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"We know very little, and yet it is astonishing that we know so much, and still more astonishing that

so little knowledge can give us so much power." 

Bertrand Russell
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Abstract

The Cape Verde archipelago is an interesting region to study plate-hotspot interactions, considering

hotspots as enigmatic surface features that are not easily explained in the plate tectonics theory. 

The horseshoe geometry and the surrounding seafloor morphology and bathymetry of the Cape Ver-

de archipelago play a significant role in the generation of ambient seismic noise in this region. In

order to improve ambient noise based studies, it is important to understand the distribution of the

sources of ambient noise, as they affect the estimates of empirical Green's function, and consequen-

tly  the  resulting  isotropic  and anisotropic  tomographic  models  of  velocity  and attenuation.  We

analyzed microseisms recorded in Cape Verde and determined the number of signals polarized as

Rayleigh waves, as well as their back azimuth as a function of time and frequency.  We determined

that the local bathymetry around the Cape Verde Islands strongly amplifies local secondary micro-

seismic sources. Furthermore, we confirmed that Cape Verde stations mostly record local sources.

In order to study the properties of the crust and upper mantle below Cape Verde, we performed sur-

face wave studies using two different types of data: ambient noise and teleseismic data.

By applying a recent implementation of the surface-wave two-station method we measured the pha-

se velocities of Rayleigh-wave fundamental modes in a broad period range (8–250 s). This method

is based on cross-correlating teleseismic earthquake seismograms between pairs of stations. From

these signals, we derived a robust, average, phase-velocity curve for the Cape Verde region, which

we inverted in order to obtain a shear-wave velocity profile. Our results show significantly low ve-

locities of 4.2 km/s in the asthenosphere, indicating the presence of anomalously high temperatu∼ -

res and, eventually, partial melting. The temperature anomaly is probably responsible for the ther-

mal rejuvenation of the lithosphere to an effective age as young as about 30 Ma. 

For ambient-noise tomography we computed phase cross-correlations between all station pairs, whi-

ch were then stacked, yielding empirical Green's functions. Based on these, we derived group-velo-

city maps for the period band between 10 - 24 s and the corresponding 3D shear-wave velocity

structure. The final tomographic model shows the main velocity anomalies, which are associated

with tectonic and volcanic activity in Cape Verde. A clear low-velocity anomaly is observed beneath

the active volcanic area of the Fogo - Brava islands. This anomaly extends to the islands of Boavista

and Maio, even though with less expression. On the contrary, the islands of the Northwestern group

display velocities higher than the average at all depths.

Keywords: Cape Verde; Microseisms; Two-station method; Ambient seismic noise tomography 
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Resumo

O arquipélago de Cabo Verde faz parte da região da Macaronésia, que agrupa as ilhas dos Açores,

Madeira, ilhas Selvagens e as ilhas das Canárias. O arquipélago é constituido por 10 ilhas e alguns

ilhéus, situadas no Oceânico Atlântico, a aproximadamente 500 km da costa do Senegal [14°–18° N

and 22°–26° W]. 

As ilhas de Cabo Verde assentam numa das maiores anomalias batimétricas, intra-placa, existente

em bacias oceânicas, denominada Cape Verde Rise, que se terá formado com o movimento extrema-

mente lento da placa tectónica Africana, sobre um "hotspot" fixo no manto, devido à persistente ac-

tividade vulcânica. A actividade vulcânica tem vindo a decorrer desde o Oligocénico até aos dias ac-

tuais. Actualmente, o único vulcão activo do arquipélago situa-se na lha do Fogo. Contudo, têm vin-

do a ser registados eventos vulcânico-tectónicos também junto à ilha da Brava e à ilha de Santo An-

tão. 

A distribuição das ilhas em forma em ferradura origina a formação de duas cadeias divergentes. A

Este encontram-se as ilhas mais antigas e a Noroeste e Sudoeste as mais recentes. São habitualmen-

te classificadas em dois grupos de ilhas, de acordo com o regime de ventos dominante, o grupo de

sotavento e o grupo de barlavento. As ilhas mais a norte, Santo Antão, São Vicente, São Nicolau,

Santa Luzia, Sal e Boavista fazem parte do grupo de barlavento. Por outro lado, as ilhas de Maio,

Santiago, Fogo e Brava integram o grupo do sotavento. Contudo, com base na coalescência do pe-

destal submarino dos edifícios das ilhas, a batimetria da região sugere uma outra divisão: uma ca-

deia a Norte composta pelas ilhas de Santo Antão, São Vicente, São Nicolau e Santa Luzia e, uma

cadeia de Este para Sul que inclui as ilhas do Sal, Boavista, Maio, Santiago, Fogo e Brava. A bati-

metria sugere ainda a existência de vários edifícios vulcânicos que nunca atingiram a superfície.

Se por um lado Cabo Verde é um local extremamente interessante para estudar as interações placa -

hotspot, dado a sua posição quase estacionária em relação à fonte mantélica, por outro lado a sua

particular batimetria e distribuição das ilhas tem um importante papel na geração do ruído sísmico

ambiente. 

O ruído sísmico ambiente constitui cerca de 95% do sinal que é registado diariamente nas estações

sísmicas em todo o mundo. Há algumas décadas atrás, este sinal era descartado, em grande parte

porque não era possível armazenar grandes volumes de dados. Actualmente, desperta o interesse de

muitos investigadores das diferentes áreas da sismologia. Em 2004, Shapiro e Campillo mostraram

que se as fontes de ruído estiverem distribuídas em torno de um par de estações, de forma (quase)

homogénea, a função de correlação do ruído representa a função "Green" da propagação sísmica.

Esta descoberta levou ao aparecimento, desde então, de vários trabalhos com diferentes fins: Estu-
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dos de tomografia sísmica com ruído sísmico ambiente; detecção de sinais anómalos nos registos

sísmicos; monitorização de vulcões, entre outros. 

Nesta tese, usaram-se registos contínuos de dados sísmicos registados em duas redes sísmicas tem-

porárias, instaladas nas várias ilhas de Cabo Verde. A rede sísmica com o código YW, composta por

7 estações sísmicas de banda larga, esteve em funcionamento desde 2002 até 2004. Por sua vez, a

rede 9A é composta por 38 estações sísmicas, igualmente de banda larga, foi instalada em 2009 e re-

gistou por um período de 10 meses, até 2010. Ambas as redes foram instaladas no âmbito de proje-

tos cujo objectivo era estudar a estrutura da crusta e do manto sob as ilhas.

Apesar de serem cada vez mais comuns os trabalhos com base no ruído sísmico ambiente, é impor-

tante compreender a sua distribuição de fontes, sendo que estas têm efeito na estimativa das funções

de Green e, consequentemente, nos modelos tomográficos de velocidade e atenuação daí resultan-

tes.

Apresentamos aqui o resultado da análise do ruído microssísmico (0.03 - 0.3 Hz) registado, bem

como o número de sinais polarizados como ondas de Rayleigh e o respectivo "back-azimuth", em

função do tempo e da frequência. A batimetria local amplifica fortemente os microssismos secondá-

rios gerados na banda de frequências entre 0.1 e 0.3 Hz. Observamos ainda que as fontes registados

são maioritariamente locais e não fontes associadas às grandes tempestades do Atlântico Norte. 

Para estudar as propriedades da crusta e do manto superior realizámos estudos tomográficos utili-

zando duas metodologias diferentes que utilizam diferentes tipos de dados: o ruído ambiente e os te-

lesismos.

Os dados telesísmicos e uma recente implementação do método das duas estações permitiu estender

o estudo da estrutura de Cabo Verde a uma zona mais profunda, o manto superior (até ~240 km).

Seleccionaram-se os eventos telesísmicos e procedeu-se ao cálculo das correlações cruzadas entre

cada par de estações para todos os eventos seleccionados. A partir destes sinais, determinámos uma

curva de velocidade de fase média para a região de Cabo Verde, que foi posteriormente invertida no

sentido de obter um perfil de velocidade das ondas S em função da profundidade. Os resultados ob-

tidos mostram um velocidade significativamente baixa, de aproximadamente 4.2 km/s, na astenosfe-

ra, indicativa da presença de temperaturas anormalmente elevadas e, possivelmente, fusão parcial. A

anomalia de temperatura é possivelmente responsável pelo rejuvenescimento da litosfera para uma

idade aparente de 30 Ma. De referir que a litosfera em Cabo Verde tem uma idade compreendida en-

tre os 110 e os 140 Ma. 

Na tomografia de ondas de superfície do ruído ambiente cálculamos as correlações cruzadas de fase

entre todos pares de estações possíveis, exceptuando aqueles entre estações situadas na mesma ilha,

para obter as funções empíricas de Green. Seguidamente, determinamos os mapas de velocidade de
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grupo, para uma banda de períodos entre 10 e 24 s, e a correspondente variacção da velocidade das

ondas S em função da profundidade. O modelo tomográfico final apresenta as principais anomalias

de velocidade que estão associadas à actividade tectónica e vulĉanica em Cabo Verde. Observámos

um anomalia de baixa velocidade sob a zona volcanicamente activa das ilhas do Fogo e da Brava,

visível em todas as profundidades analisadas. Consideramos que esta anomalia se deve ao volcanis-

mo activo ou a processos de fusão. As ilhas do grupo Noroeste apresentam anomalias de alta veloci-

dade, persistente em todas as profundidades consideradas. As ilhas de Santiago e Maio, aos 14 km,

apresentam uma inversão nas anomalias, passando de baixa para alta velocidade. O mesmo se re-

flecte no Sal aos 20 km. 

A crusta espessa e pouco alterada pode justificar as anomalias de alta velocidade, as estas profundi-

dades, nas ilhas do grupo Noroeste. Para profundidades ao nível da Moho, a anomalia de alta velo-

cidade pode representar corpos intrusivos densos e/ou câmaras magmáticas remanescentes que ali-

mentavam, no passado, o volcanismo. Nas restantes ilhas a Sul, o nosso modelo apresenta anomali-

as de baixa velocidade. Uma vez que não existe volcanismo activo nestas ilhas, as anomalias de bai-

xa velocidade podem refletir fusão parcial ou magma enriquecido em CO2.

As principais anomalias evidenciadas pelo nosso modelo estão em concordância com resultados

previamente  obtidos.  Nomeadamente,  os  resultados  obtidos  na caracterização  da anisotropia  do

manto a partir da análise da birrefringência das SKS de Lodge e Helffrich (2006). As semelhanças

encontradas nos resultados, para diferentes profundidades, podem indicar que as anomalias encon-

tradas com a tomografia de ruído podem ter expressão ao nível do manto. 

Palavras-chave: Cabo Verde, Microssísmos; Método das duas estações; Tomografia de ruído sísmi-

co ambiente 
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CHAPTER 1 - INTRODUCTION

In  the  late  1960's  the  plate  tectonics  theory  emerged,  explaining  in  an  integrated  manner  the

existence  of  features  of  our  planet  seemingly  unrelated,  such  as  mountain  chains,  volcanism,

earthquakes,  etc.,  and bringing to  the different  fields  of  Earth  science -  geology, paleontology,

geochemistry, geophysics - the ability to understand the interactions between the interior and the

surface of the Earth.

Plate tectonics states that the Earth's lithosphere is divided into rigid plates, which move over the

asthenosphere.  This  relative  motion  between plates  results  in  deformation  -  stretching,  folding,

shearing  -  that  is  localized  mostly  along  the  edges  or  boundaries  of  plates.  From a  mechanic

perspective, the strong brittle lithosphere floats upon the weak ductile asthenosphere. Plate tectonics

transfer  heat  and mass  on the  Earth mostly through plate  collision,  seafloor  spreading and arc

magmatism. This process can be compared to a heat engine, where the lithosphere is the outer skin

of the engine, through which heat is lost by conduction, and the asthenosphere is an interior shell

through which heat is transfered by convection.

Most volcanism on Earth occurs along plate boundaries, but not only. In 1963, Wilson introduced a

new  concept  -  "hotspots".  The  author  described  hotspots  as  relatively  small,  long-lasting  and

anomalously hot  regions  that  exist  below the plates,  in  the mantle,  and which act  as localized

sources of high energy that sustain intraplate volcanism. This concept justified the isolated islands

that exist in most oceans, often forming chains (e.g. Hawaii). Wilson (1963) suggested that such

islands would form when a plate passes over a fixed source, with the youngest islands currently

located over the source, and islands of increasing age located further away from the source along a

linear track that reflects past  plate motion. Based on Wilson's idea,  W. Jason Morgan (Morgan,

1971) proposed that such volcanic islands sources are in fact convection currents rising from the

deep mantle: mantle plumes, which can explain the intraplate volcanism.

Although both these ideas successfully explains several ocean island chains, they do not explain

directly the existence of archipelagos whose islands are not distributed along a simple chain, but

rather exhibit complex age patterns, such as the Cape Verde islands. 

Additionally, Morgan suggested that two independent modes of convection coexisted in the Earth's

mantle - one associated to the plates motion and the other associated to the existence of plumes. 

The plume hypothesis was received with both advocacy and skepticism. On one hand, it offers an

elegant explanation for the intraplate, time-progressive volcanic chains and for the relative fixity

between hotspots.  On the other  hand, direct evidence for actual plumes is  weak, leaving many
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questions unanswered. Scientists that dedicated to the study of individual volcanic islands start to

question the plume model and its predictions once it considers the plumes compositionally fertile

and according to O'Hara (1975) "if fertile plumes exist at all, they should be sinking and not rising".

Also, the impossibility to have two different convection modes happening at the same time on the

Earth's mantle was pointed out. Moreover, Mckenzie and Weiss (1975) suggested that hotspots are

not  fixed  relative  to  one  another,  which  immediately  removed one  of  the  primary  reasons  for

proposing the plume hypothesis. During several decades, the plumes model was mostly put aside.

Then  its  popularity  increased  sharply  in  the  1990's,  just  to  fall  back  again  into  a  decade  of

skepticism immediately thereafter. The plume hypothesis basic predictions were re-examined and

tested, which took time and let it aside for a few years  (Foulger, 2011). For instance,  Anderson

(2000) claimed that the locations and volumes of intraplate volcanism seem to be controlled by

lithospheric architecture, stress and cracks. Later, Sleep (2006) favored the plume hypothesis, yet

not ruling out other theories.

At present, different visions exist around the plume concept, feeding a heated controversy within

the scientific community. If our knowledge on hotspots, especially on what concerns their origin, is

still incomplete, our knowledge on the possible existence of plumes and their dynamics is even

more incomplete and controversial. 

The persisting open questions on hotspots and mantle plumes led scientists to search for particular

locations  on Earth  where  new discoveries  can,  fully  or  partially, provide  much sought  replies.

Oceanic islands, which are considered anomalies in the oceanic lithosphere, have great potential to

help understand the physical properties of both plates and the underlaying mantle. The Cape Verde

archipelago is one of these particular locations. 

Cape Verde is an interesting intraplate oceanic group of islands, located in the Atlantic ocean, which

is a surface manifestation of hotspot-driven volcanic activity. It displays active volcanism and is

built on top of one of the biggest oceanic swells, the Cape Verde Rise. Interestingly, its islands are

distributed in a horseshoe shape and not along a typical volcanic line. The Cape Verde region is

characterized by very low rates of seismic activity, which for a long time posed an obstacle for

Earth structure studies based on local earthquake data. 

The first seismic network deployed in Cape Verde was installed in the island of Fogo, in 1994, and

operated only for four months (Heleno and Fonseca, 1999). This deployment allowed the detection

of volcano-tectonic earthquakes occurring underneath the island of Brava and under the channel

between Brava and Fogo.

After the eruption of 1995, the surrounding area of Fogo volcano was the object of a monitoring
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effort in the period between 1998-2003. In 1995, a temporary network of 5 stations was installed in

island of Fogo. The stations started to record 11 days after the 1995 Fogo volcano eruption for 13

weeks (Heleno et al. 1999). To continue the work of Heleno et al. (1999), in the framework of the

VIGIL project,  another temporary network was deployed in the islands of Fogo and Brava -  2

broadband seismic stations, 5 short-period seismic stations and 4 bi-axial tilt stations - with the aim

to monitor remotely and in real time volcano-tectonic activity  (Fonseca et al. 2003). In 2000, the

first  permanent  station  -  SACV  -  was  installed  in  island  of  Santiago,  as  part  of  the  Global

Seismograph Network (IRIS/IDA).  From 2002 to 2004, another  temporary network (YW) of 7

broadband seismic stations was deployed in some of the islands of Cape Verde, within the scope of

the Cape Verde Mantle Structure project (Lodge and Helffrich, 2006). In September 2004, a seismic

experiment was conducted at Brava and Fogo during the cruise M62/3 of the German R/V Meteor

with  the  deployment  of  several  ocean-bottom  seismometers  (OBS)  (Grevemeyer  et  al.  2004).

Taking advantage  of  the deployed OBS, Grevemeyer  et  al.  (2010) were able  to  locate  seismic

activity clustering at the Cadamosto seamount. A few years later, the project CV-Plume brought the

possibility to install 38 seismic stations on the 9 major islands. The seismic stations were operating

from August 2007 until September 2008. The main goal was to image the seismic structure beneath

the archipelago,  yet  this  dense seismic network provided a  rare  opportunity to  characterize the

seismicity in the region (Vales et al. 2014).

Recently,  the  National  Institute  for  Meteorology  and  Geophysics  (INMG)  took  charge  of  the

geophysical monitoring in Cape Verde.  With the partial  support of MIAVITA project,  the Cape

Verdean authorities installed, in the period between 2008 - 2011, 15 permanent broadband digital

seismometers in several Cape Verde islands: 9 in Fogo and Brava; 4 in Santo Antão; 1 in Sal and 1

in São Vicente (Fonseca et al. 2013; Faria and Fonseca, 2014). Finally, in 2016 a temporary network

of 10 seismic stations was deployed in island of Fogo. This network was composed by an array of 7

short-period geophones and 3 broadband seismometers, with the goal to constrain the source region

of magma supply system beneath Fogo and its relation to seismic activity (Leva et al. 2019).

Most of the seismic networks installed in Cape Verde are located in island of Fogo with the aim to

characterize  the  volcano-tectonic  features  of  the  island.  Furthermore,  most  of  the  data  is  not

available for the scientific community. However, the available data recorded in Cape Verde together

with the recent advent of seismic noise based on Earth structure studies, allowed to circumvent the

obstacle posed by the Earth structure studies based on local earthquake data.

Seismic noise started to be recorded directly from the ground in the 1950's, with an improvement on

the seismometers sensitivity and with the simultaneous development of seismic arrays. In 1957, a
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Japanese seismologist - Keitti Aki - proposed several methods for local seismic evaluation, based on

extracting  the  phase-velocity  from the  surface-waves,  such  as  Spatial  Autocorrelation  (SPAC),

Frequency-wavenumber (FK), and correlation. Yet, for a few decades the practical implementation

of these methods was not possible due to the low precision of seismometer clocks. In the early

1990's, instrumentation and algorithmic advances sparkled a renewed interest on these methods and,

by the end of the decade, array methods applied to seismic noise started to yield Earth structure

properties in terms of shear wave velocity profiles (e.g. Matsushima and Okada, 1990; Milana et al.

1996; Tokimatsu et al. 1996; Chouet et al. 1998).

The beginning of the millennium brought a revolution to seismology. Campillo and Paul (2003) and

Shapiro and Campillo  (2004) introduced the technique of  ambient  noise tomography (ANT) to

image the Earth structure. Many studies have since used this method around the world, from local to

continental scales, with high resolution results,  for example,  at regional scales, such as western

United States (e.g. Moschetti et al. 2007; Shapiro et al. 2005), Iceland (Gudmundsson et al. 2007) or

Madeira island (Matos et al. 2015); at continental scales, such as Europe (Yang et al. 2007) and

North America (Bensen et al. 2008) and even at global scales (e.g. Haned et al. 2016; Nishida et al.

2009). 

The availability of a growing number of stations (both on land and on the ocean bottom) and the

progress  of  seismic  imaging  techniques  have  allowed  seismologists  to  obtain  higher-resolution

images  of  the  Earth  structure,  which  in  turn  contributes  to  the  development  of  a  better

understanding of mantle dynamics, and consequently of mantle plumes.

This thesis reports on research undertaken in order to improve our knowledge on the origin of the

Cape  Verde  hotspot.  In  particular,  this  thesis  intends  to  provide  new  insights  concerning  the

characterization of ambient noise sources around the Cape Verde islands, as well as to characterize

the crust and upper mantle structure of the archipelago, by applying different ambient seismic noise

methodologies.  Furthermore,  the  results  presented  here  aim  to  bridge  the  gaps  left  by  several

previous studies, which do not have enough resolution in the upper structure, especially in the crust

and uppermost mantle ( ~ top 30 km).

1.1 Thesis aims and organization

This research thesis aims to:

• Characterize the microseismic noise recorded in the Cape Verde islands,  including noise

sources and the role of the regional bathymetry;

• Determine a robust shear-wave average velocity profile for the archipelago, focusing on the
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lithosphere - asthenosphere structure, through the two-station method. 

• Perform a 2D inversion of group-velocity measurements, in a period band between 2 to 24 s,

in  order  to  complement  the  results  obtained  with  the  two-station  method,  allowing  to

characterize the Cape Verde top structure (~30 km).  

• Obtain a high-resolution 3D model for the region and integrate it with results from previous

studies focusing on the deeper structure of Cape Verde.

To achieve the proposed goals, our research was structured as follow:

Chapter 2 describes the Cape Verde archipelago and its main characteristics - geography, geology

and geodynamic context of the islands. A general description of the seismic station deployments

used in this study is also presented in this chapter. 

In  Chapter 3 we characterize the microseismic noise recorded in Cape Verde. We determine the

number of polarized microseismic noise signals and their back-azimuth (BAZ) as a function of time

and frequency. We also analyze the seasonality of the microseisms. Moreover, we consider  the

source-site effects, which modulate the pressure source recorded by seismic stations, to investigate

the influence of the bathymetry on the seismic noise sources recorded in the archipelago. Finally,

we determine an average back-azimuth of the recorded microseismic noise for each island and

compared  it  with  the  main  global  sources.  A peer  review  publication  resulted  from the  study

presented on this chapter (DOI: 10.1785/0120180291).

Chapter 4 presents a new and robust average Rayleigh-wave phase-velocity dispersion curve for

Cape Verde, determined through the two-station method, in a broad period band (8 - 250 s). The

inversion of this curve resulted in a shear-wave profile which allowed us to better characterize the

upper mantle structure beneath the archipelago (approximately until 250 km depth). We compared

this profile with different age profiles for the Atlantic ocean and with different hotspot profiles

(Tristan  da  Cunha,  Iceland,  Ascension,  Azores  and  Hawaii).  These  results,  together  with

geochemical data, allowed us to estimate a new apparent age for the lithosphere beneath Cape Verde

and to discuss the origin of the hotspot. A peer review publication resulted from the study presented

on this chapter (DOI:10.1016/j.tecto.2019.228225).

