ω) =
ω(∆1 − ∆2)

arctan[Im(φ(ω))/Re(φ(ω))] + 2nπ
(1.1)

where ∆1 and ∆2 are the distances between each station and the source, ω

is the frequency, φ the phase, and c the phase velocity (e.g., Meier et al.,
2004). The method is valid for both Love- and Rayleigh-wave dispersion,
but for Love measurements the transverse components of the signals have
to be used rather than the vertical ones. Fig. 1.5 shows an example of an
interstation, Rayleigh-wave, phase velocity measurement for the pair formed
by the Irish National Seismic Network (INSN) station IGLA and the Ireland
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FIGURE 1.6: Depth sensitivity kernels (after Schaeffer (2014))
of Rayleigh-wave phase velocities to changes in compressional
(α, top panel) and shear (β, bottom panel) velocities for the
fundamental and higher modes, computed for AK135 (Kennett

et al., 1995).

Array station IAVAL; both stations are in Ireland, ~174 km away from each
other, and recorded a magnitude 7.3 earthquake that occurred on March 9,
2011 at 2.45 a.m., ~100 km east of the coast of Japan, at ~14 km depth.
The recorded seismograms and the time-frequency representations of their
waveforms are in panels (a) and (b). Panel (c) represents the cross-correlogram
and its time-frequency representation. The phase velocity curves extracted
from the cross-correlation signal are in panel (d) plotted in blue. To resolve
the 2π ambiguity, a reference model needs to be used–in the figure the global
model AK135 (Kennett et al., 1995) recomputed at 50 s is drawn (dashed
black line). The accepted segment relative to this teleseismic event recorded
at the two stations is shown in red. Details on the methodology are given in
Sections 2.3.1 and 4.2.2 (see also Figs. 2.4 and 4.3).

The advantage of this method is that measurements are often successful
even when the waveforms recorded at each station appear complex.
Unfortunately, at longer periods, due to interference between surface and
body waves (this is particularly true for Love waves), the TSCC methods often
fails to retrieve good quality measurements.
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1.2.2 Waveform Inversion

Where the teleseismic cross-correlation method could potentially fail (at
long periods), the measurements can also be retrieved using the Automated
Multimode Inversion (AMI) (Lebedev et al., 2005). These measurements
contribute to the intermediate and long period range and are essential for
mapping the deeper lithospheric and asthenospheric structures. AMI is
a waveform fitting technique that extracts structural information from S,
multiple S, and surface waves. Using synthetic seismograms generated by
mode summation in seismogram-dependent time-frequency windows, it also
measures phase velocities within the frequency bands constrained by the
accurate waveform fits.

Using waveform inversion, it is therefore possible to extract the
fundamental mode phase velocity for each source-receiver pair and use a pair
of stations to compute the interstation phase velocity, using the relation

c12 =
∆2 − ∆1

∆2/c2 − ∆1/c1
, (1.2)

where c12 is the interstation phase velocity, ci=1,2 and ∆i=1,2 represents the
phase velocity and the distance between the source and each of the two
stations, respectively (e.g., Lebedev et al., 2006; Agius and Lebedev, 2014). An
example of AMI measurement is in Fig. 1.7.

1.2.3 Ambient noise

Surface wave measurements using teleseismic earthquakes (using TSCC and
AMI) allow us to map in detail the seismic structure of both the crust and
the mantle (e.g., Meier et al., 2004; Lebedev et al., 2006). The period range of
the measurements, however, can be expanded even further, at its short-period
end. Recently, a new methodology has been developed and became widely
used. It allows us to estimate the surface-wave empirical Green’s function
between two stations using long-time cross-correlation of ambient seismic
noise (e.g., Shapiro et al., 2005; Bensen et al., 2007; Yao et al., 2006; Lin et al.,
2007; Lin et al., 2008; Arroucau et al., 2010; Rawlinson et al., 2014; Shapiro and
Campillo, 2004; Snieder, 1972; Villaseñor et al., 2007; Tsai, 2009; Tsai, 2010).

Ambient seismic noise is naturally occurring, generated by wind, ocean
waves, anthropogenic activities, and scattering caused by the Earth’s
heterogeneity. Normally, it would be discarded from traditional methods
of seismic tomography, and considered unusable due to its non-impulsive
nature. However, the ambient noise signal contains, in fact, information on
the medium through which the seismic waves that contribute to it propagate;
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FIGURE 1.7: Example of automated multimode inversion
(AMI) (Lebedev et al., 2005) for an earthquake recorded
at the Ireland Array station IAD18 in Ireland. Panel (d):
Station and event locations and their corresponding great
circle path (GCP). Panel (a): Gaussian filters used for filtering
of the seismogram. Panel (b): Initial and final fits of
filtered waveforms (solid lines) with synthetics (dashed lines)
computed from the 1D model in panel (c). The time-frequency
windows are indicated by half-brackets and by gray shading of
the signal envelope. White vertical lines represent the maxima
of the envelope for the fundamental mode wave packets. Panel
(e): final phase velocity dispersion curve for the fundamental

mode extracted from the solution.

this information can be extracted in order to make inferences on the seismic
properties of a region. The surface wave dispersion between station pairs is
estimated by cross-correlating long time-sequences of ambient noise recorded
simultaneously at the considered pairs of stations (e.g., Fig. 1.8).

Both group and phase velocities provide structural information. We use
phase velocity measurements, which are preferred over group velocity for a
variety of reasons (picking of phase velocity is more precise than the group
velocity; phase velocity can image structure over a wider and deeper depth
range than group velocity, and it is less likely to be affected by interference
of other phases) (e.g., Boschi et al., 2013). Ambient noise interferometry
contributes to the high and intermediate frequencies, making it possible to
image the very shallow crust.



Chapter 1. Introduction 10

FIGURE 1.8: An example of the emergence of the Green’s
function from the cross correlation of vertical components of

signals recorded at stations in Ireland and Britain.

1.3 Outline

In this thesis, the three methods described above are used to investigate the
seismic structure of Ireland and Britain, as well as the Tristan da Cunha hotspot
in the South Atlantic. Both areas present important, first-order questions,
relating, in particular, to the existence of a mantle plume as the cause of
intraplate volcanism at present (for the Tristan da Cunha Hotspot) and to
the mechanisms of the uplift and intraplate volcanism in the past (for the
British Isles region). The two regions presented some important challenges:
for the Tristan da Cunha Hotspot, the noisy ocean-bottom seismometers data
(if compared to land-based stations) required us to intensively test and finely
tune the data-processing and measurement methods. For the tomography
of the British Isle region it was necessary to develop a new, multi-resolution
tomographic scheme, to extract the maximum information from the very large
new dataset, in the presence of uneven data sampling and errors in the data.

In Chapters 2 and 3 we present seismic tomography of Ireland’s and
Britain’s crust and upper mantle, using a large, new, surface-wave data
set, from cross-correlation of teleseismic surface waves, waveform fitting,
and ambient noise. The three independent techniques yield complementary
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frequency bands of the measurements, with sensitivities to different depths.
The abundant, combined measurements and the use of finely tuned,
automated techniques provided unprecedentedly dense coverage of the
region, making it possible to improve substantially the resolution of the
lithosphere of Ireland and its surroundings, compared to previous models.
In order to address the unevenness of the coverage and the effects of errors on
the final model, we developed a new, multi-resolution tomographic scheme
in which the final model is built with an optimal resolution at each knot
of the model grid, minimizing the effects of uneven data sampling and of
the propagation of systematic errors, which are resistant to data redundancy
and can cause tomographic models to be dominated by noise if the target
resolution is too high.

In Chapter 4 we investigate the seismic structure of the lithosphere and
asthenosphere beneath the Tristan da Cunha region in the South Atlantic
Ocean. We used measured phase-velocity curves of Rayleigh waves using
cross-correlation of teleseismic seismograms from an array of ocean-bottom
seismometers deployed around the hotspot, to determine the shear-velocity
structure beneath the area. Shear velocities are the best available constraints on
a variety of geodynamic parameters, including temperature, composition, and
melt fraction. We used our results to infer the temperature of the lithosphere
and asthenosphere beneath Tristan. The temperature is anomalously high, and
this is consistent with a hot mantle plume reaching Tristan from below and
causing the unusual, long-lived volcanism at this location. The ocean-bottom
data set presented some challenges, which required data-processing and
measurement approaches different from those tuned for land-based arrays of
stations.

Appendices A to C are appendices to Chapters 2 to 4, respectively. They
contain some additional supporting material for the main chapters.

Appendix D contains a collection of co-authored works (see also
"Statement of co-authorship" on page iv for details).

Appendix D.1 is a published peer-reviewed paper in which I am second
author. It is about an education and public engagement project that followed
the SEA-SEIS North Atlantic Expedition (Lebedev et al., 2019). I have managed
the production of digital content for outreach and public engagement, and I
have contributed to the organization and scientific planning of the SEA-SEIS
Expedition, as well as the logistics.

Appendix D.2 is a published peer-reviewed paper in which I am second
author (Carvalho et al., 2019). I have contributed to the data processing,
software implementation, generation and interpretation of the models,
analysis, and editing of the manuscript.
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Appendix D.3 is a published peer-reviewed paper (Moretti et al., 2016) in
which I am a co-author. I have contributed to the testing of part of the seismic
stations and their deployment, and taken care of the logistics in Central Italy
after the August 2016 Central Italy earthquake.
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Chapter 2

Optimal resolution tomography
with error tracking: Lithospheric
thinning beneath the British
Tertiary Igneous Province and
other new observations

2.1 Summary

We present an optimal resolution seismic tomography of Ireland’s and
Britain’s crust and upper mantle, using a large, new, surface-wave data
set. Fundamental mode Rayleigh phase velocities, measured from a large
number of broadband, land seismic stations across the region (Fig. 2.1),
were used to constrain the seismic structure and produce the first 3D
shear-velocity model of the lithosphere and the asthenosphere of the area.
The use of abundant, recently collected new data and the use of finely tuned,
automated techniques provided unprecedentedly dense coverage of the region
(Fig. 2.2) making it possible to improve substantially the resolution of the
lithosphere of Ireland and its surroundings, compared to previous models
(e.g., Polat et al., 2012) (Fig. 2.35). We applied two independent surface-wave
analysis techniques, cross-correlation of teleseismic surface waves, and
multimode waveform fitting, yielding complementary frequency bands of
the measurements, with sensitivities to different depths. The combined
two-station dispersion measurements, measured over a broad period range
(from ~4 to 500 s), were inverted for phase-velocity maps at different periods
using multi-resolution tomography. The maps were then inverted, point by
point, for shear-velocity (VS) structure to produce a state-of-the-art, 3D, seismic
model of the lithosphere and asthenosphere beneath the region.
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FIGURE 2.1: The investigated region comprises Ireland,
Britain and the Irish Sea. The area presents considerable
geophysical interest, especially because of a hypothetical
interaction between the Proto-Iceland mantle plume and the
lithosphere of the area during the Tertiary opening (~60 M.a.)
of the North Atlantic which has been long discussed with
diverging conclusions (e.g., Al-Kindi et al., 2003; Landes et al.,
2007; Jones et al., 2002; Arrowsmith et al., 2005; Rickers et al.,
2013; Cogné et al., 2016; Tiley et al., 2004; Davis et al., 2012).
The seismic stations used in this study are shown in the legend
on the bottom right. IA: Ireland Array network (Lebedev
et al., 2012); INSN: permanent stations of the Irish National
Seismic Network; BGS, BN: permanent and temporary stations
of the British Geological Survey; WO: temporary stations
belonging to the University College Dublin WaveOBS network;
ISLE: temporary deployments from ISUME and ISLE projects
(O’Donnell et al., 2011; Polat et al., 2012; Landes et al., 2004;
Landes et al., 2007; Wawerzinek et al., 2008). Topography and

bathymetry are from the GEBCO dataset (IOC et al., 2003).

The highly uneven station coverage in the Ireland-Britain region results in
a substantially irregular distribution of the measurements in the area (Fig. 2.2).
The uneven sampling and the presence of both random and systematic errors
in the data results in imaging artifacts if the target resolution of the imaging
is too high for the parts of the region that have insufficient data sampling or
are particularly affected by errors. In order to address the unevenness of the
coverage and the effects of errors on the final model, we developed a new,
multi-resolution tomographic scheme. The target resolution at each knot of
the model grid is determined so that the errors of the phase-velocity curve,
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FIGURE 2.2: Station locations (as in the legend in Fig. 2.1)
and interstation path coverage (black lines) yielded by our
measurements. The coverage in Ireland is higher than Britain,

due to data availability.

extracted from phase-velocity maps at this point, do not exceed an empirical
threshold.

This scheme minimizes the effects of uneven data sampling and of the
propagation of systematic errors, which are resistant to data redundancy
and can cause tomographic models to be dominated by noise if the target
resolution is too high.

We first measure inter-station phase-velocities at simultaneously recording
station pairs (Section 2.3) and compute phase-velocity maps at densely,
logarithmically spaced periods (Section 2.4). Unlike in the classical approach,
multiple versions of the maps with varying smoothness constraints are
computed, so that the maps range from very rough to very smooth.
Phase-velocity curves extracted from the maps at every point can then be
inverted for shear-velocity (VS) profiles. Very smooth VS models computed
from very smooth phase-velocity maps will be the most robust, but at a cost
of a loss of most structural information. At the other extreme, models that
are too rough will be dominated by noise. We define the optimal resolution
at a point such that the error of the local phase-velocity curve is below an
empirical threshold. The error is estimated by isolating the roughness of the
phase-velocity curve that cannot be explained by any Earth structure. A 3D VS

model is then computed by the inversion of the phase-velocity maps with the
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optimal resolution at every point (e.g., Figs. 2.14 and 2.15).

2.2 Introduction

The problem of unevenness of the data coverage, due to limited and irregular
geographical distribution of sources and receivers, is a well known issue
often encountered in global and regional tomography (Rawlinson et al., 2010;
Sambridge and Rawlinson, 2005). Several methods have been implemented
in tomographic studies in order to address this issue, since the pioneering
works of Chou and Booker (1979) and Tarantola and Nercessian (1984). Most
of these methods include the use of irregular parameterizations, aiming to
place the nodes of the grid only where they are required by the data, and of
adaptive regularization, where the inversion process adapts the parameters of
the inversion itself to the constraints supplied by the data (e.g., Debayle and
Sambridge, 2004; Fukao et al., 1992; Sambridge et al., 1995; van der Hilst et al.,
1997; Bijwaard et al., 1998; Bijwaard and Spakman, 2000; Kárason and van der
Hilst, 2001; Zhao, 2004; Michelini, 1995; Asencio et al., 1997; Sambridge and
Faletič, 2003). The advantage of an irregular parameterization over a uniform
one is that the information extracted from the data can be maximized without
introducing artifacts or smoothing-out potential details. The study region
can be parameterized using higher resolution grids in particular areas of the
model (with nested cells where the sampling is greater) or denser regular grid
embedded into a sparser global grid. The optimal grid density is thus chosen
according to the resolving power of data at different areas. More recently,
statistical approaches in Bayesian frameworks have been developed, which
use dynamic parameterization and do not require explicit regularization (e.g.,
Bodin and Sambridge, 2009; Bodin et al., 2012; Galetti et al., 2016; Piana
Agostinetti and Malinverno, 2010; Piana Agostinetti et al., 2015; Hawkins
et al., 2019).

However, the maximum achievable resolution of a tomographic model
varies spatially and depends not only on the azimuthal data coverage but
also on the errors in the data. Adaptive parameterization schemes proposed
previously can match the spatial variations in data sampling but do not
address the effects of the errors. Here, we propose a surface-wave tomography
method (Section 2.4) that finds optimal lateral resolution at every point by
means of error tracking. We achieve the optimal target resolution at a point by
finding an optimal regularization of phase-velocity tomography at the point,
expressed primarily in terms of smoothing, at each knot of the model grid.

Improved knowledge of the seismic structure of the lithosphere and
asthenosphere beneath the British Isles is required to understand the structure
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and evolution of the area and the mechanisms of its enigmatic Paleogene
intraplate volcanism. Our present understanding of the seismic structure
of the crust below the British Isles is mostly from active source seismic
refraction and reflection experiments and related works (e.g., Bamford et al.,
1978; Barton, 1992; Edwards and Blundell, 1984; Maguire et al., 2011; Bott
et al., 1985; Jacob et al., 1985; Kelly et al., 2007; Jacob et al., 1985; Lowe
and Jacob, 1989; Landes et al., 2000; Masson et al., 1998; Hodgson, 2001;
Freeman et al., 1988; Snyder and Flack, 1990; Klemperer and Hobbs, 1991;
Klemperer et al., 1991; O’Reilly et al., 1996; O’Reilly et al., 2010; O’Reilly
et al., 2012). The results from the many active-source experiments have
been compiled to obtain Moho maps, often combining results from active-
and passive-source seismology (e.g., Licciardi et al., 2014; Chadwick and
Pharaoh, 1998; Landes et al., 2005; Kelly et al., 2007; Davis et al., 2012;
Di Leo et al., 2009; Asencio et al., 2003). More recently, the crust and
mantle beneath the British Isles have been investigated using passive-source
seismology, including teleseismic body wave tomography (e.g., Arrowsmith
et al., 2005), local earthquake tomography (e.g., Hardwick, 2008), teleseismic
receiver functions (e.g., Tomlinson et al., 2006; Davis et al., 2012), travel-time
analysis (e.g., Masson et al., 1999), shear wave splitting measurements (e.g.,
Do et al., 2006; Bastow et al., 2007), surface-wave tomography (e.g., Polat
et al., 2012), receiver functions (e.g., Landes et al., 2007; Davis et al., 2012;
Shaw Champion et al., 2006; Licciardi et al., 2014), as well as magnetotellurics,
gravity, and petrophysical approaches (e.g., Fullea et al., 2014; Jones et al.,
2013; Rao et al., 2007; Readman et al., 1997; Brown and Whelan, 1955; Mather
et al., 2018; Mather and Fullea, 2019; Baykiev et al., 2018).

Only a few studies used surface wave tomography to image the British
Isles (e.g., Polat et al., 2012; Nicolson et al., 2012; Nicolson et al., 2014; Galetti
et al., 2016), all of them focussing only on smaller subregions. Furthermore, the
British Isles, located at the western extremity of the Eurasian Plate, are often
not included in continent-scale tomographic models or, when included, are at
the edge of the model, imaged with relatively low resolution (e.g., Marquering
and Snieder, 1996; Fry et al., 2008; Schivardi and Morelli, 2009; Soomro et al.,
2016). This is particularly true for Ireland, featuring poor broadband-station
coverage until recently.

2.3 Data and Measurements

In this work we have used abundant, newly available data and obtained
phase velocity measurements in a very broad frequency range (~4 to 500 s),
so that we can image the entire region at a new level of detail. We use phase
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velocity measurements, which are more accurate than group-velocity ones
(e.g., Nicolson et al., 2012; Boschi et al., 2013; Galetti et al., 2016) and can
be expected to yield more accurate maps (e.g., Dahlen and Zhou, 2006). The
phase velocity dispersion curves were obtained for ~11230 two-station paths
across the area using a recent implementation of the two-station method and
data from teleseismic earthquakes.

We use the two-station method (e.g., Meier et al., 2004; Soomro et al.,
2016) to investigate the fundamental mode, Rayleigh-wave dispersion by
cross-correlation of seismograms recorded at pairs of stations. These
measurements are complemented with phase velocities computed for station
pairs by waveform inversion (AMI, Automated Multimode Inversion)
(Lebedev et al., 2005), which simultaneously fits S, multiple S and surface
waves, using synthetic seismograms generated by mode summation (Fig. 2.3).
The interstation dispersion measurements retrieved with the two methods
(Fig. 2.3) are combined together to constrain the regional 2-D variations in
phase velocity across the study region, performing an inversion for anisotropic
phase-velocity maps (Figs. 2.14 and 2.15). Anisotropy in the area also
contributes to better understanding the seismic structure of the sub-surface
(e.g., Polat et al., 2012), and would provide insights for crustal accretion and
evolution of the area within the Caledonian Orogeny. In this work we interpret
the isotropic and anisotropic components of the maps (Figs. 2.23 to 2.25).

The waveform data used in this work come from permanent and
temporary arrays in Ireland and Britain, with data covering a period of
time from 1981 to 2018: the Ireland Array network (IA) (Lebedev et al.
(2012)), permanent stations of the Irish National Seismic Network (INSN)
and the British Geological Survey (BGS), temporary stations belonging to the
University College Dublin WaveOBS network (WO) and the BGS (BN), and
additional stations from ISUME project (O’Donnell et al., 2011; Polat et al.,
2012) and ISLE experiment (ISLE) (Landes et al., 2004; Landes et al., 2007;
Wawerzinek et al., 2008). We included all available broadband stations, which
results in unprecedented data coverage of the region (Fig. 2.2).

The data went through automated quality checks and preprocessing
(the integrity of the data was assured by removing all the data that were
incomplete, clipped, had gaps and/or incorrect timing). The seismograms are
converted to displacement after removal of the instrument response, rotated,
and down-sampled to 1 Hz.

2.3.1 Teleseismic two-station cross-correlation

For each available station pair, we searched the Global Centroid Moment
Tensor catalogue (Dziewonski et al., 1981; Ekström et al., 2012) for teleseismic
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FIGURE 2.3: In this work two independent, complementary
surface-wave analysis techniques are applied–cross-correlation
(CC) of teleseismic surface waves (in the top panel), and
multimode waveform fitting (AMI) (central panel). They
provide a very large number of broadband measurements of
Rayleigh surface-wave fundamental mode phase velocities.
The two methods yield to complementary frequency bands
of the measurements, with sensitivities to different depths.
The figure shows successfully selected one-event two-station
dispersion measurements from cross-correlation of teleseismic
earthquakes for all analyzed station pairs on the right and
for the pair EI.IGLA–IA.IAVAL on the left. Middle panel:
one-event dispersion measurements from waveform inversion
(AMI) of teleseismic earthquakes. Bottom panel: combined
final selection of average phase velocity measurements
from cross-correlation and waveform inversion. Only the
measurements that passed the severe selection criteria (e.g.,
Soomro et al., 2016) are used for the successive tomographic

inversion.

events within the operating time period of the two stations and with a
chosen back-azimuth range of ±5◦ from the station-station great circle path
(GCP). Events with a moment magnitude greater than 4.9 were chosen, using
a distance-dependent magnitude threshold as described in Schaeffer and
Lebedev (2013). Only Rayleigh wave data from the vertical component are
used for the measurements in this work; Love wave measurements will be
incorporated in a future work.

The use of the two-station method (as introduced by Sato (1955)) in
surface wave analysis allows us to compute phase velocity dispersion of the
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surface waves which travel, ideally, along the GCP between a given pair
of stations. It is possible to make a regional investigation using far-field
teleseismic earthquakes, since the phase effects of the source (earthquake)
and the common path between the source and the receivers (stations) are
cancelled out (e.g., Meier et al., 2004; Soomro et al., 2016). In practise, the
incoming energy for a certain given earthquake does not lie exactly on the
GCP, so we need to allow a certain tolerance for the alignment between the
earthquake and the pair of stations. This tolerance is often determined by the
availability and quality of the data (in this paper a tolerance of ±5◦ is chosen,
due to high availability of recordings and relatively high signal-to-noise; such
a selective choice of data is allowed by the enormous quantity of available
waveforms, as opposed to other works in which the tolerance has to be
bigger, due to a smaller quantity of available data and lower signal-to-noise
recordings (e.g., Bonadio et al., 2018)). Although the tolerance around the
ideal GCP of the station-station/event alignment is very small, one may
argue that the misalignment may have a non-negligible effect on the accuracy
of the calculated phase velocity; however, the imperfect alignment of the
two stations and the event has no immediate effect on the measurement
accuracy because the phase velocities are computed from the phase of the
cross-correlation function and the difference between the distances from the
event to each of the stations, rather than the interstation distance between the
two-stations (e.g., Soomro et al., 2016).

In this work we use an implementation of the two-station method by Meier
et al. (2004). The automated selection is adapted for our particular dataset
from Soomro et al. (2016). For each teleseismic event the vertical components
of the seismographs recorded at the two stations are cross-correlated; the
cross-correlation signal is then filtered using a frequency-dependent Gaussian
band-pass filter, to minimize the effect of noise and interferences on the
fundamental mode. The resulting signal is then weighted in the time domain
to reduce the effects of scattering or higher modes. The phase velocity is
computed from the resulting signal in the Fourier domain as the arctangent of
the ratio of the imaginary to real part of the Fourier spectrum. This approach
works best if the fundamental mode is preeminent compared to any other
type of signal/noise. The roughness of the resulting curve is determined
by the amplitude of the fundamental mode content, the signal-to-noise ratio,
diffraction, and the interferences of Rayleigh and Love waves, and higher
modes. The smaller the contribution of the diffraction and the interferences
with regard to the fundamental mode are, the smoothest the dispersion curve
is. To minimize the effect of the irregularities in the curves on the final average
measurements we only accept smooth portions of phase-velocity curves. The
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approach used within the automatic selection framework allows us to select
only smooth dispersion curves, excluding the outlier measurements, and
only accepting curves not unreasonably, unrealistically far from a previously
calculated reference dispersion curve (how the reference curves used in
this work are retrieved is discussed in Section 2.3.3). The length of the
selected segments (we avoid very short segments) and the minimum number
of measurements for each frequency (at least 10 measurements for each
frequency) were also criteria used to select the optimal dispersion curves.
Both these criteria are frequency-dependent. Measurements have been also
carefully analyzed for systematic inconsistency between measurements from
events at opposite directions from the station pair. We needed to be definitely
sure of not introducing this inconsistency in the data, as this effect could
indicate instrumental errors (station timing or instrument response) or strong
diffraction effects.

We only used interstation distances greater than 1 km, in the area delimited
as in Fig. 2.1. For each station pair we computed an average over a very large
number of one-event measurements, made using recordings of earthquakes
in different source regions, with different directions from the station pair.
Doing so we reduce the effect of wave diffraction and interferences between
fundamental and higher modes, obtaining robust measurements in very broad
period ranges. The automatic selection just described applies to measurements
obtained from two-station cross-correlation (CC) and automated multimode
inversion (AMI) (see Section 2.3.2).

2.3.2 Integrating measurements from waveform inversion

We use Automated Multimode Inversion of surface and S-wave forms
(e.g., Lebedev et al., 2005; Schaeffer and Lebedev, 2013) to complement
our phase velocity measurements for intermediate and long periods. The
AMI method simultaneously fits S, multiple S and surface waves for
each teleseismic event, using synthetic seismograms generated by mode
summation in seismogram-dependent time-frequency windows. As a
by-product of waveform inversion, it measures phase velocities within the
frequency bands constrained by this particular waveform fit. For each
source-receiver pair we extracted the fundamental-mode phase velocity
and used pairs of stations to calculate the interstation phase velocity
(as for the two-station cross-correlation, we accepted a ±5◦ tolerance for
source-station/source-station azimuth difference) using the relation

c12 =
∆2 − ∆1

∆2/c2 − ∆1/c1
, (2.1)



Chapter 2. Optimal resolution tomography with error tracking 22

where ci=1,2 and ∆i=1,2 represents the phase velocity and the distance between
the source and each of the two stations, respectively, and c12 is the interstation
phase velocity (e.g., Lebedev et al., 2006; Agius and Lebedev, 2014).

The advantage of using AMI for interstation measurements and combining
them with those obtained by cross-correlation is that the method produces
phase velocities of long-period surface waves where the cross-correlation often
fails because of strong interference between surface and body waves.

We computed, with these methods, a large number of phase-velocity,
inter-station curves in a period range of ~4 – 500 s (Fig. 2.3). The
measurements generated by independent techniques, with cross-correlation of
teleseismic events contributing for a broad short/intermediate period range
and waveform inversion for intermediate/long periods, show consistency
where they overlap. The curves from cross-correlation (CC) and AMI,
independently computed, are then averaged all together as described in
Section 2.3.1. The final results, used for generating the velocity maps (see
Section 2.4 for details), are illustrated in Fig. 2.3.

2.3.3 Choice of the Reference Model

A ±2π ambiguity arises when phase velocities are computed from the
cross-correlation function (e.g., Meier et al., 2004; Soomro et al., 2016; Bonadio
et al., 2018). We need a reference model to discriminate the curves that
represent the true Earth structure from the ones that are a result of a
trigonometric ambiguity.

For longer periods, identifying the correct dispersion curve is normally
straightforward. For example, in Fig. 2.4 it would not be difficult to
discriminate the correct curve (drawn in red in panel (d)) at around 100 s,
from the other ones (drawn in blue) which are clearly unreasonable to describe
any Earth structure at that depth, according to the phase-velocity sensitivity
functions (e.g., Schaeffer and Lebedev, 2013). The ambiguity occurs, instead, at
higher frequencies where the choice of the correct curve is not trivial, with the
curves close to each other. Depending on the distance between the stations,
the parameters used for the frequency/time filters, the signal-to-noise ratio,
the continuity of the curve, and other factors, the detection of the correct curve
can become an issue.

