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The Northern Mid-Atlantic Ridge (MAR) between 33°N and 41°N exhibits a
gradient in seafloor depth, from 3500 m just north of the Hayes Transform
(near 33°N) to less than 1000 m near 39°N. Together with this depth gra-
dient, the MAR is characterized by a broadening with a funnel shape, best
represented by the 2000 m bathymetric contour. This large bathymetric
structure representing a prominent submarine topographic high is called the
Azores platform. The maximum bathymetric expression of this platform is
given by the emergence of a group of nine volcanic islands, forming the
Azores archipelago.

The Azores platform represents a tectonic peculiarity as it is located at the
triple junction between the American, Eurasian and African plates. In this
context, the tectonic evolution of this region and the nature of the boundary
between the Eurasian and African plates have always been contentious, with
several models proposed to describe the overall plate kinematics, but this
issue is still being debated.

Another highly disputed subject is related to the origin of the Azores
platform and its islands. The geochemistry of the Azores lavas (either from
land or from submarine samples) shows incompatible trace element enrich-
ment coupled with high Sr—Nd-Pb radiogenic isotope ratios (a typical sig-
nature of oceanic island basalts) and has been used to suggest the existence of
a compositional mantle anomaly beneath the Azores. Additionally, this
geochemical enrichment was found to correlate with other geophysical
characteristics, such as negative gravity anomaly, anomalously low S-wave
velocities in the 100-200 km depth range or crustal thickness 60% higher
than normal, all of them suggesting high magma productivity. These
observations and inferences led to the generation of alternative models by
suggesting the existence of a thermal anomaly in the mantle (“hotspot”), a
volatile enrichment anomaly (“wetspot”) or the presence of a mantle plume.
To date, origin, size, depth and accurate location of this mantle anomaly are
still a matter of debate.

The chapters included in this book provide a comprehensive and multi-
disciplinary overview of the geoscientific knowledge of the Azores platform.
The scientific core themes of this volume encompass the geophysical, geo-
chemical and petrological subjects, addressing not only the two aforemen-
tioned main controversial issues in the Azores, but also related topics such as
hydrogeology and palaeontology. Additionally, Chapter “A Portrait of the
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Azores: From Natural Forces to Cultural Identity” by Beier and Kramer deals
with the Azorean cultural identity that has been strongly conditioned by the
forces of nature, expressed in this region mainly by earthquakes and volcanic
eruptions. Since the first permanent settlements in the Azores in the fifteenth
century, about thirty volcanic eruptions, both on land and offshore, have been
documented. Besides, the Azores are located in an area of elevated seismic
activity. The majority is usually expressed through microearthquakes; how-
ever, periodically, the Azores are shaken by moderate to strong earthquakes
that have caused destruction and negative economic impact. Cumulatively,
more than 5000 people have perished and this, undoubtedly, impacted on the
socio-economic and cultural development of these Portuguese people living
isolated and enclosed by volcanoes in the middle of the Atlantic Ocean.
The six following chapters constitute the geophysics section in this book.
The second Chapter “The “Azores Geosyndrome” and Plate Tectonics:
Research History, Synthesis, and Unsolved Puzzles” by Vogt and Jung
addresses the anomalous morphological, geological and geophysical frame-
work present in the so-called Azores Triple Junction. It integrates and
compares these characteristics with those present in a broader and more
regional context such as the encompassing Mid-Atlantic Ridge, in a way to
clearly understand the peculiarities existent in the Azores. These anomalies
are identified through water depth and gravity/geoid variation, crustal
thickness, upper mantle seismic structure, plate boundary morphology and
rock geochemistry. The authors also review the evolution of the present-day
understanding of the Azores and discuss the implications of their findings for
other geologically recent plate boundaries. Chapter “The Contribution of
Space-Geodetic Techniques to the Understanding of the Present-Day
Geodynamics of the Azores Triple Junction” by Fernandes et al. focuses
on the major contributions obtained with Space Geodesy (Global Navigation
Satellite Systems (GNSS) and Interferometry Synthetic Aperture Radar
(InSAR) techniques) in the Azores through a review of the published results
since the late 1980s. Global Navigation Satellite Systems (GNSS) have been
applied to modelling and understanding large-scale processes such as the
relative movements and angular velocities of the three tectonic plates but,
more recently and as a result of denser distribution of GNSS stations
throughout most Azorean islands, more detailed studies concerning
intra-island deformations have been carried out. Both techniques addressed
have been contributing significantly to better understand the tectonic
dynamics and the volcanic processes occurring in the Azores. In Chapter
“Crust and Mantle Structure Beneath the Azores Hotspot—Evidence from
Geophysics”, O’Neill and Sigloch assess the geophysical constraints on
crustal and mantle structure beneath the Azores hotspot discussing the pos-
sible existence of a traditional mantle plume. The data obtained through
surface wave models, suggesting a shallow origin (250-300 km of the
mantle) to the Azores hotspot or, alternatively, that the plume is waning,
contrast with recent finite-frequency body-wave tomography which indicates
that the Azores plume may extend to the core—mantle boundary. The authors
suggest a common origin under West Africa for the Azores, Canary and Cape
Verde hotspots. Chapter “The Tectonic Evolution of the Azores Based on
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Magnetic Data” by Miranda et al. reviews the progress made in the geophysical
research of the Azores, based on geophysical observations complemented by
numerical modelling, and presents an updated interpretation scheme for the
genesis and evolution of the Azores Triple Junction. Whereas on land inves-
tigations with detailed topographic maps, aerial photographs and satellite
imagery as well as rock samples are straightforward and allow the study of
geological structures at all scales, at sea things are quite different and have only
advanced recently with technological developments. Mitchell et al. (Chapter
“Volcanism in the Azores: A Marine Geophysical Perspective”) present and
discuss the Azores sea bottom morphology obtained through different types of
sonar data (GLORIA, TOBI and multibeam bathymetric data). The studied
sonar datasets allowed them to view and understand the topographic structures
of the ridges (that constitute important extrusive structures in the Azores
region) and interpret the morphologies in terms of the volcanic and tectonic
features present on them. Fontiela et al. (Chapter “Characterisation of
Seismicity of the Azores Archipelago: An Overview of Historical Events and
a Detailed Analysis for the Period 2000-2012) give an overview of the
existing historical and instrumental seismic catalogues, describe the seismicity
of the region since early 1915 and analyse the features of the observed seis-
micity in the period 2000-2012, which is typically characterized by high
number of events with relatively low magnitude.

Chapters “The Marine Fossil Record at Santa Maria Island (Azores)” and
“Surface and Groundwater in Volcanic Islands: Water from Azores Islands”
deal with direct observations or measurements. Avila et al. (Chapter “The
Marine Fossil Record at Santa Maria Island (Azores)”) describe the unique
exposure of sedimentary rocks containing marine fossils in the Azores. These
outcrops on Santa Maria Island are interpreted as the result of tectonic pro-
cesses. The authors also discuss the need and importance of preserving this
palaeontological heritage. The magmatic origin of the Azores is first
approached by Larrea et al. (Chapter “Petrology of the Azores Islands™) with
a detailed compilation of mineralogy and major element chemistry of
xenoliths and volcanic rocks. These geochemical data are used to give an
overview of the petrology of these igneous rocks, namely insights into
magmatic evolution paths/processes and depth of melting, in a geochrono-
logical context (where appropriate temporal data are available), to better
understand the origin of the specific geochemical characteristics present in
each island. In Chapter “Melting and Mantle Sources in the Azores”, Beier
et al. detail the geochemistry of igneous rocks (mainly from land but also
including submarine samples) by reviewing the trace element and radiogenic
isotope (Sr—Nd-Pb-Hf systems) data. The alkaline character of the lavas and
the large compositional range from basalts to trachytes identified in the
volcanoes is emphasized, and elemental and isotopic comparisons
inter-islands are made. These findings are used to address the mantle source
characteristics (composition, degree of heterogeneity and temporal evolution)
of the magmas from the Azores islands as well as their chemical evolution
and the processes involved during magma ascent and differentiation. The
geochemistry study is complemented by Moreira et al. (Chapter “Noble Gas
Constraints on the Origin of the Azores Hotspot”) which discuss the origin
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of the Azores archipelago by making comparisons between the different
islands and integrating the findings in a wider regional scheme along the
MAR between 28°N and 53°N. Antunes and Carvalho (Chapter “Surface and
Groundwater in Volcanic Islands: Water from Azores Islands”) characterized
surface waters (lakes, springs and rivers) and revealed the degree of direct
input by volcanic activity. The authors constrained by the volcano-tectonic
activity that influenced today’s geomorphological characteristics and
emphasize the importance of volcanic lakes as a freshwater resource.

The final Chapter “Where to Go? A selection and Short Description of
Geological Highlights in the Azores” by Kueppers et al. describes a selection
of geological outcrops from each of the Azores islands that the authors
considered worthwhile visiting, to get an overview of prominent geological
features. Some of the selected outcrops have been subject to detailed geo-
logical descriptions and are regularly visited by researchers and students, and
data from the peer-reviewed literature, wherever available, are used to
complement the descriptions and integrate them in a larger regional geo-
logical context.

I am happy to see such a compilation of national and international
chapters that cover a wide range of geoscientific questions about the Azores.

Alfragide, Portugal Pedro José Lopes Tavares Ferreira
LNEG—Laboratoério Nacional de
Energia e Geologia
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Ulrich Kueppers and Christoph Beier

The archipelago of the Azores comprises nine
inhabited islands and is an autonomous region of
Portugal. It stretches more than 600 km in an E-
W direction and is separated by the Mid-Atlantic
Ridge (MAR). Two of the islands (Flores and
Corvo, the Western Group) are situated on the
American plate while the seven eastern islands of
the Central (Faial, Graciosa, Pico, Terceira and
Sao Jorge) and Eastern Groups (Santa Maria and
Sao Miguel) are located on (sub-)parallel trans-
form faults extending eastwards from the MAR
that define the complex plate boundary between
Eurasia and Africa (see Vogt and Jung,
Chapter “The “Azores Geosyndrome” and Plate
Tectonics: Research History, Synthesis, and
Unsolved Puzzles”).

Volcanism started at different times for these
islands, manifested by significantly different ages
constrained for the oldest rocks of individual
islands (Santa Maria 8 my, Pico 0.25 my). Since
the earliest permanent settlements in the 15th
century, approx. 30 volcanic eruptions have
taken place in the archipelago, half of which

U. Kueppers (D<)

Department fiir Geo- und Umweltwissenschaften,
Ludwig-Maximilians-Universitdt (LMU) Miinchen,
Munich, Germany

e-mail: u.kueppers@lmu.de

C. Beier
GeoZentrum Nordbayern, Friedrich-Alexander

from subaerial vents. Important examples took
place on Faial (1672 and 1957/8), Pico (1562,
1718, 1720), Sao Jorge (1580 and 1808), Sao
Miguel (1563/4 and 1652) and Terceira (1761).
In submarine settings, eruptions repeatedly pro-
duced new islands, most of which were eroded
within few weeks or months, as e.g. at the
Banco D. Jodo do Castro (1720) or the Ilha
Sabrina (1811). As of today, Corvo, Flores,
Graciosa and Santa Maria are considered extinct
while some volcanic center on the other islands
are considered dormant. The last confirmed
eruption took place between 1998 and 2001 at a
water depth of 200-300 m, few kilometres off the
Western tip of Terceira. Today, all islands are
monitored in detail for indications of tectonic
but more importantly magmatic activity by the
Centro de Informagdo e Vigilancia Sismovulcanica
dos Acores (http://www.cvarg.azores.gov.pt/civisa/
Paginas/homeCIVISA.aspx).

The book aims at presenting a comprehensive
view of the Azores geology, reviewing the sci-
entific literature of past decades. We do not aim
at covering the entire geological history and
knowledge of the archipelago for which the
reader is referred to the individual peer-reviewed
publications in detail in each respective chapter.
It rather covers a wide range of geological sub-
jects that have been addressed on these islands in
the past and for which these islands are famous.
This book addresses the fields of Geochemistry,
Geology, Geophysics, Palaeontology, Petrology

Universitdt Erlangen-Niirnberg, Erlangen, Germany and Volcanology, Chapters “The  “Azores
e-mail: christoph.beier @fau.de
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Geosyndrome” and Plate Tectonics: Research
History, Synthesis, and Unsolved Puzzles
”—“Surface and Groundwater in Volcanic
Islands: Water from the Azores Islands”. We
have also added a chapter on interesting outcrops
(see Kueppers et al., Chapter “Where to Go? A
Selection and Short Description of Geological
Highlights in the Azores”) which will be of
interest to those readers travelling to the Azores,
accompanied by a chapter addressing the social
and linguistic evolution within the Azores
(see Chapter by Beier and Kramer, Chapter
“A Portrait of the Azores: From Natural Forces to
Cultural Identity”).

U. Kueppers and C. Beier

The impact of volcanism on the formation of
the Azores, on their geological and biological
evolution and on the socio-economic develop-
ment of the islands is unique amongst the world’s
volcanoes due to the isolated positioning in the
Atlantic albeit close connection to mainland
Portugal and the United States and certainly will
remain a topic of intense scientific debates in the
future as much as is has been in the past. All this
has made all of the Azores islands a worthwhile
destination for both holiday and work trips which
both of the editors and many of the authors of
this volume have experienced or are experienc-
ing during finalizing their manuscripts.
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Rudolf Beier and Johannes Kramer

Abstract

A comprehensive description of Azorean
cultural identity does not exist, and would
certainly deserve thorough investigation on
the islands themselves and a monograph of its
own. What we can do here is to take a look at
some single landmarks of this unmapped
territory, selected mainly from the perspective
of how people live with the forces of nature.
How do people deal with them, and how are
these forces mirrored in their behaviour,
beliefs, rituals, and symbolic and imaginative
expressions? Is there an Azorean culture?
Before we address this question, presenting
some evidence from emigration, religion, and
literature, we will provide some historical and
economic background.

R. Beier (X))

Department of English, American and Romance
Studies, RWTH Aachen University (retired),
Aachen, Germany

e-mail: rudolfbeier@me.com

J. Kramer
Department of Romance Studies, Trier University,
Trier, Germany

1 Prologue: Once upon a Time...

Once upon a time in the lost kingdom of Atlantis
there ruled a king whose name was Graywhite. He
had married the beautiful Queen Rosewhite. They
lived in a magnificent palace, but it was a sad
place because there were no little children in it...

This is the beginning of the folk tale about the
origin of the Azores, entitled Princess Bluegreen
of the seven cities (Eells 1922/2011, 171f.). In the
course of the story, the king and the queen are
visited by a fairy who promises them that a
princess would be born, but only if they agreed
that the princess would be withheld from them
for twenty years, to give the King the chance to
make up for his cruel behaviour towards his
subjects. They agree, but in the end the King
becomes impatient and breaks the vow after
eighteen years, trying to free Princess Bluegreen
by force. And here is the ‘geological ending’ of
the tale:

... King Graywhite marched on and on. It was a
long and perilous journey and the army suffered
many hardships on the way. It seemed as if they
would never arrive, but at last they drew near to
what everybody knew to be the most beautiful part
of the whole kingdom, where the fairy had taken
the Princess Bluegreen to conceal her. Storms
raged; lightning flashed; ominous roarings and
rumblings sounded from the depths of the earth. ...
“On! On!” cried the king.”Do you think I would
abandon this expedition now?” The words were
hardly out of his mouth when a huge rock fell
from its place near where he stood and rushed
away down the mountainside. The earth trembled

© Springer-Verlag GmbH Germany, part of Springer Nature 2018 3
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violently beneath their feet. Fearful rumblings and
roarings sounded all about them. ... King Gray-
white struck his royal sword against the great
wall. At that moment the walls fell. The earth
beneath their feet rose. Great flames swept up
towards the sky and rushed over the land,
sweeping everything before them. Then the sea
raged over the earth in violence until it had cov-
ered the whole kingdom of Atlantis. The fairy’s
curse had been fulfilled. The king was dead. His
kingdom was consumed by fire.

When at last the waters grew calm again all that
remained of the great rich kingdom of Atlantis was
the group of nine rocky islands which to-day is
called the Azores. ...

We have a storm, a landslide, an earthquake,
an eruption, and we have a tsunami. This, as it
were, is punishment by the forces of nature ...

2 Historical Outline

Our look into the history of the Azores [based
mainly on Goulart (2008), Marques (2001), and
Santos (1995)] will present the islands and their
inhabitants as torn, in a unique way, for about
three centuries, between the powers of Portugal
and Spain, and, more recently and more funda-
mentally, as a bridge connecting Europe and the
Americas. Section 2 will mainly deal with the
Azores from a political perspective and less with
nature and economy (for these, see Sect. 3),
while Azorean culture and the influence of nat-
ural forces will be the focus of Sect. 4.

Mysterious coins and mythical lands

All regions of Portugal take pride in their Roman
origins, with the exception of the Azores: They,
in ancient times, were still terra incognita.
However, in the early days of research, there
were attempts to imagine, invent or fabricate
connections to antiquity. For example, it was
claimed that coins from Carthago (fourth century
BC) were found in 1749 on the western island of
Corvo. However, they were declared to be fakes
as early as 1836 by Alexander von Humboldt,
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maybe corresponding to the wishes of local
people, but not to historical reality.

Antique and medieval stories and early maps
contain many mythical lands and legendary
islands, such as Atlantis, Brasil, the Fortunate
Islands, or the Isles of Saint Brendan. For these
phantom lands, virtually all islands we know in
the Atlantic Ocean, including the Azores, have
served as possible matches. From a historical
perspective, what the old sources tell us about
islands west of the Columns of Hercules
(Gibraltar) can, basically, be considered as liter-
ary topoi about unknown worlds and strange
creatures, leading us to the realm of dreams and
myths. The most common assumption seems to
be that there has, up to now, been no convincing
evidence that human beings set foot and lived on
the islands before they were explored by the
Portuguese (e.g. Santos 1995, 3; Wakonigg
2008, 122). There are researchers, however, who
try to refute this: Rodrigues et al. (2015) claim to
have found evidence of pre-Portuguese presence
in the Azores, a man-made rock-basin with
engravings produced on Terceira during or
before the eleventh century. Apart from this
controversy, what we can safely say is: the
islands were uninhabited when the Portuguese
occupied them, and there must have been some
knowledge of them before the Portuguese
exploration (see below).

Medieval manuscripts and maps

The actual history of the discovery of the Azores
starts at the beginning of the fourteenth century,
possibly with the Genoese, but there are vague
messages of speculative sightings during ocean
exploration dating back to the thirteenth century.
We find the oldest available notices about the
Azores in the manuscripts of he famous EI libro
de conoscimiento de todos los reinos (The book
of knowledge of all kingdoms, Marino 1999), a
kind of geographic encyclopedia, or more pre-
cisely, a medieval fictional travel book written by
an anonymous author (some say a Spanish
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Franciscan, others doubt this). It was composed
in the last quarter of the fourteenth century and
was based on contemporary portolans (maritime
charts) and mappaemundi (special medieval
maps of the world, for details Marino 1999,
XXVIIIft.). The author mentions the Canary
Islands, Madeira, Porto Santo, and eight further
islands, which must be the Azores, although most
of the names used differ from the ones we know
today (Marino 1999, 50): la Isla del Lobo (Santa
Maria), la Isla de las Cabras (Sao Miguel), la
Isla del Brasil (Terceira), la Isla Colunbaria
(Pico), la Isla de la Ventura (Faial), la Isla de
Sant Jorge (Sdo Jorge), la Isla de los Conejos
(Flores), and la Isla de los Cuervos Marines
(Corvo). Examples of famous contemporary
maps, which, well before the Portuguese explo-
ration, showed seven or eight islands and, though
in different languages, used strikingly similar
names, were the Medici Atlas (the Portulano
Medicea Laurenziano, or Medici-Laurentian
Atlas, of 1351, for details: Marino 1999; Santos
1995), the Catalan Atlas (most probably from
1375, Marino 1999), and L’atlante Corbitis
(1384-1410). The Corbitis Atlas arranges and
names eight islands from North to South (see
Fig. 1 and [’atlante nautico ‘Corbitis’): y de
corui marini (Corvo), liconiGi (Flores), s(an)c(t)o
zorzi (Sao Jorge), y la uentura (Faial), li colonbi
(Pico), y de brazil (Terceira), caprara (Sao
Miguel), and louo (Santa Maria). It was atlases
like these, or possibly their predecessors, that
provided the information which EI libro de
conoscimiento de todos los reinos was based on
(Marino 1999).

Henry and the hawks
Portuguese exploration

The first comprehensive attempts to describe the
islands and to document local Azorean history
were made by two Jesuits: Gaspar Frutuoso’s (ca.
1522-1591) work Saudades da terra (Longings
for the native country, 1586-1590) was not
printed during his lifetime, but in 1873. His friar,
Antonio Cordeiro (1641-1722) used Frutuoso’s
work in his Histdria insulana das Ilhas a Por-
tugal sugeytas no Oceano Occidental (History of

Portuguese islands in the Western Ocean), which
was published in Lisbon in 1717. This book is a
detailed description of the nine islands, their
discovery, places, important people, their nature,
including geological observations, e.g. “furnas,
fogos, & tremores” (caves, fires, tremors/quakes)
on Sao Miguel (Cordeiro 1717, 151). According
to Frutuoso and Cordeiro, the discovery of the
islands is attributed to Gongalo Velho Cabral
(1400-1460), who in 1431 was sent on a
reconnaissance voyage to the West by Prince
Enfante Dom Henrique, or Henry the Navigator,
the leader of the Holy Order of Christ and
founding father of modern navigation and, as it
were, also of the Azores (Santos 1995). On this
journey, Cabral only found a series of volcanic
rocks (about 25 miles off the nearest ‘Azorean’
island), which he named Formigas (ants). Today,
the Ilhéus das Formigas are almost completely
submerged (see also Larrea et al., Chap-
ter “Petrology of the Azores Islands”). During
his second journey, on 15 August 1432, the day
of the feast of the Assumption of our Blessed
Mother, or Santa Maria, he discovered an island,
which he named accordingly, and found suitable
for settlement. The second island, on which the
Portuguese landed in 1444, was Sao Miguel.
Later on, the seafarers discovered Terceira, the
‘third island’ chosen for settlement, with
Gongalo Velho Cabral as the first administrator,
or ‘captain-donatory’. After the Portuguese
explorers landed on the central islands of
Graciosa, Sao Jorge, Pico, and Faial, the sighting
of the western islands, Flores and Corvo, in
1452, concluded the discovery of the Azores.

Other sources attribute the discovery of the
Azores to Portuguese navigators “around the
period of 1427 to 1432, probably by Diogo de
Silves”, who is said to have found Santa Maria
and Sdo Miguel in 1427 (Farjaz 2008, 25;
Wakonigg 2008, 122). His biography is obscure,
his name is assumed to appear in a chart drawn
by a Catalan cartographer in 1439.

The name ‘Azores’, Portuguese Acores, is
derived from Port. acgor, Span. azor (<Lat.
acceptor), English hawk. The hawk, however, is
not a native bird on the islands. It has been
assumed that in the discovery phase some other
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Fig. 1 L’atlante nautico
‘Corbitis’, page 4 (courtesy of
Biblioteca Nazionale
Marciana di Venezia). Su
concessione del Ministero dei
Beni e delle Attivita Culturali
e del Turismo—Bibliotheca
Nazionale Marciana. Divieto
di riproduzione. (By kind
permission of Ministero dei
Beni e delle Attivita Culturali
e del Turismo—Bibliotheca
Nazionale Marciana. Do not
reproduce)

bird (such as a large shearwater, or the Azorean
buzzard) was confused with the hawk. Other
explanations are quoted by Santos (1995).

Sheep and settlers
The first ‘settlers’ of the Azores were sheep (and

other domestic animals) released in order to
provide meat for people still to come. On 4 July

1439, King Adonso V granted permission to
settle seven islands: Sdo Miguel and Santa Maria
in the east, and the central islands of Terceira,
Pico, Faial, Sdo Jorge, and Graciosa. On 8 Jan-
uary 1453, the Portuguese king donated the (still
unsettled) island of Corvo to his uncle Afonso de
Braganga. In 1456, the first settlers came to
Terceira, and up to 1470 the other islands were
populated. The first settlers lived in natural
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accommodations, in rock caves and improvised
dwellings (cafuas) protecting them from bad
weather and storms.

In addition to the Portuguese immigrants,
many Flemings came to settle on the islands. The
name of Horta on Faial is a corruption of the
Flemish name Joss van Hurtere, and the islands
were also called Insulae Flandricae or Ilhas
Flamenga, which survives in the place name
Flamengos on the island of Faial.

Apart from Portuguese and Flemish settlers,
there were smaller groups of Moorish prisoners,
African slaves, and people from Madeira, France,
Italy, Scotland, England, Morocco (esp. jews),
and Spain (esp. clergymen, Santos 1995).

Portugal and Philipp

Although early Spanish attempts to seize the
Azores had failed, the relations between the
Portuguese and Castilian kingdoms remained
tense. After all, they were competitors in the
exploration and acquisition of new territories to
be colonized. For Portugal, discoveries helped to
assert “its independence and emancipation from
Spain” and helped to stabilise Portugal as a
nation (Ramos Villar 2006, 16; for sociocultural
similarities and differences between Portugal and
Spain today, see Hofstede and Hofstede 2005).
When in February 1493 Columbus returned from
his discovery voyage to America and anchored in
the Baia dos Anjos on Santa Maria to resupply
his ship (the Nifia) with provisions and water, he
was given a hostile reception. However, nowa-
days the city honours him with a monument, and
Christovao de Aquirar devoted a poem to him
entitled Navigator of the Island Seas (Almeida
and Monteiro 1983, 56ff.).

Nominally, the territorial conflicts between
Portugal and Spain were solved by the Treaty of
Tordesillas (7 June 1494), which was mediated
by Pope Alexander VI: It drew a line through the
Atlantic from the North to the South Pole; this
line ran 370 Spanish miles (1770 km) to the west
of the Cape Verde Islands and split the world into
a western Spanish half and an eastern Portuguese

half, by awarding everything west of this imag-
inary line to the Spaniards and everything east of
it to the Portuguese. In the European area this
arrangement was not valid, but the affiliation of
the Canary Islands to Spain and of Madeira and
the Azores to Portugal created a kind of tempo-
rary balance between the two powers.

As for the whole of Portugal, the year 1580
brought major change for the Azores: On 15
January 1580, the so-called Cardinal-King Hen-
rique I was killed in the Battle of Almeirim in
North Africa. He was childless and in his will left
his kingdom to the Spanish King Philipp II. The
attempt to establish a rival king in Portugal in the
person of Antonio of Crato (from an illegitimate
line of the royal family of Avis) was quickly
thwarted by Spanish troops. In the Azores,
however, Anténio’s claims to power were still
supported, and it was not until the summer of
1583 that the last resistance was ended by
Spanish troops in a bloodbath at Angra.

For the time being, belonging to the Spanish
Empire seemed positive for the Azores: Terceira
became an important trading centre for the
Spanish galleons full of gold, silver, and other
treasures from America on their way from the
Caribbean to Europe. Admittedly, the power of
Spain weakened after the defeat of the armada in
August 1588, and especially after the Armada
was ultimately defeated and destroyed by the
Dutch in the Battle of Gibraltar on 25 April 1607.
Afterwards, English privateers took the chance to
plunder the single islands of the Azores, which
individually were hard to defend.

During the sixty years of Spanish government,
the foreign rule became more and more unpop-
ular in Portugal, as it became increasingly obvi-
ous that all profits were diverted to Madrid. Thus,
it is not surprising that when in Portugal the
revolution of the nobility led to the installation of
Jodo IV from the house of Braganca as King of
Portugal, this met with strong sympathies in the
Azores. Still, it lasted until 4 March 1642, before
the Spanish occupation of the Castelo de Sao
Jodo Baptista on Monte Brasil in the outskirts of
Angra ended.



Maria and Miguel

The French and the British, the liberals and the
absolutists

The riots of the French Revolution affected
Portugal, but had no direct and immediate impact
on the Azores: Portugal remained loyal to its
traditional ally Great Britain, and did not join the
anti-British alliance. In 1806 King Jodo VI
refused to follow the Continental System ordered
by Napoleon to stop all trade between Europe
and Great Britain. In the Peace of Fontainebleau
(27 October 1807) Spain offered the French
troops the right to march through to Portugal.
The French general Jean-Andoche Junot occu-
pied the whole of Portugal, but on 29 November
1807, just before French troops occupied Lisbon,
the royal family, under the protection of the
British fleet, escaped to Brazil, where they
remained until their return to Portugal in 1821. In
Portugal, there was a liberation struggle against
the French occupants, supported by the later
Duke of Wellington, and finally the troops had to
leave (Peace of Sintra, 30 August 1810). From
1810 to 1820, Portugal was de facto occupied by
British troops.

During this turbulent period, the connections
between the Azores and Portugal were inter-
rupted, with the British fleet securing the intact-
ness of the islands from external enemies. Brazil
became an independent empire in 1822 under
emperor Jodo I, who at the same time was King
Jodo VI of Portugal. When he died in 1826, his
son Pedro I, the rightful successor, and since
1822 Emperor of Brazil, abdicated the Por-
tuguese throne to his eldest daughter, Maria
(Maria II, Maria da Gloria), who at that time was
seven years old. Nevertheless, his exiled and
absolutist-minded brother Miguel laid claim to
the Portuguese throne. In a coup d’état he
deposed Maria and proclaimed himself King.
Miguel abolished the first Portuguese constitu-
tion, which had been passed by the Cortes of
1822 and to which Jodo IV had already sworn
allegiance.

During this struggle of liberal versus abso-
lutist forces in Portugal, the Azores entered the
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stage as an important political agent: The liberals
of Terceira removed the Capitdo geral loyal to
Miguel, and replaced him by a follower of the
young queen. On Terceira, a Junta provisoria
was proclaimed, and Angra was proclaimed the
capital of Portugal. The so-called Regencia de
Angra (1828-1832) beat off all attacks of
Miguel’s followers and won the Battle of Praia
on 11 August 1829, which put the Portuguese
fleet out of action. In 1831, all islands were in the
possession of the liberals, and Pedro I arrived on
22 February 1832 in Ponta Delgada on Sio
Miguel, driving Miguel’s troops out of the
country. After the important role the Azores had
played in the power struggle between Pedro and
Miguel, queen Maria da Gloria honoured Angra
by giving it the name Angra do Heroismo in
1837.

Captains and captaincies
Azorean administration

The internal administration of the islands was
based on the division into Capitanias (captain-
cies), as part of the Captain-Donatory system
introduced by Henry the Navigator, allowing
absentee landowners to control their property and
receive payments from the peasant tenants. Apart
from other privileges, the capitdo, a hereditary
post, and the donatorios (donatories) had the
monopoly on all mill products, salt and bread,
and granted land for tenant farming. This feudal
heritage of tenant farming must be considered a
major reason for Azorean emigration (Almeida
1980; Santos 1995, see below).

In 1766, Azorean administration was cen-
tralised: The Capitanias of the single islands
were subordinated under the Capitania Geral,
placed in Angra do Heroismo on Terceira, which
was declared the capital of the Azores. This
general captainship had significant functions, it
concentrated all administrative, military, and
judicial power, managed local economic life, and
controlled the regional governors of the single
islands.

The Capitania Geral dos Agores was abol-
ished in 1832 in favour of a Provincia dos
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Acgores with Angra as capital, but little later (in
1833), motivated by the displeasure of the
inhabitants of Sdo Miguel to be subordinate to
Terceira, the new province was split into two, the
Provincia Oriental dos A¢ores with Ponta Del-
gada on Sao Miguel as capital and the Provincia
Occidental dos Agores with the capital Angra de
Heroismo on Terceira.

Resupplying, refuelling, relaying
Ships, planes, and cables

Throughout their history, the Azores repeatedly
served, for certain periods of time, as an essential
strategic place linking Europe and America via
ship, plane, or cable. These connected the islands
more closely to the world, until technological
innovation reduced their importance as a base of
support or refuelling or telecommunications.
“Between these transitory intervals of keeping
pace with the world, the islands endured, in
silence and quietude ...” (Almeida 1983, 20).

The Azores were an ideal trading station and a
place to resupply ships. During Spanish occu-
pation, they served as a port of call for their
galleons. Since the thirties of the nineteenth
century, American ships were seen more fre-
quently in the rich whaling grounds around the
islands, and they often landed to stock up on
provisions or to be repaired. The British warship
HMS Styx, under captain Alexander Thomas
Emeric Vidal, carried out surveys of the Azores
(1841-1845), on which the drawing of the first
reliable map of the Azores was based.

For steamships, the Azores became an
important stopover in transatlantic trade. Angra
de Heroismo, Horta and Ponta Delgada devel-
oped into important ports, although the impor-
tance of the Azores for ship traffic diminished
again from the last third of the nineteenth century
onwards, with the shift of traffic to the northern
part of the Atlantic. For some time, planes
between the continents needed the Azores for
refuelling. Technological progress made the
stopover obsolete in the mid sixties, and put an
end to still another opportunity Azoreans, tem-
porarily, had profited from.

With the development of telegraphy, the
Azores became a major transfer station. In 1893,
a first cable was installed between Horta on Faial
and Carcavelos near Lisbon, soon followed by
the connection with US stations. In 1900, Horta
became the seat of the American Cable Company
(CCA), of the British Europe and Azores Tele-
graph Company (EAT) and of the German
Deutsch-Atlantische Telegraphengesellschaft
(DAT), which linked Horta to Borkum. The latter
had to cease its operations in 1916, but could
re-establish its activities in 1926 until the final
end of the Company in 1943. The buildings of
the so-called Colonia Alema, where the twenty
members of the DAT lived with their families,
can still be visited. In the course of time, several
cables were destroyed or burned due to volcanic
and seismic incidents, esp. submarine eruptions,
and had to be repaired, or parts of them had to be
replaced entirely (Farjaz 2008). The end of the
boom of telegraphy in Horta came in the fifties,
when relay stations were made obsolete by the
higher capacity of cables, stronger amplifiers, the
increasing use of radio, and later of satellites. In
1969, the British closed down the last cable
station in Horta.

We would like to point out, however, that it
was not only by virtue of technological advances
that the Azores linked the Old and the New
Worlds. Above all, the connection has been
established and fostered by people, i.e. by thou-
sands of migrants (see Sect. 4.2 below). One
outstanding builder of bridges and cultural
negotiator in the field of literature is Almeida
(e.g., 2000).

Capelinhos and Carnations
The Azores in the twentieth century

Politically, the beginning of the twentieth century
brought the last years of the Portuguese monar-
chy, which were characterized by riots and a lack
of necessary reforms. The proclamation of the
Republic, on 5 October 1910, did not improve
this situation: the urgently needed agricultural
reform remained unfinished, and social unrest
continued to rock the country.



In 1916, Portugal entered into the First World
War because of the German submarine menace.
Some Portuguese merchant ships sunk off the
Azores, but the more serious war events hap-
pened rather around Madeira.

A rebellion in 1926 installed a military regime
in Portugal, which paved the way to Salazar’s
Estado Novo (also called salazarismo). Antonio
de Oliveira Salazar, an economist, became a
strong and influential finance minister in 1928,
and in 1932 was appointed Prime Minister, he
ruled until 1968. Portugal was transformed into a
corporatist-authoritarian state dominated by Sal-
azar’s fascist party Unido Nacional. During the
Spanish  Civil War (1936-1939), Portugal
remained neutral, but indirectly favoured Franco.
Though Portugal preserved its neutrality in the
Second World War, too, the Azores were
involved in the hostilities: Again, they played a
decisive role as a link, this time between the
American and European allies in their fight
against Hitler Germany, esp. in the Battle of the
Atlantic.

In August 1943, the Lisbon government
allowed Great Britain to use the port of Horta,
Faial, the port of Ponta Delgada, Sao Miguel, and
the military installations on Sao Miguel (Santana
Field) and Terceira (Lajes Base, Lajes Field, in
the Plain of Lajes, in the northeast of the island).
Little later, from December 1943 onwards, the
Royal Air Force on Terceira was joined by the
United States Army Air Force and the US Navy.
In a joint effort, they made Lajes Airport a large
military facility, which played a key role in
World War II, particularly in the Battle of the
Atlantic. In November 1944, the Americans
were, after difficult negotiations, allowed to build
an airfield in Ponta do Monteiro, in the west of
the island of Santa Maria, which was closer to
the European and North African mainland than
Terceira. The British soldiers departed in 1946,
while the Americans remained on the base of
Santa Maria. American rights to Lajes Field were
re-negotiated after the war, so that Lajes Field
remained a strategically important facility for the
United States and, later, for the NATO as a
whole: In 1949, Portugal joined the NATO, and
in 1951 a base treaty permitted the stationing of
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NATO troops on the Azores (see Consulate of
the United States).

The presence of foreign soldiers who stayed
longer than the ship crews of earlier days led to a
noteworthy change in the traditional Azorean life
style. The contact between the strangers and the
local population was intense, and at festivals and
parties close relations were established. Typical
Anglo-Saxon sports such as hockey and football
became established, beer consumption rose, and
the first brothels opened.

During the 1957/1958 Capelinhos volcanic
eruption and the associated earthquakes on Faial,
Salazar was still in power. There is disagreement
as to how successful the Salazar government
actually was in the management of the disaster.
Ramos Villar (2006, 14) points out that, in eco-
nomic terms, the Portuguese government at that
time was unable to help, due to the recession and
the outbreak of the colonial war. According to de
Oliveira (2008, 101) the “Portuguese government
did not feel obligated to provide any type of
help... ”, while according to the analysis by
Coutinho et al. (2010, 265) “response, recovery
and rehabilitation were generally highly suc-
cessful”, with much of the credit, however, going
to Dr. Antonio de Freitas Pimentel, the local
Civil Governor, who has been praised for his
effective leadership, his highly successful man-
agement of the emergency situation, and for the
active role he played influencing the US legis-
lation to allow immigration from Faial.

The so-called Carnation Revolution of 1974
overthrew Salazar’s successor regime and
released the colonies into independence. What
followed on the Azores was a period of some
political instability and of a new orientation
towards independence, which, on 8 September
1976, led to the establishment of the first regional
self-government, the Governo Regional dos
Acores, with its own president and its own par-
liament. Their new policy is clearly orientated
towards regional interests. For instance, it pro-
motes local production sectors such as viticul-
ture, and created a special department to promote
Azorean tourism, which is still less developed
than tourism on Madeira. In 1986, Portugal
joined the European Communities. Today,
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some areas of Portugal, including the Regido
Autonoma dos Acores, are defined by the Euro-
pean Union as less developed regions and,
accordingly, are supported by a number of
regional funds (European Commission 2014).
Examples of Azorean projects relevant to our
context, which have benefited from investment
through EU regional policy programs are entitled
The soft energy of the volcanoes (geothermal
energy), Make the sea our servant, not our master
(wave energy), and the Capelinhos Lighthouse
Environmental Information Centre (website of the
European Commission: ec.europa.eu).

The Carnation Revolution of 1974 and the full
autonomy of 1976 put an end to centuries of
‘slow communications’ between Portugal and the
Azores isolated within the ocean, characterized
by “neglect, absenteeism and under-development
of the resources found within the islands”
(Ramos Villar 2006, 9). Since it became a
member of the European Communities, the
Azorean economy has grown, and there have
been major increases in living standards in Por-
tugal as a whole (Coutinho et al. 2010, 278).
These three key events of the century (revolution,
autonomy, EU membership) have also brought
changes in the economic and demographic
‘pre-disaster vulnerability” of the islands,
because they are no longer the poor and periph-
eral region of Portugal they still were during the
Capelinhos emergency (Coutinho et al. 2010,
268f.). Quantity and quality of support after
natural disasters have improved. When an
earthquake on 1 January 1980 (see Fontiela et al.,
Chapter “Characterisation of Seismicity of the
Azores Archipelago: An Overview of Historical
Events and a Detailed Analysis for the Period
2000-2012"), killed more than sixty people and
injured about 600, made thousands homeless and
destroyed the historical centre of Angra de Her-
oismo, this was the first time that “the Lisbon
government shouldered its responsibility and
obligations” (de Oliveira 2008, 101). The
reconstruction was also helped by generous
grants from the USA, which still hold their mil-
itary base in Lajes. Another earthquake struck
Faial in 1998, killing eight people, injuring 150,
and making ten times as many homeless.

According to Coutinho et al. (2010, 278), it
showed that the new system of civil defence
infrastructure, which is organized like a cascade,
works well. There was considerable financial
support and public investment. What still
remains vulnerable, however, is the traditional
building stock of the Azores.

3 What Azoreans Have Gained
from Nature

Throughout Azorean history, the primary sector
of the economy (agriculture, fishing, whaling)
has played a key role. For hundreds of years,
Azoreans have tilled the volcanic soil rich in
alkalies from the source rock (see Larrea et al.,
Chapter “Petrology of the Azores Islands” and
Beier et al, Chapter “Melting and Mantle
Sources in the Azores”), to produce agricultural
products for subsistence and for export. Nature
has allowed them to grow, mostly without irri-
gation, a wide variety of plants we know from
tropical, subtropical and moderately climatised
regions. The kinds of plants grown, more or less
successfully, varied over the centuries.

Colours, crops, and cattle

The first settlers and cultivators in the fifteenth
and sixteenth centuries mainly grew sugar cane
and wheat (which was needed for the market
places in Ceuta, North Africa). Neither of the two
crops proved to be successful in the long run.
The most important products the Azores expor-
ted at that time were plants used as colouring
agents (mainly for garments): Roccella tinctoria
(orchil) and Isatis tinctoria plants (woad, glas-
tum). Both lost their importance in the middle of
the seventeenth century, when they were
replaced by indigo. From the beginnings, the rich
fishing grounds were exploited, and the animals
that had come to the islands with the arrival of
the Europeans provided food for the settlers.
Trees were felled and forests cleared rapidly in
the course of the fifteenth and sixteenth centuries
for a variety of purposes, mainly ship building.
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The sixteenth century marked the end of sugar
cane and wheat, and the beginning of the culti-
vation of sweet potatoes (batatas), citrus and
other fruits, and wine. In the seventeenth century,
the most important crops were oranges, batatas,
and wine, and people also cultivated corn and
flax. The seventeenth and early eighteenth cen-
turies saw a certain economic boom, because
improved boat connections increased exports to
mainland Portugal. New crops entering the
Azores in the nineteenth century were pineapples
(an important crop for export, grown in green-
houses), tobacco, and, since 1883, the famous tea
grown at Gorreana on the northern coast of Sdo
Miguel. Today, the tea factory, plantation and
shop are a tourist attraction. The nineteenth
century witnessed disasters in Azorean agricul-
ture: Apart from potato rot, vineyards were
destroyed by grape blight in the middle of the
century, and at the end of the century, the citrus
blight caused a breakdown in the cultivation of
citrus fruit, esp. oranges.

In the twentieth century, the sugar beet was
introduced. A much more fundamental change,
however, as a consequence of Salazar’s policy of
economic autarchy, was the dramatic transfor-
mation of the Azorean primary sector from tra-
ditional crop production to cattle breeding, now
the most important agricultural branch. The
Azores were supposed to be Portugal’s main
supplier of beef and dairy products. Around
1980, there were about 150,000 heads of cattle,
in 2001 it was 231,000, plus 62,000 pigs. About
50,000 heads of cattle are exported to Portugal
every year. The breeding of cattle amounts to
about 70% of Azorean exports. Cattle and dairy
farming are not competitive in the EU and need
subsidies. They suffer from the general structural
weaknesses of the Azorean agriculture, which
according to Wakonigg (2008) are: The tradi-
tionally strong contrast between a few large and
privileged landholders on the one hand and the
large number of businesses too small to be really
productive on the other, the lack of processing
capacity and effective marketing strategies for
high-quality products, and the long distance to
the Portuguese and other European markets,
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which causes high transportation costs and
reduces the quality (especially of livestock).

Today, it is estimated that about 52% of the
total area of the Azores is used agriculturally, of
which almost three quarters are pasture. The
remaining area of about 15% of the islands is
used for growing crops, esp. corn (to feed cattle),
potatoes, sugar beets, oranges, wheat, bananas,
and wine. However, Azorean agriculture cannot
provide the population with sufficient basic
foodstuffs, especially bread grain.

Wines, whales, and whale watching

Traditionally, Azoreans grew three white wine
varieties: Verdelho and Terrantez, both imported
from Madeira, and Arinto de Bucelas, originating
from the area of Lisbon. The main wine culti-
vation areas producing dessert wines high in
alcohol are on Pico, Terceira and Graciosa. The
volcanic grounds offer ideal cultivation condi-
tions, because the black basaltic soils store the
warmth of the day. In the nineteenth century,
wine became the main export article of the
Azores. It was exported from Pico to New York,
India, Brazil and the Baltic States, and even the
Tsarist Court of St. Petersburg ordered the Ver-
delho of Pico. However, in the last third of the
century the wine blight (caused by Phylloxera),
brought in from America, put an end to this cli-
max. The crossing with American wild wines
produced new hybrids (vinho de cheiro, per-
fumed wine) low in alcohol, which, according to
wine connoisseurs, do not reach the quality of the
old wines. Today, there is virtually no wine
export any longer. Pico is famous for its network
of rectangular vineyards (currais, Fig. 2) sur-
rounded by walls made of basalt rock to protect
the vines from wind and salty seawater spray. In
2004, the Pico island vineyard culture was clas-
sified as a World Heritage site by the UNESCO.
It is no surprise that names of wines are moti-
vated geologically, like Terras de Lava and
Basalto. In the Azores, basalt is not only used for
the currais. As material for buildings and pave-
ments it is ubiquitous. Black basalt often con-
trasts with white paint or plaster in buildings,
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Fig. 2 Currais on Pico (photo Rudolf Beier)

or with white limestone (on the Azores only found
on Santa Maria), such as in the renowned Por-
tuguese pavement (calcada Portuguesa, Fig. 3).
As compared to the surrounding Atlantic
Ocean, the Azores are a shallow-water region
(see Vogt and Jung, Chapter “The ‘“Azores
Geosyndrome” and Plate Tectonics: Research
History, Synthesis, and Unsolved Puzzles”), the
bathymetric swell providing a biologically active
area attractive for whales. Whaling was one of
the most important activities in the Azores, from
its beginnings in 1765, following the American
example. The whalers approached the animals in
small rowing boats (canoas) and caught up to
200 sperm whales a year. The most important
product was the oil for oil-lamps, which was won
from the blubber, of which a whale delivered
between three to four tons. Whale meat is not
tasty, so it was usually processed into animal
feed or even fertilizers. The so-called spermaceti,
a waxy mass in the head of a whale, was used for

making ointments, candles, and lubricants. The
digestive system of sperm whales provided the
so-called ambergris, a fragrant substance in
which the animals envelop indigestible objects. It
was used for the production of valuable per-
fumes, scored fantastic prices on the world
market and was later replaced by synthetic sub-
stances. The exhibits of the Scrimshaw Museum
at Peter Café Sport (Horta) show how whale-
bones served as material for artful carving. Once
a year, the products of whaling were transported
by ship to Lisbon. In the long run, the Azorean
whalers’ success was limited, because they were
not able to compete with American whalers, who
had a larger market and better facilities and tools
(Ramos Villar 2006, 8). Whaling ended officially
in the mid-80s, with the ban on whaling and with
the last factory closing in S0 Roque do Pico due
to unprofitability in 1984. The death of whaling
was the birth of whale watching, today one of the
branches of sustainable tourism.
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Fig. 3 Cal¢ada Portuguesa, Horta, Faial (photo Rudolf Beier)

Construction, cans, and cozido
The secondary sector

The secondary sector of the Azorean economy
(industry, construction) has been restricted to the
building and construction industries, the supply
of energy and water, and the processing of goods
from the primary sector. It consists mainly of
small businesses, which produce sugar, canned
fish and vegetables, beer, wine, spirits, mineral
water, tea, tobacco, milk, cheese, and meat
(Wakonigg 2008, 206).