In Chapter 5 we applied the ambient noise tomography methodology to seismic data recorded in

Cape Verde. The principles underlying the methodology are explained within the chapter. Phase

cross-correlations  were  determined  and  stacked  through  recently  developed  methodologies.

Rayleigh-wave group-velocity dispersion measurements were computed in a period band between

~2 and ~24 s. However, due to problems detected at short periods (below 10 s), explained in chapter

6, we could only calculate group-velocity maps for periods above 10 s. 
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Introduction

By ambient noise surface wave tomography we investigated the upper structure of Cape Verde (top

30 km) and obtained a 3D model for the region. The results were then discussed considering their

possible geological interpretation. A peer review publication is in preparation based on this chapter.

Chapter  6 presents  results  from an  exploratory  study  on short-period  (<  10  s)  ambient  noise

dispersion  curves  recorded  in  Cape  Verde.  It  contains  several  tests  focusing  on  short  periods,

including the computation of synthetic dispersion curves  and of synthetic  seismograms through

modal  summation.  These  tests  justify  the  decision  to  not  include  short  period  dispersion

measurements in the ambient noise tomography of chapter 5. We also investigate the influence of a

water layer of considerable thickness (> 0.5 km) in the Rayleigh-wave dispersion curves at periods

below 10 s. This chapter further contains results obtained for the radial component (phase cross-

correlations, stacking, group-velocity measurements) evincing its potential for further studies. Part

of the results presented in this chapter will be included, as a collaborative contribution, in a peer

review publication.

The final conclusions of this thesis are drawn in Chapter 7, which summarizes the results of each

individual chapter.

1.2 Original contributions

The work developed in this thesis led to the following scientific publications:

Carvalho,  J.  F.,  Silveira,  G.,  Schimmel,  M.,  and  Stutzmann,  E.  (2019).  Characterization  of

microseismic noise in Cape Verde. Bulletin of the Seismological Society of America, 109(3), 1099-

1109.

Carvalho, J. Bonadio, R. Silveira, G. Lebedev, S. Mata, J. Arroucau, P. Celli, N. L. and Meier, T.

(2019). Evidence for high temperature in the upper mantle beneath Cape Verde archipelago from

Rayleigh-wave phase-velocity measurements. Tectonophysics, 770, 228225.

Carvalho J.,  Silveira G., Stutzmann, E., Kiselev S., Custódio, S.,  Mata, J.  and Ramalho R. (in

preparation).  Crustal and uppermost mantle structure beneath the Cape Verde from ambient noise

tomography.

J.  I.  Pinzón,  S.  Custódio,  G.  Silveira,  L.  Matias,  F.  Kruger,  J.  Carvalho and  C.  Corela  (in

preparation). How are surface wave dispersion curves recorded in the OBS's affected by the water

layer?
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CHAPTER 2 - THE CAPE VERDE ARCHIPELAGO

2.1. Introduction

The Cape Verde archipelago is a group of islands located in the eastern Atlantic Ocean, 500 km off

Senegal, West Africa [14°–18° N and 22°–26° W] (see Fig. 2.1). The archipelago was uninhabited

until the 15th century, when Portuguese explorers discovered and colonized the islands, establishing

the first European settlement in the tropics (Diffie, 1977). Currently, the archipelago comprises the

Republic of Cape Verde. Nine of the ten islands are inhabited, hosting a population of ~540.000

habitants. 

Figure 2.1: Tomographic map of the Central Atlantic showing the location of Cape Verde archipelago (Carvalho et al., 2019b)

The geological origin of the islands  has been attributed to hotspot activity, associated  with the

bathymetric swell that forms the Cape Verde Rise. The volcanic activity is thought to have started

during the Oligocene/Miocene and extended well into the Holocene (Torres et al. 2020). Historical

eruptions are unknown, except in the Fogo island volcano, where the last eruption occurred in 2014

(Ribeiro, 1960)
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2.2 Geography of the Archipelago

2.2.1 Geomorphology

The archipelago of Cape Verde is composed of ten islands and five islets, arranged in a west-facing

horseshoe shape,  with two diverging chains.  Older  islands are  located to  the east  and younger

islands to the northwest and southwest  (Samrock et al. 2019). Traditionally, two main groups of

islands  have  been  identified  -  a  windward  group  comprising  the  islands  of  Santo  Antão,  São

Vicente,  São Nicolau,  Sal,  and Boavista,  and a leeward group comprising the islands of Maio,

Santiago, Fogo, and Brava. The regional bathymetry suggests a different division into two chains: a

northern chain comprising Santo Antão, São Vicente, Santa Luzia and São Nicolau and an east-to-

southern chain comprising Sal, Boavista, Maio, Santiago, Fogo, and Brava. The bathymetry also

reveals  the  presence  of  seamounts  close  to  the  islands.  Most  of  these  seamounts  are  volcanic

edifices that never reached the sea-level (e.g. Grevemeyer et al. 2010) (Fig. 2.2). 

Figure 2.2: Geographic distribution of the islands and bathymetry of the archipelago (contour interval 2,000 m) (adapted from

Carvalho et al., 2019a).

Inter-island distances vary from 8 km, between São Vicente and Santa Luzia, and 270 km between

Santo Antão and Maio.  The eastern islands of Sal, Boavista and Maio are mainly flat, with broad

extents of plain land, where deposition is dominant.  The remaining islands exhibit  high reliefs,

which  can  reach up to  1000 meters  above the sea-level.  The island of  Fogo hosts  the  highest

mountain of the Cape Verde archipelago - Pico do Fogo - which rises up to 2829 meters.
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2.2.2 Climate

Despite their  latitude,  the Cape Verde islands present a tropical arid climate,  with temperatures

generally not too high, varying between 19ºC to 29ºC throughout the year. This is mainly due to

four important climatic systems - the subtropical Azores and Santa Helena anticyclones, the low

equatorial  pressures,  the Canary maritime current,  and the thermal  depression over  the African

continent during the summer. The dry season lasts almost nine months, from November to mid-July,

and  is  characterized  by  strong  maritime  winds.  From mid-July  to  October,  the  archipelago  is

affected by the rainy season, caused mostly by the flow of tropical maritime air and the passage of

the African east waves and isolated convective systems (Cropper, 2013). Cape Verde is also affected

by  the  West  African  monsoon,  winds  that  blow  southeasterly  during  the  warmer  months  and

northeasterly during the colder months (Gentilli et al. 2012).

Significant storms or hurricanes are not common in Cape Verde. However, the southern islands are

close to the starting point of the hurricane’s path that travel towards the Caribbean islands and the

United States Atlantic coast. As soon as they form, they move toward the west or northwest and

head to the Caribbean. Those that are formed in the southern islands are usually not strong, because

they are still in an early stage of tropical depression. 

2.3 Geodynamic and Geological settings

The Cape Verde islands lie on the African plate, which has moved very little in the last 30 Ma in

relation  to  the  hotspot  reference  frame  (Burke  and Wilson,  1972;  Morgan,  1983).  The pole  of

rotation for the African plate, with respect to its melting source, seems to be located in the vicinity

of  the  Cape  Verde  archipelago,  contributing  to  the  fixity  of  the  archipelago  relatively  to  the

underlaying hotspot (Pollitz, 1991). This may be part of the reason why the islands form a cluster

rather than a single linear chain  (Ramalho, 2010). Considering the archipelago hotspot virtually

stationary  relative  to  the  lithosphere,  it  should  be  possible  to  evaluate  the  changing  nature  of

plume/plate interactions without the complication of the plate movement (Holm et al. 2006).

Magnetic anomalies and bathymetric data suggest that Cape Verde is built on Late Jurassic/Early

Cretaceous (115 to 140 Ma) ~80 km thick (Williams et al. 1990) oceanic lithosphere (see Fig. 2.3).
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Figure 2.3: Seafloor age isochrons in the vicinity of the Cape Verde archipelago. The islands lie on 115-140 Ma old lithosphere. Data

from Muller et al. (2008).

The crust is anomalously thick beneath the islands (Lodge and Helffrich, 2006). As an example,

crustal thickness beneath the island of Maio reaches 22 km depth. The thick crust below the Cape

Verde islands is attributed to magmatic transfer from mantle source(s) to crustal levels  (Lodge &

Helffrich, 2006). Nevertheless, between the islands the crust is only ~7 km thick, a normal value for

oceanic crust (e.g. Ali et al. 2003; Pim et al. 2008).

Two different island trends define the Cape Verde archipelago. One, NW-SE and other NE-SW,

suggesting a possible relationship with fracture zones  (Williams et al. 1990). In fact,  Mata et. al.

(1999)  hypothesized  that  the  two  distinct  chains  result  from the  interaction  between  a  mantle

hotspot and deep fractures. However, there is no clear evidence that the islands are actually located

preferentially along fracture zones. There are five mapped fractures beneath the Cape Verde islands,

yet the match between the fracture zones and islands is far from being perfect or even good enough

to explain the islands distribution (see Fig.1 in Williams et al. 1990).

The volcanic activity associated with Cape Verde hotspot seems to have started sometime in the

Late  Oligocene or  Early  Miocene,  as  suggested  by  the  age  of  the  oldest  exposed lavas  in  the

archipelago.  Likewise,  this  is  suggested  as  the  age  for  the  formation  of  the  Cape Verde  Rise.

Nevertheless, the activity was not continuous and the islands did not form all at the same time. The

oldest volcanic activity occurred in Sal at ~26 Ma. The majority of the volcanic activity throughout

the  southern  chain  islands  occurred  between  ~19  -  2  Ma,  with  Fogo  still  presenting  active
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volcanism nowadays. The Northern chain islands of Santo Antão, São Nicolau and São Vicente

show younger ages from ~10 Ma to present (Samrock et al. 2019 and references therein).

Historical volcanic activity is only reported in the Fogo island, a major oceanic stratovolcano (Fig.

2.4).

Figure 2.4: Fogo volcano seen from the space (NASA Earth Observatory).

During the last five centuries, since the discovery of the archipelago, Pico do Fogo, the highly

active volcano, erupted approximately every 20 years. In the twentieth century eruptions were more

spaced, with only two eruptions, one in 1951 and the other in 1995 (see Fonseca et al., 2003 and

references therein). The most recent eruption occurred in 2014-2015. 

Faria and Fonseca, (2014) confirmed the results of previous studies (Heleno et al. 1999; Fonseca et

al.  2003)  by  stating  that  volcanic  activity  and  volcanic  hazard  are  mainly  concentrated  in  the

western  islands  (Fogo,  Brava  and  Santo  Antão).  Using  data  recorded  at  a  temporary  seismic

network, deployed in some of the Cape Verde islands (see chapter 1 for more details), the authors

detected several  seismic events under the islands,  as well  as offshore seismic activity, possibly

related to active seamounts or submarine cone fields, indicating that these structures are still active

or frequently associated to magmatic intrusions. Seismicity is sparse and poorly known. Old reports

from 1947 to 1973 contain most of the available information on the Cape Verde seismicity. Previous

to this period, the reports indicate low-intensity earthquakes felt essentially in the islands of Fogo

and  Brava,  and  typically  related  to  volcano-tectonic  activity  (Vales  et  al.  2014  and  references

therein). Vales et al., (2014), using data from another dense temporary seismic network deployed in

the archipelago, analyzed the seismicity of the archipelago, and showed that most earthquakes are
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concentrated in the westernmost areas of the archipelago.

2.4 The Cape Verde Rise and the origin of the hotspot

Cape Verde islands rest upon the ~2.2 km high and 1400–1600 km wide mid-plate topographic

swell, the Cape Verde Rise, one of the largest intra-plate bathymetric anomalies in ocean basins

(Lancelot et al. 1978; Crough, 1978; McNutt, 1988). The swell is also seen in geoid (7.6 ± 0.3 m),

gravimetric  and heat  flow (16 ± 4 mW/m²)  anomalies (e.g.  Courtney, Robert  C.,  1986).  These

observations, when associated to the lower than expected elastic effective thickness (Te) of ~24 km

(e.g.  Calmant  et  al.,  1990)  suggest  that  the  lithosphere  has  been  thermally  rejuvenated  by  an

underlying hotspot, causing an apparent age reset to ~60 Ma (e.g. Crough et al., 1978). However, if

considered individually, the swell height implies a thermal age of ~5 Ma (Courtney and White,

1986). McNutt (1988) and Sleep (1990) concluded such swell requires other dynamic forces acting

upwards,  such as  buoyancy forces  associated  with  magmatic  underplating (Ali  et  al.,  2003)  or

hotspot related melting processes acting in the sublithospheric mantle (Lodge and Hellfrich, 2006).

Hotspot swells, like the Cape Verde Rise, and their associated volcanism, are generally seen as the

surface expression of deep mantle plumes. The formation of these hotspots can be related to low

density ascending material, which rises from the mantle and interacts with the base of the crust (e.g.

Sleep, 1990). Or, alternatively, hotspots can reflect the existence of weak zones in the lithosphere or

crust, which is perhaps thin or fractured, allowing for pathways for the injection and eruption of

melt from the mantle (McNutt et al. 1997). According to Pim et al. (2008), the Cape Verde Rise is

possibly the result of deep mantle processes, such as dynamic uplift, which has elevated the islands

and tilted outwards their flanking flexural moats, and shallowed the seafloor by 2.2 km above what

would be expected.

But how are these swells sustained over geological timescales? Three models have been proposed

and accepted to explain their existence (Fig. 2.5): a) underplating by lower density material relative

to the surrounding mantle  (Phipps Morgan, Morgan, & Price, 1995); b) thermal reheating of the

lithosphere  (e.g.  Detrick and  Crough,  1978)  and  c)  dynamic  support  by  hot,  upwelling

asthenosphere (e.g. Sleep, 1994).

One of the most recent studies on this subject,  based on wide-angle seismic data,  claimed that

dynamic  upwelling  within  the  asthenospheric  mantle  plays  a  significant  role  in  sustaining  the

anomalous topography of the Cape Verde Swell (Wilson et al. 2010). Minor contributions to sustain

the topography of the swell come from both the thickening of the oceanic crust and the partial

thermal rejuvenation of the lithospheric mantle. 
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Figure 2.5: Mechanisms proposed to explain how large-scale topographic swells are sustained over geological timescales (adapted

from Wilson et al., 2010). (a) Shallow support in the crust. (b) Support in the lithospheric mantle. (c) Upwelling in the asthenospheric

mantle.

2.5 Plume or no plume?

The  Cape  Verde  Rise  origins  are  still  controversial,  but  it  is  accepted  among  the  scientific

community that this feature is associated to the existence of a hotspot beneath the archipelago. The

same can not be told for the possible existence of a deep mantle plume feeding the hotspot. Wilson

(1963) termed hotspots the locations of anomalous volcanism not related with plate boundaries,

even though nowadays we know of several hotspots that are located along mid-ocean ridges (such

as Azores, Iceland and Galapagos). Later, Morgan, (1971) proposed the existence of mantle plumes

to explain the origin of intraplate hotspots. This concept included several different  observations

made at hotspots: the existence of linear chains of volcanoes with monotonous age progression,

anomalously large values of buoyancy flux associated to topographic swells, and distinct isotopic

signatures of volcanic rocks, in particular the difference between ocean island basalts (OIB) and

mid-ocean ridge basalts (MORB). Same authors challenged or modified Morgan's model  (Sleep,

1990; Gaherty, 2001; Montagner and Ritsema, 2001). Others simply abandoned it  (e.g. Anderson,

2000;  Foulger  et  al.,  2005). Yet,  some  accepted  and  favored  the  plume  hypothesis  while  not

discarding  other  theories  (e.g.  Davies,  2005).  At  present,  the  plume model  is  considered  very

attractive  and  widely  recognized.  However,  alternative  theories/hypothesis  to  explain  oceanic

islands and other intra-plate volcanism stand in opposition - tensional fracture (e.g. Stuart et al.,

2007); lithospheric reheating (e.g.  Detrick and Crough, 1978); small-scale convection (e.g. King

and Ritsema,  2000); top-down tectonics  (e.g.  Anderson,  2002);  remelting of  slab material  (e.g.

Foulger et al., 2005) and shear-driven instabilities (e.g. Ballmer et al., 2013).

The biggest issue with the plume model is that direct evidence of their existence is weak, leaving

space  for  some  important  questions.  Plumes  are  detected  mostly  through  tomographic  studies,

appearing as low-velocity (LV) anomalies, but a plume-like column crossing the entire mantle is

rare and visible only below a dozen hotspots (Zhao, 2007; French and Romanowicz, 2014). In most

cases, LV zones are located at only some depth range under the hotspot, which can be interpreted in
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different ways: 1) Some hotspots may be unrelated to mantle plumes, as claimed by the opponents

of plume hypothesis  (e.g. Anderson, 2000; Foulger et al. 2000); 2) Plumes may present different

diameters and their thinner parts may not be visible by the global tomography; 3) Some plumes may

be shallow, not  extending into the lower mantle  (e.g.  Zhao,  2007);  4) Some of the catalogued

"hotspots" may be wrongly considered hotspots. There is yet no consensus on a definitive list of

hotspots; 5) The seismic ray-paths in the data sets, under certain hotspots, may not provide enough

resolution; 6) Some plumes may not exhibit seismic anomalies, as in case of a chemical plume or a

"wetspot" or even a dying plume (Fig. 4(5) of Silveira et al. 2006).

In order to better understand plumes, scientists privilege the study of hotspots and associated mantle

dynamics, in locations such as Hawaii, Iceland, Canary, Cape Verde and Azores. However, these

sites,  located  mostly  on  oceanic  regions,  are  challenging  to  study  seismically  given  the  poor

instrumental coverage.

Cape Verde is included as a hotspot in most catalogues  (e.g. Boschi et al., 2007; Courtillot et al.,

2003; King and Adam, 2014), because it satisfies most hotspot criteria: it presents lines of volcanic

edifices, it  has volcanic activity and it sits atop one of the largest topographic swells. Yet,  this

hotspot is one of the least studied and its underlying structure remains highly unknown. From a

global point of view, several tomographic studies (e.g. Montelli et al.,  2006; Forte et al.,  2010;

French and Romanowicz, 2015) have shown LV anomalies in the lower mantle consistent with a

mantle  plume  anchored  in  the  deep  mantle,  responsible  for  magmatism  in  Cape  Verde.

Nevertheless, the lack of resolution of these studies, in particular at upper-mantle depths, has left

the existence of a plume beneath Cape Verde still in question. Regional shear-wave velocity (Vs)

models obtained from global observations of surface and shear waves show low asthenospheric

velocities  beneath the  Cape Verde  region (e.g.  Schaeffer  and Lebedev, 2015), suggesting a  LV

anomaly in the asthenosphere, but whose amplitude and extent remains unknown.

At first, in a local seismic study, Lodge and Helffrich (2006) analyzed compressional to shear (P to

S) converted seismic phases. The authors inferred a thickened crust underlain by a high-velocity,

low-density  layer,  which  overlies  a  zone  of  low shear-wave  velocity  starting  at  80  km depth.

Furthermore,  the authors  determined shear-wave splitting (SKS) directions  and delay  times for

teleseismic phases, compatible with an origin in this same layer. These results were interpreted as a

consequence of hotspot melting. Later, Helffrich et al. (2010)  concluded, from the analysis of Ps

receiver functions, that the mantle transition zone (MTZ) is not thinned, suggesting that there is no

plume anchoring in the lower mantle.  Vinnik et al. (2012) reached a different conclusion. Using

more  seismic  stations  and  the  joint  analysis  of  Ps  and  Sp  receiver  functions,  they  inferred  a
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reduction of S-velocities by a few percent between 470-km and 510-km depths, suggesting that the

520-km discontinuity may present the base of the low-velocity layer in the transition zone. Liu and

Zhao (2014) proposed the existence of a deep mantle plume and suggested its probable location

beneath the Fogo island. There is no agreement between these studies, evincing that much is still

under debate. 

2.6 Seismic networks - 9A and YW

In the research presented in this thesis we used seismic data recorded by two different networks:

YW and 9A (Fig. 2.6), both temporarily deployed throughout the different islands. The YW network

(Lodge and Helffrich, 2006) is composed by seven broadband Guralp 3Ts (120 s) stations, which

recorded from 2002 until 2004, with a sampling rate of 50 Hz. Under funding agency agreements,

the data is now deposited at the IRIS DMC and openly available. The 9A network  (Vales et al.,

2014) recorded continuously from November 2007 to September 2008. It is composed of 38 Earth

Data PR6-24 data logger, equipped with Guralp CMG-3ESP (60 s) sensors, installed over the nine

inhabited islands, and sampling at 100 Hz. Depending on the site conditions, these stations were

installed in the open field or in shelters, near urban areas or near the coast, thus the recorded noise

level in each station shows considerable variability. The data is also available and is deposited at the

GEOFON data center. Table 2.1 presents the detailed information about the seismic stations used in

this thesis.

Figure  2.6: Seismic  networks:  YW -  yellow triangles  (recording  period:  2004 -  2004);  9A -  red  triangles  (recording  period:

November 2007 - September 2008) (adapted from Carvalho et al., 2019a).
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Table 2.1: 9A seismic network description. The information was taken from IRIS website (http://ds.iris.edu/mda/9A/). 