Using an a priori reference model is thus important for the measurement of
the phase velocity curve, and the reference model must be close to the actual
surface-wave dispersion in the investigated area. It would not be a correct
approach, e.g., to use a global reference model (e.g., AK135 (Kennett et al.,
1995) or PREM (Dziewonski and Anderson, 1981)) if the investigated area
presents substantially different phase dispersion than these models.
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FIGURE 2.4: Example of an interstation, Rayleigh-wave, phase
velocity measurement for the station pair EI.IGLA–IA.IAVAL
(both stations are in Ireland) (see Section 2.3). Panels (a) and
(b) show the recorded seismograms and the time-frequency
representations of their waveforms. Panel (c) represents the
cross-correlation signal and its time-frequency representation.
In panel (d) we find the phase velocity curves extracted from
the arctangent of the ratio of the imaginary to real part of the
Fourier spectrum of the cross-correlation signal Section 2.3.1.
In blue are drawn all the alternative curves resulting from
the 2π ambiguity, plotted together with the global model
AK135 (Kennett et al., 1995) recomputed at 50 s (dashed black
line). The accepted segment is shown in red. Panel (e)
shows the distribution of all events used in this work (in
gray), the ones used for this pair of stations (in red) and the
GCP between these and the pair of station (locations of the
two stations are within the green circle). In panel (f) we
plot the set of accepted measurements for the current pair
(shown in dark gray) and the final average measurement (in
red) for the actual pair, produced from teleseismic two-station
cross-correlation and waveform inversion. The pale gray
dots illustrate the 2π ambiguity (see Section 2.3.1). Station
EI.IGLA has coordinates 53.420N, 9.380W, is 84.923◦ distant
from the event, with back azimuth 21.558◦. Station IA.IAVAL
has coordinates 51.939N,10.244W, is 86.493◦ distant from the
event, with back azimuth 20.865◦. The event (magnitude 7.323)
is located at 38.560N, 142.780E, at a depth of 14.1 km. The
interstation distance, computed as the difference between the

source-receiver distances, is 174.631 km.
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FIGURE 2.5: The density plot for the stack of all possible
measurements in the region (bottom panel), normalized to the
maximum at each frequency, shows a clear region average
dispersion (see Section 2.3.3). The stack is computed using
all branches of possible phase velocity curves, including those
affected by the 2π ambiguity, for all pairs of stations. The
branches that do not represent the real sub-surface structure
are canceled out by the stacking procedure. The regional
distribution of measurements is substantially different from
the global reference model AK135 (Kennett et al., 1995),
plotted in green. Top panel: density plot for the stack
of selected measurements in the region, normalized to the
maximum at each frequency. The stack, obtained from a
loose selection of preliminary measurements (as explained
in Section 2.3.3), shows a consistent improvement compared
to the stack obtained from all measurements (bottom panel),
and it represents a more suitable reference model for the

one-by-one phase dispersion measurement selection.

We have computed a reference model using the method of Bonadio
et al. (2018), which provides a fully data-based initial reference curve for
the area. Stacking together all possible phase velocity curves derived from
cross-correlations for the entire set of station pairs, without any selection
applied, we produce a density plot as in the bottom panel in Fig. 2.5. Applying
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a loose selection on the data (such that for each measurement we only plot
the curve closest to AK135 model in a certain frequency range, 0.02 – 0.05
Hz for this work) we can improve substantially the density plot (e.g., top
panel in Fig. 2.5) and obtain an average phase velocity curve for the region
that can be used as reference for the final, more precise one-by-one event
measurements. The reference curve is obtained from the maximum values
of the density distribution and then smoothed by means of a very weakly
regularized inversion for a shear-velocity profile (the inversion for shear
velocity is discussed in Section 2.5.2, which provides details on the non-linear
Levenberg-Marquardt gradient search inversion algorithm used). The density
plot of stacked measurements for the entire area (Fig. 2.5) displays clearly the
basic properties of the phase-velocity curve, which in this case appears to be
not too different from that computed for AK135 (Kennett et al., 1995) (plotted
in green in the figure).

Provided that a large number of measurements is contributing to the
stack, one could analyze parts of the data for different sub-areas, which could
provide different reference curves if the investigation area presents strong
heterogeneity. In this work we have used five sub-areas, which provided
averages relatively similar to each other (the relatively small heterogeneity in
the area could be observed in Fig. 2.6, or with more detail in the velocity maps
in Figs. 2.14 and 2.15). The average obtained from this stacking procedure
is, importantly, not to be trusted as the curve representing the real Earth
structure, because also diffraction, scattered waves and interference between
fundamental and higher modes, and high frequency noise are contributing to
the stack. Errors in the curve due to these effects are reduced by our strict
measurement selection, described in Section 2.3.1.

We have obtained density distribution plots of stacked phase velocity
measurements for the 5 different sub-areas, but the difference between the
stacked references did not justify the use of different reference models for
the investigated area (ideally one must use different reference curves if the
investigated area comprises tectonic settings very different from each other,
such that the stacked phase velocity dispersion density plot shows strong
heterogeneity, especially true for higher frequencies).
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FIGURE 2.6: The investigated area shows a considerable
heterogeneity in the lithosphere, which vanishes smoothly in
the asthenosphere. The figure shows a comparison of average
phase velocity curves for different sub-regions (gray for the
entire area; red, green, blue, and purple for sub-regions of the
investigation areas, as drawn). Most noticeable are the high
velocity anomaly of the blue area (Ireland), and the persistent
low velocity anomaly in the red area (representing mostly the
Irish Sea). Bottom left panel: average phase velocity curves of
the regions represented with different colors , as indicated in
the right panel. The gray curve represents the average of all
obtained measurements. The black dots on the map represent
the knots of the grid. Top left panel: relative difference in
percentage of the average phase velocities for each sub-area,
expressed with respect to the average of the entire area (drawn

in gray).

2.4 Optimal resolution surface wave Rayleigh
tomography with error tracking

2.4.1 Irregular data sampling and systematic errors distribution

In a tomographic problem, resolution relates to data sampling, but this relation
is strongly complicated by noise. If the dataset is dominated by systematic
errors, for example, then increasing the number of measurements or using a
finer grid would not lead, in general, to better results. Our challenge is to
identify errors and target the highest possible resolution while making sure
the model is not significantly affected by noise. The tomographic scheme we
develop here allows us to obtain an optimal target resolution of the model at
each knot, maximizing the information extracted from the data, without over-
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or down-fitting parts of the model due to irregular distribution of information
or systematic errors. The target resolution is defined by the strength of the
lateral smoothing over knots of a quasi-uniform triangular grid. As we show,
the resolution of the model is not always higher where data sampling is higher.
It also depends on the noise.

2.4.2 Description of the approach

We invert phase-velocity curves from all interstation pairs for phase-velocity
maps using a least-squares technique (LSQR) with smoothing and slight norm
damping (e.g., Paige and Saunders, 1987; Lebedev and van der Hilst, 2008;
Darbyshire and Lebedev, 2009; Lebedev and Van Der Hilst, 2008; Deschamps
et al., 2008). The maps are parameterized using a triangular grid with a 10 km
spacing. The five parameters at each grid knot include the isotropic-average
anomaly and four anisotropic coefficients, two for π-periodic and two
for π/2-periodic variations with azimuth (e.g., Smith and Dahlen, 1973;
Deschamps et al., 2008). The inversion solves the system of equations yielded
by all the path measurements at each period, simultaneously for isotropic and
anisotropic terms. Regularization is by means of norm damping, Laplacian
smoothing, and gradient damping (see Lebedev and van der Hilst (2008) for
a detailed description), applied independently to the isotropic and anisotropic
components of the model. Through regularization, we discourage unrealistic
rough models and constrain the inversion parameters to avoid over-fitting.
Conversely, we do not want excessively smoothed models with obvious loss
of information.

In the final tomographic maps (Figs. 2.14 and 2.15) each of the 4328
grid knots has its own level of regularization, which is chosen in order to
have an optimal local resolution. First, a series of 2D inversions for phase
velocity maps is performed at each period, with the smoothing coefficients
incremented at small steps from very low to very high. The gradual change in
smoothing (S) for the velocity maps (Fig. 2.7) is obtained with the Laplacian
smoothing coefficient three times the gradient damping coefficient, norm
damping as small as possible and the regularization coefficients for the
anisotropic terms 1.5 times those for the isotropic term. After an initial
inversion, each phase-velocity map is recomputed with 25% of the "outlier"
measurements discarded at each frequency (Lebedev and van der Hilst, 2008).
The outliers are defined here as the measurements fit the worst by the model;
the procedure effectively selects the most mutually consistent measurements
and removes the least mutually consistent ones, likely to contain the largest
errors in the dataset.
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FIGURE 2.7: An inversion that is not smooth enough (e.g.,
left panel), could potentially fit noise and introduce artifacts
in the final model. Conversely, extremely smooth inversions
(e.g., right panel), are the most robust but at the cost of lower
resolution. The figure shows an example of phase velocity map
with different smoothing at 43.66 s. Low and High are under-
and over-smoothed inversions; Interm is an intermediately
smoothed map which may look correctly regularized, but at a
closer inspection presents non-optimal regularization (instead

achieved, e.g., in Fig. 2.14, as explained in Section 2.4).

Once the 2D tomographic maps are produced at each period (47
logarithmically spaced periods from 5.1 s to 454.09 s) and for each smoothing
level Si=0,1,2,. . . ,38, we extract a phase-velocity curve at each of the 4328 knots of
the grid (a total of 168792 dispersion curves). In the top panels of Fig. 2.8, we
plot, as examples, the dispersion curves extracted at two knots of the grid, one
in Wales (left) and one in Ireland (right).

2.4.3 Criteria for identification of the optimal S at each knot

As we show below, a local phase-velocity curve at a point–extracted from a set
of phase-velocity maps at different periods–generally has errors that scale with
the roughness of the maps: the smoother the maps (the smaller the roughness),
the smaller the errors. This offers us a straightforward way of identifying
the optimal resolution at a point. We can increase the target resolution of
the phase-velocity maps (that is, reduce their smoothness) until the estimated
error of the phase-velocity curve at the point reaches a threshold. The problem
is now reduced to finding the smallest level of smoothing of the maps such that
the errors of the local dispersion curve are below the threshold. The procedure
is repeated for each point, with the optimal resolution varying from one point
to another.
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FIGURE 2.8: We use weakly regularized inversions to isolate
the roughness of the phase velocity curves (top panels). The
bottom panels show the relative misfit between the measured
data and synthetic models, obtained after weakly regularized
inversion for 1D shear velocity. We show two examples for
two points, in Wales (left panel) and in Ireland (right panel),
extracted from the velocity maps. In red the curves obtained
from rough maps, in blue the ones obtained from smooth
maps. The curve (and relative misfit) drawn in green is the
one chosen as optimal (Section 2.4.3). Even though the knot in
Ireland presents higher data coverage (see also Fig. 2.12) than

the one in Wales, the inversions show noisier results.

To identify the optimal Si for each knot of the model, we use the following
strategy. For every local dispersion curve–for each Si and at each knot–we
estimate its errors by isolating its roughness. Due to the surface-wave
sensitivity kernels’ broad depth range and smooth variations with period,
any realistic phase velocity curve is smooth. This is true even for dispersion
curves computed for unrealistic Earth models with highly oscillatory depth
dependence of seismic velocities. The rough (not smooth) variations of
phase velocities with period are, therefore, entirely due to errors. The
frequency-dependent roughness of a phase-velocity curve can thus yield an
estimate of its frequency-dependent errors (Ravenna et al., 2018).

The roughness of a phase-velocity curve can be isolated by means of
a very weakly-regularized inversion of it for a 1D Earth model. The
smooth component of the curve can be matched closely by a synthetic
curve computed for a best-fitting 1D Earth model (which is not required
to be realistic in this inversion). The rough component is then given by
the remaining misfit–varying rapidly with period–between the curve and its
synthetic counterpart. This rough component cannot be fit by any Earth
structure and is due to the errors of the dispersion curve. An estimate of the
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frequency-dependent error can now be obtained from the misfit or its envelope
(Ravenna et al., 2018). This error estimate is conservative in the sense that the
weakly regularized inversion fits the dispersion curve as closely as possible,
even if this requires an unrealistic, oscillatory 1D model. This may be offset,
to some extent, by the fact that this approach will miss errors that do not vary
with period (or vary with period slowly) and, thus, do not manifest themselves
in the dispersion-curve roughness.

Our weakly regularized inversion for a 1D shear velocity profile is a
non-linear, Levenberg-Marquardt gradient search (e.g., Meier et al., 2004;
Lebedev et al., 2006; Endrun et al., 2008; Erduran et al., 2008; Agius and
Lebedev, 2013; Agius and Lebedev, 2014) (see Section 2.5 for details on the
inversion algorithm). The misfit is computed as the relative difference of the
synthetic data with regard to the "measured" data. Provided that all the 1D
inversions are performed using the same weak regularization, the relative
data–synthetic misfit is smaller for curves extracted from maps with higher
Si, and higher for curves extracted from maps with lower Si (as illustrated by
Fig. 2.8). These inversions are not meaningful in terms of real Earth structure;
we use this strategy to isolate the roughness of the curves, which, we postulate,
is entirely due to errors.

Extremely smooth phase-velocity maps are the most robust but at the cost
of lower resolution: they display large-scale structural trends but fail to show
structure at a high level of detail. Conversely, phase-velocity maps that are not
smooth enough will fit noise and may be dominated by artifacts.

In Figs. 2.9 to 2.11 and A.11 we can observe that the error of the
phase-velocity curves, estimated by the roughness-isolating 1D inversions,
decreases with increasing smoothing of the 2D velocity map. Fig. 2.11 shows
the root mean square (RMS) misfit (panels (e) and (f)) computed for every
inversion at two different sets of knots, in Ireland (top panel) and in Britain
(bottom panel), as indicated by the black dots in the maps. Panels (a) and (b)
show the phase velocity curves extracted from the 2D tomographic maps, for
three different level of smoothing (S), as indicated by the colors (red, green,
and blue, respectively low, intermediate and high S). The relative misfit is
shown in panels (c) and (d). It appears clear from this figure that the smoother
the 2D phase velocity map, the smaller the misfit in the 1D inversion for shear
velocity. We also note that the error increases nearly monotonically with the
decrease of smoothing factor. (This also confirms that the models converge
consistently, and the convergence is not affected by local minima or random
behaviour.)

The same behaviour is observed in Fig. 2.9, where the portion of phase
velocity curves with estimated errors less than 0.15%, rather than the RMS
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FIGURE 2.9: Weakly regularized inversions used to isolate
the phase velocity curve roughness. The roughness of the
phase-velocity curves is indicative of frequency dependent
errors and can be isolated by means of weakly regularized
1D inversions. Thus estimated errors of phase-velocity
curves at a point decrease with increasing smoothness of the
phase-velocity maps that they are derived from. Panels (a)
and (b) show phase velocity curves extracted from the phase
velocity maps at 3 different smoothing levels (indicated in red,
green, blue), for a set of knots in Ireland as drawn with black
dots in the maps. In panels (c) and (d) we show the misfit of
the weakly regularized 1D inversions. Panels (e) and (f) show
in gray the fraction of points with misfit lower than 0.15%, for
the whole range of smoothing levels applied (the black line

represents the average).

misfit, is plotted as a function of S. We can then affirm that to reduce the error
(as expressed in the misfit after weakly regularized inversion for shear velocity
at each knot of the grid) we need smoother 2D phase velocity maps. This is
the basis of the strategy we use to track the noise.

The data sampling given by our large phase-velocity dataset is so
redundant that random noise cancels out, but not the systematic error
(possibly due to geographical variations, non-resolved heterogeneities, wave
propagation effects). This is apparent from the fact that the error of the local
phase-velocity curve does not scale with data sampling (e.g., in Fig. 2.12).

We now define an empirical criterion to identify the optimal Si for each
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FIGURE 2.10: The cumulative error, as well as the portion
of curve with estimated error less than 0.15% (which is
our criterion for selecting the optimal regularization (see
Section 2.4.3)), are monotonically changing with S. Two

grid-knots, in Ireland and in Wales, are shown as examples.

knot of the model. We set a threshold of 0.15% for the relative misfit and
we accept only those phase velocity curves that produce misfit within this
threshold at least for 75% of the frequencies. This way, curves too rough (low
Si) are discarded, and we keep the remaining curves, those from reasonably
smooth to very smooth. We choose the roughest one of the remaining curves as
the optimal one (we assume that the roughest curve over the set of smoothest
ones is the curve which provides the most detailed image of the sub-surface
without over-fitting the error contributions).

The criteria for choosing the optimal resolution has been chosen
empirically after intensive testing. In Fig. 2.13 the choice of the optimal
selection is plotted (columns (c)) together with two looser and two stricter
selections (columns (a), (b) and (d), (e) respectively), for three different
periods. This data-based empirical approach allows us to suppress the
error and maximize resolution, evaluating noise (or how the noise limits
the resolution of our image) at every step and finding the highest possible
resolution at every knot. The empirical criteria are, to an extent, subjective
but applied consistently and are data-driven. In Fig. 2.10 we show that the
cumulative error, as well as the portion of curve with estimated error less
than 0.15%, are monotonically changing with S. Parts of the maps where
the coverage is extremely low have been removed from the analysis, based
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FIGURE 2.11: See also Fig. 2.9. Panels (a) and (b) show phase
velocity curves extracted from the phase velocity maps at 3
different smoothing levels (indicated in red, green, blue), for
a bunch of knots in Ireland as drawn with black dots in the
maps. In panels (c) and (d) we show the misfit of the weakly
regularized 1D inversions. Panels (e) and (f) show in gray the

RMS misfit (the black line represents the average).

FIGURE 2.12: The optimal smoothing level applied at each
knot (left panel) does not scale with the density of data
coverage. The roughness and density of data coverage are

plotted for period 115.84 s.

on sensitivity-matrix column sums–accepting only knots with value over a
certain threshold–for example, at the edges of the region, where the coverage
deteriorates and the data sampling is insufficient to constrain the structure.
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FIGURE 2.13: Optimal resolution phase velocity maps can be
reconstructed at each point of the grid, by means of isolating
the roughness of weakly regularized inversions for shear
velocity of the phase velocity curves extracted at differently
smoothed phase velocity maps. In panel (c) we show the
velocity maps with optimal resolution reconstructed at each
knot. The maps in (a), (b) and (d), (e) correspond to looser
and stricter criteria of selection (see Section 2.4.3 for details).
The maps shown are for the periods 26.8, 39.6, and 78.4 s,

approximated in the figure for clarity.

The chosen values of Si for each knot are shown in Fig. 2.12, together with
the density of the data coverage (column sums) and the map of the roughness
(at an example period of 115.84 s). The optimal-resolution phase velocity
maps, for a selection of periods, are shown in Figs. 2.14 and 2.15. The optimal
target resolution is reached by isolating the roughness of the phase velocity
curve, which we postulate is due to systematic errors in the data. It would not
be possible to identify the noise, but with this approach we manage to track
it, and see how it propagates. The estimated optimal resolution shows smooth
lateral variations, confirming the robustness of the procedure.

2.5 Shear Velocity Structure

We now invert the optimal-resolution phase velocity maps at each knot of the
model grid for shear velocity profiles, in order to obtain a 3D model of the
crust and upper mantle.
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FIGURE 2.14: Optimal resolution phase velocity maps for
Ireland, Britain, and the Irish Sea (see Section 2.4).

2.5.1 Tail removal

Before proceeding with the 1D inversion of the phase velocity curves for shear
velocity structure, we have applied additional quality checks to the dispersion
curves. Even though the 2D tomographic maps generate smooth results, one
could find that the knot-specific (local) dispersion curve presents, occasionally,
noisy "tails"–the highest-frequency portion of the curve with more noise than
the rest of it. An example of this is shown in the top panel in Fig. 2.16
(central panel shows a selection of measurements and bottom panel shows
the whole set of measurements, for clarity). The selection of the noisy tales
has been applied on the extremities (the first 8 points and the last 3) of the
each relative misfit curve (relative to the weakly regularized inversion of each
phase velocity curve): if any of the tail points deviates from the average more
than 1.6 times the standard deviation of the velocity curve, then the entire tail
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FIGURE 2.15: Optimal resolution phase velocity maps for
Ireland (see Section 2.4).

is removed and thus will not contribute to the final inversions.

2.5.2 Levenberg-Marquardt gradient search inversion algorithm

Ravenna and Lebedev (2018) showed that a well-tuned, non-linear,
gradient-search inversion of phase-velocity curves yields robust 1D Earth
models nearly equivalent to the median model given by a Bayesian McMC
inversion scheme. While a Bayesian approach still has advantages in
providing a posteriori model uncertainties, we opted for a fully non-linear
gradient-based technique, as the dataset size would have made probabilistic
inversions prohibitively expensive. We do, however, perform a series
of gradient inversions in each case, using variable regularization to
approximately map the model uncertainty at different depths.
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FIGURE 2.16: The tomographic maps generate smooth
results but dispersion curves extracted at each knot presents
occasionally noisy tails, which cannot be explained by any
realistic subsurface structure (see Section 2.5.1). These parts
of the curves are removed from the consecutive analysis. Top
panel shows an example of noisy tail removal, prior of 1D
inversion for shear velocity structure. In black the original
curve, in red the curve after removal. Middle panel shows a

bunch of curves, lower panel the whole dataset.

We use the same non-linear, Levenberg-Marquardt gradient search
inversion algorithm that we used to isolate the noise in Section 2.4, with
the difference that the inversions are not regularized too weakly. We choose
reasonable regularization (e.g., which penalizes oscillatory VS models) to
produce appropriate representation of the VS structure of the area (e.g., in
Fig. 2.17, the VS profiles in the right column are most likely to represent a
"true" structure rather than the profiles in the left column).

The algorithm computes synthetic phase velocities at each iteration from
VS, compressional velocity (VP), density, and attenuation using the forward
solver MINEOS (Masters et al., 2007). The ratio between VS and VP is kept
fixed during the inversion, according to the values of the initial reference
model (see below). Density and compressional and shear attenuation factors
are fixed at the reference values, taken from PREM and AK135, respectively.
The perturbations in the model, from the surface to the shallow lower mantle
(~1300km), are controlled using basis functions, 13 triangular-shaped ones
in the mantle and 3 boxcar-shaped in the crust (e.g., Bartzsch et al., 2011;
Agius and Lebedev, 2013). The triangular basis functions are defined by linear
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FIGURE 2.17: Sets of differently damped VS inversions for one
grid-knot, with increasing damping from left to right. The
reference model is plotted with a dashed black line. Top panel
shows a zoom on the crust, central panel the profile from 0 to
450 km, bottom panel the misfit between the models and the
data. The models obtained after inversions (each of which is
independent) are non-unique but the robust features in the VS

profile are evident (see Section 2.5).

interpolation between neighbouring depth knots; the boxcar ones represent
constant-velocity layers. The depth of the Moho and two intra-crustal
discontinuities are additional inversion parameters.

2.5.3 Reference model

As a reference crustal model, we used a three-layered crustal model of the
region based on a priori information from CRUST 2.0 (e.g., Bassin et al., 2000)
and previous works carried out in the area (e.g., Landes et al., 2000; Davis
et al., 2012; Licciardi et al., 2014; Tomlinson et al., 2006), with Moho depth of
30 km. The reference model for the mantle is a modified version of AK135
(Kennett et al., 1995), recomputed at 50 s, and characterized by constant
shear velocities (4.45 km/s) from the Moho down to 190 km depth and
linearly increasing shear velocities below. The density for the reference model
has been taken from PREM (Dziewonski and Anderson, 1981), as AK135
presents an unlikely-to-be-true sharp increase with radius in the uppermost
mantle. We have performed extensive tests, however, and established that this
modification does not substantially change our results. The reference model is
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FIGURE 2.18: Final VS inversions at 5 different locations in
Ireland, Britain, and the Irish Sea.

plotted, e.g., in Figs. 2.17 and 2.18 with a dashed black line. Due to noise in the
data and the non-uniqueness of the models, we use norm damping in order to
avoid physically unrealistic models.

2.5.4 Inversion tests for optimal damping

A number of tests have been performed to estimate the optimal regularization
(this time, the regularization is kept equal at all the grid-knots for each test).
Rather than choosing a preferred model, and also to reduce the effect of noise,
we perform a series of inversions to produce a bundle of possible models
which fit the data (for all the models and all the differently damped sets, the
misfits are well within ±0.5%). The relative damping for each basis function
is allowed to vary randomly within a range of values. This produces a set of
50 models for each knot at each damping level (dj=0,1,2,. . . ,49) as, for example,
in each of the panels in the middle row in Fig. 2.17. A global damping factor
(constant for all basis function at each inversion) then multiplies the relative
factors in each inversion (D × dj=0,1,2,. . . ,49). The relative damping dj, which
is randomly changed at different depths (each basis function has a different
value of dj), is used to avoid the bias possibly introduced by a subjective
choice of regularization; the overall damping factor (D) is instead introduced
in order to obtain differently regularized sets of reasonable models, and verify
a posteriori which is the optimal model.
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In Fig. 2.17, we observe, from left to right, 4 differently damped (D) sets
of models, with each set including 50 models with randomly varying relative
damping (dj). We generated, in order to cover a wide range of reasonable
regularization, 18 differently damped models which produced 4328 × 50 × 18
independent, non-linear, gradient-search inversions.

2.5.5 VS map construction

In Fig. 2.18 we show, for a defined choice of damping factor D, 5 different sets
of inversions at 5 different locations. The optimal damping factor is chosen
according to the following criteria. We do not need to introduce complexity
in our model, if a simpler model fit the data equally well (according to the
general principle of parsimony, also known as Ockham’s razor (e.g., Bodin
et al., 2016)). We discourage deviations from the reference model, and stop
right before the misfit deteriorates. If there is no deterioration in the misfit,
then we could penalize the deviations more.

The accepted VS profiles are then resampled at a 0.1 km step, and the
final VS maps are constructed, for each damping level, at different depths
averaging for each knot over the obtained 50 inverted models. Examples of
final maps are plotted in figure Figs. 2.19, 2.20 and 2.23 to 2.25. Vertical cross
sections of the 3D model, with different orientations, are shown in Figs. 2.26
to 2.29. A comparison of velocity maps retrieved with different damping
levels is in figure Fig. 2.22 (the maps are shown for depth 80, 100, and 130
km); in this figure we show how, for a reasonable choice of damping, the
maps show similar features (although the amplitudes are not preserved). It
can be observed that smoother 3D map views are produced by more damped
1D inversions. This further validates our regularization.

2.6 Discussion

We have developed a tomographic scheme which allows us to maximize the
information extracted from the data and obtain an optimal target resolution
of the model at each knot, achieved through tracking of systematic errors in
the data. Using this approach we evaluate the systematic errors (which are
limiting the resolution of the model) at every knot of the model grid, for
a wide and densely spaced range of differently smoothed models, and we
choose the optimal resolution as the highest achievable, after isolation of the
error. We show that the cumulative error, estimated from the relative misfit
obtained after weakly regularized inversions for shear velocity, decreases
monotonically with the smoothing of the 2D tomographic maps. This allows
us to track the systematic errors and isolate them. Importantly, optimal
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FIGURE 2.19: Shear velocity maps (see also Figs. 2.20 and 2.21)
show new insights of the seismic structure of the area. The
anomaly is plotted with respect to the average at each depth.
The gray lines represents the major geological terranes of the
area (after Tomlinson et al. (2006)). At depths from ~50 to
140 km the maps show evidence of a consistent pronounced
low-velocity anomaly centered at the Irish Sea and including
northern Ireland, Wales, and Western Scotland. This anomaly
is consistent with a relatively thin lithosphere beneath the
area. The area of the lithospheric thinning coincides roughly
with where uplift and magmatism occurred at 50-60 Ma,
previously attributed (e.g., Al-Kindi et al., 2003) to the Iceland
Hotspot activity at the onset of the opening of the Atlantic
Ocean. At shallower depth the maps show consistent clear
boundaries between well consolidated blocks beneath Ireland
and Scotland and sediments in the rest of the region. An
elongated high-velocity anomaly stretched W-E approximately
along the Iapetus Suture Zone may indicate the remnant of the
Caledonian Iapetus slab beneath the suture (e.g., Chew and
Stillman, 2009). Our shear-velocity model is parameterized on

a 10 km spaced triangular grid of 4328 knots.
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FIGURE 2.20: Shear velocity maps (see also Figs. 2.19 and 2.21)
at greater depths.

resolution does not scale with the density of the data coverage: due to
systematic data errors some of the best-sampled locations require relatively
low lateral resolution. After the construction of the optimal phase velocity
maps, characterized by the best realistically achievable resolution (allowed,
fundamentally, by data sampling and noise distribution), we have produced
a 3D VS model of the area by inverting the dispersion curves at each knot
of the model grid. This new scheme is applied to a very large number of
broadband measurements of Rayleigh surface-wave phase velocities, obtained
by teleseismic cross-correlation and waveform inversion, in order to constrain
the seismic structure of the British Isles.

Our tomography reveals substantial heterogeneity in the area, offering
exciting new insights into the structure and evolution of the British Isles.
The optimal resolution obtained for the images allows us to resolve in detail,
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FIGURE 2.21: Shear velocity maps (see also Figs. 2.19 and 2.20)
plotted with respect to values of velocity used as reference
in the global model SL2013sv (Schaeffer and Lebedev (2013)).
While Figs. 2.19 and 2.20 show the anomaly with respect to the
average VS at each depth, we use here a global model reference.

laterally and vertically, structures such as sedimentary basins and volcanic
areas.

One of the striking features of the model is a robust low-velocity
anomaly indicating anomalously thin lithosphere beneath the Irish Sea and
its surroundings (including Wales, Western Scotland, Northern England and
Northern Ireland). The Cenozoic uplift and exhumation history of the British
Isles is still a controversial topic. The British Isles, with the exception
of southeast Britain and a few Cenozoic outcrops exposed in northern
Ireland (Antrim Lava Group) and western Scotland (e.g., Fig. 2.40), do not
present evidence of onshore, post-Cretaceous sediments, as the area is mostly
dominated by Palaeozoic and older rocks. Thus direct observation of the
exhumation is not possible, and only indirect methods are available to assess
the amount of Cenozoic uplift.

Several studies, during the last decades, suggested that uplift of parts
of Britain and Ireland was caused by a lateral branch of the proto-Iceland
mantle plume, which played a fundamental role in the evolution of the North
Atlantic Ocean over the past 60 M.y. (White and Lovell, 1997; Jones et al.,
2002; Al-Kindi et al., 2003; Jones and White, 2003; Arrowsmith et al., 2005;
Tomlinson et al., 2006; Davis et al., 2012; Schoonman et al., 2017; Luszczak
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FIGURE 2.22: Shear velocity maps reconstructed at each
knot, for 5 different damping levels (increasing from (a) to
(e)), at three different depths (as indicated at the top left
corner of each map). The maps (at each different depth)
show similar features, except the very low damped inversion
(panels (a)) that shows some irregularities. The amplitudes are
not preserved, as different damping penalizes differently the

variations from the reference model.

et al., 2018; Tiley et al., 2004, e.g., ). Alternatively, some authors suggested that
the uplift could be associated with far-field stress between the North Atlantic
and the Alpine orogenic belt, with reactivation of old Variscan and Caledonian
faults across Ireland and Britain (Holford et al., 2009; Hillis and Holford, 2008,
e.g., ).