The production of cheese on the Azores goes
back to the Flemish immigration in the fifteenth
century. The most common type of cheese is still
called Queijo Flamengo, Flemish cheese; it is
produced on Sdo Miguel, Terceira and Faial.
However, the ‘real’ local cheese is the Queijo
Sdo Jorge, which is originally made from a
mixture of cows’, goats’ and sheep’s milk,

a combination optimally adapted to the livestock
of the Azores. This cheese owes its special aroma
to the mint that grows abundantly on the pastures
of the island. The big whole cheeses are trans-
ported to the mainland by means of specially
equipped ships. There is also the spicy Queijo
Sdo Jodo do Pico, which is processed into
smaller whole cheeses.

Generally, the secondary sector of the Azor-
ean economy has suffered from emigration and a
shortage of qualified labour. It has always been
weaker, either than the primary sector, or, more
recently, than the tertiary sector (Wakonigg
2008, 235). Elavai (2008) gives the weights of
the sectors in the gross regional product for 1980
and for 2004 (primary sector: a decrease from 30
to 13%, secondary sector: a decrease from 26 to
17%, tertiary sector: a rise from 44 to 77%).
Apart from the relative weakness and the relative
decrease of the secondary sector, this shows us a
decreasing weight of agriculture (due to the
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unfavourable distribution of property, esp. land,
and the increase in the less work-intensive pro-
duction of cattle), and a considerable increase of
the tertiary sector (services, esp. tourism).

Like the people in other volcanically active
regions of the world (for example Iceland, New
Zealand), Azoreans make use of geothermal
energy, which according to Wakonigg (2008)
and the Sociedade Geotérmica dos Acores
(Sogeo 2011) provided about 22% of their
energy consumption in the first decade of the
21st century. Plans are to increase the proportion
of geothermal energy considerably (Sogeo 2011).
Geothermal energy also helps, as it were, to
prepare one special dish, a traditional stew called
the Cozido das Furnas. Beef, pork, chicken,
sausages (like chorizo and morcella), potatoes,
cabbage and a number of vegetables are all given
into a pot and cooked in an adequate hole in the
ground for about six hours. Bom apetite!

Travel and tourism
The tertiary sector

Apart from the dairy and cattle industries and
fishing (mainly tuna), the modern economic
outlooks of the Azores are mainly based on the
expansion of tourism. Admittedly, the Azores
have not yet arrived in the catalogues of
all-inclusive tourism, a fact mainly due to trip
difficulties: The traffic is almost exclusively in
the hand of the Portuguese air line TAP and the
Azores regional company SATA; there are few
charter companies, and only the islands of Ter-
ceira, Sao Miguel and Faial have a daily con-
nection with Lisbon, the usual place of transfer.
A regular shipping line between Portugal and the
Azores does not exist, and even cruise ships are
touching the Azores comparatively rarely.
Today, all this does not necessarily have to be a
disadvantage. Rather, it may be a good starting
point for the development of tourism in a con-
trolled and sustainable way, protecting the
Azores and their nature from the pitfalls of
mass-tourism.

4 How Azoreans Live

with the Forces of Nature
4.1 A Word About Azorean Culture
Is there an Azorean culture? And if there is, is it
influenced by the forces of nature, and if yes,
how? These questions are delicate, because they
require generalizations and invite overgeneral-
izations. Quite obviously, there are relations
between nature and culture, but they are neither
direct nor simple. To answer the initial question,
it will be helpful to take a closer look at litera-
ture. If there is an Azorean literature, this is a
very strong piece of evidence that there is an
Azorean culture.

The core of culture
Portuguese values

On the one hand, the majority of Azoreans have
Portuguese ancestors, their culture has its roots in
mainland Portugal. The language they speak is a
variety of Portuguese (see Rogers 1948). For
most of their history (see Chapter “Introduction
), the Azores, politically and economically, have
belonged to Portugal. With this in mind, it is not
surprising that most of the characterizations of
Azoreans and the ‘Azorean character’ we can
find in the literature fit quite well into the
sociocultural pattern that Hofstede and Hofstede
(2005) found out about continental Portugal, in
their empirically based comparison of 74 coun-
tries. In terms of the value of power distance (the
acceptance by cultures of the unequal distribu-
tion of power), Portugal occupies ranks 37 and
38 (a much higher score than the US, ranking 57
to 59, recently the main destination of Azorean
emigrants). Concerning the value of individual-
ism (vs. collectivism), Portugal’s ranks are 49 to
51 (with the US scoring highest of the 74
countries). With respect to values of masculinity
versus femininity (ambition versus quality of
life), Portugal has the rank of 65 (US: rank 19)
in the masculinity index (which, interestingly,
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means Portugal’s orientation towards life is much
more feminine than that of the United States).
Even more striking seems Portugal’s position in
the uncertainty avoidance index. It occupies rank
2 (after Greece on rank 1, and with the United
States on rank 62). Uncertainty as defined by the
Hofstedes refers to “the fact that we do not know
what will happen tomorrow: the future is uncer-
tain, but we have to live with it anyway (Hofst-
ede and Hofstede 2005, 165). The three basic
‘tools’ humans have developed to handle uncer-
tainty are technology, rules, and, particularly
relevant in our present context, religion. As the
Hofstedian values are rather stable over time, we
can assume that, basically, what applies to
Portugal is true of the Azores, too. In our context,
the fourth dimension mentioned above, uncer-
tainty, clearly invites geology, as it relates to
unpredictable events (such as eruptions or earth-
quakes). As uncertainty avoidance is high in the
Azores, the level of anxiety must be high, too.
Obviously, ways to deal with anxiety (religion...)
must be of particular relevance to the Azores.
Indeed, the prominent role of the mystical aspects
of the Holy Order of Christ and the Franciscans
(such as the cult of the Holy Spirit) has been a
typical feature of Azorean Catholicism (see
Sect. 4.3 below). This leads us to the more
specifically Azorean side of the cultural coin.

Environment, experience, expression

Azoreans live in an environment that is quite
unique in terms of geography, meteorology, and
geology. These include the geographical and
meteorological phenomena, i.e., the insularity,
the sea with its winds, fog, rain, floods on the one
hand, and on the other hand, the reason and
inspiration for this book: the geological situation,
which brings with it volcanic eruptions and
earthquakes, which in turn can cause tsunamies.
Outlines of eruptions and earthquakes in
recorded history are given by Santos (1995) and
Farjaz (2008). Different types of landslides
(Wakonigg 2008, 241) are very frequent in the
Azores, they can be caused both by meteoro-
logical phenomena (heavy rain) and volcanic and
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seismic activities (see Fontiela et al., Chap-
ter “Characterisation of Seismicity of the Azores
Archipelago: An Overview of Historical Events
and a Detailed Analysis for the Period 2000—
2012”). The forces of nature certainly do not
have a simple and direct effect on culture, but
they do leave their traces, both in the literal and
the figurative meanings of the word. And more
than that, there appears to be an interrelationship
between natural disasters, religion (4.3), and
emigration (4.2). As is born out by Ramos Vil-
lar’s (2006, 84) analysis of the works of Azorean
novelists, these three phenomena must be con-
sidered as “intrinsically linked in the creation of a
perceived Azorean identity”.

The forces of nature have more or less pre-
dictable (the weather) or unpredictable effects
(earthquakes, eruptions) on the lives of individ-
uals and communities. What people experience
in their environment, and share with others, and
hand on as knowledge to the next generation,
forms part of their cultural identity. We may call
this their ‘shared subjective knowledge’—a
concept we borrow from Brutt-Griffler (2002),
who coined the term to describe the develop-
ment of new (postcolonial) identities in
English-speaking countries all over the world.
Though their situation differs from that of the
Azores (with respect to their political and lin-
guistic situation), the mechanism of identity
formation seems rather universal and, therefore,
comparable. Among other things, it can be
observed in language: words may acquire
specific meanings in the environment, to express
shared knowledge and experience.

A prominent example, which is geologically
relevant here, is the word mistérios. In the
Azores, it is used to refer to peculiar formations
of basalt and large-scale fields of lava (e.g., the
Mistério da Prainha, the Mistério de Sta. Luzia).
To former generations of Azoreans, the eruptions
that created these phenomena were supernatural
in nature, mysterious, and frightening. The only
feasible explanation for an event as horrible as a
volcanic eruption or an earthquake, was a castigo
madado por Deus, a punishment sent by God
(da Luz 2000, 120, for the role of religion see
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below). According to Farjaz (2008, 32), the first
occasion of the use of mistérios by priests and
people was one of the longest eruptions in the
Azores in 1562, in the Prainha Plateau area,
Pico. On Sdo Jorge, the land burned during the
volcanic eruptions in 1580 is still called the
Mistérios of Santo Amaro and Queimada. Other
examples are (brackets give islands and historical
eruptions according to Farjaz 2008): the Mistério
do Capello (Faial, 1672), the Santa Luzia and
Sao Jodo Mistérios (Pico, 1718), the Mistério da
Silveira (Pico, 1720), the Mistérios dos Biscoitos
e dos Negros (Terceira, 1761), the Urzelina
Mistério (Sdo Jorge, 1808), the Mistérios dos
Capelinhos (Faial, 1957). Examples of Azorean
(place) names with geological motivations are:
Cascalho Negro (Sao Miguel, negro means
black, cascalho can stand for English gravel,
pebbles, shingle), Furnas (Sao Miguel, English
caves), Lajes (Pico, the Portuguese word lajes
has a meaning similar to English flagstones),
Caminho da Pedra (Sao Jorge, English rocky
road or path). Examples of words, the (nonge-
ological) meanings of which differ between their
use in mainland Portugal and the Azores, can be
found in the introduction to Kinsella (2007).
According to Ramos Villar (24), Azorean writers
have, from the 1930s onwards, asserted the
existence of an ‘Azorean language’.

To summarize the discussion so far, we can
borrow Ramos Villar’s (2006) expression of
Azorean culture being part of, but distinct from
the mainland Portuguese culture. This means that
the above-mentioned cultural core is rather stable
over time. What changes more quickly are the
other layers of culture (Hofstede and Hofstede
2005), the symbols (such as language), the her-
oes (appearing, e.g., in legends, folk, and fairy
tales, see Eells 1922/2011), and the rituals (like
in religion). In the course of almost six centuries,
Azoreans have gained and shared subjective
knowledge and experience with respect to nature,
religion, and emigration. These, and the relations
between them, have added to and modified their
Portuguese (or other...) cultural roots and
heritage. We believe it is this specific Azorean
cultural identity that has repeatedly and, it
seems, quite adequately, been referred to as

acorianidade (Almeida 1980; Ribeiro 1964),
azoreanness, or ‘“the Weltanschauung of the
islands” (Almeida 1983, 22). According to
Nemésio, who introduced the term in 1932, the
concept of acgorianidade is closely connected
with the geographical situation of the Azores
(isolation, islandness) and their geology (see
Sect. 4.4 below). It expresses a way of life,
an identifiable island culture, as opposed to
Portugueseness (Ramos Villar 2006, 28, 191). In
Nemésio’s poems, Ramos Villar discovers the
same idea according to which prolonged contact
with a natural surrounding influences behaviour,
and shapes identity. Nemésio’s Stormy Isles
(1994) can be considered an outstanding artistic
elaboration of acorianidade.

What we must not forget, however, is that we
have already been generalising. As small as the
islands may appear from a distance, the Azorean
situation is still complex and differentiated. There
are different social groups in the islands. Some
Azoreans came from countries other than Portu-
gal. Observers like Almeida (1983) have claimed
a number of inter-island differences, between
Micaelense, Terceirense, Picaroto, Mariense...
(Almeida 1980). There are even distinguishable
island dialects.

Before we present some more concrete evi-
dence and examples from religion and literature,
we will consider Azorean emigration. It plays an
important role in both religion and literature, and,
more than that, it is closely connected with them
in a way that is uniquely Azorean.

4.2 Emigration

In terms of personal attitudes, involvement, and
decisions, emigration (like religion, see
Sect. 4.3) is “an intrinsic part of the Azorean
character that the individual must either embrace
or reject” (Ramos Villar 2006, 130). It is also one
of the topics dominating Azorean literature.
Basically, emigration is “a displacement of
people to where they may achieve a better quality
of life” (Ramos Villar 2006, 1). Apart from the
emigrants who leave the Azores and Portugal,
there are people who have been forced to leave
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their homes and move to other Azorean islands
(for example during the Capelinhos disaster) or,
for different reasons, have decided to go to
mainland Portugal, some to work for govern-
mental, others to attend educational institutions.
For many Azoreans without relatives or con-
nections outside the islands who could call for
them and provide support, the Church provided a
means to leave, by joining seminaries and con-
vents in pursuit of a (religious) education or
vocation.” (Ramos Villar 2006, 87).

Emigration in general and the numbers of
people leaving the Azores have depended on a
variety of factors, such as the urgency of the
immediate causes (e.g. natural disasters, eco-
nomic crises), immigration laws in the countries
of destination (e.g. quota, the necessity of ‘invi-
tation letters’ and sponsors for the US, strong
restrictions by the US between the 1920s to the
1950s), and on whether the Portuguese rulers
supported emigration, because they needed them,
first as explorers, later as settlers to protect Por-
tugal’s overseas possessions, as during the col-
onization of Brazil in the eighteenth century
(Ramos Villar 2006, 10).

Emigration has been a conspicuous social
phenomenon in Portugal in general and in the
Azores in particular, but with some quantitative
and qualitative differences between them: His-
torically, the Azores as we know them today
would not exist without migration. After all, it
was migrants who took possession of the unin-
habited archipelago almost six centuries ago. As
compared to mainland Portugal, the proportion of
people who emigrate in relation to the population
as a whole has generally been higher in the
Azores. As an example, it is estimated that, his-
torically, about 50% of the total Portuguese
emigration to the US have come from the Azores
(Goulart 2008, XVIII). Coutinho et al. (2010,
270) quote data according to which by the 1950s
about 250,000 Azoreans were estimated to live in
the United States, with the population of the
Azores at that time being about 337,000. From
1900 to 1990 about 333,000 people are estimated
to have left the islands, and in the second half of
the twentieth century there was a real decrease of
the population by about 100,000 people. In 2006,
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the total population of the Azores was about
243,000 (Wakonigg 2008, 133ff.).

Among the circumstances causing people to
emigrate from the Azorean archipelago, the
economic situation and natural forces and disas-
ters have played prominent, and usually cooper-
ating roles. Frequent periods of overpopulation
made it difficult or impossible for the local
population to survive on the basis of local
products. Other factors that contributed to emi-
gration of Azoreans have been the unequal dis-
tribution of property, esp. land, cyclical
unemployment, and a number of plant diseases
and pests (esp. the crises in the production of
oranges and wine). In general terms, emigration
worked as a ‘relief valve’ for the combined
effects of economic problems and population
pressure (Goulart 2008, 319). A special motiva-
tion for young men to leave was to avoid military
conscription (e.g. during the Portuguese colonial
war at the beginning of the 1970s). More often
than not, the humble living conditions of a
majority of Azoreans were further aggravated by
the economic and human effects of volcanic
eruptions and seismic crises which, again and
again, brought unpredictable destruction,
impoverishment and misery upon them.

From the seventeenth to the nineteenth cen-
turies, the preferred destinations promising better
living conditions to Azoreans were Brazil (for the
whole period) and Hawaii (for about two decades
from 1878, for work in the sugar-cane planta-
tions). From 1617 onwards, many families were
registered settling in the northeast of Brazil (in
Maranhao, Ceara and Pard). Along with families
who set out legally to the new American homes
and figured in the settlers’ lists, there were many
people who went on their own. Starting in about
1670, Azoreans emigrated to the south of Brazil.
Despite the immense distance, contacts between
the islands of the Azores and Brazil have never
broken off. For obvious (linguistic, historical,
religious) reasons, there has always been a cer-
tain affinity in the relations between Brazil and
Portugal in general, and Brazil and the Azores in
particular (Avila and Mendonga 2008, 19; Rocha
and Ferreira 2009, 9ff.). This helps to explain
why people from Brazil make up a sizeable
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proportion of the immigrants who, in a relatively
new development since the 1980s, have come
from a number of countries (US, Cape Verde,
Eastern Europe, EU) to live in the Azores
(Coutinho et al. 2010, 277; Rocha 2008, 124f.).

It was not only economic reasons that made
people leave for Brazil, and later on, to North
America. As early as 1675 and 1719 sizeable
groups of Azoreans left Faial and Pico due to
volcanic crises (on Faial from 1671 onwards, on
Pico starting in 1718, Avila and Mendonca
2008, 18).

As early as the end of the eighteenth century,
the first Azoreans may have gone to the United
States as ship crews, especially on whaling ships
(Marcos 2008, 106). Many more followed in the
decades beginning with 1800, and many of them
jumped ship at the American East Coast and in
California. Since the turn of the twentieth cen-
tury, for the majority of Azorean emigrants the
destination has been North America (the United
States and Canada). Azorean emigration reached
its highest numbers during the periods from 1880
to 1920 (with an annual number of about 8000 in
the first two decades), and again from 1965
to 1980.

The most recent peak in emigration to North
America, quite well documented and analysed,
started in December 1958 and lasted for about
two and a half decades. It was an excellent
example of how the demographic and economic
circumstances cooperate with natural disasters:
The main problem of Faial before the disaster
was demographic and economic: overpopulation.
This was aggravated by the disaster, “because the
loss of so much productive land meant that the
long-term problem of excess population in rela-
tion to employment opportunities, particularly in
the agricultural sector, was exacerbated” (Cou-
tinho et al. 2010, 276). The Capelinhos emer-
gency, i.e. the volcanic eruption of Capelinhos
and a large number of associated earthquakes,
began on 16 September 1957 and lasted until 24
October 1958, destroying villages and crops and
traumatising the population considerably. During
that period, “the distance from the Azores to
America grew shorter” (de Oliveira 2008, 100).
Post-Capelinhos emigration was considerably

facilitated by new immigration laws in the United
States, the Azorean Refugee Acts of 1958 and
1960, and the Hart-Celler Act of 1965, which
replaced the quota system and the harsh regula-
tions of the period between 1920 and the 1950s.
About 100,000 Azoreans moved to the US,
reducing the population of the Azores by about
one-third, a “mass exodus...the largest wave in a
short period of time, of Portuguese emigration to
the United States” (Goulart 2008, XVII). Emi-
gration may have improved the lives of many
individuals, and for some, it was a success story,
at least in material terms. The islands, however,
especially Faial, lost a considerable part of their
work force. For the Azores, post-Capelinhos
emigration meant a relief of pre-disaster over-
population and, at the same time, an aging pop-
ulation, because the majority of those who left
were younger than 40 years of age (Goulart
2008, 1; de Oliveira 2008, 101). It also meant a
tremendous amount of solidarity, generosity, and
financial help from the relatives and friends in
North America. This is an important aspect of
Azorean emigration in general: emigrants have
always helped those who stayed in the Azores to
survive (Ramos Villar 2006).

There is a relation between the development
of the economy and a new stage of demograph-
ics, which the Azores entered in the 1980s. The
figures we find in the literature for the period
between 1980 and 2006 allow the conclusion that
the characteristic features of this new develop-
ment are: a decrease of emigration in general,
particularly to the US, a decreasing birth rate, an
increasing number of immigrants from Brazil,
former African Portuguese colonies, the EU and
Eastern Europe.

4.3 Religion and the Church

With respect to their ecclesiastical history, the
Azores, at first, fell within the jurisdiction of the
Order of Christ, like many other overseas terri-
tories, under the direction of the vicar of Tomar
(vicarius nullius). From 1514 onwards, when the
diocese of Funchal was founded, the Azores
were subordinate to the jurisdiction of the Bishop
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of Funchal. In 1534, a suffragan diocese was
founded at Angra on Terceira, and the church of
Sao Salvador was elevated to become the seat of
the bishopric (Sé Catedral). It remained under
the suffragan of the archbishop of Funchal until
1550, since then it has belonged to the ecclesi-
astical province of Lisbon. The Diocese de
Angra (sometimes, unofficially, referred to as the
Diocese de Angra e Ilhas dos Acores) includes
all islands of the Azores.

Since the Azores were colonized under the
Holy Order of Christ, Catholicism has been a
strong, to some authors the strongest pillar
of Azorean mental and spiritual tradition and
folk culture. Da Silva considers Catholicism as
one of the fundamental components of the
Portuguese-Azorean cultural identity, of acori-
anidade (da Silva 2008, 72ft.). Catholic faith on
the Azores is closely linked to emigration (see
Sect. 4.2 above) and natural disasters (below).
Both in the archipelago and in the diaspora, it is
practised through numerous festivals and pro-
cessions (Fig. 4), the most typical of them related
to the Império (the Holy Spirit). It was Francis-
can missionaries and spiritualists, who made the
Azores a stronghold of the veneration and cult of
the Holy Spirit, and made Pentecost, the feast of
the Holy Spirit, the feast of the Azores (for
details: Montez 2007). A look at Azorean maps
shows that religion is a very frequent motivation
of place names. Apart from the islands of Santa
Maria, Sao Miguel and Sdo Jorge; we find places
like Sdo Roque do Pico (referring to Saint Roch),
Sdo Caetano, Sdo Jodo (all on Pico), we find
roads like Rua Nossa Senhora da Concei¢d, Rua
do Espirito Santo, Rua de Santa Lucia (all in
Ribeira Grande), and geological phenomena, e.g.
Cabego (English hill, hillock) do Padre Roque
(Pico), and the many Azorean mistérios (English
mysteries, examples in Sect. 4.1 above).

The forces of nature and the uncertainties of
the environment on the Azores provided a fertile
ground for the mystical orientation of the Order
of Christ and the Franciscan spiritualists, so that,
from the beginnings until today, they have
played an important role in dealing with disas-
ters. On 22 October 1522, a violent earthquake,
followed by a landslide, destroyed Vila Franca
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do Campo, the first capital of the Azores, and
killed several thousand people. The report on the
destruction of the city (Romance que se fez de
algumas magoas e perdas que causou o tremor
de Villa Franca do Campo em 1522, Li¢do de
Gaspar Frutuoso, Braga 1869, 335ff., also
known as Romance de Vila Franca) is the first
extensive text of the oral literature. This disaster
was followed by a plague, which also killed
many thousands of people and is also described
in folk literature. Natural disasters like these
strengthened the feeling of general threats from
the forces of nature, leaving their traces in
Azorean religious behaviour and folk beliefs, and
reinforced the mystic component of the reli-
giousness stamped by the Franciscans.

Throughout their history, Azoreans have
pleaded for divine attendance and protection
from earthquakes and volcanic eruptions, in
numerous processions (on all islands), fireworks,
and church services. The construction of Holy
Ghost chapels (impérios) was common in the
Azores during volcanic and seismic crises (Farjaz
2008, 37). As an example, the Holy Ghost
Chapel in Horta (Império dos Nobres) was built
in remembrance of the eruptions in the Mistério
do Capelo, Faial, in 1672. The eruption of
Urzelina (S3o Jorge), in 1808, caused deaths
inside the church, shattering the traditional reli-
gious belief that churches protected people from
the fire rising from the interior of the earth, “a
phenomenon never observed in the mainland but
found in the Azores beginning with the settle-
ment of Sdo Miguel” (Farjaz 2008, 37).

Religious and folk beliefs and practices merge
into one another. A striking example of this
comes from the island of Pico. In the commu-
nities of Bandeiras and Santa Luzia, people have
handed from generation to generation the belief
that in the night from the first to the second of
February, ghostlike creatures arise from the lava
and move upwards towards the top of Pico. To
prevent them from getting too close to their
houses, people burn rosemary on charcoal. On
the following day, they express their gratitude in
a procession, for having been saved from the lava
during the last eruption of Pico (Sabias que ... ?
2012, 41).
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Fig. 4 Ready for the festa,
Sao Miguel (photo Rudolf
Beier)

It was priests who often used the religious
fervour and folk beliefs of Azorean congrega-
tions in order to allow, even encourage “them to
believe that the natural disasters that affect the
Azores were punishment from God for not
staying on the true path. The priest thus becomes
His spokesman, gaining and exerting consider-
able power and control in a society where vol-
canic activity and earth tremors are very
frequent” (Ramos Villar 2006, 86).

Coutinho et al. (2010, 274) report that
throughout the Capelinhos emergency many
people turned to God for help and protection. “...
there were numerous examples of: prayers being
offered; processions of sacred objects and votive
images being held; intercessions for safe deliv-
erance being made and special Eucharistic ser-
vices with an accent on safe deliverance being
performed ... ” On the other hand, the Capelin-
hos disaster showed that people nowadays
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widely resist notions of divine responsibility by
the clergy: “... a sermon preached by the Bishop
of Angra, arguing that the earthquake and vol-
canic eruption represented divine punishment for
individual human sinfulness, caused considerable
dissent with some of the congregation sponta-
neously walking out of church... “ (Coutinho
et al. 2010, 274).

If we consider Azoreans’ current attitudes
towards religion and the social functions of
religious festivals in emigrant communities in the
US and the native islands, we can observe
interesting differences. In her analysis of novels,
Ramos Villar (2006, vii) finds evidence “of the
old paradox whereby Catholic conservatism is
most evident among American diaspora com-
munities seeking to preserve and show identity
(the main function of the festas in the diaspora),
while the home-based authors of the archipelago
tend to be more critical of the Church as an
impediment to progress”. As an instrument of
oppression and social control, the church has
helped to stabilise and support economic and
political conditions and the rigid social hierarchy
that have forced people to emigrate. The other
side of the coin is that many people, who were
not able to meet the requirements for ‘regular’
emigration (money, connections, relatives, ‘in-
vitation letters’), were allowed to leave the
islands through the church (Ramos Villar 2006,
84; see Sect. 4.2 above).

4.4 Literature

If we consider emigration as an essential com-
ponent of Azorean culture, and if we look into
the lives of those who consider themselves as,
and are considered to be, Azorean authors, it
becomes obvious that it is impossible to define an
‘Azorean writer’ in narrow geographical and
biographical terms, as a person who was born
and lives on the islands. Some were born in the
archipelago and stayed, many were born in the
Azores and went to mainland Portugal (to be
educated and/or to live there, or to go somewhere
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else), or migrated to America, others are
descendants of emigrants to America. Some were
born outside the Azores, but (have) lived in the
archipelago. So being an Azorean writer is rather
a question of identification and of themes
(Almeida 1983, 24).

In her very detailed and differentiated analysis
of different genres, Ramos Villar (2006, iii)
proves that the works of Azorean writers portray
“a regional, cultural and literary uniqueness that
is distinct from, but part of, Portuguese litera-
ture”. Following her, there are two prominent
distinctive features of Azorean literature, its
negotiating character, and its main themes:
Azorean literature, as a result of the long history
of migration, negotiates between cultures in two
directions, between the Azores and mainland
Portugal, and between the Azores and America.
Its main themes are island life and emigration.
Emigration means travelling, both mentally and
physically. The destination of the journey is ‘a
utopian end’, a myth (born by the negotiation
between Azorean and American cultures), the
metaphorical fenth island (a term originally
coined by Almeida, see Almeida 2006).

Against this general background, we can say
that the natural environment, forces, and disas-
ters, as parts of island life and as driving forces in
emigration, play a key role in Azorean folk sto-
ries (see the prologue to this article), novels,
and poetry.

We will here take a final look at poetry, which
has always been an important genre for the
Azores (Kinsella 2007; da Silveira 1977). Azor-
ean poems are clearly dominated by two topics:
insularity and the sea (as two sides of the
same coin), and very closely related to it, voyage
and emigration. To readers interested in a
detailed and professional literary study of several
anthologies, we recommend Ramos Villar
(2006).

We would here like to quote five excerpts
from poems, which, in one way or another, refer
to the geological reality of the islands. It can
simply be part of the poetic scenery described (as
in example a).
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(a) From Carlos Faria’s poem Adiados, adiados
sempre/Postponements, delays always... (Kin-
sella 2007, 96f.)

Montanha do Pico, with black clouds

covering its tower and coming down the whole
slope which finally looks out over the heights of
Friar Matias’ Cave...

Joao waves to me from afar...

The geological forces can appear as ‘agents’,
as elemental, disruptive, unpredictable powers,
which can seriously affect the lives of people.
This, typically, is achieved by the use of figura-
tive language, as in example (b).

(b) From Vasco P. da Costa’s poem Sdo Jorge
(Almeida 1983, 29):

...5do Jorge is a dragon stretched out in the
channel...
Men are suspicious of the sleeping beast.
They climb its back of cascading rivulets beach
tree cliffs
and yams misteries and paths.
On the wings of the beast they erect houses
pastures milk
cows make cheese dry fish talk softly

- do not awaken the sleep of
the beast.
When the dragon awakens it stretches sticks out
its
Serpent’s tail — it’s the tremor. The earthquake.

Quite obviously, the dragon metaphor in
example (b) is invited by S@o Jorge’s shape: it is
lengthy and slender, and has steep cliffs. Unlike
all the other islands, it does not have a main
volcano.

What strikes us about examples (c) and
(d) below is the closeness of the natural forces and
the human beings and their bodies. The geologi-
cal phenomena virtually amalgamate with the
people (and vice versa), the analogies used here
present them as organically, maybe symbioti-
cally, related. This does not seem to be a new
idea in Azorean thinking. We can already find
it in Némesio’s often quoted explication of

acorianidade from the 1930s: “We are welded
historically to this land from which we have
come; our roots are by nature within these
mountains of lava. Some substance, oozing out
from volcanic guts, has penetrated our souls.
Geography inviolably means as much to us as
history, and it is no idle coincidence that at least
fifty percent of our written records are accounts of
floods and earthquakes. Like mermaids’ ours is a
double nature: We are built of flesh and stone. Our
eyes submerge themselves in the sea” (Némesio
1932, 79; translation by Almeida 1980, 133).

(c) From Jo3ao de Melo’s poem Este povo da
ilha/The island people (Kinsella 2007, 156f.)

This is the people born in the sea. Their blood
came from

salt. Their veins floated at one time

amidst seeweed hair and volcanic spores.

Its mouth opened in the remote oblivion

of shells. Their memory are the deserted
conches

the pebble rolling in sandy silence over

rocks.

So this people

(re)cognizes itself between sand and sea
at the exact moment when stone

and body touch each other and love

the water.

(d) From Victor Rui Dores, Cancio de
Margarida/Margarida’s song (Kinsella 2007,
220f.)

my island, my people
salty lava, my scent

ah love made serpent

in this ocean of betrayal

in the small flame of my face
burns the force of a volcano

the wall of my trouble

is made of stone and loneliness ...

The final examples below (e, f) are similar to
(c) and (d). There are two poems by Manuel
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Alegre, in which what merges together are the
geological nature of the islands on the one hand
and the act of writing and language on the other.
One of them is Ilha do Pico (Alegre 2007, 30,
example e). In (f) we quote the second and third
stanzas of his poem Codigo. As for these
examples we did not find an expert English
translation, we give the original wording and try
a (nonprofessional, non-authorised) interlingual
translation, only to give the reader an idea of the
poetic message.

(e) Manuel Alegre, Ilha do Pico (engl. Pico
Island)

Pode escrever-se um poema com basalto
You can write a poem with basalt

com pedra negra e vinha sobre a lava
with black rock and vine on lava

com incenso mistérios criptomérias

with incense mistérios full of cryptomeria
e um grande Pico dentro da palavra.

and a big Pico in the middle of the word.
Ou talvez com gaviotas e cagarras

Or maybe with seagulls and cagarras
cigarras do siléncio que se trilha

cicadas strangling the silence

silaba a silaba até ao poema que esta escrito
syllable to syllable till the poem is written
14 em cima no Pico sobre a ilha.

up there on Pico on top of the island.

(f) From Manuel Alegre’s poem Codigo (engl.
Code, Alegre 2007, 38)

Mas eu oico o vulcio a pulsacdo
But I hear the volcano the pulse
a linguagem secreta

the secret language

transmitida

transmitted

de poeta a poeta.

from poet to poet.

R. Beier and J. Kramer

Oigo o mistério o cedro a musica da lava
I hear the mistério the cedar the music of the lava

o rumor mineral e o canto

the mineral rumbling and the subterranean
subterraneo. O codigo e o sinal.

song. The code and the sign.

Tudo ¢ ritmo e palavra

All is rhythm and word

celebracdo imagem lugar santo.

feast, image, holy place.

5 Epilogue

We would like to conclude this paper with still
another poem, by giving the floor to John
Updike, voyager and great American writer, and
his poetic observations of the Azores, their
geology, their landscape, and their insularity

(Almeida and Monteiro 1983).

John Updike
Azores

Great green ships
Themselves, they ride
At anchor forever;
beneath the tide

The tourists, thrilling
from the deck,

hail shrilly pretty
hillsides flecked

They marvel at

the dainty fields
and terraces
hand-tilled to yield

a rural landscape
set adrift

from centuries ago
the rift

Huge roots of lava
Hold them fast

In mid-Atlantic

to the past

with cottages
(confetti) and
sweet lozenges

of chocolate (land)

the modest fruits
of vines and trees
Imported by

the Portuguese:

enlarges.

The ship proceeds.
Again the constant
music feeds
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An emptiness astern,
Azores gone.

The void behind, the void
ahead are one.

6 Summary

Their eventful history of almost six centuries has
shown the Azoreans as builders of bridges
between the Old and the New Worlds. Azoreans
have tilled the soil of their islands for various
crops, but diseases, disasters and the land-holding
system have often limited their success. While
their culture is basically Portuguese, Azoreans
have developed an identity of their own. In this
process, the natural environment and the forces of
nature have played prominent roles, usually
cooperating with other (mainly economic) fac-
tors. As amply evidenced by the writers of
Azorean literature, major features of Azorean
cultural identity are (the role and practising of)
religion and the issue of emigration.
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Abstract

The Azores volcanic archipelago, the Azores
Plateau (AP) and the Azores triple junction
(ATJ) between the Eurasia, North America and
Nubia plates occupy the summit of a regional
feature we refer to as the ‘Azores Geosyn-
drome’. Included are anomalies in crustal
thickness, rock composition, basement depth,
plate boundary morphology, seismicity, gravity
and geoid, and upper mantle seismic velocity
structure, and there are many similarities
between the Azores and Iceland geosyndromes.
The location of the Azores in the central North
Atlantic, technological advances in marine
geophysics as well as logistic, geomilitary and
geopolitical motivations and advanced research
of island geology/volcanology have con-
tributed to make the ATJ the most studied
oceanic triple plate junction. However, a unified
understanding of the Azores Geosyndrome
awaits future deep crustal boreholes (particu-
larly on the AP) and regional sea-floor seis-
mometer arrays to resolve the seismic velocity

structure below the AP down to the middle and
perhaps lower mantle. Whereas a deep mantle
plume appears unlikely to exist below the
Azores, it cannot yet be excluded (see O’Neill
and Sigloch, Chapter “Crust and Mantle
Structure Beneath the Azores Hotspot—
Evidence from Geophysics”, and Moreira
et al., Chapter “Noble Gas Constraints on the
Origin of the Azores Hotspot”). What is already
clear is that the development and evolution of
the Azores Geosyndrome has involved
dynamic interactions among the North
America-Nubia-Eurasia plates and at least the
uppermost mantle below those plates—even far
from the ATJ area. The plate boundary reorga-
nization that resulted in the triple plate junction
jumping from the end of King’s Trough south to
create the ATJ was largely complete by Chron
6C (23 Ma) and coincided within dating uncer-
tainties with the jump of the spreading plate
boundary from the Norway Basin to the new
Kolbeinsey Ridge just north of Iceland. Major
geological changes in the Pyrenees and Alpine
Tethys region at that time have long been
known. In fact, the Palaeogene-Neogene
boundary, a time of global change in planktonic
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biogeography, is placed at 23.0 Ma, in the
upper part of C6C. Why the ATJ developed
where it did and not elsewhere along the MAR
suggests the lithosphere and subjacent mantle
had already created a region of plate weakness.
The subsequent development of the AP, largely
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via Mid-Atlantic Ridge spreading, produced a
thick crust and more fertile mantle lithosphere-
particularly from ca. 12 to 8 Ma. This mantle
lithosphere was and continues to be relatively
weak and fertile, favouring transtensional fis-
suring, formation of central volcanoes, as well
as oblique hyperslow spreading along the
Terceira Rift—particularly in the last 1.5 Ma.

1 Introduction

The Azores Archipelago of volcanic islands
(Forjaz et al. 2010; Figs. 1 and 2) is the focus of
this volume—but these islands collectively form
the summit of the much broader regional “Azores
geosyndrome”, a term we use for an ensemble of
spatially and probably causally related anomalies
in crustal thickness, depth and gravity/geoid
anomaly, upper mantle seismic structure, plate
boundary morphology, and rock geochemistry.
Whereas this paper focuses on the plate bound-
aries intersecting at the Azores Triple Junction
(AT]J), the anomalous characteristics of the plate

Fig. 1 a Computer-illuminated seafloor topography from
the Azores archipelago and MAR (Mid-Atlantic Ridge) to
Gibraltar, derived from satellite radar altimetry and
surface ship echo-sounding (from Smith and Sandwell
1997); earthquake epicentres (teleseisms) from 1973 to
2012. See also Simkin et al. (2006) for a generalised
global synthesis of plate boundaries, volcanism and
seismicity. Known hydrothermal vent fields are num-
bered: (1) Moytirra; (2) Menez Gwen; (3) Lucky Strike;
(4) Lost City; (5) TAG; and (6) Joao do Castro Bank.
b Seafloor topography and earthquake epicentres of the
Azores platform, including the Terceira Rift, the triple
junction area, hypothesised Azores microplate, and adja-
cent parts of the Mid-Atlantic Ridge. Solid line shows
axis of Terceira Rift plate boundary after Vogt and Jung
(2004), with letters US, G, F, E, D, C, B and A points
along the plate boundary topographic profile (Fig. 3a).
(The extrapolation of the TR to the MAR (Vogt and Jung
2004) has been revised, reflecting evidence for a diffuse
plate boundary (Marques et al. 2013; Miranda et al.
2014). The age ‘39 Ma’ marks the Monaco Bank rock of
Beier et al. (2015). Key magnetic lineations (heavy
dashed lines) from Luis and Miranda (2008). Red
triangles are volcanic centres active since 10 ka (as in
Simkin et al. 2006). AB, Azor Bank; PAB, Princess Alice
Bank. Inset map (modified from Vogt and Jung 2004),
shows other ultraslow spreading axes, with small circles
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boundaries near the ATJ can only be fully
understood within the context of the Azores
Geosyndrome, which in many ways resembles
similar regional ‘geosyndromes’ like those cen-
tred at Iceland and the Afar Triangle.

The Azores geological literature has exploded,
especially in recent years, as obvious from the
reference lists in this volume. This poses a
challenge for reviews—key publications may be
overlooked, while newer data or models are still
unavailable to the reviewer. However, our review
offers the easily overlooked research history and
—we hope- some fresh perspectives on recently
published data and interpretations. We cast a
wide net and thus inevitably overlap several
other chapters in this volume (Fernandes et al.,
Chapter “The Contribution of Space-Geodetic
Techniques to the Understanding of the Present-
Day Geodynamics of the Azores Triple Junction
”, O’Neill and Sigloch, Chapter “Crust and
Mantle Structure Beneath the Azores Hotspot—
Evidence from Geophysics; Miranda et al.,
Chapter “The Tectonic Evolution of the Azores
Based on Magnetic Data”; and Mitchell et al.,

(on East Pacific Rise) enclosing two postulated micro-
plates at triple plate junctions (See also DeMets et al.
2010). Seismic reflection profile locations (Vema and
Gibbs cruises) correspond to Fig. 2. ¢ Seafloor topogra-
phy, plate boundaries, and earthquake epicentres of the
immediate Azores triple junction area. F, Faial;, P,
Pico; SJ, Sao Jorge; G, Graciosa; AB, Azor Bank; PAB,
Princess Alice Bank. PAR denotes postulated fossil
(pre-TR) Prince Alice Rift plate boundary (dashed line).
d High resolution hillshade seafloor topography of the
Azores TJ region (Miranda et al. 2014); image courtesy of
J. Luis, Univ. of Algarve. e Structural/Tectonic
(morpho-structural) interpretation (modified from Mir-
anda et al. 2014) of the Azores TJ region, based on
multibeam bathymetry (Fig. d and other data), earthquake
epicentres, and magnetic anomaly isochrons (numbers
denote chrons). Solid lines denote tectonic, and dashed
lines, volcanic topographic structures. N1 lineations are
abyssal hill fabric exported from the MAR axis; N2 trends
are WNW trending normal faults and volcanic fissure
eruption trends extending westwards from the islands; N3
denotes NW and conjugate NE trending normal faults
attributed to diffuse Eurasia-Nubia motion. Brackets show
crust generated ca. 8.2-6.2 Ma, during pole location
change and slowdown in Eurasia-North America (Merk-
ouriev and DeMets 2008, 2014b) and Nubia-North
America motion (Merkouriev and DeMets 2014a)

>
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Chapter “Volcanism in the Azores: A Marine
Geophysical Perspective”). We trust that any
differences in interpretations of the same data
will stimulate further discussion and research.
Since the plate tectonic revolution (discussed
further below) and the subsequent but still

335°

controversial mantle plume/hotspot concept
(Morgan 1972), the volcanic Azores islands and
plateau have been attributed (e.g., Gente et al.
2003) to the interaction between some type of
hotspot/mantle plume/melting anomaly and the
triple junction between the North America,
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Fig. 2 Single channel seismic reflection profiles col-
lected on transits of the Azores Plateau, with vertical scale
in two way reflection time. In the acoustically transparent
hemipelagic sediments, 1 s is approximately 1 km. Profile
locations are shown in Fig. 1b. R/V Vema profiles are
from GeoMapApp (Ryan et al. 2009); R/V Gibbs profile
courtesy of National Geophysical Data Center. MAR,

Eurasia, and Africa/Nubia plates (see also O’Neill
and Sigloch, Chapter “Crust and Mantle Structure
Beneath the Azores Hotspot—Evidence from
Geophysics”). Although plume-based numerical
models account for some observations (Adam

Mid-Atlantic Ridge rift valley; FR, Faial Ridge; PAR,
Princess Alice rift; TR, Terceira Rift, BCS, bottom current
sedimentation and erosion; BR, basement reflector; SP,
sediment pond; SW sediment waves; VCR, volcanoclastic
reflector. Multichannel seismic profiles were collected
(2009) in areas around Sao Miguel (Weiss et al. 2015b,
2016)

et al. 2013), other numerical models reproduce
some features of the Azores Plateau (particularly
the trends of the Terceira Rift (TR) and linear
volcanic seamounts and islands SW of the TR
(Neves et al. 2013) by boundary forces fracturing
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the brittle upper plate and providing transtensional
conduits for magma ascent.

The anomalous geological and geophysical
attributes comprising the “Azores Geosyndrome”
include:

e a regional geoid (over +50 m) and corre-
sponding free-air gravity high, which fuses
with the highs over Iceland (e.g., Grevemeyer
1999; Rabinowitz and Jung 1986);

e a regional positive oceanic depth anomaly
(Louden et al. 2004), which along the
Mid-Atlantic Ridge (MAR) axis reaches ca
+1.5 km near the ATJ and may extend
3200 km south from the Charlie Gibbs Fracture
Zone (FZ) (52°N) to the Kane FZ (Fig. 1a);

e the shallow Azores Plateau (AP), alterna-
tively called platform or rise, with presently
thickened (up to 14 km; Escartin et al. 2001;
Dias et al. 2007) crust, formed largely from
20 to 7 Ma at the crest of the MAR (Gente
et al. 2003; Miranda et al., Chapter “The
Tectonic Evolution of the Azores Based on
Magnetic Data”);

e central volcanoes (Mitchell et al., Chapter
“Volcanism in the Azores: A Marine
Geophysical Perspective™), rising up to
1105 m above sea level as geologically
young (<1 Ma) islands along the Terceira Rift
(TR; Graciosa, Terceira, Joao de Castro bank,
and Sao Miguel), and somewhat older ones
emplaced in AP crust both west (Corvo,
Flores) and east of the MAR axis (Santa
Maria, Formigas, Faial, Sdo Jorge, Pico—
with its 2351 m summit one of the tallest
volcanoes only ca. 150 km from the MAR
axis—plus Princess Alice and Azor banks and
several guyots);

e asegment of the MAR (ca. 38.7°-39.3°N) near
the triple junction lacking a conspicuous rift
valley, with comparatively low historical
teleseismic activity, and exhibiting, despite the
slow (ca. 22 mm/a; Fig. Ic) spreading,
well-developed magnetic lineations (Searle
1980; Luis et al. 1994; Miranda et al., Chapter
“The Tectonic Evolution of the Azores Based
on Magnetic Data”) typical of faster-spreading
ridges;
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e geochemically anomalous (e.g., light-rare-
earth-enriched) axial basalts sharply ending
just north of the triple junction but gradually
towards the south (Schilling 1976; Gente
et al. 2003; Fig. 3c) and the heterogeneously
sourced (Beier et al. 2008, 2015 and Chapter
“Melting and Mantle Sources in the Azores”)
island volcanoes, and newer data suggesting
the Azores overlie a ca. east-west composi-
tional boundary in the underlying mantle
(Madureira et al. 2014);

e southward pointing V-shaped Faial and
Flores ridges (Vogt 1979, 1986¢c), formed
along the MAR 10—4 Ma (Cannat et al. 1999;
Escartin et al. 2001);

e an older set of basement ridges formed along
the MAR ca. 20 Ma, plausibly marking the
beginning of Azores Plateau formation; and

e a complex low-velocity upper mantle region
under AP, and extending from 250 km to at
least ca. 400 km depth under or just northeast
of the TR according to Yang et al. (2006) and
to 250-300 km based on the negative S-wave
anomaly (Silveira et al. 2006), with no com-
pelling seismic or other evidence (e.g.,
Anderson 2005) for a mantle convection
plume (Morgan 1972) rising from near the ca.
2900 km deep core-mantle boundary.