Island
Station

code
Network

code
Operation

period
Sensor

Latitude
(°)

Longitude
(°)

Elevation
(m)

Brava CVBR1 9A 11/2007 -
09/2008

CMG-3ESP
(60 s)

14.8804 -24.6979 473

Boavista

CVBV1 16.1739 -22.9142 17.0

CVBV2 16.1376 -22.8745 47.0

CVBV4 16.0818 -22.8148 74.0

CVBV5 16.0028 -22.7777 39.0

CVBV6 16.1640 -22.7128 37.0

Fogo

CVFG1 14.8981 -24.4886 201.0

CVFG2 15.0135 -24.4262 243.0

CVFG3 15.0450 -24.3434 25.0

CVFG4 14.8876 -24.2931 323.0

CVFG5 14.8898 -24.4072 929.0

Maio

CVMA1 15.2288 -23.2110 20.0

CVMA2 15.1347 -23.1612 56.0

CVMA3 15.1441 -23.1216 29.0

CVMA4 15.2699 -23.1733 35.0

Santo Antão

CVSA1 17.1328 -25.0427 301.0

CVSA2 17.2023 -25.0928 29.0

CVSA3 17.1647 -25.0973 117.0

CVSA4 17.1062 -25.2434 314.0

CVSA5 17.0208 -25.1670 370.0

CVSA6 16.9569 -25.3100 23.0

Sal

CVSL1 16.6008 -22.8977 19.0

CVSL2 16.7091 -22.9402 38.0

CVSL3 16.7633 -22.8944 23.0

CVSL4 16.7578 -22.9826 15.0

São Nicolau

CVSN1 16.6497 -24.3205 251.0

CVSN2 16.6219 -24.3465 1058.0

CVSN3 16.6199 -24.2929 124.0

CVSN4 16.6135 -24.1318 57.0

Santiago

CVST1 15.0150 -23.5251 206.0

CVST2 15.0525 -23.6041 333.0

CVST3 15.0983 -23.6659 569.0

CVST4 15.2299 -23.7426 32.0

CVST5 15.1186 -23.5200 49.0

São Vicente CVSV1 16.8864 -24.9228 67.0

CVSV2 16.8748 -25.0198 35.0
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CVSV3 16.8518 -25.0361 84.0

CVSV4 16.8464 -24.8741 24.0

Table 2.2: YW seismic network description. The information was taken from IRIS website (http://ds.iris.edu/mda/YW/).

Island
Station

code
Network

code
Operation

period
Sensor

Latitude
(°)

Longitude
(°)

Elevation
(m)

Maio MAIO

YW

07/2020 -
10/2004

CMG-3T
(120 s)

15.23057 -23.17725 91.0

São Vicente MING
08/2002 -
09/2004

16.862829 -24.936541 1000.0

Fogo

MLOS
08/2002 -
06/2004

14.97596 -24.33798 1650.0

PATM
08/2002 -
09/2004

14.86933 -24.42407 570.0

Santo Antão PJOR
08/2002 -
09/2004

16.984131 -25.19426 659.0

Sal SALA
08/2002 -
10/2004

16.73283 -22.935659 60.0

São Nicolau SNIC
08/2002 -
10/2004

16.620119 -24.34672 1092.0
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2.7 Summary

The Cape Verde islands are an archipelago generated by intraplate hotspot volcanism, which stands

atop one of the most prominent bathymetric swell in the ocean basins, the Cape Verde Rise. Due to

its stationary position with respect to the melting source, Cape Verde is considered a very good

location to study the plume/plate interactions, as there are no complexities associated to the plate

motion. Cape Verde is one of the less studied hotspots in our planet and several important questions

remain open concerning the possible existence of a deep mantle plume feeding the hotspot.
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CHAPTER 3 - CHARACTERIZATION OF

MICROSEISMIC NOISE IN CAPE VERDE

3.1 Introduction

Two types of seismic signals have been considered to form random wavefields. The seismic coda,

which results from the multiple scattering of seismic waves by small-scale inhomogeneities and, the

Ambient  Seismic  Noise  (ASN).  ASN is  omnipresent,  recorded  in  a  broad  frequency  band,  on

multiple orders of magnitude, from a few millihertz to several tens of Hertz, and is independent of

the occurrence of big seismic events, such as earthquakes or explosions. ASN is also clearly visible

on  seismograms  that  are  recorded  by  seismic  stations  worldwide,  whatever  their  location  on

continents (e.g. Lin et al. 2008; Saygin and Kennett, 2012), islands (Stutzmann et al. 2000), or on

the ocean floor (e.g. Stutzmann et al. 2001; Corela et al. 2017; Hable et al. 2019). In the frequency

band of 0.004 to 1 Hz, ASN can be separated into primary microseisms, secondary microseisms and

hum. These signals mostly comprise surface waves, which are less attenuated than body waves, and

have their sources at the Earth’s surface in the oceans. The weakest and the most energetic known

ambient  noise  are  the  hum  and  the  microseisms,  respectively.  This  chapter  will  focus  on

microseisms.

Over the last few decades, ASN has become a popular and promising tool to monitor and to study

the Earth's interior (Behr et al.,  2013; Corela et al.,  2017; Haned et al.,  2016; Lin et al.,  2008;

Saygin and Kennett, 2012; Shapiro and Campillo, 2004; Shapiro et al. 2005; Yang et al. 2007, 2010;

Yao et al. 2006), especially due to the fact that Green functions between pairs of stations can be

obtained from the stack of their noise cross-correlograms (Shapiro and Campillo, 2004). Most of

the ANT and monitoring studies are performed on the secondary microseismic period band, thus its

reliability  and accuracy are  extremely  affected  by the  locations  of  ambient  noise  sources  (e.g.

Carvalho et al. 2019; Xiao et al. 2018; Queiroz et al. 2017; Davy et al. 2015). In order to improve

these studies, it becomes important characterize the microseismic sources, namely their distribution

and the propagation of seismic energy from these sources to the receivers.

In  addition,  several  studies  have  provided  new  applications  using  the  microseisms:

monitoring/tracking tropical  cyclones  (e.g.  Retailleau  and Gualtieri,  2018);  ocean wave climate

research (e.g. Gualtieri et al. 2018); better understanding of climate changes based on long-term

studies  (e.g.  Aster  et  al.  2010).  These  oceanic/climatic  type  of  studies  also  require  a  good
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understanding of the microseismic noise. 

Microseisms are typically detected in a period band of ~3 - 30 s. Their generation have long been

accepted  to  result  from  the  interaction  between  the  ocean  wave  activity  with  the  solid  Earth

(Loguett-Higgins,  1950).  A portion of  energy transmitted  from ocean waves  at  the sea surface

(generated by a source such as a storm or a typhoon) can propagate to the sea floor or shoreline and

be transferred  to  seismic  waves  in  basement  rocks  as  microseisms.  These  have  been observed

mostly as surface waves (mainly Rayleigh waves) and compressional P-waves (Lin et al. 2018 and

references therein). Recently, Tanimoto et al. (2016) and Nishida et al. (2016) reported Love waves

and S waves detected in microseismic signals. 

Microseism spectra typically display two peaks (Fig. 3.1). The peak in the frequency band 10 - 30 s

is  called  primary  microseism (PM),  or  single-frequency  microseism (SFM),  whereas  the  peak

detected  in  the  frequency  range  from 3  -  10  s  is  the  secondary  microseism (SM),  or  double-

frequency microseism (DFM). Their generation mechanism are different, as we will see next.

Figure 3.1:  Example of a three component daily power spectrum recorded in a station in Algeria (TAM), where it is possible to

observe the peaks of primary microseisms (1 -  10 s),  secondary microseisms (10 - 30 s) and hum (30 - 400 s) (adapted from

Stutzmann, 2016).

Stehly et al. (2006) performed an investigation on seismic noise from its long-range correlation

properties and concluded that PM and SM noise directions are different, which indicates that the

two dominant peaks do not have the same region of origin. Also, their results showed that sources

of SM remain stable in time, and the sources of PM exhibit strong variability. Later, Gerstoft and

Tanimoto (2007) showed that PM in stations located in Northern California are generated near the

coast, whereas the SM occurs in a wider area. By analyzing a year of noise-source microseisms

directions,  the  authors  confirmed  a  different  generation  mechanism  for  the  two  types  of
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microseisms. Through the following years, several research papers were published demonstrating

agreement with these results (e.g. Schimmel et al. 2011; Moni et al. 2013; Sergeant et al. 2013). 

3.1.1 Primary microseisms

Hasselman (1963) was the first author to propose a theory for the interference of ocean waves and

ocean bottom topography that could explain the primary microseisms. In fact, PM are caused by the

direct pressure fluctuations of the ocean waves at the seafloor, in shallow waters, resulting from the

breaking and/or shoaling waves . The frequencies of the seismic source and the ocean waves are the

same, and therefore the PM are called single-frequency microseisms. 

PM are the less studied seismic background vibrations on the Earth. In a recent study, Gualtieri et

al. (2019), performed the analysis of one year of continuous seismic data recorded on the vertical

component of 24 seismic stations of the Geoscope network located worldwide, focusing on the PM,

in  order  to  identify  seasonal  variations  and possible  source  locations.  The authors  found weak

seasonality variations, especially in the southern hemisphere, due to the weak local seasonality of

sources.  This  is  confirmed  by  global-scale  (Schimmel  et  al.  2011)  and  Indian  Ocean  studies

(Stutzmann et al. 2009; Davy et al. 2015). Another important achievement of this work is related

with the source regions. The dominant sources can be located at thousands of kilometers away from

the stations, suggesting that identifying the source regions of primary microseisms at the closest

coasts can be misleading. A lot remains to be discovered in what concerns the PM.

3.1.2 Secondary microseisms

To explain  the  SM,  Hasselman  (1963)  followed  Longuet-Higgins  (1950)  and  considered  the

interference of wave trains of identical periods propagating in opposing directions to be responsible

for the generation of SM. In this case, the seismic sources have a frequency twice that of the ocean

waves, and so these signals are also called double-frequency microseisms.

The SM dominate seismic noise all over the world, yet only specific wave conditions can produce a

significant source amplitude.  The double-frequency sources are associated with particular ocean

wave properties.

Dorman et al. (1993) distinguished the SM according to their generation mechanism. In particular,

SM can be generated by swell from distant storms or caused by waves induced by local winds,

resulting in the splitting of the SM peak into two peaks - the first at about 0.1 – 0.2 Hz, and the

second between 0.2 and 0.5 Hz (see Fig. 18 in Stephen et al. 2003). Stephen et al. (2003) proposed

that the first peak (0.1 – 0.2 Hz) is associated with swell from distant storms, and the second one
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(0.2 – 0.5 Hz) is due to local sources, such as local sea state and/or local wind. Bromirski et al.

(2005) found similar results. Later, Ardhuin et al. (2011) introduced three broad classes (I, II and

III) of wave conditions that generate SM (Fig. 3.2):

I) Corresponds to the presence of ocean waves at oblique directions relative to the main wave train.

This is common at frequencies higher than 0.1 Hz (≤ 10 s). These sources are frequent but fairly

weak. 

II) When ocean waves, reflected by the coast, interact with incoming waves. These type of sources

are weak because the reflection coefficient of ocean waves at shorelines is generally less than 5%

for the wave energy. However, there are many of these sources because, in theory, they exist all

along the coasts.

III) Occurs when two wave systems have the same dominant frequency and opposite directions.

These conditions give the strongest sources. If a moving storm overruns its previously generated

ocean swell, it is considered a class IIIa, whereas when ocean swell from a distant storm encounters

waves from an unrelated storm it is a class IIIb. This last event was discussed by Obrebski et al.

(2012). Below seismic frequencies of 0.1 Hz (10 s), these events are rare. The number of storms

powerful enough to produce a significant amount of energy at frequencies below 0.05 Hz (≥ 20 s) is

reduced, and thus the probability that two such storms coexist is small.

Figure 3.2: Schematic evincing the three classes of wave conditions capable to produce significant SM sources (Nakata et al. 2019). 

Scientists  agree  that  microseisms  are  related  to  atmospheric  perturbations  that  produce  ocean

gravity waves, but the precise physical and mathematical formulation of their source mechanisms

are still a matter of debate. 

3.2 Seismic data and pre-processing

We processed three-component  seismic records  (north–south,  east–west,  and vertical)  that  were

obtained with two different temporary networks in Cape Verde (see Chapter 2, section 2.6, Fig. 2.6).

The horizontal components were rotated to north and east in order to correct for orientation errors

during  station installation.  This  correction  was  performed  using  teleseismic  P  waves.  The

instrument response was removed to convert each record to ground velocity and then decimated to 1
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sample per second, in order to extract frequency-dependent noise polarization from the continuous

three-component records in the 0.03–0.33 Hz frequency range (~3 - 30 s). Data were preprocessed

using the Seismic Analysis Code (Goldstein and Snoke, 2005).

For practical reasons in the following polarization analysis, the continuous daily records were cut

into 2-hour segments.  Problematic data, like segments with spurious noise bursts, were removed

through different consistency and quality checks during the processing. Earthquake signals were

detected, however, at the microseismic frequency range, they last for shorter time spans than the

microseisms. Through a bootstrap re-sample analysis, we down-weighted the signals with back-

azimuth that were clustered in time for short duration instead of being distributed over several hours

(Schimmel  et  al.  2011).  This  step  was  performed  automatically  before  the  analysis  of  the

polarization measurements.

3.3 Methodology - Polarization analysis

The  study  of  seismic  wave  propagation,  the  measurement  of  seismic  ground  motion,  and  the

identification and interpretations of seismic signals in seismograms are necessary steps in order to

constrain and to determine the seismic structure of the Earth. The difficulty lays on the non-clear

separation  between  signals  and  noise,  and  how  to  enhance  the  signals.  Directional  coherence

measurements and/or polarization analyses are helpful tools for attenuating noise, including signals

such as multiple reverberations or reflections from the subsurface. These are usually classified as

signal-generated noise, the most difficult noise to eliminate, which should be suppressed like any

other noise.  These methods suppress incoherent signals and coherent signals with energy outside

specified apparent velocity ranges (equivalently, slowness or wavenumber ranges) (Schimmel and

Gallart, 2003 and references therein). 

Polarization analysis makes full use of the three-component vector field to characterize the particle

motion. Polarization attributes are usually derived in the frequency domain or in the time domain.

Frequency domain approaches are most efficient for dispersed or superimposed waves of distinct

frequency  content.  If,  however,  the  signals  are  separated  in  time  and  exhibit  similar  spectral

characteristics then time-domain approaches are recommended (Schimmel and Gallart, 2003, 2004

and references therein).

As explained before, Rayleigh waves are the dominant signals in the microseismic noise, and have

elliptical  polarization.  Given  this  property,  it  is  possible  to  perform  a  frequency-dependent

polarization analysis in order to identify the direction of the incoming waves, called back-azimuth

(BAZ) (Fig. 3.9). There is a 180º ambiguity in the determination of BAZ that can be easily removed
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by assuming that the orientation of ground motion ellipse is retrograde,  as usually happens for

fundamental mode Rayleigh waves recorded in rocky ground (Schimmel et al. 2011).

In this chapter we will use the polarization algorithm developed by Schimmel et al. (2011) in order

to analyze and characterize the primary and secondary microseismic signals recorded in the Cape

Verde archipelago. For the sake of simplicity, from now on, we will  refer to this  algorithm as

"polarization analysis". 

Figure 3.3: Expected particle motion for fundamental mode Rayleigh waves in the vertical plane, which connects the source with the

receiver. This elliptical retrograde particle of Rayleigh waves is used to find the back azimuth (BAZ) from the station to the source

area without 180° ambiguity (Schimmel et al. 2011).

The  polarization  analysis  describes  the  particle  ground  motion  at  the  receiver,  taking  into

consideration the seismic records along the three directions (north–south, east–west, and vertical). It

is an excellent approach for our data set as the analysis can be performed on individual stations

instead of requiring a dense seismic network, which is the case of other polarization techniques,

such as beamformig. With this type of analysis, we can determine the propagation direction, but not

the distance to the source. For the polarization analysis, all individual records were transformed into

the time-frequency domain, through the S-transform (Stockwell et al. 1996). Whether the time, the

time-frequency, or the frequency domain approach is more advantageous depends on the properties

of the wavefield and the goal of the analysis. The time-frequency domain approach combines the

strengths of both the time and frequency domain approaches. For non-stationary data and multiple

sources, the time-frequency approach may be the best option. The S-transform has the advantage

that optimal frequency-dependent windows are used to sample the seismic data, which can take into

account the non-stationary evolution of the wavefield (Schimmel et al. 2011; Nakada et al. 2019). In

this particular case the algorithm comprises Gaussian shaped windows with 2s = 3T where s and T‐

are the standard deviation and period, respectively. 

Independently of the approach or the domain chosen, it is important to assess how polarized the

seismic vibrations are. A possible strategy is to estimate the strength of an estimated polarization

state.  This can be done,  for instance,  for instantaneous polarization attributes  with a  degree of
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polarization  measure  (DOP)  (e.g.  Schimmel  and  Gallart,  2003,  2004;  Schimmel  et  al.  2011;

Sergeant et al. 2013; Davy et al. 2015). 

The DOP is a quality measurement connected to the stability of an arbitrary polarization in time,

based on the assumption that the polarization of a high-quality signal should not vary in a small-

time window (Schimmel and Gallart, 2003). The DOP is built from the semi-major and semi-minor

axes of the ellipse that best fits the ground motion, which are determined through the analysis of the

eigenvalue's matrix between the three components of the seismogram. A more detailed description

of the polarization analysis method can be found in Schimmel et al. (2011). 

The DOP parameter is normalized and varies from 0 to 1, where 0 means a random ground motion

and 1 corresponds to a perfectly polarized signal of elliptical particle motion in the vertical plane.

We considered  polarized  signals  as  those  with  a  DOP  larger  than  0.7,  and  kept  only  these

measurements, which correspond to stable elliptical polarization within the frequency-dependent

polarization analysis window. 

The polarization analysis outcome is thus a matrix with time (s), frequency (Hz), DOP, and source

BAZ (°)  for  all  the  signals  detected  at  each  seismic  station.  With  these  data,  we  analyze  the

microseismic sources and their variations with time and frequency (Carvalho et al. 2019a).

3.4 Results

We started by quantifying the number of elliptically polarized signals as a function of frequency for

each station. Among the selected signals with DOP values larger than 0.7, most of them have DOP

values between 0.75 and 0.85. The polarization spectrum is defined as the  normalized  number of

polarized signals as a function of frequency. It is shown in Fig. 3.4 for all stations from network 9A

where individual stations in each island are plotted in gray. The black line represents the median.

The histogram superimposed on every plot in Fig. 3.4 indicates the normalized total amount of

detections throughout the year in each frequency band for each station.

The polarization spectra evince a bimodal distribution, with a minimum number of detected signals

between the PM and SM, around 0.1 Hz, for all stations. Within the SM frequency band, and for

most of the stations, we recognized a bimodal distribution of second order, with a minimum around

0.20 Hz. We here name this third peak as High Frequency Secondary Microseism (HFSM). At the

stations in São Nicolau, we detected a systematic HFSM signal coming from all BAZ directions. It

is possible that this was caused by cultural noise, which we discarded (the top right part of Fig. 3.4).

The relative number of polarized signals between the SM and PM frequency band varies between

the different stations (Fig. 3.4). CVSL stations (Sal Island) exhibit, in general, a higher number of
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polarized signals in the PM frequency band. For all the other stations, the number of polarized

signals is larger in the SM frequency band.

Figure 3.4: Polarization spectra for all 9A stations. Gray lines represent the result for all stations on the same island. A black line

represents  the  median  of  the  observations.  PM,  primary  microseism;  SM,  secondary  microseism.  The  maximum value  of  the

polarized signals was normalized to 1. A histogram is superimposed on each plot and shows the normalized relative distribution

between the polarized signals counted throughout the year in the PM (in light green) and the SM (in light blue) frequency bands.

The histogram superimposed on every plot in Fig. 3.4 indicates for each median the normalized

total number of detections throughout the year in each frequency band. In all stations we detected

less polarized signals for the PM (light green area) than for the SM (light blue area).  The PM

detections  never  dominate,  yet  in  CVSN group they  are  close  to  equaling  the  number  of  SM

polarized signals. This is due to the problems detected in these stations at higher frequencies (above

0.2 Hz). In the appendix section (A3.1) you can find the polarization spectra of each individual

station with the histogram superimposed. 

We then analyzed data from network YW. The processing was the same that was applied to network

9A. The results obtained for the network YW are represented in Fig. 3.5. 

The same bimodal  distribution is also visible  on this  dataset,  with a  minimum  around 0.1 Hz,

separating the PM and the SM. In these stations the second order bimodal distribution (within the

SM frequency band) is not as clear as it is in the 9A stations, yet it is  still present. SM seems to

predominate in terms of the relative number of polarized signals.  The histograms, similar to what

happens with the 9A stations, display less polarized PM signals than SM, detected throughout the
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year. 

Figure 3.5: Polarization spectra for YW stations. Gray lines represent the result for each station in Fogo island (the only island with

two stations) where the median of the observations is represented by a black line. In the remaining islands the black line represent the

result of the observations. PM, primary microseism; SM, secondary microseism. The maximum value of the polarized signals was

normalized to 1. A histogram is superimposed on each plot and shows the normalized relative distribution between the polarized

signals counted throughout the year in the PM (in light green) and the SM (in light blue) frequency bands.

The observed separation between the PM and the SM is also visible across the entire recording

period. In Fig. 3.6, we display the time-frequency-dependent polarization spectra for two stations,

CVMA3 and MAIO, of networks 9A and YW, respectively. Red colors correspond to the highest

number of detected elliptically polarized signals. The number of signals has been normalized to 1

per day, and the color scale has been saturated to 0.5. 

Figure 3.6: Polarization spectra as a function of time and frequency for stations CVMA3 and MAIO. Red colors correspond to the

maximum number of polarized signals. PM (0.03 - 0.1 Hz) and SM (0.1 - 0.3 Hz) signals are present in both stations and visible as

horizontal red bands.

Two continuous red bands mark the PM and low-frequency SM signals, which are present at both

stations across the entire recording period. No strong seasonal variations were observed in these

frequency bands. The same patterns are found for the other stations of the archipelago. The absence

of seasonal variation can be related to the location of Cape Verde, close to the Equator.  In the
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HFSM  band, more  polarized  signals  are  detected  during  the  northern  hemisphere  spring  and

summer in both stations (CVMA3 and MAIO), and this feature repeats itself for different years

(Fig. 3.6). A similar pattern was found for station TAM in Algeria (Schimmel et al. 2011), which is

located at a similar latitude above the equator. Appendix section (A3.2) shows the time-frequency-

dependent polarization spectra calculated for all stations.

The number of elliptically polarized signals, as a function of BAZ, at each seismic station was also

calculated. Fig. 3.7 shows the monthly variations of the SM BAZ, as a function of frequency, for

stations MAIO (YW) and CVMA (9A), both located on Maio Island. The station here defined as

CVMA combines the four stations (CVMA1–CVMA4) of network 9A. Both results exhibit, at the

very least, one dominant BAZ.

Figure 3.7: Monthly variations of back azimuth (BAZ) in 2003 at station MAIO and 2008 at station CVMA, both located on Maio

Island. Red colors represent the maximum number of polarized signals, and each small circle corresponds to a particular frequency.

The inner circle is at 0.1 Hz, and the outer circle is at 0.33 Hz, with small circles plotted at a 0.05 Hz interval. The color scale is

saturated at 0.5.