Recent thermochronological studies provided new evidence of probable
Paleogene uplift in the area (Cogné et al., 2016; Döpke, 2017). Our results
(Figs. 2.19 and 2.20) exhibit a strong velocity anomaly (particularly evident
from 50 to at least 140 km) centered in the Irish Sea, approximately below the
area which it has been suggested has been influenced by the lateral branch
of the Iceland plume. This low velocity anomaly, which can be observed in
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FIGURE 2.23: Seismic anisotropy provides complementary
information regarding the past and present deformation in
the crust, lithosphere and asthenosphere (see also Figs. 2.24
and 2.25). The fast-propagation direction is orientated
parallel to the prominent Caledonian SW–NE structural fabrics
observed at the surface (e.g., Chew and Stillman, 2009), and

persist throughout the entire crust.

the shear velocity slices in Figs. 2.19 to 2.21 (from below ~50 km), and it is
evident also in the velocity maps in 2.14 (at intermediate and long periods), is
consistent with a relatively thin lithosphere beneath the area.

Our results suggest that it may have been the dramatic thinning of the
lithosphere in this area – possibly triggered by thermal erosion by the hot
asthenosphere arriving from the hotspot – that has caused the uplift and
volcanism, with the lithosphere remaining relatively thin to this day.

We show that the assumption of a constant lithospheric thickness across
Britain and Ireland, used in the past, is not valid. Our results show a striking
correlation with proposed underplate thickness (up to ~7 km according to
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FIGURE 2.24: Seismic anisotropy provides complementary
information regarding the past and present deformation in
the crust, lithosphere and asthenosphere (see also Figs. 2.23

and 2.25).

Tomlinson et al. (2006)) and denudation, gravity, and thermochronological
measurements. To facilitate the comparison between the low velocity anomaly
in our results and other geophysical observable previously measured, we
show figures from Tomlinson et al. (2006), Rickers et al. (2013), Al-Kindi et al.
(2003), Arrowsmith et al. (2005), Davis et al. (2012), Jones et al. (2002), Cogné
et al. (2016), and Döpke (2017) in Fig. 2.45, Fig. 2.38, Fig. 2.39, Fig. 2.50,
Fig. 2.40, Fig. 2.41, Fig. 2.42, Fig. 2.43, respectively. The anomaly can also be
observed in the VS profiles in Fig. 2.18. Shear velocity profiles for two locations
in the Irish Sea and NW Ireland have also been compared with profiles of
shear velocity obtained for Hawaii (Laske et al., 2011) and Tristan da Cunha
(Bonadio et al., 2018), to verify the extent of the present anomaly in the area
(Fig. 2.32). The anomalies in our VS profiles look moderate if compared with
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FIGURE 2.25: Seismic anisotropy provides complementary
information regarding the past and present deformation in
the crust, lithosphere and asthenosphere (see also Figs. 2.23

and 2.24).

Hawaii and TdC hotspots, consistent with the absence of volcanism for the last
50 m.y.

At shallowest depths, Ireland and Scotland show similar velocities (there
are clear boundaries between well consolidated blocks beneath Ireland and
Scotland and sediments on the rest of the area), as one would expect from the
continuity of the surface terranes (this is also evident, e.g., in the velocity maps
at 13.54 s in Fig. 2.14). In the deeper crust and lithospheric mantle, most of
Ireland is surprisingly different from Scotland, showing substantially higher
velocities. The shear velocity maps also exhibit (especially at 90 and 100 km in
Fig. 2.19) an elongated high-velocity anomaly stretching W-E approximately
along the Iapetus Suture Zone in Ireland; this may indicate the remnant of
the Caledonian Iapetus slab beneath the suture or, alternatively, fragments
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FIGURE 2.26: VS vertical cross sections of the model (W–E).

FIGURE 2.27: VS vertical cross sections of the model (NW–SE).
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FIGURE 2.28: VS vertical cross sections of the model (S–N).

FIGURE 2.29: VS vertical cross sections of the model (SW–NE).
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FIGURE 2.30: Reconstructed Moho map of the British Isles
obtained by surface wave analysis. The map presents very
good agreement with previous results on the Moho depth
of Ireland and Britain obtained with methods more suitable
to detect sharp discontinuities (e.g., receiver functions, (e.g.,
Licciardi et al., 2014; Davis et al., 2012; Tomlinson et al., 2006)).

See also Fig. 2.31.

of thick continental lithosphere amalgamated into the Irish landmass in the
course of the Caledonian Orogeny (e.g., Chew and Stillman, 2009) (Fig. 2.46).
The lithospehere in Ireland appears to be thick beneath the Iapetus Suture
Zone, even though not oriented along it, as mapped from surface geology.
The heterogeneity in the area fades out at greater depths (Fig. 2.6).

The Moho map obtained in this work, in Fig. 2.30, shows general
agreement with previous results obtained with data types more sensitive to
sharp discontinuities (e.g., Licciardi et al., 2014; Landes et al., 2007; Davis
et al., 2012; Kelly et al., 2007). In Fig. 2.31 we compare our results on the
Moho depth with the ones obtained by Licciardi et al. (2014) using teleseismic
P-wave receiver functions. The maps agree with the general thinning of the
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FIGURE 2.31: Moho maps obtained from surface wave analysis
(left) and receiver functions by Licciardi et al. (2014) (right)
show general agreement. Particularly interesting is the

agreement on the south to north thinning of the crust.

crust from SW to NE in Ireland, but present some differences (in particular,
our Moho map is constrained by more data and is thus less smooth than the
map from Licciardi et al. (2014)). A Moho map for the British Isles obtained
within a probabilistic approach utilizing data from a compilation of refraction,
reflections profiles, and P-wave receiver functions is also plotted in Fig. 2.34.

The topography of the Moho computed in this work is reasonably accurate,
at least comparing it with other previous works (see below for details), which
confirms that the VS distributions in our models are not affected by trade-offs
with the crustal thickness. There is not full agreement, e.g., between Davis
et al. (2012) (the authors estimated Moho map for several profiles within the
British Isles using receiver functions), Landes et al. (2005) (which used data
from 11 seismic refraction profiles onshore and offshore to investigate the
crustal velocity structure of Ireland and surrounding seas), Kelly et al. (2007)
(which compiled a regional model for crustal seismic P-wave velocities for
NW Europe, from wide-angle reflection and refraction profiles), Tomlinson
et al. (2006) (which computed the crustal thickness from teleseismic receiver
functions analysis). Note, for example, that results from Tomlinson et al.
(2006) on the Moho estimation correlate reasonably well with results from
seismic reflection and refraction profiles (according to the authors, ±2 km),
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FIGURE 2.32: The shear-velocity anomaly profiles from our
model (in black), for two locations in NW Ireland and in the
Irish Sea, are compared with shear velocity profiles obtained
in proximity of the Hawaii (Laske et al., 2011) and the Tristan

da Cunha hotspots (Bonadio et al., 2018).

but receiver functions measurements from the stations close to the Iapetus
Suture Zone (ISZ) show a difference up to 5 km. The main features of the
area are, however, generally consistent across different maps. The British Isles
generally present thicker crust in Avalonia (32–35 km), which thins north of
the ISZ from ~35 to 26 km in northwest Scotland and Ireland. For comparison,
the Moho maps after Landes et al. (2005), Kelly et al. (2007), Davis et al.
(2012), and Tomlinson et al. (2006) are plotted in Figs. 2.36, 2.37, 2.47 and 2.48,
respectively. One noteworthy feature is the inconsistency between the crustal
thickness retrieved in Wales, between our results and, e.g., Tomlinson et al.
(2006), Davis et al. (2012), and Maguire et al. (2011) (the Moho appears to be
shallower according to our results). There is, however, an evident relationship
between our results and the Curie depth (the Curie depth is often interpreted
as the depth to the 580◦C isotherm, and it is used to constrain the geothermal
heat flow), with regards to a contrast between Wales and the neighbouring
areas (e.g., Mather et al., 2018; Baykiev et al., 2018; Mather and Fullea, 2019)
(e.g., Figs. 2.49 and 3.17).

Our results reveal important, previously unknown heterogeneity in the
structure of the lithospheric plate beneath Ireland and Britain. The thinning
of the lithosphere beneath the circum-Irish Sea region matches the area of
the Paleogene uplift and volcanism and offers important evidence on their
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FIGURE 2.33: Simplified geological map adapted from British
Geological Survey (Make-a-map).

mechanisms. The high velocity anomaly (which can be associated with a
surprisingly thick lithosphere) in west-central and east-central Ireland may
indicate the incorporation of previously unknown Precambrian continental
blocks into the Irish landmass during the Caledonian Orogeny. This
interpretation is consistent with the observations of Precambrian rocks in the
west of Ireland (Figs. 2.33, 3.15 and 3.16).
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FIGURE 2.34: The Moho depth of the British Isles from a
probabilistic perspective, courtesy of Licciardi A., England R.,

Piana Agostinetti N., and Gallagher K.

FIGURE 2.35: Tomographic maps of Rayleigh-wave phase
velocities obtained by Polat et al. (2012). Yellow sticks show
the fast-propagation directions and strength of azimuthal
anisotropy. The data coverage of this work is significantly

lower than the one used in our work (see Chapter 2).
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FIGURE 2.36: Estimated Moho depth for profiles within the
British Isles, using receiver functions, after Davis et al. (2012).

FIGURE 2.37: A geological terrane map of the British Isles after
Tomlinson et al. (2006).
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FIGURE 2.38: Slice at 80 km of the S-velocity model
of the North Atlantic region obtained by Rickers et al.
(2013), using full-waveform tomography. This slice shows
a strong correlation between low velocity anomalies and the
hypothesized branch of the Icelandic mantle plumes (e.g.,

Al-Kindi et al., 2003).
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FIGURE 2.39: Free-air gravity map and reconstruction of
the hypothesized hot convective plume fingers in the North
Atlantic region from Al-Kindi et al. (2003). A positive gravity
anomaly is centered in the Irish Sea, and correlates well
with our tomographic images (e.g., in Chapter 2). The
white contours show the predicted thickness of magmatic
underplating determined by the authors using gravity and

seismic data.

FIGURE 2.40: Simplified geological map of British Isles from
Davis et al. (2012), shows the location of igneous rocks and dike

swarms locations in the British Isles.
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FIGURE 2.41: Jones et al. (2002) estimated minimum and
maximum Cenozoic denutation in the British Isles due to
dynamic uplift associated with the proto-Iceland plume.
The influence of the proto-Iceland plume is manifesting
itself strongly by long-wavelength free-air gravity anomalies,

according to Jones et al. (2002).

FIGURE 2.42: Map of Britain and Ireland after Cogné
et al. (2016), showing the estimations of Early Cenozoic
exhumation made by the authors, from low-temperature
thermochronological measurements. Black lines represent the
region of magmatic underplating postulated by Tomlinson

et al. (2006).
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FIGURE 2.43: Early Cenozoic exhumation proposed by
Döpke (2017), from low-temperature thermochronological

measurements.

FIGURE 2.44: Map of crustal thicknesses after Tomlinson
et al. (2006), inferred by the authors using teleseismic receiver

functions analysis.
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FIGURE 2.45: Map of underplate thickness beneath the
British Isles proposed by Tomlinson et al. (2006), using results
from receiver functions modelling (triangles) and seismic
refraction velocity model from (Al-Kindi et al., 2003) (squares).
The anomalously thick underplate layer beneath the Irish
Sea and its surrounding areas correlates well with the low

shear-velocity anomaly present in our model.

FIGURE 2.46: The cartoons represent the sequence of events
induced by the slab break-off that followed the collision of
Avalonia with Laurentia; figure after Chew and Stillman

(2009).
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FIGURE 2.47: Map of Moho depth from Landes et al.
(2005). The authors used data from seismic refraction profiles
to investigate the crustal velocity structure of Ireland and

surrounding seas.

FIGURE 2.48: Moho topography map and its uncertainty after
Kelly et al. (2007). The authors compiled a regional model for
crustal seismic P-wave velocity structure, from a compilation

of wide-angle reflection and refraction profiles.
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FIGURE 2.49: Estimated Curie depth topography in the British
Isles after Mather and Fullea (2019), estimated in a Bayesian
framework from magnetic data and associated surface heat

flow (see also Fig. 3.17).

FIGURE 2.50: A horizontal slice, for a depth of 100 km, of
P-wave velocity model from Arrowsmith et al. (2005). The
circles and lines drawn in white show locations of Paleogene
igneous centers and dike swarms, respectively. A very good
correlation exists between the P-wave anomaly in this figure
and the shear velocity anomaly in, e.g., Fig. 2.19, even though
in Fig. 2.19 the anomaly extends even more southward in the

Irish Sea.
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Chapter 3

Rayleigh and Love surface wave
tomography of the British Isles
from ambient seismic noise

3.1 Introduction

In an attempt to better understand the lithospheric structure and tectonic
evolution of the British Isles, several active and passive seismic studies
have been carried out in the region. Our present understanding of the
seismic structure of the crust below the region is mostly from active source
experiments, including refraction and reflection seismics, and related works in
which previously obtained active source results are used to infer information
on the structure of the area (e.g., Bamford et al., 1978; Barton, 1992; Edwards
and Blundell, 1984; Maguire et al., 2011; Bott et al., 1985; Jacob et al., 1985;
Kelly et al., 2007; Lowe and Jacob, 1989; Landes et al., 2000; Masson et al.,
1998; Hodgson, 2001; Freeman et al., 1988; Snyder and Flack, 1990; Klemperer
and Hobbs, 1991; Klemperer et al., 1991; O’Reilly et al., 1996; O’Reilly et al.,
2010; O’Reilly et al., 2012; Chadwick and Pharaoh, 1998; Hauser et al., 2008;
Hodgson, 2001; Landes et al., 2005; Lowe and Jacob, 1989; Masson et al., 1998;
Davis et al., 2012; Di Leo et al., 2009; Abramovitz et al., 1999; Freeman et al.,
1988; Shaw Champion et al., 2006). In order to estimate the topography of
the Moho beneath the area, and to investigate the crustal seismic properties,
many authors combined results from active- and passive-source seismology
(including receiver functions) (e.g., Licciardi et al., 2014; Asencio et al., 2003;
Chadwick and Pharaoh, 1998; Landes et al., 2005; Kelly et al., 2007; Davis
et al., 2012; Di Leo et al., 2009; Tomlinson et al., 2006). The crustal structure
of the region has been also investigated using magnetotelluric, gravity, and
petrological methods (e.g., Jones et al., 2013; Fullea et al., 2014; Rao et al., 2007;
Readman et al., 1997; Brown and Whelan, 1955; Mather et al., 2018; Mather and
Fullea, 2019; Baykiev et al., 2018). Surface-wave imaging of the lithosphere



Chapter 3. Ambient noise tomography of the British Isles 64

FIGURE 3.1: Topographic map of the investigated region. The
seismic stations used in this study are shown in the legend on
the bottom right. Topography and bathymetry are from the

GEBCO dataset (IOC et al., 2003).

has been carried out in the past by Polat et al. (e.g., 2012) for Ireland (with
relatively sparse and uneven data coverage achievable at the time, Fig. 2.35)
and by Nicolson et al. (2012), Nicolson et al. (2014), and Galetti et al. (2016) for
Britain and the Irish Sea, using group velocities (Figs. 3.18 and 3.19).

In this study, we use surface wave ambient noise tomography to derive
detailed images of Rayleigh and Love wave phase velocities, in order to image
the crustal structure beneath Ireland and its surroundings (Fig. 3.1). There
are significant nearby sources of noise from the North Atlantic Ocean (e.g.,
Craig et al., 2016), and we can expect it to be very suitable for this type
of measurements. All the available waveform data recorded at permanent
and temporary arrays across the region, from more than 190 stations and
collected between 1981 and 2018, were used to produce ~18000 vertical and
~8500 horizontal cross-correlation stacks. The networks and arrays include
the Ireland Array (IA) (Lebedev et al., 2012), permanent stations of the Irish
National Seismic Network (INSN) and the British Geological Survey (BGS),
temporary stations deployed by the University College Dublin WaveOBS
network (WO) and the BGS (BN), ocean bottom seismometers deployed
offshore NW Ireland (Le Pape et al., 2016) (XW), and additional stations
from the ISUME project (O’Donnell et al., 2011; Polat et al., 2012) and ISLE
experiment (ISLE) (Landes et al., 2004; Landes et al., 2006; Wawerzinek
et al., 2008). The combined station distribution yields an unprecedented
geographical coverage of the region (Fig. 3.2) and makes possible detailed
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FIGURE 3.2: Station locations (as in the legend in Fig. 3.1) and
interstation path coverage (black lines) yielded by our Rayleigh

measurements.

tomographic mapping of the area.

3.2 Method

Over the last 15 years, ambient noise interferometry has revolutionized
passive crustal seismology and has become an established technique for
seismic imaging (e.g., Shapiro et al., 2005; Bensen et al., 2007; Yao et al.,
2006; Lin et al., 2007; Lin et al., 2008; Arroucau et al., 2010; Rawlinson
et al., 2014; Shapiro and Campillo, 2004; Snieder, 1972; Villaseñor et al.,
2007; Tsai, 2009; Tsai, 2010). The ambient noise signal, which normally
would be removed in traditional methods of seismic tomography, contains,
in fact, information on the medium through which the seismic waves that
contribute to it propagate. The signal is generated by wind, ocean waves,
anthropogenic activities, and scattering caused by the Earth’s heterogeneity
and contains valuable structural information that can be extracted in order
to make inferences on the seismic properties of a region. The information is
extracted from the long-term cross-correlation of waveforms recorded at pairs
of stations. The cross-correlation yields the Green’s function between the two
stations (in a virtual setting in which one of the station is the receiver, and the
other station is an impulsive source), under the assumption that the ambient
noise wavefields are random and uniformly distributed.
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In this work we used 190 stations, some of which are from dense temporary
arrays around local areas of special interest and others from networks
distributed across Ireland and Britain. This results in a dense coverage for
the entire region, with diverse path lengths (from ~2 to 1327 km). For
the data processing, we developed our own workflow with a number of
advantages over standard approaches (Bensen et al., 2007). We compute
the ambient noise cross-correlation (ANCC) using the 3 (vertical and two
horizontal) components for all simultaneously recording station pairs, with
signals resampled at 10 Hz. The cross-correlation is performed on traces of
1 hour, for each possible station pair and each combination of components.
No additional pre-processing is applied to the data, with no normalization
or filtering, in particular (e.g., Saygin and Kennett, 2009; Arroucau et al.,
2010). We only remove the trace from the dataset if it contains a recording
gap. After stacking all the cross-correlograms for each station-station pair we
take the so-called symmetric component, obtained by averaging the acausal
and causal parts of the cross-correlograms (Fig. 3.3). The resulting waveforms
can be interpreted, after the rotation of the horizontal components to the
radial and transverse orientations, as the Rayleigh and Love wave components
of the empirical Green’s function, depending on which component of the
cross-correlation tensor is considered (e.g., Lin et al., 2008; Udías, 1999). In
this study, we used the ZZ and RR components for the retrieval of Rayleigh
dispersion and the TT component for the retrieval of Love dispersion. Due
to the varying availability of the data, the final stacked cross-correlograms are
computed on sets from a minimum of 214 days (4914 hourly cross-correlations)
to a maximum of 1365 days (32766 hourly cross-correlations). We verified
that for all the azimuths across the area coherent wave signals exist in the
empirical Green’s functions (e.g., Fig. 3.3). This implies that the ambient noise
computed within our frequency band of investigation (periods from ~0.2 to 37
s) is distributed sufficiently isotropically with azimuth and is likely to yield to
unbiased dispersion measurements.

The extraction of the phase velocity dispersion of the fundamental
Rayleigh and Love modes for each stacked cross-correlogram is obtained
after using the multiple-filter technique to filter and window it (Dziewonski
and Hales, 1972). Every stacked cross-correlation is filtered with a
frequency-dependent Gaussian bandpass filter; in order to enhance the
signal-to-noise ratio and reduce the effects of scattering, noise, correlations
between fundamental mode and other parts of the waveform, the resulting
signal is then windowed in the time domain with a frequency-dependent
Gaussian window centered around the maximum amplitude of the
frequency-filtered cross-correlation signal (Fig. 3.4). The phase velocity is then
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FIGURE 3.3: Unfiltered stacked cross-correlograms for some
stations in Ireland (IA, EI) and in Britain (GB) show coherent
signal. Cross-correlation functions are ordered by interstation
distance. Left panel shows examples for ZZ component of the
cross-correlation tensor; right panel shows the RR symmetric
component, obtained by averaging the causal and acausal
parts of the cross-correlograms. The coherent signal can be
interpreted as the Rayleigh wave component of the Green’s
function, and be used to extract the phase velocity dispersion

at each station-station pair.

computed from the resulting signal in the Fourier domain as the arctangent
of the ratio of the imaginary to real part of the cross-correlation function (e.g.,
Meier et al., 2004). The difference between the two-station method used for
teleseismic earthquakes (e.g., Meier et al., 2004; Soomro et al., 2016) and for
ambient noise consists in applying a correction (π/4) to the phase, which is
due to the far-field approximation (e.g., Boschi et al., 2013; Yao et al., 2006;
Tsai, 2009; Tsai, 2010).

Accepted frequency bands for the phase velocities for each of the ~27000
cross-correlograms are selected automatically. Due to the ±2π ambiguity
generated when retrieving the phase velocity from the cross-correlation
function (e.g., Boschi et al., 2013; Meier et al., 2004; Soomro et al., 2016; Bonadio
et al., 2018), we needed to implement a criterion for the selection of the correct
phase velocity curve (Figs. 3.4 and 3.5). Within the frequency range 0.1 –
0.5 Hz, we select the curve closest to a reference one. In this study, this
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FIGURE 3.4: An example of phase velocity dispersion
extracted from a ZZ cross-correlogram recorded at two stations
in Ireland; the cross-correlation signal is filtered using a
frequency-dependent Gaussian band-pass filter, to minimize
the effect of noise and interferences on the fundamental mode.
The resulting signal is then weighted in the time domain to
reduce the effects of scattering or higher modes. The phase
velocity is computed from the resulting signal in the Fourier
domain as the arctangent of the ratio of the imaginary to real
part of the Fourier spectrum. Black lines represents the phase
velocity dispersion, including the curves resulting from the 2π
ambiguity. The dashed black line represents the global model
AK135 (Kennett et al., 1995) recomputed at 50 s (e.g., Lebedev
and van der Hilst, 2008). The blue line is the average dispersion
curve obtained by teleseismic cross-correlation (Chapter 2).
The red line is the current selected dispersion curve for the

considered interstation pair.

is the average phase velocity curve obtained by teleseismic cross-correlation
(TSCC) at this particular station pair. If the TSCC measurement for a pair is
unavailable, an average for the region is used as reference (Chapter 2). Only
the smooth part of the curve, without roughness or bumps (e.g., Bonadio
et al., 2018), is accepted as the final measurement. The automatic procedure,
applied to all the stacks at each possible pair of stations, produces phase
velocity dispersion measurements between ~0.2 and 37 s. The selection of
measurements is then checked for outliers, removing measurements that are
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FIGURE 3.5: Different surface-wave analysis techniques
contribute to complementary frequency bands of
measurements, for stations pairs IA.IA002–IA.IAVAL (both
stations in Ireland, see also Fig. 3.4). Dark blue, dark red,
and green represents measurements from ambient noise,
teleseismic cross-correlation, and waveform inversion (see
also Chapter 2), respectively. Pale blue and pale red lines
represent the curves affected by the 2π ambiguity for ANCC
and TSCC. The match between different techniques decreases
at the edge of the characteristic frequency band for each
method. The dashed black line represents the global model

AK135 (Kennett et al., 1995) recomputed at 50 s.

too far from the average. The final set of measurements is shown in Fig. 3.6. A
sufficient number of measurements (3520) is obtained to produce tomographic
dispersion maps (Deschamps et al., 2008; Lebedev and van der Hilst, 2008), as
discussed in Section 3.3.

3.2.1 Comparison of ambient noise and teleseismic cross-correlation
measurements

The ANCC allows us to obtain measurements at frequencies considerably
higher than what we can obtain with TSCC (e.g., Fig. 3.7). The measurements
produced using ANCC and TSCC overlap for a certain frequency band. The
overlap range depends, for each station pair, on the signal-to-noise ratio,
the interstation distance, and other factors. This offers us the possibility to
compare the measurements obtained using the two different methodologies
and cross-validate our results (Figs. 3.8 and 3.9). TSCC and ANCC
measurements show an encouraging overall consistency (Fig. 3.10). There
is, however, a relatively small but systematic inconsistency, increasing with
periods and independent of the interstation distance or azimuth (Fig. 3.11).

The inconsistency between TSCC and ANCC at longer periods has been
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FIGURE 3.6: Final phase velocity measurements (in red) for
ZZ, RR, and TT cross-correlograms, selected from the initial
selections (in blue), used to produce the tomographic maps
(see Figs. 3.12 to 3.14). Dashed black lines represent the global
model AK135 (Kennett et al., 1995) recomputed at 50 s, for

Rayleigh and Love surface waves.

attributed to the fact that the sensitivity kernels for earthquake data are more
sensitive to off-path heterogeneity, and that wavefront perturbations may
lead to a positive bias (e.g., Boschi et al., 2013; Weemstra et al., 2015; Kästle
et al., 2016). However, the bias could also be due to a systematic processing
artifact, as the signal-to-noise-ratio for ambient noise is usually decreasing
with period whereas for earthquake data it is increasing. In spite of this
small systematic discrepancy, our phase velocity maps (Figs. 3.12 to 3.14) at
different periods are mutually consistent and agree well with geological and
tectonic features and, more importantly, there is strong consistency in the
patterns of lateral heterogeneity between the maps produced by TSCC and
ANCC (e.g., Fig. 3.10). The velocity maps computed at all periods are shown
in Appendix B.

3.3 Discussion

The interstation phase velocity curves for ZZ, RR, and TT components have
been inverted for Rayleigh and Love phase-velocity maps (e.g., Deschamps
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FIGURE 3.7: Different surface-wave analysis techniques
contribute to complementary frequency bands of
measurements. Ambient noise cross-correlation (ANCC)
contributes for short/intermediate periods, two-station
cross-correlation of teleseismic earthquakes (TSCC) produces
measurements for intermediate periods, waveform inversion
(AMI) contributes for longer period measurements.
Combining the complementary measurements provide a
large period range of measurements, which allows to map the

subsurface from the crust to the asthenosphere.

et al., 2008; Lebedev and van der Hilst, 2008). The maps show interesting
lateral variation in phase velocity (Figs. 3.12 to 3.14). Unfortunately, due to
data availability and data quality, some areas in Britain are poorly covered
at certain periods (especially the south-east England area). We can interpret
the phase velocity maps in terms of shear velocity according to the sensitivity
of Rayleigh- and Love-wave phase velocities as a function of depth (e.g.,
Schaeffer and Lebedev, 2013).

Our new tomographic results offer new insights into the structure of
the crust of Ireland and surroundings. The maps are sensitive to velocities
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FIGURE 3.8: The differences between measurements produced
with ANCC and TSCC, for ZZ and RR component, show
a systematic inconsistency, greater at longer periods. Blue
lines represents the difference for each measurement (for the
overlapping band), red curve is the average of the entire

dataset.

FIGURE 3.9: Histograms showing the differences between
measurements produced with ANCC and TSCC, for ZZ and
RR component, between 5 and 9 s. Red lines represents the

mean.

throughout the shallow and middle-lower crust. At a broad look at the
surface geology (Figs. 3.15 and 3.16) we see good agreement between the major
geological features and the variations in phase speed; the contrast between
the sedimentary cover, which shows pronounced low velocity anomalies, and
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FIGURE 3.10: The comparison between phase velocity maps
computed by TSCC and ANCC (for the vertical components),
at periods ~11.5 and 14 s, show an encouraging overall
consistency. Note that, due to different sampling, the maps are

shown for slightly different periods.

the crystalline rocks beneath Ireland is evident (e.g., Figs. 2.33, 3.15 and 3.16)
(e.g., Chew and Stillman, 2009; Chew and van Staal, 2014; Yardley et al., 1982;
Dewey, 1982; Todd et al., 1991; Soper et al., 1992; Vaughan and Johnston,
1992). Ireland is surprisingly different from Scotland, showing much higher
velocities, except for Northern Ireland.

A persistent feature in the phase velocity maps at very short periods is
an elongated higher velocity region in Ireland, from west to east. At longer
periods, this high velocity region fades out, but a clear boundary between west
and east Ireland is still present. There is no correlation between the phase
velocity maps and the major Caledonian and Variscan structures depicted
(the gray lines in the maps). Generally, variations in the composition and
temperature will affect seismic velocities at depth, which will be reflected in
phase-velocity variations (e.g., Fullea et al., 2014; Mather et al., 2018; Mather
and Fullea, 2019; Noller et al., 2015) (Fig. 3.17). The lack of correlations with
the surface geology is even more evident at longer periods, given that the
maps have stronger sensitivity to deeper structures. A clear correlation is
observable, however, between marked low velocity anomalies and igneous
intrusions, e.g., in north-eastern Ireland and western Scotland (Isle of Skye, Isle
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FIGURE 3.11: There is a relatively small but systematic
inconsistency between TSCC and ANCC measurements,
increasing with periods and independent of the interstation
distance or azimuth. (Left panel: TSCC/ANCC difference VS
frequency VS distance; right panel: TSCC/ANCC difference

VS frequency VS azimuth.)

of Mull, Isle of Arran in Scotland and Antrim in Ireland are locations in which
igneous outcrops dated in the Paleogene are found (e.g., Holford et al., 2009;
Ganerød et al., 2010; Davis et al., 2012; Wilkinson et al., 2016)). A pronounced
low-velocity anomaly is always manifest in the Irish Sea extending from North
to South.

The velocity maps obtained with ANCC and TSCC (see Chapter 2)
exhibit similar features at overlapping periods (Fig. 3.10). We note, however,
that the shallow crustal structure is better constrained by ambient noise
measurements.