Not all features of the ATJ plate boundaries
are anomalous, however: The MAR near the ATJ
(Fig. 2 of Luis et al. 1994) is segmented at 50—
60 km scales, similar to the MAR far from the
Azores (Fig. 2 of Vogt 1986a), and includes
discontinuities slowly (3 mm/a; Luis et al. 1994)
propagating along the axis, of the type also found
on the MAR far from the ATJ (Fig. 3 of Vogt
and Jung 2005; Schouten et al. 1985), and an
axial volcano (minimum depth, 750 m; 38.3°N;
Luis et al. 1994) similar to others scattered
widely along slow-spreading ridges (Vogt and
Jung 2005; Vogt et al. 2008).

The longer (ca. 100 km) segmentation wave-
lengths and pervasive oblique spreading along
the TR are also typical of other ultra-slow
spreading ridges far from ‘hotspots’ (Vogt and
Jung 2004). While most papers accept the TR as
an accreting plate boundary (but see Luis et al.
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Fig. 3 a Along-strike topographic profile along the axis
of the Terceira Rift (Fig. 1b), from Vogt and Jung 2004).
Letters B, C, D, E and F denote locations where TR plate
boundary changes direction. WGB, West Graciosa
Basin; EGB, East Graciosa Basin; HB, Hirondelle Basin,
and PB, Povoacao Basin. The latter two basins contain at
least ca. 500 m sediment (dashed, based on Weiss et al.
2015b). b Along-strike topographic profile (lower) along
the axis of the Mid-Atlantic Ridge along the Azores and
Iceland regional highs (modified from Fig. 9 of Vogt and
Jung 2005), suggesting that as much as 3200 km of the
MAR (2200 km according to Goslin and Party 1999;
Gente et al. 2003) is influenced by the ‘Azores Geosyn-
drome’. Top profiles show southern flank overlapped on

1998), the detailed depiction of this boundary
varies from author to author. Here we follow
Vogt and Jung (2004) who approximated the
alternation of volcanic islands and intervening
deeps as a serious of strait line segments—in
detail many segment transitions are curved (sig-
moidal), as is true for the Mid-Atlantic plate
boundary where mapped in detail by multibeam
bathymetry. GPS data from various Azores
islands support a diffuse plate boundary, with the
TR itself opening even slower than assumed by
Vogt and Jung (2004), perhaps accommodating

northern flank as a test for north-south along-axis
symmetry. TAV is Telegraph Axial Volcano (Vogt and
Jung 2005). Known hydrothermal vent fields are num-
bered: (1) Moytirra; (2) Menez Gwen; (3) Lucky Strike;
(4) Lost City; (5) TAG; (6) Jodo do Castro Bank.
¢ Along-axis topographic (lower) and La/Sm (upper)
profiles from 30°N to just north of the Azores triple
junction (reproduced from Fig. 10 of Vogt and Jung
2005; based on Gente et al. 2003, originally from Dosso
et al. 1999). Red shows the extent of the paired off-axis
V-shaped Faial and Flores ridges, formed at the MAR axis
progressively from 10 Ma to 4 Ma (Vogt 1979; Cannat
et al. 1999)

only ca. 2-3 mm/a of the total ca. 4.5 mm/a
Nubia-Eurasia motion (Marques et al. 2013), as
discussed further below.

In this chapter, we review the evolution of
understanding, but beginning with the profound
advances that set the stage for seafloor spreading
and then plate tectonics, and the role of costly
technological innovations, driven by geopolitical
(mainly military) needs, which made most mar-
ine geophysical advances possible. We conclude
by summarising some outstanding research
problems which remain.
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2 Preludes to Plate Tectonics (1855
to 1968)

Although the Azores islands have been histori-
cally known to mankind since at least the early
15th century, what lay below and beyond the
shallow banks and island shelves remained a
mystery until the abyss was sounded with long
wires (cables), the first in the South Atlantic in
1840 (see also Beier and Kramer, Chapter “A
Portrait of the Azores: From Natural Forces to
Cultural Identity”). The first crude representation
of the north-central Mid-Atlantic Ridge
(MAR) was that of Maury (1855), who called
this shallower region “Middle Ground”. Maury’s
map also showed, but did not name, the even
shallower region around the Azores islands,
today known as the “Azores Plateau” (also
referred to as a rise or platform, divided in this
paper into North, West and South (or East) pla-
teaus; Fig. 1b). Wire soundings proved invalu-
able for laying of transatlantic telegraph cables,
which included a shore station in the Azores.

Higher resolution MAR bathymetry had to
await the advent of echo-sounding technology—
particularly the southern and equatorial MAR
profiles collected by the 1925-27 Meteor expe-
dition (Stocks and Wuest 1935). About the same
time, earthquake seismologists discovered that
the MAR—including a belt from the Azores
region to Gibraltar— was seismically active
(Tams 1927; Gutenberg and Richter 1941). The
narrowness of these belts would not be discov-
ered until the 1960s.

Alfred Wegener, arguably the father of con-
tinental drift (beginning ca. 1913), died on the
Greenland ice cap in late 1930, and so never had
full access to the new bathymetric and seismo-
logic results, dating from the mid-late 1920s, that
bolstered his theory. In the final edition of his
book (Wegener 1929), he still believed that the
Azores, Iceland, and the MAR were sialic debris,
continental material left behind as a kind of
‘fossil breakup zone’. Yet, he was obviously
troubled by continental reconstruction problems
such as posed by Iceland, and by the great width
of the Mid-Atlantic Ridge. Wegener did at least
consider the possibility that the MAR was of
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basaltic composition. More important, he attrib-
uted the shallower averaged ocean depth of
younger ocean basins to thermal expansion of
what today would be called the ‘lithosphere’,
thus predating by decades the now well-known
‘age-depth’ relationships (Sclater et al. 1971).
Had Wegener applied his thermal expansion
argument to the MAR—plus the new knowledge,
acquired after his death, of a central rift valley
and earthquake seismicity—Wegener might well
have also fathered plate tectonics himself. Simple
observation of an intermittently widening,
freezing lead between two ice floes—the
youngest ice the thinnest—might have inspired
this polar scientist to envision continents as fro-
zen into the tops of giant plates, rafting apart
along narrow crack-like zones at the axis of the
Mid-Oceanic Ridge.

Improvements in paleomagnetism provided
the first post-Wegnerian evidence for continental
drift, but the new polar wander curves (e.g.,
Runcorn 1956) did not convince many skeptics.
Instead, the next big advance was the formulation
of ‘sea-floor spreading’, a term coined by Dietz
(1961), which replaced Wegener’s ‘sialic’ MAR
debris with elongate upwelling mantle convec-
tion cells below the Mid-Oceanic (and thus
Mid-Atlantic) Ridge. Drawing on earlier mantle
convection conjectures by Arthur Holmes
(1929), Hess first presented the spreading con-
cept two years prior to the Dietz publication
(Hess 1959). Ewing and Heezen (1956) had
already called attention to the earthquake belt
along the MAR crest, with a spur extending
towards the Mediterranean from the Azores area.
Moreover, Heezen et al. (1959; references
therein) had identified the MAR rift valley and,
with an early marine magnetometer, found a high
positive magnetic anomaly over the rift valley,
flanked by negative anomalies.

It took less than a decade for ‘sea-floor
spreading’ to evolve into plate tectonics. Dur-
ing this last pre-plate tectonic interval (1959-—
1968), linear magnetic anomalies, also called
lineations or magnetic striping, were attributed to
a combination of sea-floor spreading and mag-
netic reversals (Vine and Matthews 1963; inde-
pendently by Morley and LaRochelle 1964). The
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reversals of geomagnetic polarity are recorded,
largely in the highly magnetised upper 500 m of
oceanic crust, as bands of alternately normally
and reversely magnetised basalt. The anomalies,
small departures of total field strength, depend in
their amplitude on distance from the top of the
oceanic crust, on the strength of crustal ther-
moremanent magnetization, and on the relation
of a band of crust relative to the present geo-
magnetic field. In the North Atlantic including
the Azores region, positive anomalies approxi-
mately overlie bands of normal magnetization.
The reversal time scale (e.g., Walker et al. 2012)
is divided into ‘chrons’, with chron numbers
approximately equivalent to magnetic anomaly
numbers, but include a conspicuous band of
largely positive magnetic polarity at the end of a
chron, plus the preceding interval of largely
reversed polarity. Given the slow spreading rates
and frequent reversals for the time of Azores
Plateau formation, we use anomaly and chron
numbers interchangeably. Magnetic lineations
over the Mid-Atlantic Ridge are mostly rather
irregular and difficult to identify, a consequence
of slow spreading and lava extrusion rates. Thus,
Vogt and Ostenso (1966) concluded from a local
magnetic-bathymetric survey of the MAR crest
north of the Azores (42°—46°N) that convincing
evidence for the Vine and Matthews (1963)
hypothesis was lacking there.

Wilson (1965) identified and named transform
faults—strike-slip plate boundaries along which
crust is neither made nor destroyed. However,
few obvious transform faults were evident in the
complex MAR bathymetry north of the Azores.
Menard (1965) identified the active seismic belt
and associated rough topography between the
Azores and Gibraltar as an ‘active’ fracture zone,
which to first order it turned out to be.

3 The Azores Region Interpreted
During the Plate Tectonic Era

Interpretations of the Azores region evolved
rapidly following the publications of Morgan
(1968), Isacks et al. (1968), LePichon (1968),
McKenzie and Morgan (1969) and others.
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Morgan (1968) proposed the East Azores FZ as
the boundary between the African and Eurasian
‘blocks’ (now called plates). It was early recog-
nised that the Azores platform was too complex to
have evolved from a simple ridge-ridge-ridge
(r-r-r) triple plate junction. Starting with Krause
and Watkins (1970) and continuing with later
studies (e.g., McKenzie 1972; Laughton and
Whitmarsh 1974) evolutionary models variously
incorporated changes from transform faults to
rifts, migration of the triple junction along the
MAR, and/or jumps in the spreading axis (Searle
1980). Krause and Watkins (1970) applied the
idea of a “leaky transform fault” (Menard and
Atwater 1968) to what is now called the Terceira
Rift. In more recent publications, the “leaky
transform” concept has been applied to the central
and eastern part of Sdo Miguel (e.g., Sibrant et al.
2016; Weiss et al. 2015b).

Magnetic data available at the time lacked the
density and inherent resolution to test aspects of
the three basic evolutionary models (Krause and
Watkins 1970; McKenzie 1972; Searle 1980).
Work in succeeding decades refined these three
triple junction evolution models (Neves et al.
2013; Miranda et al. 2014), but resolution of the
magnetic stripes is limited by the slow
Nubia-Eurasia opening rates within the “Azores
Domain” (Luis and Miranda 2008). However,
some key NNE-trending magnetic lineations
generated at the MAR axis have been identified
over parts of the Azores Plateau (Luis and Mir-
anda 2008; Miranda et al. 2014 and Chapter “The
Tectonic Evolution of the Azores Based on
Magnetic Data”; Fig. 1b, ¢, e; Miranda et al.,
Chapter “Volcanism in the Azores: A Marine
Geophysical Perspective”).

A detailed aeromagnetic survey of the Azores
region provided the first evidence for the inter-
mittent (10-3.85 Ma) existence of a separate
“Azores microplate” (Luis et al. 1994). DeMets
et al. (2010) concluded, from the gradually
northward increasing opening rates (since
3.16 Ma) along the MAR from ca.
38.35 & 0.15°N to 37.7 &+ 0.3°N, that such a
microplate must on average have existed since
then, perhaps with the historically active volcanic
islands Faial, Pico, S@o Jorge, plus Azor and
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Princess Alice banks (Fig. 1c), thus forming its
present wide, complex eastern boundary. How-
ever, in support of earlier studies (Bastos et al.
1998), GPS data from Terceira, Sao Jorge, Faial,
and Pico support distributed (diffuse) deforma-
tion, with no microplate required (Marques et al.
2013, 2014), a result corroborated (Miranda et al.
2014) with detailed multibeam topography and
earthquake seismicity (Fig. le).

When did the Azores triple plate junction
currently located near 38°50'N, 30°25'W (Gaspar
et al. 2015), first form? North Atlantic plate
kinematic reconstructions have proved challeng-
ing, because slow spreading rates generally pro-
duce “noisier” magnetic lineations. The MOR on
either side of Iceland is an exception (Vogt
1986b). The first major reconstruction (Pitman
and Talwani 1972) was successively refined (e.g.,
Klitgord and Schouten 1986; Srivastava and
Tapscott 1986). The latter two papers conclude
that the Azores triple junction originated about
anomaly 9 time (ca. 27.5 Ma on the Walker et al.
2012 timescale), when the plate boundary from an
earlier MAR triple junction last extended via
Kings Trough into the Bay of Biscay and the
Pyrenees. About that time, the triple junction
jumped south, thereby transferring Iberia to the
Eurasia plate, as first suggested by Smith (1971).
However, magnetic lineations between #13 and
#6 are poorly developed, and King’s Trough
actually extends west nearly to anomaly #6 (e.g.,
Fig. 1 of Klitgord and Schouten 1986), so the
plate boundary ‘jump’ might have occurred
gradually during the period 27-20 Ma, rather
than ‘instantaneously’. Geological evidence sug-
gests rifting along King’s Trough lasted until
roughly 20 Ma (Kidd and Ramsay 1987). Roest
and Srivastava (1991) concluded that the triple
junction ‘jumped’ south to the Azores site around
anomaly 6C time (23 Ma). The most recent plate
kinematic models, based as in earlier models on
successively rotating back together crustal iso-
chrons defined by prominent magnetic lineations
on both MAR flanks, are by Luis and Miranda
(2008) and Merkouriev and DeMets (2008;
2014a, b). We interpret the Northeast Spur and
West Azores Ridge, formed around anomaly 6
time (Fig. 1b), as marking the initiation of Azores
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Plateau formation, i.e., soon after the triple
junction jump (see later discussion). Merkouriev
and DeMets (2014b) found small misfits (over-
laps) when they rotated magnetic lineations from
the one MAR flank to the other. These misfits
(20 km for anomaly 6 and 5 km for anomaly 4A)
suggest some diffuse ‘post-jump’ intraplate
deformation continued within the Eurasia plate
from the triple junction north to 42°N.

The r-1-1 type triple junction model (Krause and
Watkins 1970) already included a slow-spreading
‘Terceira Rift’ (TR) crossing the Azores platform.
The attempt to measure the TR opening rate using
magnetic profiles proved (e.g., Miranda et al.
1991) unconvincing, probably due to the very
slow opening rates and wide rift zone, relative to
the geomagnetic reversal frequency. If, contrary to
Vogt and Jung (2004), the TR is not an estab-
lished, albeit ‘hyperslow’ spreading axis, no
magnetic lineations would be expected in any
case. The opening rates across the slow-spreading,
variably oblique TR plate boundary had to be
estimated by vector subtraction of the
well-constrained North America-Africa motion
from the North America Eurasia motion, and
basically the same method is still used today. The
rifting/spreading half-rate Krause and Watkins
(1970) estimated for the TR plate boundary (2.0—
2.5 mm/a) is closely comparable to the total
opening rates computed for about the middle of
the TR from more recent global inversions (e.g.,
4.9 mm/a, NUVEL; DeMets et al. 1990;
4.6 £ 0.2 mm/a, S64 W £ 1.3° (MORVEL;
DeMets et al. 2010). When only Eurasia-North
America and Nubia-North America motion is
considered, the “geologic” (since ca. 3.16 Ma)
MORVEL inversion yields 4.5 + 0.4 mm/ain the
direction S68.1 W =+ 2.8°, and the GPS “present”
inversion is closely similar (4.6 £ 0.3 mm/a,
S87.9 W =+ 3.3°) but with a Nubia-Eurasia pole
ca. 3000 km south of the MORVEL pole. How-
ever, inter-island motions measured by GPS
indicate that only about half this Nubia-Eurasia
motion currently takes place along the TR (Mar-
ques et al. 2013; Fernandes et al., Chapter “The
Contribution of Space-Geodetic Techniques to the
Understanding of the Present-Day Geodynamics
of the Azores Triple Junction”).
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All three types of plate boundaries are repre-
sented between the ATJ and Gibraltar (Fig. 1a;
e.g., Bezzeghoud et al. 2014). In the west, a
rifting/spreading boundary (the TR) extends from
the ATJ to about 24°W, SE of Sdo Miguel Island.
At that point, the rift intersects the East Azores
Fracture Zone, part of which comprises the
400 km long right-lateral strike-slip GLORIA
fault (Fig. 1b); east of 18°W the plate boundary
becomes an oceanic-oceanic plate convergence
zone, with rough, complex sea-floor topography
(Fig. 1a).

4 Technology and Plate Tectonics
—Geopolitical, Economic,
Military and Logistic Factors

Whereas the plate tectonics paradigm shift was
largely and initially motivated by scientific
curiosity, subsequent and very costly technolog-
ical developments (accurately located earthquake
epicentres, focal depths and rupture mechanisms;
magnetometers for use on the high seas; multi-
beam bathymetry; satellite radar altimetry; GPS
navigation) that led to our current understanding
exemplify ‘geopolitical/geomilitary trickledown’.
This circumstance contrasts with other areas of
geosciences, e.g. magma evolution and geo-
chemistry of Azores volcanic systems (Larrea
et al., Chapter “Petrology of the Azores Islands”,
Beier et al., Chapter “Melting and Mantle
Sources in the Azores”), driven mostly by sci-
entific curiosity alone. Marine geophysical
understanding of the Azores region was an early
and ongoing beneficiary of geopolitically moti-
vated technological advances, most of which had
their origins prior to emergence of plate tectonics
concepts in the late 1960s.

(1) WWSSN: The World Wide Standardised
Seismograph Network was developed during the
early 1960s to improve detection capability for
nuclear test ban violations. Particularly in ocea-
nic regions, the WWSSN reduced epicentre
location and focal depth errors and threshold
magnitudes, while improving the accuracy of
first-motion (fault plane) solutions for larger
shocks. The more accurately located epicentres
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helped refine active plate boundary locations,
including in the ATJ-AP region (Fig. 1a), which
is seismologically active, creating seismic haz-
ards (e.g., Gaspar et al. 2011, 2015; Hipolito
et al. 2013). The epicentre distributions, focal
depths, and first-motion/fault plane solutions
helped refine and test plate kinematic models,
particularly along the tectonically complex
Azores-Gibraltar Nubia-Eurasia boundary (Udias
et al. 1976; Hirn et al. 1980; Grimison and Chen
1986, 1988; Buforn et al. 1988; Borges et al.
2007; Navarro et al. 2009; Hipolito et al. 2013;
Bezzeghoud et al. 2014; Fontiela et al., Chapter
“Characterization of Seismicity of the Azores
Archipelago: An Overview of Historical Events
and a Detailed Analysis for the Period 2000-
2012”). Madeira et al. (2015) reviewed the neo-
tectonics (driven by dextral transgressive stress)
of the central and eastern islands, estimating slip
rates of a few tenths mm to a few mm/a on faults,
and maximum expected earthquake magnitudes
ca. M,, = 6 to 7. Seismographic stations on the
Azores islands, OBS (Ocean Bottom Seis-
mometer) deployments on the Azores Plateau
(AP; Miranda et al. 1998) and OBH (Ocean
Bottom Hydrophone) deployments on the MAR
flanks north and south of the ATIJ (http://www.
ipgp.fr/rech/Igm/MOMAR/) helped make the
plate boundaries in the Azores region among the
better studied in the world ocean.

(2) Multibeam bathymetry: Detailed mapping
of ocean-floor topography, especially the active
spreading and transform plate boundaries, was
not practical until the mid-1960s development of
“SASS” (Sonar Array Survey Systems), the
world’s first hull-mounted multi-narrow-beam
bathymetric mapping system, developed for use
by the US Naval Oceanographic Office (Glenn
1970). This type of bathymetric mapping is
commonly referred to simply as ‘multibeam’ or
‘swath-mapping’ to distinguish it from conven-
tional single-beam echo sounding. One of the
first scientific applications of the SASS system
was mapping the FAMOUS area of the MAR
axis (36.4°-37.1°N), not far south of the ATJ
(Phillips and Fleming 1978). The narrow axial
“Neo-Volcanic Zone” rising from the floor of the
rift valley was one of the notable discoveries, and
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played a large role in planning ALVIN sub-
mersible dives. A somewhat smoothed version of
otherwise classified SASS bathymetry shows the
Kurchatov Fracture Zone area (40.3°—40.7°N),
immediately north of the ATJ (Fig. 8 of Vogt
and Tucholke 1986).

Starting in the later 1970s, multibeam tech-
nology spread into the commercial and thereby
academic communities, leading by the 1990s to
detailed Portuguese multibeam mapping of the
ATIJ-AP area (e.g., Lourenco et al. 1998). While
the gridding-based ‘hillshade’ images
(computer-illuminated perspective-view topog-
raphy) convey much of the topographic infor-
mation at grid spacings of ca. 1 km (e.g., Fig. 1b,
c), their full spatial resolution (e.g., Miranda
et al. 2014) requires grid spacings of ca. 50—
100 m on the relatively shallow Azores Plateau.
Figure 1b—d illustrate the gaps—some filled in
2009 (Weiss et al. 2015a, b) in detailed multi-
beam coverage. In the Azores Plateau area and
elsewhere near actively spreading plate bound-
aries, multibeam bathymetry has yielded a trea-
sure of previously unresolved volcano-tectonic
features, notably distributions and morphometry
of small seafloor cones, fissure eruptions, and
faults, and the bathymetric modifications of these
features by mass-wasting and sedimentation
processes (e.g., Weiss et al. 2016; Mitchell et al.,
Chapter “Volcanism in the Azores: A Marine
Geophysical Perspective”).

A high-resolution hillshade map of the ATJ
area, derived from gridded multibeam data, is
shown in Fig. 1d (courtesy of J. Luis, Univ. of
Algarve). Compared to most oceanic regions, the
relatively shallow ATJ-AP region requires closer
track spacing (typically ca. 4 km) for complete
swath coverage, but the spatial resolution is pro-
portionately higher. By 2014, ca. 150,000 km? of
the Azores Plateau had been swath-mapped by
the Portuguese Navy and academic institutions
(J. Luis, personal communication, 2014). See also
Weiss et al. (2015a, b, 2016), Casalbore et al.
(2015), and Mitchell et al. (Chapter “Volcanism
in the Azores: A Marine Geophysical Perspective
””) for other multibeam mapping.

(3) Seismic reflection profiles were collected
on an opportunity basis on transits across the
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Azores Plateau in the 1960s—1970s, primarily by
Lamont Doherty Earth Observatory (Fig. 2).
These single-channel (or two-channel) profiles,
using mostly airguns as sources, readily resolve
an acoustically transparent, ca. 100—400 m thick
hemipelagic sediment cover, which has been
ponded in intermontane valleys due to slumping
from nearby topographic highs (Fig. 2) and
locally sculpted by bottom currents (Weiss et al.
2016). The frequent high earthquake-generated
accelerations in the Azores area (e.g., Matias
et al. 2007) have likely helped prevent sediments
from accumulating on seamounts and any other
steep topographic slopes. In 2009, the University
of Hamburg collected ca. 1000 km of 2D mul-
tichannel seismic reflection profile and multi-
beam bathymetry data NW, SE, SW, and S of
Sdo Miguel Island. The processed data resolved
seismic reflectors to ca. 1 km below the ocean
floor, revealing a complex history of explosive
submarine and subaerial volcanism (Weiss et al.
2015a) and mass wasting (Weiss et al. 2016), and
providing a record of TR volcano-tectonic evo-
Iution (Weiss et al. 2015b).

(4) Sidescan sonar mapping, images based on
the strength of backscattered or reflected acoustic
returns, has higher spatial resolution but cannot
be as objectively interpreted as water depth.
Sidescan sonar images can be made from
surface-towed, deep-towed or deep autonomous
systems, but can also be derived from
hull-mounted multibeam data if the entire echo,
not just the first arrival, of each ping is recorded
for each beam. The GLORIA towed sidescan
system, developed from World War II antisub-
marine sonars, provided an early view of the
entire GLORIA fault, a key element of the plate
boundary east of the TR (Laughton and Whit-
marsh 1974), with the tectonic fabric of the MAR
in the ATJ area mapped by Searle (1980).
A comparison between GLORIA sidescan and
SASS multibeam bathymetric contours over the
Kurchatov FZ (Fig. 8 of Vogt and Tucholke
1986) illustrates the complementary nature of the
data, with sidescan imagery most diagnostic for
MAR axial tectonics (fault-controlled escarp-
ments typically 5 km apart). To date, few
multibeam-derived or other sidescan sonar maps
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have been published for the ATJ-AP region.
Backscatter mapping of Condor Seamount
(Tempera et al. 2013) and near Sdo Miguel
(Weiss et al. 2015a) are exceptions.

(5) GPS (Global Positioning Satellites): The
application of earth-orbiting satellite technology
for accurate surface ship and aircraft navigation,
independently by the US and the USSR, was
another costly military technology that has come
to play large roles in marine geophysics. No
marine survey would be conducted today without
GPS navigation. Moreover, a network of fixed
GPS stations made it possible, beginning in the
1990s, to measure present motions between and
among the tectonic plates, and to compare these
motions with the ‘geologically recent’ rates from
ca. post-3 Ma magnetic lineations recorded by the
oceanic crust. These advances are evident in
comparing the latest global model for current plate
motions (MORVEL; DeMets et al. 2010) with
earlier models (Minster and Jordan 1978; NUVEL
model of DeMets et al. 1990). Temporary and
permanent GPS stations on various Azores islands
have enabled measurement of inter-island (Fer-
nandes et al. 2006; Marques et al. 2013) and
intra-island (Terceira: Miranda et al. 2012; Sao
Jorge: Mendes et al. 2013) motions. These new
data (Fernandes et al., Chapter “The Contribution
of  Space-Geodetic  Techniques to  the
Understanding of the present-day geodynamics
of the Azores Triple Junction™) show that at least
in recent decades, the Nubia-Eurasia plate
boundary in the Azores area is diffuse—a band ca.
100-140 km wide (Fig. 1b; Marques et al. 2013;
Miranda et al. 2014)—and contrary to morpho-
logic predictions (Vogt and Jung 2004) Graciosa
is moving with the Eurasia plate.

(6) Radar altimetry: First proposed in the late
1960s, microwave altimetry from earth-orbiting
satellites began (late 1970s) to map geoid
undulations recorded (upon correction for other
signals) by the shape of the sea surface. This
originally military technology, used as a navi-
gation aid, began to constrain submarine crustal
density structures, especially seafloor topography
(seamounts, rift valleys, transform fracture val-
leys, etc.) and its compensation. Satellite
altimetry, combined with surface ship soundings,
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is integral to modern ocean floor maps over much
of the world ocean (e.g., Smith and Sandwell
1997). The spatial resolution, however, is only
ca. 10-20 km, ca. 100-1000 times coarser (de-
pending on water depth) than multibeam bathy-
metry. In the Azores region, areas mapped in part
from satellite altimetry are thus easily distin-
guished from areas fully mapped by multibeam
bathymetry (Fig. la, b).

(7) Exclusive Economic Zones (EEZ): The
1958 United Nations Law of the Sea (UNCLOS)
Convention and the succeeding LOS treaty (e.g.,
Knauss 1986), still a ‘work in progress’, have led
to coastal states claiming legal (not necessarily
physiographical or geological) extensions of their
“continental shelf”, in which these nations exer-
cise certain sovereign rights over resources in the
water column and on/under the seabed. The large
extension of the claimed ‘Portuguese Continental
Shelf” surrounding the Azores (1.3 million kmz)
includes the Azores Plateau and parts of the
MAR both north and south of the triple junction.
The need to support the claim with data has
motivated extensive detailed Portuguese multi-
beam and magnetic mapping (e.g., Fig. 2 of Luis
and Miranda 2008; Miranda et al. 2014; Fig. 3d),
making the ATJ region one of the best-charted
parts of the Mid-Oceanic Ridge and
oceanic-crust-floored parts of the world ocean.

(8) Logistics: Few parts of the oceanic plate
boundaries are as easily accessible to shipborne
and airborne geophysical mapping as is the
Terceira Rift and the MAR near the ATJ. As a
result, the ATJ is the best-studied fully oceanic
triple junction. Many research vessels have taken
on fuel and supplies, and allowed exchange of
scientific parties at Ponta Delgada (Sao Miguel),
and the MAR aeromagnetic surveys reported in
Phillips et al. (1975) and Luis et al. (1994) would
not have been possible without the Lajes (Ter-
ceira) airfield, which was constructed in 1945
and served as a base for anti-submarine-warfare
patrols by NATO aircraft during the Cold War.
Of course, the fact that central volcanoes have
grown above sea level along the TR (Terceira,
Sdo Miguel, Graciosa) and elsewhere on the AP
has greatly facilitated research (e.g., Catalao
et al. 2006; Sibrant et al. 2016; other chapters in
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this volume) compared to what would practically
be possible had these seamount summits today
been submerged below the sea (e.g., Condor
Seamount (Guyot), Tempera et al. 2013).

(9) Radiometric dating: Due to excellent
subaerial exposures of intrusive and extrusive
rock, the Azores Plateau, and particularly the
Terceira Rift, have benefited much more from
radiometric dating (Holmes 1929; Dalrymple
1991) compared to the average submerged
Mid-Oceanic Ridge. Abdel-Monem et al. (1975)
published the first radiometric ages of Azores
islands (Santa Maria, the Formigas, and Sao
Miguel). Some of their ages, determined by
K/Ar, have proven much too old, for example
their 4.01 Ma, versus less than 900 ka (Johnson
et al. 1998) for the oldest volcanics on Sao
Miguel. Prior to 1975, the only age constraint for
pre-historic Azores volcanism was a biostrati-
graphic ‘Mid-Miocene’ age (shown by Hilden-
brand et al. 2014, to be latest Miocene to earliest
Pliocene) for a coquina on Santa Maria (see
Avila et al., Chapter “Petrology of the Azores
Islands”). A good geochronology of Azores
island volcanism has been developed in recent
years, as summarised below. In recent decades,
K/Ar whole-rock dating, which often yielded
erroneous ages, has been complemented by
I Ar/*OAr (39Ar/40Ar) dating (e.g., Larrea et al.
2014; Beier et al. 2015). However, improved
K/Ar dating methods are still used (e.g.,
Hildenbrand et al. 2014), especially when com-
bined with geochemical analysis.

(10) Marine magnetometry: The technology
to measure the strength of the earth’s magnetic
field from ships and aircraft (see Vogt 1986b for
a historical review) was perhaps the greatest
single technological development which later
lead to acceptance (by ca. 1968) of seafloor
spreading and plate tectonics. Detecting enemy
submarines by their magnetic anomaly, as well as
prospecting for mineral resources, motivated the
development of field magnetometers. In the first
years after WWII, fluxgate magnetometers were
tried at sea, with the first magnetic field strength
profile across the Mid-Atlantic Ridge measured
not far south of the Azores in 1948. In later years
the sensor of choice for marine work became the
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proton precession magnetometer, invented by
Victor Vacquier in 1939 but classified during
World War II. Most of the now vast but still
incomplete total field strength magnetic anomaly
database (e.g., Luis and Miranda 2008; Miranda
et al. 2015) has been collected from research
vessels towing sensors far enough behind the
ship to reduce anomalies caused by the vessel.
Large, nowadays gridded databases are now
available to plate kinematicists, much of the data
with GPS vessel navigation accuracy. These
databases enabled progressively improved plate
kinematic reconstructions which include the
Azores region (e.g., Pitman and Talwani 1972;
Klitgord and Schouten 1986; Srivastava and
Tapscott 1986; Roest and Srivastava 1991; Luis
et al. 1994; Luis and Miranda 2008; Merkouriev
and DeMets 2014a, b, Miranda et al. 2015 and
Chapter “The Tectonic Evolution of the Azores
Based on Magnetic Data”).

5 Some Modern Research Issues

Location of TR and non-TR volcanic islands:
Vogt and Jung (2004) nominated the TR as the
world’s slowest-spreading organised (discrete)
spreading axis, and noted that very slow
inter-plate extension is more typically associated
with broad (diffuse) belts of deformation (see
Simkin et al. 2006). One possible explanation for
the discrete character of the TR builds on Vink
et al. (1984), who suggest typical oceanic mantle
lithosphere is stronger, due to the greater strength
of ultramafic materials at a given temperature,
compared to deep continental crust, and that this
difference might explain the preference for new
rifts to develop just inside continent-ocean crus-
tal transitions to form microcontinents. We
speculate that the thickened AP crust (14 km was
measured by Escartin et al. 2001) produced at the
MAR axis, i.e., a weaker lithosphere, somewhat
resembles continental crust and thus breaks more
easily along a discrete axis, versus diffuse rifting.
Together with compositionally different (more
residual melt inclusions) and possibly warmer
AP mantle lithosphere, this might explain why
the TR developed only within the pre-existing
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Azores Plateau (Fig. la, b). The same factors—
including a more fertile mantle lithosphere—
might also explain why young non-TR volcanic
islands (Sao Jorge, Pico, Faial, Condor Seamount
(a guyot; Tempera et al. 2013), as well as Azor
and Princess Alice banks grew on the Faial
Ridge, while Corvo and Flores rose on the Flores
Ridge. The absence of large volcanoes on the
intervening younger (largely post-8 Ma) MAR
flanks (e.g., Fig. le) poses a problem for the
model of Neves et al. (2013) unless this crust and
associated mantle lithosphere is less vulnerable
to transtensional fissuring.

The time of TR origin and the degree of
sea-floor  spreading (besides rifting of
pre-existing AP lithosphere) remain to be quan-
tified, and a dynamic model developed to explain
why the Nubia-Eurasia boundary jumped to the
TR site.

TR along-axis volcanic relief: 1f the TR is a
spreading axis, what accounts for its great
along-axis relief? Western Sdo Miguel volcanoes
rise about 4200 m above the adjacent Hirondelle
Basin (Fig. 3a), which along with the Povoacao
Basin SE of Sdo Miguel contains at least 500 m
sediment (Weiss et al. 2015b). Copious melt
production, combined with very slow export of
volcanoes out of the plate boundary zone might
help explain such great relief (Vogt and Jung
2004), but simple Pratt isostasy is probably the
simplest explanation. Following Vogt (1974),
Vogt et al. (2008) showed that maximum
along-axis relief of MOR axial volcanic edifices
increases systematically with decreasing opening
rates (Fig. 4), so the TR volcanoes may represent
an end member on this roughly linear distribution
of maximum heights versus model axial plate
thickness (based on Phipps Morgan and Chen
1993). The slower the spreading, the thicker the
axial plate, and the higher the lower-density
magma conduit can rise (given sufficient magma)
in isostatic balance with adjacent more normal
oceanic crust. A thicker TR lithosphere is also
consistent with inferred lower degrees of partial
melting and a lack of connection between adja-
cent magma systems (Beier et al. 2008). If it
accounts for only ca. 2-3 mm/a of the
Eurasia-Nubia separation (Marques et al. 2013),
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Fig. 4 Maximum (circles) and typical (rectangles)
Mid-Oceanic Ridge axial volcano heights (adjusted to
remove buoyancy effects of water column) versus opening
rates (top) and axial plate thickness (based on Phipps
Morgan and Chen 1993). EPR, East Pacific Rise; NMAR,
Northern Mid-Atlantic Ridge; SWIR, Southwest Indian
Ridge; GR, Gakkel Ridge; TR, Terceira Ridge: Graciosa
(G), Terceira (T), Jodo de Castro Bank (Seamount)
(JdC) and Sao Miguel (SM) island points based on highest
elevations. Dashed (ultramafic crust) and solid (normal
oceanic crust) lines predict maximum volcano heights
based on Pratt isostasy, relative to adjacent plate bound-
ary. Adapted from Vogt et al. (2008); see also Vogt
(1974)

the TR spreading rate is only half of the
‘hyper-slow’ rate assumed by Vogt and Jung
(2004) and in Fig. 4. Pratt isostasy suggests that
most of the TR axial volcanoes are near their
final maximum heights, so additional magmas
would likely be preferentially injected into flank
dikes or form new conduits, versus erupting from
summit calderas.

Data on erupted versus intruded magma fluxes
versus time are needed to test whether island
volcanoes have reached their maximum ‘Pratt’
heights. The Pratt isostasy approximation needs
to be adjusted for the effects of flexural isostasy.

Age of TR and non-TR island volcanism:
The TR cannot be younger than the oldest
exposed rocks, and radiometric dating in recent
years suggests the TR and the volcanoes formed
along it are all less than ca. 1 Ma in age: The
oldest outcropping lavas, on eastern Sao Miguel,
were erupted 780-880 ka (Johnson et al. 1998).
The oldest outcropping lava succession on
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Graciosa was dated at 1057 £ 28 ka (Larrea
et al. 2014) and probably more accurately at
702 £ 10 ka by Sibrant et al. (2014). On Ter-
ceira Island, the oldest measured radiometric age
is only 401 & 6 ka (Hildenbrand et al. 2014; see
also Calvert et al. 2006). The oldest known
volcanics on non-TR islands were erupted
850 ka on Faial (Hildenbrand et al. 2014), 1.2—
1.2 Ma on Sao Jorge (Hildenbrand et al. 2008)
and 5.3-5.7 Ma on Santa Maria (Sibrant et al.
2015).

Although there must obviously be older
eruptives and intrusives deeper inside all island
edifices, such rocks cannot be much older than the
oldest surface materials, provided the average
magma flux (F) remained relatively constant: For
an assumed conical edifice of slope s and height &
(), % = Ltan? 5. According to this relation, an
edifice grows rapidly in height at the beginning
and much more slowly later—e.g., at the present
elevations of the TR volcanic islands above the
adjacent rift valleys, % would be only 5-10% of
what it was at 1 km edifice heights. F of the order
1 km*/ka would suffice to produce one of the TR
islands in about 1 Ma (Vogt and Jung 2004).

By how much does the TR (>1 Ma) predate
the oldest island volcanoes? A wide range of
ages have been postulated for the TR, but with
Sibrant et al. (2015) we consider ages greater
than 3 Ma implausible. Miranda et al. (2015)
suggested the TR originated when the
Nubia-Eurasia plate boundary jumped from the
Princess Alice Bank rift (Fig. 1b) to the TR.
Sibrant et al. (2015) used tectonic extension
measured by normal fault displacements to con-
clude the TR formed by rifting between 1.4 and
2.7 Ma. However, before sea-floor spreading is
discounted entirely, boreholes are needed to date
the basement in the apparently rifted belt. Some
post-3 Ma spreading from a TR axis appears
consistent with the bathymetry in the Formigas
area (Fig. 1c). The Formigas islets appear sym-
metrically located as far from the present TR axis
as a paired modest bathymetric high northeast of
the axis—somewhat resembling the ‘split axial
volcanoes’ locally present along the MAR (Vogt
and Jung 2005) and there formed by an alternate
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dominance of volcanism and rifting. The lesser
East Formigas High (Weiss et al. 2015b) appears
also to have a split “twin”. These features are
hard to explain entirely by tectonics, with no
spreading. Moreover, the Big North and North
Hirondelle bathymetric highs (Weiss et al.
2015b) might also have formed along or near the
earliest TR axis, perhaps with subsequent
off-axis volcanism enhancing early asymmetry.
Indeed, unless the TR island volcanoes are
entirely loaded on older crust, they must them-
selves represent axial accretion of new crust,
balanced by stretching (rifting) in adjacent rift
valleys. Topographic asymmetry (higher peaks
south of the TR axis vs. on the north side in this
case) is common on slow-spreading plate
boundaries north of Iceland (Vogt et al. 1982)
and thus possible in the Azores. Multibeam
bathymetry and seismic reflection profiles across
the submerged TR on either side of Sdo Miguel
reveal a terrain peppered with volcanic cones
(Weiss et al. 2016) and laced with faults typically
spaced 1-2 km apart (Weiss et al. 2015b), and
thus similar to the axis of a slow-spreading ridge
whose rift valley is partially filled with sediments
—for example the Knipovich Ridge southwest of
Svalbard.

What can have happened during the later
Pleistocene and Recent that might explain so
much geologically young volcano-tectonic
activity, especially along the TR? A geologi-
cally recent change in plate motions or plume
activity is one possibility. Hinting at such a
change is the location of the present (GPS-based)
Eurasia-Nubia plate rotation pole some 3000 km
south of the MORVEL (3.16 Ma-present aver-
age) pole for the same pair of plates (Marques
et al. 2013), although the opening rates happen to
remain nearly the same in the ATJ area.

Carminati and Doglinoni (2010) have specu-
lated on a different reason for globally increased
Pleistocene volcanism: The Mid-Pleistocene
Transition (ca. 1.25-0.8 Ma, most recently
dated to 0.9 Ma by Elderfield et al. 2012), shifted
glacial-interglacial climate cycles from moderate
amplitude (in terms of ice sheet volume, hence
sea level) 40 ka to high-amplitude 100 ka cycles.
This shift increased the amplitude of
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glacioisostatic loading placed on the mantle by
northern ice sheets and to some extent the global
ocean, thus forcing a more vigorous upper
mantle flow. Could such changes in pressure and
flowage have stimulated magma production and
migration in mantle regions close to their
pressure-melting points distant from the ice
sheets? The probable initiation of major edifice
construction along the TR is suggestive enough
to warrant additional dating and numerical
modelling. Relatively short episodes (ca. 850,
700, 400, 200, 120, 50 and O ka according to
Hildenbrand et al. 2014) of coeval volcanism on
several Azores islands exhibit episodicity on time
scales comparable to that of major post-Mid
Pleistocene glacial cycles. However, the episod-
icity of Azorean volcanism may simply reflect
the time scale of some local upper mantle pro-
cess, such as Rayleigh-Taylor instabilities in the
asthenosphere. Mid-Oceanic Ridge axial vol-
canism appears locally non-steady state, forming
successions of axial volcanoes which are then
split to form half-volcanoes on similar time
scales of ca. 0.1-1 my (Vogt and Jung 2005).
Azores mantle plume?: Wilson (1963) first
postulated that movement of the earth’s crust
over localised anomalous melt sources relatively
fixed in the cores of mantle convection cells
could explain the age progression and trends of
Pacific island and seamount chains like the
Hawaiian-Emperor chain. The sites where
anomalously prolific melts, derived by partial
melting of mantle material, rise to the surface to
create volcanoes came to be called ‘hotspots’
because it was first assumed only higher mantle
temperatures could be the cause. Morgan (1972)
modified this concept by proposing that ‘hot-
spots’—by then including the Azores—actually
represent deep mantle convection plumes rising
from the core-mantle oundary. Such plumes
would be relatively fixed relative to the litho-
spheric plates moving across them. However,
due to the lack of credible evidence, the deep
mantle plume concept remains controversial
(e.g., Anderson 2005) after nearly a half century
of research and numerous publications, many of
which modified the plume model, using newer
seismic tomography and numerical modelling.
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For example, Courtillot et al. (2003) classified 49
postulated hotspots into three types: (1) ‘primary’
hotspots may originate at the core-mantle
boundary; (2) secondary hotspots originate at
the base of the seismic transition zone; and
(3) the remainder are the consequence of plate
tectonics. Davaille et al. (2005) placed the
Azores at the edge of a large deep mantle source
domain called the “Indo-Atlantic Box”. Based on
numerical convection modelling and seismic
tomography, they interpreted Iceland as a narrow
deep mantle plume and the Azores as a “sec-
ondary plume” rising from a large plume head
ponded in the seismic transition zone. Silveira
et al. (2006) observed a region of anomalously
slow S-waves below the Azores lithosphere
down to ca. 250-300 km depths. They suggested
this region comprises the remains of a dying
plume.

A conservative term for features like the
Azores is simply ‘melting anomaly’: Excessive
melting is not necessarily- and can often be
shown not to be- due to higher mantle tempera-
tures, but rather to anomalous composition or
even just to decompression melting by magma
rising where the lithosphere is rifted by tectonic
forces (Beier et al. 2015). Although given
(Anderson 2005) a score of only 2+ (out of 12),
and rated only 12th among a list of 60 proposed
deep mantle plume sites in terms of observational
support, the Azores region is still considered by
many the surface expression of at least a shallow
or secondary mantle plume, perhaps more ‘wet’
than ‘hot’ (Metrich et al. 2014; Beier et al. 2012).
The geochemistry of Azores volcanic rocks
suggests heterogeneous, poorly mixed, and not
particularly hot mantle sources, ultimately recy-
cled (previously subducted) oceanic crust (Beier
et al. 2008, 2015).