Also, despite representing two different years, the patterns are very similar, presenting just small

variations  between 0.1 and 0.2 Hz.  At  higher  frequencies  (above 0.2 Hz),  we detected another

dominant BAZ, which is also present at both sets of stations, however, it  is stronger and more
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evident in CVMA stations. Station MAIO exhibits a clear source direction in the frequency band

0.1–0.2 Hz, stable all  year in the northwest–southwest direction.  A second source,  in the same

frequency band, neither stable  nor as strong as the previous one,  is  also present,  pointing to  a

direction between northeast and southeast. 

At CVMA stations, besides the similar source BAZ at lower frequencies (below 0.2 Hz), there is

also an important source, around 0.25 Hz, that is present almost every month; this one has a clear

direction toward the southeast. At this frequency, we are probably facing a local source toward the

southeastern coast. It can be related to rain showers, stronger winds, or a sandstorm from the Sahara

Desert.

In order to better understand the distribution of sources at Cape Verde, we present, in Fig. 3.8, the

detected  polarized  signals  in  the  SM frequency band in  each island.  In  São Nicolau,  we only

represent the frequency band between 0.1 and 0.2 Hz, due to the detection of cultural  noise at

higher frequencies, which we already mentioned. As said before,  stations from the same island

present  similar  dominant  BAZ distributions.  Therefore,  we plot  the normalized sum of  all  SM

polarized signals, within each one of the islands, as a function of the BAZ. This representation

favors the visualization of the results for the archipelago, and it gives a better idea of the dominant

sources. Signals have been normalized to 1, and the color scale has been saturated, such that bins

above 0.5 are represented in dark red.

Figure 3.8: Detection of SM-polarized signals throughout the time of the 9A network. Diagrams represent an average of all the

stations per island. The inner circle is at 0.1 Hz, and the outer circle is at 0.33 Hz, with small circles plotted at a 0.05 Hz interval.

29



Characterization of Microseismic Noise in Cape Verde

In  each island,  at  least  one  clear  and dominant  source  BAZ is  observed for  the  SM-polarized

signals. At each island there is at least a clear BAZ in the frequency band 0.1–0.2 Hz, in most cases

pointing toward the middle of the horseshoe shape chain of islands. Stations from CVSL (Sal) and

CVBV (Boavista) also record signals coming from the east. At higher frequency, around 0.25 Hz,

CVMA stations  (Maio  Island)  detected  a  clear  BAZ toward the  southeast.  At  the  same higher

frequencies, at CVSA stations (Santo Antão) and CVSV stations (São Vicente), we observed BAZ

toward the northeast, which are in agreement with the direction of the local winds that have a larger

effect on the islands of the northern group. Similar results have been obtained with data of the YW

network (appendix section A3.3). All the SM-polarized signals throughout the time calculated for

each individual station are represented on appendix section A3.4.

3.5 Discussion

For both networks, and at almost all stations, the polarization spectra enable us to identify the SM

and PM clearly, but the relative number of polarized signals between PM and SM varies among the

islands (see Fig. 3.4). Nevertheless,  the PM is always clearly visible.  PM are generated by the

interaction between ocean waves and the coast (Hasselmann, 1963). In Cape Verde, on top of the

interaction of ocean waves with the island coasts, the presence of submarine seamounts between

some of the islands may favor the interaction of the ocean waves with the sloping seafloor.

In  the  following,  we  focus  only  on  the  SM  in  the  0.1  to  0.33  Hz  signals  and  compare  our

polarization measurement with a SM noise source model.  SM sources are pressure fluctuations

close  to  the  ocean  surface  generated  by  the  interaction  of  opposing ocean waves.  We use  the

pressure power spectral density (PSD) on a grid of 0.5° in latitude and longitude from the IOWAGA

numerical  wave  model  (Ardhuin  et  al.  2011)  to  compare  with  our  BAZ  measurements.  The

IOWAGA model is based on the WAVEWATCH III(R) code (Tolman, 1991, 2014), and forced by 6‐

hourly wind analysis from the European Centre for Medium range Weather Forecasting (ECMWF).

The model takes into account all wave-wave interactions, including those generated at the coast

between  incident  and  reflected  waves.  Reflected  waves  are  computed  for  a  coastal  reflection

coefficient of 10%. The frequency dependent pressure PSD model is then multiplied by the surface

wave source site effect (Longuet-Higgins, 1950; Kedar et al. 2008, Adrhuin et al., 2011, Stutzman et

al., 2012) to obtain the secondary microseism source maps, at the time steps of 6 hours for seismic

frequencies between 0.3 and 0.1 Hz. Longuet-Higgins  (1950) demonstrated that  the source site

effect modulates the pressure source recorded by seismic stations. This effect should be taken into

account to investigate the source locations that generate the detected signals (e.g. Kedar et al. 2008;
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Adrhuin et al., 2011; Stutzmann et al., 2012). Hereafter we call SM sources the pressure sources

combined with the source site effect.

Fig. 3.9 shows the map of SM sources distribution in two frequency bands (0.2 - 0.33 Hz) and (0.1 -

0.2 Hz) averaged for January and August 2008. We observe that the SM sources with higher energy

occur during the north hemisphere winter (Fig. 3.9, top) in both frequency bands. Strongest sources

are localized in the North Atlantic. Between 0.2 - 0.33 Hz, sources spread across all the western

North Atlantic basin, whereas at lower frequency (0.1 - 0.2 Hz), strongest sources are along the

northern part of the Mid-Atlantic Ridge and at the West Iberia margin and Gulf of Cadiz. The strong

sources in the vicinity of the ridges are due to the source site effect which amplifies sources at these

locations with respect to elsewhere (e.g. Stutzmann et al. 2012, Gualtieri et al. 2014). 

Figure 3.9: SM noise-source distribution maps averaged for (a) January and (b) August 2008 for the frequency bands 0.1–0.2 Hz (5–

10 s) and 0.2–0.33 Hz (3–5 s), modeled with a 10% coefficient of ocean-wave coastal reflection.

No strong sources are observed close to Cape Verde. During north hemisphere summer (Fig. 3.9,

bottom), SM sources are weaker. We observe some sources around Cape Verde in the frequency

band 0.2 - 0.33 Hz. At lower frequency, we observe no significant sources.

Strong large-scale seasonal variability of the SM source model is observable in the frequency band

0.1 - 0.33 Hz (Fig. 3.9), but our polarization analysis shows no substantial seasonal variations of the

detected signals in that frequency band (see Fig. 3.6). Further, Fig. 3.7 and Fig. 3.8 show that the
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measured BAZ are not toward the strongest North Atlantic sources and therefore SM recorded in

Cape Verde are probably generated by local sources. Cape Verde has a tropical oceanic climate,

without  an  apparent  change  between  summer  and  winter  weather,  and  a  quasi-persistent

northeasterly wind affecting the archipelago. These characteristics of its climate may explain the

absence of systematic seasonal variations in the low-frequency SM noise. Fig. 3.10 evince the SM

sources in the region around Cape Verde averaged over the entire 2008 recording period. 

Figure 3.10: SM noise-source maps in the North Atlantic zoomed in the Cape Verde area, averaged for the nine months of 2008, and

computed in the frequency bands (a) 0.1–0.2 Hz and (c) 0.2–0.33 Hz. (b) The BAZ was calculated by merging all the stations

together. Inner and outer circles represent the frequencies of 0.1 and 0.33 Hz, respectively.

Fig. 3.10(b), shows the measured BAZ averaged over the same recording period and all stations. In

the low-frequency band (inner circle) the BAZ points toward the South Western sector, towards the

"aperture" of the horseshoe formed by the distribution of the islands. The corresponding SM source

model  [Fig. 3.10(a)] does not show large sources along that BAZ. We note that this BAZ points

toward the direction of the tropical depressions that mark the starting point of the hurricane paths

across the equatorial Atlantic. The SM source model also displays weaker but closer sources along

the island coasts.  The resolution of  the model  (50 x 50 km) does not  allow for  distinguishing

sources along coasts inside the island ring or along outside coasts. At higher frequencies (0.2 - 0.33

Hz): [Fig. 3.10(c)], the source model displays strong sources around the islands, close to the African

coast and weaker sources at the East and the West of the archipelago. These numerous sources

probably explain the spread of the recorded BAZ.

Using the  digital  bathymetric  model  (Weatherall  et  al.  2015),  we computed  the  site  effect  for

sources close to Cape Verde (e.g. Stutzmann et al. 2012). Fig. 3.11 shows the GEBCO bathymetry

model, with a grid spacing of 30 arcsec together with the source site effect in both frequency bands. 
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Figure 3.11: (a) Bathymetric map; (b,c) amplification factor for the seismic wave frequency of 0.1–0.2 Hz and 0.2–0.33 Hz.

For the frequency band 0.1 - 0.2 Hz, any source located above an ocean layer 2500-3500 m thick

will  be strongly amplified.  This  corresponds to  the area surrounding the archipelago and to its

north-east. We note that very few BAZ are measured toward the north-east at these frequencies. The

measured BAZ toward the East does not correspond to a local source strongly amplified by the

source site effect. Note that our simple 1D model of the source site effect does not take into account

the 3D crust variability of the archipelago. Between 0.2 - 0.33 Hz, only SM sources located above

1500-2000 m ocean depths, that is close to the archipelago and at two areas along the African coast

can  be  strongly  amplified.  We observe  that  the  most  abundant  BAZ  measurements  at  these

frequencies point towards North East to South East.
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3.6 Summary

For the first  time,  we studied the impact  of  the  Cape Verde archipelago geometry  and nearby

bathymetry in the generation of seismic ambient noise in that area of the Northeastern Atlantic

ocean. The polarization spectra of the microseisms recorded by two different temporary networks

allowed us to identify both PM and SM signals and showed that the relative number of polarized

signals varies among the different islands.

Analysis of the number of polarized signals as a function of frequency revealed an SM divided into

low and high frequency bands. The low-frequency SM is consistent throughout the year, and its

BAZ does not  show significant seasonal variations.  On the contrary, the high-frequency SM is

seasonal and displays a higher number of polarized signals in the northern hemisphere spring and

summer.

In the SM frequency band, the dominant BAZ seems to point towards sources within the horseshoe-

shaped archipelago or to nearby sources. A comparison with sources from the IOWAGA numerical

ocean wave model indicates that the most significant North Atlantic storms do not generate the SM

recorded in Cape Verde.

Computation  of  the site  effect  in  the  archipelago reveals  that  local  sources  are  amplified,  thus

suggesting that the horseshoe distribution of islands plays a key role in the microseismic noise

generation in this region.
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Appendix

A3.1
Polarization spectra for each individual station and the corresponding histograms of the detections

of PM and SM throughout the year (or years) of recording.
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Polarization spectra for each individual station with problems that we discarded.
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A3.2
Polarization spectra as a function of time and frequency for all the stations of the 9A network. Red

colors correspond to the maximum number of polarized signals. PM and SM signals are present in

both stations and visible as horizontal red bands. Some of the spectra may not be complete due to

the non-existence of polarized signals in certain periods of time. If this is the case, a black box

covers the window where there is no results.
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Polarization spectra as a function of time and frequency for all the stations of the YW network.
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A3.3
Detection of SM-polarized signals throughout the time for YW deployment. Diagrams represent an

average of the stations on the same island. The inner circle is at 0.1 Hz, and the outer circle is at

0.33 Hz, with small circles plotted at a 0.05 Hz interval.
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A3.4
Detected SM-polarized signals throughout the period of recording for each individual station, per
island:

Santo Antão

São Vicente

São Nicolau

Sal

Boavista
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Maio

Santiago

Fogo

Fogo - YW network
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CHAPTER 4 - EVIDENCE FOR HIGH TEMPERATURE IN

THE UPPER MANTLE BENEATH CAPE VERDE

ARCHIPELAGO FROM RAYLEIGH-WAVE PHASE-

VELOCITY MEASUREMENTS

4.1 Introduction

Most  of  the  mass  transfer  between  Earth’s  mantle  and  crust  occurs  at  plate  boundaries.  A

conspicuous exception, albeit with much smaller volumes, is intraplate basaltic magmatism, often

associated with significant swells, as in the case of the Hawaii and Cape Verde archipelagos (e.g.

Laske et al. 2011; Phipps Morgan et al. 1995; Crough, 1982). This intraplate magmatism has been

attributed to hotspots in the upper asthenosphere,  as first  proposed by  Wilson (1963), and then

associated  in  their  origin  to  hot  mantle  plumes  (Morgan,  1971).  Alternative  models  for  such

magmatism include the existence of wet spots in the asthenosphere, as hypothesized for the specific

case  of  the  Azores  (e.g.  Bonatti,  1990;  Asimow  et  al.  2004),  or  the  passive  response  of  the

asthenosphere to lithospheric breakup (e.g. Anderson, 2000; Lustrino and Anderson, 2015). 

As referred in Chapter 2, the Cape Verde archipelago is included in most hotspot catalogues (e.g.

Boschi et al. 2007; Courtillot et al. 2003; King and Adam, 2014), yet the origin of the magmatism is

debated and models invoking mantle plumes (e.g.  Liu and Zhao, 2014; Montelli et al. 2006) and,

alternatively,  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  (Figure  4.1)  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-mentioned 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  simultaneous  geological  events,  at  both  locations,  may indicate  a  causal  link  between

lithospheric deformation events and the origin of magmatism. A high-resolution image of the Earth

structure beneath Cape Verde is key to clarify the origin of the islands.
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Figure 4.1: 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.

In order to better constrain the Earth's lithosphere and sublithospheric 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 such as limitations

posed by 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. 

4.1.1 Surface Waves 

Surface waves are elastic waves that propagate parallel to the surface of the Earth whose amplitude

diminishes with the depth. Most of the energy in surface waves is carried by long-period vibrations

(greater than 20 s) generated by earthquakes and easily recorded at teleseismic distances. The most

striking property of surface waves is their dispersive character, that is, different frequencies within

the surface wave packet travel at different speeds since they are sensitive to structure at different

depths. Scientists  started  to  take  advantage  of  this  property  in  the  1950s  to  infer  the  seismic

properties of the crust and upper mantle structure and studies progressed rapidly, as did the tools to

measure group and phase velocity dispersion. With the arrival of digital recordings in the mid-1970s

and the expansion of global digital long-period and later broadband networks, the processing of the

long time series needed to measure surface waves became much easier and opened the door, in the

1980s, to large-scale and global studies of upper mantle structure.

The theory of the generation and propagation of surface waves, in a spherical Earth, is intimately
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linked to that of Earth's free oscillations, leading to the distinction of various modes. The lowest

mode is called the fundamental mode, followed by higher modes or overtones. Fundamental modes

are  usually  well  separated from other  seismic  phases  on seismograms and are well  excited by

shallow, crustal earthquakes. On the other hand, higher modes travel at higher group velocities and

are better excited by deeper earthquakes.

Surface waves recorded at teleseismic distances contain information not only about the crust and

upper  mantle  structure  along  the  source-station  path  but  also  about  the  earthquake  source.

Separating the two effects has been one of the long-standing challenges faced by seismologists.

If we consider an isotropic medium, two types of surface waves propagate independently - Love

and Rayleigh waves. The study described in this chapter used only Rayleigh waves, which are

polarized in the vertical plane that contains the source and the receiver (P - SV energy combined)

and have a retrograde elliptical particle motion (Fig. 4.2). 

Figure 4.2: Particle  motion of  Rayleigh waves.  The  circle  describes  the elliptical  particle  motion and the arrow indicates  the

propagation of deformation.

In general,  Rayleigh waves have a good SNR on the vertical  component,  which is  the quietest

component on most seismometers, making Rayleigh waves the most studied.  Some early studies

documented the correlation of surface tectonic features with seismic velocity variations inferred

from regional phase-velocity measurements of fundamental mode Rayleigh waves in the period

range between 20 - 100 s or at longer periods, reaching deeper into the mantle (Romanowicz, 2011

and references therein).

The dispersion curves of Rayleigh waves generally evince an increase from 2 to 3 km/s at periods

below 10 s, another increase to 4 km/s between 20-50 s, corresponding to the sharp velocity rise

across the Moho, and finally, around 100 s a strong increase to more than 5 km/s  (Soomro et al.

2015). The velocity of propagation of surface waves can be described in terms of either group

velocity or phase velocity. Within the scope of this chapter, we considered only phase velocity

measurements,  which  will  be  briefly  described.  In  chapter  5,  group  velocity  will  be  properly

addressed. 
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4.1.2 Phase Velocity 

Phase velocity is defined as the velocity of a specific frequency component of the wave train. It

derives  from  the  expression  of  a  plane  wave  of  wavenumber  k,  and  angular  frequency  ω,

propagating in the direction x. Thus, the phase velocity can be mathematically defined as:

            (4.1)

Frequency  is  related  to  period  of  the  wave,  Т,  by   while   where  λ is  the

wavelength ω.

In general, the phase velocity of surface waves increases with period and has values higher than the

group velocity. The surface waves allows the sampling of several areas around the globe that are

otherwise devoid of seismic stations, such the as oceans. 

The phase velocity at each frequency is obtained from the phase  Ф of the Fourier spectrum of a

dispersed wave train that has been corrected for the contribution of the source and instrument. If the

earthquake source contribution to the phase is known, which requires knowing the focal mechanism

or the moment tensor  for  the event,  then  the  phase  velocity  can  be determined using a  single

receiver. This method is able to cover a broad area, yet it loses spatial resolution. When the surface

wave study lies over a smaller area, like Cape Verde, the alternative methodology to extract phase

velocity measurements is the two-station method. Using the two-station method, the dispersion is

measured between two stations that are  approximately aligned with the epicenter  along a great

circle, thus eliminating the common source phase (Lowrie, 2007). However, the alignment between

the teleseismic event and the station-pair is not perfect. The two-station method will be further

described later in section 4.3.

4.2 Seismic data and pre-processing

We processed data records from the two temporary networks 9A and YW (see Chapter 2, section

2.6, Fig. 2.5 for details on the seismic data). The general pre-processing steps of the two-station

method are quite simple: 1) checking of the data quality; 2) removal of the instrument response and

rotation to north and east of the horizontal components; 3) preparation of a file with the coordinates

of the stations; 4) detection of the teleseismic events and creation of an event list. However, our

data presented some challenges: 1) the high level of ambient noise, which limited the number of

successful dispersion measurements; 2)  remoteness of Cape Verde from seismically active areas

(Vales  et  al.  2014);  and  3)  the  unevenness  of  the  station-to-station  path  coverage,  due  to  the

distribution of the islands and the absence of ocean bottom seismometers (Fig. 4.3).
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Figure 4.3: Left: Seismic network (red triangles - 9A network; yellow triangles - YW network) and station-to-station path coverage

(black lines). Right: Seismic network and seafloor age isochrons (Müller et al. 2008).

In  order  to  perform accurate  phase-velocity  measurements  and  obtain  a  robust  average  phase-

velocity curve for the Cape Verde archipelago, we applied processing steps developed explicitly for

our dataset.  In particular, for each station pair, we chose teleseismic earthquakes for which the

angles between station-station and event-station great circle paths were less than 10º. 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.

4.3 Phase-Velocity measurements and the two-station method

The two-station method was first introduced by Sato (1955). It uses earthquakes as signal sources,

in  the  frequency  domain,  to  obtain  phase-velocity  measurements.  Since  its  introduction  it  was

applied to several local studies. Decades later, the method was improved by Meier et al. (2014) and

automated by Soomro et al. (2015). 

Fig.  4.4  shows  an  example  of  the  determination  of  the  phase  velocity  of  the  Rayleigh-wave

fundamental mode using the two-station method, between the pair of stations CVSA1 - CVMA1.

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

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). 
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The  selection  of  the  dispersion  curves  was  performed  manually  (Fig  4.4),  in  an  interactive

procedure based on criteria, that include 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, and we established a minimum of two measurements. However, for

some station pairs, even this number was not achieved, given the relatively short operation time of

stations  (9A  network).  We  thus  computed  more  robust,  inter-island  dispersion  curves,  by

considering all the station-station paths between the same two islands and computing the average of

all the phase-velocity measurements at each frequency. 

Figure 4.4: Procedure to determine the phase-velocity using the two-station method. The example corresponds to the path between

the stations CVSA1-CVMA1. On the top two left panels are the waveforms at the two stations, shown together with amplitudes as

function of time and frequency, calculated by the multi-filter technique (MFT). At the left bottom panel is the cross-correlation of the

two waveforms. On the top right are the ambiguous phase-velocity curves (blue lines) and the reference model AK135 (top dashed

line). The bottom right panel represents the dispersion curve selected in red. The black lines represent other events detected at these

two stations.

For the purpose of this study, each island is now represented by a single virtual station, located at a

geographical midpoint of all stations within each island. Fig. 4.5 represents the final ray distribution

as well as each virtual station.
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Figure 4.5: Virtual seismic stations (red triangles) and final ray path distribution (black lines).

The  phase  is  extracted  from  the  band-passed  and  weighted  cross-correlation  function  in  the

frequency domain,  resulting in more than a single phase-velocity curve,  due to the inherent 2π

ambiguity  of  the  phase  measurement.  With  the  increasing  inter-station  distance,  the  ambiguity

caused by the cycle kipping, also increases. The automated processing scheme of Soomro et al.

(2015) solved the ambiguity problem through a reference curve that  will  be used to  avoid the

multiple candidate phase measurements for the same event and frequency.

We first tested AK135 as a reference curve  (Kennett et al. 1995), calculated using the MINEOS

software package.  The computation of the reference curve took into consideration the physical

dispersion Qs from Montagner and Kennett (1996). However a more accurate and regional model

was needed. The automated phase-velocity measurement routine of Soomro et al. (2015) allowed us

to obtain a preliminary 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 measurements were stacked together in the broad period range, resulting in a

density distribution plot [Fig. 4.6(a)]. 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, iterative

selection 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 broadband sensors (YW network). To constrain

the lithosphere 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

successfully measured with cross-correlation at periods longer than 120 s. 
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Figure 4.6: a) Density distribution plot for the stack of automated preliminary measurements, normalized to the maximum at each

period. The regional reference 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 (Lebedev et al. 2006). 

We thus  complemented  them  with  phase  velocities  measured  using  waveform  inversion  (e.g.

Lebedev et al. 2006) and merged the both types of measurements obtain our average curve. From

the waveform inversion  we obtained phase-velocity values calculated in several points of a grid

around Cape Verde. With these values we determined an average curve and considered only the

values at longer periods to complement our measurements. 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 adequate (Lebedev et al. 2006) [Fig. 4.6(b)]. Fig. 4.7 shows

the final average dispersion curve (red line), plotted together with the individual dispersion curves

(dark grey). 

The  average  dispersion  measurements  of  inter-island pairs  were  also  inverted  to  obtain  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 parametrization and regularization coefficients, in

order to identify the optimal achievable resolution for the maps.
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Figure 4.7: 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.