A noticeable feature is the consistent difference between Britain and
Ireland, at all periods. The higher velocity anomaly in western Ireland, in
contrast to lower velocity anomalies in the rest of the area (including Britain
and the Irish Sea) could be, potentially, an explanation for the lack of seismicity
in Ireland, compared with the modest but clearly higher seismicity in Britain
(Fig. 3.18) (e.g., Galetti et al., 2016). We show figures from previous group
velocity tomography of the British Isles from Galetti et al. (2016) and Nicolson
et al. (2014) for further comparison (Figs. 3.18 and 3.19).
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FIGURE 3.12: Phase velocity maps, for ZZ component. We
show the reference phase velocity, the period of which the
maps is computed, and the component on the top left corner
of each map. The images have been cropped where coverage
is extremely low. Color scale is relative to each map. We
superimpose in gray lines the boundaries of the major surface
geological features. We refer to Section 3.3 for discussion on

the tomographic images.

3.4 Conclusions

We have presented surface wave phase velocity tomography from ambient
noise measurements for Ireland and its surroundings. Rayleigh and Love
phase velocity maps, obtained from more than 27000 cross-correlograms for
190 stations spread around the area, offer new insights into the structure of the
crust of the investigated area.

We have further analyzed our data and compared the results with
previously obtained phase velocity measurements from cross-correlation
of teleseismic earthquakes. In spite of a systematic bias between the
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FIGURE 3.13: Phase velocity maps, for RR component. We
show the reference phase velocity, the period of which the
maps is computed, and the component on the top left corner
of each map. The images have been cropped where coverage
is extremely low. Color scale is relative to each map. We
superimpose in gray lines the boundaries of the major surface
geological features. We refer to Section 3.3 for discussion on

the tomographic images.

two methods, previously attributed to different sensitivity to off-path
heterogeneity for the two methodologies, the phase velocities show similar
features for overlapping periods and show an overall encouraging consistency.

The phase velocity maps, sensitive to crustal structure, display a clear
contrast between well consolidated blocks beneath Ireland and Scotland (high
velocities) and sediments on the rest of the area (lower velocities). The strong
velocity contrast between Ireland and Britain could be one of the answers
to the long-standing mystery of the near absence of seismicity of Ireland, as
opposed to the modest seismicity in Britain. The higher seismic velocities in
the lithospheric mantle beneath Ireland (Chapter 2) indicate thicker, colder
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FIGURE 3.14: Phase velocity maps, for TT component. We
show the reference phase velocity, the period of which the
maps is computed, and the component on the top left corner
of each map. The images have been cropped where coverage
is extremely low. Color scale is relative to each map. We
superimpose in gray lines the boundaries of the major surface
geological features. We refer to Section 3.3 for discussion on

the tomographic images.

and stronger mantle lithosphere. In the crust, the higher seismic velocities
can be explained by either a colder geotherm or a combination of thermal and
compositional differences.
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FIGURE 3.15: Simplified geological maps adapted from British
Geological Survey (Make-a-map). Same features as in Fig. 2.33
are plotted, but in separated panels (top left panel: Cenozoic
and Mesozoic rocks; top right panel: Paleozoic rocks; bottom
panels: Upper Proterozoic rocks), to facilitate comparison with

velocity maps (Figs. 3.12 to 3.14).
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FIGURE 3.16: Map of Ireland showing location Late
Caledonian tectonic features, from Chew and Stillman (2009).
The inset figure on the top left shows the main tectonic

terranes.

FIGURE 3.17: Surface heat flow in the British Isles obtained
from Mather and Fullea (2019). Different surface heat flow,
together with other factors, may be one of the explanation for
the clear contrast between we find in Ireland in the velocity

maps obtained, e.g., in Chapter 3.
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FIGURE 3.18: Panel (a): terrane boundaries (left) and seismicity
(right) in the British Isles between 1970 and 2014 after Galetti
et al. (2016) (Outer Isles Thrust (OIT); Moine Thrust (MTZ);
Great Glen Fault (GGF); Highland Boundary Fault (HBF);
Southern Uplands Fault (SUF); Welsh Borderland Fault System
(WBF)). A strong contrast in seismicity between Ireland (where
the seismicity is almost absent) and the rest of the area is
evident. Panel (b): group velocity slice of the British Isles at 5 s
obtained by Nicolson et al. (2014), using Rayleigh wave group

velocity maps from ambient seismic noise.

FIGURE 3.19: Love-wave Group velocity of the British Isles
obtained with transdimensional tomography by Galetti et al.

(2016).
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Chapter 4

Hot upper mantle beneath the
Tristan da Cunha Hotspot, from
probabilistic Rayleigh-wave
inversion and petrological
modeling

1Abstract Understanding the enigmatic intraplate volcanism in the Tristan
da Cunha region requires knowledge of the temperature of the lithosphere
and asthenosphere beneath it. We measured phase-velocity curves of Rayleigh
waves using cross-correlation of teleseismic seismograms from an array of
ocean-bottom seismometers around Tristan, constrained a region-average,
shear-velocity structure, and inferred the temperature of the lithosphere and
asthenosphere beneath the hotspot. The ocean-bottom data set presented some
challenges, which required data-processing and measurement approaches
different from those tuned for land-based arrays of stations. Having derived
a robust, phase-velocity curve for the Tristan area, we inverted it for a
shear wave velocity profile using a probabilistic (Markov chain Monte Carlo)
approach. The model shows a pronounced low-velocity anomaly from 70
to at least 120 km depth. VS in the low velocity zone is 4.1–4.2 km/s, not
as low as reported for Hawaii (~4.0 km/s), which probably indicates a less
pronounced thermal anomaly and, possibly, less partial melting. Petrological
modeling shows that the seismic and bathymetry data are consistent with
a moderately hot mantle (mantle potential temperature of 1410–1430◦C, an
excess of about 50–120◦C compared to the global average) and a melt fraction
smaller than 1%. Both purely seismic inversions and petrological modeling

1This chapter has been published as: Bonadio et al., 2018. Hot upper mantle
beneath the Tristan da Cunha hotspot from probabilistic Rayleigh-wave inversion
and petrological modeling. Geochemistry, Geophysics, Geosystems, 19, 1412âĂŞ1428.
https://doi.org/10.1002/2017GC007347.
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indicate a lithospheric thickness of 65–70 km, consistent with recent estimates
from receiver functions. The presence of warmer-than-average asthenosphere
beneath Tristan is consistent with a hot upwelling (plume) from the deep
mantle. However, the excess temperature we determine is smaller than that
reported for some other major hotspots, in particular Hawaii.

Plain Language Summary The chains of volcanic ocean islands such as
Hawaii are created when oceanic tectonic plates move over anomalously hot
regions (hotspots) in the underlying mantle. The origin of hotspots has been
attributed to mantle plumes, spectacular hot upwellings from the Earth’s
core-mantle boundary (2,800 km depth). The existence of the plumes and
their occurrence beneath particular locations of volcanism are a matter of a
heated debate. One way to find out whether a hot upwelling may be present
is to determine the temperature in the mantle at depths just beneath the
tectonic plate in the location of a hotspot. These depths are around 100 km,
however, and temperature there cannot be measured directly. In this study, we
used new seismic data from an array of ocean-bottom seismometers deployed
around Tristan da Cunha, a prominent hotspot in the South Atlantic Ocean,
and determined seismic velocities beneath it. Seismic velocities depend on
the temperature of the mantle rock. We were able to use this dependence to
infer the temperature within and below the tectonic plate around Tristan. The
temperature is anomalously high. This is consistent with a hot mantle plume
reaching Tristan from below and causing the unusual, long-lived volcanism at
this location.

Key Points

• Lithosphere beneath Tristan is 65–70 km thick; the low-velocity zone
below shows VS of 4.1–4.2 km/s

• Mantle potential temperature that fits surface-wave and other data is
1410–1430◦C

• The high mantle temperature is consistent with a plume origin of
volcanism, but it is lower than beneath Hawaii

4.1 Introduction

Tristan da Cunha (TdC) is a hotspot in the South Atlantic Ocean, located
~450 km east of the Mid Atlantic Ridge (MAR) (Fig. 4.1 panel (a)). The
intraplate volcanoes and seamounts that form the TdC archipelago are
connected to the Cretaceous (~132 Ma) Etendeka continental flood basalt
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province in Namibia via the aseismic Walvis Ridge. The ridge is built-up by
seamounts and submarine volcanic plateaus that show a clear age progression
and extend from the Namibian continental margin (north-east) to the volcanic
islands of TdC and Gough (south-west), surrounded by 10–30 m.y. old
lithosphere. Age-progressive distribution of volcanic rock samples collected
from the Walvis Ridge and the Rio Grande Rise west of the Mid-Atlantic Ridge
provide evidence for the volcanism at TdC and the formation of the flood
basalts in Namibia and Brazil to be due to a common hotspot source, with the
Walvis Ridge and the Rio Grande Rise being the hotspot tracks (e.g., O’Connor
and Duncan, 1990).

The origin of the TdC hotspot volcanism is debated, with competing
hypothesis suggested. The TdC-Walvis Ridge system is one of the few
examples of a complete hotspot track, and thus the TdC is believed by
many workers to be a surface expression of an underlying mantle plume
(e.g., Morgan, 1971; Morgan, 1997). The hypothesis of a deep mantle
plume origin of the hotspot volcanism at the TdC archipelago is supported
by anomalous geochemical data and geochronological constraints (REE
inversions, 40Ar/39Ar geochronology and geochemistry of alkaline igneous
rocks, chemical zonation, petrological and geochemical variations along the
hotspot track) (e.g., Humphris et al., 1985; Gibson et al., 2006; Rohde et al.,
2013b; Rohde et al., 2013a) and global tomography; Courtillot et al. (2003)
defines TdC plume as "primary", French and Romanowicz (2015) classify TdC
as "clearly resolved" plume.

Alternative explanations for the hotspot volcanism at and around TdC
include convective processes in the shallow mantle, possibly a consequence
of the South Atlantic opening, and faulting and fracturing of the oceanic
lithosphere (e.g., Foulger and Natland, 2003; Fairhead and Wilson, 2005;
Anderson, 2005). Other models (e.g., O’Connor et al., 2012; O’Connor
and Jokat, 2015), while adopting the idea of a deep-sourced mantle
plume, emphasize the relative motion between the African plate and the
Tristan-Gough mantle plume since the opening of the South Atlantic. It
has also been suggested that the origin of TdC could be controlled by the
interaction between the African superplume and surrounding depleted mantle
(Rohde et al., 2013a), or by the interaction of a plume with the MAR (e.g.,
Gassmöller et al., 2016).

Until recently, the seismic-station coverage of the South Atlantic, including
the TdC region, was very sparse. Regional shear wave velocity (VS) models
derived from global observations of surface and shear waves (Fig. 4.1 panel
(b)) show an anomalous region with low upper mantle velocities close to
TdC (e.g., Zhang and Tanimoto, 1993; Schaeffer and Lebedev, 2013; Celli
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FIGURE 4.1: a) Topographic map of the South Atlantic region.
The seismic stations deployed in the vicinity of the Tristan da
Cunha (TdC) Hotspot are shown with red triangles. The TdC
Hotspot (the yellow star over the triangles) is located ~450 km
east of the MAR, at the southwestern extremity of the Walvis
Ridge. b) Shear wave speed anomalies at 110 km depth beneath
the South Atlantic region, according to waveform tomography
of Celli et al. (2016). The two stars indicate the position of the
TdC and Gough hotspots. A strong low VS anomaly is located
between TdC and the MAR. Topography and bathymetry are
from the GINA (Lindquist et al., 2004) and ETOPO2 (NOAA,

2006) data sets.

et al., 2016), generally consistent with the hotspot volcanism there being
due to anomalously hot asthenosphere, brought about by a mantle plume.
However, the large-scale models are characterized by strong lateral averaging
in the region and cannot be used to determine the thermal structure of the
lithosphere and asthenosphere beneath TdC and its immediate surroundings.

In 2012–2013, an amphibious seismological and electromagnetic
experiment was carried out in the vicinity of the archipelago (Section 4.2.1),
with the goal of recording regional data that could provide insights into the
regional-scale structure of the upper mantle beneath the area. The new data
have already been used in a number of studies, including receiver-function
analysis (Geissler et al., 2016), petrological analysis (Weit et al., 2016),
magnetotelluric imaging (Baba et al., 2017), P-wave tomography (Schlömer
et al., 2017) and ambient noise tomography (Ryberg et al., 2017). Intriguingly,
the inferences from these studies differed. Schlömer et al. (2017) reported
evidence for an underlying plume, imaging a low P-wave velocity conduit
within the upper mantle, which could be regarded as the top part of a
weak mantle plume. Geissler et al. (2016) measured the thicknesses of the
crust, lithosphere and mantle transition zone using receiver functions and
found no clear indications for the presence of a plume. Weit et al. (2016)
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investigated melt generation and magma transport and storage beneath TdC,
using thermo-barometric measurements, and inferred a mantle potential
temperature (TP) of ~1360◦C for the TdC hotspot; the models proposed were
consistent with a hot upwelling column with its base at around 90 km and its
top at around 60 km. Baba et al. (2017) investigated the electrical conductivity
structure of the upper mantle beneath TdC and did not find evidence of a
distinct plume-like conductor beneath the area.

Key outstanding questions thus remain: is the asthenosphere beneath TdC
anomalously hot, which it should be if the intraplate volcanism is caused by a
hot upwelling (plume) from the deep mantle? Is the asthenosphere as hot as
beneath recognized major hotspots, such as Hawaii? Are the thermal structure
and thickness of the lithosphere beneath TdC anomalous and how do they
compare to those beneath other major hotspots?

More observational evidence on the structure of the
lithosphere-asthenosphere system beneath TdC is required to answer
these questions and, ultimately, establish the origin of the TdC hotspot. In this
paper, we measure phase velocities of Rayleigh surface waves using the data
recorded by the Ocean Bottom Seismometer (OBS) array (Section 4.2.2) and
invert them for the VS distribution with depth using a probabilistic approach
(Section 4.3). The VS structure is sensitive to temperature and composition
and yields new constraints on the thickness of the oceanic lithosphere and
temperature within the asthenosphere. To verify and quantify our results
further, we use computational petrological modelling (Section 4.4) and
derive estimates of the mantle potential temperature, melt content in the
asthenosphere and the thickness of the lithosphere beneath TdC.

4.2 Data and Measurements

Cross-correlation of seismograms from pairs of stations can produce
measurements of the fundamental-mode phase velocities in a very broad
period range (e.g., Meier et al., 2004; Roux et al., 2011; Soomro et al., 2016),
sufficient to constrain VS structure in the entire lithosphere-asthenosphere
depth range (e.g., Lebedev et al., 2006; Ravenna and Lebedev, 2018). Our
ocean-bottom data set, however, presented a number of challenges: low signal
to noise ratios, low data redundancy due to the short term of the deployment
and its remoteness from areas of abundant seismicity, and the (nominal) 60 s
period limit of the wide-band instruments. This required development of
data-processing and measurement approaches different from those tuned for
land-based arrays of stations. Applying these to our data, we assembled a
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FIGURE 4.2: a) Station locations (triangles) and interstation
path coverage (black lines) yielded by our measurements.
White triangles are stations with no data available. b)
Seismic stations and the seafloor age. The highlighted stations
NIG01 and TDC02 are used in the following to illustrate the
measurements (Figs. 4.3 and 4.4). c) Distribution of the events
used to measure phase-velocity curves with the two-station
method for the NIG01-TDC02 station pair; blue dots represent
the events producing accepted measurements, out of all
the events considered (blue and black). d) Distribution of
the events used to measure phase-velocity curves with the
two-station method for all the pairs; blue dots represent
the events used for the final set of accepted measurements.
Topography and bathymetry are from the GINA (Lindquist

et al., 2004) and ETOPO2 (NOAA, 2006) data sets.

large number of carefully selected phase-velocity measurements, and derived
a robust phase-velocity curve that averaged across the TdC area.

4.2.1 Data/Experiment

24 OBS from the German DEPAS pool (Deutscher Geräte-Pool für
Amphibische Seismologie) and 26 ocean-bottom magneto-telluric stations
from GEOMAR Kiel and the University of Tokyo were deployed around the
archipelago of TdC (Geissler, 2014) (Fig. 4.2). The 24 OBS were equipped with
Güralp CMG-40T broadband seismometers (60 s). The network also included
two land stations (installed on Nightingale Island, southwest of the main
island), each of which was equipped with a Guralp-3ESP seismometer (60 s).
One of the stations (NIG01, Fig. 4.2 panel (b)), recorded earthquake data for
the entire year, whereas the second station failed after a few days due to water
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damage. Unfortunately, the permanent station TRIS also recorded very little
data from early 2012 until the end of this experiment. Because the internal
clocks of the OBS work independently for the duration of the experiment,
the drifts of the clocks have to be measured by GPS synchronization
before deployment and after recovery of the instruments. In two cases the
second synchronization failed. We thus used the noise-correlation approach
(Sens-Schönfelder, 2008) to estimate the clock drift for these two instruments.
The data were then corrected for the 2012 leap second, quality-checked
and response-corrected to displacement. Tilt and compliance corrections
were not performed on the data, given that, ultimately, we used only
vertical-component signal at intermediate periods.

4.2.2 Measurements

Phase velocities were measured using a powerful recent implementation of
the interstation cross-correlation method (Meier et al., 2004; Soomro et al.,
2016). For each pair of stations within the array, phase velocities of the
fundamental Rayleigh mode were calculated by means of cross-correlation of
the waveforms of teleseismic earthquake recordings.

In this implementation of the two-station method, the cross-correlation
function is filtered with a frequency-dependent Gaussian bandpass filter, and
then it is windowed in the time domain with a frequency-dependent Gaussian
window centered on the maximum amplitude of the cross-correlation
function. Parts of the cross-correlation signal likely to be due to noise or
correlation between the fundamental mode and other parts of the waveform
(body waves and surface-wave coda) are down-weighted (an example of
phase velocity measurement is shown in Fig. 4.3). The resulting signal is
transformed into the frequency domain and the phase is computed as the
arctangent of the ratio of the imaginary to real part of the Fourier spectrum
(Meier et al., 2004).

We performed our measurements using events from the Global Centroid
Moment Tensor catalogue (Dziewonski et al., 1981; Ekström et al., 2012).
We chose the events with back-azimuth within 20◦ from the station-station
great circle path (GCP) and with a moment magnitude greater than 4.9,
using a distance-dependent magnitude threshold as described in Schaeffer
and Lebedev (2013). Phase velocities were computed from the phase of the
cross-correlation function and the difference between the distances from the
event to each of the stations (hence, the imperfect alignment of the two stations
and the event had no immediate effect on the measurement accuracy).

The high noise level and the limited amount of usable ocean-bottom
data necessitated careful, manual selection of acceptable phase-velocity
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FIGURE 4.3: Example of an interstation, Rayleigh-wave,
phase-velocity measurement for the station pair NIG01 (land)
and TDC02 (ocean-bottom) (Fig. 4.2 panel (b)). a) and b): The
recorded seismograms and the time-frequency representations
of their waveforms. c) The cross-correlation function and
its time-frequency representation. d) Phase-velocity curves
(in blue, including alternative curves resulting from the 2π
ambiguity) plotted together with the reference curve extracted
from the global tomographic model SL2013sv (Schaeffer and
Lebedev, 2013) (dashed black line). The current accepted
segment is shown in red, previous measurements accepted
for the current pair are shown in dark gray, initial average
(computed from the distribution density plot, Fig. 4.5) used as

the regional reference model is shown in green.

FIGURE 4.4: Results of the interactive, cross-correlation 1-event
measurements of phase-velocity curves for the station pair
NIG01-TDC02 (dark gray lines). Reference curves shown are
SL2013sv (computed from Schaeffer and Lebedev (2013)) and
the average regional curve extracted from the distribution

density plot (Fig. 4.5).

measurements for each event. During the interactive measurement procedure,
only smooth portions of phase-velocity curves were accepted. The criteria
used for the selection were based on (1) the smoothness of the dispersion
curve, (2) reasonable closeness to the reference model (exclusion of the
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FIGURE 4.5: Density plot for the stack of automated
preliminary measurements, normalized to the maximum at
each period. The stack was computed using all branches
of possible phase-velocity curves (including those affected
by the 2π ambiguity), for all pairs of stations and for all
automatically selected events. The average curve ("Initial
average") determined from this distribution is shown in green.
This regional reference is substantially different from those
given by the global reference models AK135 (Kennett et al.,
1995) and PREM50 (Dziewonski and Anderson, 1981) and
from that extracted from the tomographic model SL2013sv

(Schaeffer and Lebedev, 2013).

outlier measurements), (3) the length of the selected segments (very short
segments were not accepted), (4) the difference between measurements from
events at opposite directions from the station pair (a systematic inconsistency
– not encountered with measurements with this data set – could indicate
instrumental errors or strong diffraction effects), and (5) the minimum number
of measurements for each frequency (2 measurements at least for each period)
(Soomro et al., 2016). An example of the selection of dispersion curves for a
pair of stations is shown in Fig. 4.4.

The phase velocity estimated from the cross-correlation function has to
be compared with a reference model to eliminate the 2π ambiguity of the
arctangent function and remove outlier measurements (Meier et al., 2004)
(Fig. 4.3 panel (d) shows the array of possible phase velocity curves estimated
from the cross-correlation function in blue). Initially, we tried out, as reference
models, the Preliminary Reference Earth Model (PREM) (Dziewonski and
Anderson, 1981), AK135 (Kennett et al., 1995), both models recomputed at a
reference period of 50 s, and SL2013sv (Schaeffer and Lebedev, 2013) (as this is
a 3-dimensional model, for each pair of stations five points of the model grid
along the path are used in the average, the two end points and three equally
spaced points along the GCP). Neither of these turned out to be suitable,
however, and a more accurate regional reference was required.

An accurate, representative reference model is essential in order to resolve
the 2π ambiguity, especially at shorter periods, in the course of interactive
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FIGURE 4.6: One-event dispersion measurements for all
analyzed station pairs. The average phase velocity curve (red
line) is used for the 1D inversion for VS profile in depth.
We limited the range of this curve to 13.6–46.5 s, where it is
the smoothest, constrained by the most measurements and,

therefore, the most accurate.

phase-velocity measurements. We found a way to extract such an average
regional curve from the data quickly. We ran the automated phase-velocity
measurement routine of Soomro et al. (2016) with loose selection criteria and
marked all event-station pair combinations for which a measurement was
successful for any curve segment. (This initial pre-selection is necessary to
remove random "measurements" from seismograms dominated by noise.) For
all the selected signals, we summed all branches of the entire families of
possible phase velocity curves (with no attempt to resolve the 2π ambiguity)
in the entire 8–250 s period range. This yielded a density distribution plot
(Fig. 4.5) with a stack of all the measurements in the broad period range.
With measurements from different interstation pairs stacked together, the
region-average dispersion curve emerges clearly, with the curves affected by
2π ambiguity cancelling out. The stacking strategy for the extraction of a
reference phase velocity dispersion curve is somewhat similar to that applied
to ambient-noise data by Rawlinson et al. (2014). The maximum values of
the distribution at each period have been used to extract a dispersion curve
that was inverted using a nonlinear Levenberg-Marquardt gradient search
algorithm (e.g., Meier et al., 2004; Lebedev et al., 2006; Erduran et al., 2008;
Agius and Lebedev, 2013; Agius and Lebedev, 2014) for a VS profile. The
synthetic phase-velocity curve computed for this profile (green line in Fig. 4.5)
represents an accurate regional reference model. The best-fitting synthetic
is very similar to the simple stack but is smoother, as is appropriate for a
reference model. Despite being computed using relatively noisy data, the
density plot shown in Fig. 4.5 not only yields a useful reference for the
subsequent case-by-case selection, but also shows that the measurements from
the OBS data set naturally provide mutually consistent information.

We measured interstation phase velocities in a period range from ~8 to
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~250 s, but since the instruments have a corner period of 60 s, only a small
number of measurements (from the largest events) were successful at periods
above 60 s. In order to constrain the lithosphere-asthenosphere structure
beneath the area, we selected the most accurate measurements from all station
pairs and computed a region-average dispersion curve (Fig. 4.6). Generally,
all the single-measurement curves show similar features and almost all of
them lie above the global reference curves and show phase velocities close
to 4 km/s at periods above 12–15 s. The region-average curve was computed
as a simple average of all the single-event measurements. It is the most robust
and accurate in the period range 13.6–46.5 s. The curve in this range (Fig. 4.6)
was inverted for the 1D VS structure beneath the study area using a Markov
chain Monte Carlo (McMC) algorithm (Section 4.3).

Our average dispersion curve (Fig. 4.6) shows a pronounced low-velocity
anomaly at periods above 20 s. Comparing it to the Atlantic-average curves
for 20-52 Ma lithospheric ages from James et al. (2014) (their Figure 5a), we
observe that the curves show similar velocity values in the lithospheric range,
while Tristan da Cunha average shows lower velocities at periods above 40 s
(asthenospheric range). This indicates that the asthenosphere beneath Tristan
is hotter than the Atlantic average for the Tristan-region lithospheric age. It
is also useful to compare our phase velocities with those for the Indian Ocean
from Godfrey et al. (2017); although the range of their overlap is narrow, we
can see that the Indian Ocean dispersion curve for 20-52 Ma (green line in their
Figure 3) and our average for Tristan da Cunha (e.g., Fig. 4.6) are similar. The
20-52 Ma dispersion curve in Godfrey et al. (2017) is probably representative
mostly of the eastern part of the Indian Ocean, with the spreading along the
Southwest Indian Ridge much slower than that along the Southeast Indian
Ridge and, thus, with the area from which the curves are computed greater in
the eastern part of the ocean. The phase-velocity average for the Indian Ocean
thus reflects the rejuvenation of the lithosphere by the Kerguelen hotspot
(Godfrey et al., 2017; Schaeffer and Lebedev, 2015). Our phase velocities at
periods over 40 s, sampling the low velocity zone, are around 4.0 km/s, not
as low as the 3.9 km/s reported for the active-volcanism part of Hawaii by
Laske et al. (2011) (their Figure 4). By contrast, the Hawaii dispersion curve
averaging along a path far from active volcanism (blue path in their Figure 4)
shows velocities higher than in the Tristan da Cunha area.

We also inverted the interstation measurements from the various station
pairs for phase-velocity maps (Lebedev and van der Hilst, 2008; Deschamps
et al., 2008). The inversions showed that seismic-velocity heterogeneity in the
area is relatively weak, which justified our use of a region-average profile
to constrain the thermal structure of TdC. Because the lateral variations are
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relatively small and because the errors of the measurements are larger than in
terrestrial studies using the same methods (e.g., Endrun et al., 2011; Polat et al.,
2012; Pawlak et al., 2012), the variance reductions given by the tomographic
inversions (Fig. C.1) are relatively low. The maps do show interesting lateral
variation in phase velocity; maps for different periods and for stacked period
ranges (computed to highlight the dominant anomalies and reduce artifacts)
are shown, for completeness, in Appendix C (Fig. C.1 and Fig. C.2).

4.3 Probabilistic Inversion for an S-Velocity Profile

We inverted the average Rayleigh-wave, phase-velocity curve for the 1-D
crustal and lithospheric VSV (vertically polarized shear wave speed) structure
using a Markov chain Monte Carlo (McMC) algorithm (Ravenna and
Lebedev, 2018). The algorithm addresses the model non-uniqueness by
directly sampling the parameter space in a Bayesian framework, providing a
quantitative probabilistic measure of the solution space instead of a unique
best-fitting model. The algorithm is also able to address the issue of data
noise estimation by using a Hierarchical Bayesian approach (Bodin et al., 2012;
Bodin et al., 2016), which allows the variance of data noise to be treated as an
unknown in the inversion (Ravenna and Lebedev, 2018).

Both the crustal and mantle structure were inverted for. The a priori
information on the model parameters was expressed in terms of Gaussian
prior probability distributions (characterized by standard deviations of
approximately 400 m/s for the shear-velocity parameters and 2 km for the
Moho depth) centered at values from the reference model. As a reference
crustal model, we used a 4-layered crustal model of the TdC region taken from
CRUST 2.0 (Bassin et al., 2000), with a 3.4 km thick water layer and a Moho
depth of 10.1 km. The reference model for the mantle is a modified version
of AK135 (Kennett et al., 1995), characterized by constant shear velocities
(4.45 km/s) until 220 km depth and linearly increasing shear velocities below
220 km depth. The sampled models were parameterized with ten control
points in the mantle (until 410 km depth) that represented the knots of
piecewise cubic Hermite spline polynomials.

The posterior distribution of the VS profile and the models sampled in
the McMC inversions are shown in Fig. 4.7 panels (a) and (b), respectively.
The posterior distribution comprises an ensemble obtained by merging
the models sampled by four chains of iterations running independently.
The corresponding synthetic phase velocities and the relative misfit to the
measured data are shown in Fig. 4.7 panels (c) and (d), respectively.
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FIGURE 4.7: a) The posterior distribution of the VS profile
with depth. b) The models sampled in the McMC inversions.
The posterior distribution comprises an ensemble obtained by
merging the models sampled by four chains of iterations, each
running independently. c) The corresponding synthetic phase
velocities. d) The relative misfit relative to the measured data.
All curves in b), c), and d) are colored according to the level of
fit to the data. The light-blue line shows the measured phase
velocities used in the inversions. The other curves show phase
velocities computed for the petrological models described in

Section 4.4.

Because of the limited period range of the data, we can expect it to
constrain VS structure down to somewhere in the shallow asthenosphere only.
Fig. 4.7 panel (a) shows that the model is well constrained down to about
120 km depth and is uncertain below. 2The profile displays a clear contrast
between the high-velocity lithosphere, with VS up to 4.6–4.65 km/s, and a
low-velocity asthenosphere, with VS down to 4.1–4.2 km/s. The depth of the
lithosphere-asthenosphere boundary can be estimated at around 65–70 km.