How old is the Azores ‘hotspot’? Gente et al.
(2003) argue that an Azores hotspot/plume has
existed since 85 Ma, but only began to influence
the MAR when the latter began to migrate near
it. Beier et al. (2015) inferred from a 39 Ma lava
dredged on Monaco Bank that the Azores plume
already existed below the area at the time,
because the lava is rich in radiogenic isotopes,
similar to modern Sdo Miguel volcanics. The
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date—about the crustal age predicted by mag-
netic lineations—is consistent with an abstract by
Campan et al. (1993), who suggested the
MAR-Azores plume interaction began 36—
39 Ma. The 39 Ma sample may have come from
an old NW trending Monaco Bank seamount,
constructed near the MAR axis and unrelated to
formation of the AP. However, the sample was
recovered from depths of 250-500 m (Beier
et al., personal communication, 2016), much too
shallow for post-39 Ma crustal subsidence of
MAR generated crust.

While not discounting the possibility of older
antecedents, we propose the origin of the Azores
Plateau was ‘recorded’ (Fig. 1b) by formation of
the West Azores Ridge (WAR) on the west flank
of the MAR, and by the Northeast Spur—at least
partly a belt of small seamounts—on the east
flank. Both features also mark a shallowing of
the Mid-Atlantic Ridge to form the AP. Magnetic
lineations identified by Luis and Miranda (2008)
suggest the WAR was formed ca. 18 Ma, slightly
postdating anomaly 6 and as implied by its
northward divergence from that lineation
(Fig. 1b) propagating northwards along the
MAR axis. On the east MAR flank, the Northeast
Spur appears to coincide with anomaly 6
(19 Ma).

How is formation of the AP related to the
southward jump of the triple junction from ca.
45°N (King’s Trough) to ca. 39°N (Azores)? The
jump ended a period of compressional deforma-
tion in the Pyrenees and transferred Iberia from
the Africa (Nubia) to the Eurasia plates (Srivas-
tava et al. 1990). This event was dated to
anomaly 9 time (Srivastava and Tapscott 1986;
Klitgord and Schouten 1986) and later to
anomaly 6C time (23 Ma), or at least predating
anomaly 6 time (Srivastava et al. 1990; Roest
and Srivastava 1991). Most of the change in
Eurasia-North America plate motion had hap-
pened by anomaly 6C time according to Luis and
Miranda (2008). Although the jump and AP
development were not instantaneous, the simi-
larity in timing between the AP and the jump is
suggestive. However, the AP appears to have
developed after the jump, and thus perhaps trig-
gered by it. If the AP developed from a mantle
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plume below the plates, an improbable coinci-
dence is required for a plume ‘happening’ to rise
into a new triple junction.

Whereas many modern triple junctions (e.g.,
Fig. 1b inset map) are not associated with
‘melting anomalies’, and modelling (Adam et al.
2013) does not require such a correlation, Sager
(2005) noticed that several Pacific oceanic pla-
teaus also ‘happened’ to form at triple junction
jumps: Were mantle plumes—including sec-
ondary plumes Davaille et al. (2005)—responsi-
ble for oceanic plateau initiation, this would have
been extremely unlikely. A plate tectonic origin
might explain the correlation, by decompression
melting, at a new triple junction, given the
existence of an anomalous asthenosphere sus-
ceptible to increased melting under small stress
perturbations (Sager 2005). Although this also
might explain AP formation soon after the triple
junction jump, some underlying asthenosphere
anomaly is still required.

The triple junction jump from the King’s
Trough to the Azores sites coincided, within
age-dating uncertainties, with the axis boundary
jump from Aegir Ridge in the Norway Basin to
the Kolbeinsey Ridge axis just north of Iceland
around anomaly 6C time. The oldest clearly
recognizable lineation (Vogt 1986b) on the east
flank of that ridge is 6B (22 Ma). This seems also
the most likely time the Iceland melting anomaly
greatly increased its output to begin generating
Iceland and its associated platform. Based on the
shoaling (over time) of the Reykjanes Ridge,
Saemundson (1986) concluded this happened
sometime between 19.5 and 35.5 Ma. Luis and
Miranda (2008) found a rapid northward motion
of the Eurasia-North America plate rotation pole
during the C11/12 to C6C interval (31-23 Ma)
and continuing after that time. Formation of the
Azores triple junction largely by C6C time
(23 Ma) was thus an expression of a regional
plate kinematic reorganization, and this neces-
sarily also involved at least the upper mantle.
This also corresponds to the
Neogene-Palacogene boundary (23.0 Ma, near
the end of C6C; Walker et al. 2012), a time long
recognised as marking major geological and
paleontological changes in the Alpine-Tethys
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region (Earnes 1970) and a ‘major change in
global planktonic biogeography’ (Kennett 1978).
How the plate kinematic changes at C6C time
relate to the Neogene-Paleogene boundary is a
problem inviting collaboration among geophysi-
cists, geologists and palaeontologists.

Where is the present centre or apex of the
Azores melting anomaly, whatever its mantle
source may be, and how wide is this centre? The
most concentrated off-ridge volcanism would
place this Pleistocene-Holocene ‘“volcanic cen-
tre” in the area of Pico, Faial, and Sdo Jorge.
However, along the MAR axis, the centre cor-
responds to the shallowest crestal topography, a
ca. 80 km long MAR segment also lacking a
prominent rift valley (just east of the label
‘MAR’ in Fig. 1b) and located ca. 150 km
WNW of the ‘volcanic centre’. The along-axis
geochemical anomaly (Schilling 1986) peak
corresponds (Fig. 3c) to the segment lacking a
rift valley, but crustal thickness there is not par-
ticularly thick, compared to the 14 km under
Faial Ridge (Escartin et al. 2001). Does the
Azores volcanic centre represent a ‘second type
of hotspot island’ (Morgan 1978), supplied by
asthenosphere flow from a ridge-centred plume
near the MAR axis? If this accounts for the
150 km distance between the Azores ‘volcanic
centre’ and the anomalous MAR axial segment,
what explains a similar relationship at ca 45°N,
where MAR axial geochemical and topographic
anomalies (Schilling 1986) lie 300-350 km west
of the tip of the long extinct (ca. 20-25 Ma)
King’s Trough? Broad regions of anomalous
asthenosphere might explain these relationships,
or also remnants of dying plumes (e.g., Silveira
et al. 2006) but only if such anomalies are
elongated in an EW direction. As discussed
previously, the Azores ‘volcanic centre’ simply
reflects preferential transtensional fracturing of
an anomalously thick and weak lithosphere pro-
duced by the MAR ca. 12-8 Ma (the oldest part
of the Faial Ridge) as part of the diffuse
Nubia-Eurasia plate boundary.

The fixed mantle plume hypothesis predicts
an age progression, with the youngest magma
generation located over the plume core. Nearly
all the known volcanic activity ages associated
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with the putative plume or hotspot/melting
anomaly cluster around ca. 6-4 Ma and again
1.5-0 Ma (e.g., Beier et al. 2015; Hildenbrand
et al. 2014; Sibrant et al. 2015), with no clear age
progression and thus not supporting a fixed
mantle plume model. A widespread flood basalt
episode (Beier et al. 2015) would not be expected
from the dying plume idea of Silveira et al.
(2006). As noted by Hildenbrand et al. (2014),
multiple coeval volcanic episodes on several
islands is also not explained by the plume model
but would require modulation by other processes.
However, an age progression would not be easy
to detect if the postulated plume head is broad
and motion of a plate across the head is slow and
poorly constrained (as is the case for the Nubia
plate; Gripp and Gordon 2002, and for the Afar
triple junction magmatism; Corti 2008). Age
dates from within Faial, Sdo Jorge and Terceira
(Fig. 2 of Hildenbrand et al. 2014) do suggest
age progressions of the order 1-10 cm/a, but
younging in the direction of the MAR axis. Such
age progression might reflect crustal fracture
propagation or plate movement relative to
magma sources, but is inconsistent with the
motion of the Nubia plate relative to a fixed
hotspot or plume (Gripp and Gordon 2002, see
below). Moreover, in the MORVEL-based
No-Net-Rotation reference frame, the TR region
is moving at ca. 20 mm/a in a NE direction
(Fig. 1 of Argus et al. 2011), opposite to that
predicted by Gripp and Gordon (2002).

Only a few observations support a mantle
source (such as Morgan’s 1972 deep mantle
plume) fixed below the plates in the Azores area.
Relative to a set of assumed fixed hotspots (Gripp
and Gordon 2002), the TR should be moving ca.
20 mm/a (‘absolute’ motion, i.e. relative to a
relatively fixed mantle below the plates) in the
direction S55 W (Fig. 3b of Vogt and Jung
2004), consistent with seismic tomographic evi-
dence for a mantle plume (at least to 400 km
depth) now located under or just northeast of the
TR (Yang et al. 2006). This direction of absolute
motion is consistent with the apparent ca. 150 km
NE jump (equivalent to ca. 8 m.y. of 20 mm/a
absolute plate motion) of the rift axis from the
extinct Princess Alice Rift (Fig. 1b) to the present
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TR location. Miranda et al. (2015) also suggested
such a jump ca. 3 Ma. The diachronous Faial and
Flores ridges (Fig. 1b; Vogt 1979; Cannat et al.
1999) suggest mantle flow away from a fixed
upwelling located near the Azores triple junction,
but the ridge geometry could alternatively be
explained by MAR axis motion across a NE
elongated compositional or/and thermal anomaly
(Fig. 8B of Vogt and Jung 2005).

A careful search for anomalously high heat
flow and/or young volcanism or intrusives on the
Eurasia plate just northeast of the TR, particu-
larly around small seamounts north of Terceira
(the Northeast Spur in Fig. 3c) and NE of Sao
Miguel, might help determine if the TR and
eastern Azores Plateau are being displaced
southwestwards relative to a melting anomaly
currently below the plates. We consider this
possible but unlikely. Detailed magnetic, seismic
reflection, multibeam and borehole investigations
of the Northeast Spur and the West Azores Ridge
are needed to evaluate our suggestion of a TR
origin ca. 20 Ma.

We remain agnostic on deep mantle plumes
but agree with many other authors that compo-
sitionally or thermally anomalous mantle must
have existed at least since 20 Ma, and still exist
below the AP and surroundings. Needed for
future knowledge advances are: (1) improved
seismic tomography using broadband OBS and
OBH arrays distributed over the seafloor around
the Azores Plateau to help resolve what lies at
depth (particularly below ca. 300400 km) in the
mantle below the AP (Silveira et al. 2006);
(2) detailed mapping and borehole sampling
around the western end of King’s Trough and
along the Northeast Spur and West Azores Ridge
to determine more accurately the timing of the
triple junction jump and its relation to origin of
the AP and to apparently coeval events in the
Iceland area; (3) data-based dynamic models
predicting why the triple junction and new plate
boundary jumped south specifically to the
Azores-Gibraltar region.

The Azores Plateau crust: What exactly is it?
If the apparently NE-trending, MAR-generated
sea-floor spreading magnetic lineations on much
of the Azores Plateau (Fig. 1b; Luis and Miranda
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2008; Miranda et al., Chapter “The Tectonic
Evolution of the Azores Based on Magnetic Data
”) have been correctly identified, why has sub-
sequent Azores magmatism (e.g., Weiss et al.
2015b; Beier et al. 2015 and Chapter “Melting
and Mantle Sources in the Azores”) not obscured
the older MAR-derived magnetic lineation sig-
nature? If the linear volcanic ridges (including
the TR) dominating the modern plateau formed
by eruptions controlled by transtensional crustal
fractures (Neves et al. 2013), did much of the
eastern AP form from extrusive and intrusives
emitted along these fissures? The age-dating
reported by Beier et al. (2015) suggests much of
the elevated AP south of the TR (labeled South
Azores Plateau in Fig. 1b to distinguish it from
the North Azores Plateau) is underlain by flood
basalts erupted during the interval ca. 6-4 Ma,
although their dredges likely did not recover the
initial stages of this episode. The amount of
anomalous AP crustal thickening attributable to
such post-MAR igneous ‘overprinting’ also
remains unknown. However, the previously dis-
cussed 39 Ma lava from Monaco Bank, compo-
sitionally similar to young volcanics on Sao
Miguel (Beier et al. 2015), implies that the
overprinting eruptives are at least locally thin.
The existence of the Flores Ridge (Vogt 1979)
on the West Azores Plateau, i.e., the west flank of
the MAR, capped by two volcanic islands (Flores
and Corvo), suggests that anomalously thick
crust (Escartin et al. 2001) was already being
formed at the MAR axis during the period ca.
12-7 Ma (Fig. 1b), but that this crust and mantle
lithosphere was fertile, perhaps also more
heterogeneous- to account for geochemical dif-
ferences among various AP magmas (Beier et al.
2008, 2015 and Chapter “Melting and Mantle
Sources in the Azores”), and subsequently more
easily fractured. Flores and Corvo are relatively
circular islands, located on the North America
plate, and thus form a control for the Neves et al.
(2013) model, insofar as the Flores Ridge was
not subjected to transtensional shear, and there-
fore island lavas were not erupted from fissures.
Forming the eastern edge of the North Azores
Plateau (Fig. 1b), the Northeast Spur, especially
Sedlo Seamount, may in part represent off-axis
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AP volcanism similar to that forming Corvo and
Flores islands. However, the Northeast Spur has
a twin (West Azores Ridge, WAR) on the
opposite flank of the MAR (Fig. 1b). The WAR
must have (like the Flores and Faial ridges) lar-
gely formed on or near the MAR axis, but earlier.

The three peaks of Sedlo Seamount (Santos
et al. 2010), a guyot, range from 950 to 660 m in
summit depth. These volcanoes, located on ca.
20 Ma crust, probably formed as small islands at
least partly off-axis—otherwise they would have
thermally subsided ca. 1300-1600 m together
with the adjoining oceanic MAR crust. If
post-volcanic erosion beveled these islets by
5 Ma, subsequent crustal subsidence could
account for the present summit depths. Although
not yet mapped in detail, much of the WAR was
first formed ca. 10 Ma prior to the first Faial and
Flores ridges, which based on the locations of
magnetic anomalies 5 and 6, formed during the
period ca. 12-8 Ma (Fig. 1b). Although Beier
et al. (2015) attempted to recover unaltered sam-
ples from Northeast Spur, there are no igneous
rock ages from this feature, Sedlo Seamount, and
the WAR.

In any case, the existence of MAR-parallel
magnetic lineations over parts of the South
Azores Plateau (Fig. 1b, c¢; Miranda and Luis
2013; Miranda et al., Chapter “The Tectonic
Evolution of the Azores Based on Magnetic Data
”) suggests that an original MAR-generated
basement topography (e.g., Fig. 2) was buried
in lava flows and volcaniclastic debris, much of
which must have been shed by the linear,
island-capped volcanic ridges. Such randomly
oriented debris—even strongly magnetised clasts
—would not create a significant thermoremanent
(TRM) magnetic anomaly signature and there-
fore would not obscure the original
MAR-generated sea-floor spreading anomalies.
Do the flat, acoustically opaque reflector below
some sediment ponds (Fig. 2; Weiss et al. 2015b)
represent anomalously flat, rapidly erupted MAR
flood basalts, or has an original MAR type
basement topography been buried and thus
obscured under sheet-type lava flows or sills
(largely 6-4 Ma; Beier et al. 2015) or by rapidly
deposited volcaniclastic debris flows?
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Coring is needed to calibrate the reflection
seismology of the thick (up to ca. 1 km) sediments
in the intermontane valleys (e.g., of Weiss et al.
2015b) and sample, age-date and measure the
magnetic polarities of the AP flood basalt
sequence down to and including the original
MAR-generated basement. Boreholes could map
the AP and MAR flank geochemical anomalies
over space and time, building on the complex
results from DSDP Site 556 (typical MORB
recovered from 31 Ma MAR flank crust west of
the AP) and DSDP Site 557 (Fig. 1b;
LREE-enriched or ‘E-type’ basalt from 17 Ma AP
crust east of the WAR). We suggest an entire ODP
drilling leg be planned for the Azores Plateau.

Azores microplate, diffuse plate boundary, or
both? The scattered seismicity and volcanism in
the ATJ-AP area (Fontiela et al., Chapter
“Characterization of Seismicity of the Azores
Archipelago: An Overview of Historical Events
and a Detailed Analysis for the Period 2000—
2012”) suggests that the plate boundary—par-
ticularly the Nubia-Eurasia one—is somewhat
diffuse (distributed) there, as has long been
known. GPS technology (e.g., Fernandes et al.,
Chapter “The Contribution of Space-Geodetic
Techniques to the Understanding of the Present-
Day Geodynamics of the Azores Triple Junction”)
has opened the door to measurement of the pre-
sent Azores inter-island displacement field.
Fernandes et al. (2006) reported 1993-2001
displacements among the islands. Although the
measured rates are generally consistent with
global models for geologically recent plate
motions, some of the islands did not move con-
sistent with a simple triple junction, but sup-
ported a model of distributed elastic deformation
within the Azores Plateau (Bastos et al. 1998).
While as expected, Santa Maria moved with the
Nubia plate, Graciosa moved with Eurasia, and
the others (Sdo Jorge, Pico, Terceira and Sao
Miguel) moved in ways somewhat intermediate
between Eurasia and Nubia. However, the dis-
placement of Pico and Sdo Jorge were closer to
Nubia, the plate on which they to first order
reside. The intermediate displacements of Ter-
ceira and Sdo Miguel are to be expected, given
their location on the immediate TR plate
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boundary. The most surprising motion is that of
Graciosa, located on the TR but moving entirely
with Eurasia. Subsequent work (Marques et al.
2013), based on 35 new GPS stations occupied
during 2001-2013, on Terceira, Faial and Pico
(the latter two located on same volcanic ridge;
Fig. 1b), plus fifteen GPS velocities on Sao Jorge
(Mendes et al. (2013) refined these results: Ter-
ceira: Thirteen stations show slow (1-2.8 mm/a)
westward motion relative to Eurasia, consistent
with location on a very slow-spreading TR plate
boundary; Sdo Jorge: Fifteen GPS sites moved
WSW at 2.7 + 0.7 mm/a relative to the Eurasia
plate; and Faial and Pico moved WSW at ca. 2—
4 mm/a, with average separation of Faial/Pico
from Sao Jorge ca. 1 mm/a. Faial/Pico moved
largely, but not entirely, as if fixed to the Nubia
plate (Marques et al. 2013).

DeMets et al. (2010) observed that opening
rates along the MAR do not change abruptly
from south to north anywhere between ca. 38°
and 40°N near ATJ, but rather increase gradually
from the Nubia-North America rate to the
Eurasia-North America rate. They interpreted
this gradual variation in rate as evidence for a
separate Azores microplate, with its eastern edge
presumably in the volcanic and seismically active
island group from Graciosa through Sao Jorge to
Pico-Faial. If a microplate exists, there must be
three triple plate junctions, not just one. How-
ever, GPS stations on Faial-Pico, Sdo Miguel,
and Terceira (Marques et al. 2013), the sea-floor
structures mapped by multibeam (Miranda et al.
2014), taken together with long-known mid-plate
seismicity (Fig. 1e) make a convincing case for a
diffuse triple junction, as suggested by Bastos
et al. (1998). High resolution multibeam data
(Fig. 1d, e; Miranda et al. 2014) do not support
the speculative extension of the TR from West
Graciosa Basin to the MAR axis suggested by
Vogt and Jung (2004).

Presumably the magnetic data can also be
interpreted in terms of a systematically deforming
region, as suggested by Bastos et al. (1998).
DeMets et al. (2010) used the 3.16—-0 Ma interval
on slow spreading ridges like the MAR to facil-
itate anomaly picks, with 3.16 Ma being the
magnetic anomaly low in the middle of the
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anomaly 2A sequence. Perhaps a careful
re-examination of the 38°-40°N magnetic
anomaly data first reported by Luis et al. (1994),
plus any newer and higher-resolution data, toge-
ther with careful magnetic anomaly modelling
which includes multibeam-defined seafloor
topography, would yield an acceptably accurate
rate for just the 0.78-0 Ma interval (0.78 Ma is
the older limit of the Brunhes normal chron,
recorded by the oceanic crust as anomaly #1).
This time interval is closer to the period repre-
sented by earliest exposed Terceira Rift island
volcanism. This rate might show an opening rate
gradient more compatible with the GPS results for
the present time and indicate that a change in
kinematics has occurred, as in fact might be
expected if the TR is only ca. 1 Ma old and was
formed because of the change. Alternatively, if no
such change has occurred, the northern edge of
the microplate (from Graciosa to the MAR) might
simply have been locked (seismically inactive)
during the WWSSN observation period (i.e.,
since the early 1960s). Microplates are known at
two triple plate junctions in the eastern Pacific
(Fig. 1b inset), but are not there clearly associated
with excess magmatism.

While the morpho-structural trends mapped by
multibeam (Fig. lc, d, e) and the earthquake epi-
centres (Fig. le) support diffuse deformation, the
observed seismicity generally does not correlate
with the structures, except for some epicentres
clustering around an extension of Sdo Jorge, and
around Condor Seamount. Most of the epicentres
are actually located on crust with only abyssal hill
(MAR-generated) structures (N1, Fig. 1e). Future
seafloor OBS and OBH campaigns will be nec-
essary to obtain more accurate hypocentre loca-
tions and thus test whether the topographic
structures mapped e.g. by Miranda et al. (2014)
are tectonically active, perhaps showing that the
diffuse triple junction actually comprises a series
of smaller, fault-bounded blocks.

Distributed  deformation  probably also
accounts for the misfit (over-rotation) of mag-
netic lineations from the Azores Triple Junction
north ca. 300 km to ca. 42°N prior to ca.
7-8 Ma, i.e., prior to the MAR spreading rate
slowdown (Merkouriev and DeMets 2014b)
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discussed further below. The misfits range from
ca. 5 km at C4A to ca. 20 km at C6. 42°N also
marks the approximate northern edge of the
North Azores Plateau (Fig. la, b).

Probably the microplate and the elastic intra-
plate deformation models are not mutually
exclusive, and if the regional tectonic patterns
change frequently over human time scales, future
geophysicists will have no lack of research
material.

5.1 The MAR Spreading Deceleration

ca. 8-6 Ma

By careful mapping and back-rotating isochrons
represented by magnetic anomalies, Merkouriev
and DeMets (2008, 2014b) concluded that
Eurasia-North America motion was essentially
constant from 19.7 Ma (Chron C6n) to ca. 7 Ma
and again from ca. 6 Ma to the present (See Vogt
1986¢ for a review of differing earlier results).
However, during the 7-6 Ma interval the plate
rotation rate slowed by ca. 20%, while the rota-
tion pole migrated south ca. 1000 km. Using the
same techniques, Merkouriev and DeMets
(2014a) showed closely similar kinematic beha-
viour of Nubia-North America motion: Motion
was steady from ca. 20 to 8.2 Ma; a deceleration
by 25% happened during the interval 8.2—
6.2 Ma, with motion subsequently steady. A de-
celeration ca. 7 Ma had previously been
demonstrated from magnetic surveys along the
28-29°N part of the MAR (Sloan and Patriat
1992). The slowdown was accompanied by an
end to the diffuse deformation on the MAR from
the present triple junction north to 42° (Merk-
ouriev and DeMets 2014b). Merkouriev and
DeMets (2014a) speculate that the close coupling
between the two plate motions might have
resulted from changes in frictional forces along
the Nubia-Eurasia plate boundary.

There are several implications of these results
for the Azores Geosyndrome problem: First,
Eurasia-Nubia motion—along the Azores plate
boundary—must have slowed by similar
amounts during this interval. Second, the ‘de-
celeration crust’ (Fig. le) includes most of the
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N2 and N3 morphostructures mapped by Mir-
anda et al. (2014)—this observation coupled with
fairly low historical seismicity (Fig. le) leaves
open the possibility that the structures were
formed as a MAR plate boundary response to
past changes in plate motion, and may therefore
not all be active parts of the present diffuse
boundary. Third, the deceleration crust forms the
eastern edge of relatively normal, albeit shallow,
oceanic crust. Evidently generation at the MAR
axis of very anomalous Azores Plateau crust
constituting the Fayal and Flores ridges (Vogt
1979, 1986¢) and their cargo of younger volca-
noes ceased. Perhaps this change in magmatism
was some sort of response to the 8—6 Ma change
in plate motion. Alternatively, perhaps the loca-
tion of the deceleration band is a clue that the
deceleration was itself driven by a change (re-
duction?) in mantle convection associated with a
dying (Silveira et al. 2006) Azores plume.
Azores. A slower convection and a less melt-rich
asthenosphere (i.e., a higher viscosity) might
have caused the deceleration. Numerical models
of mantle convection its consequences for plate
boundary forces can test this speculation.

6 Conclusions

For logistic reasons, the Azores triple plate
junction and associated “geosyndrome” are
among the best studied such features on the
planet. Yet, despite great advances in seismic
tomography and numerical modelling of mantle
processes, advances have mainly refined earlier
(1970s—1980s) interpretations.

Several of the geophysical research methods
used to date have reached the point of dimin-
ishing marginal returns. A detailed surface ship
or aeromagnetic survey of the North Atlantic is
unlikely to provide a plate kinematic model
greatly improved over (and different from) those
of Luis and Miranda (2008) and Merkouriev and
DeMets (2008, 2014a, b). GPS data on “present
day” inter-island motions (e.g., Fernandes et al.
2006 and Chapter “The Contribution of Space-
Geodetic Techniques to the Understanding of the
Present-Day Geodynamics of the Azores Triple
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Junction”; Marques et al. 2013) and intra-island
deformation (e.g., Miranda et al. 2012) cannot
detect temporal variations on time scales of
centuries to millennia until far in mankind’s
future. However, ‘paleostress’ parameters can be
recovered by age-dating of faults or dikes, as
done for Graciosa (Hipolito et al. 2013), Sao
Miguel (Carmo et al. 2015) and Santa Maria
(Sibrant et al. 2015). Where fault or dike orien-
tations changed over time (e.g., between 5.3 and
4.3 Ma on Santa Maria), were these just a local
or regional volcano-tectonic effects or were they
responses to changes in relative plate motions?

Seismic tomography could in principle resolve
mantle anomalies, if any, deeper below the Azores
region, particularly below ca. 400 km depths
(Yang et al. 2006) and settle the long-standing
controversy over the existence of a mantle plume
or plume head. However, further progress is lim-
ited by current global and regional seismic cov-
erage. A costly network of broadband stations
both on the islands and on the wider seafloor
region surrounding the AP would be needed
(Silveira et al. 2006). Advancing from kinematics
to dynamic modelling (e.g., Magde and Sparks
1997; Adam et al. 2013) will remain problematic
until the structure, composition, and physical state
of the mantle below the Azores are better con-
strained. This applies not only to the AP region,
but also to the apparently vast geographic extent
(Fig. 3b) of the Azores Geosyndrome particularly
southwest along the MAR from the ATJ. Does
partially molten mantle flow southwest, from an
upwelling region under the Azores, in the trian-
gular pipe-like region of enhanced melting (hence
reduced viscosity) which must exist at depth under
the MAR, as proposed by Vogt (1976)? The Faial
and Flores ridges (Vogt 1979, 1986¢; Cannat et al.
1999; Figs. 1b and 3a), which are not propagating
rifts of the sort described by Hey (1977), as well as
the SW geochemical gradient (Schilling 1976,
1986; Dosso et al. 1999; Fig. 3a) possibly remain
the only expressions of such flow.

Meanwhile, rock sampling and geologic
mapping have for practical reasons been almost
entirely restricted to the Azores islands and
immediate submarine plate boundaries, providing
a necessarily biased ‘zero age’

P. R. Vogt and W.-Y. Jung

geochemical/petrologic snapshot of the Azores
geosyndrome and its mantle origins (e.g., Beier
et al. 2008, 2015, Chapter “Melting and Mantle
Sources in the Azores”; Larrea et al., Chapter
“Petrology of the Azores Islands”, Madureira
et al. 2011, 2014; Metrich et al. 2014) and other
chapters in the present volume). In terms of
magma extraction from the upper mantle, the TR
islands themselves probably represent at most
10% of the roughly 0.05 km® annual crustal
production along the 500 km long TR and
2000 km (conservatively assumed) length of
MAR lithosphere produced by the “Azores
melting anomaly”.

Even along these narrow plate boundary belts,
only the most recent eruptive products have been
sampled at most sites, while off the axis the
igneous crust lies buried under sediment, or
where exposed is highly altered. More research
boreholes are clearly needed to penetrate the
Azores island edifices and, particularly, the sur-
rounding submarine and largely sub-sedimentary
AP  crust to resolve  processes  of
tectono-magmatic evolution, especially on time
scales shorter than those resolved by magnetic
lineations generated at low spreading rates
(roughly on the order one to a few Ma). Owing to
their high costs, boreholes into igneous volcanic
islands and AP oceanic crust need to be carefully
planned, with detailed ‘site surveys’.

Less expensive coring from drilling vessels,
penetrating and recovering primarily seafloor
sediments, for example the up to ca. 1 km thick
(e.g., Weiss et al. 2015b) largely hemipelagic
sediment accumulations in Azores Plateau val-
leys (e.g., Fig.2), recover not only the
paleo-oceanographic history of the AP region,
but also the volcano-tectonic history of the
islands, as recorded by ash falls from subaerial
and submarine explosive eruptions (e.g., Weiss
et al. 2015a), volcaniclastic and other debris
flows (e.g., Weiss et al. 2016), faulting (e.g.,
Weiss et al. 2015b) and infrequent but spectac-
ular flank collapses from large edifices (e.g.,
Sibrant et al. 2014, 2015; Costa et al. 2014). Age
dating (i.e., calibrating the seismic stratigraphy)
would depend on a combination of sediment
biostratigraphy and radiometric dating of
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volcanogenic clasts from debris flows or ejecta.
DSDP Leg 43 sediment cores adjacent to two of
the New England Seamounts (DSDP sites 382
and 385) and adjacent to the Bermuda pedestal
(DSDP site 387) exemplify this combined dating
approach (Tucholke and Vogt 1979).

The demonstration from MAR flank magnetic
lineations that both Nubia-North America motion
(Merkouriev  and DeMets 2014a) and
Eurasia-North America (Merkouriev and DeMets
2008, 2014b) simultaneously slowed during the
period ca. 8.2 to 6.2 Ma indicates that plate
motions are coupled, perhaps controlled by
Eurasia-Nubia convergence (Merkouriev and
DeMets 2014a, b) or perhaps a regional change
in mantle convection associated with the Azores
geosyndrome.

The most intriguing, interdisciplinary question
concerns the relation between AP formation and
the triple junction jump ca. 23 Ma (chron 6C;
Walker et al. 2012), closely coeval with plate
reorganization in the Iceland area and more
widely the 23.0 Ma Paleogene-Neogene bound-
ary, a time of major global environmental change
caused by the tectonic opening or closing of an
oceanic ‘watergate’. The formation of the AP in
association with the jump is similar to what Sager
(2005) found for other oceanic plateaus in the
Cretaceous Pacific, and can scarcely be explained
by coincidental rising of deep mantle plumes into
newly formed triple junctions. The AP seems to
have begun forming AFTER the jump and must
thus be a consequence. However, because triple
junctions do not REQUIRE excess magmatism
(e.g., Georgen and Sankar 2010; Adam et al.
2013), an anomalous source mantle is still
required. A secondary plume-type blob present
below that part of the MAR would explain many
of the observations, especially if the blob or
plume ‘head’ is now slowly dying (Silveira et al.
20006) after creating the Flores and Faial ridges ca.
12-8 Ma. However, the great spatial extent of the
MAR axial topographic high and the associated
geoid high (e.g., Grevemeyer 1999) suggest that
this Azores blob or secondary plume rose from
the top of a much larger mantle anomaly (e.g.,
Davaille et al. 2005).
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Abstract

Since the last few decades, Space-Geodetic
techniques have provided new observations
and understanding of many geodynamics
processes. They offer an accuracy in position
and spatial coverage that was not available
using classical methodologies. Even in
regions like the Azores Triple Junction, where
the tectonic plates of North America, Eurasia
and Nubia meet and that is mostly covered by
the ocean, the use of Global Navigation
Satellite Systems (GNSS) and Interferometry
Synthetic Aperture Radar (InSAR) has
undoubtfully contributed to a better under-
standing of the tectonic and volcanic pro-
cesses. This chapter focuses on the major
contributions obtained with Space-Geodesy in
the Azores through a review of results pub-
lished by different authors that have been
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actively working in this region since the late
eighties. In fact, the first efforts to accurately
measure relative crustal deformations between
the different islands of the Azores Archipelago
date back to 1988, when a network of nine
markers (one per island) was observed using
the Global Positioning System (GPS). Since
then, several networks of GNSS points have
been installed and regularly reoccupied in the
islands by different research groups, in
particular in the Central Group (Graciosa,
Terceira, Sdo Jorge, Pico, and Faial) and Sao
Miguel, where the geodynamic processes of
this triple junction manifest themselves
through recurrent episodes of seismic and
volcanic activity. Additionally, and starting in
1999 (Ponta Delgada), continuously operating
GNSS (cGNSS) stations have been installed in
almost all islands which permits today
permanent monitoring even if the existing
coverage is still not optimal. The initial results
provided by GNSS studies focused on the
understanding of the large-scale processes
taking place in Azores by modelling
inter-island displacements constrained by esti-
mated angular velocities of the three tectonic
plates. More recently, using the denser net-
works installed, several works have been
concentrated on intra-island deformations
due to tectonic but also volcanic activity.
We also discuss recent results published
using InSAR data. This technique has been
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successful applied worldwide for volcanic
studies and Azores is no exception. Several
works have been published providing relevant
information for the understanding of the
tectonic dynamics that are taking place at the
different islands of the Archipelago.

1 Introduction

GNSS is the most commonly used
space-geodetic technique to study geodynamic
processes since the early 1990s but it was not the
first one. Very Long Baseline Interferometry
(VLBI) was the first space-geodetic technique
that could estimate distances between stations
with sub-centimetre accuracy (e.g., Ryan and Ma
1998). Another space-geodetic technique that has
been available since the 1970s is Satellite Laser
Ranging (SLR), based on measuring the travel
time of a light pulse reflected by a satellite
(Degnan 1993).

SLR and VLBI were the first spatial-geodetic
techniques contributing to quantify the kinemat-
ics of the tectonic plates on a global scale.
Dedicated campaigns using mobile VLBI and
SLR systems were made during the 1980°s dec-
ade in some regions of the world with more
significant tectonic activity (e.g., Vermaat et al.
1998). In addition, these techniques are also
fundamental to materialize the International
Terrestrial Reference System (ITRS) since VLBI
is able to provide accurate scale and SLR has an
important role in the determination of the Earth’s
geocenter. However, both techniques lack
portability, have high costs, and they require
complex operational procedures. Consequently,
the global distribution of both techniques, VLBI
(International VLBI Service for Geodesy and
Astrometry—http://ivscc.gsfc.nasa.gov) and SLR
(International Laser Ranging Service—http://ilrs.
gsfc.nasa.gov) suffer from a bias towards the
northern hemisphere (e.g., Bastos et al. 2010).

VLBI and SLR observations were carried out
in Azores in the early 1990’s. However, the short
data-span of the observations did not permit to
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obtain robust velocities for these stations and
they never have been published. The situation
might change in the near future with the instal-
lation of two VLBI 2010 stations in Santa Maria
and Flores in the framework of RAEGE project
(RAEGE 2013).

The dissemination of space-geodetic tech-
niques for geodynamic studies occurred in the
early eighties with the advent of the GNSS, in
particular GPS. The scientific community
promptly started to develop and use GPS obser-
vations in geodynamic applications since it was
able to provide similar, or even better accuracies,
as the previously mentioned techniques with a
fraction of the (financial and logistics) costs.

Actually, although other GNSS systems are
being implemented (e.g., GLONASS), GPS is still
the most commonly used space-geodetic tech-
nique for geodynamic studies. The interested
reader has available immense literature of the
principles of the GPS technique (e.g.,
Hoffman-Wellenhof et al. 1997). Specific reviews
on the application of GPS for geodynamics, in
particular requirements, technical issues, and
developments, can also be consulted in Bastos
et al. (2010) and references listed therein.

The other technique discussed in this chapter is
the SAR interferometry. It is currently the only
geodetic system capable of mapping the defor-
mation (associated with earthquakes, volcanoes,
mass movements, or the movement of large ice
masses or glaciers.) of vast areas of the Earth’s
surface with spatial continuity and high accuracy.

The first significant result of the application of
differential SAR interferometry was the surface
deformation map associated with the 1992 Lan-
ders Earthquake presented by Massonnet et al.
(1993). It was shown for the first time that the
displacement of the surface with centimetre
accuracy could be quantified over a wide area
using pairs of SAR images and a reference terrain
model. Since then, this technique has been
applied in many regions to map the deformation
caused by major earthquakes: Landers in 1992
(Zebker et al. 1994; Price and Sandwell 1998);
Izmit in 1999 (Delouis et al. 2000; Sarti et al. 2000);
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Hector Mine in 1999 (Fialko et al. 2001; Zeng
2001) or more recently, Tohoku-Oki in 2011
(Kobayashi et al. 2011; Feng et al. 2012).

The monitoring of volcanic surface deforma-
tions using SAR interferometry also dates back
to the early stages of this technique with studies
focused on active volcanoes like Etna (Masson-
net et al. 1995) and Kilauea, Hawaii (Rosen et al.
1996). The use of SAR interferometry for vol-
canic observing has been also continuously
developed with the introduction of the new
approaches (e.g., Persistent Scatterers—Hooper
et al. 2004).

This chapter presents the current status of the
geodetic results in Azores concerning the deter-
mination of the present-day plate boundary both
at archipelago and island scales (Sect. 2). After-
wards, we discuss in detail the published results
focused on Sao Miguel where dedicated GNSS
networks to monitor volcanic deformation has
been installed (Sect. 3). Finally, we present the
efforts to use SAR interferometry in Azores to
detect surface displacements due to earthquake
and volcanic activities (Sect. 4).

59

2 Present-Day Geodynamics
of Azores Using GNSS Data

The use of precise space-geodetic techniques to
study the present-day displacement field associ-
ated with the Azores Triple Junction started in
1988 with the Trans-Atlantic Network for Geo-
dynamics and Oceanography (TANGO) project
(Bastos et al. 1998). The initial network con-
sisted of one station per island (cf. Fig. 1) that
were re-occupied with an approximate triennial
periodicity until 1997.

The TANGO network was densified with new
27 stations in 1999 and 30 stations in 2001,
distributed over the islands of the so-called
Central group (Terceira, Graciosa, Sdo Jorge,
Pico and Faial) in the framework of three pro-
jects: Extended-TANGO (Fernandes 2004),
STAMINA (Navarro et al. 2003, 2009) and
SARAZORES (Catita et al. 2005). This network
continued to be re-observed in the framework of
several follow-up projects, in particular KARMA
(Catalao et al. 2010) and KINEMA (Fernandes
et al. 2011).
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Fig. 2 Horizontal 40° A
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Figure 1 does not depict all episodic stations
installed in Azores in the last 15 years. Mendes
et al. (2013) refer a network of 59 episodic sta-
tions installed in the islands of Faial, Pico, and
Sao Jorge in the framework of the DISPLAZOR
project in 2001 that were re-observed three times
until 2011.

Furthermore, the geodetic group of Instituto
de Investigacao em Vulcanologia e Avaliacdo de
Riscos IVAR), called CVARG before 2017, also
installed other GNSS episodic networks during
the last decade. Whenever possible, new markers
were installed on rocky stable substratum, such
as lava flows. However, due to the difficulty to
find proper locations, some of the IVAR net-
works made also use of local geodetic public
markers (Trota 2009).

Most of these stations (some were lost over
the years) have now a data-span of more than a
decade with up to 8 occupations. Fernandes et al.
(2004, 2006) analyzed the 9 initial stations
(forming the original TANGO network, cf.
Fig. 1), corresponding to the period 1993-2000
and 1993-2001, respectively. They conclude that
the islands in the Eastern and Central groups
present velocities between pure Eurasian (Gra-
ciosa) and pure Nubian (Santa Maria) behaviour.
The major result of these works was to favor a
model (cf. Fig. 2) where two major spreading

-28° -27° -26°

-24° -23'
axes, an eastern one running from western edge
of Gloria fault to northwestern of Terceira,
indicated by numbers 1-4, and a western one
from Faial to the Mid-Atlantic Ridge, number 7
in Fig. 2, were defining the active Nubia-Eurasia
plate boundary. Such model was based on an
elastic half-space approach with a locking depth
of 8 km (Fernandes et al. 2006).

Concerning the present-day intra-island
deformations, despite the number of existing
stations, robust conclusions are still difficult to
draw due to the uncertainties of the used data sets
and the small amount of differential displace-
ments expected at each island. This is evident on
the velocity solutions (estimated and predicted)
shown in Fig. 3. It presents the horizontal
motions (w.r.t. ITRF2008) for the episodic sta-
tions with more than 6 years of observations (cf.
all markers shown in Fig. 1) for a transect from
Faial/Pico through Sao Jorge until Terceira. The
solutions presented in Fig. 3, computed using
GIPSY-OASIS software package, differ from the
solutions presented in Fernandes et al. (2006) by
using upgraded models and procedures (e.g.,
Fernandes et al. 2013) and by including addi-
tional observations for some few points carried
out in 2010.

Several plate angular velocity models are used
here in order to present the variation of predicted
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Fig. 3 Observed (black—campaign; green—permanent)
and predicted (red) motions for Faial, Pico, Sdo Jorge and
Terceira with 95% uncertainty error bars. The predicted

velocities for Nubia and Eurasia based on dif-
ferent models: NUVEL-1A (DeMets et al. 1994),
REVEL (Sella et al. 2002), DEOS2k (Fernandes
et al. 2003), DEOSO5 (re-computation with
respect to ITRF2005 of the data used in Fer-
nandes et al. 2006), ITRF2008 (Altamimi et al.
2011), and SEGALOS8 (Fernandes et al. 2013). In
this respect, it is possible to conclude that the
uncertainty of these models is nowadays of few
mm/yr for both plates in the Azores region since
the estimates given by the most recent angular
velocity plate models tends to be similar.

The analysis of Figs.2 and 3 permits to
conclude that Graciosa appears to be situated on
the Eurasia plate while Santa Maria is on the
Nubia plate. All other stations in the Central and
East groups appear to be in the deformation
region with Faial/Pico closer to Nubia and Ter-
ceira closer to Eurasia (cf. Fig. 3).

As observed, the uncertainties of the esti-
mated velocities are still too large to compute
robust deformation models at intra-island level.
Nevertheless, several intra-island studies have
been published in recent years. The research

Easting {(mm/yr)

motions by different models for Nubia (left) and Eurasia
(right) are relative to a point in the middle of each island

focused in Sao Miguel, mainly evaluating local
volcanic processes, are discussed in the next
section. In the Central Group, the majority of the
studies focused on kinematic models and derived
strain partition. Miranda et al. (2012) analysed 17
stations in Terceira to corroborate the initial
results presented by Navarro et al. (2003) that
point for lateral compression due to the Terceira
Rift. However, the authors were cautious since
the rate of strain field obtained after the removal
of the rigid-body motion was of the same mag-
nitude as the 95% confidence ellipses concerning
the horizontal components. More interestingly,
the estimated average rates were close to
10 mm/yr of subsidence for most of the island,
which was attributed to the volcanic processes
that shaped the Serreta Ridge, NW of Terceira. In
this respect, the results presented by Cataldo et al.
(2010) based on the network installed in Faial
and Pico indicate that that some stations were
subsiding by 9 mm/yr in those islands. Trota
(2009) and Trota et al. (2010) obtained subsi-
dence rates in the order of 10 mm/yr for the
period 2000-2007 in Terceira Island and for
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western part of Sdo Miguel Island, which were
independently confirmed in Sdo Miguel by
tide-gauge data.

Finally, Mendes et al. (2013) presented results
for Sdo Jorge Island based on the analysis of the
2001, 2004, and 2010 GNSS campaigns, which
recorded data on 17 stations. Surface velocities
estimated at 15 inland locations were interpreted
as deformation related to local sub-surficial
magmatic/volcanic processes occurring near the
island. The authors point out that the intra-island
deformation may also be related to the stress field
and seafloor spreading occurring in an area sit-
uated on the western sector of the Azores
Plateau.

cGNSS stations have several advantages when
compared with episodic networks: they are much
less prone to suffer errors related to installation
procedures (normally, only faulty equipment is
replaced) and they can sense other signals, in
particular seasonal signals, that are not detected
or modelled in episodic time-series. In fact, the
only limitation of cGNSS when compared with
episodic stations is the costs associated with
installation and maintenance. Such constraint
prevented the fast development of ¢cGNSS net-
work in Azores. Nevertheless, the situation has
been continuously improving since the installa-
tion of the first cGNSS in Ponta Delgada in 1999.
At the time of writing this chapter, only Santa
Maria and Corvo still do not have any cGNSS
station providing public data to the community (a
new station in Santa Maria is planned). The
public network of cGNSS stations in Azores is
managed by the Regional Government
(REPRAA 2013). Although the major goal of
this network is to serve technical geo-referencing
activities, the highest requirements applied to the
monuments permit their use also for geodynamic
studies in the region. Currently two stations
(PDEL and FLRS, on Sdao Miguel and Flores
islands, respectively) are part of the global IGS
(International GNSS Service) permanent network
(RAEGE 2013). Additionally, and with the
specific purpose of geo-hazards monitoring, in
particular volcano monitoring, several stations
were installed by CVARG. This network
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presently has 10 ¢cGNSS stations distributed at
Sdo Miguel (5), Terceira (2), and Pico (3),
respectively.

Most of the cGNSS stations in Azores are
relatively recent (2010 onwards). Consequently,
their time-series are still too short to derive
robust velocity estimates. Until the present, few
results have been published based on these sta-
tions with the exception of Ponta Delgada station
and of two stations installed in previous TANGO
markers (FAIM and TOMA) that were opera-
tional during the last decade.

Figure 4 shows recent results published by
Miranda et al. (2015) using only cGNSS stations.
Residual velocities are plotted with respect to
stable Nubia (according to SEGALOS, Fernandes
et al. 2013). For comparison, Fig. 4 also shows
the predicted relative motions for points in the
stable Eurasia using SEGALOS (published in
Miranda et al. 2015), GEODVEL (Argus et al.
2010) and MORVEL (DeMets et al. 2010)
models. The authors conclude, based on mag-
netic and this geodetic data, that most of the
extension takes place today within the Terceira
Rift (cf. Fig. 1) and that Sdo Miguel Island
shows significant intra-island extension.