We also applied an outlier removal procedure to the data, removing the 15% of the data with the

largest misfits (Endrun et al. 2011; Lebedev and Van Der Hilst, 2008), likely presenting the largest

measurement  errors.  The  phase-velocity  maps  (Appendix  A4.1) show  weak  regional-scale

heterogeneities across the area (the percentage of the anomaly is inferior to 1%). This substantiates

that an inversion of a region-average, phase-velocity curve should produce a meaningful, region-

average Vs profile characterizing the upper mantle structure beneath Cape Verde.

We compared our results with those of the Atlantic Rayleigh wave phase velocities averaged for

different lithospheric ages (James et al. 2014). The comparison, displayed in Fig. 4.8, reveals that

the Cape Verde phase-velocities at periods longer than 40 s (frequencies lower than ~ 0.025 Hz,

which  sample  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 that the asthenosphere beneath the Cape Verde region is hotter than average. 

Figure 4.8: Comparison of the Cape Verde-region average dispersion curve (black line) with Atlantic Rayleigh wave phase velocities

averaged for different lithospheric ages (James et al. 2014).
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4.4 Average shear wave velocity

We inverted the average, fundamental-mode, Rayleigh-wave dispersion curve in order 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.  Agius  and  Lebedev,  2014).  For  each

perturbation in the shear-wave profile, the Rayleigh wave synthetic phase velocities are computed

directly  from  the  Vsv models,  using  a  suitably  fast  version  of  the  MINEOS  modes  code

(http://geodynamics.org/cig/software/mineos). The non-linear inversion algorithm, minimizing the

data-synthetic  misfit,  converges  to  the  best-fitting  solution,  without  the  need  to  linearize  the

problem (Agius and Lebedev, 2014). 

Our initial model is similar to that used to study Tristan da Cunha 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  initial  reference  model  is

characterized by constant shear-wave velocities (4.45 km/s) from the Moho down to 220 km depth,

followed by linearly increasing shear-wave velocities until 410 km. Below this depth the model

takes the values of Kennett et al. (1995). The shear Q profile is taken from AK135. The inversion 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 a

parameter that is allowed to vary during the inversion computation, in order to avoid constraining

too much the upper mantle, which would result in unreliable velocities. Fig. 4.9(a) presents the

inversion results. The observed and synthetic phase-velocities, as well as the relative data-synthetic

misfit, are presented in Fig. 4.9(b) and 4.9(c), respectively. 

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.
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Figure 4.9: Results of the inversion. (a) Inversion result (red line) and the modified AK135 (black line) used as a reference model

(Kennett  et al.  1995).  (b) Measured dispersion curve (blue line) and the synthetic phase-velocities (red line).  (c) Relative data-

synthetic misfit.

Considering that we used only fundamental mode Rayleigh waves, it is important to understand

how well our data can resolve the low-velocity anomaly at the asthenospheric depths. Fig. 4.10

shows the sensitivity kernels calculated for different periods, using our initial model. Our model

should be well constrained from 40 km down to at least 300 km depth.

Figure 4.10: Sensitivity kernels of Rayleigh-wave data versus depth calculated for the Cape Verde average profile. 
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4.4.1 Testing other inversion methods

The shear-wave velocity models yielded by the inversions are non-unique: many different models

can fit the data almost equally well. In order to test the robustness of the 1D model, we performed

the inversion with two other methods - simulated annealing and linearized least square (Herrmann

and Ammon, 2004).

4.4.1.1 Linearized least square

The linearized least squares inversion method of Herrmann and Ammon (2004) is an algorithm that

iteratively  perturbs  a  layered  velocity  model  until  a  best  fit  between observed  dispersion

measurements and a synthetic dispersion curve is achieved. In the absence of a reference starting

model for the region, we used the AK135 modified model presented before.

Several inversion tests were performed using different damping and smoothing parameters as these

parameters can strongly influence the resolution. For instance, a uniform will inhibit matching a

sharp  discontinuity  (Herrmann  and  Ammon,  2004).  We first  tested  the  damping  parameter  by

progressively increasing it, starting from zero, while keeping fixed the smoothing parameter at 1.

For damping values ranging between 0 and 1, the fit is almost 100% and the RMS is very close to

zero. When the damping starts to be higher than 1 the quality of the fit starts to decrease. Based on

these  results  we  chose  a  damping  of  0.2.  A second  test  was  performed,  fixing  the  damping

parameter to 0.2 and varying the smoothing from 0.1 to 10. We concluded that the best smoothing

parameter is 1 for the same reasons as those pointed in the case of the damping parameter. Fig 4.11

presents the inversion result. 

The depth inversion was performed in 30 iteration steps. In the first 2 iterations we used a slightly

higher damping (10) in order to avoid an overshoot in the first model estimate. The upper mantle

velocities were constrained.  Otherwise, if  we let the velocities to change freely, the inversion can

present an erroneous fit. The velocities should be known, or at least constrained to an interval of

values. 
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Figure 4.11: Result of the linearize least square inversion. On the left side, the 1D final model (red line) and the initial model (blue

dashed line). On the right, the fit between observed dispersion measurements (black dots) and the theoretical dispersion curve (red
line).

4.4.1.2 Simulated annealing

The  simulated  annealing  inversion  method  is  a  trans-dimensional  inversion  technique,  which

automatically adapts the model parametrization to the velocity uncertainty. The number and shape

of the splines that describe the S-wave velocity model are variable.

For  a  given S-wave velocity  model,  synthetic  velocities  Usyn(T),  as  function of  periods,  Τ,  are

computed following Saito (1988). The sphericity of the Earth and the frequency dependence of the

S-wave  velocity  model  are  taken  into  account.  The  S-wave  velocity  model  to  be  retrieved  is

represented as a weighted sum of B-spline basis functions defined as follows:

           (4.2)

where:

 are the spline functions of 2nd order (quadratic), which are completely defined by their

knots.  M  is  the  number  of  B-spline  basis  functions,  and  Vm are  weight  coefficients  (model

parameters).

 is the a priori reference Earth model, composed of the CRUST2.0 and the PREM.

The inversion is a composition of two nested loops: 1) the inner loop computes the optimum model
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weight coefficients for each spline basis function, and 2) the outer loop determines the optimum

spline basis. For a more detailed information about this inversion method, see Haned et al. (2016).

Figure 4.12 presents the result of the inversion using the three different methods described above.

The three profiles are very consistent, with small differences at 40-50 km and below 150 km. 

Figure 4.12: Results of the inversions performed with three distinct methods - least square (blue line), gradient search (red line) and 

simulated annealing (green line). The three distinct methods provided similar results, especially between 50 to 150 km depth. 

4.5 Discussion

4.5.1 Vs evidence of a rejuvenated lithosphere

The average S-wave velocity profile for the Cape Verde archipelago shown in Fig. 4.9(a), depicts a

Vs decrease  from ~ 4.6 km/s  to  about  4.2  km/s.  These  results  indicate  that  the  asthenosphere

extends down to about 210 km.

The sea-floor depth is normally determined by the isostatic equilibrium of the oceanic plate.  It

depends on the plate's density and thickness, which usually increase with the plate's age, as the

oceanic lithosphere gets colder and thicker. The lithosphere-asthenosphere boundary (LAB) can be
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defined by an isotherm, which deepens as the plate ages and moves away from the mid-ocean ridge.

The thickening becomes approximately asymptotic for ages above approximately 70 Ma according

to most lithospheric cooling models (see Hamza and Vieira, 2012; Stein and Stein, 1992; Mckenzie

et al. 2005). In the presence of anomalously high temperatures in the asthenosphere 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 characteristic of a

younger lithospheric age. This process is referred to as thermal rejuvenation (Menard and McNutt,

1982).

We compared our shear velocity profile derived from the Rayleigh wave phase-velocity inversion

with average Vs profiles below lithosphere of different ages for the Central Atlantic Ocean obtained

from: 1) waveform tomography (Celli et al. 2019) and 2) the global model SL2013sv of Schaeffer

and Lebedev (2015) (Fig. 4.13). Both methods present similar results with the SL2013sv model

showing slightly lower velocities, especially for the 30 Ma age profile. The Cape Verde profile is

clearly different from what would be expected for a region with the crustal age ranging from 115 to

140 Ma,  showing anomalously low velocities.  This is  consistent  with an independent  study by

James  et  al.  (2014),  which revealed  Rayleigh-wave  phase  velocities  slower  than  the  Atlantic

averages at locations of similar age (see Fig. 4.8). The slowness of the seismic structure below Cape

Verde, observed both at lithospheric and asthenospheric depths, suggests an anomalously hot mantle

beneath the Cape Verde archipelago, consistent with the anomalous heat flow that characterizes the

Cape Verde Rise. At its center it 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 a 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 instead indicative of a lithospheric thermal age of about 30 Ma

(Fig. 4.13).

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 asthenospheric 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). 
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Figure 4.13: Comparison of the Cape Verde average shear-wave velocity profile (black line) with different profiles below lithosphere

of different ages for the Central Atlantic Ocean: (a) 30 Ma (red) and 60 Ma (purple); (b) 110 Ma (blue) and 140 Ma (green). Full and

dashed lines correspond, respectively, to the profiles obtained by Celli et al. (2019) and those calculated from the SL2013sv model

(Schaeffer and Lebedev, 2015).

This view is supported from a geophysical-petrological perspective.  Bonadio et  al.  (2018) used

petrological  modeling  and,  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 phase-velocity data and Vs models. Using the same approach, we estimate the potential

temperature (Tp) of 1400-1420 ºC for Cape Verde, higher than in the average ambient mantle 1337

± 35 ºC  (Katsura et  al.  2010),  indicating excess temperatures  beneath Cape Verde.  Shear  Q at

asthenospheric depths in the multi-parameter petrological models for Tristan da Cunha (Bonadio et

al.  2018)  is lower than that tabulated in AK135, and this is accounted for in their Tp estimate.

Because the Vs structure we observe is very similar to that beneath Tristan [Fig. 4.14(a)], 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 reached by Putirka (2008) using an

olivine-melt equilibrium analysis. He estimated, for Cape Verde, a mantle potential temperature of

1511 ºC, well above the estimation, using the same methodology, for the ambient upper mantle

sampled by MORB (1396 ºC).
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4.5.2 The role of rejuvenation of the lithosphere on the origin of Cape

Verde Rise

The Cape Verde islands rise atop the largest intraplate oceanic swell, with a depth anomaly of about

2000  m.  The  origin  of  ocean  floor  swells  has  been  debated  and  several  types  of  possible

explanations have been put forth (e.g. Ali et al. 2003; Sleep, 1990; Menard and McNutt, 1982): 1)

thermal rejuvenation of the lithosphere by sublithospheric hot mantle material; 2) dynamic support

by upwelling of sublithospheric material; 3) underplating by less dense residual material after melt

extraction.

Lodge and Helffrich (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 density, would constitute

a positively buoyant body underplating the lithosphere that would cause 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 lithosphere 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 thermal

rejuvenation,  which is  also  supported  by  the  high  heat  flow observed on the  Cape Verde Rise

(Courtney and White, 1986). Using a value of 20 mW/m² for the heat flow anomaly, Sleep (1990)

argued for a reset to a thermal age of ~ 59 Ma, to which should correspond a bathymetric anomaly

of only 1200 m instead of the about 1900m observed, thus leaving space to additional cause(s) for

the origin of the swell.

Some authors attributed at least a part of the swell to the dynamic role of ascending sublithospheric

material (Coutney and White, 1986;  Sleep, 1990; Wilson et al., 2010; Wilson et al., 2013).  How-

ever, our results, pointing to a thermal age of 30 Ma, allows ascribing a more important role of ther-

mal rejuvenation on the origin of the Cape Verde Rise  than  that inferred from the measured heat

flow and bathymetric anomaly. A more substantial role of thermal rejuvenation of the lithosphere on

the origin of the swell is in line with the recent results of Lodhia et al. (2018), based on sub-litho-

spheric temperature excess inferred from a compilation of seismic, well, gravity and tomographic

information. Nevertheless,  our results do not completely rule out the  possible existence  of other

complementary  mechanisms, such as dynamic support by upwelling mantle material. A combina-
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tion of upwelling material and anomalous hot material below Cape Verde has been proposed, for ex-

ample, by Wilson et al. (2013) based on 3D flexural modeling. 

4.5.3 On the origin of Cape Verde hotspot

Lithospheric, age-dependent profiles for the Central Atlantic show that S-wave velocities for differ-

ent plate ages tend to converge at a depth of ~200 km (Fig. 4.13). 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 behavior is consistent with a deep (> 300 km) origin of 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 could

have developed in the upper mantle at the transition between thick cratonic and thinner oceanic

lithosphere and would explain some magmatic provinces close to the edges of continents, like Cape

Verde (King, 2007).

Our study does not allow the distinction between these two hypothesis, but this subject may be dis-

cussed 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. Consequently, we would expect a perturbation

on the thickness of the MTZ, i.e., between the discontinuities at ~410 km and ~660 km. These dis-

continuities are due to pressure-induced phase transitions from α-olivine to β-spinel (wadsleyite), at

∼ 410 km and from γ-spinel (ringwoodite) to perovskite and magnesiowustite at ~660 km. Those

phase transitions are characterized by positive and negative Clayperon slopes, respectively [e.g.

(Lebedev et al. 2003)]. 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 hot material, such as 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; Helffrich 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) significant MTZ thinning, as much as beneath Hawaii. Saki et al. (2015) used pre-

cursor arrivals to PP and SS seismic phases and also inferred an anomalously thin MTZ, in agree-

ment 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 an anomalously thin MTZ if the
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anomaly extended over less than 250 km laterally. Vinnik et al. (2012), reported a pronounced thin-

ning (~30 km) of the MTZ, using both PS and SP receiver functions. The evidence on the tempera-

ture 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 contribu-

tions of distinct mantle reservoirs to magma sources (e.g. Moreira, 2013; Jackson et al. 2014). No-

ble gas studies carried out with 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/∼He ratios up to 15.7

(Doucelance et al. 2003) and 15.5 (Mata et al. 2010) Ra have 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 preserva-

tion in the deepest mantle of such unfractionated domains for periods as long as 4.5 Ga as demon-

strated by Jackson et al. (2010), would have been made possible by the inefficacy of chemical diffu-

sion and mixing in the lower mantle.

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

et al. 2002) have been measured for silicate and carbonatite rocks, respectively. These values are ev-

idence, albeit indirect, of an origin related to a deep rooted plume. Indeed, a recent study showed

that hotspots with a strong contribution of HIMU (high 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,  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. Forte et al. 2010; French and Romanowicz, 2014; Montelli et

al. 2006). Such deep origin of the Cape Verde hotspot is in good agreement with the reduced Vs that

we observe in the region down to a depth of 300 km.

4.5.4 Comparison with other hotspots

In addition to the comparison with both fundamental-mode Rayleigh-wave phase velocities (Fig.

4.7) and 1D shear-wave velocity profiles for lithosphere of different ages in the Atlantic Ocean (Fig.

4.13), we also compared our Vs profile with those of other hotspots. In Fig. 4.14 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).
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Figure 4.14: (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).

Fig. 4.14 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 po-

tential temperatures (Tp = 1687 ºC) than Cape Verde (Tp = 1511 ºC) and Tristan da Cunha (Tp =

1573 ºC), as determined by Putirka (2008).  The slightly higher Vs characterizing Cape Verde, as

compared with Tristan da Cunha (see Fig. 4.14), is in agreement with its lower mantle potential

temperature as calculated by Putirka (2008) or when using the Bonadio et al. (2018) approach (Tris-

tan da Cunha Tp = 1410 – 1430 ºC; Cape Verde Tp = 1400-1420 ºC). 

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.

4.14). 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. The only exception is the 15-20 Ma profile below Ascension, which presents

velocities similar to Cape Verde. The higher Vs beneath Cape Verde down to 150 km is compatible

with a lower temperature and  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 severely

limited the ability for compositional homogenization of the source heterogeneities, which is re-
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flected, for example, in the heterogeneous character of the Cape Verde lavas erupted in the last 60

years from volcanic vents located less than 2 km away from each other (Mata et al. 2017).

Figure 4.15: 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.
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4.6 Summary

In a local-scale study of the Cape Verde region, we measured fundamental-mode Rayleigh-wave

dispersion curves in a broad period range (8-250 s), yielding an accurate and definitive local Vs

profile for the region. 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 with normal Central Atlantic lithosphere for different ages. This rejuvenated age is much

lower than the previously proposed value of 59 Ma (Sleep, 1990) reducing the need to invoke a

significant role of dynamic support of the Cape Verde swell. The minimum value of Vs in Cape

Verde's asthenosphere is higher than that reported for active volcanoes in Hawaii, but similar to that

of Tristan da Cunha, consistent with higher potential temperatures in Hawaii compared to Cape

Verde and Tristan da Cunha. Our results, interpreted together with previously published evidence on

the enriched volcanic rock compositions and low-seismic-velocity anomalies in the lower mantle

below  Cape  Verde,  strongly  suggest  an  origin  of  the  Cape  Verde  hotspot  related  to  a  deeply

anchored mantle plume. This study provides valuable new insights on the origin of Cape Verde and

its lithospheric and asthenospheric structure.
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A4.1

Tomographic phase-velocity maps at 20, 30 and 40s. For each map, we show the reference period,

the reference velocity (which is the average of all measurements for the considered period), and the

minimum/maximum values of the velocity anomaly (in m/s and percent). The color scale is plotted

above each map. The maps were computed after removal of 15% of the outlier measurements.
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CHAPTER 5 - RAYLEIGH-WAVE TOMOGRAPHY OF

CAPE VERDE FROM AMBIENT SEISMIC NOISE

5.1 Introduction

For a long time, ambient seismic vibrations were considered as noise to be discarded, obscuring the

"real" seismic information from earthquake signals. However, currently the study of ambient noise

is one of the fastest growing fields in the Earth sciences, with wide applications to the study of

Earth's structure in different environments, such as volcanic islands, oceanic lithosphere, cratons,

etc. 

The expression "ambient seismic noise" is a generic term to designate the persistent vibrations of

the ground, ranging from very low to high frequency, which are caused by a multitude of origins.

Anthropogenic activities are typically the high-frequency noise sources, also called microtremors.

Ocean and atmosphere interactions are mostly responsible for low-frequency signals (PM, SM and

HUM),  commonly  called  microseisms  (e.g.  Gualtieri  et  al.  2019;  Stutzmann  et  al.  2012  and

references therein).  

Compared to classical  earthquake-based surface-wave studies,  ambient  noise methodologies  are

independent of the occurrence of earthquakes, which is extremely advantageous in regions where

the  seismicity  is  weak  or  almost  absent.  Moreover,  they  are  applicable  at  short  periods,  and

therefore suitable for high-resolution seismic tomography of the uppermost structure in any region.

In fact, the short to intermediate-period (< 20 s) dispersion curve measurements that constrain the

crust  and  uppermost  mantle  structures  can  be  more  effectively  retrieved  from  ambient  noise

analysis than from the surface wave signals of seismic events due to scattering and attenuation.

Cross-correlation  of  ambient  seismic  noise  has  become  widely  used  to  constrain  the  Earth

uppermost structure, reaching a depth that depends on the largest analyzed period. This method

allows to estimate of the empirical Green's function (EGF) between two receivers, which in turn

carries information on the medium that seismic waves travel through. EGF have been applied to

investigate earthquake source, crustal attenuation, strong ground-motion prediction, finite rupture

and site response.  Ideally, both sides of a cross-correlation function (CCF) should be symmetric,

because in an isotropic source distribution environment [Fig. 5.1(a)] the waves travel through the

same medium, yet CCFs are often not symmetric due to the unevenly distributed noise sources in

the real Earth [Fig 5.1(b)]. 
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Figure 5.1: Schematic illustration of the effect of noise sources distribution on the degree of symmetry of cross correlation. (a)

Symmetric cross correlation between 1 and 2 obtained when the sources of noise are evenly distributed.  (b) Asymmetric cross

correlation (but symmetric travel times) associated with an anisotropic distribution of sources (from (Stehly et al. 2006).

Surface wave tomography for Rayleigh waves based on EGFs obtained through cross-correlation

(CC) of  ambient  seismic noise has been successfully  applied in  the last  decade to  real  data  at

different  scales:  regional  scales,  such  as  in  western  United  States  (e.g.  Moschetti  et  al.  2007;

Shapiro et al. 2005), Iceland (Gudmundsson et al. 2007) or Madeira island (Matos et al. 2015); at

continental scales, such as in Europe (Yang et al. 2007) and North America (Bensen et al. 2008) and

even at global scales (e.g. Haned et al. 2016; Nishida et al. 2009). 

Instead of applying the conventional cross-correlation (CC) or the cross-correlation normalized with

geometric  mean energy (CCGN), we adopted a  phase cross-correlation (PCC), which is  a  new

technique  that  does  not  require  special  pre-processing,  such  as  time  domain  normalization  or

spectral  whitening,  in  order  to  remove  earthquakes,  instrumental  irregularities,  and  other  non-

stationary noise signals generated near the stations that are inevitably part of the seismic recordings.

The motivation of the present study is to investigate the structure of the crust and uppermost mantle

beneath Cape Verde, in particular, to obtain a 3D model of the structure. Several studies have been

conducted to determine the deeper structure of Cape Verde (Carvalho et al. 2019b; Helffrich et al.

2010; Liu and Zhao, 2014; Vinnik et al. 2012). However, crustal and uppermost mantle studies have

been limited to 1D profiles beneath the different islands (Ali, 2003; Lodge and Helffrich, 2006; Pim
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et al. 2008).

5.2 Seismic network and data pre-processing

We processed  data  records  from two different  temporary  seismic  networks  -  9A and YW (see

Chapter 2, section 2.6, Fig. 2.5 for details). Pre-processing data for ambient noise analysis is a quite

simple yet time demanding task. Bensen et al. (2007) proposed a few steps to process data records

in order to obtain reliable group velocity Rayleigh-wave measurements. In general, these processing

steps are: 1) single station data preparation; 2) cross-correlation and stacking; 3) measurement of

dispersion curves; and 4) quality control. 

The purpose of the single station preparation (step 1) is to remove unwanted signals. This step

should be adapted depending on the goal of the study. In the context of this thesis, we first cut the

continuous data into 6-hour length files, in order to increase the number of PCCs available for

stacking. The corresponding 6-hour time series were down sampled to 2 Hz, from the original 50

Hz or  100 Hz.  The decimated segments  were then demeaned and detrended.  The effect  of the

instrument response was corrected in order to obtain ground velocities and the seismograms were

then  band-pass  filtered  in  the  0.03  -  0.5  Hz  frequency  band.  Downsampling  renders  the  PCC

calculation less time-consuming. Removal of the instrument response is particularly important if the

cross-correlation is computed on data recorded by different types of seismometer (Stahler et al.