4.4 Petrologically Derived Models

Our inversion of phase velocities yields a probabilistic VS profile and shows
a range of models that fit the surface-wave data. Only some of these models
would be consistent with other available data, in particular the bathymetry
in the region. We now take an alternative approach to the purely seismic
inversion and use the integrated geophysical-petrological software LitMod

2The following text in Bonadio et al. (2018) presents a typographic mistake which has been
corrected here.
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(e.g., Afonso et al., 2008; Fullea et al., 2009) to estimate the thermal structure
of the lithosphere-asthenosphere system consistent with both the seismic data
and bathymetry. We compute a series of models of the lithosphere and the
sublithospheric upper mantle and use them to estimate the range of values
for the lithospheric thickness and the melt fraction and temperature of the
asthenosphere beneath TdC.

The lithospheric geotherm is computed under the assumption of
steady-state heat transfer in the lithospheric mantle, considering a
P-T-dependent thermal conductivity in the mantle and prescribed thermal
parameters in the crust. In the convecting sub-lithospheric mantle, the
geotherm is given by an adiabatic temperature gradient. Between the
lithosphere and the convecting sub-lithospheric mantle, we postulate a
transitional buffer layer, characterized by a continuous linear super-adiabatic
gradient (i.e., heat transfer is controlled by both conduction and convection,
see Fullea et al. (2009) for details). This linear super-adiabatic gradient is
controlled by the assumed temperature at the base of the lithosphere and
sublithospheric mantle potential temperature. Stable mineral assemblages in
the mantle are calculated using a Gibbs free energy minimization as described
by Connolly (2005). Anharmonic seismic velocities are computed as a function
of pressure, temperature and bulk composition in the mantle as described in
Fullea et al. (2012). Melt fractions are computed based on a mantle-peridotitic
dry solidus and liquidus (Katz et al. (2003) and references therein). The effects
of melt on VS and VP are computed according to the two experimental models:
(Hammond and Humphrey, 2000a; Hammond and Humphrey, 2000b) and
Chantel et al. (2016) ("HH" and "Ch", respectively, in the legend in Fig. 4.8).

Introducing melting into our models leads to discontinuous VS and
VP decreases at the onset of even small fractions of melt (<1%). In line
with experimental results suggesting a progressive, VS-decreasing effect of
anelasticity below the solidus temperature (e.g., Yamauchi and Takei, 2016;
Takei, 2017), we implement a linear parameterization to smooth the effect
of melt on anharmonic seismic velocities over a temperature range in the
vicinity of the solidus. We use a homologous temperature Tm defined as the
temperature normalized to the solidus temperature (i.e., Tm = 1 at the solidus)
and define a critical homologous temperature, Tmc, at which the anelasticity
effects are introduced. Within the buffer range Tmc <= Tm < 1 the melt
fraction varies linearly from zero at Tm = Tmc to a threshold melt fraction
at Tm = 1. (We emphasize that the gradient so defined does not represent
actual melt but serves as a smoothing parameter, reflecting pre-melt effects on
the rock aggregate anelastic behaviour.) Slight further smoothing of the VS

profiles is performed using a sliding boxcar window with a 20 km half-width.
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FIGURE 4.8: Six different petrological-geophysical models.
Models 5 and 6 (dark and light green lines) and models 4 and 3
(dark and light purple lines) fit the data, whereas the other two
models (1 and 2, red and blue lines, with the lowest and the
highest VS in the asthenosphere, respectively) do not. The key
differences that set the models apart are the mantle potential
temperature (TP), LAB depth (DepthLAB) and LAB temperature
(TLAB); the values for these parameters are listed in the legend,
top right. a) and b) Shear velocity. The posterior distribution
yielded by the purely seismic inversion is plotted in the
background in Fig. 4.8 panel (b)). c) Anelastic attenuation
factor. d) Temperature. e) A zoom on the geotherms in the
depth range comprising the LAB and the transitional layer
beneath it. f) Phase velocities. g) Phase-velocity misfits yielded
by the models. ~1% melt is present in model 1 from ~85
to ~140 km, in model 3 from ~88 to ~130 km, in model 4
from ~95 to ~122 km; <~0.5% melt is present in model 5 from
~80 to ~117 km; melt is absent in models 2 and 6. "HH"
and "Ch" indicate whether the model has been computed
using, respectively, the parameterization by Hammond and
Humphrey (2000a) and Hammond and Humphrey (2000b) or

Chantel et al. (2016).

In all our models we correct for anelastic attenuation effects as in Fullea et al.
(2012) but we also include melt related variations in the seismic quality factor
(Q) based on the laboratory results by Chantel et al. (2016). Surface elevation
is modeled according to the local isostasy at lithospheric scale as described in
Fullea et al. (2009). The assumed lithospheric mantle composition corresponds
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to an average oceanic peridotite (Fullea et al., 2015). For an exhaustive
technical description of the geotherm construction and model calculation, we
refer the reader to Fullea et al. (2012).

Six selected models with varying degrees of fit to the seismic data are
presented in Fig. 4.8, where we show the profiles of VS, temperature and
attenuation, as well as the observed and synthetic phase velocities and the
phase-velocity misfit. Three key parameters of the models (given in the
legend in the upper right corner) characterize the mantle geotherm: the
mantle potential temperature TP, the lithosphere-asthenosphere boundary
(LAB) depth and the temperature at the LAB.

Four of the models (models 3, 4, 5, and 6 in Fig. 4.8), characterized by TP

in the 1410–1430◦C range and the LAB depth of 65–70 km, fit the seismic data
(Fig. 4.8 panels (f) and (g) and Fig. 4.7 panels (c) and (d)), while also fitting the
observed bathymetry (in the ~3477–3521 m range, compared to 3452±448 m
the observed average across the region). The other two models (1 and 2, red
and blue lines in Fig. 4.8 panels (f) and (g)) fit poorly and show that colder
asthenosphere (lower TP) (model 2, blue line) would result in synthetic phase
velocities at the longer periods being much higher than the data; shallower
or hotter LAB (model 1, red line) would result in phase velocities being lower
than observed.

The well-fitting models are just four of the infinite number of similar
models that would fit the data. The highly non-linear effects of partial melting
contribute to the non-uniqueness of the model.

The purely seismic and petrologically derived models are, overall,
remarkably similar (Fig. 4.8 panel (b)). In the lithosphere, the VS profiles show
a very close agreement. In the shallow asthenosphere, the petrological models
that yield VS profiles at the edges of the Monte Carlo-derived distribution do
not fit the data, and only the petrological models with VS profiles within the
distribution band do. The close agreement of the results of the two types of
inversion and modelling (seismic and petrological) is important and validates
our results.

The main difference between the different models is in the smoothness
of the profiles in the upper asthenosphere. While surface wave data
constrain VS tightly in sufficiently broad depth ranges in the lithosphere and
asthenosphere, they are not sensitive to the sharpness of discontinuities or
narrow gradients (e.g., Bartzsch et al., 2011; Lebedev et al., 2013). Thus, the
rough and the smooth models seen in Fig. 4.8 panel (b) can fit the data equally
well. Even though the fine-scale structure of the VS profile in the models
is non-unique, they do confirm our inferences on the lithospheric thickness
from purely seismic inversion and provide useful estimates of the mantle
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FIGURE 4.9: Comparison of our probabilistic shear velocity
profile for the TdC region (gray color scale) with VS profiles
from published models. a) Hawaii ("Hawaii 1", "Hawaii 2",
"Hawaii 3" from Laske et al. (2011)), b) Pacific lithosphere
("4–20 m.y.", "20–52 m.y.", "52–110 m.y." from Nishimura and
Forsyth (1989) and "~700 km from EPR" from Harmon et al.
(2009)). c) and d) Average VS profiles for different seafloor
ages in the Pacific and South Atlantic Oceans, respectively,

according to global tomography (Celli et al., 2016).

temperature (lithospheric and sub-lithospheric), while also demonstrating that
the models are consistent with the observed bathymetry and heat flow.

4.5 Discussion

4.5.1 Comparison With Published VS Profiles

In Fig. 4.9 we compare our region-average VS profile derived through McMC
inversion with published VS profiles for Hawaii (Laske et al., 2011), young
Pacific lithosphere (Nishimura and Forsyth, 1989; Harmon et al., 2009) and the
10, 20, and 30 Ma profiles for the Pacific and South Atlantic Oceans from global
waveform tomography (Celli et al., 2016).

The profiles of Laske et al. (2011) (Fig. 4.9 panel (a)) were obtained with
similar data and methods to the ones used here, i.e. two-station dispersion
measurements using data from an OBS array, with the interstation spacing in
the two experiments comparable (the Hawaii OBS array, however, included
more instruments, and they had a broader period range, including periods
longer than 60 s). The Hawaii profiles of Laske et al. (2011) (Fig. 4.9 panel
(a)) show clearly the rejuvenation of the old Pacific lithosphere by the Hawaii
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hotspot. The measure of the rejuvenation is the difference between the fastest
profile (blue; Pacific lithosphere unaffected by the hotspot) and the slowest
profile (red; Pacific lithosphere affected by the hotspot most recently). In the
lithospheric depth range, shear wave velocities beneath TdC are remarkably
similar to those in the rejuvenated lithosphere beneath Hawaii ("location 1"
in Laske et al. (2011), red curve in Fig. 4.9 panel (a)). Below 80–90 km depth,
however, velocities in the asthenosphere beneath Tristan (4.1–4.2 km/s) are not
as low as the lowest velocities beneath Hawaii (4.0 km/s). This suggests that
the asthenosphere beneath Hawaii is considerably hotter than beneath Tristan
(and, possibly, has more partial melt). The similarity of VS (and, by inference,
temperature) in the lithosphere beneath Tristan and Hawaii is consistent with
the Hawaiian asthenosphere being much hotter. Before the rejuvenation by
the hotspot, the older Pacific lithosphere must have been colder and thicker.
Thus, it had to be reheated by a substantially greater amount than the younger
Atlantic lithosphere beneath Tristan, for the two to have similar lithospheric
geotherms at present.

Our TdC VS profile is similar to the profiles from Nishimura and Forsyth
(1989) for young and intermediate-age (4–20 and 20–52 Ma, respectively)
Pacific lithosphere (Fig. 4.9 panel (b)). In the shallow lithosphere, all the
profiles, including ours and those from Laske et al. (2011) and Nishimura and
Forsyth (1989), agree in that VS reaches around 4.6 km/s. This similarity is
because temperature in the shallow lithosphere, which is close to the surface
and cools quickly after the plate is formed, should be similar for different
lithospheric ages, even though the geotherms for the different ages diverge at
greater depths, in the deep lithosphere-asthenosphere depth range. Because
the profiles of Nishimura and Forsyth (1989) are for isotropic-average VS,
obtained from both Love and Rayleigh wave measurements, whereas our
profile is for VSV, obtained from Rayleigh waves only, we refrain from a
quantitative comparison of the entire profiles, as radial anisotropy could bias
any inferences. Interestingly, the model of Harmon et al. (2009) for a location
around 700 km west from the East Pacific Rise (EPR), with the seafloor age
of around 8 m.y., shows lower VS in the uppermost mantle compared to the
other profiles (Fig. 4.9 panel (b)). This suggests slow cooling of the Pacific
lithosphere at this location. This can be attributed to the proximity of hotspots
a little further west, with the profile located just between the hotspots and the
ridge.

In Fig. 4.9 panels (c) and (d), we compare our Tristan profile with VS profiles
computed as averages for different lithospheric ages within the South Atlantic
and Pacific Oceans, using a global tomographic model (Celli et al., 2016). The
global tomography shows that VSV in the asthenosphere beneath the South
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Atlantic is higher than beneath the Pacific Ocean, on average. Shear velocity in
the asthenosphere beneath the Tristan region, according to the profile obtained
in this study, is lower than the South Atlantic average for the corresponding
age range (10–30 m.y.), obtained from the tomography. This confirms that the
asthenosphere beneath Tristan is anomalously warm.

4.5.2 Estimation of Temperature From VS Profile

An alternative, independent quantitative estimate of the temperature anomaly
beneath TdC can be obtained by using our VS profile and published,
petrologically derived VS-T relationships (e.g., Goes et al., 2012). Converting
seismic information to temperature is complicated by the large number
of variables involved (temperature, pressure, composition, phase, melt
content, water content, attenuation) and by uncertainties in the available
thermodynamic databases. Goes et al. (2012) used three different published
attenuation (Q) models specifically to relate the low velocity anomalies in the
mantle below mid-ocean ridges to temperature anomalies. Taking into account
anharmonic and anaelastic effects of temperature, pressure, composition,
phase and water content, they computed VS profiles for the different Q models,
the first one a model from Behn et al. (2009) based on the results of Faul and
Jackson (2005) and Jackson et al. (2002), the second one an empirical model
from Goes et al. (2000) and van Wijk et al. (2008), and the third one a model
proposed by Yang et al. (2007) (we refer to the models as QF, Qg, and QY,
maintaining the notation from Goes et al. (2012) (e.g. their Figure 4)).

We estimated temperatures using VS-T relationships from Goes et al. (2012)
(e.g., their Figure 4). Assuming σ and 2σ uncertainties on the posterior VS

distribution yielded by our probabilistic inversion, we obtained the ranges of
temperature at 50, 75, and 100 km shown in Table 4.1. The VS-T relationships
were recomputed at a reference period of 50 s (which is the reference period we
use in our inversion). In order to obtain the estimates at 75 km, we interpolated
logarithmically between 50 and 100 km. The resulting temperature values
are also shown in Fig. 4.10, where we compare them with our petrological
models and other models3. At 50 km, QF produces the highest temperature
estimate and QY the lowest; the opposite is true at 100 km. The 2σ error bars
in Fig. 4.10 differ in width because of the different frequency dependence of
the three models. At 50 km depth, all three estimates are close to temperatures
in our petrologically-derived models (green and red lines in Fig. 4.10). At
75 and 100 km, our petrologically derived geotherms are in agreement with
Qg and QY, but not QF. The two attenuation models that are consistent with

3Fig. 4.10 in Bonadio et al. (2018) presents a typographic mistake which has been corrected
here.
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FIGURE 4.10: Synthesis of the key evidence on the
thermal structure of the upper mantle beneath Tristan da
Cunha. a) The lithosphere beneath TdC is underlain by
a pronounced low-velocity zone, indicative of anomalously
warm asthenosphere. However, VS in the TdC asthenosphere
is not as low as beneath Hawaii (Laske et al., 2011), which
suggests that the thermal anomaly beneath TdC is not as
high as that beneath Hawaii. b) The petrologically-derived
models that are consistent with seismic and bathymetry data
(dark/light green and dark/light purple lines – models 5, 6, 4,
and 3 according to the legend at the top right corner in Fig. 4.8)
have the LAB at a depth of 65–70 km, in agreement with
the LAB depths computed from receiver functions (Geissler
et al., 2016) (light green band). These models suggest a mantle
potential temperature TP beneath Tristan of 1410–1430◦C,
higher than the global average (~1337±35◦C (Katsura et al.,
2010)) but lower than at the Hawaii hotspot (~1520–1600◦C,
according to Herzberg and Asimow (2008)). Our estimated
potential temperature for TdC is close to the value computed
for Tristan by Herzberg and Asimow (2008) (~1435◦C, blue
diamond). The coldest and hottest petrological models (dark
blue and dark red, respectively) are not consistent with seismic
data. "HH" and "Ch" indicate if the model have been computed
using the parameterization from Hammond and Humphrey
(2000b) and Hammond and Humphrey (2000b) or Chantel
et al. (2016), respectively (see also the legend in Fig. 4.8).
We also plot the TP recently inferred from thermobaromethry
(Weit et al., 2016) (~1360◦C; orange circle and band). The
temperature estimates from our VS and the VS-T relationships
of Goes et al. (2012) (Table 4.1) are plotted as circles with error
bars. These temperature estimates are computed for three
different attenuation models, all at the depths of 50, 75, and
100 km; they are plotted at slightly different depths (±1 km) for
clarity. The (conservatively broad) geothermal gradient range
used to relate TP and the temperature in the asthenosphere is

[0.4, 0.5] K/km (Katsura et al., 2010).
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TABLE 4.1: Estimation of temperature using our average VS
model and VS-T relationships from Goes et al. (2012) at three
different depths and for three different attenuation models, QF,

Qg, and QY.

Depth (km) Tσ(◦C) T2σ(◦C)

50 QF 1006 ± 41 989 ± 93
Qg 958 ± 47 946 ± 96
QY 866 ± 65 852 ± 141

75 QF 1223 ± 38 1213 ± 79
Qg 1239 ± 52 1230 ± 109
QY 1228 ± 95 1231 ± 190

100 QF 1310 ± 30 1304 ± 63
Qg 1391 ± 48 1384 ± 96
QY 1423 ± 93 1419 ± 195

the petrologically derived geotherms, Qg and QY, are both empirical, the first
one designed to reconcile a wide range of observations and the second one
to fit EPR attenuation (see Goes et al. (2012) for details). QF, in contrast, is a
model based on laboratory results only. (We note that recent experimental
updates from Jackson and Faul (2010) (following Faul and Jackson (2005))
would suggest higher predicted moduli (higher velocity and less attenuation)
at a given temperature.)

4.5.3 Synthesis: thickness of the lithosphere and temperature of the
asthenosphere

We summarize the evidence on the seismic and thermal structures of the
lithosphere-asthenosphere system beneath TdC in Fig. 4.10. In Fig. 4.10 panel
(a), TdC VS probability distribution is compared to a recent VS model for
the rejuvenated lithosphere beneath Hawaii from Laske et al. (2011). Our
model shows a pronounced low-velocity anomaly from ~70 to at least ~120 km
depth with S-wave velocity in the low-velocity zone around 4.1–4.2 km/s,
higher than beneath Hawaii (~4.0 km/s). The Pacific lithosphere beneath
the eastern extremity of the Hawaii chain, where volcanism is now active,
is 90–100 Ma, substantially older than the 10–30 My age of the lithosphere
beneath the TdC region. The similarity of the lithospheric VS profiles from the
two locations thus indicates that the Hawaii hotspot has warmed and thinned
the Pacific lithosphere by a much greater amount (seen in the comparison of
the Hawaii-region profiles in Fig. 4.9 panel (a)) than the Tristan hotspot has the
South Atlantic lithosphere. This is consistent with the asthenosphere beneath
TdC being not nearly as hot as it is beneath Hawaii, as indicated by the higher
VS in the TdC asthenosphere.
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Petrological modeling shows that the seismic and bathymetric data from
the TdC region can be fit by models with a moderately hot mantle, a
melt fraction smaller than 1% and a 65–70 km lithospheric thickness (in
agreement with the purely seismic inversions). Fig. 4.10 panel (b) compares
the well-fitting, petrologically derived geotherms with other estimates for
TdC, with the global average, and with estimates for Hawaii. The
mantle-adiabatic temperature gradient range used to relate the temperatures
in the asthenosphere to the mantle potential temperature TP is 0.4–0.5 K/km
(taken from Katsura et al. (2010)). We also show the lithospheric thickness
inferred from receiver functions (Geissler et al., 2016) and temperature
estimates (Section 4.5.2) from VS profile and VS-T relationships (Goes et al.,
2012).

Our results show that the TdC mantle is warmer than ambient mantle
beneath normal ocean ridges: TP of 1410–1430◦C for Tristan versus
1280–1400◦C (Katsura et al., 2010; Anderson, 2000; Chambers et al., 2005;
Herzberg et al., 2007; Khan et al., 2013; Kuskov et al., 2014) for the ridges.
Our potential temperature estimates are higher than the values calculated
by Dalton et al. (2014) on the MAR for the closest locations to Tristan da
Cunha (1349◦C, 1367◦C, 1393◦C, and 1378◦C at the values of latitude-longitude
[−40,−16], [−38,−17], [−36,−17], and [−35,−15], respectively). This thermal
anomaly is considerably smaller than anomalies beneath some of the other
major hotspots (Hawaii, 1520–1600◦C (Herzberg et al., 2007; Herzberg and
Asimow, 2008; Taposeea et al., 2016); Samoa, ~1525◦C; St. Helena, ~1520◦C
(Herzberg and Asimow, 2008)), but it is in the range of estimates reported
for other hotspots (Iceland, 1435–1455◦C; Azores, 1430–1465◦C; Canaries,
1420–1480◦C (Herzberg and Asimow, 2008)). (The overall higher values
reported by Putirka (2005), Putirka et al. (2007), and Putirka (2008) also show
Hawaii (1687–1722◦C) to be hotter than Iceland (1583–1637◦C).) Our estimated
TP for TdC is close to the value estimated for Tristan by Herzberg and Asimow
(2008) (~1435◦C). The temperature beneath Tristan, according to our models,
is about 50–120◦C higher than the global average value of 1337±35◦C (Katsura
et al., 2010).

4.6 Conclusions

Rayleigh-wave dispersion measurements from OBS data in the Tristan da
Cunha region reveal a 65–70 km thick lithosphere and a pronounced
low-velocity zone beneath 70 km depth, with VS of 4.1–4.2 km/s within
it. Both the probabilistic seismic inversion of the data and petrological
modelling indicate the lithospheric thickness around 65–70 km, which agrees
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with independent estimates from receiver functions (Geissler et al., 2016).
The temperature of the asthenosphere is around 50–120◦C higher than
global average, with a melt fraction smaller than 1%. The mantle potential
temperature TP is estimated at about 1410–1430◦C.

Our observations are consistent with a hot upwelling from the deep mantle
(a mantle plume) beneath the Tristan region, but the excess temperature we
determine is smaller than that reported for some major hotspots such as
Hawaii (100–180◦C), although it is in the range of values reported for Iceland
and some other hotspots. The upwelling beneath TdC may be not as hot as
that beneath Hawaii or, alternatively, the present structure reflects a weaker
upwelling (plume tail) than in the past, when the large igneous provinces
onshore and the prominent hotspot tracks offshore were formed. It is also
possible that the largest thermal anomaly is located at a distance from TdC,
closer to the MAR (Fig. 4.1 panel (b)).
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The main goal of this thesis was to use surface-wave techniques to image,
at regional scale, the lithosphere-asthenosphere systems beneath the British
Isles and the Tristan da Cunha Hotspot in the South Atlantic. These regions
presented important, open Earth-science questions, with both the evolution of
the British Isles and the origin of the TdC Hotspot volcanism being matters
of heated debate. The methodologies we applied to newly available data led
to new insights into the seismic structure of the investigated areas. A number
of challenges, however, needed to be overcome in order to arrive to the new
understanding of the regions.

The making of a 3D shear-velocity model of the British Isles was
facilitated by the availability of abundant, newly collected data, which led
to unprecedentedly dense ray-path coverage of the area. In order to achieve
the highest possible resolution of the imaging, it was necessary to deal with
extreme lateral unevenness of the data sampling and with systematic errors in
the data due to varying quality of the recorded data, geographical variations
in coverage, non-resolved heterogeneities, and wave propagation effects, as
well as possible instrumental errors. In order to achieve the best possible
resolution of the final model, we have developed a tomographic scheme that
allows us to obtain an optimal target resolution of the model at each knot, thus
maximizing the information extracted from the data. The optimal resolution
at each knot of the model grid is obtained after the isolation of the error
of the local phase-velocity curve at the location of the knot. We show that,
due to the systematic data errors and azimuthally uneven data coverage, the
maximum achievable resolution does not scale with data sampling. Some of
the best-sampled locations require relatively high smoothing, with the actual
achievable resolution there not the highest. The optimal phase velocity maps,
with best realistically achievable resolution, were inverted at each knot of the
model grid to produce a 3D VS model of the area.
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The new tomographic results are corroborated by other surface geological
and geophysical observations, including proposed underplate thickness and
denudation, gravity, and thermochronological measurements. The most
striking attribute of the model is a low-velocity anomaly beneath the Irish Sea
and its surroundings (including Wales, Western Scotland, Northern England
and Northern Ireland), which coincides with the area of the Paleogene uplift,
exhumation and intraplate basaltic volcanism.

At shallow depths, Ireland and Scotland show similar seismic velocities,
with clear boundaries between the high velocities beneath well consolidated
blocks and the low velocities in sediment-covered areas. The shear velocity
maps also exhibit, in Ireland, a particularly thick lithosphere beneath the
Iapetus Suture Zone (ISZ), and display a pronounced elongated high-velocity
anomaly stretching W-E approximately along it (especially at around 100-150
km). This may indicate a remnant of the Caledonian Iapetus slab beneath the
ISZ or, alternatively, fragments of thick, Precambrian continental lithosphere
incorporated into the Irish landmass in the course of the Caledonian Orogeny.

Investigating the Tristan da Cunha Hotspot lithosphere-asthenosphere
system required re-tuning of previously established surface-wave techniques,
due to the high level of noise that the data exhibited. The average
Rayleigh-wave dispersion revealed a lithosphere-asthenosphere boundary at
65–70 km, which is in agreement with previous results obtained in the area
by receiver-functions, a methodology more suited to detect discontinuities at
depth. A pronounced low-velocity zone beneath 70 km depth is obtained
using probabilistic inversion and petrological modelling, which provides an
estimate of an excess temperature in the area of 50–120◦C. These observations
are consistent with a hot upwelling from the deep mantle (a mantle plume)
beneath the Tristan region, although the anomaly is not as strong as found in
other major hotspots (e.g., Hawaii).

5.2 Future work

Further developments of many aspects of this work are planned, and are
currently being implemented.

The 3D shear velocity model, produced with the use of the new developed
optimal-resolution tomography scheme, involved a 1D inversion at each
knot of the model grid (Section 2.5.2). The inversion is a non-linear,
Levenberg-Marquardt gradient search (e.g., Meier et al., 2004; Lebedev et al.,
2006; Endrun et al., 2008; Erduran et al., 2008; Agius and Lebedev, 2013; Agius
and Lebedev, 2014; Ravenna and Lebedev, 2018) that computes synthetic
phase velocities at each iteration from shear velocity (VS), compressional
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velocity (VP), density, and attenuation using the forward solver MINEOS
(Masters et al., 2007). The ratio between VS and VP is kept fixed during the
inversion, and density and compressional and shear attenuation factors are
fixed at the reference values, generally from a previously calculated reference
global model (e.g., AK135 (Kennett et al., 1995) or PREM (Dziewonski and
Anderson, 1981)). A new inversion scheme, based on this existing one, is
now under development. In it, VP, density, and compressional and shear
attenuation factors will be not left fixed during the inversion but will be
evaluated, at each iteration, from thermodynamic databases (e.g., Afonso
et al., 2008; Fullea et al., 2009), according to the perturbation of VS. The
new inversion scheme will take into account thermodynamic information
for different tectonic settings (e.g., Schaeffer, 2014) and will produce shear
velocity profiles in which the effects of attenuation are not neglected. This,
along with petrological modeling, will offer new insights on the structure
of the British Isles lithosphere-asthenosphere system, particularly on the
temperature, lithosphere-asthenosphere boundary topography, density and,
possibly, composition.

On-going work is being done on the retrieval of Love wave measurements
through teleseismic two-station cross-correlation. The Love measurements,
together with the Rayleigh measurements, will provide the isotropic-average
seismic velocities beneath the area, relatable to temperature and composition,
and radial anisotropy, indicative of the past and present deformation in the
lithosphere and asthenosphere.

I also aim to validate further the 3D shear-velocity model by means of
resolution tests. I intend to make synthetic tests to investigate in more
detail the behaviour of random and systematic noise in the phase velocity
measurements and how they propagate after inversions for 2D tomographic
maps and shear-velocity and to create lateral-resolution maps and vertical
resolution estimates.

Furthermore, the ambient noise Love- and Rayleigh-wave phase velocity
maps (Chapter 3) will also be used in a joint inversion to constrain the crustal
structure of Ireland along with other geophysical observations, including
magnetic, gravity, and receiver-functions measurements.

An exciting new development of this work is related to the connection
identified between the shear-velocity model and thermochronological studies
(Cogné et al., 2016; Döpke, 2017). The strong correlation between the VS results
and the estimates for the Cenozoic exhumation offers important inferences on
the mechanisms of the uplift and volcanism, which must have been related
to a pronounced thinning of the circum-Irish Sea region’s lithosphere. This
will be the focus of future investigations and should provide a newer, deeper
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understanding of the evolution of the British Isles.
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Appendix A

Appendix to Chapter 2

A.1 Additional vertical cross sections of the 3D VS

model.
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FIGURE A.1: VS vertical cross sections of the model (W–E).

FIGURE A.2: VS vertical cross sections of the model (W–E).
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FIGURE A.3: VS vertical cross sections of the model (NW–SE).

FIGURE A.4: VS vertical cross sections of the model (NW–SE).
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FIGURE A.5: VS vertical cross sections of the model (S–N).

FIGURE A.6: VS vertical cross sections of the model (S–N).
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FIGURE A.7: VS vertical cross sections of the model (SW–NE).

FIGURE A.8: VS vertical cross sections of the model (SW–NE).
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A.2 Additional material for Section 2.5.

Due to the random choice of the relative damping for the 1D shear-velocity
inversion, often the resulting model is unreasonable (unnecessary complex
structures are modeled, or noise is over-fitted) and consistently far from the
rest of the generated models at each grid-knot, such that it can (and it needs
to) be identified as an outlier and should not be used for the reconstruction
of the final 3D model. In order to identify the outliers we have computed
the RMS-misfit for each of the produced synthetics, and plot them together as
in Fig. A.9 (only 5 examples over the 4328 knots are shown). Fig. A.9 shows
that the inversions generally present similar values of RMS-misfit, depending
on the damping level (stronger damping corresponding to bigger RMS-misfit),
except for occasional inversions that show very high RMS-misfit and are easily
identifiable as outliers (simply using a threshold, damping level dependent).
In Fig. A.10, e.g., we show (left vertical panel) some inversions that have been
identified as outliers (they are plot in gray) and will not contribute to the final
results for the 3D VS model.