3 Volcanic Studies in Azores Using
Geodetic Data

During the last decades, several geodetic and
surveying techniques were used to study, moni-
tor and supervise volcanoes around the world.
Volcanologists use several observation tech-
niques from inexpensive simple tape measure-
ments on fracture openings to high precision
extensometer continuous measurements. How-
ever, due to several factors (e.g. harsh landscape,
soil use, access, political reasons, price, logistics,
precision of technique and deformation rate of
the area under study) only some of them can be
applied successfully. In Azores, studies aiming at
ground deformation due to volcanic activity
commonly use the GNSS technique.

The first application of the GNSS technique
devoted to volcanic deformation studies was
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Fig. 4 Velocities relative to 41"
stable Nubia. cGNSS stations
(red vectors) and predicted
velocities for stable Eurasia
points as given by MORVEL
(violet), GEODVEL (yellow),
and SEGALOS (green)
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used at Furnas volcano (in the scope of the
European Laboratory Volcanoes, International
Decade for Natural Disaster Reduction) on Sao
Miguel. During this experiment, other geodetic
techniques were also applied as precise optical
levelling (lake, dry tilt, and profile levelling;
Sigmundsson et al. 1995; Jonsson et al. 1999).
Based on a network of 16 sites, distributed
mainly at Furnas volcano and some at Fogo
volcano, and three additional surveys carried out
in 1993, 1994, and 1997, Jonsson et al. (1999)
were able to measure slowly progressing ground
deformation of Furnas volcano. Despite the small
time interval for the data set and the low defor-
mation rate the authors hypothesized that a
source of inflation was located northwest of
Furnas caldera or, alternatively, that a combina-
tion of two processes is responsible for the
observed deformation pattern; i.e. plate diver-
gence between the Eurasian and African plates
together with a deflation of the Furnas caldera.
Most of the markers used in this study were later
on used in other GNSS surveys (e.g., Trota et al.
2006).

From 1999 on, the network installed in the
framework of the Furnas Project were augmented
to cover all Sdo Miguel Island, and densified in
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some zones, e.g., in the Fogo Congro area in
central Sdo Miguel Island (Trota 2003). Most
markers were installed as episodic stations
although some are capable (in terms of ancillary
systems and security) to be converted into
cGNSS stations.

Based on a GNSS data set obtained from 1999
to 2007 an important and complex deformation
period was determined in the Fogo Congro area
(Trota 2009). The observed deformation (cf.
Fig. 5) is now being interpreted as consequence
of a basaltic magma intrusion episode, updating
the results presented by Trota (2009), who con-
sidered them a possible consequence of trachytic
magma injection or siliccous magma body
intrusion. This new conclusion is based on an
updated inversion of the GNSS data for
spherical-like and prolate spheroid pressure
sources along with reinterpretation of geological,
seismic and geochemical results (Trota et al.
2015). The volcanic unrest that took place
between 2000 and 2007 in the northeast flank of
Fogo stratovolcano was characterized by three
different main deformation phases of inflation
and deflation process. The maximum surface
ground deformation, which was recorded in
September 2005, was concomitant with the
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Fig. 5 Representation of the horizontal velocity field
(red arrows) for the period 1999-2007 for the Fogo/Sao
Bras/Congro area, S3o Miguel Island, interpreted as
probable basaltic magma intrusion (Trota et al. 2015).
The map also shows all the seismic events for the

maximum seismic energy released. The new
inversion of GNSS data is showing a
north-eastward moving source from Fogo lake to
Sao Brés lagune. The pressure source migrated
from an initial depth around 3.9 to 2.3 km and
then inward moving to 6.1 km, provides indica-
tion of a moving pressure source along a prob-
able fault zone trending SW-NE. This trend
coincides with local old volcanic vent alignments
(craters and cones). The pressure source model
volume change was estimated as 0.018 km>. This
volume, estimated for the Phase III of the event
(Trota 2009) is one order of magnitude lower
than the products emitted by the AD 1563
eruption in Fogo volcano, explaining why the
basaltic mass flow intrusion did not turn into an
eruption (Trota et al. 2015).

The data obtained in campaign style markers
networks installed in one of the most active
volcanic systems in Azores along with the
cGNSS stations are allowing for a comprehen-
sive investigation of the active volcanoes in
Azores and are contributing to a better under-
standing of the interplay between tectonics and
volcanic activity. The large region to monitor,

analyzed period, along with plot of location of the
modelled deformation centre. The map shows a strong
concentration of events plots enclosing the deformation
centre (extracted from Trota 2009)

the type of intrusions and eruption styles, and the
observed low deformation rates creates addi-
tional challenges to the geodetic observations in
Azores but will contribute to a better under-
standing of volcanic processes in this region and
finally worldwide.

4 InSAR in Azores

Differential SAR interferometry (DInSAR) was
used in 1998 Faial (Azores) earthquake to vali-
date the GPS estimated co-seismic fault rupture
model parameters (Fernandes et al. 2002; Catita
et al. 2005) and used to discriminate between the
sinistral NNW-SSE and the dextral ENE-WSW
fault rupture, along with other complementary
data (Marques et al. 2013). The displacement
associated with a seismic event provides the
limits of the co-seismic fault rupture model and
can reveal the relations in the adjacent fault
system imposing constraints on its model
parameters. Examples are the 1992 Landers and
1999 Hector Mine earthquakes in the south of
California and 1999 Izmit, Turkey in which
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DInSAR has revealed the interaction between the
fault rupture and adjacent fault systems.

In the case of the 1998 Faial (Azores) earth-
quake (Senos et al. 1998), the epicentre was
offshore, preventing the imaging of the fault
rupture with INSAR or GPS measurements.
However, the seismic waves were strongly felt in
the northeast Faial causing 8 casualties. Catita
et al. (2005) applied the differential InSAR
technique to ERS data, acquired between 1992
and 2000, to analyse surface deformation pro-
duced by the 9 July 1998 earthquake. Twelve
co-seismic interferograms were produced from a
small set of 17 ERS images in descending mode,
evenly distributed in time (only four SAR images
after the earthquake). Even under such limited
conditions (temporal and geometric decorrela-
tion) the authors managed to achieve fringe pat-
terns with approximately 3 cm of range change
between 1992 and 1998. Although correlation
decreases in most areas, the fringe pattern is
legible on the NW part of Pico Island.

The fringe pattern detected on the NW of Pico
is closely related to the synthetic model com-
puted from the fault parameters of Fernandes
et al. (2002), and the authors concluded that the
observed interferometric fringes generally agree
with the synthetic models and, therefore, are
coherent with the available seismological and
GPS data. However, it was not possible to decide
which fault was responsible for the earthquake
mainly due to unfavourable geometric relation
between the line of sight and the displacement
directions (perpendicular). Besides, Faial is
covered with dense vegetation and forest which
cause decorrelation with ERS SAR wavelength
(5.2 cm).

The study by Catita et al. (2005) was the first
attempt to apply differential InSAR to the eval-
uation of ground displacement in the Azores
archipelago. Results obtained are limited if
compared with similar studies developed for
most of the well-known volcanic systems. For
active volcanoes, InNSAR has revealed unex-
pected phenomena such as the magma movement
in Isabela and Fernandina Islands in Galapagos
(Amelung et al. 2000; Hooper et al. 2007) or
the deflation movements in the Etna, Italy
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(Massonnet et al. 1995). Early detection based on
the InSAR technique of the deformation caused
by volcanoes can provide a warning indicator of
imminent eruptions reducing the loss of lives and
mitigating impacts on properties/assets.

The applications of differential interferometry
are limited due to geometrical and temporal
decorrelation. The first is due to the different
acquisition geometries in repeated track inter-
ferometry and the second due to variation in the
backscattering in the time interval between
acquisitions. In the case of Azores, where most
of the islands are highly vegetated and with very
variable weather conditions, InSAR is limited by
several sources of decorrelation (water vapour
variability or changes of backscatter characteris-
tics with time, etc.). To overcome these limita-
tions, Ferretti et al. (2001) propose a new
technique, the Permanent Scatterers technique,
PS, (registered trademark). The technique allows
the analysis of time series of interferograms of a
set of points (pixels) with phase stability in time.
The technique was applied in the Azores by
Catalao et al. (2010) and Cong et al. (2010) to
measure the internal deformation of Faial and
Pico Islands and Sao Miguel Islands, respec-
tively. In the case of Sao Miguel, the authors
have complemented the set of PS with two corner
reflectors (CR) installed on Lagoa do Fogo, the
summit lake of Fogo volcano. The CRs ensure
stability of the signal over a long period of time.
A set of SAR stripmap images from TerraSAR-X
satellite was used in this study. The authors
pointed out the difficulties in the use of CR in
Azores, mostly due to extreme weather condi-
tions causing damage or orientation change on
the CR.

The episodic stations installed in the frame-
work of several projects in Faial and Pico (cf.
Fig. 1), in particular the markers installed by the
SARAZORES project (Catita et al. 2005), were
used to study the vertical deformation on these
islands. Most of the geodetic marks were sur-
veyed 4 times since 2001 until 2013 (Marques
et al. 2014). The results point to a time consistent
and spatial coherent deformation rate between
most of the points. Nonetheless, the GPS net-
work is only the expression of a spatial sampling
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of the surface deformation and better spatial
coverage is required. For that, a set of ASAR
(Advanced SAR, on board of the ENVISAT
satellite) images (ascending and descending
passes), acquired between 2006 and 2009,
were interferometrically processed and the
line-of-sight deformation was derived using the
Persistent Scatterers approach (Hooper et al.
2004). Because of different geometry acquisi-
tions, ascending and descending passes produce
different sets of Persistent Scatterers, with com-
plementary spatial coverage, and different
line-of-sight velocities. Besides, the estimated
velocities are relative to the master image (dif-
ferent from ascending and descending) and must
be referred to an absolute velocity (in the sense
of referred to a geodetic reference frame). The
strategy proposed by the authors to overcome
aforementioned problems was based on the
combination of sparse GPS 3D-velocities with
two sets of Persistent Scatterers determined from
ascending and descending passes.

The result of the integration of both ascending
and descending persistent scatterers with GPS
velocity data, is shown in Fig. 6 (Cataldo et al.
2011). A large subsiding area on the west of Pico
in the Madalena area can be identified, corre-
sponding mostly to creep movement and the
subsidence of the summit crater of Pico Island.
On the west of Faial, on the flank of Capelinhos
eruption, a large continuous area of subsidence is
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observed. The integrated geodetic approach, by
merging GPS and PS-InSAR velocities, allowed
the authors to draw several conclusions: (a) Faial,
as a whole, behaves like a rigid body whose
absolute motion is similar to Nubia motion
(Marques et al. 2013); (b) intra-island deforma-
tion, given by the estimated strain rates, reveals
north-south areal contraction at the western part
of the island (Catita 2005); (c) the north-western
flank of western Faial is subsiding, with a max-
imum subsidence rate of 89 mm/yr (Cataldo et al.
2010); (d) The subsidence of the north west Faial
or related with Capelinhos eruption, due to
magma cooling and migration at depth and may
be precursor of large-scale mass wasting events
(Catalao et al. 2006).

Large scale mass wasting has been reported by
Hildenbrand et al. (2012) for Pico Island. Due to its
steep topography, Pico is particularly sensitive to
flank instability. The southern flank of the ridge
close to Lajes village shows several curved struc-
tures concave toward the ocean, previously inter-
preted as reflecting early caldera development,
faulting or ancient lateral collapse(s). Hildenbrand
et al. (2012) show from high-resolution digital
elevation model (DEM), fieldwork, GPS and
InSAR data that part of the flank in the analysed
period (2001-2006) displacing toward the ocean,
accommodated by the motion of large blocks that
may eventually detach and have catastrophic
consequences.
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Fig. 6 Vertical velocity map resulting from the integration of ascending and descending PS and GPS data. The

velocity is shown in mm/yr (Cataldo et al. 2010)
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SAR interferometry has shown great potential
in measuring surface deformation with ability to
map natural (tectonic, volcanic) and anthro-
pogenic processes with particular focus on
uplift/subsidence, due to its acquisition geome-
try. As already mentioned, this technique is
strongly limited in the Azores by the density of
vegetation with severe effects on the coherence
of interferograms and the consequent reduction
of the precision of the measurement phase.
Nevertheless, the evolution of SAR sensors with
higher spatial resolution, continuous SAR imag-
ing of the earth surface by the new ESA
Sentinel-1, JAXA ALOS2 and NASA DESDynl
missions, as well as the ongoing evolution of
algorithms for image processing are foreseen to
improve the reliability and accuracy of the
InSAR results even in such in such highly veg-
etated place as the Azores.
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Abstract

The Azores hotspot marks the triple junction
between the North American, Eurasian, and
African plates, and is responsible for the
~20 Ma Azores plateau, and ongoing,
off-axis volcanism today. The dynamics of
the interaction between the Azores hotspot
and the slow-spreading North Atlantic ridge
has led to short wavelength V-shaped bathy-
metric and geochemical anomalies along the
mid-ocean ridge, suggesting variations in the
flow of mantle plume material towards the
southwest. The depth extent of the Azores
plume is unclear, or indeed whether it consti-
tutes a traditional plume at all. Surface-wave
models have suggested that the “plume” is
confined to the upper 250-300 km of the
mantle, suggesting either a shallow origin to
the Azores hotspot, or that the plume is
waning. In contrast, recent finite-frequency
body-wave tomography has suggested that the

1

Azores conduit may extend to the core-mantle
boundary, and that the Azores, Canary, and
Cape Verde hotspots may have a common
origin under West Africa. Here we assess
geophysical constraints on crustal and mantle
structure beneath the Azores hotspot. Geo-
chemical constraints and body-wave tomog-
raphy results argue for a deep origin of the
Azores hotspot. Radial anisotropy suggests
significant vertical flow in the vicinity of the
hotspot, and this is consistent with the geoid
and gravity field. Calculations of plume
conduit dynamics in simulations of the global
mantle flow field suggest that the present
conduit tilts towards West Africa, as observed
in the body-wave tomography, and support a
common origin for the Azores, Canary, and
Cape Verde plumes.

Introduction

The Azores archipelago marks the triple junction
of African, European/Iberian and North Ameri-
can plates (Gente et al. 2003). The archipelago
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itself consists of three island groupings (Fig. 1):
(1) The Western Islands, consisting of Flores and
Corvo, located west of the Mid-Atlantic ridge;
(2) the Central Islands east of the ridge, which
include Faial, Pico, Graciosa, Terceira, and Sao
Jorge; and (3) the Eastern group, consisting of
Sao Miguel and Santa Maria.

© Springer-Verlag GmbH Germany, part of Springer Nature 2018 71
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Fig. 1 Major bathymetric
features of Azores
archipelago and tectonic
surrounds

The shallow bathymetry in the Azores region
is largely a result of thickened crust. Seismo-
logical studies have estimated crustal thicknesses
varying between 8 and 20 km across the archi-
pelago. The thick volcanic units making up the
Azores plateau have been suggested to be due to
the interaction of an upwelling plume beneath the
Azores, with the Mid-Atlantic spreading ridge
(e.g., Gente et al. 2003). However, a plume ori-
gin for the Azores plateau and archipelago is not
uncontested. Luis and Neves (2006) were
unconvinced by the lack of a definitive
bathymetry/geoid anomaly in the region, and
suggested the volcanism was due to a lossy plate
boundary/triple junction effect. King (2005)
suggests that the origin of volcanism in the
Azores and Iceland may be the result of
upper-mantle edge-driven convection cells that
initiated with breakup of Eurasia and North
America. Bonatti (1990) and Asimow and
Langmuir (2003) both suggest that melting in the

6000 5000 4000 3000

2000
Depth (m)

Azores is primarily a function of enhanced
volatile content, with little excess temperature
contributing to melting.

In contrast, a number of lines of evidence
support an active (thermal) upwelling in the
Azores. The alkaline volcanics of the Azores pla-
teau suggest a very isotopically heterogeneous
source, with high volatile contents (Schilling et al.
1983; Bonatti, 1990, see Larrea et al., Chapter
“Petrology of the Azores Islands”, Beier et al.,
Chapter “Melting and Mantle Sources in the
Azores”, Moreira et al., Chapter “Noble Gas
Constraints on the Origin of the Azores Hotspot™).
The geochemistry of mid-ocean ridge basalts in
the vicinity of the Azores document a
long-wavelength, extended, asymmetric anomaly,
similar in extent to the bathymetry anomaly, and
consistent with the inferred influence of an Azores
plume (Dosso et al. 1999).

Bourdon et al. (1996) suggest an excess tem-
perature of 100 °C beneath the Azores, based on
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U-series disequilibria. An excess temperature of
75 °Cisestimated by Cochran and Talwani (1978)
using gravity data, and Schilling (1991) used ridge
bathymetry to estimate the temperature excess at
198 °C. While there are large differences in these
estimates owing to non-uniqueness (e.g., gravity),
sensitivity, depth-averaging, and source effects,
together these temperature estimates are consistent
with a moderate thermal anomaly beneath the
Azores archipelago.

Beier et al. (2012) constrain melting condi-
tions within the Azores by demonstrating similar
degrees of partial melting within the central
island group, despite variable Sr—Nd-Pb isotope
ratios and incompatible trace element ratios (Yu
et al. 1997), the latter suggesting a heterogeneous
source. They infer variations in SiO,, FeO and
TiO, then are primarily related to temperature
and pressure of melting, constrained to be
between ~ 1400 and <1480 °C for the majority
of lavas, and between ~2.5 and 3.7 GPa. The
shallowest melting is documented at Faial and
Graciosa (and partly beneath Pico), and the
deepest beneath Sao Jorge, which also shows the
highest temperatures at 1490 °C. This is broadly
consistent with increasing melting pressures
away from the Mid-Atlantic ridge (Beier et al.
2012). Beier et al. (2012) also note that their low
melting temperatures, and high pressures, are
below that of a dry peridotite solidus, requiring at
least 200 ppm of water in melting source region
(see also Beier et al., Chapter “Melting and
Mantle Sources in the Azores”).

Bourdon et al. (2005) suggested the plume
was centred on the island of Terceira, on the
basis of U-Th-Pa disequilibria, which suggest
the fastest upwelling velocities beneath the island
(34 cm/yr, compared to ~1 cm/yr on the
periphery). They suggest that, Sdo Miguel aside,
the *°Th/***U and **'Pa/**U variations indicate
that the plume centre is characterised by deeper
initial melting, and faster melting rates, than the
periphery. They also note that the lack of corre-
lation between >**Th/>**U is probably due to the
effect of water in the source.

Moreira et al. (1999) measured the *He/°He
ratio from a number of samples from the Azores
archipelago (see Moreira et al., Chapter “Noble
Gas Constraints on the Origin of the Azores
Hotspot™). The results are highly variable, rang-
ing from very primitive, to highly radiogenic
helium  (*He/*He > 140,000)—suggesting  a
heterogeneous mantle source with perhaps a
contribution from relic continental lithosphere
from the opening of the Atlantic. In contrast, the
“He/’He for Terceira and Pico islands—while
variable—contains very primitive contributions
(*He/’He of 64,000 for Terceira, and 70,000 for
Pico)—strongly suggesting a primitive, lower
mantle source (Madureira et al. 2005).

Schaefer et al. (2002) measured '¥’0s/'®0s
across the archipelago, and suggested the low
ratios observed across the centre of the plume
may represent sampling of a deep, recycled
(perhaps Archaean) depleted harzburgitic litho-
sphere. This again suggests a significant lower
mantle contribution to the Azores upwelling.

To summarize, there is evidence for active
upwelling beneath the Azores archipelago, cen-
tred at Terceira (e.g., from U-Th—Pa disequilib-
ria, Bourdon et al. 2005). The involvement of a
deep lower mantle source is suggested by the
primitive “He/*He ratios for Terceira and Pico
(Moreira et al. 1999), and osmium data (Schaefer
et al. 2002). However, there is strong evidence
for the involvement of water in the melt source
(e.g., Beier et al. 2012), consistent with high
volatile content of Azores volcanics (e.g., Bonatti
1990). The ultimate question is whether the
Azores represents the impingement at a plate
triple junction of a typical (though hydrous)
thermal plume rising from the core-mantle
boundary, or whether the volcanic activity can
plausibly be ascribed to another mechanism
(Foulger 2007). Recent advances in deep geo-
physical imaging of the Azores region can shed
light on the mantle state and structure of the
hotspot at depth, and discern between these
end-members. We summarize the relevant
observations in the following sections.
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2 Tectonic History

Construction of the broad Azores plateau began
around 20 Ma (Chron 6; Gente et al. 2003), at
the Mid Atlantic Ridge axis. Between 20 and
10 Ma, plateau construction extended along the
ridge axis, reaching its most northerly extent by
around ~ 10 Ma (Chron 5, Gente et al. 2003).
Gente et al. (2003) suggest volcanism crossed the
Pico transform at approximately 15 Ma, and the
most southerly volcanism, on the Jussieu plateau
and Faial ridge, erupted 6-7 Ma (Cannat et al.
1999). The eruption of the Jussieu plateau was
associated with a redistribution of plate bound-
aries around the triple junction, with the previous
Eurasian(/Iberian)-African boundary, the Gloria
Fracture zone, being supplanted by the Azores
Spreading Centre or Terceira Ridge (Fig. 1),
which was orientated ~N123°E at that time.
Rifting of the Azores plateau began at about
89 Ma at the northern end, and about 4 Ma
(Chron 3) to the south (Gente et al. 2003), with
the ridge moving away from the hotspot volcanic
source (Gripp and Gordon 2002) (see also Vogt
and Jung, Chapter “The “Azores Geosyndrome”
and Plate Tectonics: Research History, Synthesis,
and Unsolved Puzzles”). The rifting propagated,
in discrete intervals, from the north at about
~ 150 km/Myr. Currently the Mid Atlantic rift
separating the plateau is 175 km in width to the
north, and ~74 km wide in the south (Gente
et al. 2003). Since about 4 Ma, the Mid Atlantic
ridge in the proximity to the Azores has operated
as a normal slow-spreading ridge segment (i.e.
distal from the Azores hotspot). The spreading
rate has been approximately constant for the last
40 Myr (Cande et al. 1985), and increases from
20 mm/yr in the south (35°N) to 22 mm/yr in the
north (40°N; De Mets et al. 1990). The
present-day  Eurasian/Iberian—African  plate
margin is complex, incorporating not only the
Azores region, which acts as a transtensional
domain, but also the Gloria transform fault, and
the Horseshoe seamounts off the Iberian margin,
the latter of which are compressional (Gente
et al. 2003; Madeira and Ribeiro 1990). Global
plate kinematics suggest the Azores region is
accommodating right lateral transtensional
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motion, the extensional component being around
3-4 km/Myr (Minster and Jordan 1978; De Mets
et al. 1990), and evidence for this is borne out by
detailed bathymetry of the region (Lourenco
et al. 1998; Miranda et al. 1998).

3 Potential Field and Bathymetry

A large bathymetric anomaly exists over the
Azores region (Figs. 1 and 2) (Thibaud et al.
1997). In addition to the mid-ocean ridge bathy-
metric rise, there exists a distributed swell to the
west, in the vicinity of Corvo and Flores, and also
to the east along the Azores Archipelago, along the
Azores plateau (Terceira Ridge). The bathymetric
anomaly extends further south than north, along
the Faial ridge on the eastern side of the
Mid-Atlantic ridge, and along the Chron 5 ridge to
the west. Gente et al. (2003) removed the seafloor
subsidence trend to create a residual bathymetry
map of the area. The plateau is split into two
components, on either side of the mid-Atlantic
ridge, reflecting its volcanic history, and the
residual depth is generally less than ~ 1000 m.
Gente et al. (2003) suggest the topographic rise of
the plateau is largely the result of thickened vol-
canic crust in the region. Sleep (1990) used the
volcanic ridge geometry and plate speed relative to
the hotspot to calculate the mass flux of the Azores
at 1100 kg/s—a factor of 8 lower than Hawaii, and
about 78% the flux of Iceland.

While gravity data are unable to resolve the
actual Azores plume, they are sensitive to crustal
structure and mantle density anomalies. Cochran
and Talwani (1978) used gravity data to argue for
a diffuse, low-density anomaly within the mantle
in the vicinity of the Azores plume. The gravity
anomaly they identified may be related to an
anomalously warm mantle beneath the Azores
archipelago—approximately 75 °C above ambi-
ent mantle temperatures, for their estimated
source depth and extent—though this estimate is
non-unique. Gente et al. (2003) used an FFT
approach to calculate the mantle Bouguer gravity
anomaly, and show a large (—300 mGal) nega-
tive Bouguer anomaly over the Azores region
(see Fig. 2). The region is asymmetric, extends
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Fig. 2 Bathymetry and Bouguer gravity of the Azores
region, from Gente et al. (2003). a Bathymetry of the
Azores region, with white isochrons plotted. b Residual
bathymetry after the effect of age-related seafloor

further south than it does north, and also extends
along the Terceira Ridge. They also created a
residual Bouguer anomaly map, which removed
the gravitational effect of plate thickening, and

-4000 -3000 -2000 -1000 O 1000 2000 3000 m

d) a0° 35° 30° 25°

mGal

subsidence is removed. ¢ Bouguer gravity over the
Azores archipelago. d Residual Bouguer anomaly after
the ridge and seafloor subsidence anomalies are removed

which correlates well with observed bathymetry.
Gente et al. (2003) argue that the residual Bou-
guer anomaly is up to 60% contribution from the
crustal thickness, and perhaps 40% from deeper
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Fig. 3 Total geoid (a) and filtered geoid (b) to remove spherical harmonic degrees less than 10—preserving mid to

shorter wavelength anomalies. From Luis and Neves (2006)

mantle anomalies. They created a crustal thick-
ness map on the assumption that the entire
residual anomaly is due to the crust — this
resulted in crustal thickness estimates up to 12—
15 km in places. Independent crustal thickness
estimates from seismology can help resolve the
relative contributions of crust versus lithospheric
mantle to the gravity anomaly. Searle (1976)
estimated the crustal thickness of the Azores
platform to be ~8 km from Rayleigh waves,
which would imply a sizable mantle contribution
to the observed Bouguer gravity. However, Dias
et al. (2007) used local earthquake tomography
to estimate the crustal velocity structure near
Faial and Pico islands, and estimated the crust
surrounding the islands to be of the order of
14 km thick—requiring little mantle contribution
to the Bouguer gravity signal.

Most hotspot swells demonstrate small, posi-
tive geoid anomalies of the order of ~2-10 m.
One complication with the Azores’ geoid signa-
ture is that the North Atlantic is dominated by the
North Atlantic geoid anomaly, a ~60 m positive

anomaly Detrick et al. (1995) centred around 47°
N, which extends from Iceland down to north of
the Azores (Fig. 3). This is vastly above the
expected geoid anomaly of a plume, which
should be of the order of 1-5 m (e.g., Sleep
1990), and most analyses remove the
long-wavelength signal to resolve the geoid swell
from the hotspot. Bowin et al. (1984) examined
the residual geoid over the Atlantic Ocean, and
concluded the residual geoid high centred on the
Azores region was due to an upwelling plume.
They filtered out long-wavelength contributions
(less than degree 10), and observed a positive
anomaly of ~6 m over the Azores region—
which is a contrast of over ~10 m from the
adjacent abyssal plains, also significantly greater
than ridge-axis geoid anomalies distal from hot-
spot influence (<~2-3 m). Bowin et al. (1984)
conclude that a combination of crustal thickness
variations and thermal influence of the plume
may explain the residual geoid. Goslin et al.
(1998), Goslin and Party (1999) using the model
of Lerch et al. (1994), showed a positive,
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Fig. 4 Regional S-wave velocity of Silveira et al. (2006), relative to PREM, with azimuthal anisotropy directions

plotted on top

along-ridge anomaly of the order of 6-8 m in the
Azores, which extends further south than north.
Silveira et al. (2006) argued that the positive,
asymmetric geoid anomaly associated with the
Azores is generally coincident with geochemical
variations observed along-ridge (Fig. 4).

Luis and Neves (2006, see Fig. 3) looked at
both the admittance functions of geoid (EGM96)
(Lemoine et al. 1998) to bathymetry, and gravity
(both free air and Bouguer) to bathymetry. They
filtered out the long-wavelength signal of the North
Atlantic geoid anomaly, and considered only short
wavelength (degree 10 and higher) contributions to
the local geoid of the Azores. They argue the low
geoid to bathymetry ratios (admittance
~1.6 m/km at long wavelengths) suggest Airy
compensation, rather than a form of dynamic uplift,
which would require admittance ratios >6 m/km
(Sandwell and Renkin 1988). Luis and Neves
(2006) conclude that the Azores plateau is largely
isostatically compensated, thickened crust—which
is consistent with its volcanic history. They also
suggest, based on gravity-bathymetry admittance,
that the Moho depth is ~ 12 km, and the elastic
lithospheric thickness is around 3—-6 km. However,
they also note about a third of the buoyant load is
due to bottom loading—which they ascribe to
buoyant material at the Moho, perhaps as a result of
underplating, though the origin of this bottom-load
is not fully understood.

This argument is rather at odds with the
conclusions of Monnereau and Cazenave (1990),
who group the Azores in a worldwide

compilation of hotspots they consider to have
dynamic support. They calculate a bathymetric
swell height of 1100-1200 m, and a geoid
anomaly of 3-4 m. Monnereau and Cazenave
(1990) consider the age of the ocean floor onto
which their compiled swells were formed, and
note that the Azores (along with Cape Verde and
Crozet) have larger bathymetric swells, and lar-
ger geoid anomalies, than the global trend. This
they attribute to relative immobility of the hot-
spot relative to the overlying plate, which has
enabled significant convective thinning in these
cases. The thick volcanic plateau also amplifies
the bathymetric anomaly of the hotspot swell.
Their geoid-to-depth ratio for the Azores, at
2.5 m/km, is not dissimilar to Luis and Neves’s
(2006) estimate—but Monnereau and Cazenave
(1990) demonstrate this lies directly on the glo-
bal trend for hotspot swells on different age
plates. So the Azores geoid anomaly is consis-
tent, if a bit larger, with that of other hotspot
geoid anomalies, and the geoid-to-swell ratio
(~2.5 m/km) is also consistent with the global
compilation.

While both mantle Bouguer gravity and
residual geoid have been used to argue for a deep
plume contribution to the Azores (Bowin et al.
1984; Cochran and Talwani 1978; Monnereau
and Cazenave 1990), it has been also shown that
the magnitude of the contribution can equally be
explained by the crustal structure of the Azores
plateau (e.g., Gente et al. 2003; Luis and Neves
2006). This does not mean that there is no mantle
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contribution, but rather that the contribution is
both non-unique, and at the limit of
signal-to-noise ratio for this area, and therefore
not definitive.

4 Seismological Imaging

The main challenge to seismological exploration
of the Azores is their ocean island setting. Seis-
mograms from islands are more afflicted by
(ocean-generated) than comparable
recordings on continents, reducing the quantity
and quality of usable data. Seismological
instrumentation of the seafloor is expensive,
requires research ships, and is currently not
sustainable for more than a year or two. Only a
few of the oceanic hotspots suspected to be
fuelled by deep mantle plumes have seen such
longer-term deployments of their surrounding
ocean-bottom with broadband seismometers,
including French Polynesia/Tahiti (Suetsugu
et al. 2005), Hawaii (Wolfe et al. 2009), Tristan
da Cunha (Geissler 2013), and La Réunion
(Barruol and Sigloch 2013)—though not the
Azores.

The instrumentation gaps dictated by the dis-
tribution of islands in an archipelago puts fun-
damental limits on the spatial resolution of
seismological imaging. In interpreting any
imaging study, assessing its resolution limits is as
important as evaluating the (most likely) model
itself. Hence, we include resolution considera-
tions in the discussion of individual studies but
emphasize that brief verbal summaries cannot
replace the (graphical) resolution tests of the
original studies. In the absence of resolution
tests, the robustness and relevance of a tomo-
graphic model cannot be evaluated. Hence we do
not review global-scale tomographies unless they
present resolution tests specifically for the
Azores region. The spatial resolution of any
imaging technique is a complex interplay
between the density and arrangement of seismic
sensors, the number and distribution of seismic
sources (earthquakes), the seismic wave type,
and the recording quality.

noise
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In general, body-wave tomography promises
the highest 3-D resolution at all depths, but can
realize this potential only when instrumentation
is  relatively dense (e.g., beneath a
well-instrumented island, or within an archipe-
lago). The size of the smallest resolved subsur-
face feature is correlated with the density of
seismometers. The depth extent of good resolu-
tion is commensurate with the lateral width of the
sensor array (e.g., the diameter an evenly covered
island). A dense seismometer array may also be
used for measurements of point-like character in
the tens or hundreds of kilometres directly
beneath it (e.g., receiver functions of the Moho
and transition zone discontinuities, or SKS
splitting). In the absence of dense receiver cov-
erage (e.g., across ocean basins), surface-wave
tomography may yield more relevant information
than body waves, in the form of laterally aver-
aged properties of the upper few hundred kilo-
metres of the mantle.

The islands of the Azores are instrumented
with six permanent broadband stations (the type
of instrumentation useful for the crust and mantle
studies discussed here). Most tomographic
models that we review could rely only on the two
oldest of these permanent broadband stations (on
Faial and Sao Miguel), in addition to using
dozens or hundreds of broadband stations on the
continents rimming the Atlantic. Ocean-bottom
seismometers have not been deployed in the
ocean regions immediately surrounding the
Azores. From October 2000 to September 2002,
a dedicated Portuguese/French/American/Swiss
experiment named COSEA (“Coordinated Seis-
mic Experiment in the Azores,” Silveira et al.
2002) deployed seismometers throughout the
Azores archipelago as a whole. COSEA
deployed five temporary broadband seismome-
ters in addition to the two then-existing perma-
nent stations, one on each of the major islands.
These data turned out to be challenging due to
very high ambient noise levels, i.e., microseismic
noise generated by frequent high winds and wave
action in this part of Atlantic Ocean (Webb 1998;
Schutt et al. 2002; Yang et al. 2006). The limited
data harvest of COSEA was used in the dedicated
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tomographic body-wave study by Yang et al.
(2006), and to investigate mantle discontinuities
(Schutt et al. 2002; Silveira et al. 2010).

Compared to oceanic regions globally, seis-
mic illumination of the mantle under the
Central/North Atlantic (which includes the
Azores) is generally decent, in terms of distance
and azimuthal coverage from reliable earthquake
sources. Hence large-scale tomographic mantle
models, which rely mostly on teleseismic recei-
vers on nearby continents, are fairly resolving for
this oceanic setting. Our discussion will proceed
spatially downward, from seismological con-
straints on the crust, to those on upper mantle
structure, the transition zone, and the lower
mantle.

4.1 Crustal Structure
Seismological estimates of crustal thickness in
the Azores vary between 8 and 20 km, as briefly
mentioned in the Introduction and in the context
of gravity measurements (Zandomeneghi et al.
2008). Searle (1976) found a crustal thickness of
~8 km from the analysis of surface-wave dis-
persion. Marillier and Mueller (1982) arrived at a
similar estimate from regional body waves. Luis
et al. (1998) used elastic plate model estimates to
calculate a mean crustal thickness between 9 and
12 km thick. Dias et al. (2007) found a thickness
of 14 km for the region of Faial/Pico from local
tomography, and Silveira et al. (2010) estimated
crustal thicknesses of 20 km from receiver
functions from six COSEA island stations.
Hence the estimates of crustal thickness have
been revised upward over time, but note that the
variable values are not unexpected on account of
the different spatial sampling inherent to the
different seismological techniques. The thicker
estimates (Dias et al. 2007; Silveira et al. 2010)
derive from sampling direct beneath islands,
whereas the shallower results effectively seem to
represent averages over islands and the oceanic
plateau crust between them (Senos and Nunes
1993).

4.2 Upper Mantle Structure

The average upper mantle structure beneath the
North/Central Atlantic basin was first studied
using surface-wave dispersion measurements
(Weidner 1974; Searle 1976: Canas and Mitchell
1981; Marillier and Mueller 1982). This early
work could distinguish the seismically slow
Mid-Atlantic spreading ridge from the remainder
of the basin. Searle (1976) showed that the crust of
the Azores Plateau is 60% thicker than that of the
surrounding ocean, and that upper-mantle seismic
velocities are anomalously low. Marillier and
Muller (1982) found a clear velocity asymmetry
between of the oceanic upper mantle across the
Azores-Gibraltar plate boundary: mantle profiles
to the north of the ridge are faster than to the south.

With increasing station coverage and com-
puting power, seismic tomography became pos-
sible. Honda and Tanimoto (1987) could localize
a low-velocity zone beneath the Azores triple
junction, using surface waves with a lateral res-
olution of 1000-2000 km. The S-wave model by
Grand (1994) showed a clear low-velocity
anomaly in the upper mantle beneath the
Azores triple junction. In hindsight, it is worth
noting that the Azores anomaly was robustly
present in these early models, whereas many
other aspects of velocity structure along and off
of the MAR have since been revised.

Subsequent regional and global, surface- and
body-wave studies reproduced this strong
low-velocity anomaly under the Azores in
increasing detail (e.g., Silveiraet al. 1998; Ritsema
et al. 1999, 2004; Pilidou et al. 2004, 2005; Sil-
veira et al. 2002, 2006; Lebedev and van der Hilst
2008; Montelli et al. 2004, 2006; Van der Hilst and
de Hoop 2005). Surface-wave studies have sug-
gested that this anomalously slow (and thus pre-
sumably hot) mantle volume extends no deeper
than 300 km (Silveira et al. 2006) or 400 km
(Pilidou et al. 2004, 2005). Note however that
surface waves have only very little sensitivity to
mantle structure below 300-400 km depth, and
may well not detect deeper slow material even if it
were present.
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In the uppermost mantle, this Azores anomaly
is elongated about 2200 km in north-south
direction (25°N to 45°N), tracking the Mid
Atlantic Ridge (Silveira et al. 2006; Pilidou et al.
2005; Steinmetz et al. 1976, 1977). These most
recent surface-wave tomography models of the
North Atlantic region estimate lateral image
resolution to around 300-500 km. Elongation of
the anomaly is asymmetric: relative to the Azores
archipelago, slow seismic anomalies extend fur-
ther to the south than to the north. This has been
interpreted as manifestation of hotspot-ridge
interaction through asthenospheric flow from
the heat source (plume) to the sink (spreading
ridge) (Pilidou et al. 2005; Yang et al. 2006).
From the relatively northerly location of the
Azores, plume material should flow southward to
join the Mid Atlantic Ridge (Yang et al. 2006).
This scenario would also explain the observed
extents and north-south asymmetries of basalt
geochemistry (Schilling et al. 1983), ocean
spreading (Gente et al. 2003), and geoid
anomalies (e.g., Luis and Neves 2006) along the
ridge.

Among slow upper-mantle anomalies under-
lying Atlantic hotspots, the Azores anomaly is
second only to Iceland in size and strength
(Pilidou et al. 2004; Silveira et al. 2002). It
seems to extend less deep, but comparison is
difficult because the mantle under Iceland is
confidently imaged to greater depths, thanks to
the large size and good instrumentation of the
island (Bjarnason et al. 1996; Shen et al. 1998;
Foulger et al. 2001). For Iceland as well, there
are strong indications of hotspot-ridge
interaction.

Arguably the most highly resolving study of
upper-mantle structure under the Azores archi-
pelago is the P-wave tomography by Yang et al.
(2006), the only tomography to use the full set of
teleseismic data from the dedicated COSEA
experiment (Silveira et al. 2002). Oceanic noise
levels in the Azores proved to be high, so that the
two-year deployment yielded only a relatively
modest number of 41 usable earthquakes at 6
island stations. Lateral imaging resolution is
limited by inter-island distances (no seismome-
ters deployed in the ocean), and yet this

C. O’Neill and K. Sigloch

multiple-island coverage can be expected to
provide significantly better image resolution of
the upper mantle than the surface-wave tomog-
raphy models discussed—an expectation borne
out by the resolution tests of Yang et al. (2006).
(None of the surface wave tomography models
include COSEA data.) Yang et al. (2006) anal-
ysed the COSEA data using a modern waveform
inversion method, finite-frequency tomography,
which is effective in avoiding noise in the worst
affected frequency bands. Their model (Fig. 5c)
shows a strong slow anomaly confined to the
uppermost 200 km along the Azores Islands and
beneath the centre of the Azores Plateau (38.5°N,
28.5°W). This is underlain by a moderate slow
anomaly from 250 km to at least 400 km depth,
resembling a plume conduit of 200 km diameter,
and dipping toward the northeast. They argue a
northeasterly anchoring region for a plume con-
duit (at 400 km depth, the slow anomaly is
located north of Terceira). Such a laterally
sheared plume would account for a variety of
observations attributed hotspot-ridge interac-
tions: geochemical and thermal asymmetries
along strike of the MAR (discussed above), and
repeated northward migrations of the triple
junction due to ridge attraction by the heat
source.

Observations of seismic anisotropy are con-
sidered an informative diagnostic of sheared
mantle fabric, and thus of present or past flow
directions. The reliable detection of anisotropy in
data-limited settings is challenging. Kuo and
Forsyth (1992) found no SKS splitting at station
PDA, and thus diagnosed the absence of sys-
tematic anisotropy beneath Sdo Miguel. Using
more and higher-quality SKS splitting measure-
ments at station CMLA, Silveira et al. (2010)
found a similar lack of anisotropic signature
beneath Sdo Miguel. Silveira et al. (2006) argue
for significant negative radial anisotropy in the
larger vicinity of the Azores hotspot, i.e.,
S-waves traveling faster in the vertical than in the
horizontal direction, which would be consistent
with upwelling mantle (vertical flow) in that area.
They note that the radial anisotropy is less well
resolved and probably associated with an error of
3-4%. Their map shows a radial anisotropy
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Fig. 5 Comparison of plume conduit tilts. a Calculated
tilts in a mantle flow field from Steinberger (2000) based on
his model 3—which used Grand’s et al. (1997) tomographic

anomaly to the west of the Azores, near the
mid-Atlantic ridge, rather than coincident with
the inferred location of the plume.

4.3 Transition Zone and Lower
Mantle

Information about the transition zone (410-
670 km) beneath the Azores is limited. Com-
puting receiver functions from the COSEA data,
Schutt et al. (2002) report a thinning of the
transition zone by 20 km, consistent with hot
upwelling in a localised plume conduit. By
contrast Li et al. (2003), using the permanent
station CMLA, detected no thinning of the tran-
sition zone, averaged over a diameter of about
450 km beneath Sdo Miguel. Computing P- and
S-receiver functions from CMLA and COSEA
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model. b Imaged conduits for the Azores, Canary, and Cape
Verde plumes from Montelli et al. (2004). ¢ The shallow
finite-frequency model of Yang et al. (2006)

stations, Silveira et al. (2010) detect normal
transition zone thickness outside the Azores
plateau, but they report a lack of wave coverage
beneath the plateau itself. They also infer
severely slow S-velocities at 460-500 km depth
immediately beneath the plateau but not outside
of it, and interpret this as evidence for high water
content in the transition zone, possibly repre-
senting the source region for the hotspot’s wet
lavas.

The global, finite-frequency P and S-wave
tomographies of Montelli et al. (2004, 2006)
report resolving a plume beneath the Azores
from the upper mantle down to the core-mantle
boundary (Fig. 5b). The radius of its conduit in
the lower mantle must be at least 300 km
according to P-wave tomography, and at least
100 km according to S-wave tomography. The
plume conduit seems to merge with those of the
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Canary and Cape Verde hotspots at depths
greater than ~ 1450 km, suggesting a common
origin for this group. While Montelli et al. (2004)
caution that the apparent merger with the Canary
plume may not be well resolved, overall they
consider the trio Azores/Canary/Cape Verde
among their best and most continuously resolved
plume conduits globally. The merged anomaly
continues into the lowermost mantle, connecting
to the eastern edge of the African Large Low
Shear Velocity Province (Fig. 5). Structure
above 300 km should not be interpreted, since
near-vertical wave incidence at isolated islands
stations tends to cause vertical smearing arte-
facts. Hence a direct comparison to the finding
by Yang et al. (2006) of a northeastward dipping
conduit in the upper 400 km is not possible.

5 Discussion

Resolution of crustal and mantle structure
beneath the Azores is limited by the relative
signal, in for instance geoid studies, being near
the noise range (here due to unknown crustal
variations) for the region. In the case of the
geoid, there is a clear ~6 m residual geoid
anomaly in the vicinity of the Azores swell (e.g.,
Bowin et al. 1984), in line with that expected for
a plume. However, this magnitude of geoid
anomaly could equally be explained by isostatic
support of thickened crust (Luis and Neves
2006). Estimates for crustal thickness of the
Azores plateau vary significantly, from as little as
~8 km from Rayleigh waves (Searle 1976), up
to ~ 14 km for recent tomography models (Dias
et al. 2007). Knowledge of the exact structure of
the crust is critical for delineating the geoid
effects of the crust, as opposed to the deeper
upwelling mantle. Luis and Neves (2006) argue
that the local geoid gradients suggest the plateau
is primarily isostatically compensated. Given the
crustal thickness, this is not surprising, but is a
poor constraint on the geoid contribution of a
weak plume in an area of unknown crustal
thickness variations. In fact, the need for bottom
loading in their model (similar to the Bouguer
gravity analysis of Gente et al. 2003) is

C. O’Neill and K. Sigloch

suggestive of basal support—either by some sort
of underplating, as suggested by Luis and Neves
(2006), or perhaps dynamically by an upwelling
conduit.

The Azores have been branded as an example
of hotspot-ridge interaction, but the postulated
flow processes are difficult to resolve seismically.
The flow might generate a strong signature, but if
the hotspot sits away from the ridge, then
instrumentation of the ocean-bottom atop the
flow channel would be needed. If the hotspot sits
atop the ridge, hotspot and ridge processes are
mixed and hard to delineate, and the advantage
conferred by relative ease of instrumentation of
the Azores islands is lost.