2016 in Hable et al. 2019). Steps 2, 3 and 4 will be further addressed in the following section. 

5.3 Methodology

5.3.1 Phase cross-correlation calculation

The subsurface properties between two receivers are reflected by Green's functions, which are the

impulse response of the medium to a point source in space and time. EGFs are GFs that are not

computed from a model but rather extracted directly from observations in an empirical way. The

CCFs of ambient seismic noise recorded at two seismometers converge towards the EGFs between

the two stations, making them a powerful tool to investigate crustal structure, as at frequencies

below 1 Hz the seismic noise is dominated by Rayleigh waves propagating at crustal depths.

In practical terms, CCFs are calculated on relatively short time-series (e.g. 1 day or less) and then

stacked over a longer duration (e.g. 1 year). This procedure permits to achieve the best possible

convergence towards  the  real  Green's  function,  by eliminating signals  in  the  noise that  do not

correspond to the medium response (Bensen et al. 2007; Schimmel et al. 2011). In particular, the

stacking process intensifies the signal part that is common to all daily CCFs and suppresses random
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noise components. 

CCFs include a causal and an acausal part. Considering two seismic stations, for example, CV1 and

CV2, the causal part  represents the seismic waves recorded at  station CV2 as a response to an

impulse at the location of CV1. On the contrary, the acausal part represents waves propagating from

station CV2 to station CV1. If the noise sources are distributed randomly around the stations, which

in most cases affects the amplitudes but not the arrival times (Stehly et al. 2006), stacking the causal

and acausal parts is a suitable technique in order to increase the SNR of the stacked CCF. 

Bensen et  al.  (2007),  criticized  the time domain normalization technique,  specially  the one bit

normalization to remove the earthquake signals, because it preserves the signal phase, but degrades

the amplitude. Instead, the authors suggested to compute a running mean average, which removes

the effect of high-energy, non-random signals, without affecting the quality of the signal.

In this study, we apply a new cross-correlation function, developed by  Schimmel, (1999), which

does  not  require  time  neither  frequency  domain  normalizations.  This  function  is  based  on the

similarity  of  the  instantaneous  phases  of  the  analytic  traces  and  so  it  is  called  phase  cross-

correlation. PCC is a measure to evaluate quantitatively the goodness waveform fit between two

time-series (recorded at one station pair), as a function of lag time. PCC finds the largest portion of

the signal that is  phase-coherent with the corresponding trace,  equally considering the different

amplitude portions of the waveforms within the correlation window. PCC is based on analytical

signal theory. The analytical signal  s(t) of a real time-series  u(t) can be described in the complex

number domain by following equation (Schimmel et al. 2011):

                        (5.1)

where  H(u(t)) represents  the  Hilbert  transform of  u(t);  a(t) denotes  the  envelope  and  Φ(t) the

instantaneous phase of the waveform. Based on this representation, PCC calculations are defined by

the following equation (introduced by Schimmel (1999) and further investigated by Schimmel et al.

(2011):

            (5.2)

where Φ
1
 and Φ

2 
are the instantaneous phases at two stations s

1
 and s

2
; t is the lapse time of PCC; τ

0

is the start time of the PCC and T is the length of its correlation window. The sensitivity of the PCC

is determined by v.

In comparison to the classical method, cross-correlation measures the similarity between two data

sets as function of time shift or time lag, and is considered an amplitude-biased coherence measure,
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which means that  wavelets  with similar  waveform shapes  but different  amplitudes  will  present

different cross-correlation results. 

The PCC performance is also often compared with CCGN. Schimmel (1999) showed that CCGN is

also amplitude-biased and tends to align the waveforms by their maximum energy integral. 

A detailed comparison of PCCs with classical CCs methods is presented on Schimmel et al. (2011).

In general,  the decision on which method is more appropriate depends on the definition of the

signal, the properties of the data and the application. If there are large amplitude variations and the

goal is to measure the coherence without bias, then it is better to apply the PCC, which is suitable to

detect small amplitudes that are often hidden by other larger amplitudes.

5.3.2 Phase-weighted stacking

The most common way to extract EGFs from ambient noise cross-correlations is through stacking.

In contrast to linear stacking (LS), we applied here a time-frequency domain phase-weighted stack

(tf-PWS), as developed by Schimmel and Gallart (2007). This method is an extension of the phase-

weighted stack (PWS) proposed by  Schimmel and Paulssen (1997). The PWS was introduced in

order  to  identify signals  by their  coherence.  By definition,  it  is  a  non-linear  stack where  each

sample of a linear stack is weighted by an amplitude-unbiased coherence measure, called the phase

stack.  The tf-PWS is  based on the time-frequency decomposition  of  each trace through the S-

transform (Stockwell et al. 1996), using a Gaussian window function ω(τ-t,f), centered at time τ and

width proportional to |1/f | (Fig. 5.2). 

The purpose of the tf-PWS is to down-weight the incoherent parts of the LS in the time-frequency

domain (τ,f), which is achieved through the time-frequency phase coherence  (Schimmel et

al. 2011):

                      (5.3)

where   is the S-transform of the  j-th individual PCC and  N is the number of individual

PCCs. In order to determine the phase-coherence, each individual trace must be S-transformed in

the time-frequency domain. The tf-PWS is then defined as the product of the phase coherence and

the S-transform of the linear stack of all PCCs  (Schimmel et al. 2011):

           (5.4)

Finally, another S-transform is applied to the PCC stack from the time-frequency domain 

back to the time domain .

71



Rayleigh-wave Tomography from Ambient Seismic Noise

Figure 5.2: Illustration of the determination of the time-frequency representation through the S-transform which forms part of the tf-

PWS approach. The size of the moving window is scaled by the period to account for the intrinsic higher time resolution at shorter

periods (from Schimmel and Gallart, 2007).

Schimmel et al. (2011) showed in detail the improvement of the signals when applying tf-PWS

instead of the LS. The tf-PWS provides a faster convergence towards the Green's  function and

results in more robust group velocity measurements. As such, several studies have employed this

method in order to stack ambient noise CCs (e.g. Corela et al. 2017; Hable et al. 2019; Haned et al.

2016; Nuñez et al. 2019). Fig. 5.3 presents the results of the conventional CC and PCC stacked with

both linear and tf-PWS for station pair CVFG1-CVSA1.  

The cross-correlograms computed with tf-PWS are much less noisy than those obtained with linear

stacking,  both  using  CCGN  and  PCC  approaches.  The  decision  on  which  cross-correlation

methodology best fits the dataset and goal of the study is important, as referred before, but applying

tf-PWS will certainly improve the results. 
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Figure 5.3: Conventional CC and PCC applied to station pair CVFG1-CVSA1. a) CCGN with linear stack. b) CCGN with phase 

stack. c) PCC with linear stack. d) PCC with phase stack.

Both PCC and tf-PWS were calculated using a software package developed by Schimmel et al

(2011).  From  the  45  stations,  the  seven  stations  of  YW  network  were  discarded  due  to

synchronization  problems.  All  the  possible  correlations  pairs  were  considered,  except  the  ones

resulting  from station  pairs  within  the  same island.  The  number  of  possible  station  pairs  n  is

determined by the following equation:

                      (5.5)

where k is the number of stations used. This yields 703 station pairs, yet we excluded a total of 69

station pairs corresponding to cross-correlation between stations on the same island. Fig. 5.4 shows

the 634 EGF's for each of the 634 station pairs, sorted by inter-station distance.

Because we are working with the ZZ component (i.e. CCs between vertical component), we expect

EGFs  to  consist  mainly  of  Rayleigh  waves.  Indeed,  Fig.  5.4  show  prominent  wave  arrivals

corresponding to expected to propagation velocities between 1.8 - 3.6 km/s. A second arrival with

lower velocity is also visible, with velocities ranging between 0.9 - 1.2 km/s. This second wave

train is mainly detected in the EGFs of the station pairs separated by deep water.

Other  authors  have  previously  detected  such  a  second  wave  package  with  significantly  lower

velocity in oceanic environments (e.g. Hable et al. 2019; Harmon et al. 2007; Le et al. 2018). They

attributed these arrivals to near-surface waves that propagate through sediments deposited on top of
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the oceanic crust. This is supported by the slow wave velocities and by the presence of these waves

mainly at shorter periods, which only penetrate the shallowest subsurface. Furthermore, Le et al.

(2018) and Hable et al. (2019) suggested that these waves can be assigned to a group of interface

waves called Scholte waves.

Figure 5.4: All 634 EGF's sorted by inter-station distance. The red lines delimit the Rayleigh-wave arrivals with velocities between

1.8 - 3.6 km/s. A second arrival is observed, bounded in green, with velocities between 0.9 - 1.2 km/s. 

5.4 Group velocity measurements

5.4.1 Methodology

We applied to our data a new strategy for robust and semiautomated estimation of group velocities,

which was specially built to deal with the group arrivals that are not clear or easy to identify due to

the signal or the noise characteristics (Schimmel et al. 2017; Ventosa et al. 2017). This approach,
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contrary to other existing techniques that essentially implement the multiple-filter technique (MFT)

(Herrmann, 1973; Dziewonski et al. 1969) includes the stack of the cross-correlations to estimate

group velocity maxima robustly, following a similar Jackknife approach.

The group arrival determination is performed in the time-frequency representation (TFR) of the

EGFs, which in turn result from the stacked CCs. In order to find the group arrivals, the maxima

amplitude (or energy) as function of frequency is identified in the TFR. Ambiguous detections are

common for problematic data or CCs with small SNR in certain frequency bands. Different maxima

can coexist due to multipath scattering, or to the presence of other signals. In the application of the

chosen method, maxima are selected after a data resampling approach, which reduces ambiguities

and improves the identification of signals. Fig. 5.5 shows the step-by-step determination of group

arrivals, evincing the robustness of the method.

 

Figure 5.5: Schematic illustration explaining the procedure to find robust group arrivals based on repeated detections in the tf-PWS

signals (Schimmel et al. 2017). a) Bold blacks dots correspond to selected maxima of energy in the group velocity vs frequency

diagram. The grey area represents an interval where no maxima could be found. b) Bold black dots are the same selected maxima as

in a). Blue dots are the values defined to fill the interval without maxima selection. c) Selected maxima for all subsets considered

(black dots) and their medium velocities (red bar). d) Median group arrivals (red) and the corresponding nearest group arrival (black

dots). in the tf-PWS of the entire dataset.

The calculation starts by localizing the maxima amplitude as a function of frequency in each tf-

PWS. The group velocity curve tracking starts at the lowest frequency and highest energy maxima

and progressively moves to higher frequencies by finding the group velocity, that is closest to its

previous measure.  For each tf-PWS subset,  the group velocities of the four largest maxima are

determined within a predefined velocity window (± 0.02 km/s). The value with the smallest velocity

jump, as a function of frequency, is considered and stored. Anomalous velocity jumps are discarded
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and, in case of spectral holes and temporarily vanishing maxima the last value is kept as long as the

jump is  not  too  large.  Fig.  5.5 (a)  illustrates  this  step.  Black dots  correspond to the  identified

maxima and the bold black dots represent the selected group velocity for each frequency.

When  the  energy  diagram presents  no  maximal  zones  or  no  maximal  amplitude  an  amplitude

threshold is automatically imposed. This is shown on Fig. 5.5 (b), where the blue dots mark the

maximum amplitudes smaller than the threshold. These values are not kept for further calculations,

but they help to bridge the weak energy zones.

The next step is to compute the median group velocities, as a function of frequency, and to count

the number of successful detections, within a small  velocity window, around the median group

velocity. This can be observed on Fig. 5.5 (c), where the grey boxes mark the zones for maxima

counting and the red bars represent the median group velocities. If the number of detections is high

enough (at least 70%), then the group velocity is measured in the TFR of the tf-PWS of the entire

data set [black dots on Fig. 5.5 (d)].

5.4.2 Group velocity measurements

In order to extract group velocity values that can be associated with Rayleigh waves, we specified a

set of important parameters: a Bernoulli trial probability (p) for a trace be included in a tf-PWS set,

which was given a value of 0,45; 25 tf-PWS subsets and a detection threshold of 70%, meaning that

at least 17 subsets should provide a velocity measurement clustered around the median velocity of

all subsets. Detailed information about these parameters can be found in table 1 of Schimmel et al.

(2017). We stipulated a velocity range of 1.5 - 4.5 km/s for Rayleigh wave measurements, based on

the result of Fig. 5.4. We also selected, a frequency range of 0.03 - 0.5 Hz (2 - 30 s). Fig. 5.6 shows

an example of a group velocity determination between a station located in Boavista (CVBV1) and

another station located in Santo Antão (CVSA4). The same procedure was applied to all possible

station pairs, with the exception, as mentioned before, of the stations located on the same island.

Fig. 5.6 (d) shows that amplitudes are very high for a broad range of group velocities at short

periods  (below  10  s),  thus  the  code  presents  some  difficulty  in  selecting  single  dispersion

measurements. This is probably due to several signals being detected in this period band. Taking in

consideration this feature, common to the majority of inter-station dispersion measurements, we

decided to further proceed towards better understanding what can be possibly causing the several

signals. To this end, we modeled Rayleigh-wave fundamental mode synthetics in laterally varying

medium using a model summation scheme (Herrmann, 2013). From this analysis, we concluded

that  below 10 s  (> 0.1 Hz),  our  measurements  do not  correspond to fundamental  mode group
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velocities. Further tests also revealed that although the fundamental mode dominates, the presence

of the first overtones at short periods (typically below 8 seconds) cannot be neglected. This subject

will be discussed in detail in chapter 6.

Figure 5.6: Example of group velocity determination for station pair CVBV1 - CVSA4, for which the inter-station distance 270 km.

a) Randomly selected cross-correlation. b) tf-PWS obtained using all data (black line) and a randomly selected subset of the tf-PWS

(red line). c) Contour plot of the TFR of the tf-PWS for all data. The white lines represent the 95% amplitude contours and the black

bars are the absolute median deviations. d) Contour plot of the frequency normalized TFR of the tf-PWS for all data. Black dots are

all  the  detected  maxima  from all  subsets.  e)  Selected  maxima  from  all  subsets.  f)  Median  group  velocities  for  the  selected

measurements from all subsets. The final measurements are taken from the tf-PWS of all data based on these median velocities. The

colors indicate the normalized number of measurements clustered around the median.

All dispersion curves were quality checked manually, so that we kept only dispersion curves free of

ambiguous signals. Fig. 5.7 presents all the selected dispersion curves. In general, the measured

dispersion curves are consistent with each other, clustering into a single group. The most striking

feature  is  a  "jump"  at  ~10  s,  where  the  velocity  increases  rapidly,  which  is  visible  in  most

measurements. This same behavior was found in other studies where the paths cross both water and

land (Corela et al. 2017) or a larger portion of water compared to the land portion (Hable et al.

2019).
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Figure 5.7: Measured  dispersion  curves for  all  possible  inter-station paths  (black  lines)  after  removal  of  outliers  and average

dispersion curve (red dots).

In an attempt to recover group velocities at periods below 10 s, we tested the approach of Haned et

al.  (2016),  later  used by Hable et  al.  (2019),  which consists  in  filtering each trace using three

different bandpass filters: 2 - 5 s, 5 - 10 s and 10 - 30 s. The authors considered that using a single

band (e.g. 2 - 30 s) tends to hamper robust group-velocity measurements in less energetic frequency

bands. Fig. 5.8 present dispersion curves for the same station pair as in Fig. 5.6 (CVBV1-CVSA4),

but using the three sub-bands approach. Group velocity values are represented as amplitude spectra

that are vertically normalized. As such, each frequency column contains the maximum value of 1,

which corresponds to the red color, whereas the smaller amplitude values are shown in green and

blue, with dark blue corresponding to 0. As in Fig. 5.6, each black dot corresponds to a maximum

group velocity as a function of frequency, as retrieved by the algorithm.

The improvement in the results it is clear, especially in the higher-period sub-bands, above 5 s (<

0.2 Hz). Yet, the synthetic tests performed (see chapter 6 for details) showed that, considering the 4

km water layer in Cape Verde, the fundamental mode is not expected to be well separated from the

higher modes at periods below 10 s (> 0.1 Hz). Therefore, aiming to obtain robust inversion results,

we performed the  tomography for  Cape Verde  in  the  period  band from 10 to  24 s,  for  which

dispersion measurements clearly correspond to the fundamental mode and are well isolated from

other signals. 
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Figure 5.8: Measurement of PCC stacks and group velocities for station pair CVBV1-CVSA4, separated by 270 km. PCC stack for 

the wide period band (2-30 s) (on top). The corresponding group velocities estimated for the wide band can be observed on Fig. 5.7. 

PCC stacks for the bands of 2-5 s; 5-10 s and 10-30 s are represented in the middle panel with the corresponding group velocities 

estimated at the bottom. 

5.5 Tomographic model 

We follow a commonly applied surface wave tomography two-step approach in order to build a 3D

model of S-wave velocity. The first step commutes group velocity maps for different periods, using

the Fast Marching Surface Tomography (FMST) method of Rawlinson et al. (2008); the second step

inverts the group-velocity maps for different periods in order to obtain the local S-wave velocity at

each grid-point as a function of depth (Haned et al. 2016).

5.5.1 Group velocity maps

The FMST method (Rawlinson et al. 2008) is a non-linear tomographic inversion scheme suitable

to determine group velocity maps for different periods. The FMST combines the Fast Marching

Method (FMM) for the forward computation with a subspace method for inversion (Kennett et al.

1988) in order to map lateral variations in group velocity.

The FMST relies on two steps: 1) prediction of travel-times (forward problem) and 2) adjustment of

the model parameters that best match the data, using regularization constrains (inverse problem).

The FMM solves the forward problem at each iteration by applying an eikonal equation, which uses

finite differences to find the wavefronts from the phase delays. This scheme has been shown to

supply stable and robust solutions in heterogeneous media (Rawlinson and Sambridge, 2005). The
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2D model of group velocities for each period is parameterized as a velocity field of 10 x 15 velocity

nodes, spaced by 0.4 deg in latitude and 0.3 in longitude. These nodes constitute the inversion grid,

i.e., the velocity values at these nodes will be adjusted by the inversion scheme as to satisfy the

data. The forward propagation grid, where the continuous velocity field is regularly resampled, is

specified by a dicing factor of 3 x 3. The dicing factor simply establishes the number of propagation

grid  cells  that  span the  same distance  as  one  inversion  grid  cell.  The  argument  for  using  this

approach is that the propagation grid spacing should be less than the minimum wavelength of the

structure defined by the inversion grid, allowing for the accurate computation of group velocity

synthetics  for  the  desired  inversion.  This  means  that  there  will  be  a  total  of

 nodes  defining  the  propagation  grid  and a  total  of

 nodes defining the inversion grid. The dimensions of the grid were chosen based on

synthetic  checkerboard  resolution  tests  with  different  grid  space  sizes.  Fig.  5.9  presents  input

synthetic checkerboard group velocity map, as well as the recovered anomalies for Τ ~ 11, 17 and

20 s. From the resolution tests, we concluded that the spatial resolution at the center of the network

is good, especially where there more crossing paths exist. Despite the challenging distribution of the

network that results from the position of islands in a horse-shoe shape and from the lack of OBSs to

fill the oceanic gaps, the resolution tests indicate that it will be possible to obtain a well-resolved

velocity model for the considered periods (10 - 24 s).

The number of the inter-station paths is similar for all selected periods, which results in similar

resolution at  all  periods.  Measurements for inter-station distances shorter than two wavelengths

were discarded as they tend to be poorly representative of the sampled structure.

For the inversion routine, smoothing and damping are the two prominent regularization parameters.

Both are controlled by the user, such that the resulting model satisfies the data well and yet does not

diverge too much from the initial model and is smooth, that is, contains no artificial complexity.

The damping factor, which we set to 0.5, prevents the solution from diverging too far from the

initial model. The smoothing factor, here set to 50, defines how strongly smoothness is imposed on

the model. The regularization parameters were chosen after several tests for different combinations,

thereof, Fig. 5.10 presents the group velocity maps for all the considered periods. Appendix A5.1

shows selected group velocity maps with inter-station paths superimposed.
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Figure 5.9: Synthetic input checkerboard structure [panel a)] and recovered anomalies for Τ = 11, 17 and 20 s [panel b), c) and d),

respectively]. 

Similar  to  earthquake-based surface-wave tomography, ambient  noise surface-wave tomography

permits to determine the relationship between velocity maps and the known geologic structures. In

the period band from 10 to 24 s Rayleigh waves are mostly sensitive to shallow crustal structures.

At the shortest periods, velocity maps evince characteristics that mainly result from shallow lateral

compositional  variations  (shallow geological  features,  like  sedimentary  basins,  topography, and

eventually volcanic features). Typically, at shallow crustal depths (~10 km), mountain ranges appear

as  fast  group  velocities,  whereas  sedimentary  and  rift  basins  generally  appear  as  low-velocity

anomalies. At longer periods, Rayleigh waves become more sensitive to middle to lower crust and

uppermost mantle structure. Group velocity maps for these depths are usually good indicators of

crustal thickness, with thin crust represented by fast velocities and slow velocities indicating thick

crust, and of deep crustal and uppermost mantle temperature anomalies.
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Figure 5.10: Velocity maps for the considered period band (10-24 s). Slower and faster than average velocities are presented with

warmer and cooler colors, respectively

The group velocities maps evince higher velocities in the Northwest group of islands, for the entire

period band. In opposition, the islands of Fogo and Brava exhibit lower velocities at all periods.

This patterns inverts only at 24 s, which corresponds to a penetration depth of approximately 26

km.  However,  the  resolution  at  this  period  is  weak due  to  the  lack  of  inter-station  paths  and

therefore we will not further interpret this feature. Another interesting aspect of the velocity maps is

that a high velocity zone separates two lower velocity zones: one to the west, comprising the islands

of Fogo and Brava, and the other to the east, comprising Sal and Maio. This separation is especially
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obvious at 15 s (penetration depth ~17 km), but prevails at most periods.

From the velocity maps, next we compute a 3D shear wave velocity model in order to obtain a

clearer picture of the uppermost structure beneath Cape Verde.

5.5.2 Inversion of group velocity maps

The group-velocity maps were then inverted to obtain the tomographic S-wave velocity model. We

applied  a  trans-dimensional  technique,  which  adapts  the  model  parametrization  to  the  group-

velocity uncertainty (Haned et al. 2016). The inversion was performed in two different ways: for

every point  (1752 points)  inside the polygon defined by the inter-station paths (Fig.  5.12) and

considering only the points (608) where group velocity measurements exist for the entire period

band (10 - 24 s) (Appendix A5.2). 