FIGURE A.9: RMS misfit computed at 5 different locations (as
indicated in the map on the top-left), for the ~600 inversions (50
inversions for each damping applied). These plots were used
to identify outliers inversion and remove them from the final

models.
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FIGURE A.10: Sets of differently damped VS inversions, with
increasing damping from left to right. The curves in gray are
the ones removed from the final models, as they were classified

as outliers due to RMS misfit too high (see also Fig. A.9).
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FIGURE A.11: Weakly regularized inversions to isolate curve
roughness. These inversions do not aim to represent the
real sub-surface, but are only used to isolate the curve
roughness. The RMS Misfit (panels (c) and (d)) computed for
the weakly reguralized inversions at two different sets of grid
knots, in Ireland (top panel) and in Britain (bottom panel),
as indicated by the black dots in the maps. For each grid
knot 39 inversions (panels (e) and (f)), corresponding to 39
tomographic differently smoothed (Si=0,1,2,. . . ,38) 2D maps, are
shown. The RMS misfit relative to the data is shown in panels
(a) and (b). The colors red, green, and blue indicate sets of

inversions obtained from differently smoothed maps.
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Appendix B

Appendix to Chapter 3

This appendix contains the phase velocity maps obtained from ambient noise
cross correlation computed at each period.
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FIGURE B.1: Additional ambient noise ZZ phase velocity maps
(see Chapter 3).
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FIGURE B.2: Additional ambient noise ZZ phase velocity maps
(see Chapter 3).
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FIGURE B.3: Additional ambient noise ZZ phase velocity maps
(see Chapter 3).
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FIGURE B.4: Additional ambient noise ZZ phase velocity maps
(see Chapter 3).
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FIGURE B.5: Additional ambient noise RR phase velocity maps
(see Chapter 3).
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FIGURE B.6: Additional ambient noise RR phase velocity maps
(see Chapter 3).



Appendix B. Appendix to Chapter 3 123

FIGURE B.7: Additional ambient noise RR phase velocity maps
(see Chapter 3).
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FIGURE B.8: Additional ambient noise RR phase velocity maps
(see Chapter 3).
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FIGURE B.9: Additional ambient noise TT phase velocity maps
(see Chapter 3).
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FIGURE B.10: Additional ambient noise TT phase velocity
maps (see Chapter 3).
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FIGURE B.11: Additional ambient noise TT phase velocity
maps (see Chapter 3).
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FIGURE B.12: Additional ambient noise TT phase velocity
maps (see Chapter 3).
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Appendix C

Supporting information for
Chapter 4: Hot upper mantle
beneath the Tristan da Cunha
Hotspot, from probabilistic
Rayleigh-wave inversion and
petrological modeling

1 In Fig. C.1 we show tomographic phase velocity maps at four periods2. The
maps in each row are for the same periods, with the frames on the right
showing the interstation path coverage at the period. Triangles show the
seismic stations, the star indicates the Tristan da Cunha Island. The reference
phase velocity at each period is given below the period value, top right of the
frames on the left. The minimum and maximum deviations from the reference
across the map are given at bottom left, in m/s and in per cent. The color
scale used for all the maps is plotted at the bottom. The maps were computed
with 15% of outlier interstation measurements removed, so as to constrain
the models only with the most mutually consistent data (e.g., Deschamps
et al., 2008; Endrun et al., 2011; Polat et al., 2012). Nevertheless, errors in
the remaining data are still relatively large, whereas the lateral heterogeneity
across the area is weak, as evidenced by the phase-velocity maps. Because of
this, the inversions yield relatively low variance reductions (e.g., 28% at 13 s;
36% at 21 s; 26% at 30 s; 26% at 40 s). In order to reduce the effect of noise
on interpretation, we try out an approach of "stacking" phase-velocity maps in

1The following text is part of the captions in the figures of supporting information in Bonadio
et al. (2018).

2Fig. C.1 in Bonadio et al. (2018) presents a typographic mistake which has been corrected
here.
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ranges of periods (Figure S2).
Fig. C.2 presents "stacks" of phase-velocity maps. Phase-velocity maps were
computed at a 1-s interval within the period ranges indicated and then
averaged, so as to reduce random errors in the maps. The resulting "stacks"
show the same large-scale features as original, period-specific3 ones but with
the small-scale noise removed, to a large extent. The maps at shorter periods
(11–15 s) are sensitive to the oceanic crust and uppermost mantle. We observe
a lower velocities in the NE compared to the SW part of the region. This can
be attributed to the greater water depth in the NE (Figure 4a, 4b) (Rayleigh
waves, especially at shorter periods, are influenced by the 3–4 km thick water
layer). In contrast, low velocities in a ~1-km wide area beneath and around
the active volcanic island are probably mostly due to the thicker crust there;
relatively low seismic velocities in the crust and uppermost mantle may also
play a role. At periods of 16–25 s, Rayleigh waves are mostly sensitive to the
lithospheric mantle (~15–50 km depths). Relatively low velocities are now
seen in the SW part of the region. This pattern, with the relatively low phase
velocities to the south and southwest of Tristan da Cunha, persists at the longer
periods as well. This suggests that the entire mantle lithosphere S-SW of TdC
is warmer than N-NE from it. The phase-velocity contrast between the two
domains is 1.0–1.5%, decreasing with period. The difference can probably be
explained primarily by the lithosphere to the south and southwest of Tristan
being younger than to the north and northwest of it (Figure 4b).

3This text in Bonadio et al. (2018) presents a typographic mistake which has been corrected
here.
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FIGURE C.1: Tomographic phase velocity maps at 13, 21, 30,
and 40 s.
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FIGURE C.2: "Stacks" of phase-velocity maps.
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Abstract. An exciting research project, for example with an
unusual field component, presents a unique opportunity for
education and public engagement (EPE). The adventure as-
pect of the fieldwork and the drive and creativity of the re-
searchers can combine to produce effective, novel EPE ap-
proaches. Engagement with schools, in particular, can have
a profound impact, showing the students how science works
in practice, encouraging them to study science, and broaden-
ing their career perspectives. The project SEA-SEIS (Struc-
ture, Evolution And Seismicity of the Irish offshore, https:
//www.sea-seis.ie, last access: 6 October 2019) kicked off in
2018 with a 3-week expedition on the research vessel (RV)
Celtic Explorer in the North Atlantic. Secondary and primary
school students were invited to participate and help scientists
in the research project, which got the students enthusiasti-
cally engaged. In a nation-wide competition before the ex-
pedition, schools from across Ireland gave names to each of
the seismometers. During the expedition, teachers were in-
vited to sign up for live, ship-to-class video link-ups, and
18 of these were conducted. The follow-up survey showed
that the engagement was not only exciting but encouraged
the students’ interest in science, technology, engineering, and
mathematics (STEM) and STEM-related careers. With most
of the lead presenting scientists on the ship being female,

both girls and boys in the classrooms were presented with
engaging role models. After the expedition, the programme
continued with follow-up, geoscience-themed competitions
(a song-and-rap one for secondary and a drawing one for pri-
mary schools). Many of the programme’s best ideas came
from teachers, who were its key co-creators. The activities
were developed by a diverse team including scientists and
engineers, teachers, a journalist, and a sound artist. The pro-
gramme’s success in engaging and inspiring school students
illustrates the EPE potential of active research projects. The
programme shows how research projects and the researchers
working on them are a rich resource for EPE, highlights the
importance of an EPE team with diverse backgrounds and ex-
pertise, and demonstrates the value of co-creation by the EPE
team, teachers, and school students. It also provides a tem-
plate for a multifaceted EPE programme that school teachers
can use with flexibility, without extra strain on their teach-
ing schedules. The outcomes of an EPE programme coupled
with research projects can include both an increase in the stu-
dents’ interest in STEM and STEM careers and an increase
in the researchers’ interest and proficiency in EPE.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

STEM subjects are recognized by a large majority of peo-
ple in Ireland as essential for the country’s prosperity (SFI,
2015). Yet, most people are not comfortable with STEM, per-
ceiving the subjects as too specialized. Careers in STEM and,
specifically, Earth science do not appear attractive to most
school students, in large part due to the lack of information
on and exposure to them (Neenan and Roche, 2016). Among
specific sections of the public and school students, women’s
and girls’ interest in STEM and careers in STEM is still rel-
atively low, and students in disadvantaged areas have insuf-
ficient resources and role models to motivate their interest in
STEM (SFI, 2015).

These barriers to STEM engagement are not unique to Ire-
land (e.g. Tytler et al., 2008), although in Ireland, in partic-
ular, the public interest in science and the pride in the na-
tional achievements in science have long been well below
those for the arts (Ahlstrom, 2019). The world-class research
performed in Ireland today in many areas of science is some-
thing the country can be proud of and inspired by, adding
to the public interest in STEM in the long term. In a more
immediate and direct sense, however, research projects them-
selves and the researchers who work on them represent a rich
resource for education and public engagement (EPE).

Getting involved in an ongoing research project offers an
appealing gateway to STEM to both school students and
adults. Interactions with researchers reveal them to the pub-
lic as friendly, “normal” people, enthusiastic about their jobs.
These interactions are effective in alleviating the common
stereotype of scientists as isolated, aloof and focussed on ob-
scure or highly specialized experiments. The exposure to real
researchers can thus increase the students’ interest in STEM
and in careers in STEM.

In this paper, we present, as a case study, an EPE pro-
gramme developed around a major research project. Started
by researchers, the programme grew to include school teach-
ers as co-creators and expanded to the national scale. We de-
scribe the best practice developed in the course of the pro-
gramme, draw lessons from its development, discuss some
general inferences, and aim to identify useful templates and
recipes for EPE projects that connect researchers to school
students and to the general public.

2 The SEA-SEIS research project

2.1 Background

About 90 % of the Irish territory is offshore, most of it to
the west of Ireland. Beneath the ocean, spectacular moun-
tains and deep valleys show elevation variations of up to 3–
4 km. There are extinct volcanoes, with remarkable biodiver-
sity on their slopes. Ireland’s largest sedimentary basins are
also here, as are its greatest natural hazards: undersea slope

failures have caused tsunamis in the geologically recent past
(e.g. Salmanidou et al., 2017; Georgiopoulou et al., 2019).

In the project SEA-SEIS (Structure, Evolution And Seis-
micity of the Irish offshore), Earth scientists from the Dublin
Institute for Advanced Studies (DIAS) are investigating the
dynamic processes within the Earth that have shaped the
seafloor and caused intraplate volcanic eruptions in the Irish
offshore and the broader Northeast Atlantic (Lebedev et al.,
2018, 2019a, b; Steinberger et al., 2019). In order to inves-
tigate the structure and flow of the rock within the Earth’s
crust and mantle, 18 seismic stations have been installed at
the bottom of the North Atlantic Ocean. The ocean-bottom
seismometers were deployed from the RV Celtic Explorer
between 17 September and 5 October 2018, to be retrieved
18–20 months later. The network covers the entire Irish off-
shore, with a few sensors also in the UK and Iceland’s waters
(Fig. 1).

This major project represents the first successful attempt
to instrument a large area of the Atlantic Ocean with ocean-
bottom seismometers. It is particularly significant for Ireland,
an island with extensive coastlines and a special place for the
sea in its culture and history. In addition to its pioneering
science, the project also features state-of-the-art technology:
the compact, ocean-bottom seismometers can withstand the
enormous pressure at the bottom of the ocean while record-
ing its tiniest vibrations, as small as nanometres in amplitude.

2.2 The 2018 SEA-SEIS Expedition

The 2018 SEA-SEIS expedition covered over 5000 km in
18 d in the North Atlantic Ocean. Its main purpose was to
install the 18 ocean-bottom seismic stations. It also offered
spectacular EPE opportunities and provided a focus for the
EPE programme that we have developed.

Scientists onboard included the chief scientist
(Sergei Lebedev) and seismology (Raffaele Bonadio,
Janneke I. de Laat, Clara Gómez-García) and geology
(Laura Bérdi) PhD students. The team also included the
engineer who had led the development of the ocean-bottom
seismometers (Arne Schwenk) and an expert technician
from DIAS (Mick Smyth). It also included a journalist
and digital media expert (Daniel Farrell) and a sound artist
(David Stalling). The diversity of the team was its key
strength. All the members joined forces in the technical and
EPE work, which came across clearly to school audiences
onshore.

3 Development of the EPE programme

The programme was initiated by researchers, motivated by
exploratory conversations with school teachers that indicated
that it would be useful and in demand. The activities were
funded primarily by small amounts from research-project
budgets.
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Figure 1. (a) The ocean-bottom seismic stations of the SEA-SEIS network (red circles), named by secondary school students in the
seismometer-naming competition. (b) The locations of the schools across Ireland that suggested the winning names (for an interactive
map, see https://sea-seis.ie/competitions/naming-competition, last access: 6 October 2019).

Starting with the realization that the North Atlantic expe-
dition was simply too good an EPE opportunity to be missed,
the programme grew and expanded through contributions
from researchers and other members of the team onboard the
RV Celtic Explorer and from teachers at secondary and pri-
mary schools. The programme benefited immediately from
synergy with established EPE projects. The Marine Institute,
which operates the RV Celtic Explorer and has its own, long-
running EPE programme (Joyce, 2009; Joyce et al., 2018),
offered berths on the ship to a journalist (Daniel Farrell) and a
sound artist (David Stalling), who then made important con-
tributions to the development of our programme. Some of the
teachers of the Irish Seismology in Schools network (Blake
et al., 2008) participated in the programme and also made
contributions to its development.

We reviewed best practices of previous EPE projects con-
nected to active research and looked for any ideas that could
be applicable to ours. Teacher–scientist collaboration aim-
ing to promote hands-on, inquiry-based science teaching is,
generally, an established approach. In seismology, specifi-
cally, the Princeton Earth Physics Project (PEPP) installed
seismometers in schools across the US for use in teaching
and in science projects (Nolet, 1993; Steinberg et al., 2000;
Phinney, 2002), and a number of seismology-in-schools pro-
grammes operate elsewhere around the world (e.g. Bullen,
1998; Virieux, 2000; Blake et al., 2008; Denton, 2008; Cour-
boulex et al., 2012; Balfour et al., 2014; Zollo et al., 2014;
Tataru et al., 2016). Collaborative teacher–scientist research
projects improve, on the one hand, the scientists’ awareness
of classroom practices and, on the other hand, the teachers’
understanding of scientific research, exposing each group
to the other’s culture and highlighting the advantages of
integrating scientific inquiry into the curriculum (Gosselin

et al., 2003). In the joint scientist–teacher–student research
projects, the participants particularly enjoy being part of au-
thentic research in which they could take initiative and feel
a sense of ownership (Jarrett and Burnley, 2003). Scientist–
educator partnerships can produce new teacher resources and
lesson plans, incorporating cutting-edge research (Madden et
al., 2007).

Recent trends in Earth-science outreach (e.g. Drake et al.,
2014; Tong, 2014) include the use of video projects in the
science classroom (Dengg et al., 2014; Wade and Court-
ney, 2014) and storytelling via diverse media (Barrett et al.,
2014; Moloney and Unger, 2014). Hut et al. (2016) reviewed
the theory of effective geoscience communication through
audio-visual media, with a particular focus on television, and
identified six major themes and challenges: scientist moti-
vation, target audience, narratives and storytelling, jargon
and information transfer, relationship between scientists and
journalists, and stereotypes of scientists among the general
public. Live video has already been used extensively in the
practice of EPE coupled with marine research: ship-to-shore
video events have been performed for a number of years by
the International Ocean Discovery Program (IODP) (Kul-
hanek et al., 2014; IODP, 2019). We were able to use the
idea successfully in our programme, with a specific focus
on ship-to-classroom video link-ups and with our own event
templates (Sect. 3.2).

McAuliffe et al. (2018) reported on the creation of a sci-
ence book for 7–12 year olds. The book showcased the im-
portance of STEM in today’s society and aimed to give the
children their first conceptions of STEM career pathways.
Importantly, children were co-creators in the content devel-
opment, character design, and “try at home” activities of-
fered in the book. As a result, 93 % of parents of partici-
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pating children felt that the children became more interested
in science than they were before. The Irish research exam-
ples used in the book were also found to shift the perception
that major scientific discoveries could only take place abroad
(McAuliffe et al., 2018).

Further insight into the state of the art in the relevant EPE
practice can be gained through direct communication with
the practitioners. Contacting and talking to a lot of people
– teachers, researchers, EPE and communications experts –
was of key importance in the development of the present
programme. Best practical ideas and essential partnerships
emerged from some of these discussions.

Shortly before the start of the North Atlantic expedition, a
press release on the project was circulated by DIAS through
a PR company (Alice PR). This triggered broad coverage of
the project in the national media (https://sea-seis.ie/media,
last access: 6 October 2019), which then helped, to some ex-
tent, to attract schools to the programme. However, it was the
direct contact with schools and announcements through na-
tional networks of teachers and principals that were the most
effective.

3.1 Before the expedition: seismometer-naming
competition

The seismologists among us have a natural tendency to give
their seismic stations names like S01, S02, S03, etc. This is,
indeed, how our offshore sites were referred to at the experi-
ment design stage, when we determined the locations for the
seismometers.

Then, just over 2 weeks before the expedition, we an-
nounced a secondary-school competition to name our seis-
mometers. Two weeks is a short time for a teacher who may
meet their science or geography class only once a week. Hav-
ing more time for the competition would have been beneficial
as more classes would be likely to participate. However, this
was not possible as the expedition started shortly after the
beginning of the academic year.

The competition was advertised through the email list of
the Irish secondary school principals. To kick it off, we
proposed the first name, Brian, ourselves. This was after
Brian Jacob (Senior Professor of Geophysics at DIAS, 1989–
2001), who led the work on the continental nature of the
basins west of Ireland, which resulted in the Irish territory
increasing by about a factor of 10.

A total of 20 schools – 19 across Ireland and 1 in Italy –
participated in the competition. Our appeal for help in an im-
portant research project has generated genuine enthusiasm in
students and got them engaged with the project. The teach-
ers used this to have discussions on geoscience and marine
science, as well as Irish and international Earth scientists
and explorers. Among the winning names (https://sea-seis.
ie/competitions/naming-competition, last access: 6 Octo-
ber 2019), Maude, for example, was named after Maude De-
lap, the Irish marine biologist, Tom – after Thomas Crean,

the Irish seaman and Antarctic explorer, and Charles and
Harry – after the American seismologists Charles Richter and
Harry Hess.

Some teachers used the competition to talk with their stu-
dents about the sea in Irish history and culture. Allód was
named for the ancient Irish god of the sea, and Gráinne –
for Gráinne Ni Mhaille, the “Pirate Queen”, the well-known,
16th-century lord of the Ó Máille dynasty in the west of Ire-
land. Yet another approach was to let the students’ imagina-
tion roam free, giving us names like Eve (for “eavesdropping
on the Earth”), Gill, and Loch Ness Mometer.

Most schools proposed multiple names, and some names
were proposed by more than once school. The SEA-SEIS
researchers at DIAS selected and announced the winning
names prior to the start of the expedition. Apart from the
merit of the names themselves, an additional consideration
was to have as many schools as possible among the win-
ners. With some winning names proposed more than once,
all the schools that submitted entries by the deadline were
among the winners. The students in participating classes –
now well engaged with the project – were particularly in-
terested in how their seismometer would do. Most winning
classes then participated in the live video links to the ship
during the expedition, and the students were keen to see the
videos and photos of the deployment of the seismometer that
they had named.

3.2 “It was like speaking to Indiana Jones!” –
ship-to-class video link-ups

Live ship-to-shore video links had been performed in in-
ternational EPE programmes before ours, in particular by
the International Ocean Discovery Program (IODP) using
RV JOIDES Resolution’s scientific cruises (Kulhanek et al.,
2014; IODP, 2019). Some of the teachers we knew in Ire-
land had participated in these video links and used them to
stimulate their students’ interest in STEM.

Following IODP, we started the video link-ups with an in-
troduction from the ship that set the stage for a question and
answer session with the students in the classroom. In con-
trast to the IODP video events, which, with rare exceptions,
are led by educators (Kulhanek et al., 2014), all our video
links were led by PhD students onboard. We also had to de-
velop our own template for live video events. Because the
weather during our expedition was mostly stormy – which is
often the case in the North Atlantic, – the initially planned
live tours of the ship, as performed on RV JOIDES Res-
olution’s scientific cruises (Kulhanek et al., 2014), would
have been dangerous for the presenters and had to be aban-
doned. Instead, we started each session with a brief greeting
by a PhD student, acting as the main host on-board, from
outside on the deck. This was followed by an 8 min pre-
recorded video with an introduction to the project and team
(https://doi.org/10.5446/43586) and short videos and photos
of the seismometer deployments.
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Figure 2. Live, ship-to-classroom video link-ups started with a brief introduction of the project and the team and continued with a 20–70 min
Q&A session.

With the Marine Institute’s assistance, we had secured,
in advance and at an additional cost, a dedicated satellite
broadband connection from the ship. Following RV JOIDES
Resolution’s EPE programme’s example, we used the video-
conferencing software Zoom (https://www.zoom.us, last ac-
cess: 6 October 2019). During the video links, all non-
essential internet activity on the ship was turned off. With
all of that, the connection was of surprisingly high quality.
Nevertheless, every video event also included our colleagues
at DIAS as the third party in the video conference – and the
co-hosts at the “DIAS HQ”. They would greet the school au-
dience at the beginning of the live stream and broadcast the
pre-recorded videos using their reliable broadband connec-
tion. They were also ready to step in if the connection from
the ship deteriorated, which happened once, towards the end
of a video link, when the ship moved out of the area of the
satellite’s coverage.

After the introduction to the project, the science, and the
team, the students were invited to ask questions (Fig. 2). Prior
to the video link, they were asked by their teachers to think
of some. Most questions that were asked related to the life on
the ship, to the project (its goals, hypotheses and methods),
to Earth science (earthquakes, volcanoes, tsunamis and other
natural hazards; plate tectonics and dynamics of the Earth
interior), to the equipment (how it works and how it was de-
veloped), to what scientists do in their jobs, and to how one
becomes a scientist. The Q&A sessions lasted between 20
and 70 min, depending on how much time the classes had
and on our schedule.

Because of the limited number of video link-ups that
could realistically be performed, invitations were sent only to

the participants of the seismometer-naming competition (20,
over half of them then requesting a slot) and to the mem-
bers of the Irish Seismology in Schools network (Blake et
al., 2008), operated by DIAS (45, a few of them requesting
a slot). We were able to schedule and perform a video link
with every teacher who asked for one.

In total, 18 video link-ups were carried out. The classes
were in schools all around Ireland, and there was one con-
nection to a school in Italy – reported on by a regional TV
station (https://youtu.be/1vBFLKV8nG0, last access: 6 Oc-
tober 2019). In some schools, we talked to a large class or to
two classes in the same room, sometimes with students sit-
ting on the floor in the isles. On Tory Island, County Donegal,
there were only five students in the room, but that was 100 %
of the students in this secondary school – and on this island.
For remote schools, the video-link format opens new possi-
bilities and makes it much easier to arrange interactions of
school students with STEM practitioners.

Most presenters on the ship and at DIAS were female.
This offered opportunities to all-girl classes and girls in co-
educational schools to connect to and identify with their own
role models among the scientists.

Both female and male students were clearly excited to
chat with scientists and engineers on a ship in the middle
of the North Atlantic. According to the teachers, their stu-
dents would then tell the entire school as well as their parents
of this experience, which further broadened the reach of the
event. “It was like speaking to Indiana Jones!” was how the
students of Lycée Français d’Irlande, Dublin, summarized it.

Some teachers used the engagement with researchers to
accompany special Earth science projects, conducted prior
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Figure 3. Live, ship-to-classroom video link-ups with different schools in Ireland and Italy.

to the video link (Fig. 3). Other teachers spent only one or
two periods on the video link and the discussions before and
after it. Given the already packed curricula, this flexibility
was useful and appreciated by the teachers. The video links
provided a “low-cost, high-impact” activity, inspiring the stu-
dents and encouraging their interest in STEM and STEM ca-
reers but not putting excessive strain on the teachers’ sched-
ules.

3.3 Drawing competition for primary schools

The SEA-SEIS Drawing Competition for Primary Schools
ran from October to December 2018. It was advertised on the
SEA-SEIS website and in InTouch, the Irish National Teach-
ers’ Organisation’s monthly magazine (InTouch, 2018).

We invited the students to draw one of our friendly, adven-
turous seismometers. Noting the primary school children’s
concern for the seismometers (Will they be scared at the bot-
tom of the sea, all alone?), we made sure that the competition
announcement mentioned that diving deep into the sea was
the seismometers’ favourite thing to do. The announced eval-
uation criteria included relevance, artistic merit, and original-
ity.

We received nearly 70 entries in total (https://sea-seis.ie/
sea-seis-art-18, last access: 6 October 2019). Most of these
came from two schools in different counties in Ireland and
two classes in the same school in Italy. The remainder came
from a few other schools in Ireland.

Because this was a primary-school competition, we
awarded a prize to every student who sent us a drawing. The
prize was the 2019–2020 SEA-SEIS Calendar, featuring the
art by the students (Fig. 4). Every drawing was printed in the

calendar, with the ones ranked highest by the SEA-SEIS re-
searcher jury printed on a full page, and the others a few per
page.

The feedback from the participating teachers and students
indicated that the competition was enjoyable and increased
the students’ interest in STEM (see Sect. 4). The number
of schools who entered, however, was relatively small. This
was, in part, because primary schools already have their own
art competitions and may feel they are already busy enough
with those. In order to increase the participation in the fu-
ture, it will be useful to communicate to schools more ex-
plicitly how the competition can raise the students’ interest
in STEM and also mention that every valid entry will win a
prize, which we had not done in this case.

3.4 Song and rap competition for secondary schools

The SEA-SEIS Song and Rap Competition for Secondary
Schools ran from October to December 2018. It was ad-
vertised on the SEA-SEIS website and through teacher net-
works. We invited the students to compose and record a song
or a rap on a topic related to seismology, the SEA-SEIS Ex-
pedition, Earth science, or exploration of the interior of the
Earth. For information, we directed the students to the project
website, to video link-ups with the ship if their class partic-
ipated, and to further reading. Entries from entire classes or
smaller groups of students were accepted. The evaluation cri-
teria included relevance, scientific insight and accuracy, artis-
tic merit, and originality.

The competition received excellent entries – creative,
imaginative, artistic, and with a variety of original takes
on Earth science and seismology at sea (https://sea-seis.ie/
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Figure 4. Participants of the Primary School Drawing Competition with their prizes, calendars featuring their art. (a) The 2019–2020
calendar. (b) Students at Istituto Comprensivo Don Lorenzo Milani, Lamezia Terme, Italy. (c, d) Students at Abbeyleix South National
School, Abbeyleix, County Laois, Ireland.

sea-seis-rap-18, last access: 6 October 2019). The compe-
tition Grand Prize was shared by two top entries. Runners-
up were distinguished by the jury of SEA-SEIS researchers
with Special Mentions. The Grand Prize winning groups
received the SEA-SEIS/DIAS-branded flash drives (16 GB,
waterproof to 100 m depth), one for each student in the group
and one for their teacher. These were appreciated by all the
recipients (Fig. 5). Classes contributing entries that received
Special Prizes and Special Mentions received inspirational
science books and four-colour SEA-SEIS-branded pens, also
successful as prizes.

One of the teacher authors of this paper (Céline Tirel) of-
fered the production of a competition entry as a graded Tech-
nology project to one of her classes. This was a successful
and effective approach, with the production of an entry com-
prising research on the science, creation of the piece, record-
ing, and preparation of a report.

It was clear from the entries that many students made an
effort to research the subject and learn more of the science.
Others, however, seemed less interested to learn, and some
succeeded in creating impressive entries in spite of that. At
one end of the spectrum, one of the winning compositions
referred to most SEA-SEIS seismometers by their names,

also with a reference to their location and to what they were
recording on the seafloor, which showed substantial research
on the subject. At the other end, some of the entries showed
little understanding and probably no research behind them.

Drawing a line separating “research” from “no research”,
however, would be difficult. The competition was developed
in order to combine art and science, to get the students to
create science-themed art and to get them more interested
in science. The pieces the students composed and recorded
were free-form, and there were no correct answers they could
insert into in their songs. For this reason, it is not possible
to gauge precisely the amount of research students put into
Earth-science research in the course of this activity.

By the very nature of the art–science approach, it is not
always possible to measure everything. We do draw a les-
son from the first edition of this competition, however: in
its future editions, it will be useful to steer students more
firmly towards learning and towards communicating science
and technology in their pieces.
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Figure 5. Prizes and some of the winners of the geoscience song-and-rap competition for secondary schools. (a) Inspirational science books
went to classes with winning and runner-up groups. (b) One of the two Grand Prize winning groups (Lycée Français d’Irlande, Dublin).
(c) SEA-SEIS-branded, 16 GB flash drives were awarded to every student in the winning groups and to their teachers.

3.5 Ethics

The study complied with the Guidance for developing ethical
research projects involving children (Department of Children
and Youth Affairs, 2012). No personal information on chil-
dren was collected. No interactions of project participants
with children in the participating schools took place, other
than the live video link-ups between the researchers and the
classrooms, which were conducted by the teachers on the
classroom side. The photographs of the children were sup-
plied by the teachers, who confirmed the consent for their
use in the online publication. Data collected in the evaluation
survey of teachers were undertaken in accordance with good
practice. The survey was anonymous by default. Contributors
to this study were under no obligation to become the paper’s
co-authors.

4 Evaluation

Formal evaluations were conducted after all ship-to-
classroom video link-ups, using a SurveyMonkey online sur-
vey. The survey was anonymous by default, but the names of
the school and the teacher could be given as an option. All
teachers that we contacted right after the video link, on the
same day, responded and completed the evaluation form. Of
those contacted 3 d after the video link (once, the ship lost
the internet connection over an entire weekend), half did not
respond.

Overall, the teachers rated the educational activity at 4.7
out of 5, on average. Eighty-six percent reported that the
video link encouraged the students’ interest in science, with
14 % reporting “somewhat encouraged” and none report-
ing “did not encourage”. The respondents also reported that
the video links triggered the students’ curiosity, showed
them that science is part of real life, highlighted the im-
portance of collaborating and broadened their career ideas.
Getting to know scientists as “open, friendly people” im-
pressed the students. For the classes who had participated
in the seismometer-naming competition, the main highlight

was, invariably, seeing the deployment of the seismometer
they had named.