Recent regional surface-wave studies agree
with regard to the depth extent of the slow
upper-mantle anomaly: mostly to around
300 km, and no deeper than 400 km, according
to Silveira and Stutzmann (2002), Silveira et al.
(2006), Pilidou et al. (2004, 2005). The
body-wave tomography by Yang et al. (2006),
which should be the most highly resolving study
both in depth and in lateral extent, finds that
anomalously slow material continues to at least
400 km depth (the lower limit of their resolved
domain), but they also report that this columnar
anomaly gets narrower and weaker in magnitude
below 200 km. At an estimated radius of 100 km
[Yang et al. (2006), consistent with Montelli
et al. (2006)], this conduit is probably simply not
resolved by surface-wave tomography, the lateral
resolution of which is estimated around 300-
500 km (Pilidou et al. 2004; Silveira et al. 2006).

Montelli et al. (2004) suggests a plume con-
duit down to the lowermost mantle (and hence
through the transition zone). Their global
body-wave data set, while informative for the
lower mantle, has poor vertical resolution in the
upper 400 km, so that a vertical smearing artefact
at those depths are likely, and hence not directly
comparable to the upper-mantle geometry of
Yang et al. (2006). While numerous other
global-scale tomography studies have used data
and methods similar to Montelli et al. (2004,
2006), they do not appear to discuss mantle
structure and imaging resolution beneath the
Azores in particular.



Crust and Mantle Structure Beneath the Azores Hotspot ... 83

The Montelli et al. (2004) finite-frequency
tomography model illustrates an interesting
aspect of plume dynamics, in that the conduits
for the Azores, Canary and Cape Verde plumes
seem to converge at depth, at around ~ 1450 km,
and originate from a common source at D”,
beneath western Africa. Conduit breakup, and
splitting into multiple conduits, particularly
under shear, is rather common in fluid dynamics
experiments (e.g., Whitehead 1982), and raises
the possibility of the Azores/Canary/Cape Verde
representing a single system, i.e., a plume rising
from the edge of the African superwell, which
splits into three branching conduits between
1500 and 1900 km depth. This also raises
another interesting question: is the observed tilt
of the conduits consistent with the recent mantle
flow field in the region? Yang et al. (2006) also
constrain a tilted plume conduit within the upper
400 km of the mantle—however, their tilt is
towards the northeast—compared to southeast
tilting lower-mantle conduit of Montelli et al.
(2004). Yang et al. (2006) suggest that a north-
east tilt may be consistent with a southwesterly
flow of the asthenosphere. Light can be shed on
this discrepancy by dynamic modelling of plume
conduits. Steinberger (2000) calculated plume
conduit tilts for a global selection of hotspots,
based on a mantle flow field derived from past
plate motions and present-day tomography. The
results are sensitive to the tomography model
assumed, viscosity structure of the mantle, and
conduit viscosity. Interestingly, for Steinberger’s
(2000) mantle model 3—the one based on the
global tomography model of Grand (1994),
Grand et al. (1997)—the calculated plume
structure of the Azores, Canary, and Cape Verde
all converge at depth, in the vicinity of the coast
of west Africa. The reason is illustrated in the
calculated present-day mantle flow, which within
D” is converging on the point of plume origin—a
result of global three-dimensional flow due to
plate motion history and mantle density anoma-
lies. The conduits need not have formed together
in this model, they may have formed individu-
ally, and geographically separated, and been
swept together by flow at the base of the mantle.
Nevertheless, the tomography structures of

Montelli et al. (2004), and the flow calculations
of Steinberger (2000), are two completely inde-
pendent approaches to deriving plume conduit
structure. The similarity of the inferred Azores
plume structure in both cases is a strong argu-
ment for its deep origin. Many of the plume
conduit tilts calculated by Steinberger (2000)
exhibit changes in tilt between the upper mantle
and lower mantle as a result of a change in the
dominant flow regime (plate return for the upper
mantle, broad return flow/upwelling for the lower
mantle). Neither of the cases modelled by
Steinberger (2000) show a NE tilt in the upper
mantle however, as suggested by Yang et al.
(2006), and this tilt is also hard to reconcile with
Montelli’s observed conduit tilt. However,
Steinberger’s (2000) flow calculations show slow
transition zone velocities in the vicinity of the
Azores, with velocities either weakly to the south
—southwest, or northwest—west, depending on
the model. This is reasonably consistent with
Yang et al.’s (2006) inferred asthenospheric
flow. A number of slow anomalies extend
through the upper mantle in Yang et al.’s (2006)
model, and their geometry is complex, so it is
possible the interconnecting conduit has subtle
signature.

How does this bear on the question of a deep
mantle plume? It is very likely that a plume in the
transition zone and lower mantle would have a
weaker seismic expression than in the upper
mantle. Global tomography models consistently
show much stronger (slow and fast) anomalies in
the uppermost mantle than at deeper depths,
probably mostly due to variable depth depen-
dence of seismic velocities on temperature
anomalies, and the potentially strong effects of
partial melting in the upper 150 km. In addition,
vertically rising plume material needs to divert
laterally as it approaches the surface, and would
be likely to pond in the vicinity of the plume
conduit. Such a widened puddle is much more
readily detectable by surface waves than the
narrow conduit at deeper depths. Thus surface
wave studies, which gradually lose sensitivity
beneath 200-300 km depth, are probably
detecting only the ponding material, but cannot
resolve the weaker and thinner conduit at depth.
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This is illustrated by the resolution tests of Pili-
dou et al. (2004).

6 Conclusions

Surface- and body-wave studies agree that the
uppermost 200-300 km of mantle beneath the
Azores plateau are anomalously slow, as is a
>2000 km long segment beneath the adjacent
mid-Atlantic ridge (Pilidou et al. 2004; Silveira
et al. 2006). The regional body-wave tomography
by Yang et al. (2006) resolves a conduit-shaped
downward continuation to at least 400 km depth
under the central to northwestern part of the
archipelago. P- and S-receiver functions indicate
anomalously slow S-wave velocities at 460—
500 km depth beneath the Azores plateau, but not
outside of it (Silveira et al. 2010). The global P-
and S-wave tomographies by Montelli et al. (2004,
2006) indicate a conduit down to the lowermost
mantle. Pieced together, these observations point
towards a classical, deep mantle plume as
hypothesised by Morgan (1971).

However, seismic illumination especially of
the transition zone and lower mantle remains
incomplete and sparse, so that no consensus has
been reached about the true depth extent and
feeding mechanism of the Azores hotspot, and of
comparable oceanic hotspots globally. Extensive
seismological instrumentation of the oceans will
be needed in order to make progress. The Azores
would be interesting targets because their
lower-mantle anomaly has emerged as one of the
most robust among oceanic hotspots worldwide,
even without dedicated instrumentation (Montelli
et al. 2004, 2006). However, the COSEA
experiment has shown that ambient noise is high
in this region of the Atlantic, and that therefore
the Azores will not be easy targets for future
island/ocean-bottom deployments.

To date, seismic tomography has been used to
argue for (e.g., Montelli et al. 2004, 2006) or
against (Silveira et al. 2006) a deep plume, and
due to uncertainties in crustal structure, the geoid
response and bathymetric swell are inconclusive.
However, a number of lines of evidence are
suggestive. These include: (1) U-series
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disequilibria, indicating upwelling velocities of
3—4 cm/yr beneath the Azores (Bourdon et al.
2005); (2) primitive “He/*He ratios at Terceira
and Pico; (3) Osmium isotope evidence sug-
gesting a deep recycled component (Schaefer
et al. 2002); (4) radial anisotropy in the vicinity
of the Azores region (Silveira et al. 2006), con-
sistent with local upwelling; (5) the consistency
between deep plume structure and mantle flow
modelling results (Montelli et al. 2004, 2006;
Steinberger 2000). Taken together, a solid argu-
ment can be made for a deep mantle origin for
the Azores plume, but a number of question
remain, including the low excess temperatures of
the hotspot, its high volatile content, and the
potential involvement of the transition zone, e.g.,
as a volatile repository.
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Abstract

The Azores attracted the interest of geoscien-
tists since the beginning of the XX century. In
the late 60s, when plate tectonics was estab-
lished as the basic geodynamic paradigm, the
peculiar morphology of the Azores Islands and
the surrounding plateau, located close to the
Mid-Atlantic ridge, were early interpreted as
the result of the separation between the
Eurasian and the North-America plates. Nev-
ertheless, a number of particular geological
features were targeted for explanation: (i) the
long active fault going from Gibraltar to the
Azores (now called Gloria Fault), (ii) the
existence of a large but inactive fracture on the
North-American plate, offset tenths of kilome-
tres to the north with respect to Gloria Fault,
(iii) the curvilinear succession of islands
marked by pervasive volcanic and seismic
activity, (iv) the development of a plateau,
partially split by the Mid-Atlantic Ridge.
These questions remained elusive for a long
time, despite the large amount of geological
and geophysical data available, as most of the
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conventional approaches were not as fruitful as
expected, and new identified features raise new
unknowns or revealed uncommon geological
environments. Here, we present a review of the
progress made in the understanding of the
tectonic evolution of the Azores, mainly based
on the interpretation of magnetic and morpho-
logical data and we present an updated inter-
pretative scheme for the genesis and evolution
of the Azores triple junction.

1 Triggering of the Azores Triple
Junction

The early identification of the Azores morpho-
logical plateau can be traced up to 1855 (Vogt
and Jung, Chapter “The “Azores Geosyndrome”
and Plate Tectonics: Research History, Synthesis,
and Unsolved Puzzles”). Early works by Azores
researchers include the pioneering studies made
by Agostinho (1927) and Machado (1959).

The use of magnetic data to derive the first
kinematic interpretation of the Azores was
attempted by Krause and Watkins (1970), based
on the pioneering works of Heirtzler et al. (1968)
on marine magnetic anomalies, and the first
sea-floor spreading models (Le Pichon 1968).
They were particularly puzzled by a number of
“unique” features: (i) the seismically active East
Azores Fracture Zone (EAFZ) extending from
Gibraltar to the Mid-Atlantic Ridge; (ii) the
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seismically inactive West Azores Fracture Zone
(WAFZ, often misleadingly called “Pico Fracture
Zone”) offset northwards from the trend of
EAFZ; (iii) the transverse island chain of the
Azores, almost linear, but oblique to the EAFZ;
(iv) the change in direction of the Mid-Atlantic
Ridge (MAR) from northeast-southwest to
north-south across the Azores; and (v) the
broadening of the Mid-Atlantic Ridge (Krause
and Watkins 1970; Vogt and Jung, Chapter “The
“Azores Geosyndrome” and Plate Tectonics:
Research History, Synthesis, and Unsolved
Puzzles”).

Some of these questions were early explained
by Krause and Watkins (1970) as consequences
of differences between plate spreading directions
and velocities, north and south of the East Azores
Fracture Zone after the establishment of a new
plate boundary new plate boundary. Using sim-
ple geometric considerations, Krause and Wat-
kins (1970) concluded that the onset of velocity
contrast is older than 45 Ma. This would have
triggered the development of a secondary
spreading axis, within a “leaky transform” envi-
ronment, and creating a triple junction between
the Eurasian, African and North America plates.
The change in spreading directions was also
interpreted as the responsible for the latitudinal
offset between the EAFZ and the WAFZ. Krause
and Watkins (1970) considered EAFZ as an
active feature, in contrast to WAFZ, considered a
fossil structure within the single North-American
plate. Using 13.3 mm/year as the half-spreading
rate between the Eurasian and North American
plates immediately north of the Azores, and
11.0 mm/year for the African and North Ameri-
can plate pair, south of the Azores, they predicted
a 2.5 mm/year of half-spreading rate for Terceira
Rift and partially checked this computation with
the direct modelling of three magnetic profiles
across almost perpendicular to the new rift.
Additional geophysical surveys (Schilling and
Krause 1970; Krause and Schilling 1970) were
made in the following years to test their inter-
pretation, but new interpretations were never
presented afterwards.

The rough estimation made by Krause and
Watkins (1970) for the triggering of the Azores

J. M. Miranda et al.

triple junction was refined by Srivastava et al.
(1990) based on the analysis of a large compi-
lation of magnetic data for the North Atlantic and
on a hypothesis put forward by Schouten et al.
(1984) that the Iberian plate has either been
attached to Africa or to Eurasia at various times.
They show that (i) Iberia was attached to Africa
from the late Cretaceous to middle Eocene;
(ii) between the middle Eocene to late Oligocene
it behaved as an independent plate with slight
motion relative to Africa, while most of the
deformation was concentrated along its northern
border, which corresponds now to the King’s
Trough and Azores-Biscay Rise; (iii) Iberia
became part of the Eurasia plate since the late
Oligocene (Srivastava et al. 1990), ultimately
leading to the development of a plate boundary
south of the Iberian plate along the
Azores-Gibraltar Fracture Zone (see Fig. 1 for
locations).

The structure and geometry of this plate
boundary was studied in the early seventies by
Laughton and Whitmarsh (1974) and Laughton
et al. (1975). They made bathymetric and
side-scan sonar surveys between Gibraltar and
the Mid-Atlantic Ridge, mapping a major scarp
now called Gloria Fault, where several large
magnitude strike-slip earthquakes were known to
occur. The Gloria Fault was interpreted as a
segment of the plate boundary separating Eurasia
from Nubia and it was confirmed that close to the
Azores, west of 25°W, there is no continuity
between Gloria Fault and a marked topographic
linear depression that corresponds to the now
called East Azores Fracture Zone (EAFZ), earlier
interpreted also as part of the plate boundary (see
Krause and Watkins 1970). East of the Gloria
fault, the geometry of the plate boundary up to
the Mediterranean Sea is still controversial.

Luis and Miranda (2008) improved the mag-
netic compilation of the North Atlantic and
re-interpreted the magnetic chrons of the
Eurasia-North America plate pair. They con-
firmed most of the interpretation made by pre-
vious studies (e.g. Srivastava et al. 1990) and
concluded that the establishment of the Azores
triple junction occurred between chrons Céc (ca.
24 Ma) and C11-C12 (ca. 30 Ma) following the
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West Azores FZ

Fig. 1 General framework of the Azores triple junction.
Main morphological structures are sketched below: FZ:
Fracture Zone. The plate boundary between Eurasia and
Nubia is supposed to presently follow Terceira Rift (TR in

welding of Iberia to Eurasia, at ~27 Ma ago.
Main stages can be simply summarised as:

(i) The initial opening of the North Atlantic at
the latitude of Iberia took place after chron
MO (~120 Ma); Spreading continued

the figure), Gloria Fault up to Tore-Madeira Rise. Close to
Iberia the plate boundary becomes more complex and its
geometry within the Southwest Iberian transpressive area
is controversial

during Cretaceous times, leading to the
opening of Biscay Gulf and the develop-
ment of a plate boundary along the
Azores-Biscay Rise and King’s Trough;
(i) At ~27 Ma Iberia became welded to Eur-
asia and its northern plate boundary became
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inactive. Extension developed south of the
Iberian plate leading to the onset of a new
triple junction, presently known as the
Azores Triple Junction (ATJ).

2 Northward Migration
of the Azores Triple Junction

Searle (1980) improved the bathymetric and the
magnetic compilations and acquired a large set of
side-scan sonar data between the Azores islands
and the Mid-Atlantic Ridge (MAR) to under-
stand the geometry of the triple junction. He
confirmed several of the Krause and Watkins
(1970) interpretations, and proposed a final
configuration change corresponding to a north-
ward jump of the Eurasia-Africa plate boundary.
This jump took place from the latitude of the East
Azores Fracture Zones, to the vicinity of the
North Azores Fracture Zone, which would con-
nect the western tip of Terceira Rift to the MAR
(Searle 1980) and would correspond to its
present-day location. This interpretation was
challenged by Luis et al. (1994) based on a
detailed Azores Aeromagnetic Survey covering
mostly the area close to the MAR, up to chron
C5 (~10 Ma) on both plates. They concluded
that the Eurasia-Nubia-North America triple
junction was located north of the East Azores
Fracture Zone between chron C4 and chron C3a,
approximately at 38°20'N, 30°15'W (Eurasia
fixed co-ordinates) and proposed a present-day
location close to 38°55'N, 30°00'W (Eurasia
fixed co-ordinates), after chron C2a, approxi-
mately 2.45 Ma ago, and not to the North-Azores
Fracture Zone as predicted by Searle (1980).
The Azores plateau is interpreted by Schilling
(1975) as a hotspot derived feature (see also
O’Neill and Sigloch, Chapter “Crust and Mantle
Structure Beneath the Azores Hotspot—Evidence
from Geophysics”). Geochemical studies (e.g.
Dosso et al. 1999) detect a long wavelength
geochemical anomaly from 33°N to 41°N and
seismic tomography (Yang et al. 2006) confirms
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the existence of an anomaly on body wave seis-
mic velocity matching the plateau (O’Neill and
Sigloch, Chapter “Crust and Mantle Structure
Beneath the Azores Hotspot—Evidence from
Geophysics”). Gente et al. (2003) studied the
role of mantle processes in the time evolution of
the Azores triple junction. They hypothesize that
a plume was formed at ~85 Ma ago, SW of the
Azores and that it is responsible for the early
formation of the Azores plateau between 20 and
7 Ma. Gente et al. (2003) invoke a “magmatic
phase” followed by a “tectonic phase”, splitting
the western from the eastern plateaus.

Numerical modelling shows that the topo-
graphic excess associated with the plateau can be
partially attributed to the geometry of the triple
junction (Georgen and Sankar 2010) but most of
it is of dynamic origin (Adam et al. 2013). The
shift between the magmatic and the tectonic
phases corresponds to chron C4a, and matches a
sudden global ~25% decrease in spreading
velocity occurring between ~8.2 and ~6.2 Ma
simultaneously in both plate pairs (Merkouriev
and DeMets 2008, 2014a, b). Despite the rele-
vance of the mantle processes in the buildup of
the Azores domain, abyssal hill morphology is
not destroyed (see Miranda et al. 2014) thus
implying that most of the plateau construction is
sub-crustal.

Recent data acquired in the framework of the
project for the extension of the Portuguese con-
tinental shelf allow a better description of mag-
netic anomalies over the entire plateau and
provide reliable magnetic chrons (see Miranda
et al. 2014), which confirm some of the above-
mentioned hypotheses (see Fig. 2):

(i) Between the Mid-Atlantic Ridge and
chrons C4a-C5 ocean floor magnetic
anomalies are well developed and spread-
ing is mostly regular since chron C4a,
coherent with the split of the pre-existing
plateau into an “eastern” and a “western”
units.

Magnetic anomalies are continuous
between the North Azores Fracture Zone

(i)
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Fig. 2 a Morphotectonic sketch and main magnetic
chrons. Magnetic chrons 5, 6, 13, 18, 20 and 21 are
interpreted according to Luis and Miranda (2008).
Younger chrons 2, 2A, 3, 3A, 4 and 4A are also
interpreted close to the Mid-Atlantic Ridge. Along
Terceira spreading axis magnetic lineations corresponding
to the Brunhes epoch (black) and Matuyama (gray) are

and Princess Alice Basin South of 38°30’
N, with no sign of a discrete plate
boundary.

There is evidence of a jump of the ridge
axis to the west in the segment 3§°N-38°
30'N at chron C3.
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also plotted. NA: North America; EU: Eurasia; NU:
Nubia; EAFZ: East Azores Fracture Zone; MAR:
Mid-Atlantic Ridge; FL: Flores Island; CO: Corvo Island;
FA: Faial Island; PI: Pico Island; SJ: Sdo Jorge Island;
TE: Terceira Island; SMi: Sao Miguel Island; SMa: Santa
Maria Island. Below b Reduced to the Pole Magnetic
anomaly map, with an horizontal resolution of 30”

3 Rifting of the Azores Domain

The extension in the Azores domain can be
quantified using the poles determined for the
whole plates (Miranda et al. 2014; Merkouriev
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Fig. 3 Magnetic reconstruction of Eurasia, Iberia and
Nubia at the time of chrons C6 (a), C5 (b), C3 (¢) and CO
(d). Euler rotation parameters are taken from Miranda
et al. (2014). Dashed lines delimit the lithospheric blocks
based on the interpretation of magnetic anomalies. In the
case of Terceira Rift they follow the shoulders of
the basins as depicted in the swath bathymetry data.
The Azores domain was rotated as Nubia and so, the

and DeMets 2014a, b) and reconstructing the
previous locations of the “lithospheric blocks”.
In this case, significant overlaps or gaps between
the rotated lithospheric blocks correspond to
extensional or compressional processes respec-
tively. In Fig. 3 we present the reconstructions
for chrons C6 (early phase of the development of
the ATJ), C5, C3 and the present configuration
using Eurasian-fixed coordinates. The delimita-
tion of the lithospheric blocks (dashed lines
in Fig. 3) is based on the interpretation of
magnetic anomalies and transform faults. In the
case of Terceira Rift the lithospheric blocks fol-
low the axis of the basin deduced from the
location of the rift shoulders, as depicted by the
swath bathymetry data. For the reconstructions
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reconstitution at C6 times shows an overlap of Nubia and
Eurasia that quantifies the integrated extension that took
place south of Terceira rift; the angular mismatch in the
MAR segment that corresponds to the Azores plateau
quantifies the integrated shear deformation that is applied
to the Azores domain by the difference in velocity north
and south of that segment

corresponding to C6 when the Azores domain is
rotated using Nubian poles with respect to the
North American plate, there is an overlap in the
north of the domain and an angular mismatch in
the west. This results from the internal deformation
in the Azores domain during the last ~20 Ma.
While the amount of total extension can be
estimated from the magnetic reconstructions,
the location of the extensional features can be
inferred from morphological data. From the
morpho-structural point of view two major rift
features can be found in the plateau which can
correspond to stable configurations of the triple
junction: Terceira Rift that corresponds to the
present-day configuration (see Vogt and Jung,
Chapter “The “Azores Geosyndrome” and Plate
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Tectonics: Research History, Synthesis, and
Unsolved Puzzles”), and Princess Alice basin
and bank, now located in the Nubian plate (Luis
et al. 1994). The Princess Alice Basin disrupts
the magnetic pattern generated by the
Mid-Atlantic Ridge spreading. Its western limit
follows approximately the chron 2A (~3 Ma),
close to the Mid-Atlantic Ridge transform zone
of 38°30'N. We interpret it as a previous location
of the rift (see Fig. 2).

It is now relatively straightforward to infer the
amount and probable evolution of rifting within
the Azores domain (see Fig. 3):

(i) There is an overlap between Nubia and
Eurasia in the magnetic reconstructions for
C6 times, when the Azores domain south
of Terceira Rift is rotated as Nubia. This
quantifies the extension in the Azores
domain that took place in the last ~20
Ma (~60 km in ENE direction).
(i) The comparison between the total exten-
sion and the width of Terceira Rift allows
to conclude that Terceira Rift accommo-
dated most, but not all, of this extension
(compare Fig. 3a, d).
The first phase of extension in the Azores
triple junction was probably focused on the
formerly continuous WAFZ-EAFZ trans-
form fault, within a “leaky transform”
environment. The morphology of the
western segment of the EAFZ reflects this
extensional phase, as well as the gap that is
found between the magnetic anomalies
north and south of EAFZ (see Fig. 2).
Terceira Rift is the main structure pre-
sently active, and Princess Alice basin and
bank are likely remnants of a previous
triple junction configuration which pre-
dated the development of Terceira Rift.

(iii)

(iv)

4 Spreading at Terceira Rift

The magnetic map used by Krause and Watkins
(1970) to locate oceanic spreading related to
Terceira rift (see also Vogt and Jung, Chapter

“The “Azores Geosyndrome” and Plate
Tectonics: Research History, Synthesis, and
Unsolved Puzzles”) was based on a few pro-
files where chron picking could not be robustly
accomplished. Miranda et al. (1991) and Luis
et al. (1994) analyses of the Azores Aeromag-
netic Survey show no stable magnetic anomaly
pattern parallel to Terceira rift (see Fig. 3), in
disagreement with the original interpretation of
Krause and Watkins (1970). They also conclude
that a few high-amplitude magnetic lineaments,
which could be interpreted to reflect more recent
chrons, are not strictly confined to the Terceira
Rift: Sdo Jorge and the Pico-Faial Islands also
show large positive magnetic anomalies with the
same trend and linear prolongation on the pla-
teau. The linear magnetic anomalies that match
the volcanic highs of Sao Jorge, Pico and Faial
islands with strikes ~N110°-N120° do not
reflect topographic effects as shown by inversion
(Luis 1996). Miranda et al. (1991) also show that
the abovementioned young chrons could be
interpreted as Brunhes and Matuyama, because
their on-shore prolongation into the Faial island
was confirmed by both a refined aeromagnetic
survey (Miranda et al. 1991) and by radiometric
dating (Féraud et al. 1980, 1981). This was
interpreted as a demonstration that the Azores
islands are mostly young and do not show any
age progression either as a function of the dis-
tance to the MAR or a function of the distance to
Terceira Rift (Miranda et al. 1991).

Hildenbrand et al. (2008) confirmed this
assumption with a new set of radiometric ages of
volcanic outcrops in the main units of Faial,
arguing for widespread volcanism older than
800 ka, but within the Matuyama chron. The
interpretation of a recent aeromagnetic survey
covering the island of Sdo Miguel (Miranda et al.
2015) shows magnetization lows associated with
hydrothermal alteration above the main volcanic
systems, and evidence of the Bruhnes-Matuyama
transition on-shore, matching the radiometric
ages determined by Johnson et al. (1998) in
surface outcrops. A similar situation was found
on the island of Sdo Jorge (Silva et al. 2012)
supporting  the interpretation  that the
Matuyama-Brunhes transition is found almost
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everywhere in the Azores islands and that
Azorean magnetic anomalies associated with the
islands are younger than ~2 Ma. The exception
is Santa Maria Island, believed to have formed
between 5.2 and 4.6 Ma (Féraud et al. 1981),
and the only island of the Azores archipelago
where fossiliferous sediments of Zanclean age
(5.3-3.6 Ma) were found (Abdel-Monem et al.
1975; Janssen et al. 2008).

The only place where magnetic lineations
seem better developed is the East Graciosa Basin
close to Terceira Island, where a succession of
normal and reversed anomalies can be identified.
The two anomalies with normal magnetic polar-
ity that follow the southern and northern flanks of
the rift basin are the oldest magnetic signature
associated with the development of the Terceira
Rift. Princess Alice basin also disrupts the
MAR-related magnetic pattern and its western
limit follows chron C2a (~3 Ma) at 38°30'N.

The thermal regime of Terceira rift, deduced
from the analysis of gravity data also favors the
interpretation that it is a young feature, with a
small thermal signature which could be associated
with a stable spreading regime (Luis et al. 1998).

The main conclusions can be summarised as:

(i) The Terceira rift is a relatively young
feature, and the same occurs with the main
volcanic islands that separate the individ-
ual basins: Graciosa, Terceira and Sao
Miguel (see Fig. 3 for locations). Avail-
able magnetic and radiometric data point
to ~3 Ma as an upper limit;

Spreading is discontinuous, with several
linear magnetic anomalies that can be
interpreted as the signature of linear neo-
volcanic ridges, sub-parallel to the rift
direction;

Lithospheric rifting is focused on Terceira
Rift at least after C3. So, the whole EAFZ
and Princess Alice basin are now fossil.
The western Eurasia-Nubia plate boundary
follows now Terceira Rift and Gloria
Fault. The northward migration of the
plate boundary to Terceira Rift led to the
subsidence of Princess Alice island, now a
submerged bank (Fig. 4).

(i)

(iii)
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5 The Development of Linear
Volcanic Ridges

The relative motion between Eurasia and Nubia
after the establishment of the Azores Triple
Junction was mostly accommodated by Terceira
Rift, Princess Alice Rift and, in the early phases,
close to the EAFZ. However, there is a signifi-
cant amount of deformation along a series of
Linear Volcanic Ridges (LVR) located on the
Azores plateau. Islands like Sao Jorge, Pico and
Faial are extreme cases of LVR development.
Lourengo et al. (1998) mapped fault scarps, and
elongated seamounts, to conclude that the two
most frequent strikes are N110E-N120E, at west,
and N140E-N150E, at east, in agreement with
the arcuate form of the Terceira axis itself.
Lourenco et al. (1998) interpreted this pattern as
the result of the prevalence of co-axial oblique
extension, focalised within the Terceira axis, and
a stress field with minimum compressive axis
sub-parallel to the opening directions predicted
by geological and geodetic kinematic models.

The mechanism beyond the development of
LVR in the Azores plateau was also discussed
by Vogt and Jung (2003 and Chapter “The
“Azores Geosyndrome” and Plate Tectonics:
Research History, Synthesis, and Unsolved
Puzzles”), interpreting them as traces of failed
rifts either spreading obliquely (west of Ter-
ceira island) or normal (east of Terceira island)
to the relative motion between the Eurasian and
the Nubian plates. They also suggested that the
arcuate shape of the Terceira Ridge may result
from the relocation of active spreading in
response to the emplacement of massive vol-
canic loads or tectonic piles. Such a mecha-
nism seems valid at a broad scale and coherent
with the northward migration of the Triple
Junction. However, the age progression it
implies for the LVR, progressively younger
towards NE, is not supported by magnetic or
geochronology data.

Neves et al. (2013) suggest an alternative
explanation for the development of LVRs. They
assumed that the crustal deformation is driven by
plate boundary forces applied at the edges, as
describe by global plate kinematic models.
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Fig. 4 Sketch of the main phases of the evolution of the
Azores domain. At the time of chron C6 the western and
the eastern Azores fracture zones form a single transform
boundary; at the time of chron C5 the extensional
component of the motion between Eurasia and Nubia is
mainly accommodates as transtension close to the East
Azores Fracture Zone; at the time of chron C3 there is a

Using a 3D numerical model where the brittle
layer is described by an elasto-plastic rheology
and the mantle underneath is modeled as a vis-
coelastic layer. Assuming also that fractures are
analogous to localised shear bands, they show
that lithospheric processes alone can justify the
spatial distribution of most of the linear volcanic
ridges.

6 Distributed Deformation
at the Azores Domain

The spatial distribution of the extensional pro-
cesses associated with the Nubian-Eurasian plate
boundary along the Azores was systematically
addressed by Vogt and Jung (2003) in what
concerns the problem of distributed versus
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new RRR triple junction with an active rift incorporating
the Princess Alice basin; after chron C3, the rift moves to
the NE, leading to the development of Terceira rift, ~ 100
km away from the Mid-Atlantic Ridge. The area between
Terceira rift and the MAR (ATA, Azores triple area) is
marked by significant internal deformation

non-distributed deformation. Miranda et al.
(2014) tried to understand the tectonic mecha-
nism associated with the internal deformation of
the Azores domain combining very high resolu-
tion bathymetric data with detailed magnetic
chron identification. They conclude that there is
no discrete plate boundary between the
Mid-Atlantic Ridge and Terceira rift as thought
by early interpretations (e.g. Searle 1980 or Luis
et al. 1994). The triple junction area is marked by
an apparent northward increase in the spreading
velocity as measured by magnetic chrons,
between a “pure” Nubian velocity at the latitude
of Faial Island and a “pure” Eurasian velocity at
the latitude of Graciosa Island. This defining a
“triple junction area” with approximately
90 km x 100 km characterised by brittle fault-
ing where volcanism is barren or absent.
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The complex fault system within this area
accommodates the differential motion between
the three plates. Similar configurations can be
found in oceanic triple junctions where a slower
axis joins two faster ridges as is the case of
Rodrigues and Somalia-Arabia-India triple junc-
tions (Miranda et al. 2014).

The main conclusions can be summarised as:

(1) There is no discrete plate boundary between
Nubia and Eurasia west of the western
Graciosa Basin and the deformation is dis-
tributed among a complex tectonic envi-
ronmental where volcanism is mostly
absent. This tectonic pattern can be roughly
quantified by the angular mismatch (~ 12°)
shown by the Mid-Atlantic Ridge segments
in the magnetic reconstructions corre-
sponding to C3, C5 and C6 times.

(ii)) The Azores domain shows that it cannot be
treated like a single rigid block, particularly
west of Terceira Rift.

7 Main Steps of ATJ Evolution

After more than four decades of research, a few
questions have been clarified concerning the
different phases of development of the Azores
triple junction and allowing the design of the
following interpretation sketch:

e ~27 Ma ago there was a major rearrange-
ment of tectonic plates and microplates in the
Atlantic amalgamating Iberia to Eurasia and
developing a new plate boundary along the
Azores-Gibraltar Fracture Zone, here com-
prising the Gloria Fault and the East Azores
Fracture Zone. This was early realised by
Krause and Watkins (1970), and confirmed
by later kinematic studies covering the evo-
lution of the North Atlantic since the Creta-
ceous (e.g. Srivastava et al. 1990; Luis and
Miranda 2008).

e 20 Ma ago the East Azores Fracture Zone
ceased to act either as a plate boundary or a
transform fault. This corresponded to a
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northward jump of the ATJ and to onset of
rifting in the Azores. This is predicted by the
McKenzie triple junction stability model.
20-8 Ma: Extension across the Azores is
maintained at the rate of 3.7 mm/year in the
N220E direction. The plateau is in the
“magmatic phase”: the topographic anomaly
develops slightly east of the MAR but close
to it. Significant surface reshape takes place
but the MAR abyssal hill morphology is not
destroyed thus implying that most of the
plateau build-up is sub-crustal. The northern
limit of Nubia is displaced to the north of the
EAFZ: the previous single 200 km segment
immediately north of EAFZ is split into sev-
eral smaller en-echelon segments at the time
of chron 5 (~ 10 Ma), when spreading had a
significant obliquity like what can be
observed now in the Reykjanes ridge. This
matches the period of maximum magmatic
productivity. The topographic signature of
this period can be found both east and west of
the MAR and even south of EAFZ.

8 Ma: Major rearrangement in the Atlantic
corresponding to a sudden decrease of
spreading velocity in the MAR and acceler-
ation of the stretching rate across the Azores
(Merkouriev and DeMets 2008, 2014a, b;
Miranda et al. 2014), with a change of azi-
muth of the stretching direction; this corre-
sponds also to the end of the magmatic phase
of the plateau, and its split by the MAR
(Gente et al. 2003) into the “eastern” and the
“western” plateaus.

8-3 Ma: Extension at the rate 4.5 mm/year in
the N240E direction (Miranda et al. 2014),
corresponding to the rifting phase of the
plateau. In this phase Santa Maria Island
developed. Rifting started probably at Prin-
cess Alice Rift into a RRR configuration.

3 Ma: Abandon of Princess Alice Rift and
rifting starting at Terceira Rift close to the
northern limb of the plateau. Rifting is con-
trolled by boundary kinematic conditions
(McKenzie 1972) and mantle heterogeneities
(Vogt and Jung 2003; Yang et al. 2006;
Adam et al. 2013), associated with the two
well know families of surface faults (Miranda
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et al. 1998): N120E associated with magmatic
processes and N150E associated with brittle
tectonics.

e 3-0 Ma: Extension at the rate 4.5 mm/year in
the N240E direction. Opening of all TR
basins, and accommodation of distributed
extension into the ATA (Azores triple area),
with the development of mesoscale blocks,
almost deprived of volcanism. Development
of most of the Azores islands in both
pre-existing Azores plateaus, by a combina-
tion of buoyancy and tectonics; island vol-
canos drifted away of the TR to the Eurasia or
the Nubia plates, except for Sdo Miguel
Island internally stretched by TR (Miranda
et al. 2015), and Flores and Corvo trapped in
the North-America plate (see Fig. 3 for
locations and Fernandes et al., Chapter “The
Contribution of Space-Geodetic Techniques
to the Understanding of the Present-Day
Geodynamics of the Azores Triple Junction
”); development of off-ridge extension con-
trolled by mantle dynamics.
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Abstract

In contrast to oceanic islands produced by
mantle melting anomalies or “hotspots” lying
in mid-plate settings, the central and eastern
Azores islands are distributed on the
Nubia-Eurasia tectonic plate boundary and
experience frequent tectonic earthquakes. As
they lie in an extensional to trans-tensional
tectonic environment, volcanism is organised
into submarine and subaerial ridges oriented
perpendicular or oblique to the direction of
plate separation. Much of the marine geophys-
ical work undertaken to study these features
and the submarine flanks of the islands has
involved seabed mapping with sonars of
various kinds, beginning with the GLORIA
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long-range sidescan sonar deployed in the late
1970s and continuing more recently with the
deeply towed sidescan sonar TOBI and multi-
beam bathymetric sonars in dedicated expedi-
tions and ship transits. These datasets give us a
view of the topographic structure of the ridges
and of the morphologies of the volcanic and
tectonic features comprising them. Sonars also
have been used to investigate the incidence of
large- and small-scale landsliding around the
islands, as well as the morphologies of lava
flows originating from land and entering the
sea. The overall picture emerging is one of
landslides, cones, terraces and ridges analo-
gous to those of Hawaii, Canaries and other
oceanic island groups but with notable differ-
ences. For example, large-scale landslides
appear to be rarer in the Azores and submarine
cones tend to be steep-sided and pointed, not
flat-topped or cratered as they are in some parts
of the Hawaiian Islands. Faults are also more
common in the Azores tectonic environment.

1 Introduction

Whereas the islands of Corvo and Flores lie in a
stable tectonic environment west of the
Mid-Atlantic Ridge on the North America plate,
the central and eastern Azores islands are dis-
tributed on and around the Nubia-Eurasia diffuse
plate boundary (Fig. 1). Submarine volcanism
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Fig. 1 Overview of the Azores arquipelago.
a Bathymetry and topography data from the Global
Multi-Resolution Topography Synthesis (Ryan et al.
2009). Annotation DJACS: Dom Jodo de Castro Sea-
mount, and submarine volcanic ridges: CS: Condor
Seamount, PR: Pico Ridge, SR: Serreta Ridge, WF: West
Faial, WSJ: West Sao Jorge, SET: Southeast Terceira and
ESJ: East S@o Jorge. Island names are in itallics. Open star
symbols locate reported submarine eruptions prior to 1964
from Weston (1964). b Tectonics of the Azores. Grey
shading is based on the elevation and bathymetry data in
(a). Heavy dashed line east of 29°W is the Terceira Rift,

has not been much studied around Corvo and
Flores, but areas around the central and eastern
islands have now been extensively surveyed,
providing an opportunity to study the products of
submarine volcanism in an extensional to
transtensional tectonic environment [an area

which is commonly regarded as the Nubia-Eurasia plate
boundary. Grey circles are earthquake magnitudes from
the US Geological Survey (scale in key, lower-left).
Grey-filled triangles are identifications of magnetic
anomaly 5 from Freire Luis et al. (1994). Small white
and solid circles connected to grey-filled circles represent
the effect of 3 m.y. of displacement of Eurasia and North
America (Nubia fixed) based on the plate rotation poles
GeolC and GPS of Calais et al. (2003), i.e., the
displacement that would occur if these rates persisted
for 3 m.y. into the future. Large arrows are drawn parallel
to the long-term motion (GeolC pole prediction)

undergoing extension and transcurrent motion,
i.e., where the displacement vector is oblique to
the deforming zone (McCoss 1986)]. Volcanism
arising from the Azores mantle melting anomaly
has produced many submarine ridges (Ligi et al.
1999; Lourengo et al. 1998, Miranda et al.,
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Chapter “The Tectonic Evolution of the Azores
Based on Magnetic Data”) as well as elongated
subaerial ridges on some islands, such as eastern
Pico and Sao Jorge (Walker 1999; Hildenbrand
et al. 2008; Fig. la). Earthquake seismic
tomography has revealed a low-velocity anomaly
at 112 km depth under Pico and Sao Jorge
islands (Yang et al. 2006; O’Neill and Sigloch,
Chapter “Crust and Mantle Structure Beneath the
Azores Hotspot—Evidence from Geophysics”),
which probably represents the mantle plume or
other anomaly underlying the Azores that has
caused the excess volcanism generating the
islands (O’Neill and Sigloch, Chapter “Crust and
Mantle Structure Beneath the Azores Hotspot—
Evidence from Geophysics”; Beier et al., Chapter
“Melting and Mantle Sources in the Azores”).
These ridges can be considered distinct from
those produced by “normal” mid-ocean ridge
volcanism or from volcanism around oceanic
islands without plate-tectonic extension. Most
oceanic islands that have grown near to
mid-ocean ridges are isolated from the influence
of extension associated with the spreading pro-
cesses (for example, Galapagos, Bouvet, Ascen-
sion, Tristan da Cunha, Easter, etc.). Examples of
islands and seamounts that have apparently
grown in extensional environments producing
major elongated structures include Reykjanes
Peninsula and Ridge in SW Iceland (Parson et al.
1993; Saemundsson 1986), Jan Mayen island
(Fitch 1964), Spiess Ridge near Bouvet Island
(Ligi et al. 1997; Mitchell and Livermore 1998),
Guadalupe Island of Mexico (Batiza 1977),
Marsili Seamount of Italy (Marani and Trua
2002), Axial Seamount on the Juan de Fuca
Ridge (Embley et al. 1990), the region around St
Paul and Amsterdam Islands in the Indian Ocean
(Conder et al. 2000), volcanic ridges in the Gulf
of California of Mexico (Fabriol et al. 1999) and
in back-arc basins such as near the Antarctic
Peninsula (Gracia et al. 1996). Elongated sea-
mounts have also been found in the continental
margin of California (Davis et al. 2002).

Ridges radiate from large oceanic guyots and
seamounts probably because of processes related
to volcanic rifting or spreading (Mitchell 2001;
Vogt and Smoot 1984), such as the processes
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actively generating the submarine Puna Ridge
(Kilauea volcano) (Fiske and Jackson 1972;
Dieterich 1988) and southerly ridges of La Palma
and El Hierro in the Canaries (Gee et al. 2001a;
Mitchell et al. 2002). The volcanic rift zones and
the volcanic ridges that are commonly associated
with them in the Azores lie perpendicular or
oblique to the Nubia-Eurasia plate motion vec-
tors (Fig. 1b) so they are more likely to have
arisen from the plate tectonics than volcanic
edifice spreading (Fiske and Jackson 1972), also
because the short 1-3 km heights of the edifices
may be insufficient to create much gravitational
stress. The Azores provide an opportunity to
study such submarine volcanic ridges in a shal-
low marine environment where high-resolution
geophysical data can be acquired relatively easily
using surface vessels. Resolution or acoustic
“footprint” of a sonar is proportional to water
depth, so swath systems with typically 1°-3°
beam widths produce high quality data due to the
proximity of the seabed to sensors on surface
vessels.

Although many historical eruptions have been
reported in the Azores, they are spread among the
islands and building rates on individual islands
tend to be modest. For example, the building rate
on Sio Miguel was about 1 km® per thousand
years for the last 50,000 years (Booth et al. 1978)
and was probably about an order of magnitude
lower previously (Moore 1990). The rate of
Booth et al. (1978) is an order of magnitude
smaller than historical and geological rates for
Kilaecua (Clague and Dalrymple 1989, their
Table 5) and the earlier rate (Moore 1990) is two
orders of magnitude smaller. Volcanism in the
Azores seems to be occurring at modest rates on
individual islands, while the islands are subjected
to frequent earthquakes (Fig. 1b), hence the
islands are characterised by modest volcanism
but frequent plate-tectonic seismicity.

The Azores region comprises an elevated
plateau, roughly corresponding with areas shal-
lower than 2000 m depth (Fig. 1a). From a grid
of aeromagnetic data, seafloor spreading mag-
netic anomalies have been mapped across the
plateau (Miranda et al., Chapter “The Tectonic
Evolution of the Azores Based on Magnetic Data
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””); the anomaly 5 locations in Fig. 1b are from
Freire Luis et al. (1994). Their trend parallel with
the Mid-Atlantic Ridge demonstrates that the
plateau formed by excess volcanism at the
Mid-Atlantic Ridge (similar to the modern
Reykjanes Ridge and Peninsula), probably over a
period beginning at 20 Ma (Gente et al. 2003).
Dispersion of Rayleigh waves crossing the pla-
teau and recorded at Ponta Delgada in Sao
Miguel suggest an oceanic crustal structure
approximately 60% thicker than normal (Searle
1976). Comparing with the Icelandic plateau, the
differing rates of magma production in the two
plateaux have led to contrasting gross mor-
phologies and volcanic processes. Whereas the
Icelandic plateau is mostly above sea level and
includes central shield volcanoes, the Azorean
plateau is largely below sea level and edifices are
mostly stratovolcanoes (Saemundsson 1986),
although there are also some shield volcanoes,
e.g., on Faial and Terceira islands.

In this contribution, marine geophysical data
are described to show how they can reveal
aspects of the structure and morphology of the
submarine volcanic features to suggest how they
have developed by volcanism associated with the
Azores mantle hotspot (O’Neill and Sigloch,
Chapter “Crust and Mantle Structure Beneath the
Azores Hotspot—Evidence from Geophysics”).
Research by biologists characterising substrates
and seabed morphology carried out as part of
marine habitat mapping is also described where
relevant to volcanology. The review concentrates
on the seafloor around the central and eastern
Azores Islands. Although not much marine geo-
physical work has been reported to date for the
western islands, signs of volcanism within the
last 2 m.y. on Flores and Corvo islands (Aze-
vedo and Portugal Ferreira 2009; Franga et al.
2006; Larrea et al. 2013) suggest that interesting
submarine volcanic structures may surround
them also.

The main source of information on submarine
volcanic structures has originated from seabed
mapping sonars rather than data from other types
of geophysical instruments. These data show the
gross morphologies of ridges, the shapes of
cones superimposed on them, how those cones
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vary in shape with water depth suggesting
influences of shallow marine eruptions, the
structures of lava flows in shallow water origi-
nating from subaerial eruptions and landslides
around the slopes of the islands. Each of these
aspects is described in turn, after first outlining
the main datasets that have been collected.

2 Marine Geophysical Datasets
Collected Amongst the Azores
Islands

The first systematic marine geophysical survey in
the Azores was carried out on RRS Discovery
using the Geological LOng-Range Inclined
Asdic (GLORIA) reconnaissance sidescan sonar
(Searle 1980). The focus of that study was
mainly the area west of the central Azores
islands, in order to decipher its tectonic history,
but two lines were run among the islands, also
collecting single-channel seismic and other geo-
physical data (track marked by solid bold line in
Fig. 2). With a lateral range set to 30 km, the
system was capable of imaging the submarine
slopes and ridges between the islands, outlining
broad structures. The data have too low a reso-
lution to reveal much detail; resolution is ~ 20—
30 m cross-track from the effective pulse dura-
tion of the sonar but along-track resolution
deteriorates considerably with acoustic spreading
of the 2.7° beam (Mitchell 1991), e.g., 500 m at
10 km range.