The determination of the S-wave velocity model requires an  a priori model and a non-uniform

rational B-spline (NURBS) curve (composed of B-splines of 2nd order). For Cape Verde, the crustal

part of the  a priory model was chosen as a uniform layer with Vs velocity equal to PREM just

below Moho, i.e., equal to 4.49 km/s, implying that crustal properties are effectively identical to

those  of  the uppermost  mantle  and therefore  no discontinuity at  Moho (24 km depth).  Mantle

velocities,  below 24  km,  are  taken  from the  Cape  Verde  average  model  inferred  in  chapter  4

(Carvalho et al. 2019b). The solution of the tomographic inversion is determined by requiring that

the shallow part of the model be highly correlated with the deeper part through the NURBS curve.

A NURBS curve is defined by a set of weighted control points and a knot vector.  The order of a

NURBS curve defines the number of nearby control points that influence any given point on the

curve. The curve is represented mathematically by a polynomial of whose degree is one less than

the order of the curve. Therefore, second order curves, which are defined by polynomials, are called

linear curves. The control points determine the shape of the curve and the knot vector, which is a

sequence of parameter values that determine where and how the control points affects the NURBS

curve. In our inversion we used 2 control points: one at 0km and the other at 15km depth. Below 60

km the NURBS curve coincides with the a priory model. 

The general form of a NURBS curve can be written as follows:

            (5.6)

where   are  the four-dimensional  homogeneous control  polygon vertices  for  the non-rational

four-dimensional B-spline curve, which is defined as:
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          (5.7)

where   are  the  three-dimensional  control  points  for  the  rational  B-spline  curve,   are  the

weights, and  are the rational B-spline basis functions, calculated as:

           (5.8)

NURBS is a powerful tool for modeling curves using a low number of parameters and provides the

flexibility to design many different shapes, by manipulating the control points and the weights.

The inversion is a composition of two nested loops: 1) an inner loop, which computes the optimum

model  weight  coefficients  for a  given spline basis  and 2)  an outer  loop,  which determines the

optimum spline basis. The optimal parameters are obtained by the minimization of misfit using a

simulated annealing algorithm. 

The misfit function to minimize is:

          (5.9)

where  and  are the measured and the synthetic group velocities,  is the period,  is the

measurement error and N is the number of periods.

The  outer  loop  employs a  golden  section  search  in  one  dimension  in  order  to  minimize

 as function of the number of splines M, where  is the result of the previous equation

(inner loop minimization) and  is the model variance:

        (5.10)

Δ is the a-priori model variance, which acts as a regularization parameter.  corresponds to the

diagonal elements of the model covariance matrix. The number of splines M depends on the number

of knots. A detailed description of the trans-dimensional inversion can be found in Haned et al.

(2016).

5.5.3 S-wave velocity model

Fig.  5.11 shows shear  wave velocity  sensitivity  kernels  for  Rayleigh  wave group velocities  at

periods of 10, 15, 20 and 25 s (right), based on a model for the island of Maio (Lodge and Helffrich,

2006) (left). 
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Fig 5.11: Left: S-wave velocity model used for computing the depth sensitivity kernels of group velocity versus shear wave velocity

(Lodge and Helffrich, 2006). Right: Depth Sensitivity kernels of fundamental mode Rayleigh wave group velocity to shear wave

velocity for periods of 10, 15, 20, and 25 s.

The sensitivity kernels indicate that the determined Rayleigh waves group velocities are mostly

sensitive to structure down to about 30 km. Therefore, we consider that our SV model is robust and

reliable until a depth of 30 km, which contains information on the crust and uppermost mantle

structure. Fig. 5.12 presents the tomography results for different depths, ranging from 1 km to 30

km. Each panel shows the SV-wave variation in percentage with respect to the average velocity

value at each depth (bottom right of each panel). Red and yellow color shades indicate seismic

velocities lower than average velocity at each depth, whereas blue shades are indicative of higher

than average velocities. On appendix A5.2 we present tomographic results for the same period band

but  considering only a reduced number of nodes where group velocity measurements exist at all

periods.
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Figure 5.12: Tomography results. S-wave velocity models at different depths resulting from the inversion of the group velocity maps

previously obtained, within a polygon defined by the inter-station paths. Velocity variations range from -10 per cent (red) to +10 per

cent (blue) with respect to a depth-dependent average velocity that is given at the bottom right of each panel. Red dots represent the

seismicity (Vales et al. 2014). The top left panel shows the bathymetry of Cape Verde, the names of the islands (abbreviation). The

islands are painted in a grey scale, which represents the different ages: light grey the younger islands and dark grey the older islands.
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The shear velocity models show features similar to those of the group velocity maps, highlighting

tectonic and geological features associated with the Cape Verde crust and uppermost mantle. Shear-

wave velocities have been shown to be strongly affected by several factors, including the amount of

partial melt, water content and the thermal structure of the investigated region.

The tomographic maps (Fig. 5.12) allow us to define important features that deserve attention: a

low-velocity anomaly beneath the islands of Fogo and Brava; velocities faster than the average in

the northwest islands; a change in velocity anomalies from lower to higher than the average in the

islands of Santiago and Maio, at ~14 km, and in the island of Sal at a higher depth of ~20 km.

Using Ps receiver functions, Lodge and Helffrich (2006) obtained a thicker crust beneath the older

islands in the east and thinner crust beneath the younger islands to the west. Based on the joint

inversion of Ps and Sp receiver functions waveforms, Vinnik et al. (2012) obtained a discontinuity

at the crustal depth on top of a layer interpreted as a fossil Moho, beneath the islands.  A wide-angle

seismic study along a ~440 km long transect  of  the  archipelago by Pim et  al  (2008) revealed

‘normal’ oceanic crust, ~7 km in thickness, between the islands, gently flexed due to the loading of

the volcanic islands. 

Our results reveal new insights on the upper structure of Cape Verde (~30 km), complementing and

confirming previous results obtained with different techniques (e.g. Lodge and Helffrich, 2006; Liu

et al. 2014). Liu and Zhao (2014) using arrival-time data from teleseimic waveforms, inferred a

prominent  low-velocity  anomaly, imaged as  a  continuous  column,  especially  beneath  the  Fogo

volcano,  visible  from the  uppermost  mantle  down to  about  500 km. The authors  also inferred

velocities higher than average in Sal, Maio, Santiago and São Vicente, which they attributed to

intrusive bodies at the crust-mantle interface, possibly reflecting a omnipresent feature of hotspot

magmatism in mature oceanic lithosphere. 

SKS shear-wave splitting analysis by Lodge and Helffrich (2006) evinced two clearly different fast

polarization  directions:  NNW for  the  Northwest  edifice  and  WNW for  the  remaining  islands,

indicating that the low-density material produced by the hotspot spreads from separate melting loci

beneath the islands. In Hawaii, lead signatures indicate that basalts erupted from different magmatic

centers (Abouchami et al. 2005). Distinct melt centers can persist over large periods of time (~500

Ky). A similar process seems to have acted in Cape Verde, which imprinted in the North and South

island  groups  different  lead  isotope  signatures  (Gerlach  et  al.,  1988).  In  addition,  through the

spreading of the melt residue, a distinct anisotropic fabric was imprinted below each island group

(Lodge and Helffrich, 2006). 

Our shear-wave velocity maps show the structure beneath Cape Verde at much shallower depths
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than those shown by previous results. The top few km (until approximately 8 km) present a clear

high  velocity  anomaly  below the  northwest  islands,  whereas  the  remaining  islands  evince  low

velocity anomalies, with the exception of Boavista, which shows a slightly high velocity anomaly.

Beneath the Fogo - Brava platform, the structure presents the lowest velocities. From 10 km to 14

km,  the  high  velocity  anomaly beneath  Boavista  is  no longer  observed.  However, two distinct

anomalies still  stand out:  A low velocity  anomaly around the Fogo-Brava platform and a high

velocity  in  the  northwest  islands,  which  starts  to  extend  to  Santiago  and  Maio.  From 18  km

downwards, the low-velocity anomaly in the Fogo - Brava platform starts to fade, yet the velocities

remain lower than the average. At these depths, the northwest islands continue to exhibit a high

velocity anomaly, which is visible until 30 km depth. Santiago and Maio present a slightly high

velocity, while the rest of islands present slightly low velocities, however these anomalies are weak.

The  first  remarkable  feature  shown  by  these  maps  is  that  the  islands  seems  to  represent  two

different domains: the Northwest islands, with high-velocity anomalies, and the remaining islands,

with low-velocity anomalies. From a geological point of view, the islands in the south part of the

archipelago exhibit considerable uplift whereas the Northwestern group has no evidence of uplift,

hence they can be thought of as composed by less modified, more stable  crust (Ramalho, 2011).

Geochemical  studies  also  suggest  this  "division"  into  two domains.  Rocks  from islands  in  the

southern  part  of  the  archipelago  are  predominantly  carbonatites,  resulting  from a  slow mantle

melting of magma enriched in CO2 (Holm et al. 2006).

In  the  top  few km,  the  lower  velocity  anomalies  detected  in  the  ocean basin  and beneath  the

majority of islands may be linked to volcanic sediments. This anomaly tends to decrease as the

depth increases. Yet the low-velocity beneath the Fogo-Brava platform strongly persists, which we

attribute  to  the  existence  of  melting  processes,  in  good  agreement  with  the  active  volcanism

observed in this part of the archipelago. The high-velocity anomalies below the northwest group can

reflect  non-altered  crust  and/or  remnants  of  magma  chambers  or  solidified  basaltic  intrusions,

which fed the no longer active volcanism in these islands. These  high-velocity anomalies persist

from the surface down to 30 km depth. Between approximately 8 km and 14 km, the entire map

presents low-velocity anomalies with the exception of the Northwest islands. The high-velocity

anomaly below the NW islands starts to extend southwards, as if separating the two Cape Verde

chains into two different domains, one to the west and the other to the east. If we consider a Moho

depth of around 12 to 14 km (e.g. Vales et al. 2014), beneath this depth low-velocities may reflect

the existence of fluids and/or CO2, and may also explain the low-velocity anomaly in the Fogo-

Brava platform. 
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Another hypothesis is that we are observing a shallow expression of the same anomalies detected by

Liu  and Zhao (2014)  and Lodge and Helffrich  (2006),  whose  methods did  not  permit  enough

resolution at crustal levels. On one hand, we have a low-V anomaly beneath Fogo and a high-Vs

anomaly below the northwest group, Sal, Santiago and Maio (Liu and Zhao, 2014). On the other

hand, we clearly see a separation into two major group of islands, as did Lodge and Helffrich

(2006). 

Fig. 5.13 presents a 3D visualization of the depth-dependent Vs model, considering the 608 points

mentioned before, highlighting the strongest anomalies. The high velocity anomaly below the NW

group and the remaining islands are clearly visible.

Figure 5.13: 3D visualization evincing the main detected Vs anomalies for the Cape Verde archipelago. Blue represents positive 

velocity anomalies, whereas orange evinces negative velocity anomalies.

We believe that we are observing the same edifice separation as Lodge and Helffrich (2006) did but

now at the Moho level, suggesting that the anomalies the authors identified have continuity up to

the Moho.
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5.6. Summary

We used data recorded at a network of 38 seismic stations temporarily deployed in the Cape Verde 

islands, and employing the ambient noise tomography, in order to measure Rayleigh-wave group

velocities from ambient noise phase cross-correlations, in a period band between 10 s to 24 s. Based

on these, we imaged the S-wave structure of the upper 30 km below the archipelago. Our results

indicate the occurrence of positive and negative shear-wave anomalies (±10% with respect to the

lateral averages at each depth). In general, positive anomalies are interpreted as intrusive bodies

and/or  remnants  of  magma chambers  that  fed  volcanism no  longer  existent,  whereas  negative

anomalies  are  attributed  to  active  volcanism  (magmatic  bodies),  especially  in  the  Fogo-Brava

platform and to the presence of partial melting in the remaining southern islands where no active

volcanism currently exists.

This study complements earlier released studies for the Cape Verde archipelago that focus on obtain

models representing the structure beneath the islands or imaging the deeper structure, by applying

different  methodologies (Lodge and Helffrich,  2006;  Vinnik  et  al.  2012;  Liu  and Zhao,  2014).

Geological studies suggest that the islands of the northwest group have not suffered uplift, which

suggests that the crust is not altered, contrary to the remaining islands. In fact, the remaining islands

have considerable amounts of carbonatites which result from mantle melting of magma enriched in

CO2 (Holm et al. 2006). The presence of fluids and/or gases in the mantle is expected to decrease

shear-wave velocities. Geochemical studies show a clear distinction between the Northern islands

and the remaining ones (e.g. Gerlach et al. 1988; Doucelance et al. 2003). Based on these evidence

we consider that the low-velocity anomaly detected beneath Fogo-Brava platform is due to active

volcanism and/or melting processes. The remaining islands of the southern group, which evince

also low velocities, yet not as strong as those of Fogo-Brava, may result from the existence of high

concentrations of CO2 in the mantle. For the northwest group, where the velocities are higher than

average  for  the  entire  depth  range considered,  at  crustal  level  the  velocities  possibly  represent

thickest non altered crust, whereas for deeper structure, below the Moho, high velocities can be due

to intrusive bodies or remnants of magma chambers that fed past volcanism.
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Appendix section

A5.1 

Velocity maps for the selected periods of 10 s, 14 s and 18 s and the inter-station paths for the same

periods.
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A5.2

Tomography results. S-wave velocity models at different depths resulting from the inversion of the

group velocity maps previously obtained, considering only the points where there are measurements

in the entire period band (10 - 24 s). Velocity variations range from -10 per cent (red) to +10 per

cent (blue) with respect to a depth-dependent average velocity that is given at the bottom right of

each panel.  Red dots represent the seismicity (Vales et  al.  2014). The top left  panel shows the

bathymetry of Cape Verde, the names of the islands (abbreviation). The islands are painted in a grey

scale, which represents the different ages: light grey the younger islands and dark grey the older

islands.
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CHAPTER 6 - OPEN QUESTIONS: WHAT CAME UP

WHILE DIGGING!

6.1 Introduction

Most surface-wave tomography studies use dispersion curves of fundamental mode to image the

Earth structure. Fundamental-mode Rayleigh and Love waves are efficiently excited by shallow,

crustal earthquakes. They have more energy than overtones, are dominant on the seismograms and

are well separated from body-wave and higher mode arrivals. Different surface wave modes have

different  sensitivities  to  the  Earth's  structure  and,  as  we will  show later  in  this  chapter, under

appropriate conditions can interfere with each other. Overtones travel at higher group velocities

than  fundamental  modes  and  are  more  sensitive  to  deeper  structure.  However,  they  are  more

difficult to isolate as they appear as packets of mixed overtones (e.g. Stutzmann and Montagner,

1993). In order to correctly measure surface wave dispersion, one must avoid mode contamination

by accurately isolating the different modes. If the modes are not properly separated, the inverted

Earth structures using surface waves dispersion measurements will be biased (Romanowicz, 2002).

The studies of Hariharan et al. (2020) and Nettles and Dziewonski (2011), using long period (> 20

s) surface waves, revealed that fundamental mode and overtone Rayleigh waves tend to be well

separated  in  the  vertical  and  radial  component  seismograms,  in  both  regional  and  continental

environments. In opposition, the fundamental mode and overtones of Love waves traveling through

ocean basins severely interfere with each other. (Fig. 6.1).

Figure 6.1: Rayleigh (a) and Love (b) wave group velocity for the fundamental mode (n=0) and the first three higher modes (adapted

from Hariharan et al., 2020). 

While analyzing short-period surface waves recorded in  the Cape Verde islands,  we detected a
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possible interference between Rayleigh-wave fundamental and higher modes.  

In this chapter, we present the complexities faced when dealing with inter-station paths that cross

the ocean. The results presented here justify the decision to compute 3D tomographic model only

above 10 s (chapter 5). In addition, they provided new insights on the influence of the water layer

(with thickness > 0.5 km) on Rayleigh-wave group velocity dispersion measurements. Finally, we

present a comparison between results obtained using vertical and radial component seismograms.

6.2 Fundamental mode group velocities in a laterally varying medium

In  chapter  5,  we  presented  a  3D  tomographic  model  inferred  from  surface  wave  dispersion

measurements in the period band 10 - 24 s. This period range was selected considering three main

arguments: 1) The group velocity energy diagrams, evince multiple arrivals at short periods for

most station pairs (see examples in Fig. 6.2); 2) Synthetic short-period Rayleigh-wave fundamental

mode group velocities computed in laterally varying media show complexities that are not easy to

account for in a tomographic inversion as that presented in chapter 5; 3) The tests presented in

section 6.3 show overtones contamination at short periods due to presence of a water layer between

stations.

Fig. 6.2 demonstrates the challenge of selecting dispersion curves, at short periods, for inter-station

paths that cross oceanic domains. Panels a), c) and e) evince clear dispersion curves that are easily

retrieved from energy diagrams; however, panels b), d) and f) clearly show multiple arrivals and

possibly overlapping modes at short periods. Moreover, in the latter it is not possible to correctly

isolate  the  group velocity  corresponding to  the  propagation  of  the  Rayleigh-wave fundamental

mode.

In order to evaluate the impact of a laterally varying medium on the propagation of surface waves,

namely along land-ocean-land paths, we forward computed surface wave synthetics using a modal

summation scheme that is part of the Computer Programs in Seismology package (Herrmann 2013).

The laterally varying medium is represented by a sequence of blocks. This scheme assumes energy

conservation  and  thus,  as  the  surface-wave  propagates,  no  mode  conversion  or  reflections  are

permitted. The medium parameters change only with depth and distance from the source. No two-

dimension ray tracing is required in order to define the path from the source to the receiver. 
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Figure 6.2: Examples of energy diagrams (a to f panels), for the different inter-station paths. Top plot presents the inter-station paths

considered to compute the group-velocity measurements of each panel. Panels a, c and e,  corresponding to inter-station paths that

cross short oceanic domains, show well-defined dispersion curves over the entire period band. However, he energy diagrams shown

in panels b, d, and f, which correspond to inter-station paths that cross longer oceanic domains, clearly evince multiple arrivals and

possible mode mixing at the short periods. Black dots mark the selected measurements.

In order  to  compute surface wave synthetics,  we considered "three  blocks" -  two outer  blocks

corresponding to land portions and one inner block corresponding to an oceanic section (schematic

illustration in Fig. 6.3). With this simplified model, we then selected three different paths to model,

each of which with different lengths of land and ocean sections: Fogo - São Vicente; Sal - São

Nicolau and Santo Antão - Boavista. Table 6.1 describes the length of the blocks along each path.
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Figure 6.3: Schematic representation of the "three blocks" considered to compute synthetic fundamental mode surface waves.

The 1D shear-wave models used to compute synthetics were adapted from  Lodge and Helffrich

(2006) and from Vinnik et al. (2012) for the land sections (islands) and from Pim et al. (2008) for

the ocean section. In all cases, we used a Vp/Vs ratio of 1.74 in order to compute Vs from the Vp

models available. Fig. 6.4 presents all models used to calculate Rayleigh-wave synthetics for the

fundamental mode in a lateral varying medium simulating the three chosen inter-island paths. Fig.

6.5  shows  resulting dispersion  curves  on  top  of  the  group-velocity  dispersion  measurements

previously calculated. 

Table 6.1: Land and oceanic block dimensions considered to calculate Rayleigh-wave synthetic group velocities, aiming to

reproduce three chosen inter-island paths.

Path Land (island) portion Oceanic portion

Path A1 Fogo - 13 km São Vicente - 16 km 200 km

Path A2 Sal - 11 km São Nicolau - 46 km 110 km

Path A3 Santo Antão - 30 km Boavista - 28 km 126 km

Figure 6.4: 1D shear wave initial  models used to calculate Rayleigh-wave synthetics for the fundamental mode.  The different

models, which are used to reproduce different sections of the lateral varying media, are adapted from Lodge and Helffrich (2006);

Vinnik et al. (2012) and Pim et al. (2008).
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Figure 6.5: Comparison between Rayleigh-wave synthetics for the fundamental mode (colored lines) and group-velocities measured

(black lines) from the energy diagrams shown in chapter 5. The different colored lines represent different paths. The dashed red line

is representative of an oceanic model with a 3-km water layer, whereas the remaining curves are computed using a 4-km water layer.

For all inter-station paths considered, at short periods (below 10 s) the synthetics do not fit the

measurements.  In  this  band,  the  measured  group velocities  are  much  higher  than  those  of  the

synthetics. Yet, both real measurements and synthetics show a marked increase in group velocity

around 10 s.

In an attempt to find paths that could fit the measured group velocities between 2 and 10 s, we

tested different land and ocean sections, that did not necessarily correspond to the inter-station paths

in Cape Verde (see Table 6.2 for details). We also varied the thickness of the water and sediment

layers in order to understand their influence in the group velocity dispersion curves. 

Paths B1 to B3 are adapted from the path between Fogo and São Vicente islands. Paths B1 and B2

represent the true ocean portion (200 km) but the land portions are over-sized. Along the path B3,

the ocean portion is reduced to (100 km) and the land portions are over-sized. Path B4 is adapted

from the path between Maio, Boavista and Sal, displaying 5 consecutive sections of land – ocean –

land – ocean - land. Fig. 6.6 shows the results obtained using these paths (colored lines), on top of

the previously measured group-velocity dispersion curves for the whole archipelago (black lines).
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Table 6.2: Different paths along laterally varying media used to test the influence of the water and sediment layers on Rayleigh wave

group velocity dispersion curves. In the land section column, when more than one numbers is given they correspond to the different

land sections considered.

Paths
Water layer

thickness

Sediment
layer

thickness

Water
section

Land
section

Blocks

Path B1 4 km 1 km 200 km 20/20 km land_ocean_land

Path B2 4 km 1.5 km 200 km 40 km land_ocean

Path B3 4 km 1.5 km 100 km 100/50 km land_ocean_land

Path B4 3 km 1 km 40/70 25/25/40
land_ocean_land_

ocean_land

Figure 6.6: Rayleigh-wave fundamental mode synthetic dispersion curves for the different paths B (colored lines - see table 6.2) and 

the previously measured group-velocity dispersion curves for the whole archipelago (black lines).