The evaluation relating to the drawing competition was in-
formal, based on the feedback from the primary school teach-
ers and students themselves. The bulk of the feedback came
in the form of 24 thank-you cards from 7–8-year-old students
from Abbeyleix South National School, County Laois, Ire-
land. It was clear that the children were encouraged to write
the cards by their teacher and that the teacher must have men-
tioned a number of things that could be included in the cards.
However, different children opted to include different things
in their text, and the phrasing was their own, different in
different cards. Nearly all the students wrote that they en-
joyed learning about the seismometers and the project, with
some mentioning explicitly that they explained what they had
learned to their parents. All were pleased with their prizes
and happy that everybody got a prize. Some wrote that they
would like to work with the SEA-SEIS researchers in the fu-
ture.

This evidence would not yield robust statistical inferences
(only one class, influenced by their teacher) but, even though
the evidence may be regarded as anecdotal, we consider it en-
couraging and useful. It confirms that young primary school
students are curious about and receptive to the general ideas
of Earth science research and that rewarding every partici-
pant with a prize is an effective approach in primary-school
competitions. It also highlights the key role of an actively
participating teacher and the importance of a teacher network
in order for such a competition to reach a broad, national
scale.

5 Discussion

In this section, we focus on the lessons and recipes provided
by our EPE programme. We discuss the approaches shown to
be particularly important and useful. We also point out what
did not work as expected and why. In addition, we consider
potential next steps towards an expanded, sustainable EPE
programme coupled with Earth-science research projects.
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5.1 Researchers as EPE leaders

Academic researchers are a source of essential STEM ex-
pertise. They also possess genuine enthusiasm for science.
Their potential capacity for EPE resource development and
EPE activities is remarkable: scientists are creative and re-
sourceful, and they have excellent technical and computer
skills. The researchers’ motivation to participate in STEM
activities, however, is not universally high, for a number of
reasons. The incentive structures (assessment criteria) at aca-
demic institutions prioritize research, published in top jour-
nals of the field, as well as service to the institutions, in-
cluding administration and teaching (Lam, 2011; Hillier et
al., 2019). In informal networks of international researchers,
achievements in research are also prioritized. Outreach work
can be dismissed by a colleague with a quick “Ah, it’s not
science”. Misguided as this may be, most researchers have
heard this, and the opinion of the community of peers af-
fects not only their self-esteem but also their employment
and funding opportunities.

For the academics still keen to develop EPE activities, al-
locating time for this can be difficult, especially if this is un-
related to any of their current research projects. Also, even
though most funding agencies encourage EPE, they often do
not provide any funds for it in regular research grants.

Researchers thus tend to leave EPE development to out-
reach specialists and participate in the activities occasionally.
They are often used as presenters in pre-designed EPE ac-
tivities, which gives them opportunities for improving their
communication skills (e.g. Illingworth et al., 2018) – often
not their greatest strength to begin with. However, consis-
tently using researchers for what many of them do not partic-
ularly enjoy or excel at does not, obviously, get the best out
of them, pushing some away altogether.

EPE coupled with active research projects can channel
the academic researchers’ drive and creativity into the de-
velopment of spectacular, novel EPE programmes. Not all
research projects are equally suitable for this, and smaller
projects may lack the scale and personnel. A certain propor-
tion of research projects, however, will always present ex-
cellent opportunities for the development of effective EPE
programmes, led by scientists or by scientists and educators
together. Projects with an exciting field component, in par-
ticular, easily capture the imagination of school students and
engage them, as illustrated by the SEA-SEIS and a number
of other EPE programmes (e.g. Kulhanek et al., 2014; IODP,
2019).

5.2 Team with diverse backgrounds

Our programme benefited greatly from its integration of
practitioners from different disciplines. The team that de-
veloped ideas, produced digital content, and conducted the
EPE activities included Earth scientists, engineers and tech-
nicians, secondary school teachers, a journalist, and a sound

artist. Our teachers (Céline Tirel and Brendan O’Donoghue)
made key contributions to the development of classroom-
activity ideas, from the early stages of the programme plan-
ning. Our journalist and media expert (Daniel Farrell) had
participated in the programme development since before the
expedition and produced a popular blog that covered the ex-
pedition, also professionally maintaining the project’s digi-
tal media presence, increasingly recognized as essential in
science communication (Drake et al., 2014). Together with
our sound artist (David Stalling), they shot and edited on-
board the project-introduction and tour-of-the-ship videos.
The sound artist, whose primary work using the sounds
recorded on the ship will be presented in a month-long show
as part of a major international festival, made sure we were
all heard during the video links, even outside in strong winds.
The engineers and technicians (Arne Schwenk, Mick Smyth,
Louise Collins) presented and explained with authority the
technology aspect of the project. All the team members on-
board the RV Celtic Explorer presented their perspectives on
the project to the school students, conveying the importance
of collaboration and the diversity of backgrounds and skills
that is required by a major science project.

5.3 Students co-creating with scientists

School students were invited to help scientists and made a
real contribution to the project. Their names for the ocean-
bottom stations (Fig. 1) have permanently replaced the tenta-
tive S01, S02, etc. After the data are collected, these names
(abbreviated when required) will remain attached indefinitely
to seismograms in international data repositories. In our two
art competitions, the participants produced pieces that are
now themselves effective tools for education and public en-
gagement.

We found that inviting students to become co-creators gets
them engaged with enthusiasm. They are, then, motivated to
learn more on the project, the scientific hypotheses behind it,
and what the scientists do in the course of the project. Even
though the students do not perform any of the project’s key
technical tasks, co-creation does help to get across the ex-
citement and creative nature of scientific research more ef-
fectively than a pure exchange of information would. This,
in turn, is likely to contribute to increasing the students’ in-
terest in STEM and STEM careers.

5.4 Multifaceted, “low-cost, high-gain” programme

We offered the teachers the flexibility of activities that could
be fit into just one or two periods, used in science and tech-
nology lessons and projects, or integrated into the Earth sci-
ence part of the curriculum, according to their needs at the
time. The different activities were inter-related but indepen-
dent (the naming competition prior to the expedition, live
video link-ups during the expedition, and the song and draw-
ing competitions after the expedition). Some classes partici-
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pated in only one of the activities, others – in two or three,
with the teachers choosing what was the most suitable for
them. The activities were “low-cost” in the sense of the min-
imum required classroom time commitment. Their impact
was “high gain” when compared to the modest amount of
the class-time investment required. The gain is in terms of
encouraging the students’ interest in STEM and STEM ca-
reers, which was achieved thanks to the captivating adven-
ture aspect of the project’s fieldwork, engagement of stu-
dents through co-creation with scientists, and direct, live-
video communications between students and scientists.

5.5 What should be improved and perspectives

Our competitions were, in a sense, experiments. When an-
nouncing them, we could not predict the level of partici-
pation in either of them or their effectiveness in promoting
STEM. The seismometer-naming competition was success-
ful and got the students who participated in it engaged in
the project. The follow-up drawing and song-and-rap com-
petitions produced some excellent entries, but the number of
participating schools was lower than expected. A proportion
of entries to the song-and-rap competition showed little evi-
dence of the students researching either Earth science or the
SEA-SEIS project’s scientific goals.

While successful as a proof of concept, the competi-
tions also highlighted what was missing: an effective net-
work of teachers. We worked closely with a few teachers
and attracted around 30 more from different schools through
project announcements. But many other teachers did not re-
spond to invitations to join our EPE activities, possibly not
finding them sufficiently compelling or sufficiently informa-
tive. Our aim is to help the teachers to get their students
more interested in STEM. In order to do this more effec-
tively and develop our EPE programme further, we would
need to grow an extensive, national-scale teacher network,
offering the teachers continuing professional development,
workshops, and resources.

An expanded, sustainable EPE programme should also of-
fer more activities. Video links can be performed not only
from the ship but from the lab and from other fieldwork lo-
cations. The expanded programme could have joint activi-
ties with multiple research projects and a wider group of re-
searchers associated with them. The programme could also
broaden so as to target adult audiences as well as school
students. Generally, more engagement, co-creation, discus-
sion, and debate are needed in order to get people of all ages
more interested, involved, and comfortable with STEM sub-
jects (SFI, 2015). Using the approaches, lessons, and recipes
from the present programme, this can be addressed through
the work with schools supported by the development of an ef-
fective teacher network, through presenting science through
arts, and through the use of a sophisticated digital platform.
Such expansion of the programme would, however, require
dedicated funding – being sought at the moment.

6 Conclusions

A research project with an exciting field component presents
a unique opportunity for broad public engagement. Educa-
tional activities with schools, in particular, can have a pro-
found, lasting impact, showing the students how science
works, encouraging them to study science, and broaden-
ing their career perspectives. Participation in a real research
project and co-creation with scientists gets the students en-
thusiastically engaged.

The EPE programme presented here as a case study com-
prised of live video link-ups between scientists on a ship
in the North Atlantic and students in classrooms and three
school competitions, before and after the expedition. Survey
responses from the teachers confirmed that the video links
encouraged the students’ interest in STEM. Researchers –
both experienced and early-career – could see the real impact
of the outreach and got involved with enthusiasm and com-
mitment. The outcomes of an educational programme cou-
pled with a research project can thus include both the school
students getting more interested in STEM and STEM careers
and researchers getting more experienced and proficient in
the education and public engagement work.

This case study offers useful lessons and recipes for EPE
programmes coupled with active research projects. First of
all, it highlights how the research projects and the researchers
working on them are a rich resource for EPE. Researchers
can be effective EPE leaders, with the EPE programmes
channelling their drive and creativity into the development
of effective, novel EPE activities.

Secondly, it illustrates the importance of an EPE team with
diverse backgrounds and complementary expertise and skill
sets. In EPE with primary and secondary schools, the most
essential partners are the school teachers and principals. The
development of a network of actively engaged teachers is a
prerequisite of successful EPE with schools and should, if
possible, be initiated at the earliest stages of the programme.
Beyond that, our programme capitalized on contributions of
not only scientists and teachers, but also engineers and tech-
nicians and a sound artist. An effective national media cam-
paign around the start of the SEA-SEIS Expedition and EPE
programme was orchestrated by our communication man-
ager, working with a partner PR firm. Our digital media pres-
ence was maintained primarily by the team’s digital journal-
ist, his expertise increasing its effectiveness greatly.

Thirdly, the programme demonstrates the value of co-
creation by the EPE team, teachers, and school students.
Close collaboration with the teachers was essential in plan-
ning and developing the programme activities. Getting the
school students to co-create with scientists in the course of
the school competitions got them engaged and genuinely in-
terested.

Finally, our project can be seen as a template for a mul-
tifaceted, “low-cost, high-gain” EPE programme. Recogniz-
ing that the school curricula are already packed, making it
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difficult for teachers to allocate a lot of time to extra mate-
rial, we offered them the flexibility of activities that could be
fit into just one or two periods or integrated into the Earth
science part of the curriculum, according to their needs at
the time. We offered a series of different, inter-related but
independent activities (the naming competition prior to the
expedition, live video events during the expedition, and the
song and drawing competitions after the expedition). Some
classes participated in only one of the activities, others in two
or three, with the teachers choosing which was the most suit-
able for them. In the sense of the minimum required class-
room time commitment, the activities were low-cost. The
high gain, relative to the amount of class-time investment
and in terms of increasing the students’ interest in STEM
and STEM careers, is achieved thanks to the captivating ad-
venture aspect of the project’s fieldwork, engagement of stu-
dents through co-creation with scientists, and direct, live-
video communications between students and scientists.

Data availability. The evaluation survey data are provided in the
Supplement.

Video supplement. In our three video supplements, we present

– an 8 min introductory video created for our ship-to-classroom
video link-ups (https://doi.org/10.5446/43586; Farrell and
Stalling, 2018);

– a light-hearted but informative account of instrument deploy-
ments in rough weather – an example of the presentation of
an aspect of the project to a broad audience (https://youtu.be/
i2lmBIpcgfI, Bonadio and Lebedev, 2019a);

– an entertaining compilation of selected images and sounds
from our competitions for the primary and secondary schools
(https://doi.org/10.5446/43587; Bonadio and Lebedev, 2019b).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/gc-2-143-2019-supplement.
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A B S T R A C T

Cape Verde is an intraplate archipelago located in the Atlantic Ocean about 560 km west of Senegal, on an ∼
130 Ma old oceanic lithosphere. The upper-mantle structure beneath the islands was poorly known, until re-
cently, in large part due to the lack of broadband seismic stations. In this study we used data from two temporary
deployments across the archipelago, measuring the phase velocities of Rayleigh-waves fundamental-modes in a
broad period range (8–250 s), by cross-correlating teleseismic earthquake data between pairs of stations. We
derived a robust average, phase-velocity curve for the Cape Verde region, and inverted it for a shear-wave
velocity profile. Our results show significantly low velocities of ∼ 4.2 km/s in the asthenosphere, indicating the
presence of anomalously high temperatures and, eventually, partial melting. The temperature anomaly is
probably responsible for the thermal rejuvenation of the lithosphere to an effective age as young as about 30 Ma,
which we infer from the comparison of seismic velocities beneath Cape Verde archipelago and those re-
presentative of different ages in the Central Atlantic. The anomalously high temperature in the asthenosphere,
together with previously published evidence on low seismic velocities in the lower mantle and relatively He-
unradiogenic isotopic ratios, suggests a hot plume, rooted deep in the lower mantle, as the origin of the Cape
Verde hotspot.

1. Introduction

Most of the mass transfer between the Earth’s mantle and crust
occurs at plate boundaries. A conspicuous exception, albeit with much
smaller volumes, is the intraplate basaltic magmatism, often associated
with significant swells, as in the case of the Hawaii and Cape Verde
archipelagos (e.g. Phipps Morgan et al., 1995; Crough, 1982; Laske
et al., 2011). This intraplate magmatism has been attributed to hotspots
in the upper asthenosphere, as first proposed by Wilson (1963), and
then ascribed in their origin to hot mantle plumes (Morgan, 1971).
Alternative models for such magmatism include the existence in the
asthenosphere of wet spots, as hypothesized for the specific case of the
Azores (e.g. Bonatti, 1990; Asimow et al., 2004), or the passive re-
sponse of the asthenosphere to lithospheric breakup (e.g. Anderson,
2000; Lustrino and Anderson, 2015).

The Cape Verde intraplate archipelago is located on the Nubian

Plate in the eastern Central Atlantic, approximately 560 km away from
the African coast (Fig. 1a), where the age of the oceanic crust ranges
between 115 and 140 Ma. The last eruption occurred in 2014–2015 at
Fogo volcano, the latest in a period of ca 26 Ma of sub-aerial or shallow
water volcanism, responsible for the emergence of the islands (e.g.
Mata et al., 2017 and references therein). The archipelago is composed
of nine inhabited islands and some islets, situated on top of a large
topographic anomaly known as the Cape Verde Rise (∼ 1200 km in
diameter; up to ∼ 2000 m high), considered the largest oceanic in-
traplate bathymetric anomaly (e.g. Parsons and Sclater, 1977;
Monnereau and Cazenave, 1990).

Cape Verde has been included in most hotspot catalogues (e.g.
Courtillot et al., 2003; Boschi et al., 2007; King and Adam, 2014).
Large-scale tomographic studies have shown low-velocity anomalies in
the lower mantle consistent with the Cape Verde magmatism being the
result of a mantle plume anchored in the deep mantle (e.g. Montelli
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et al., 2006; Forte et al., 2010; Liu and Zhao, 2014; French and
Romanowicz, 2015). However, the lack of resolution of such studies at
local and regional scales, in particular at upper-mantle depths, has left
the existence of a plume beneath Cape Verde still in doubt. The origin of
magmatism in Cape Verde is debated and models invoking mantle
plumes (e.g. Montelli et al., 2006; Liu and Zhao, 2014) and, alter-
natively, edge-driven convection (e.g. King and Ritsema, 2000; King,
2007) have been proposed. Regional shear-wave velocity (Vs) models
obtained from global observations of surface and shear waves (Fig. 1b)
display low asthenospheric velocities beneath the Cape Verde region
(e.g. Schaeffer and Lebedev, 2015; Celli et al., 2019) suggesting an
anomalously hot asthenosphere compatible with both the above-men-
tioned models. However, the amplitude and depth extent of the
anomaly remains uncertain. In an alternative interpretation, Patriat and
Labails (2006) argued that the continuous morphological basement
ridge between the archipelagos of Canary and Cape Verde and the si-
multaneous geological events, at both, may indicate a causal link be-
tween lithospheric deformation events and the origin of magmatism.

Before the XXI Century, the seismic-station coverage in Cape Verde
was poor, with only one permanent station belonging to the Global
Seismographic Network (GSN) installed at the island of Santiago
(SACV). A network of seven broadband stations was then deployed from
2002 to 2004 (Lodge and Hellfrich, 2006). More recently, in 2007,
another temporary network of 38 stations was deployed for ten months.
The 2002–2004 data from the seven stations network has already been
used in receiver functions studies (Lodge and Hellfrich, 2006; Hellfrich
et al., 2010) and P and S wave tomography (Liu and Zhao, 2014).
Vinnik et al. (2012) presented the results obtained through the joint
analysis of PS and SP receiver functions using both networks. However,
there is still no agreement on the inferences from these studies.

In order to better constrain the Earth’s lithosphere and sublitho-
spheric mantle beneath Cape Verde, we measured Rayleigh-wave phase
velocities using an elaborate implementation of the two-station method
that can produce measurements in very broad period ranges (Meier
et al., 2004). This method overcomes some limitations ascribed to
traditional passive methods (e.g.: source-receiver geometry and/or
sparse and irregular seismicity distribution) and allows imaging the
local lithospheric structure underneath Cape Verde. We then inverted

the average regional phase velocities for the Vs distribution with depth
using a non-linear gradient-search algorithm. The Vs profile con-
strained by our broadband dispersion data provides valuable new in-
sights on the structure of the lithosphere and asthenosphere beneath
Cape Verde.

2. Seismic data and phase-velocity measurements

2.1. Seismic network and pre-processing

We processed data records from seven temporary broadband Guralp
3 Ts (120 s) stations deployed from 2002 to 2004 (Lodge and Hellfrich,
2006) and 38 stations equipped with Earth Data PR6-24 data loggers
and Guralp CMG-3ESP (60 s) seismometers (Vinnik et al., 2012;
Carvalho et al., 2019), recording continuously from December 2007 to
September 2008 (Fig. 2).

The challenges presented by our data included: 1) the high level of
ambient noise, which limited the number of successful measurements;
2) remoteness of Cape Verde from the seismically active areas (Vales
et al., 2014); and 3) the unevenness of the station-to-station path cov-
erage, due to the distribution of the islands and the absence of ocean
bottom seismometers (Fig. 2). In order to perform accurate phase-ve-
locity measurements and obtain a robust average phase-velocity curve
for Cape Verde, while meeting these challenges, we applied processing
steps developed explicitly for our dataset. For each station pair, we
chose teleseismic earthquakes with less than ten-degree angles between
station-station and the event-station great circle paths. Subject to this
criterion, all the events from the global CMT catalogue (Ekström et al.,
2012) with moment magnitudes higher than 4.2 were considered.

2.2. Phase-velocity measurements

Phase velocities were measured through a recent implementation of
the two-station method (Meier et al., 2004; Soomro et al., 2015). For
each station pair, the teleseismic earthquake recordings were cross-
correlated, and the dispersion curves of fundamental-mode Rayleigh
waves were calculated from the phase of the cross-correlation functions
weighted in the time-frequency plane. To overcome the effect of other

Fig. 1. (a) Topographic map of the Central Atlantic region. A red circle marks the location of Cape Verde, 560 km west of Africa. (b) Shear wave speed anomalies at
150 km depth beneath the region, according to the waveform tomography of Celli et al. (2019). A strong low velocity (Vs) anomaly can be observed beneath the Cape
Verde region (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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signals, such as higher-modes and scattered fundamental-mode arrivals,
the cross-correlation function was filtered with a frequency-dependent
Gaussian band-pass filter and windowed in the time domain, enhancing
the signal-to-noise ratio (Meier et al., 2004).

The selection of the dispersion curves was performed manually, in
an interactive procedure based on some criteria including the
smoothness and length of the dispersion curve and its deviation from a
reference one (Soomro et al., 2015). The number of measurements for
each frequency is also important whereby a minimum of two mea-
surements was established. However, for some station pairs, even this
number was not achieved, given the relatively short operation time of
most of the stations (9A network). We thus computed more robust,
"inter-island" dispersion curves, by gathering all the station-station
paths between the same two islands and computing the average of all
the phase-velocity measurements at each frequency. For the purpose of
this study, each island is now represented by a single virtual station,
located at a geographical midpoint. Fig. 3 represents the final ray

distribution as well as each virtual station.
To remove the 2π ambiguity of the arctangent function and to

eliminate outliers, a reference dispersion curve was required. We tested
AK135 as a reference curve (Kennett et al., 1995) but a more accurate
and regional model was needed. The automated phase-velocity mea-
surement routine of Soomro et al. (2015) allowed us to obtain a pre-
liminary selection of all possible phase-velocity curves in the entire
period range, applying loose selection criteria and discarding only the
curves from seismograms dominated by noise. The selected measure-
ments were stacked together in the broad period range, resulting in a
density distribution plot (Fig. 4a). From the maximum values of the
distribution at each period, a dispersion curve was then extracted and
used as reference curve in the following definitive, interactive selection
of measurements (Bonadio et al., 2018).

We measured the inter-station phase velocities in a broad period
range (8–250 s). Long-period measurements were obtained only with
data from true-broadband sensors (YW network). To constrain the li-
thosphere and upper-mantle structure beneath the Cape Verde area, we
performed a strict selection of the most accurate measurements from all
the station pairs and computed the average dispersion curve for entire
Cape Verde region. Only a small number of measurements were suc-
cessfully measured with cross-correlation at periods longer than 120 s.
We thus complemented them with phase velocities measured using
waveform inversion (e.g. Lebedev et al., 2006) and merged the mea-
surements of both types to obtain our average curve. The curves from
the cross-correlation and waveform-inversion measurements are in very
good agreement for the intermediate range of periods, indicating that
merging them is a robust procedure (Lebedev et al., 2006) (Fig. 4b).
Fig. 5 shows the final average dispersion curve (red line), plotted to-
gether with the individual dispersion curves (dark grey).

The average dispersion measurements from "inter-island" pairs were
also inverted to phase-velocity maps at different periods. We used the
LSQR algorithm (Paige and Saunders, 1982) with lateral smoothing and
slight norm damping, as described by Lebedev and Van Der Hilst
(2008). We performed several inversion tests using different para-
metrization and regularization coefficients, in order to identify the
optimal achievable resolution for the maps. We also applied an outlier
removal procedure to the data, removing the 15% of the data with
largest misfits (Lebedev and Van Der Hilst, 2008; Endrun et al., 2011),
likely presenting the largest measurement errors. The phase-velocity
maps (Supplementary material Fig. A1) show weak regional-scale

Fig. 2. Left: Seismic network (red triangles - 9A network (2007–2008); yellow triangles - YW network (2002–2004)) and station-to-station path coverage (black
lines). Right: Seismic network and seafloor age isochrons (Müller et al., 2008) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

Fig. 3. Virtual seismic stations (red triangles) and final ray path distribution
(black lines) (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).
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heterogeneities across the area. This shows that an inversion of a re-
gion-average, phase-velocity curve should produce a meaningful, re-
gion-average Vs profile characterizing the upper mantle structure be-
neath Cape Verde.

We compared our results with the Atlantic Rayleigh-wave phase
velocities averaged for different lithospheric ages (James et al., 2014).
The comparison, displayed in Fig. 6, reveals that the Cape Verde phase-
velocities at periods longer than 40 s (frequencies lower than ∼
0.025 Hz, sampling the lithosphere and asthenosphere) are lower than
the Atlantic average for a lithosphere older than 20 Ma. This suggests
that the lithosphere was effectively reset to a younger age and the
asthenosphere beneath the Cape Verde region is hotter than average.

3. Average shear-wave velocity structure

We inverted the average, fundamental-mode, Rayleigh-wave dis-
persion curve to obtain a 1D Vsv (vertically polarized shear wave
speed) profile using a non-linear, Levenberg-Marquardt (damped least-
squares), gradient-search algorithm (e.g. Meier et al., 2004; Agius and
Lebedev, 2014) . Our initial model is similar to that used by Bonadio
et al. (2018): a four-layered model for the crust, taken from CRUST 2.0
(Bassin et al., 2000), followed in the mantle by a modified version of
AK135 (Kennett et al., 1995). The chosen reference model is char-
acterized by constant shear-wave velocities (4.45 km/s) from the Moho
down to 220 km depth and with linearly increasing shear-wave velo-
cities below that depth. The shear Q profile is from AK135. The in-
version is parameterized, from the surface to the uppermost lower
mantle, using boxcar basis functions for the crustal layers and triangle
basis functions for the mantle. The Moho discontinuity depth is also an
inversion parameter, allowed to vary during the inversion computation,
in order to avoid constraining too much the upper mantle, and ob-
taining unreliable velocities, as consequence. We present the inversion
result in Fig. 7a. The observed and synthetic phase-velocities, as well as
the relative data-synthetic misfit, are presented in Fig. 7b and c, re-
spectively.

Considering that we used only the fundamental mode Rayleigh
waves, it is important to understand how well our data can resolve the
low-velocity anomaly at the asthenospheric depths. Fig. A2 of the
supplementary material presents the sensitivity kernels calculated for
different periods, using our initial model. Our model should be well
constrained down to at least 300 km depth.

The most striking feature of our inversion result is a low-velocity
zone, from ∼ 60 to∼ 210 km depth, with a minimum velocity of about
4.2 km/s. At 280–350 km, S-wave velocity is indistinguishable from
that in the reference model.

4. Discussion

4.1. Vs evidence of a rejuvenated lithosphere

An average S-wave velocity profile, for the region of the Cape Verde
archipelago is shown on Fig. 7a, depicting a Vs decrease from ∼
4.6 km/s to about 4.2 km/s. The asthenosphere extends down to about
210 km.

The seafloor depth is normally determined by the isostatic equili-
brium of the oceanic plate. It depends on the plate's density and
thickness, which usually increase with the plate's age, the oceanic li-
thosphere getting colder and thicker with time. The lithosphere-asthe-
nosphere boundary (LAB) can be defined by an isotherm, which dee-
pens as the plate ages and moves away from the mid-ocean ridge. The

Fig. 4. a) Density distribution plot for the stack of automated preliminary
measurements, normalized to the maximum at each period. The regional re-
ference curve is substantially different from the global reference curves AK135
(yellow dashed line) (Kennett et al., 1995) and PREM (green dashed line)
(Dziewonski and Anderson, 1981), and also from the PA5 model for the Pacific
(blue dashed line) (Gaherty et al., 1996). b) Dispersion curves obtained from all
the station pairs, evincing the good match between short-period (grey) and
long-period (black) measurements. The green curve represents the average
curve calculated through the waveform inversion, complementing the cross-
correlation measurements (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.).

Fig. 5. Average phase-velocity curve (red line) obtained from the smoother
dispersion curves (dark grey), used for the 1D inversion for Vs profile in depth.
A loose selection is represented in pale grey (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.).

Fig. 6. Comparison of Cape Verde-region average dispersion curve (black line)
with the Atlantic Rayleigh-wave phase velocities averaged for different litho-
spheric ages (James et al., 2014) (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.).
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thickening becomes approximately asymptotic for ages above ap-
proximately 70 Ma according to most of lithospheric cooling models
(see Stein and Stein, 1992; Mckenzie et al., 2005; Hamza and Vieira,
2012). In the presence of anomalously high temperatures in the asth-
enosphere beneath the plate (e.g., due to asthenospheric flow, small-
scale convection, or hotspots; Artemieva, 2011, and references therein),
the plate will be re-heated and acquire a geotherm normally char-
acteristic of a younger lithospheric age, the process referred to as
thermal rejuvenation (Menard and McNutt, 1982).

We compared our profile, derived from the phase-velocity inversion,
with average Vs profiles of different lithospheric ages for the Central
Atlantic Ocean from waveform tomography (Celli et al., 2019) and from
the global model SL2013sv of Schaeffer and Lebedev (2015) (Fig. 8).
Both methods present similar results with slightly lower velocities using
the SL2013sv model, especially for the 30 Ma age profile. The Cape
Verde profile is clearly different from what would be expected for a

region with the age of the ocean crust ranging from 115 to 140 Ma,
showing anomalously low velocities. This is confirmed by a different
independent study (James et al., 2014) revealing Rayleigh-wave phase
velocities slower than the Atlantic averages (see Fig. 6). This feature,
observed both at the lithospheric and asthenospheric depths, suggests
anomalously hot mantle beneath the Cape Verde archipelago, con-
sistent with the anomalous heat flow characterizing the Cape Verde
Rise, which at its centre presents a thermal anomaly of 16 ± 4 mW/m²
above the expected value of 45.5 ± 3.4 mW/m² stipulated for the
crustal age of the Cape Verde region (Courtney and White, 1986). These
authors considered such anomaly as indicative of lithospheric reset to a
thermal age of ∼ 59 Ma. However, the Cape Verde shear velocity is
even lower than that estimated for a 59 Ma old lithosphere, being in-
stead indicative of a lithospheric thermal age of about 30 Ma.

While the Cape Verde Vs profile for the lithosphere matches the one
of 30 Ma for the Central Atlantic, it must be emphasized that at asth-
enospheric depths the velocity beneath Cape Verde is still lower than
that determined for the normal Atlantic asthenosphere in regions of 30
Ma old crust. This indicates that the cause for the rejuvenated character
of the Cape Verde lithosphere is an anomalously hot asthenosphere, i.e.,
the existence of a hotspot (Wilson, 1963). This view is supported when
using a geophysical-petrological approach. Bonadio et al. (2018) used
petrological modeling and, alternatively, published Vs-T relationships
(Goes et al., 2012) to estimate the lithospheric geotherm, and the
mantle potential temperature beneath the Tristan da Cunha hotspot,
based on their phase-velocity data and Vs models. Using the same ap-
proach, we estimate Tp of 1400–1420 °C for Cape Verde, higher than in
the average ambient mantle (1337 ± 35 °C (Katsura et al., 2010)),
indicating excess temperatures beneath Cape Verde. Shear Q at asthe-
nospheric depths in the multi-parameter petrological models for Tristan
da Cunha (Bonadio et al., 2018) is lower than according to AK135, and
this is accounted for in their Tp estimate. Because the Vs structure we
observe is very similar to that beneath Tristan (Fig. 9a), we could use
the results of the petrological modeling of Bonadio et al (2018), making
sure our Tp estimate is not biased by overestimated Q values. The same
conclusion was obtained by Putirka (2008), using olivine-melt equili-
brium. He estimated, for Cape Verde, a mantle potential temperature of
1511 °C, well above the estimation, using the same methodology, for
the ambient upper mantle sampled by the MORB (1396 °C).