The ports in the Azores have provided con-
venient locations for changing crews of research
vessels working in the Atlantic and many lines of
multibeam bathymetric sonar data have been
collected opportunistically. Lourenco et al.
(1998) compiled a bathymetric map from transits
amongst the islands and some systematic surveys
on the Azores plateau. More recently, Miranda
et al. (2015) updated the compilation with data
collected by the Task Group for the Extension of
the Portuguese Continental Shelf, which includes
the most extensive swath survey around the
Azores so far. Although most of that survey work
occurred 200 nautical miles beyond the island
coastlines, sizeable areas within the Portuguese
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Fig. 2 Locations of some of
the marine geophysical
datasets collected among the
central and east Azores
islands. Numbers 10-13, 15
locate Figs. 10, 11, 12, 13 and
15. See main text for
explanation

-
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Agor Banks

% Reson multibeam
. (Arquipelago 2003)
4 AV
o -

- 39°

I 38°

Portuguese compilation
(Miranda et al.)

TOBI
{Urania 1999)

-30° -29°

Exclusive Economic Zone were covered includ-
ing parts of the Mid-Atlantic Ridge, major sea-
mounts and other areas around the islands (Dias
Correia 2010). The extent of this combined
dataset is outlined by the grey lines in Fig. 2
(marked “Portuguese compilation”).

In 1999, a survey was carried out on the
Italian RV Urania with the Towed Ocean Bot-
tom Instrument (TOBI) sidescan sonar (Ligi et al.
1999; Stretch et al. 2006). This system was
towed nearer to the seabed along the tracks
marked by wide dark grey lines marked “TOBI”
in Fig. 2. It carried a 30 kHz sidescan sonar and
a high-frequency sediment profiler, providing a
higher resolution view (somewhat analogous to
aerial photographs on land) than is typically
obtained by either GLORIA or the many multi-
beam sonars.

A portable Reson Seabat 8160 multibeam
sonar (50 kHz) was installed on the University of
Azores RV Arquipelago in 2003 (Mitchell et al.
2008). The bathymetric coverage of that expe-
dition is shown by the solid black areas in Fig. 2
around Faial, Pico and Sao Jorge islands (marked
“Reson multibeam™). As the crew of the vessel
were familiar with the local seas, surveying was
allowed into shallow water, which as shown later
was important for imaging fine lava structures.
The 1.5° beam widths of the system provide an
acoustic resolution of 0.26 and 2.6 m at 10 and
100 m depth, respectively. A subsequent
deployment of a University of St Andrews
phase-difference Submetrix bathymetric sonar

.28 27 -26° -25°

allowed some inshore areas to be surveyed
(Tempera 2008). Inshore surveys with chirp and
boomer seismic systems around the coasts of
Faial, Pico, Sdo Miguel and Flores (Bates 2005;
Quartau et al. 2003, 2005) have also been useful
for resolving shallow marine structures (Quartau
et al. 2012, 2015a; Tempera et al. 2012a, b).

Some additional surveys have been carried
out recently. Hiibscher (2009) led a research
cruise on the RV Meteor, collecting multibeam
and seismic data around S3o Miguel island in
2009 (area of light grey marked M79 in Fig. 2).
Those results are now appearing in the literature
(Weiss et al. 2015a, b; Sibrant et al. 2015; Weiss
et al. 2016). Results of two further cruises of RV
Meteor in 2015 (Hiibscher 2015) and RV Meteor
in 2016 (Beier 2016) will extend that work. In
2010, a selection of seamounts to the SW of Faial
were mapped by one of us (FT) for habitat
mapping purposes including Condor Seamount
and parts of Acor and Princess Alice banks (light
grey areas emanating from Faial Island in Fig. 2).
A shallow water multibeam survey of the
Formigas Bank Marine Protected Area southeast
of Sdo Miguel Island in 2011 (also by FT) has
imaged the headscarps of shallow landslides
around the seamount and an intricate pattern of
faults on the flat summit of the bank.

Two other surveys in 2011 (project FAIVI)
covered a broad area around Terceira Island
(Chiocci et al. 2013; Quartau et al. 2014,
Casalbore et al. 2015). One of the surveys on RV
I’Atalante mapped the submarine slopes and
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ridges around the island (light grey area marked
FAIVIin Fig. 2), while a survey with the inshore
launch Haliotis (marked in Fig. 2 with continu-
ous lines) acquired dense chirp and bathymetric
data.

3 Plate-Tectonic Setting

The movements of the tectonic plates create the
lithospheric stress conditions under which dykes
are intruded and lava is erupted to build the
submarine ridges in the Azores. The pattern of
tectonic strain is therefore important for under-
standing the orientations of the ridges. McKenzie
(1972) was one of the first researchers to spec-
ulate on the nature of the tectonics in the Azores
region involving separation of the Eurasian and
Nubian plates in the form of a “leaky” transform
fault. Such a pattern of strain involving both
shear and extension within a deforming zone has
more recently been described as transtension
(McCoss 1986; Madeira and Ribeiro 1990). The
Terceira Rift, an elongate depression filled by
Sdo Miguel, Terceira and Graciosa islands
(dashed line in Fig. 1b), is commonly considered
the main Nubia-Eurasia plate boundary (e.g.,
Vogt and Jung 2004; Vogt and Jung, Chapter
“The “Azores Geosyndrome” and Plate
Tectonics: Research History, Synthesis, and
Unsolved Puzzles”). However, the seismicity
shown in Fig. 1b becomes more widely dis-
tributed among the central islands (dashed par-
allelogram in Fig. 1b) and a variety of other
geophysical and geodetic data now suggest that
the deformation occurs broadly across the region
encompassed by Faial, Graciosa, Terceira and
Pico islands and not solely along the Terceira
Rift (Madeira and Ribeiro 1990). For example,
modelling of aeromagnetic anomalies suggests
that the area between the islands and the
Mid-Atlantic Ridge has moved independently of
Nubia at times in the past (Freire Luis et al. 1994)
rather than with Nubia as would be expected if
the plate boundary followed the trend of the
Terceira Rift to the ridge. This is confirmed by
numerous faults and volcanic ridges cutting the
older abyssal hill fabric of the Mid-Atlantic
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Ridge in this area (Lourengo et al. 1998; Searle
1980) and by more recent studies of the magnetic
anomalies (Luis and Miranda 2008; Miranda
et al., Chapter “The Tectonic Evolution of the
Azores Based on Magnetic Data”).

Fault-plane solutions of earthquakes among
the central islands show both strike-slip and
normal fault motions (Hirn et al. 1993) as
expected within a transtensional deformation
zone. A recent compilation including earth-
quakes to 1998 (Borges et al. 2007) shows that
the T (extensional) axes of the solutions are
mostly oriented NNE-SSW, perpendicular to the
Terceira Rift, with the central islands dominated
by strike-slip mechanisms (with conjugate
NE-SW and NW-SE nodal planes) and the rift
east of Terciera Island (including Sdo Miguel
Island) characterised by more nearly purely
normal fault mechanisms. Generally, seismic
strain appears to be oriented perpendicular to the
direction of elongation of the central islands and
submarine volcanic ridges.

GPS measurements at sites around the Azores
show deformation occurring broadly throughout
the central islands rather than in a narrow plate
boundary zone (Fernandes et al., Chapter “The
Contribution of Space-Geodetic Techniques to
the  Understanding of the Present-Day
Geodynamics of the Azores Triple Junction™).
For example, data collected in six campaigns
over an eight-year period show sites on Pico, Sdo
Jorge and western Terceira moving at interme-
diate rates between Eurasia and Nubia (Fernan-
des et al. 2006), rather than being clearly
attached to either of the two plates (Fernandes
et al., Chapter “The Contribution of Space-
Geodetic Techniques to the Understanding of
the Present-Day Geodynamics of the Azores
Triple Junction”).

Calais et al. (2003) have characterized the
motions of the major plates both from geologic
(magnetic anomalies and transform faults) and
GPS data. The rotation poles computed with these
different data types are significantly different in
terms of pole locations and rotation rates,
implying a change in motion since 3 Ma. The
open and solid circles in Fig. 1b show 3 m.y. of
forward movement of the plates with respect to
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fixed Nubia predicted by their GeolC and GPS
poles. (Arrows highlight the trends in the recon-
structions from the GeolC.) If the components of
movement are resolved parallel to NO25°E (per-
pendicular to Sdo Jorge and Pico islands), the
GPS results suggest 26% less movement than that
in the GeolC reconstructions. This is interesting
because the islands of Sdo Jorge and Pico both
have active strike-slip faults along their axial
ridges revealed by sheared cinder cones (Madeira
and da Silveira 2003). The Calais et al. (2003)
results may provide an explanation for this
observation, with a geologically recent change in
motion (reduced extensional component) leaving
a more important strike-slip motion.

38°50°N

IR°40°N

38°30°N

Condor Seamount

38°20°N

5 0 5 Kilometers
[

A

29°20'W 29°10°W 29°W 28°50'W

P Pyroxene present in samples analysed in thin section
©  Olivine present in samples analysed in thin section
Pl Plagiocl

1 1 in thin section

present in

Fig. 3 TOBI deeply towed sidescan sonar data collected
immediately west of Faial and Sdo Jorge islands (white
represents high acoustic backscattering), shown with
some thin section images and minerals present in dredged

4 General Morphologic Structure
of the Azores Volcanic Ridges

Figure 3 shows an overview of the mosaicked
TOBI data from west of Faial and Sdo Jorge
islands together with descriptions of samples
collected by C. Beier and co-workers (Stretch
2007). Figure 4 shows two enlargements of those
data. In Figs. 3 and 4, dark areas represent low
acoustic backscattering (usually mud or acoustic
shadows) and white areas represent high

backscattering (usually fault scarps or exposed
rocks such as lavas, rock talus or cold water
corals). These data show a variety of irregular
and

smooth textures on submarine cones,

PO Pl

28%40°W 28°20'W

rock samples (Stretch 2007). Annotation P, O and PI
represents the presence of pyroxene, olivine and plagio-
clase. “SJ” represents the western extension of Sao Jorge.
(See Fig. 2 for location of tracks relative to the islands.)
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Fig. 4 Selection of the TOBI deeply towed sidescan sonar data from west of a Faial and b Sao Jorge. White represents

high backscatter. Data are located in Fig. 3

probably representing different lava types, simi-
lar to features in the TOBI data collected over the
submarine ridge extending SE of Pico island
(Stretch et al. 2006). In Fig. 3, a generally rugged

seabed of cones and other outcrops forms three
main volcanic ridges—Condor Seamount at 38°
30'N, the western extension of Faial Island (off
the Capelo peninsula) at 38°40'N and, at the far
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Fig. 5 TOBI sidescan sonar 27°40°W  27°30°W

27°20'W 27°10'W 27°00'W 26°50'W

data collected east of Sdo
Jorge Island and south of
Terceira Island adapted from
Stretch (2007). The image
reveals volcanic cones and
other features on a ridge east
of Séo Jorge and a tectonized
ridge south-southeast of
Terceira Island. White
represents high backscatter

East SJ ridge

Terceira Island

38%40°N

Terceira ridge

38°30°N

3B°20°N

3I8°I0°N

0 5 10
T |

20 Kilometers

right at 38°45'N, the western extension of Sao
Jorge island. Another small ridge runs parallel to
these three immediately northwest of the “Faial”
annotation in Fig. 3.

In Fig. 4a, a variety of image textures can be
observed. For example, a “speckled” appearance
can be seen in the far west of the data, most
likely due to hummocky flows that are partly
buried by sediment. Elsewhere, surfaces are
smooth, as expected for volcaniclastic cones
(Mitchell et al. 2012a; Stretch et al. 2006), which
are a few hundred metres to 1-2 km across here.
Where the sonar track runs up the page slightly
left of centre in the figure, the beam pattern of the
sonar projected onto the topography leads to a
widening and narrowing of the near-nadir dark
zone (Mitchell 1991). That pattern suggests a
series of ridges and valleys running roughly
parallel to the broader topography of Condor
Seamount (“ridge and valley” in Fig. 4a, also see
inset lower-right). A further highly elongate cone
or ridge is highlighted in the lower part of the
map. Little detail of the summit of Condor Sea-
mount was obtained as it was obscured beneath
the sonar track, but a series of
downslope-trending bands in the backscatter are

most likely sedimentary features (channels) on
the seamount flanks (upper-right in Fig. 4a).

Figure 4b from beyond the western end of
Sao Jorge shows cones that are relatively circular
in plan-view but also a series of elongate cones
up to ~2 km long and oriented parallel to the
main ridge trend. Furthermore, two systems of
faults (revealed by highly backscattering bands
and acoustic shadows in the west of the map)
also run parallel with this trend. The elongate
cone morphologies may indicate eruption over
dykes (Mitchell et al. 2012a) oriented parallel
with the island and these faults.

In further TOBI data shown in Fig. 5, a vol-
canic ridge east of Sdo Jorge island is also
associated with elongate and circular features,
probably small ridges and cones, respectively. In
contrast, the seabed south of Terceira island,
which forms a broad ridge in the regional
bathymetry (Fig. 1), is widely disrupted by faults
and volcanic features are difficult to identify.

The Reson multibeam multibeam bathymetry
collected in 2003 allows a closer look at the
morphology of the ridge southeast of Pico Island
(Mitchell et al. 2012a) and to a lesser extent
ridges west of Faial and Sao Jorge islands near to
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Fig. 6 Bathymetry of deeper section of the submarine
ridge extending SSE from the eastern end of Pico Island.
Coordinates are Universal Transverse = Mercator
(UTM) projection (zone 26) distances in km. Bathymetry
data (from the Reson 8160 survey) have been gridded at
25 m and contoured at 50 m (500 m intervals are shown
in bold). The bathymetry is shaded with an artificial sun to
the upper-right. Lower-left inset shows location relative to

their coastlines. The crest of the SE Pico ridge
comprises many small ridges and cones (Figs. 6
and 7), which are described in more detail in a
separate section below. The morphology con-
firms the inference from TOBI images (Stretch
et al. 2006) that the large-scale ridges are pro-
duced by eruption of many small cones and
ridges over dykes. The greater apparent abun-
dance of cones under water compared with scoria
cones on the subaerial Pico Ridge probably arises
because erosion of cones and their burial by lava
flows are less effective underwater than on land
(Stretch et al. 20006).

Condor Seamount was also surveyed with
multibeam sonar as part of habitat mapping
efforts and has been investigated with remotely

Pico Island. Values linked to cones refer to cone
numbering scheme in Mitchell et al. (2012a). Note the
relatively uniform spacing of contours on cone flanks
consistent with volcaniclastic deposits at a uniform angle
of repose. Small ridges oriented parallel to the main ridge
trend are evidence for effusive eruptions over dykes
intruded with this orientation

operated vehicles (ROVs) and “drop-down”
cameras to provide “ground truth” (Tempera
et al. 2012a). The multibeam data (Fig. 8) show
smooth slopes on the flanks of the ridge in its
central part (corresponding with the sedimentary
features in the upper-right of Fig. 4a mentioned
previously), whereas the distal ends are covered
with many small cones. This contrast is similar to
that observed at Kilauea volcano, Hawai’i, where
the submarine slope of the island below the East
Rift Zone has a smooth morphology of clastic
material produced from fragmentation of lavas
crossing the coastline, contrasting with the more
rugged Puna Ridge where lavas have erupted
underwater (Moore and Chadwick 1995). Over
the smooth areas, the flanks of Condor seamount
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Fig. 7 Bathymetry of
shallower section of the
submarine ridge extending
SSE of Pico Island from
Mitchell et al. (2012a), as
Fig. 6 and also collected with
the Reson 8160 multibeam
sonar. Bathymetry shaded
with an artificial sun to the
upper-right. Lower-left inset
shows location relative to
Pico Island. Note the subdued
relief of cones 29 and 30,
speculated to have arisen from
forced spreading of the
eruption column by the air-sea
density interface

observed in camera and ROV imagery are mostly
covered with unconsolidated sediments that
appear to overlie a volcaniclastic substrate. These
smooth slopes are suspected to have been pro-
duced by a similar mechanism to that described
for Kilauea, though perhaps with shallow marine
eruptions creating the clastic material, rather than
subaerial lavas reaching coastlines. The summit
is highly backscattering acoustically and is cov-
ered with large rocky outcrops and some rounded
boulders and gravels, characteristic of a
paleo-beach. As the shallowest point of the
summit at 184 m is deep for the Pleistocene sea
level low stands, the seamount has probably
subsided since it formed.

The Serreta Ridge west of Terceira Island
(Fig. 1) was the site of a submarine eruption in
1999 (Freire Luis et al. 1999), which was
observed from sea by some of us (NCM and ML)
on RV Urania. During the eruption, porous
balloon-like blocks of lava were observed
reaching the sea surface, where they floated for
~ 15 min before sinking (Gaspar et al. 2003;
Kueppers et al. 2012). The area has since been
surveyed with multibeam sonars on RVs Knorr

(DK Smith chief scientist) and [’Atalante
(Chiocci et al. 2013; Casalbore et al. 2015). The
ridge morphology viewable online in Geoma-
papp software (Ryan et al. 2009) is similar to that
of Condor Seamount, with a smooth central
section (where the eruption occurred) and rugged
deeper section with superimposed cones.

5 Cone Morphologies

Mitchell et al. (2012a), Weiss et al. (2015b) and
Casalbore et al. (2015) have described morpho-
metric studies of Azorean submarine volcanic
cones. Figure 6 shows a selection of the 2003
Reson multibeam bathymetry data from a deeper
part of the ridge, revealing cones generally a few
hundred metres to 2 km in basal width and up to
400 m in height. Their summits generally lack
collapse pits or craters. The spacings of contours
on the cone flanks are regular, indicating they are
smooth with a common gradient, which is close
to the 28°-30° angle of repose of submarine talus
(Mitchell et al. 2000). Some indentations of the
contours may indicate small superficial collapses,
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Min: 184m
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Fig. 8 a Shaded relief bathymetry (artificial sun from left
of map) and b colour-coded bathymetry (10 m contours)
of Condor Seamount. Figures adapted from Tempera et al.
(2012a) based on data collected with a Kongsberg-Simrad
EM120 multibeam sonar and gridded at 50 m. Note the
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contrasting morphology of the flanks, which is smooth in
the central section (probably slopes of volcaniclastic
deposits) and rugged at both ends of the seamount (intact
volcanic cones and lavas)
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Fig. 9 Bathymetry profiles of the submarine cones from
Mitchell et al. (2012a). Vertical exaggeration is 2:1.
Whereas the gradients of cone flanks are typically ~30°,
the angle of repose of granular particles, some cones in
shallow water have flatter profiles with shallower flank
gradients. Two straight lines at base are at 30° to the
horizontal

which serve to redistribute material from the
summit to the flanks of the cones (Chadwick
et al. 2008). Several of the cones in Fig. 6 are
associated with small ridges oriented parallel
with the submarine Pico Ridge. They have been
interpreted as produced by effusive eruption over
dykes intruded parallel to Pico Ridge. Clague
et al. (2000) have described low-relief flat-topped
(coin-like) cones below a depth of 650 m around
Hawai’i, which they interpreted as caused by
eruption of degassed lava forming submarine
lava-lakes. Such features have not been observed
in the Azores. The common pointed shapes of
cones may indicate that gas-rich eruptions dom-
inate in the Azores and have produced mostly
fragmented material.

Figure 7, in contrast, shows some low-relief
(mostly <200 m high), rounded cones in shal-
lower water (e.g., cones 29 and 30) with summit
depths of 200-300 m. These flatter cones are also
evident in the stacked cone cross-sections in
Fig. 9, where low-relief rounded profiles are
more common for summits shallower than 400 m
and steeper cones are more common in the deeper
water. These flat cones have been interpreted as
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comprising volcaniclastic particles because their
acoustic backscattering suggests a smooth surface
texture, unlike the rugged morphology of effusive
lavas. Their flat profiles may have been produced
by eruption into shallow water, which led to
forced spreading of the eruption column by the
air-sea density contrast (Mitchell et al. 2012a), as
predicted by Cashman and Fiske (1991).

The multibeam datasets also reveal a number of
possible shallow-water Surtseyan cones. Figure 10
shows an oblique 3D image of bathymetry data
from the shallowest part of Princess Alice Bank to
the southwest of Faial Island and Condor Sea-
mount. Its summit (50-100 m depth) includes
low-relief sub-concentric furrows and ridges. These
features are suspected to have arisen from episodic
eruption into shallow water (potentially intermit-
tently subaerial) and subsequent wave erosion as
observed at Surtla near Iceland (Kokelaar and
Durant 1983). Erosion of separate volcaniclastic
layers with varying cohesion have left the concen-
tric furrows and ridges. The small mound in the
shallowest part of the summit may represent intru-
sive rocks of the central conduit of the cone that
remain after erosion. The small circular features
around the margins may be littoral cones.

In 1720 AD, a volcanic eruption between
Terceira and Sao Miguel islands within the Ter-
ceira Rift created an island reaching 150 m
above sea level, which was subsequently eroded
by waves to below sea level, forming Dom Jao
de Castro Seamount (DJdCS, see Fig. 1 for
location) (Cardigos et al. 2005; Santos et al.
2010). Bathymetric mapping has revealed that
the summit now comprises a 300 by 600 m
elongate crater (Cardigos et al. 2005). The shal-
lowest part of the edifice was last reported at
13 m below sea level. In contrast, the summit of
volcaniclastic materials on Surtla (Iceland) was
eroded down to 45 m depth in the 18 years fol-
lowing its eruption (Kokelaar and Durant 1983).
This difference may either reflect different
degrees of cementation of the substrate or that
bed shear stresses are larger during storms at
Surtla associated with longer periods and larger
wave heights [100-year significant wave heights
are estimated to be 30% higher at Surtla (Sterl
and Caires 2005)]. The DJACS edifice has active
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Fig. 10 Possible Surtseyan cone surveyed on the Prin-
cess Alice Bank to the southwest of Faial Island and
Condor Seamount (oblique view of multibeam sonar data
collected with a Kongsberg-Simrad EM120 multibeam

hydrothermal vents as shallow as 20 m depth,
which emit primarily CO, but also other volcanic
gases (Cardigos et al. 2005).

Figure 11a shows an unusual near-shore cone
that was previously published in electronic sup-
plementary material to Mitchell et al. (2008). It
shows two smooth surfaces dipping towards a
central 20-30 m central high mound (best seen in
the  cross-sections in  Fig. 11b).  This
inward-dipping morphology was also confirmed
by the sidescan sonar display of the corre-
sponding backscatter data shown in Fig. 1lc
collected roughly along line ‘p’. Those data are
shown without slant-range correction so that the
shape of the seabed can be observed (i.e., the
water column has not been removed). Various
features can be correlated with the bathymetry
map in Fig. 11a, including a linear depression
(apparently filled with a highly backscattering,
rugged material casting small acoustic shadows),
the central mound and the inward-dipping sur-
faces. In the grey-shaded image in Fig. 11a and
where marked “Circular trends” in the sidescan
data in Fig. 1lc, the inward-dipping surfaces
contain concentric furrows and ridges as in
Fig. 10. The «central mound is highly

150mM

sonar and gridded at 2 m). Note the concentric-like pattern
of ridges and troughs on the summit, which are possible
evidence for different layers of volcaniclastic particles left
after wave erosion. Located by “10” in Fig. 2

backscattering and rugged, casting acoustic
shadows. The presence of acoustic shadows
close to the track implies very steep
outward-facing surfaces (Mitchell 1991). This
feature is suggested to have formed by eruption
of a littoral cone. The inward-dipping surfaces
forming a roughly inverted cone shape probably
were created by excavation of central material by
hydromagmatic explosions (Mattox and Mangan
1997; Moore 1985), a similar though much
smaller structure to that originally produced by
the 1957-1958 Capelinhos eruption (Cole et al.
2001). Varied cohesion of clastic materials has
left the concentric trends.

6 Submarine Lava Flows

Subaerial lava flows have been observed entering
water directly only rarely, for example, around
Hawai’i by SCUBA divers (Moore et al. 1973).
Other observations have been on already
emplaced lavas, for example, deeper lavas map-
ped with sonar data and submersible dives and
sampled for geochemistry around Hawai’i (e.g.,
Wanless et al. 2006) and with sonar data in a lake
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Fig. 11 a Multibeam

(a)

bathymetry data showing an
unusual littoral cone off the
east coast of Pico Island (from
the 2003 Reson 8160 survey).
Coordinates are UTM metres

and artificial sun is from the
northeast. The data are
gridded at 0.25 m and
contoured at 2 m intervals
with every 10 m in bold.

b Depth profiles along two
separate lines located in (a).
Straight lines against profiles
and associated numbers are
representative gradients
(corrected for directions of the
lines). Profile q has been
offset vertically for clarity.
Map is located by “11”
annotation in Fig. 2.

¢ Sidescan sonar display
collected with the Reson
8160 multibeam
approximately along line p in
(a). Black represents high
backscattering and white
represents low backscattering
or acoustic shadows cast by
seabed features. In order to
show the shape of the seabed
profile, the image data have
not been corrected for
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on Iceland (Stevenson et al. 2012). One
remarkable LiDAR dataset has been collected by
Japanese scientists of a lava flow that entered a
lake near Mount Fuji and is now exposed fol-
lowing draining of the lake (Obata and Umino

Inward-dipping surfaces

1999). Systematic mapping of such features
around the nearshore parts of volcanic islands
has been rare, however. The 2003 multibeam
survey in the Azores was effective because the
small draft of the RV Arquipelago permitted
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Fig. 12 Lava flow on the
shelf immediately north of
where the historical flow
produced by the 1718 AD
eruption on Pico entered the
ocean revealed in multibeam
bathymetry data collected
during the 2003 Reson 8160
survey (located by small box
above “12” in Fig. 2). The
depth data have been gridded
at 0.25 m and are shown in
shaded-relief form with an
artificial sun from the NW.
Coordinates are UTM
distance in km. Depth
variation is indicated by

“20 m” and “85 m”
annotation [colour
depth-coded version was
shown in Mitchell et al.
(2008)]

374.4

surveying close to coasts and the crew were
familiar with the working environment.
Mitchell et al. (2008) described many
off-shore lava structures revealed in the 2003
Reson 8160 multibeam bathymetric data, which
they argued were mostly Holocene in age. Fig-
ure 12 shows a shaded relief image of data col-
lected immediately seaward of where an a’a’ lava
flow entered the sea in 1718 AD. The lava on
land immediately adjacent to this image (under-
lying the airport of Pico Island) has the blocky
morphology of a’a’ lava. However, the under-
water flows in Fig. 12 show a remarkable series

4269.8

4269.6

4269.4

4269.2

4269.0

374.6

374.8

of branching flow lobes, forming a dendritic
pattern, quite unlike the rounded fronts of ‘a‘a
lava typically found on land. Individual flow
lobes in Fig. 12 are 5-10 m in vertical relief,
while the central body of the flow is about 20 m
in relief. The flow front was shown to be a sta-
tistical fractal within the limits of the data reso-
lution, with a fractal dimension more similar to
those of pahoehoe than a’a’ flow fronts.

Many examples of these dendritic flow mor-
phologies were found around Pico Island and
some examples have also been mapped around
Faial (Quartau et al. 2012). Pahoehoe lavas on
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Fig. 13 Shallow-water
bathymetry (2003 Reson 8160
survey) showing two tumulis
and flows with levées on the
central north shelf of Pico
Island. The depth data have
been gridded at 0.25 m and
are shown with shading from
the NW. Coordinates are
UTM kilometres

4264.8

3864

Depth (m)
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386.8

land typically develop a viscoelastic layer as they
cool, forming the strongest part of the lava sur-
face (Hon et al. 1994). Pahoehoe lava fields
evolve by successively inflating lobes under this
viscoelastic layer like oblate baloons until the
visco-elastic layer ruptures allowing a new lobe
to form at a breakout. Given the similar
branching patterns of these submarine lavas to
pahoehoe, in Mitchell et al. (2008) the branching
behaviour was speculated to have arisen from a
similar development. Enhanced cooling by sea-
water entering cracks on the lava surface was
suggested to thin the visco-elastic layer of the
lava locally, reducing its strength and rendering it
susceptible to breakouts. Thus, whereas cooling
might be expected to toughen lava (and solidifi-
cation will clearly reduce mobility ultimately),
initial irregular cooling may actually promote
mobility. The fractal-like branched patterns of
the lava then occur because of episodicity in lava
pressure arising from flow discharge variations
and from the distribution of open cracks in the

—
Distance (m) 100

lava surface controlling the locations of break-
outs. Measurements of heat loss on actively
flowing lava along with its evolving morphology
are needed to test whether this occurs in practice.

Figure 13 shows further examples of lava
flows, in this case revealing the typical clefts of
10-20-m-high tumuli and flow channels with
levées in front of a coastal lava delta. The former
is evidence that pressure varied within the flow
beneath the crust during emplacement, as typi-
cally occurs during emplacement of subaerial
lavas (Hon et al. 1994).

7 Gross Morphology and Structure
of Island Flanks

The submarine slopes of volcanic ocean islands
can be broadly classified into two types on the
basis of gross morphology in profile—smooth
and concave, or rugged and steep. Debris ava-
lanches (produced by catastrophic collapses
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(Moore et al. 1989) or smaller downslope
movements of volcaniclastic sediments) leave
smooth, low-gradient slopes with
exponential-like profiles, whereas slopes con-
structed of lava or affected by deep-seated slumps
tend to be more rugged (varied gradient) and
steeper (Gee et al. 2001b). In submarine slopes
offshore from lava deltas, gradients are also typ-
ically steep, reaching 28°-30°, the angle of repose
of rock talus in tectonically active marine envi-
ronments (Mitchell et al. 2000). Unlike in the
Canary Islands where submarine channels com-
monly lie immediately below onshore valleys
(Krastel et al. 2001; Mitchell et al. 2003), the
submarine slopes of the Azores islands contain
few deep submarine channels or canyons.
Graphs of the statistical characteristics of
seabed gradients for sectors of island slopes
plotted versus elevation can be useful to char-
acterise the slope profiles semi-objectively. For
example, the median average of gradient mag-
nitudes and their inter-quartile range (a measure
of variability somewhat similar to standard
deviation but less affected by outliers) can be
computed in given depth intervals. Plotting those
gradient statistics versus elevation for Pico and
Faial Islands (Mitchell et al. 2008; Quartau and
Mitchell 2013) reveal that they are most like
those of constructional flanks or those containing
debris below lava deltas (Quartau et al. 2015b)
and unlike those of debris avalanches, supporting
the contention below that the islands have
experienced few major catastrophic landslides. In
both cases, the median gradient increases from
around 5° or less around the deep base of the
islands to 23°-28° just below the shelf break.
Low sulphur contents of lava emplaced on the
deep submarine flanks of Hawai’i were specu-
lated by Garcia and Davis (2001) to be due to the
lava having originally degassed on land and then
emplaced in the submarine environment, poten-
tially via lava tubes. The submarine parts of
islands may thus not necessarily be formed by
direct eruption of lavas. Unfortunately, the
smooth morphology of Kilauea down-slope from
where lava enters the sea suggests that the lava
usually breaks up to form a steep ramp of clastic
material (Moore and Chadwick 1995) so details
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are commonly obscured. The submarine parts of
volcanic islands are much larger by volume than
their subaerial parts, so resolving which of these
alternatives (direct eruption or material provided
from land) is more common in the Azores is
important to understanding the growth of islands.
Most of the lava flows mapped in 2003 in the
Azores (Mitchell et al. 2008) terminated on the
relatively flat shelf, though some, such as those
in Figs. 12 and 13 reached the outer shelf. One
example was traced to nearly 400 m depth on the
southwest side of the island. Unfortunately, these
observations still cannot resolve which alterna-
tive applies best to the Azores because the lack of
lava flow structures on the steeper submarine
slopes may either represent a problem of sonar
resolution at those depths or that lava may simply
disintegrate to a breccia quickly after emplace-
ment on steep slopes (which reach the ~30°
angle of repose immediately below the shelf
break) as has been observed around Kilauea
(Sansone and Smith 2006).

8 Landslides

With systematic mapping with sonars around
many oceanic islands, the early observations of
widespread landslides (Holcomb and Searle
1991; Moore et al. 1989) have been generally
confirmed (Keating and McGuire 2000). How-
ever, the Azores islands are unusual in that only
two large landslides are revealed by the subaerial
geomorphology (Mitchell 2003). One lies in the
southeast side of Pico Island [Topo volcano,
Fig. 14, Costa et al. (2015)]. A smaller embay-
ment on the south subaerial flank of Pico volcano
was dismissed as unlikely in Mitchell (2003) but
probably also is a landslide based on the presence
of an embayment of the volcano topography on
land typical of a landslide headwall. More
recently, Costa et al. (2014) have interpreted two
further landslides using multibeam data from the
Pico-Sao Jorge channel. Such landslides, if they
were to occur today, could produce unusually
large tsunami impacts on the adjacent island
coasts because the channel may effectively form
a reflecting waveguide (Omira et al. 2016).
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Landslide embayment

Topo
volcano

1464 m

Fig. 14 3D oblique view of topography and bathymetry
data from the south coast of Pico Island showing slump
structure on land (Mitchell et al. 2012b) (view location
shown by the arrow in Fig. 2). Numbers 400-989 are
altitudes (m) of volcanic cones identified as potential

The conditions at the time of failure are
unknown for major pre-historic landslides, hence
many reasons for failure have been suggested
(Keating and McGuire 2000). However, the lack
of major landsliding in the Azores is consistent
with the observation that landslides or sector
collapses are common in volcanic ocean islands
and seamounts taller than 2500 m but rare in
those shorter than 2500 m (Mitchell 2003) as the
Azores Islands lie on an elevated plateau
(Fig. 1a). In oceanic seamounts and guyots, this
transition also coincides with a transition in the
shapes of seamounts, whereby the taller edifices
are more star-like in plan-view, with radiating
volcanic ridges (Mitchell 2001). Landslides
commonly form embayments between the ridges,
thus contributing to the star-like morphology.
The fact that volcanic rift zones occur in the
Azores (where they appear in shorter edifices
than in the global pattern) thus reflects their
plate-tectonic rather than volcano-tectonic origin.

Some of the explanations for deep-seated
slumping that have been suggested for the
Hawaiian islands probably do not apply here. For
example, the Hawaiian islands are built on a

1076 m

sources of lava forming the Holocene lava delta marked
on the figure. Geophysical data collected on the shelf just
below sea level here show little evidence of relief on
faults, suggesting little movement of the slump has
occurred during the Holocene

layer of impermeable hemipelagic sediment
which forms a basal décollement (Moore et al.
1994), a ductile layer of thick olivine cumulates
may induce movement (Clague and Denlinger
1994) and over-pressuring of pore fluids during
intrusions may temporarily elevate fluid pres-
sures (Elsworth and Voight 1995). The presence
of an igneous basement in the Azores may imply
higher permeability than beneath the Hawaiian
islands and there is likely to have been less
compaction of volcanic materials leading to
permeability reduction given the shorter eleva-
tions of the islands, so pore fluids are potentially
less pressurized. The lower volcanic building rate
suggests that major bodies of hot olivine cumu-
late are less likely, although a density anomaly
suggesting a possible intrusion has been identi-
fied in the SE of Pico Island (Nunes et al. 2006)
beneath the slump described below.

Despite the general absence of major slumping,
there is potential evidence that one of the slumps is
active, a rare feature of volcanic ocean islands and
so worthy of further study. Mitchell et al. (2012b)
studied the Topo landslide using boomer seismic
and chirp sediment profiler data collected on the
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shelf as well as coincident multibeam data. The
island shelves were last modified by surf erosion
during sea level transgression after the last glacial
maximum (Quartau et al. 2010) so the presence or
absence of relief on faults can help reveal whether
they have been active in the Holocene after they
became isolated from surf. Where the three
onshore escarpments E1-E3 observed in Fig. 14
continue offshore, little evidence was found of
fault relief on the shelf. Furthermore, no offsets are
observed in the lavas on land within the east and
north sides of the landslide embayment (Madeira
1998). In contrast, Hildenbrand et al. (2012) have
published GPS and InSAR data, which suggest
that parts of the coast here within the landslide
embayment are presently mobile and some evi-
dence from a separate GPS campaign (Madeira,
personal communication, 2012) also suggest the

Fig. 15 Examples of 07 NE
surficial landslides in the ] p
uppermost slope of south Pico | \65

Island in shaded relief iy

imagery of the 2003
Arquipelago Reson 8160
multibeam sonar data (shaded
from the upper-left). The data
have been gridded at 0.25 m.

feature is mobile at the coast. The apparent dis-
crepancy between these results might indicate that
the landslide has only recently begun moving
(Mitchell et al. 2012c).

In the uppermost submarine slopes of the
islands, smaller, superficial landslides are com-
mon (Mitchell et al. 2008; Quartau et al. 2012).
For example, the multibeam data in Fig. 15, from
the south coast of Pico Island show a number of
embayments of the uppermost slope forming
discrete depressions of the seabed. The depres-
sions, which are several 10 s of metres deep,
probably represent failure of material that is
cohesive, because steep head- and side-walls
remain (steeper than the ~30° angle of repose of
granular material). Whereas the hazards from
major landslides have received attention as
potentially causing ocean-traversing tsunamis

NW
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material has finite cohesion).
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(Ward and Day 2001), these smaller landslides
may present a threat to local populations by
creating smaller but nevertheless locally signifi-
cant water surges. Such a surge was caused by a
landslide entering the sea at Stromboli island,
Italy (Tinti et al. 2005). Similar upper submarine
slope landslides may explain some of the local
tsunamis in the Azores that have not been asso-
ciated with specific earthquakes (Andrade et al.
2006). Although much smaller than the large
trans-ocean tsunamis, such small landslide events
are probably more frequent.

9 Future Submarine Research
in the Azores

Further work on the morphology of volcanic
structures can be expected to be published over
the coming years, based on the new datasets. The
islands of Flores and Corvo remain to be sur-
veyed but evidently will likely reveal interesting
features if surveyed also. The potentially active
slump in south Pico should be subject to detailed
monitoring. Given the number of lava flows and
cones now well characterised in the various kinds
of sonar data, there is ample scope for more
detailed work based on samples, photographic
observations and relating their structures to lavas
on land (requiring perhaps scientific diving).
However, although there is certainly much to be
learned though “forensic” earth science, a
remaining challenge will be to observe active
processes with the level of detail that is common
in subaerial volcanology (Mitchell 2012d). For
example, the branching behaviours of these
submarine lava flows may reflect an interesting
effect of cooling by seawater on their
visco-elastic layers, an inference that is difficult
to test with further observations of already
emplaced flows. In the ocean, we are unable to
measure temperatures with infra-red emissions as
is possible on land but heat flow might instead be
measurable from heat advection above actively
developing submarine lavas and could be com-
bined with morphologic and other data from
autonomous vehicles.
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of the Azores Archipelago:

An Overview of Historical Events
and a Detailed Analysis

for the Period 2000-2012
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Abstract

The Azores Archipelago is located in the
Middle Atlantic Ridge, at the Triple Junction
formed by the contact of the Euro-Asiatic, the
Nubia (African) and the American plates (see
also Vogt and Jung, Chapter “The “Azores
Geosyndrome™ and Plate Tectonics: Research
History, Synthesis, and Unsolved Puzzles”).
Its seismicity rate is very high with earth-
quakes with relatively low magnitude, defining
quite well the contact regions. This chapter
gives an overview of the existing historical and
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instrumental catalogues, describes the seismic-
ity of the region essentially since early 1915,
and analyses in more detail the characteristics
of the recorded data in the period 2000-2012.
The spatial variations of the minimum magni-
tude of completeness (Mc) as well as the
b-value is studied for this period within the
stripe of observed seismicity which contains
the alignment of the Archipelago islands.
A preliminary interpretation of the Mc and
b-values is made keeping in mind the geolog-
ical transition between the Gloria fault to the
East and the Mid-Atlantic Region to the West.
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Corvo, the Central group is composed of Gra-
ciosa, Faial, Pico, Sao Jorge and Terceira and the
Eastern group comprises Sdo Miguel and Santa
Maria. The Archipelago is located at the Triple
Junction of the Eurasia, Nubia and, the North
America lithospheric plates. The Central and
Eastern groups are eastward of the Middle
Atlantic Ridge (MAR) and at the boundary of the
Eurasian and Nubian plates. The Western group
is located to the west of MAR and lies on the
American plate. The Azores Islands lie on a
plateau formed by tectonic and/or magmatic
activity. Various theories have been proposed
(e.g., a melting anomaly, Schilling 1975); Vogt
and Jung (Chapter “The “Azores Geosyndrome”
and Plate Tectonics: Research History, Synthesis,
and Unsolved Puzzles”) have compiled an
overview of the models explaining the presence
of the volcanic islands of the Azores. The eastern
side of the Azores region has a roughly triangular
shape delimited by three tectonic discontinuities:
the East Fracture Zone (EFZ) in the south, the
MAR in the west and the Terceira Rift (TR) in
the north. The EFZ is oriented E-W with a seis-
mic activity decreasing to the East, and jumped
from the EFZ to a point further north (Luis et al.
1994). MAR is a pure extensional structure,
seismically active and, divided into several seg-
ments. At the 38°50' latitude North, the direction
is N10°E with a low inflection to the south
around N20°E. While the origin, morphology
and geodynamic features of these two tectonics
limits are consensual, it is not the case for the
Terceira Rift which is still debated. TR has a
general WNW-ESE orientation and is charac-
terised by a sequence of basins, seamounts, and
Islands. According to Udias (1980) and Buforn
et al. (1988), it is an extensional zone normal to
the MAR or an oblique extension for Searle
(1980). Madeira and Ribeiro (1990) state that TR
is a leaky transform. According to them, the
compressive stress axis (o) is horizontally
rotating from N-S out of the boundaries limit to
NW-SE in the boundary limits. The maximum
tensional stress (o3) is horizontal with a NE-SW
orientation. Due to the stress deviation near the
boundary, the dextral faults change from
NNW-SSE to WNW-ESE and sinistral faults
from NNE-SSW to NNW-SSE. Nevertheless, the
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wideness of the disturbed zone given by the
direction of the maximum and minimum com-
pression and by the morphological features
indicates that Azores domain is a diffuse plate
boundary with an oblique ultra-slow spreading
centre that accommodates the shear movements
between the Nubia and Eurasia plate (Lourenco
et al. 1998). According to Vogt and Jung (2004),
the TR is an ultra-slow ridge that comprises the
segment formed by the Graciosa, Terceira and
Sao Miguel Islands.

Seismicity encompasses a stripe formed by
the Graciosa, Sdo Jorge, Faial, Pico, Terceira,
Sao Miguel and Santa Maria Islands and goes to
east along the Gloria Fault. Figure 1 depicts
instrumental seismicity between 1915 and 2012.
Most of the seismicity in this period has
M < 4 and the maximum magnitude recorded
in the instrumental period is Mg 7.1. Focal
mechanisms of the Azores region calculated and
revised by several authors are compiled in the
Fig. 2 (McKenzie 1972; Arroyo and Udias
1972; Udias et al. 1976; Grimison and Chen
1986, Buforn et al. 1988; Borges et al. 2007;
Bezzeghoud et al. 2014). The deformation
process in TR is dominated by earthquakes with
right-lateral strike-slip faults or normal faults
oriented N120°E or NI150°E (Grimison and
Chen 1986; Buforn et al. 1988). Both fault-
ing systems are under horizontal tensions
with mean direction N25°E normal to TR
(Buforn et al. 1988).

Several authors divide TR into two zones with
distinct seismicity. Borges et al. (2007) and
Bezzeghoud et al. (2014) distinguish them from
the total seismic moment tensor whereas Fontiela
et al. (2014) consider the frequency magnitude
relation. The first seismic zone comprises the
area between the MAR up to the Terceira Island
and the second one, from the Terceira Island up
to the transition of the Azores domain to the
western end of the Gloria fault.

Testimonies of the seismicity of the Archipe-
lago begin in the middle of the 15th century with
the first Portuguese settlements in the Archipe-
lago. One of the largest events ever known in the
Azores occurred in 1522 causing heavy damage
in Vila Franca do Campo, the first capital city of
Sao Miguel Island.
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Among the several authors publishing on the
historical seismicity of the Azores, Costa Nunes
(1986) is the one who edited the first earthquake
catalogue for the period 1444-1980. Later,
another catalogue covering the period 1850-
1998 was published by Nunes et al. (2004),
correcting several events and adding new ones.

The present chapter gives an overview of the
main sources of information and data used in

these catalogues. It analyses the main character-
istics of the evolution of seismicity in the period
1915-2012. For the period 2000-2012, a detailed
analysis of the data completeness (i.e. minimum
magnitude of completeness, Mc) and of a- and
b-values of the Gutenberg-Richter magnitude law
is made. Then, the variability of these values for
the different zones is discussed.
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2 Earthquake Catalogue

As in many other seismic areas of the world, the
seismicity in the Azores is described in two
periods: the historical and instrumental ones. The
historical period concerns data reported by wit-
nesses, its uncertainties depending on the per-
ception and capabilities of the observers to
describe the effects (see also Beier and Kramer,
Chapter “A Portrait of the Azores: From Natural
Forces to Cultural Identity”). For the instrumen-
tal period, data are collected on paper or digitally.
The increasing number of operating seismic sta-
tions associated with an increasing quality of the
seismological observatory practices have per-
mitted rapid progress in the detection of small
events. As a consequence, the number of events
recorded and the quality of the determination of
seismic source parameters have increased quite
significantly in the last decades.