Paths  B1,  B2  and  B4  are  very  similar  evincing  that  small  variations  on  the  thickness  of  the

sediments layer seems to not have a major impact on the dispersion curves. Path B3 presents a good

fit  to  the measurements,  yet  corresponds to a  non realistic  path for Cape Verde,  with the land

portions over-sized and the ocean portion reduced. These results suggest that the measured group-

velocity curves for periods below 10 s, do not correspond, at least not entirely, to the fundamental

mode.  Our  tests  also  reveal  that,  at  short  periods,  the  water  has  a  dominant  effect  on  ocean-

continent laterally varying media.
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6.3  Effect  of  the  water  layer  on  Rayleigh  waves  in  an  oceanic

environment.

We calculated synthetic dispersion curves and synthetic seismograms by normal mode summation

(Taheuki and Saito, 1972; Woodhouse and Girnius, 1982) based on 1D Earth structure models in

order to evaluate the impact of the water layer on the the group velocity dispersion curves measured

in an oceanic environment.

Normal modes can be specified by their eigenfrequencies and eigenfunctions. By taking the Fourier

transform of individual records and measuring the position of the spectral peaks it is possible to

identify the various modes, i.e.,  eigenfrequencies and use them to constrain the Earth structure.

Also, eigenfunctions provide a set of basis functions for the computation of synthetic seismograms

that account for the Earth's sphericity. 

In surface-wave seismology, one of the standard techniques to compute synthetic seismograms is by

summation of normal modes (e.g. Herrmann, 2013).

We computed eigenfunctions using the model of Pim et al. (2008) for the oceanic part of the Cape

Verde region  (Fig. 6.4).  We carried out several tests  by varying the water layer thicknesses. In

particular, we set the water thickness to 0, 0.3, 0.8, 1, 3 and 4 km, which are values that can be

found on some paths across the Cape Verde basin. Identical seismic structures are assumed beneath

the seafloor (Pim et al. 2008).

6.3.1 Synthetic group velocities

We calculated the eigenfunctions and eigenvalues for the fundamental and for the first two higher

modes of Rayleigh waves using the different 1D models. Then, we obtained group velocity U from

the eigenvalues and eigenfunctions. Fig. 6.7 displays the synthetic Rayleigh-wave group velocities

for the fundamental mode and first two overtones, for different water layer thicknesses. When the

water  layer  is  less  than 0.5 km thick,  the group velocity  curves  corresponding to the different

propagation modes are well separated and consequently are not affected by mode contamination.

On the contrary, for thicker water layers we observe mode contamination until a threshold period

that increases with water layer thickness. In these cases, the single-mode dispersion curves become

difficult to isolate. It is well known that higher modes have less energy than the fundamental mode

and,  as  we will  show in the next  section,  for orders higher  than n=1 they become neglectable

(Stutzmann and Montagner, 1993; Beucler et al. 2003). However, our synthetic tests together with

the energy diagrams that we infer from observed data at periods below 10 s reveal that in oceanic
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environments a careful inspection of the results is needed. 

In the Cape Verde area, the ocean has a depth of 3 to 4 km along inter-island paths. According to

our synthetic group velocity dispersion curves, we then expect that until approximately 10 s the

fundamental mode will not be clearly separated from higher modes. Thus, we will not be able to

consider the dispersion measurements previously calculated at these short periods. Beyond 10 s the

different modes are clearly separated even for a water layer of 4 km, which is the case for Cape

Verde.

Figure 6.7: Synthetic group velocities of Rayleigh-wave fundamental mode and first two overtones, considering different water layer

thickness.

6.3.2 Synthetic seismograms

In this  section,  we model synthetic  seismograms in order  to investigate  the contribution of the

fundamental mode and first overtone to the EGFs. The source of seismic energy is a vertical force

in order to reproduce an oceanic source of ambient noise.  We placed source and receivers at 1 m

below the sea floor, separated by 200 km. Preliminary tests  showed that  the amplitudes of the

second higher mode are negligible both in the vertical and radial components (Appendix section

Fig. A6.1). Therefore, only the fundamental and the first higher mode were considered in our study. 

Fig. 6.8 shows synthetics seismograms obtained with two extreme models: 1) a no-water model and
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2)  a  model  with  a  4km-thick  water  layer. Results  for  other  water  depths  can  be  found in  the

appendix section A6.2.

Figure 6.8: Vertical (left) and radial (right) synthetic seismograms. In each panel, from top to bottom, we show all modes added

together (black), the fundamental mode (red) and first higher mode (green). Second overtone is not represented because it has a

negligible amplitude. 

Fig. 6.8 shows that the in vertical components, both with and without a water layer, and in the radial

component,  without  water  layer,  the  dominant  signal,  i.e.  that  which  has  more  energy,  is  the

fundamental mode. Yet the first overtone (n=1) is also present with considerable energy. However,

in the radial component, in the case when a water layer is present, the first higher mode dominates.

This effect had already been observed by Tomar et al. (2018) for the North Atlantic at the Valhall oil

field. 

The presence of a water layer also affects the fundamental mode, as it becomes more spread out in

time. In addition, the water-solid Earth interface is also expected to generate Scholte waves (Nolet

and Dorman,1996; Zhu et al. 2004), a possibility that needs to be further studied. 

Figure 6.9 presents the energy diagram of the fundamental  mode plus first  overtone synthetics

shown by the black line in Fig. 6.8 (bottom left panel), evincing its complexity at short periods.
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Figure 6.9: Energy diagram of the time series (black line in left bottom panel in Fig. 6.8) evincing the complexity of the signals at

short periods.

By analyzing the synthetic  seismograms we became aware  that  the 1D surface-wave inversion

would not be possible for the majority of the paths that cross deep water (~ 4 km), where the

fundamental mode is not isolated from the higher modes for periods below 10 s and where we

would probably have interfering Scholte waves. In fact,  we attempted to invert  these paths but

ended  up  with  unrealistic  1D  models.  However,  we  note  that  there  are  two  areas  where  the

tomographic inversion can be carried out: the Northwest group of islands comprising Santo Antão,

São Vicente and São Nicolau, and the Northeast group of islands comprising Boavista, Maio and

Sal. Within both groups of islands, the water depth is less than 500m.

6.4 1D surface-wave inversion

We carried out inversions of the measured dispersion curves in order to infer 1D models of the

Earth  structure  below the  Northwest  and  Northeast  island  groups  using  the  linearized  scheme

proposed by Herrmann (2013). This scheme employs a damped least square algorithm to determine

Vs as function of depth from the group-velocity vs curves. For each group of islands, an average

dispersion curve was calculated and inverted to obtain a 1D shear-wave model. We were only able

to retrieve dispersion measurements from 2 s to 10 s. Therefore, we can only infer the first top 15

km structure. Sensitivity kernels for the considered periods are presented in Fig. 6.10. We made an

attempt to invert also the island group that comprises Brava, Fogo and Santiago, yet the water layer

between Fogo and Santiago has approximately 2 km deep. It may be possible to invert only the

islands of Fogo and Brava, which is planned as future work.
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Figure 6.10: Sensitivity kernels the Rayleigh waves versus depth for the Maio island profile (Lodge and Helffrich, 2006). 

For each inversion, we performed 35 iterations in which the algorithm adjusts the seismic velocity

model until an optimal data fit is achieved. The upper crust was smoothed. The two first inversions

started  with  slightly  higher  damping  (=  10)  in  order  to  avoid  an  overshoot  in  the  first  model

estimate.

The initial velocity models were taken from Lodge and Helffrich (2006) and vary according to the

above mentioned group of islands. For the Northeast group we used as initial velocity model the

model from Sal and for the Northwest group we used as initial model that of Santo Antão. The best

fitting results are presented in Fig. 6.11.

The 1D models (Fig. 6.11) evince an increase on the velocity from the top (surface) to the bottom of

the  model.  From the  surface  until  approximately  15  km depth,  the  NW group exhibits  higher

velocities, which is in agreement with the 3D tomographic model. The faster velocities of the NW

group may be due to with the non-altered, and consequently thicker crust of these islands. At near-

surface depths, the model representing the NE group presents higher velocities than the NW group

model. This inversion is not detected in the 3D tomographic maps, in which we were only able to

image the structure below 5 km. In fact, the NW group of islands evince always, for the depths

considered, higher velocities, in both 1D and 3D tomographic models.
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Figure 6.11: 1D depth inversion profiles for  the two selected group of  islands.  Dashed lines represent  the initial  models.  The

corresponding final models are plotted in full lines of the same color (on the left). Triangles represent group velocity measurements;

the grey line is the modeled dispersion; the fit between triangles and line corresponds to the fit between data and model.

Fig. 6.12 exhibits the comparison between the 1D Vs models calculated by different authors and our

models. The models calculated in this study are in agreement with the remaining models for the

crustal layers.

Taking  into  account  the  typical  velocities  for  the  crust-mantle  boundary,  Vales  et  al.

(2014) considered, the top of the mantle to be at approximately 14 km depth. Pim et al. (2008)

placed this boundary a bit more shallow, at 12 km depth. Vinnik et al. (2012) placed the top of the

mantle even shallower, at 10 km. Our 1D models, suggest an even deeper crust-mantle boundary at

approximately  17  km.  This  result  is  in  agreement  with  the  values  established  by Loodge  and

Helffrich (2006) for the Moho depth, which authors placed at 18±1 km. It is important to stress that

our models correspond to an average of three islands each, whereas the ones inferred from other

studies are determined as an average of the archipelago. The methodology used to determine these
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models is also different, yet our results are consistent with those of Lodge and Helffrich (2006).

Figure 6.12: Comparison between the 1D Vs models calculated here (see Fig. 6.10) and the previously calculated 1D Vs models in 

the framework of different studies performed in the Cape Verde area.

6.5 Radial components - ongoing work
In  addition  to  the  previous  study, which  was  based on the  analysis  of  vertical  (Z)  component

seismograms,  we also measured  group velocities  from the  radial  (R) components.  The particle

motion of Rayleigh waves occurs in the vertical and radial planes; therefore, we expect to observe

Rayleigh waves dominantly in these components of the seismograms. In addition, the synthetics

analysis showed us that in oceanic environments the first overtone of the radial component can

dominate over the fundamental mode. 

Given that inter-station paths in Cape Verde are the same for both radial and vertical components,

we decided not  use  the  radial  component  for  the  investigation  of  the  seismic  structure,  as  the

resolution of our final models would not differ significantly. Nevertheless, radial component EGFs

have the potential  to be used in further studies.  Thus,  within this  section we investigate radial

component EGFs.
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We first applied to R component data the pre-processing step described in section 5.2 of chapter 5,

which  was  identical  to  that  applied  to  vertical  component  data.  We  then  computed  cross-

correlograms and compared them with those obtained from vertical data (examples on Fig. 6.13).

Figure 6.13: Cross-correlograms computed for both vertical (Z) component (in blue) and radial (R) component (in black). 

The top panel of Fig. 6.13 shows an example for which both Z and R components present similar

EGFs. The bottom panel shows an interesting aspect. In the radial component plot (black), it  is

possible to observe the first overtone with more energy than the fundamental mode for inter-station

distances  larger  than  150  km.  On  the  contrary,  in  the  vertical  component  we  observe  the

predominance of the fundamental mode. Figure 6.14 displays all RR cross-correlations, sorted by

inter-station distance. Red lines correspond to Rayleigh-wave arrivals with velocities between 1.9 -

3.8 km/s. A second arrival is observed, bounded in green, with velocities between 1.1 - 1.5 km/s.

These velocities are similar to those observed in ZZ cross-correlations.
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Figure 6.14: Cross-correlation stacks of RR seismograms, sorted by inter-station distance. Red lines correspond to Rayleigh-wave

arrivals with velocities between 1.9 - 3.8 km/s. A second arrival is observed, bounded in green, with velocities between 1.1 - 1.5

km/s.

The results of the RR cross-correlograms, which in some cases are similar to the ZZ component,

while in others appear to have more energy on the radial component or even a dominant radial first

overtone,  lead  us  to  carefully  observe  the  group-velocity  measurements  and  analyze  synthetic

seismograms for the radial component. 

The  methodology  to  obtain  group-velocity  measurements  of  the  radial  component  is  the  same

described in the previous chapter for the vertical component (see chapter 5, section 5.4). Fig. 6.15

shows examples of RR group-velocity measurements.
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Figure 6.15: Examples of energy diagrams (a to d panels), for different inter-station paths (represented on the top map). 

The various panels (a to d) of Fig. 6.15 show a clear overlap/conversion of modes at short periods

(below 10 s). Similar to vertical component energy diagrams, also for the radial component it is

challenging to be sure whether  the fundamental  mode is  correctly  selected.  Furthermore,  some

panels exhibit what seems to be a higher mode that is stronger (it has more measurements for the

considered period) than the fundamental mode. In this case, our code will automatically select this

stronger mode.
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The question that arises is: Is it the radial component first overtone stronger than the fundamental

mode? From the cross-correlograms shown in Fig. 6.13, it is difficult to be certain that a higher

mode is  dominating the  signal.  In  the dispersion curves  shown in Fig.  6.15,  one may observe

considerable  energy in  what  may  be  a  higher  mode,  yet  it  is  not  possible  to  be  sure  without

quantifying the number of measurements in both the fundamental mode and in the higher mode. On

the other hand, synthetics clearly show a dominant first overtone on the radial component (Fig. 6.8).

Some authors have looked into the potential of using radial component EGFs. Savage et al. (2013)

observed  a  first  overtone  stronger  than  the  fundamental  mode  for  RR cross-correlations  using

stations deployed on a sedimentary basin. Gualtieri  et al.  (2015) investigated the complexity of

waveforms in 2D models and showed variations of the strongest mode recorded on the vertical

component. Finally, Tomar et al. (2018) detected a dominant first overtone on the radial component

using both synthetic seismograms and real data. The authors also demonstrated that a few hundred

meters of a low velocity sedimentary layer plus a water layer will play an important role in the

generation of a stronger first overtone signal on the radial component.  

Future work may focus on additional tests to confirm whether the synthetic seismograms presented

in this chapter are a good match to the real data observed in Cape Verde. For example, one can

extend the analysis carried out here to media with lateral variations considering mode conversion,

which was not possible to investigate with the codes applied here.
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6.6 Summary

Within this exploratory chapter we showed that the water layer has an important influence on the

Rayleigh wave group-velocity dispersion curves.  By comparing synthetics with real observations,

we showed that in an oceanic environment,  at  short  periods,  it  is  crucial  to be certain that the

fundamental mode is well separated from the higher modes. Otherwise the results obtained will be

biased by overlapping modes.

Many studies of ambient noise cross-correlation from surface waves have proven to be a powerful

tool to image with high-resolution the crust and upper mantle at different scales. Yet, most of these

studies consider only the surface waves fundamental mode. The reason is  simple: Fundamental

modes  are  easily  extracted  from noise  cross-correlations  of  the  vertical  component.  However,

overtones are of great interest  because they are sensitive to deeper structures than fundamental

modes, at the same frequencies. At short periods, when imaging shallower structures, the higher

modes  are  generally  observed but  are  often  considered  a  nuisance,  ending up being  discarded

instead of properly used. 

In further tests, if the Cape Verde data proves to have a first overtone that is dominant over the

fundamental model in the radial  component EGFs, which is passive to be used in tomographic

studies, then we may be able to improve the resolution of our models and eventually image the

structure below the current 30 km depth. 
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Appendix section

A6.1 

Synthetic seismograms (black line) for a water depth of 0.3 km (top) and 1 km (bottom). We also

present  both  components:  radial  (right  side)  and  vertical  (left  side).  In  red  we  plotted  the

fundamental-mode, first overtone (n=1) is plotted in green and the second overtone (n=2) in blue.

The dominant signal is clearly the fundamental-mode. The first overtone also presents considerable

energy, whereas the second overtone is almost undetectable. 
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CHAPTER 7 - Final Conclusions

The Cape Verde islands are the result of long-term oceanic intraplate volcanism. They stand on a

prominent bathymetric anomaly - the Cape Verde Rise. The islands lie on oceanic crust with an age

of approximately 115 - 140 Ma. Cape Verde, is located on the western African plate, in a location

that has moved very little in the last 30 Ma, relatively to the hotspot reference frame (Burke and

Wilson, 1972). These are some of Cape Verde's features that make it an interesting place to study

hotspot geodynamics. The near stationarity of the African plate, relative to the hotspot reference

frame implies that Cape Verde should be almost stationary with respect to its melting source. This

environment contributes to the isostatic aspects of the hotspot activity and allows the separation

between the individual mechanisms responsible for the islands subsidence/uplift (Ramalho, 2011).

In this thesis we used broadband seismic data from two temporarily networks deployed in Cape

Verde. The seven stations of network YW recording from 2002 to 2004, whereas the 38 stations of

the 9A network were installed in 2009 and recorded for ten months, until 2010. Both networks were

deployed with the main goal to study and characterize the structure of the crust and mantle beneath

the Cape Verde islands.

Our major goal is  to address the main tectonic and volcanic questions left  open from previous

studies of the region, namely by providing a 3D tomographic model of the crust and uppermost

mantle beneath the Cape Verde archipelago. To this end, records of both networks were thoroughly

quality checked during pre-processing steps of the data. Unfortunately, we could not include data of

network YW in our ambient noise tomography study due to problems, possibly related with the

clocks of the seismic stations. The data used was described in detail in chapter 2.

In chapter 3, we used the data from both networks in order to analyze the microseisms recorded in

Cape Verde. Through the polarization spectra of recorded microseisms we were able to identify

both PM and SM signals. We then determined the relative number of polarized signals, which vary

from island to island. These polarized signals allowed us to identify a SM signal that is divided into

two sub-bands: one with lower frequency (0.1 - 0.2 Hz), corresponding to the commonly reported

SM, visible in seismic records around the world, and a second signal with higher frequency (0.2 -

0.3 Hz). We called this latter signal a High Frequency Secondary Microseism (HFSM). The low-

frequency SM is consistent throughout the year and its BAZ does not show significant seasonal

variations. On the contrary, the HFSM displays a clear seasonal variation, with a higher number of

polarized signals coming from the northern hemisphere during the spring and summer. 

For the first time, we investigated the impact of the Cape Verde archipelago geometry and nearby
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bathymetry in the generation of seismic ambient noise in that area. A comparison of the polarization

results with sources from the IOWAGA numerical ocean-wave model (Ardhuin et al. 2011) suggests

that  the  recorded  SM in  the  islands  is  not  generated  by  the  dominant  North  Atlantic  storms.

Furthermore, we computed site effects for the archipelago, which revealed that local sources are

amplified. This analysis, suggested that the horseshoe distribution of the islands plays a key role in

the generation of microseismic noise in this region. 

A better knowledge of the sources of ambient seismic noise is of a great importance for seismic

interferometry  studies.  The  distribution  of  seismic  sources  can  affect  the  empirical  Green's

functions  estimates  and  consequently  the  isotropic  and  anisotropic  tomographic  inversions  for

velocity and attenuation (Harmon et al. 2010). In addition, understanding the sources of seismic

ambient noise is by its own right an important area of research. This knowledge can contribute to

the characterization of ocean activity (e.g. Neale et al. 2016) and provide a better understanding of

climate change (e.g. Aster et al. 2010).

In chapter 4 we applied the two-station method to teleseismic data recorded by both networks in

order  to  obtain  Rayleigh-wave fundamental-mode phase  velocity  dispersion  measurements  in  a

broad period band (8 - 250 s). Based on this data, we derived a robust average, phase-velocity curve

for the Cape Verde archipelago. We then inverted the phase velocity dispersion curve, in order to

obtain a shear-wave velocity profile, unavailable before. Our Cape Verde Vs profile reveals a low-

velocity zone, with a velocity of ~4.2 km/s, located between 60 to 170 km depth. This low-velocity

zone suggests a temperature anomaly, at these depths, in the asthenosphere. From the comparisons

between our Cape Verde Vs profile and profiles for normal Central Atlantic lithosphere of different

ages,  we  concluded  that  the  identified  temperature  anomaly  is  likely  the  responsible  for  a

rejuvenation of the lithosphere to an apparent age of approximately 30 Ma. This rejuvenated age is

much lower than the previously proposed value of 59 Ma (Sleep, 1990), which reduces the need to

invoke a significant role of dynamic support for the Cape Verde swell.

In chapter 5, we computed a 3D ambient noise tomographic model for Cape Verde using only data

of network 9A. We first obtained Rayleigh-wave group velocity maps from ambient noise EGFs in

the period band T~ 10 - 24 s. The group velocity maps were then inverted in order to obtain S-wave

velocity models at different depths (6 - 30 km), which together compose a 3D tomographic S-wave

velocity model. This 3D model images important features of the structure below the Cape Verde

archipelago: a strong low-velocity anomaly beneath the islands of Fogo and Brava, visible at all

considered depths; a high-velocity anomaly beneath the islands of the Northwestern group, which

also persists at all depths; an inversion in velocity anomalies, from lower to higher than average,
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beneath the islands of Santiago and Maio at approximately at 14 km and in the island of Sal at

higher depths (~20 km). We attributed the faster velocity anomalies at crustal depths in the northern

islands, to their thick non-altered crust. Deeper, below the Moho, the fast velocities below these

islands  are  possibly  representative  of  solidified  intrusive  bodies  and/or  remnants  of  magma

chambers that fed past volcanism that no longer exists. The low-velocity anomaly below the islands

of Fogo and Brava is likely related to active volcanism or melting processes, in good agreement

with the active volcanism still taking place in these islands today.

In the remaining southern islands of Cape Verde,  our 3D tomographic model images velocities

lower than average. Nowadays, there is no active volcanism in these island. Yet, the low velocities

may reflect partial melting of magma enriched in CO2.

The features found in our model are in good agreement with previous results obtained for mantle

depths in the SKS study of Lodge and Helffrich (2006). This can be indicative that the anomalies

that we found have expression deep down into the mantle. 

In chapter 6, we present the complexities faced when dealing with inter-station paths that cross the

ocean for periods below 10 s. The results provided new insights on the influence of the water layer

(with thickness > 0.5 km) on Rayleigh-wave group velocity dispersion measurements. In addition,

we carried out inversions of the measured dispersion curves in some islands, for periods below 10 s,

in order to infer 1D models of the Earth structure below the Northwest and Northeast island groups.

These results are in good agreement with those obtained in the 3D tomographic models.

In  conclusion,  we  analyzed  microseismic  noise  sources  using  data  recorded  in  Cape  Verde

archipelago, which seem to be generated by local sources. We proposed an average shear-wave

depth-dependent model for the Cape Verde area, which led us to suggest that the lithosphere was

rejuvenated  to  an  apparent  age  of  ~30  Ma.  Lastly, we presented  and interpreted  a  unique  3D

tomographic model for the archipelago, which exhibits interesting volcano-tectonic features that are

in good agreement with previous studies, such as clear low-velocity volume below the volcanically

active islands of Fogo and Brava.
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