4.2. The role of the rejuvenation of lithosphere on the origin of Cape Verde
Rise

The Cape Verde islands rise atop the largest intraplate swell, with a

Fig. 7. Results of the inversion. (a) Inversion
result (red line) and the modified AK135 (black
line) as a reference model (Kennett et al.,
1995). (b) Measured dispersion curve (blue
line) and the synthetic phase-velocities (red
line). (c) The relative data-synthetic misfit (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.).

Fig. 8. Comparison of Cape Verde average profile (black line) with different
lithospheric ages profiles for the Central Atlantic Ocean from (Celli et al.,
2019). (a) 30 Ma (red) and 60 Ma (purple) age profiles (b) 110 Ma (blue) and
140 Ma (green) age profiles. Dashed lines correspond to the same lithospheric
ages calculated from the SL2013sv model (Schaeffer and Lebedev, 2015) (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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depth anomaly of about 2000 m. The origin of ocean floor swells has
been debated and several types of models can be considered (e.g.
Menard and McNutt, 1982; Sleep, 1990; Ali et al., 2003): 1) thermal
rejuvenation of the lithosphere by the occurrence of sublithospheric hot
mantle material; 2) dynamic support by the upwelling sublithospheric
material; 3) underplating with less dense residual material after melt
extraction.

Lodge and Helfrich (2006) considered the existence of a depleted/
refractory root beneath Cape Verde to be the main cause of the
bathymetric anomaly. This residue of melting generation processes
would be Mg-enriched/Fe-depleted and, owing its relatively low den-
sity, would constitute a positively buoyant body underplating the li-
thosphere and causing the observed uplift (see also Phipps Morgan
et al., 1995). For Cape Verde, this model was discarded by Pim et al.
(2008) based on gravimetric data and by Wilson et al. (2010) using
seismic and gravimetric arguments.

According to the thermal rejuvenation model, the oceanic litho-
sphere is heated and thinned when it passes over a hotspot with the
consequent isostatic readjustment and uplift. The evidence shown
above for the existence of a temperature anomaly beneath Cape Verde
is consistent with the thermal rejuvenation, which is also supported by
high heat flow on top of the Cape Verde Rise (Courtney and White,
1986). Using a value 20 mW/m² for the heat flux anomaly, Sleep (1990)
considered the occurrence of a reset to a thermal age of ∼ 59 Ma, to
which should correspond a bathymetric anomaly of only 1200 m in-
stead of the about 2000 m observed, leaving space to complementary
cause(s) for the origin of swell.

Some authors attributed at least a large part of the swell to the
dynamic role of ascending sublithospheric material (Courtney and
White, 1986; Sleep, 1990; Wilson et al., 2010, 2013). However, our
results, pointing to a thermal age of 30 Ma, allows considering a more
important role of thermal rejuvenation on the origin of the Cape Verde
Rise that inferred from the measured heat flow and bathymetric
anomaly. The significant role of thermal rejuvenation of the lithosphere
on the swell origin is in line with the recent results of Lodhia et al.
(2018), based on the calculated sub-lithospheric temperature excess.
Nevertheless, it does not completely rule out the complementary role of

other mechanisms, such as dynamic support by upwelling mantle ma-
terial, a combination proposed, for example, by Wilson et al. (2013)
using a multidisciplinary approach.

4.3. On the origin of Cape Verde hotspot

Lithospheric, age-dependent profiles for the Central Atlantic show
that S-wave velocities for different plate ages tend to converge at a
depth of ∼200 km (Fig. 8). The Vs profile of the Cape Verde region is
distinctly different: down to 300 km, it shows Vs values lower than
typical for the Central Atlantic. This behaviour is consistent with a deep
(> 300 km) origin for the hotspot, which would be compatible with a
mantle plume or, alternatively, with the existence of mantle upwelling
caused by edge-driven or other regional small-scale convection pattern.
This small-scale convection would have been developed in the upper
mantle at the transition between cratonic and thinner oceanic litho-
sphere and would explain some magmatic provinces like Cape Verde
(King, 2007). Our study does not allow the distinction between these
two hypotheses, but this subject may be discussed based on other
geophysical arguments and, also, from a geochemical point of view.

If Cape Verde is originated from a mantle plume anchored in the
lower mantle, the mantle transition zone (MTZ) beneath it should be
anomalously hot. As a consequence, it would be expected a perturba-
tion on the thickness of the MTZ, i.e., between the discontinuities at ∼
410 km and ∼ 660 km. These discontinuities are due to pressure-in-
duced phase transitions from α-olivine to β-spinel (wadsleyite), at ∼
410 km and from γ-spinel (ringwoodite) to perovskite and magnesio-
wustite (∼ 660 km). Those phase transitions are characterized by po-
sitive and negative Clayperon slopes, respectively (e.g. Lebedev et al.,
2003). Consequently, the thickness of the MTZ responds to temperature
variation by thickening when cooled (e.g. by a subducting slab), or by
thinning in the presence of an ascending hot mantle plume.

Several seismic studies performed at different spatial scales and
using different approaches, have assessed the thickness of the MTZ
beneath Cape Verde, with surprisingly different results (c.f. Deuss,
2007; Gu et al., 2009; Hellfrich et al., 2010; Vinnik et al., 2012; Saki
et al., 2015). Deuss (2007) and Gu et al. (2009) both used SS precursors,
Deuss (2007) reporting no MTZ thinning and Gu et al. (2009) sig-
nificant MTZ thinning, as much as beneath Hawaii. Saki et al. (2015)
used precursor arrivals to PP and SS seismic phases and also inferred an
anomalously thin MTZ, in agreement with the result obtained by Gu
et al. (2009). Hellfrich et al. (2010) measured the arrival time of the Ps
waves converted at 410 and 660 km discontinuities and inferred a
standard, global-average MTZ thickness. However, their data would not
be inconsistent with anomalously thin MTZ if the anomaly extended
over less than 250 km laterally. Vinnik et al. (2012), reported a pro-
nounced thinning of the MTZ, using both PS and SP receiver functions.
The evidence on the temperature in the MTZ beneath Cape Verde from
converted and reflected body waves thus remains overall inconclusive.

Noble gas isotopic geochemistry is considered an important tool to
assess the nature of contributions of distinct mantle reservoirs to
magma sources (e.g. Moreira, 2013; Jackson et al., 2014). Noble gas
studies on the Cape Verde rocks have evinced the occurrence of He
isotope signatures clearly more unradiogenic than the canonical value
of 8 ± 1 Ra of the N-MORB or the mean MORB value of 8.8 ± 2.1
(Graham, 2002). Indeed, for Cape Verde ³He/⁴He ratios up to 15.7
(Doucelance et al., 2003) and 15.5 (Mata et al., 2010) Ra has been
described for silicate rocks and carbonatites, respectively. Such values
suggest that relatively unradiogenic signatures preserved in the lower
mantle could have contributed to the Cape Verde origin. The possibility
of the preservation in the deepest mantle of such unfractionated do-
mains for periods as long as 4.5 Ga was made possible by the inefficacy
of chemical diffusion and mixing in the highly-viscous lower mantle
(Jackson et al., 2010).

Moreover, for Cape Verde 206Pb/204Pb ratios up to 20.251 (Mourão
et al., 2012) and 20.238 (Hoernle et al., 2002) has been measured for

Fig. 9. (a) Vs profiles for Tristan da Cunha (red line) (Bonadio et al., 2018) and
Cape Verde (black line). (b) Cape Verde (black line) and Vs profiles for three
different regions in Hawaii (see Fig. 11 of Laske et al., 2011) (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.).
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silicate and carbonatite rocks, respectively. These values are evidence,
albeit indirect, for an origin related to a deep rooted plume. Indeed, a
recent study showed that hotspots with a strong contribution of the
HIMU (high time-integrated U/Pb mantle component), as is the case of
Cape Verde, are more likely to be associated with deeply anchored
mantle plumes (Jackson et al., 2018).

In conclusion, several kinds of geochemical arguments are strongly
suggestive of an origin of the Cape Verde hotspot related with a mantle
plume rooted in the lowest levels of the mantle, in agreement with
global scale tomographic studies (e.g. Montelli et al., 2006; Forte et al.,
2010; French and Romanowicz, 2015).

4.4. Comparison with other hotspots

In addition to the comparison with both fundamental-mode
Rayleigh-wave phase velocities (Fig. 6) and 1D shear-wave velocity
profiles for different lithospheric ages of the Atlantic Ocean (Fig. 8), we
also compared our profile with those beneath other hotspots. In Fig. 9
we compare the Cape Verde Vs profile with the results for two other
intraplate hotspots, Tristan da Cunha (Bonadio et al., 2018) and Hawaii
(Laske et al., 2011).

Fig. 9 reveals that the Cape Verde and Tristan da Cunha regions are
characterized by similar Vs profiles, nevertheless with higher velocities
than that beneath the active volcanoes of Hawaii (Laske et al., 2011).
This is consistent with Hawaii being characterized by significantly
higher mantle potential temperatures (Tp = 1687 °C) than Cape Verde
(Tp = 1511 °C) and Tristan da Cunha (Tp = 1573 °C) as determined by
Putirka (2008). The slightly higher Vs characterizing Cape Verde, as
compared with Tristan da Cunha (see Fig. 9), is in agreement with its
lower mantle potential temperature as calculated by Putirka (2008) or
when using the Bonadio et al. (2018) approach (Tristan da Cunha
Tp = 1410–1430 °C; Cape Verde T = 1400–1420 °C).

We also made a comparison with hotspots located on, or close to,
the Mid Atlantic Ridge - Iceland, Azores and Ascension (Gaherty and
Dunn, 2007), for which local Vsv models are available (Fig. 10). When
the Cape Verde profile is compared with the profiles obtained for these
hotspots, it is noticeable that Vs at depths down to 150 km is higher
beneath Cape Verde than beneath Iceland, Azores and Ascension (with
exception of the 15–20 Ma profile which presents velocities similar to

Cape Verde), suggesting a thicker lithosphere beneath Cape Verde when
compared with the "near-ridge" archipelagos. This explains the very low
degrees of partial melting inferred from the highly SiO2-unsaturated
composition of the Cape Verde rocks. Such low extent of melting se-
verely limited the ability for compositional homogenization of the
source heterogeneities, which is reflected, for example, in the hetero-
geneous character of the Cape Verde lavas erupted in the last 60 years
from volcanic vents located less than 2 km away (Mata et al., 2017).

5. Conclusions

In a local-scale study of the Cape Verde region, we measured fun-
damental-mode Rayleigh-wave dispersion curves in a broad period
range, yielding an accurate and definitive local Vs profile than available
previously. Our data reveals a low-velocity zone reaching a minimum
Vs of ∼ 4.2 km/s at 170 km depth, suggestive of a temperature
anomaly. This temperature anomaly is likely to have been the cause for
a significant thermal rejuvenation of the oceanic lithosphere beneath
Cape Verde to an apparent age of approximately 30 Ma, which we infer
from comparisons of the Cape Verde Vs profile and normal Central
Atlantic lithosphere for different ages. This rejuvenated age is much
lower than the previously proposed value of 59 Ma (Sleep, 1990) re-
ducing the need to invoke a significant role of dynamic support of the
Cape Verde swell. The minimum value of Vs at the Cape Verde asthe-
nosphere is higher than the one reported for under the active volcanoes
of Hawaii but similar to that for Tristan da Cunha, consistent with
higher potential temperatures for Hawaii compared to Cape Verde and
Tristan da Cunha. Our results, interpreted together with the published
evidence on the relatively He-unradiogenic signatures and low-seismic-
velocity anomalies in the lower mantle, strongly suggest an origin of the
Cape Verde hotspot related to a deeply anchored mantle plume.

Data availability

Data from the YW network were obtained from Incorporated
Research Institutions for Seismology (IRIS) Data Management Center at
http://ds.iris.edu/mda, code YW. Data from the 9A network can be
downloaded from the GFZ Seismological Data Archive at geofon.gfz-
potsdam.de/waveform/archive.

Fig. 10. Vs profiles for Iceland (blue lines),
Azores (green lines) and Ascension (red lines)
hotspots (Gaherty and Dunn, 2007). Cape
Verde Vs profile is represented by a black line.
The several lines of the same color for each
hotspot represent different oceanic lithosphere
ages (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.).
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Abstract 

At 01:36 UTC (03:36 local time) on August 24th 2016, an earthquake Mw 6.0 struck an extensive sector of 
the central Apennines (coordinates: latitude 42.70° N, longitude 13.23° E, 8.0 km depth). The earthquake 
caused about 300 casualties and severe damage to the historical buildings and economic activity in an area 
located near the borders of the Umbria, Lazio, Abruzzo and Marche regions. The Istituto Nazionale di Geof-
isica e Vulcanologia (INGV) located in few minutes the hypocenter near Accumoli, a small town in the 
province of Rieti. In the hours after the quake, dozens of events were recorded by the National Seismic 
Network (Rete Sismica Nazionale, RSN) of the INGV, many of which had a ML > 3.0. The density and 
coverage of the RSN in the epicentral area meant the epicenter and magnitude of the main event and subse-
quent shocks that followed it in the early hours of the seismic sequence were well constrained. However, in 
order to better constrain the localizations of the aftershock hypocenters, especially the depths, a denser seis-
mic monitoring network was needed.  
Just after the mainshock, SISMIKO, the coordinating body of the emergency seismic network at INGV, was 
activated in order to install a temporary seismic network integrated with the existing permanent network 
in the epicentral area. From August the 24th to the 30th, SISMIKO deployed eighteen seismic stations, 
generally six components (equipped with both velocimeter and accelerometer), with thirteen of the seismic 
station transmitting in real-time to the INGV seismic monitoring room in Rome. The design and geometry 
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of the temporary network was decided in collaboration with other groups who were deploying seismic sta-
tions in the region, namely EMERSITO (a group studying site-effects), and the emergency Italian strong 
motion network (RAN) managed by the National Civil Protection Department (DPC). Further 25 BB tem-
porary seismic stations were deployed by colleagues of the British Geological Survey (BGS) and the School 
of Geosciences, University of Edinburgh in collaboration with INGV. 
All data acquired from SISMIKO stations, are quickly available at the European Integrated Data Archive 
(EIDA). The data acquired by the SISMIKO stations were included in the preliminary analysis that was 
performed by the Bollettino Sismico Italiano (BSI), the Centro Nazionale Terremoti (CNT) staff working in 
Ancona, and the INGV-MI, described below. 
 

 
I. INTRODUCTION 

 
ISMIKO is an operational group in the Isti-
tuto Nazionale di Geofisica e Vulcanologia 
(INGV) which coordinates all the seismic 

emergency networks of INGV (Fig. 1). The staff 
involved in this group come from the different 
sections within the INGV which deal with seis-
mic monitoring on a daily basis [Moretti et al. 
2016]. The aim of SISMIKO is to deploy addi-
tional seismic stations in a region following a 
significant earthquake. Increasing the density 
of a seismic monitoring network, during a seis-
mic sequence following a significant earth-
quake has the effect of improving the detection 
capabilities of the network and the precision of 
the earthquake locations. This in turn allows for 
the definition the geometry of the activated 
fault structures and to constrain the spatial dis-
tribution of the seismicity, moreover it provides 
high quality data for hazard and seismotectonic 
studies and investigations into the physics of 
earthquakes. 
SISMIKO deals with important decisions, pro-
cedures and actions that the INGV undertakes 
during a seismic emergency, in cooperation 
with other emergency groups like EMERSITO, 
who study site effects [Cultrera et al. 2016]; 
QUEST, which is involved in damage relief 
(QUick Earthquake Survey Team [QUEST 
working group 2016]); EMERGEO, which fo-
cuses on mapping geological surface effects 
[EMERGEO Working Group 2016]; and IES 
[Nostro at al. 2011] who provide an information 
service for the general public (Information in 
emergency earthquake).  

Following the formalization of these INGV 
emergency groups, a training test of the proto-
cols for the different individual emergency 
groups was organized on 26th November 2015 
[Pondrelli et al. 2016]. The lessons learnt during 
this training test helped the coordination of the 
different INGV groups to handle the central It-
aly emergency.  

 
 
Figure 1: INGV offices that are involved in the SISMIKO 
group with equipment and/or personnel that is available 
for emergency response. 
 

II. TIMING OF THE DEPLOYMENT 
 

The Mw 6.0 Amatrice event occurred on August 
24th, 2016 it was recorded by INGV National 
Seismic Network (Rete Sismica Nazionale, 
RSN, 

S 
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http://doi.org/10.13127/SD/X0FXNH7QFY), and 
the epicenter was located near the village of Ac-
cumoli at a depth of 8 km 
(http://cnt.rm.ingv.it/7073641). As per proto-
col in the INGV for emergency events, the na-
tional SISMIKO coordinators received an SMS 
with preliminary information about the earth-
quake a few minutes after the origin time of the 
event. The alert was then forwarded to local 
representatives of SISMIKO group and the co-
ordination for the deployment of an emergency 
seismic network commenced. 
After checking the performance of the perma-
nent stations of the RSN in the epicentral area 
and taking into account the trend of the initial 
aftershocks, the SISMIKO group prepared, in 
less than three hours from the mainshock, the 
theoretical distribution of the deployment to 
guide the teams on the field.  
On the first day of activation of the SISMIKO 
group personnel in the INGV offices closest to 
the epicentral area were used: Ancona (1 team), 
Grottaminarda (2 teams), L'Aquila (1 team) and 
Rome (1 team), in total fourteen people were in 
the field and ten stations were deployed. The 
team from Ancona, reached the epicentral area 
at around 7:15 UTC, and installed three tempo-
rary stations each one equipped with one veloc-
imetric sensor and one accelerometer in the 
northern and eastern side of the initial after-
shock sequence. The first installation was com-
pleted at around 08:40 UTC (i.e. station T1243). 
This station, as well as station T1241 (which 
start recording at around 11:15 UTC) and sta-
tion T1242 (14:40 UTC), were in UMTS realtime 
transmission. INGV personnel based in 
Grottaminarda organized two teams to go in 
the field for maintenance of the permanent seis-
mic stations that were part of the RSN and for 
the installation of temporary stations. This 
group installed three temporary stations lo-
cated near Amatrice, one equipped with an ac-
celerometer, one with a short period seismome-
ter and the other with Broad Band (BB). The first 
temporary station installed, T1201 was com-
pleted around 15:30 UTC, after this T1202 and 
T1204 were positioned; all stations are in UMTS 
real-time transmission. INGV Rome contrib-
uted to the deployment with four stations in lo-
cal acquisition, each equipped with a short pe-
riod seismometer and an accelerometer. These 
stations were installed on western side of the 
seismic sequence. The first installation by the 

Rome group was station T1211 at about 7:30 
UTC and was located on the road which leads 
from Rome to the epicentral area; T1212, T1213 
and T1214 were deployed in the following 
hours. 
During the day of August 24th the Grottami-
narda, L'Aquila and Ancona staff performed 
maintenance on stations AQT1, NRCA, SMA1 
and LNSS (Fig. 2), in the RSN, which had expe-
rienced electrical power and data transmission 
problems due to collapses and damages in the 
epicentral area, in the initial hours after the 
main earthquake.  
In the next two days, six teams from Ancona (1), 
Grottaminarda (2), L'Aquila (1) and Rome (2), 
continued the field work. Five additional sta-
tions were installed, of which two were in real-
time, moreover the teams visited the stations 
that were operating in local acquisition mode 
where they downloaded the data. 
Looking at the evolution of the seismicity in the 
evening of August 26 it was decided a further 
improvement to the network in the southern 
sector was required. On Sunday 28 a team of 
INGV Pisa installed two Broad Band stations 
(BB) (T1246 and T1247). 
On August 30 station T1299 was the final sta-
tion installed in the temporary network by the 
INGV Roma RSN staff. The station, equipped 
with a short period velocimeter and an accel-
erometer, transmitted data in real-time via sat-
ellite connection, it was deployed in the village 
Casale Bucci, close Amatrice, in the southern 
sector of the sequence. 
Similar to the Emilia emergency in 2012 
[Moretti et al. 2012; 2013], there has been a con-
tinuous interaction with EMERSITO (Fig. 2, 
fuchsia hexagons) and with the mobile network 
group of the Italian Strong Motion Network 
(RAN-DPC, http://ran.protezionecivile.it/; 
Fig. 2, orange hexagons) for the sharing of in-
formation in order to integrate the different 
temporary networks without redundant over-
lapping. In addition, at the start of September 
colleagues of the British Geological Survey 
(BGS) and the School of Geosciences at the Uni-
versity of Edinburgh arrived in the epicentral 
area. The INGV was in contact with these two 
groups since the start of the seismic emergency 
when they had expressed interest in deploying 
a Broad Band network (BB) to supplement the 
INGV-SISMIKO network in region. Thus, as in 
the 1997-98 seismic sequence in Umbria [Amato 
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et al. 1998] and in 2009 in Abruzzo [Margheriti 
et al. 2011], and in Emilia 2012 [Moretti et al. 
2012] we welcomed this international collabora-
tion between European research institutes. This 
collaboration resulted in two weeks of field-
work starting at the beginning of September, 
has led to the installation of an additional 25 BB 
seismic stations (Fig. 2, blue hexagons). The in-
stallation of these stations, which remained in 
acquisition for a period of about 6 months and 
whose data will be available on the web site of 
the Incorporated Research Institutions for Seis-
mology (IRIS; 
http://ds.iris.edu/ds/nodes/dmc/). These ex-
tra stations have enabled us to halve the inter-
distance between seismic stations from approx-
imately 15-18km to 6-8km (see Fig. 2). 

In Fig. 3, shows the timing of installation and 
maintenance of temporary network SISMIKO 
during the first emergency month. In the tables 
in Annex A, the list of installed stations and the 
type of instrumentation used. 
At the end of October 2016, on the 30th the 
strongest earthquake of the sequence Mw=6.5, 
stoke again the same area, this event was pre-
ceded by two earthquakes of magnitude greater 
than 5.0 on October the 26th, the total length of 
the fault system interested by the seismicity is 
now about 55 km. After these events, SISMIKO 
has installed 4 new temporary stations in the 
area north of the sequence (Fig. 2, orange trian-
gles). 
 

 
Figure 2: Map of the seismic stations deployed after August 24th: INGV permanent stations (green triangles) 
and SISMIKO temporary stations (yellow triangles), EMERSITO stations (fuchsia hexagons), RAN-DPC 
stations (orange hexagons) and the BB network (blue hexagons). The orange triangles are seismic stations 
deployed after the events October 26th. The stars show the strongest earthquakes of the sequence up to the 
submission of the paper: the full stars shows those at end of August, the stars empty at end of October. 
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Figure 3: Timing of installation and maintenance of temporary network SISMIKO during the first emergency month. 
Red stars show the strongest earthquakes of the sequence. The numbers inside the triangles, in different colours, depending 
on the INGV office which carried out the activities, indicating the stations installed throughout the day. With an asterisk 
are the ones highlighted in real-time transmission and, in the case of stations T1216 and T1217, initially in local 
acquisition, and then subsequently have been equipped with UMTS router (September 2). The triangles in the lower part 
of the timeline indicating when it was controlled instrumentation and were collected of data. 
 
 

III. PRELIMINARY ANALYSIS OF THE DATA 
ACQUIRED BY SISMIKO STATIONS 

 
The mainshock was followed by sustained seis-
mic activity; in the first month after the main 
event there have been about 12,000 events, in-
cluding 16 ML ≥ 4.0 (Fig. 4). All data collected 
by the stations installed by SISMIKO, are avail-
able at the European Integrated Data Archive 
(EIDA; http://eida.rm.ingv.it/ [Mazza et al. 
2012]). The inclusion in the EIDA of waveforms 
was done immediately at the deployment of the 
stations, while the integration of data in the sur-
veillance system at the INGV headquarters in 
Rome was gradual; in fact, during an emer-
gency the surveillance room has the duty of 
alerting DPC and the technical operations 
needed to allow stations in the automatic loca-
tion system should be done with extreme cau-
tion. Starting from September 9, 2016, in weekly 

steps, data from the SISMKO stations recording 
in local acquisition were collected; converted 
and published in the international Standard for 
Exchange of Earthquake data (SEED) format 
and archived in in EIDA [Mazza et al. 2012]. The 
availability of real-time data from the tempo-
rary stations allowed for the analysis of the seis-
mic sequence in almost real-time with quality 
and accuracy.  
On the morning of August 24, the first stations 
that broadcast real-time data from the epicen-
tral area were T1242, T1243 and T1244. There 
data was first transmitted to the servers in the 
Ancona office, and in short time were incorpo-
rated into the automatic analyzes of the ongo-
ing seismic activity. In particular, station T1243 
was used for the first time in the automatic lo-
cation of an event at 08:45:30 UTC; stations 
T1241 and T1242 at 11:20:36 UTC and 14:42:59 
UTC respectively. At the same time station 
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T1243 was also integrated in the seismic moni-
toring system in the Rome office and used for 
the first time in the event of ML 3.1 of 15:39:32 
UTC [http://cnt.rm.ingv.it/event/7116751]. 
At the same time as station T1243 was included 
in the central seismic monitoring system an ad-
ditional two permanent stations of the Marche 

Regional network, managed by INGV head-
quarters in Ancona was incorporated into the 
network. The two stations, MC2 and MMO1 
(Fig. 2) before the emergency were not acquired 
by INGV-Rome but after the mainshock were 
included for the good coverage that guaranteed 
in the area North and Northeast of the se-
quence. 

 

 
 
Figure 4: Evolution of seismic activity in the area of the seismic sequence in the first month of seismic activity and the 
month immediately preceding. The selection of events was made in a circular area of 50km centered in the mainshock 
(42.70° N - 13:23° E). The figure shows the locations produced by seismologists on duty at the INGV seismic monitoring 
center in Rome. 
 
There are several advantages associated with 
the integration of temporary stations in the 
analysis of data that were observed in the initial 
hours of the emergency. The thirteen temporary 
stations that transmitted in real-time were grad-
ually added in the seismic monitoring system 
making it possible to lower the detection 
threshold of the network and improve the qual-
ity of the hypocenter determinations especially 
as regards to the depth of the hypocenters. To 
evaluate the contribution of the SISMIKO tem-
porary network to locate local seismicity in the 
Amatrice area, we have applied the Seismic 
Network Evaluation through Simulation 
(SNES)	method [D’Alessandro et al. 2011] to 
two different network that are the RSN and the 
RSN+SISMIKO. The SNES method allows de-

termining, as a function of magnitude, hypo-
central depth and confidence level, the spatial 
distribution of the number of active stations in 
the location procedure and their relative azi-
muthal gap and the confidence levels of hypo-
central parameters (see Annex B).	
Data relayed in real-time together with data 
from temporary stations in local acquisition (i.e. 
stations T1211-12-13-14-18 and 16-17), repre-
sented a major contribution in the localization 
of earthquakes for the Italian Seismic Bulletin 
(BSI) [Nardi et al. 2015]; BSI is reviewing the se-
quence with two main goals: a) improve as 
mentioned the location of aftershocks detected 
by the automatic system and b) insert into cata-
logue events not localized by the seismologist 
on shifts in the surveillance room. More details 
can be found in the "Preliminary report on the 
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activities carried out by the Italian Seismic Bul-
letin Group [Bollettino Sismico Italiano – 
Gruppo di lavoro Amatrice (2016); Marchetti et 
al. 2016]. 
The proximity of the area affected by the seis-
mic earthquake sequence in relation to the area 
monitored by INGV Ancona office allowed us 
to use automatic procedures, to make automatic 
quality control analysis [Marzorati et al. 2012] 
on the real-time data.  
Moreover, the continuous band-pass filtered 
signals are analyzed by the STA/LTA trigger 
algorithm to detect triggers at each station, an 
event is declared when a trigger is detect at a 
number of key stations. In particular, event dec-
laration is controlled by the weights assigned to 
each individual component of the seismic sta-
tions on the basis of their average noise level to 
enhance the influence of the best stations. This 
procedure allows the maintenance of low 
STA/LTA ratios (and thus high sensitivity) 
without increasing too much the probability of 
false events declaration due to triggering occur-
ring by chance. The core of the automatic sys-
tem is the RSNI-Picker [Spallarossa et al. 2014; 
Scafidi et al. 2016]. This picker uses the “Akaike 
information criterion” (AIC; Akaike, 1974), 
which strongly limits the occurrence of false 
pickings. Moreover, a user-calibrated proce-
dure assigns to each picking a weight that at-
tempts to mimic a human operator. This proce-
dure has automatically located 4174 events be-
tween the 24th and 31st August, and 7245 
events between the 1st and 20th September. 
Moreover, from August 24th, 2016 (01:36:32 
UTC) to 30th September 2016 (last update) the 
accelerometric database of the INGV 
(http://ismd.mi.ingv.it/; [ISMD Working 
Group 2016]), analyzed and published in near 
real-time over 21,300 waveforms belonging to 
about 121 earthquakes with a magnitude range 
between 3.0 and 6.0. In particular, about 1600 
accelerometer recordings are relative only to 
stations installed in the epicentral area by 
SISMIKO. All the real-time accelerometer data 
from the SISMIKO stations (see Table 2 in An-
nex A) are available after 1 or 2 hours since the 
origin time of each earthquake, in SAC and 
ASCII formats. For each earthquake, there is 5 
minutes of signal from the origin time deter-
mined by the monitoring room in Rome and 

published on the CNT website (cnt.rm.ingv.it). 
Details on the automatic data and analysis 
method are described in Massa et al. [2014]. 
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