The 1522 earthquake was the first historical
event referred in the Azores. Gaspar Frutuoso
(*1522, T1591) described in detail the effects of
this earthquake that triggered a massive landslide
burying the city of Vila Franca do Campo. Other
authors contributed with earthquake reports such
as Drumond (1859), Macedo (1871), Junior et al.
(1983), and Bessone (1932). Agostinho (*1888,
71978) and Machado (*1918, '2000) also
actively contributed to a better understanding of
the earthquake phenomena in the Azores. They
studied the most severe earthquakes that struck
the Islands. For further readings, one could refer
to Machado (1948, 1949, 1966) and Agostinho
(1927a, b, 1955a, b). Other valuable sources of
historical seismicity are the Arquivo dos Acgores
(1981-1986) and local newspapers.

The first seismometer was installed in Sao
Miguel Island in 1902, followed by the installa-
tion of a second station in Terceira in 1932 and a
third one in Faial in 1957. Until 1980, the Azores
seismic network was composed by these three
stations only. Due to the small number of sensors
during the period 1957-1980, the minimum
magnitude threshold was very high, restraining
the detection of events of small magnitude. The
Terceira earthquake of the 1st January 1980 is a
milestone in the seismology studies of the
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Azores. Few days after the main shock, the
Universidade dos Acores (UAz) deployed a
temporary seismic network that was operating on
the geothermal project in S3o Miguel Island. Few
months later, the seismic network operated by the
UAz had six seismic stations in Terceira Island
and eight in S0 Miguel Island. This network
was able to detect tens of micro-earthquakes
(Nunes 1991). After Terceira earthquake, and
during many others seismic swarms, temporary
seismic networks were deployed, but considering
the aims and specificity of temporary seismic
networks, they will not be referred herein. In
1996, IRIS, within the Global Seismic Network
Project IRIS/IDA), installed one surface and one
borehole seismometer in Sao Miguel Island.
Before 1997, two seismic networks operated
independently of each other; one operated by the
UAz and the other one by the Instituto de
Meteorologia (IM). In 1997, these two institu-
tions created the SIVISA (Sistema de Vigildncia
Sismoldgica dos Agores) Consortium which joins
the two networks in a single one (Fig. 3a, b).
With the Consortium creation, the number of
seismic stations increased producing a decrease
in the inland network gaps and improving the
determination of the focal parameters. Ten years
later, in March 2007, the SIVISA Consortium
ended, splitting the network in two separate
networks as it was prior to 1997. The seismic
network operated by IM with 21 stations was
updated with two broadband seismometers
installed in Corvo and Flores Islands under the
CTBTO (Comprehensive  Nuclear-Test-Ban
Treaty) framework (Fig. 3a, b). Figure 3a
shows the spatial distribution of the SIVISA
stations and later IPMA (former IM) while
Fig. 3b shows the seismic network evolution as
well as the seismic stations operating in the
Azores between 2001 and 2012.

As referred previously, Costa Nunes (1986)
edited the first earthquake catalogue of the
Azores for the period 1444-1980. For this per-
iod, earthquake dataset was divided into three
groups according to the data quality. The first
group includes data collected before 1900. The
number of events is small and concerned mainly
strong earthquakes. The second group covers the
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Fig. 3 Evolution of the seismic network in Azores for
2001-2012. a the left and right Figures show the seismic
network operated by SIVISA and IPMA (former IM),
respectively up to the end of 2014. b Depicts the seismic
stations operating by SIVISA Consortium and after the
end in April 2007. The time scale is in semesters.

Operating stations are in blue, unknown or not-operating
stations are in light grey and unknown status is marked in
dark (Source Boletim Sismologico Preliminar dos Agores,
published by SIVISA in monthly basis between 2001 and
2012. In the period 2007-2012 published by IM)
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period 1900-1975 with more detailed and quality
improved data. The number of events still
remains relatively small. The third group, in the
period 1975-1980, concerns mainly instrumental
data provided by the seismic stations in the
region.

The Earthquake Catalogue for the Azores
Region (CSRA) published by Nunes et al. (2004)
comprises the period 1850-1998. The CSRA
combines the Azores Earthquake Database
(BDSA) from Nunes (1991), the earthquake
catalogue of Costa Nunes (1986) and data from
worldwide earthquake catalogues. Nunes et al.
(2004) reviewed the events reported in Costa
Nunes (1986) and Nunes (1991) and added new
information whenever available. After 1947, the
primary earthquake data sources were Anudrio
Sismolégico Nacional and the bulletins pub-
lished by Instituto de Meteorologia (IM), now
replaced by the Instituto Portugués do Mar e da
Atmosfera (IPMA). From 1980 to 1998, data was
provided by the seismological networks operated
by the UAz and later by SIVISA. For the period
1970-1998, it can be noticed that the CSRA has
some periods without records.

Nunes et al. (2004) claim about 900 earth-
quakes felt between 1850 and 1946, 6,460
recorded earthquakes for the period 1947-1979,
and 2,600 recorded earthquakes for the period
1980-1998. The present study concerns data for
the period January 2000-July 2012, compiling
the data provided by the International Seismo-
logical Centre (ISC) for the period 1998-2002
and the data from the Seismological Preliminary
Bulletin of Azores published by SIVISA and,
since 2007, by the Meteorological Institute for
the period 2003-2012. The newly created data-
set, called the Earthquake Catalogue 2012
(EC2012) comprises the period 1915-2012. The
EC2012 includes 34,874 entries, 75% of them
recorded during the period 1998-July 2012.
Magnitude scale reported on EC2012 are M,
My, My, and Mg. My, and My scales are the most
common ones with 60 and 23% of the cases,
respectively. About 10% of the data have no
reported magnitude.

The map locating the epicentres of the
EC2012 (Fig. 1) shows seismicity distribution
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along a stripe that accommodates a complex
system of tectonic structures, reinforcing that the
Azores domain is a complex area. One could
distinguish clusters of events with magnitude
greater than five such as the one in the southeast
of S@o Miguel Island, between Sao
Miguel-Terceira, Faial-Pico Islands, west of Faial
and Graciosa Islands, and on the MAR. The
strongest earthquakes (M > 6) are located
directly on the MAR, in the Central Group
(Terceira, Graciosa, S@o Jorge, Pico, and Faial)
and to NW and SE of Sao Miguel Island. The
strongest earthquake ever felt in the Azores
struck Sao Jorge Island on July 9th, 1757 with an
estimated magnitude M of 7.4 (Machado 1949).
Figure 4 shows the annual frequency and
cumulative number of earthquakes of the
EC2012. Prior the improvement of the seismic
network, in 1980, the number of earthquakes
recorded is low and, after 1980, the annual
number of recorded earthquakes increases. Sev-
eral seismic crises (swarms) are clearly shown in
the bottom graph of Fig. 4: in 1964 in S. Jorge,
in 1973-1974 in Pico, in 1992-1993 and 1998
crises around Faial Island, and in 1989 and
2005-2006 seismic crisis that occurred in
Fogo-Congro region of Sao Miguel Island. For
the latter, no consensus was found on the number
of earthquakes recorded during this period.
Marques et al. (2007) report that 46,000 events
were recorded between May 2005 and December
2005 while Silva et al. (2012) state that only
15,000 events were recorded between 2002—
2010. Nevertheless, the number of events
reported in Seismological Bulletins between May
and December 2005, is lower than 7,500.
Figure 5 depicts the magnitude distribution of
the events for the period 1915-2012. The mag-
nitude ranges from 0.7 to 8.1 with three
remarkable peaks; the first peak is between 0.8—
1.2 and associated to seismic swarms charac-
terised by a high number of events with smaller
magnitudes. The second peak referring to mag-
nitudes range between 1.5 and 2.3 corresponds to
the largest number of recorded earthquakes in the
Azores. The last peak, in the interval 2.5-2.8, is
associated with seismic sequences like the one of
the Faial in 1998. In general, the Azores
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seismicity is characterised by a high number of
events of relatively small magnitude.

Most of the earthquakes in the Azores have a
shallow depth, less than 10 km, as illustrated by
the hypocentres distribution of Fig. 6. According

to Kearey et al. (2009), the thickness of conti-
nental crust is around 40 km while the oceanic
one is around 7 km. Nevertheless, the crust in the
Azores is not a typical one. Searle (1976) esti-
mated the thickness of oceanic crust around 8 km
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using the Rayleigh-Wave dispersion method;
Steinmetz et al. (1977) in the MAR identified
two reflectors at 9 and 30 km depth; Luis et al.
(1998) estimated an elastic plate with 7-8 km
thickness while Luis and Neves (2006) estimated
in 4 km. Later, Matias et al. (2007) estimated the
oceanic crust in 14 km in the area that comprises
Faial, Pico and Sao Jorge Islands. Silveira et al.
(2010) established a thick crust around 20—
30 km. Figure 7 shows hypocentres in two
cross-sections along the major tectonic structures
of Azores. Three main earthquake clusters at a
depth greater than 10 km are identified on
cross-section A—-B (Fig. 7b) beneath Graciosa
Island, to the east of Terceira and beneath the
central part of S8o Miguel Island which com-
prises the region beneath Fogo-Furnas volcanoes.
Concerning cross-section C-D (Fig. 7¢) is iden-
tifiable a seismic cluster that is related to the
Faial earthquake (1998), where the foci are dee-
per than 25 km. Dias (2005) studied in detail the
aftershocks sequence of Faial earthquake and
calculated using inversion models that the Moho
discontinuity is around 11-14 km. Another
cluster is West of the Graciosa Island where

50 55 60 65 70 75 80 85 90 95 100

Depth (km)

depths equal or higher than 30 km. In both cases, bins
have 1 km depth interval

earthquake depth reaches 40 km. The last cluster
concerns the SE of the Terceira Island on a small
area of a submarine section of the Lajes fault
where deepest events attain 50 km depth (Lour-
enco et al. 1998).

3 Characterization of Seismic
Activity

Earthquake catalogues are the primary source of
information to study seismo-tectonics, seismicity,
and hazard. Seismic data quality is the main cri-
teria to obtain reliable and accurate results and
provide pertinent statistical analysis. Unfortu-
nately, data is not homogeneous since they come
from the analysis of seismic waves recorded by
different instruments with different operational
practices and procedures, varying in space and
time. Several authors (e.g. Habermann 1987,
1991; Habermann and Creamer 1994; Zuniga and
Wiemer 1999) gave special attention to the
heterogeneities in earthquake catalogues, intro-
duced by network’s limitations and man made
changes. These heterogeneities in space and time
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Fig. 7 a Location of cross sections along the major
tectonic structures of Azores. The empty grey circles are
earthquakes selected to draw the cross sections and black
dots are earthquakes which are not represented on

affect the completeness of the catalogue, and they
need to be avoided. A parameter useful to verify
the quality of an earthquake catalogue is the
minimum magnitude of completeness (Mc). Mc is
the lowest magnitude for which all earthquakes in
a space volume and time period can be detected

cross-sections. b Cross section A-B starts in the Middle
Atlantic Ridge and crosses Terceira Rift until Gloria fault.
¢ Cross section C-D starts in the Middle Atlantic Ridge
and crosses Faial-Pico volcanic ridge

(Rydelek and Sacks 1989; Taylor et al. 1990;
Wiemer and Wyss 2000, 2002). To estimate the
minimum magnitude of completeness, a simple
power-law can approximate the frequency mag-
nitude distribution (FMD) for a given volume. The
relationship between frequency of occurrence and
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earthquakes magnitude (Ishimoto and lida 1939;
Gutenberg and Richter 1944) is as followed:

log,g N(M) = a—bM (1)
where N is the number of earthquakes having a
magnitude larger than M, a and b are constants.
The a-value describes seismic activity while b-
value relates to tectonic stress (Mogi 1967,
Scholz 1968). The b-value is near 1 in most
seismically active regions on Earth (Frohlich and
Davis 1993). However, b-value can be disrupted
by an increase of material heterogeneity that
produces high values (Mogi 1962) or by an
increase of shear stress (Scholz 1968), and
effective stress (Wyss 1973) that produces lower
values. It is common in volcanic areas to have
high b-values, up to 2, due to the high tempera-
ture gradient (Warren and Latham 1970) or
during swarms. Several authors (e.g. Wyss et al.
1997; Wiemer and McNutt 1997; Wiemer et al.
1998; Murru et al. 1999) found high b-values
limited to small volumes corresponding to active
magma chambers and conduits.

To estimate Mc, we choose events with My,
due to their higher number of events in EC2012
for the period 2000-2012 (20,880 events). On
the same time span, only 7,970 events were
reported with duration magnitude (My). We
reject My due to the dependence of
signal-to-noise ratio of this magnitude scale and
to the low number of events reported. The choice
of having a single magnitude scale reduces the
errors in the estimation of b-value (Wyss 1991;
Zuniga and Wiemer 1999). Wiemer and Wyss
(2000) proposed to combine Mc95 with Mc90
estimates and the maximum curvature method to
estimate Mc. The Mc90 and Mc95 are the mag-
nitudes at which 90 or 95% of the observed data
are modelled by power law fit, respectively. The
maximum curvature method estimates Mc using
the point of maximum curvature of the FMD.

Large earthquakes produce hundreds to
thousands of aftershocks that can reduce the
statistical significance or introduce bias on seis-
micity rate. To remove aftershocks clusters, we
apply the Reasenberg (1985) method to the
earthquake catalogue. From 20,880 earthquakes,
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9,625 were in clusters, representing 54% of the
dataset (Fig. 8). Minimum magnitude of com-
pleteness Mc and b-value are determined using
the ZMAP software (Wiemer 2001).

Figure 9 shows the frequency magnitude
distribution and the power law fitting for all
events declustered in the span 2000-2012. The
best fit of the Eq. (1) is found with Mc = 2.5 and
b =0.9. Estimated error on Mc and b-value
is £0.4 and +0.12, respectively.

To qualify the earthquake catalogue regarding
Mec, b-value (for the period 2000-2012), and
identify heterogeneities and spatial variations we
create a regular grid of 2 by 2 degree. We
obtained ten rectangular regions (Fig. 10), called
cells. The grid has a superimposition window of
1° in latitude and longitude in the region of the
Middle Atlantic Ridge (MAR) (cells 1, 2 and 4),
and 1.5° by 1° in the Terceira Rift (TR) (cells 3,
5,6, 7, 8,9, and 10). The review of the seis-
mological studies developed in the Azores
Islands as well as the historical seismicity, with
consequences in the islands, are mentioned in
cells 6 and 9 to give a general view of seismicity
of both regions. The following gives an overview
of the seismic activity per cell. For all cells (but
CELLs 6 and 8), the electronic supplement (S1—
S9) show the cumulative annual distribution, the
annual number of events and the frequency
magnitude distribution.

CELL 1 includes the Northern part of the
Azores plateau and a segment of the Middle
Atlantic Ridge (MAR). Its seismic activity is
scattered and irregular on time. Before 2003, no
events were reported in this section of the MAR.
Largest event is ML4.6, however most of the
events have M; between 2.8 and 3.8. The FMD
fits very well all events above Mc 3.1 with an
estimated error for Mc of +0.2. The a- and b-
value are 5.2 and 1.0 &+ 0.2, respectively.

CELL 2 shows a cluster of earthquakes cen-
tres along a NE-SW trend that coincides with the
intersection of MAR and North Azores Fracture
Zone (NAFZ). The number of events is much
higher than in the other sections of MAR.
Around 700 earthquakes were recorded between
2000 and 2012, half of them belonging to the
mentioned cluster. Most of the events reported
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have a magnitude between 2 and 4.5. Since 2005, 3.2 £ 0.2 while ais 6.7 and b is 1.4 £ 0.3. The
the number of recorded earthquakes have relatively high value of Mc in the cells 1 and 2 is
increased partly (or wholly) due to the decrease due to the difficulty for seismic networks to
of the magnitude threshold to 1.5. Mc is record low magnitude offshore earthquakes.
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Fig. 10 Declustered earthquake catalogue EC2012 in a
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CELL 3 includes a part of MAR and the west
of Terceira Rift. The distribution of the seismic
activity shows quiescence periods alternating
with intense seismic activity. The seismogenic
sources of the cell 3 produce more earthquakes
(~2,000) than in cells 1 and 2. The cumulative
number of earthquakes softly increase until 2006,
then sharply increase up to 2012. Two peaks at
magnitudes My = 2.2 and 2.6 are identified
which are related to the seismic activity to the
West of Faial Island and with the activity in the
MAR, respectively. Before 2005, the magnitude
range is 2-3.5 (Mp) with few events of magni-
tude higher than 3.5. After 2005, the range of
magnitude is 1.5-4. The magnitude-frequency
distribution follows the power law model from
Mc to My, 4.1. In this case, Mc =2.8 & 0.2
whilsta=59 and b =12 + 0.2.

CELL 4 is fairly aseismic. Most of the seis-
micity is limited to an area of 0.5° x 0.5°. In this
area only 55 earthquakes were recorded, and
magnitude range was 2.2 to 4.4. Due to the small
number of events, the power law does not fit well

longitude (cells 1, 2 and 4) while in Terceira Rift, the
superimposition is 1.5° x 1° (cells 3, 5, 6, 7, 8, 9 and 10)

the FMD. In this case, Mc = 2.8 £ 0.2, a =4.1
and b =0.9 £+ 0.3.

CELL 5 covers the MAR and extends over the
Islands of Faial, Pico and partially over Sao
Jorge. Seismic activity occurs in a broad area
between the Islands of Faial-Pico and the W of
Graciosa Island. This cell shows a cluster with a
general NE-SW trend and rough elliptical shape
of 24 x 12 km at 23 km of the western Faial.
Several authors (Luis et al. 1994; Miranda et al.
1998; Lourenco 2007) relate this seismic activity
to the extension of the Faial Fracture Zone (FFZ).

In this cell, we notice two periods where
seismicity increases; the first one on April-May
2007 when 550 earthquakes occurred with a
maximum magnitude (Mp) of 4. Fourteen of
them were felt by the population with the highest
intensity IV (MM) in Faial Island. The second
one in March-June 2010 with more than 400
earthquakes recorded. The maximum magnitude
(Mp) was 4.5 and intensity reached V (MM) in
Faial. Most of the events have a magnitude in the
range 1.2-2.4 with a maximum at 4.5. At this
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stage, the seismic network can detect small
events with M lower than 0.5. For this cell, the
Mc =2.8 £ 0.16; a=6.5 and b = 1.3 £ 0.22.

CELL 6 includes the islands of the Central
Group, namely Graciosa, Sao Jorge, Faial, Pico
and the western part of Terceira. A high value of
seismic activity can be seen, except in Sdo Jorge
Island. It could be explained by the release of
energy which occurred with the 1757 earthquake
(M7.4, Machado 1949). All the Islands in this
cell felt the effects of strong earthquakes at least
once on the historical period (Table 1).

Since 1900, Faial Island had to handle two
earthquakes that caused heavy damage and
deaths and a volcanic eruption. In chronological
order the first one was:

— The earthquake of August 31st, 1926 is
inserted in a seismic sequence started at 5
April 1926 and lasted up the end of
September. Agostinho (1927a, b) estimated
the epicentre near Faial Island at the channel
between Faial-Pico Islands. The maximum
intensity X (MSK) and estimated magnitude
My) 5.3-5.6 (Nunes et al. 2001). The main

Table 1 Historical
earthquakes in cell 6 with
Imax > VII (modified from
Nunes et al. 2001)

Date Intensity
17/05/1547
24/05/1614
13/06/1730
09/07/1757
24/06/1800
26/01/1801
21/01/1837
15/06/1841

IX (MMI)

XI (MMI)

VIII (MMI)

IX (MMI)
IX (MMI)

VII/VII (MMI)

VIIVIX (MMI)

VIYVIII (MMI)

11/06/1912
31/08/1926
27/12/1946
13/05/1958
21/02/1964
23/11/1973
01/01/1980
09/07/1998

VII/VIIL (MMI)
X (MMI)
VII/VII (MMI)
VIIIX (MMI)
VIII (MMI)
VII/VII (MMI)
VIIIIX (MMI)
VIII/IX (MMI)
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event caused severe damage in the main town
of the Island and on nearby villages.

The second one is the Capelinhos volcanic
eruption which begun in September 1957 and
finished in October 1958. Initially, the erup-
tion was of surtseyan type and in April 58
decrease gradually to give place to strombo-
lian and hawaiian eruption types. Suddenly,
during the early evening of May 12th, 1958 a
seismic crisis started and continued through
next day. During the first night, the population
felt around 450 earthquakes, two of them with
maximum intensity X (MMI) and one of VIII
(Machado et al. 1962). One maximum inten-
sity was located in southwest of the caldeira
and the other one in northwest at half-distance
between the caldeira and the active crater
whilst. The intensity VIII was in the northeast
side of the Island at a focal depth of 1 km.
On 9 July 1998 Faial Island was hit by a strong
earthquake (Mw6.2), 10 km NE of Faial
which affected mostly Faial and Pico Islands.
The result was eight deaths, more than one
hundred injuries and heavy damage on build-
ing stock. According to Senos et al. (2008),

Death toll = Region most affected
>3 North zone of Terceira Island
>200 Praia da Vitoria, Terceira Island
Luz, Graciosa Island
1,046 Calheta, Sao Jorge Island
Praia da Vitoria, Terceira Island
2 Sdo Sebastido, Terceira Island
Guadalupe e Santa Cruz, Graciosa Island
Praia da Vitoria, Terceira Island
Praia da Vitoria, Terceira Island
9 Horta, Faial Island
Serreta, Terceira Island
Praia do Norte, Faial Island
Rosais, Sao Jorge Island
Bandeiras, Pico Island
61 Doze Ribeiras, Terceira Island
8 Ribeirinha, Faial Island
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around 7,600 aftershocks were recorded
during the first month and more than
15,000 up the end of 2003, extending the
seismic annual rate up to early 2005
(Dias 2005).

The study of the seismic sequence of Faial 98
earthquake by Matias et al. (2007) reveals an
unusual high p-value of 1.40 using the Omori
modified law, a value typical of mid-oceanic
ridges. The authors calculated a 1D seismic
velocity model fitted to the local conditions where
the Vp/Vs ratio range between 1.77 and 1.91. The
hypocentre relocation disclose two alignments.
One with direction NNW-SSE and the other one
with a rough orientation ENE-WSW. The anal-
ysis of the focal mechanisms of the mainshock
and aftershocks indicate that the rupture is com-
patible with strike-slip mechanism; and few
events with normal/reverse mechanism. From the
epicentres and focal mechanism, the authors
deduced that the alignment NNW-SSE are asso-
ciated to left-lateral strike-slip fault solution and
the WSW-ENE exhibit right-lateral component.

The tomographic study conducted by Dias
et al. (2007) in the area of Faial, Sdo Jorge, and
Pico Islands with data recorded after the Faial 98
earthquake reveal that the shallow layers are
consistent with tomographic signal on Faial
Island; probably the plumbing system or even a
magma chamber beneath Caldeira with low Vp
(<6.0 km/s); a region of high Vp (>6.0 km/s)
beneath NE Faial; the NE slopes of Faial — Pico
ridge reveal a gradient in Vp and Vp/Vs models,
and a tectonic segmentation of Faial Island.

Borges et al. (2007) conducted a study on the
seismic source of the 1998 earthquake using the
inversion of seismic body waves. They found
that the rupture with the sub events was similar to
the one of Terceira 1980 earthquake. Most of the
energy was released on the first sub-event at
8 km depth with left-lateral strike-slip rupture.
The location of the second sub-event was at the
same horizontal position but at 7 km depth and
less energetic than the first one. The scalar seis-
mic moment of the first sub-event was
1.1 x 10" Nm and second one 0.3 x 10'® Nm;

J. Fontiela et al.

the duration of the source time function was
25 s.

In Pico Island, earthquakes are located in the
western part of the island around the volcanic
edifice named Pico Mountain (Nunes et al.
1997). From October 1973 to March 1974, 802
earthquakes were recorded, 490 of them were felt
by the population (Nunes et al. 1997). On
November 23, and December 11, 1973 two
moderate earthquakes occurred with My 5.8 and
5.6 and intensity VII-VIII and VI (MMI),
respectively.

On the 9 July of 1757, a great earthquake
struck Sdo Jorge Island collapsing all buildings
of the eastern region and causing more than
1,000 fatalities. The historical accounts refer that
cracks were formed, some of them with more
than 2.2 m depth, and changes on the topography
of the island were observed. Machado (1949)
assigned maximum intensity XI (MI 31) and
estimated magnitude 7.4 for the event. From
paleoseismological studies, Madeira (1998) esti-
mated that the magnitude ranges from 6.4 to 6.8.

Concerning the volcanic eruption of 1963/64
near Sdo Jorge, the first signs started towards the
end of 1963 with the Horta seismic station
recording continuous seismic tremor that lasted
up to January of 1964 (Zbyszewski et al. 1977).
Early in the morning of February 15th, 1964 a
seismic crisis started and, up to midnight, 179
earthquakes were recorded; and 125 the next day.
On the first days, the epicentres were located near
the historical eruptions of Manadas in 1580 and
Urzelina in 1808. According to the authors, the
seismic tremor started around noon the 15th of
February and ended the 22nd of February and
were felt strongly in Manadas and Urzelina set-
tlements. The strongest events, with maximum
intensity VIII, occurred the following days, the
18th, 20th and 21st of February. The seismic
crisis due to the eruption ended in September
1964 and more than 500 earthquakes were felt by
the population.

In Graciosa Island, many old chronicles
referred to damaging events without accurate
details on the date and damage level. In 1730 and
1837, two earthquakes of maximum estimated
intensity of VIII-IX and IX, respectively,
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destroyed most of the dwellings located in the
southern part of the Island (Nunes et al. 2001).
In the past, strong earthquakes (inten-
sity > VII) inflicted economic and social losses
to the inhabitants of Terceira Island (Table 1).
According to this table, the island suffered the
effects of seven earthquakes with maximum
intensity > VII/VIII MMI. The eastern and
south-eastern areas were most severely affected.
The largest events occurred in 1614, 1800, 1801
and 1841. With the exception of 1801, the other
earthquakes occurred in the eastern part, more
precisely in the Lajes Graben which extends to
the seafloor, SE of Terceira (Nunes et al. 2001).
On January lIst, 1980 Terceira Island was
affected by a strong earthquake Ms7.2 (Hirn et al.
1980) and maximum intensity IX MMI. The
islands of Sao Jorge and Graciosa felt the earth-
quake with maximum intensity VII/VIII and
VI/VII, respectively. The earthquake caused
heavy damage in some areas of Terceira, espe-
cially in the city of Angra do Heroismo where
around 30% of the building stock collapsed, and
caused a death toll of 61. The data referring to
seven days of aftershocks made it possible to
locate the epicentres within a ribbon of 40 km
long by 6 km wide, and the strike N150°E
(Hirn et al. 1980). These authors inferred from the
aftershock sequence that the mainshock fault
mechanism was pure sinistral shear along a
NI150°E fault plane, the same plane being found
by the composite solution for aftershocks. The
body wave inversion suggests the source time
function had two peaks separated by 10 s
(Grimison and Chen 1988). The authors state that
the first sub-event is consistent with a pure
strike-slip mechanism, while the second
sub-event exhibits a large component of thrust
faulting at depths of 12 and 20 km. These depths
are not in agreement with the ones constrained by
Hirn et al. (1980) nor consistent with an oceanic
type of crust. Borges et al. (2007) obtained two
sub-events with left-lateral strike-slip mecha-
nisms. The second sub-event was located 25 km
NNE of the main rupture plane, and was 12 s later
than the first. The total scalar seismic moment
obtained by Buforn et al. (1988) (2.0 x 10" Nm)
from long-period Rayleigh-wave inversion, is

similar to the one obtained by Borges et al. (2007)
(1.9 x 10" Nm) from body wave inversion;
nevertheless, Grimison and Chen (1988) obtained
a higher value (3 x 10" Nm).

The last volcanic eruption in the Azores was
between 1998 and 2001, and took place at sea
about 10 km west of Serreta (Terceira Island,
Gaspar et al. (2003), Kueppers et al. (2012)).
According to Gaspar et al. (2003) the number of
earthquakes increased above background values
on November 23rd, 1998. On November 27th,
the number of earthquakes rose to 200, and two
days later reached 400. Then the seismic swarm
decreased to background values. On December
18th, the first sign of an ongoing eruption was
observed.

Seismic hazard analysis by Carvalho et al.
(2001) estimates a PGA value of around 2.5—
2.75 m/s*> (exceedance probability of 10% in
50 years) for this cell mainly in the west of Faial
and in the Terceira Rift segment between the
islands of Terceira and Sdo Miguel.

The seismic temporal evolution is like cell 5,
with magnitudes ranging from 0.2 to 4.5
(Fig. 11a, b). Earthquakes with magnitude (M)
larger than 3.5 are isolated (e.g. in 2003 to the
first quarter of 2004, and in 2010). Periods with
low radiated energy (2005-2007 and 2008—
2009) are followed by periods of increasing
radiated energy (2000-2004, 2007 and 2010).

The FMD in cell 6 is well constrained by the
power law for events larger than 2.4 (M}). Mc is
fixed at 24 +0.2; a=59 and =12 £ 0.1
(Fig. 11c). Despite the generally improved azi-
muthal coverage along the Archipelago, some
seismicity has been analysed in regions with poor
azimuthal coverage, such as those to the west of
both Graciosa and Faial Islands.

CELL 7 lies in a section of the Terceira Rift
that includes Terceira Island, half of Sdo Jorge
Island and a small western section of Pico Island.
Temporal evolution of seismicity shows a low
annual rate from 2000 to 2003, a slight increase
until 2007 and then an average rate. Several
periods have reduced or no recorded earthquakes
(e.g. 2000-2002, 2007 and 2009). Magnitudes
(M) range between 0.2 and 4.4, with few events
with a magnitude higher than 3. The
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Fig. 11 Temporal distribution of earthquake in cell 6.
a cumulative earthquake number (top) and annual distri-
bution (bottom). b Annual number of event. The lack of
seismicity for the first semester 2000 is due to the shift on
reported magnitude. In December 2010, data are not
available. ¢ Frequency magnitude distribution. Triangles

corresponding values of the Gutenberg-Richter
law are: Mc=25+025: a=58 and
b=13+ 0.24.

CELL 8 covers the North and South Hiron-
delle basins, Dom Jodo de Castro Bank located
between these two basins, Sdo Miguel Island and
Povoagdo Basin to the west of Sdo Miguel Basin.

Dom Joao de Castro Bank is an active volcano
located in a segment of the Terceira Rift. The
single known eruption was in December 1720.
The population of the islands of Terceira and Sao

are noncumulative frequency magnitude distribution and
empty squares are cumulative frequency magnitude
distribution. The error in magnitude completeness
is £0.2 and b-value £0.1. The red line is the fitted power
law beginning at the minimum magnitude completeness
(triangle)

Miguel felt some earthquakes associated to the
eruption. Since 1933, several moderate earth-
quakes have been reported around the volcano
(electronic supplement S7, earthquakes marked
with *). Some seismic swarms (e.g. in October
1988 and in June 1997) had more than 2,000
earthquakes in the first month, and 45 of them
had a magnitude higher than 4 (Gaspar 1997).
Based on the focal mechanism of Azores
earthquakes, Borges et al. (2007) established a
seismotectonic model to the west of Terceira
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Island. In this area, the seismicity is oriented
NW-SE, with a normal type of faulting system
with a horizontal tension axis trending NE-SW,
normal to the Terceira Rift. Study of the focal
mechanism of the 28 June 1997 earthquake
shows a normal fault with a rupture process
divided into three sub-events at focal depths
ranging from 5 to 7 km (Borges et al. 2007). The
total scalar seismic moment is 7.0 x 107 Nm
with source duration around 5 s.

Sdo Miguel Island is seismically the most
active. In the following, seismicity in different
parts of the island is presented: On 22 October
1522, a massive landslide triggered by an earth-
quake buried the first capital of Sdo Miguel
Island—Vila Franca do Campo. The event
caused heavy destruction on building stock and
around 5,000 deaths, the deadliest event in the
archipelago (Frutuoso 1998). Maximum intensity
assigned was X on both intensity scales McS-17
and MM-31 (Dias 1945; Machado 1966)
respectively, while Nunes et al. (2001) and Sil-
veira et al. (2003) assign the same intensity
value, applying MMI and EMS-98 scales,
respectively. The epicentre was inland, to the
north of Vila Franca do Campo, and the focal
depth was at 12 km (Machado 1966). Table 2
lists the earthquakes that occurred in Sao Miguel
after 1522. Some of them (1522, 1591 and 1852)
could be related to the volcanic activity of the
Fogo-Congro region.

Nine volcanic eruptions have been reported
since the settlement of Sdo Miguel Island in the
15th century, most of them preceded or followed
by earthquakes (Franca et al. 2003). Around the
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Sete Cidades volcano in the west of the island,
seismic swarms of more than 150 events are
common, while on the Fogo-Congro volcano in the
central region they are counted in the thousands.

During a seismic crisis near Sete Cidades
volcano in September 1996, a total of 180
earthquakes were recorded in seven hours. All
earthquakes were associated with the Mosteiros
Graben, a tectonic element NW of the volcano.
The epicentres were located at a depth of
between 2 and 4 km (Forjaz et al. 1996). In
August 1998, another seismic swarm manifested
by 120 earthquakes recorded in three hours; five
of them felt by the population with a maximum
magnitude of 3.1 and MMI of V (Gaspar and
Wallenstein 1998). One month later, a new
swarm of about 120 earthquakes in four hours
occurred; five of them were felt by the population
and one had an MMI of V.

The Fogo volcano includes a complex system
of faults that accommodates a tectonic structure
in a graben known as the Congro Fracture Zone.
The first recorded swarm in this region was in
1922, and lasted two months, with tens of
earthquakes felt by the population (Nunes and
Oliveira 1999). In 1967, a second swarm occur-
red and lasted for four days. For both of them,
the maximum intensity was VII (Nunes and
Oliveira 1999). From 1988 until July—September
1989, more than 8,000 events were recorded with
magnitude (My) up to 3.8 (Nunes and Oliveira
1999). From May 2005 to late 2006, thousands
of earthquakes were again recorded.

The Fogo volcano includes a geothermal
reservoir where two geothermal power plants

Table 2 Historical earthquakes in Sdo Miguel Island since 1522 (modified from Nunes et al. 2001; Silveira et al. 2003)

Date Intensity Human toll

22/10/1522 X (MMI and EMS) ~ 5,000

26/07/1591  VII/IX (MMI and Unknown

EMS)

16/04/1852 | VIII (MMI and EMS) 9

05/08/1932 | VIII (EMS); VII (MMI) | 3,000
homeless

27/04/1935 IX (EMS); VI MMID) |1

26/06/1952  VIII (MMI and EMS) 600 homeless

Region most affected
Vila Franca do Campo, Sao Miguel Island

Vila Franca do Campo and Agua de Pau, Sio Miguel
Island

Ribeira Grande, Sdo Miguel Island

Povoagdo, Sdo Miguel Island

Povoacao Sao Miguel Island

Ribeira Quente and Povoagao, Sao Miguel Island
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have been installed. Due to the economic
importance of this renewable energy, several
studies were developed in this region. Dawson
et al. (1985) searched for anomalies in seismic
velocity that may reflect the presence of a magma
chamber or hydrothermal system beneath the
volcano. They found a low-velocity area in 5 km
depth, 10 km long in E-W direction and 5 km in
N-S direction. This region might be a
hydrothermal reservoir or a body of partial melt,
or a combination of both.

Zandomeneghi et al. (2008) found anomalies
in P-wave velocity model and P- and S- wave
velocity ratio (Vp/Vs) in the central part of Sdo
Miguel known as Congro. In the region
Fogo-Congro, they found low velocity (Vp) and
Vp/Vs ratio in the NW and NNE of Fogo vol-
cano. Areas of high velocity and Vp/Vs ratio are
found in the south of Fogo and the central region.
However, the authors did not find shallow bodies
of partial melt in the Fogo area as described by
Dawson et al. (1985).

Using data from 2003-2007, Fontiela and
Nunes (2008) identified sub-volumes with high
b-values (1.6-1.7) at depths around 8-9 km,
compared to surrounding zones with lower b-
values around 0.6. These high b-values could be
explained by the presence of hydrothermal sys-
tems or dyke intrusions. A seasonal correlation
between rainfall and velocity patterns is found by
Martini et al. (2009). It is related to local pressure
changes at depth in response to surface rainfall,
when the system is critically stressed and/or
interacts with the geothermal system. Fogo
Volcano is dominated by a normal regional stress
field, while the Congro region exhibits a highly
heterogeneous stress field with permutations
between o, and o (Silva et al. 2012). For the
period 2002-2012, the stress tensor is charac-
terised by a maximum  compressive
sub-horizontal  stress axis (o) striking
WNW-ESE and minimum compressive stress
axis (o3) striking NNE-SSW.

Furnas Volcano has very low seismic activity.
GPS data show low rates of deformation (Jonsson
et al. 1999) which could be explained, firstly, by
spreading in the region between the Eurasian and
Nubian plates, and secondly, by a source of
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inflation located on the northwest of the caldera.
Nunes and Forjaz (1998) describe two seismic
swarms that occurred inside Furnas caldera in
June 1989 and in January 1992. The first seismic
swarm had 111 events with magnitude lower than
2.4, the strongest event occurring near the
fumarole field in Furnas village. The second
swarm had 30 events with magnitude lower than
2.4 but released more energy than the first. Zan-
domeneghi et al. (2008) found low Vp values and
Vp/Vs ratio, related to an active geothermal sys-
tem embedded in low density pyroclastic deposits.

The study of seismic hazard assessment in
Sao Miguel shows that for the annual exceedance
probabilities of 0.01 and 0.002, the central part of
Sao Miguel is likely to experience an earthquake
of VI and VIII MMLI, respectively (Oliveira et al.
1990).

In terms of seismic activity, cell 8 has a sig-
nature completely different to CELLs 1-7. The
cumulative number of earthquakes (Fig. 12a)
highlights low seismic activity up to 2004, fol-
lowed by a period of increasing seismicity
becoming intense until 2007 and declining later.
The period 2004-2006 is characterised by seis-
mic swarms located in the Fogo-Congro region.
From 2005 to 2007, more than 8,300 events with
magnitude (Mp) lower than 4 were reported in
the Seismological Bulletins. Comparing cumu-
lative numbers of earthquakes (Fig. 12a) with
those of the seismic swarm of 1989 (see Fig. 5b
of Nunes and Oliveira 1999), both swarms have
the same features; initially, there is a subtle
increase in the number of earthquakes followed
by a peak of seismic activity during a short
period of time, then a return to normal back-
ground activity. The range of magnitude is
between 0.5 and 1.3.

The temporal distribution of events in the
graph of Fig. 12b shows periods of low activity
before and after the seismic swarms of 2004 and
2005-2006, M|, magnitude varying in the range
of 1.5-3.5. A low number of events is found
between 2007 and 2012 with 0.5 < My < 4.2
Magnitude for the seismic swarm varies between
0.1 and 4.0.

Figure 12c shows that the FMD fits the power
law for magnitude range of between 2.2 and 3.4.
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Fig. 12 Temporal distribution of earthquake in cell 8.
a cumulative earthquake number (top) and annual distri-
bution (bottom). b Annual number of event. The lack of
seismicity for the first semester 2000 is due to the shift on
reported magnitude. In December 2010, data are not
available. ¢ Frequency magnitude distribution. Triangles

The values obtained in this cell were: Mc = 2.2
+03;a=56and b=10 =+ 0.2.

CELL 9 includes Sao Miguel and Santa Maria
Islands, Povoacao and Sao Miguel basin, and the
Formigas Islets; all of them known to be seis-
mically active areas. This cell is in the transition
of the Terceira Rift to the Gloria Fault. Searle
(1980) stated that the western end of the Gloria
Fault stops abruptly at latitude 36°48'N and
longitude 24°30'W.

Most of the significant earthquakes recorded
in cell 9 are around M; 5-5.9, with few earth-
quakes of higher magnitude. One located east of

are noncumulative frequency magnitude distribution and
empty squares are cumulative frequency magnitude
distribution. The estimated error in magnitude complete-
ness is £0.3 and b-value 30.2. The red line is the fitted
power law beginning at the minimum magnitude com-
pleteness (triangle)

Santa Maria Island on 8 May 1939 of M, =7
caused heavy damage on Santa Maria, and
another on 5 April 2007 of M,, = 6.2 (Global
CMT) occurred in the Formigas Islets.
Seismicity in cell 9 (electronic supplement
S8) is like that in cell 8 (Fig. 12a) up to the first
quarter of 2007. Thenceforth, seismicity has been
continuous above background values, up to now
particularly, due to the earthquake of April 2007.
Magnitude distribution is similar to that of cell 8
for events with magnitudes up to 4, but the
number of earthquakes with magnitude greater
than 3 is higher. FMD fits the power law for
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magnitude ranging from 2.2 to 3.5. The values
obtained were: Mc = 2.2 + 0.49; a=4.8 and
b =0.8 &+ 0.17. However, we must remember
that some seismogenic sources are in areas where
the seismic network has poor azimuthal
coverage.

CELL 10 covers the transition of the Terceira
Rift to the Gloria Fault (Fig. 10). The seismicity
was very low until 2007, and increased after the
earthquake of April 5th, 2007 M,, = 6.2, Glo-
bal CMT), remaining higher than before. The
range of magnitude for most of the events is
1.8-2.6. Evolution of magnitude (M;) with time
exhibits a period with few earthquakes, with
magnitude lower than 3, between mid-2000 and
the first quarter of 2003. From then on, the
seismicity slightly increases up to the end of
2006 with magnitudes ranging from 2 to 3.5, up
to 4.5. Since the My 6.2 event of April 5th,
2007 the seismic rate has remained high. FMD
is correlated with the power law for magnitudes
up to 4.1. The Mc, a- and b-values are: Mc =
24+05, a=46 ad bL=08=£0.2,
respectively.

Table 3 summarizes the a- and b-values and
Mc calculated for each cell, as well as the latitude
and longitude coordinates of the upper left corner
and lower right corner of each cell.

J. Fontiela et al.
4 Discussion and Conclusions

The different seismicity parameters estimated for
the Archipelago of Azores exhibit variability in
different regions. The deployment of a new
generation of broadband sensors as well as
improvements in data treatment by the seismo-
logical observatories have increased the quality
of data, as well as the level of detectability of the
seismic network. It is noticeable a decrease of
Mc (from 3.2 in cell two to 2.2 in cell nine)
during the 12 years under analysis. This decrease
is related to a better azimuthal coverage of some
seismic clusters provided by the seismic network.
Nevertheless, some significant seismic clusters
cannot be adequately surveyed because of the
geographic disposition of the islands, such as the
ones located towards the edges of the strip of the
Azores; to the west of Graciosa, Sdo Jorge and
Faial, and to the east of S80 Miguel and Santa
Maria. Furthermore, even between the islands
there are clusters with poor azimuthal coverage
such as between the islands of Terceira and Sao
Miguel. In fact, our results demonstrate that cells
1, 2, 3, 4 and 5 with poor azimuthal coverage
have high Mc (2.8-3.2). Comparing cells 5 and
6, which overlap 0.5°, we notice a decrease from
2.8 to 2.4, mostly due to a better azimuthal

Table 3 «- and b-value and minimum magnitude of completeness (Mc) calculated for each cell

Cell Northwest Southeast b-value a-value Magnitude of completeness (Mc)
Lat. Long. Lat. Long.
1 419 -30.1 39.9 -28.1 1+02 52 31+02
2 40.9 -31.1 38.9 -29.1 14£03 6.7 32+£03
3 39.9 -31.1 37.9 -29.1 1.2 +£02 5.9 2.8 +£0.2
4 389 -32.1 36.9 —30.1 09 £+ 0.3 4.1 28 +£02
5 39.9 -30.1 37.9 —28.1 1.3 £02 6.5 2.8 £0.2
6 39.4 -29.1 374 -27.1 1.2 £0.1 5.9 24 +£0.2
7 389 —28.1 36.9 —26.1 1.3+£02 5.8 25+02
8 384 -27.1 36.4 -25.1 1.1 £0.1 5.6 22 £0.1
9 37.9 -26.1 359 -24.1 0.8 £0.2 4.8 22+05
10 36.4 -25.1 354 -23.1 0.8 £ 0.1 4.6 24 +04

Estimated errors for each parameter is given. The coordinates correspond to the NW and SE corners of the rectangular

cells
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coverage between the triangle formed by Sao
Jorge, Graciosa and Terceira. In cell 6 the Mc is
2.4 but in cell 5 it increases due to poor coverage
between Terceira and Sdo Miguel. The next two
cells (8 and 9) have the lowest Mc in the Azores
region. In cell 10 Mc increases to 2.4, mostly due
to poor azimuthal coverage to the east of Sdo
Miguel and Santa Maria. In fact, Fontiela and
Nunes (2008) studied a seismic cluster in the area
of Fogo-Congro (in the central region of Sdo
Miguel), and obtained Mc values of between 0.9
and 1.5. The Mc values obtained herein highlight
that in some regions it is possible to perform
studies with microseismicity.

Concerning b-values, it is known that they
vary in space even in short distances (Ogata et al.
1995; Wiemer and Benoit 1996; Wiemer and
McNutt 1997; Wiemer and Wyss 1997; Wyss
et al. 1997; Power et al. 1998; Murru et al. 1999;
Wiemer and Katsumata 1999; El-Isa 2013; El-Isa
and Eaton 2014). Another factor that should be
taken into consideration is the tectonic com-
plexity that coexists with volcanic activity in the
Azores region. In this complexity of tectonic and
magmatic processes, we discuss the results under
the hypothesis that b is inversely proportional to
the mean magnitude (Aki 1965). Despite this
approach we consider that our FMD of each cell
fits well to a power law.

Experiments in rock failure depict a preva-
lence of small earthquakes due to the increased
heterogeneity of rock samples (Mogi 1962), or
due to lower stress (Scholz 1968), which can be
described as a state of high heterogeneity of
stress increased b-value. Consequently, low b-
values are due to an increase in applied shear
stress (Scholz 1968), or an increase in effective
stress (Wyss 1973). In the Azores region, we
found cells with high as well as low b-values. In
a coarse analysis, a decrease from west toward
east is noticeable. Nevertheless, some cells have
poor azimuthal coverage which may introduce
some bias on the b-value. Thus, the physical
meaning of the b-values of cells 1, 2, 3, 4, 10 will
not be discussed. The significant seismicity in the
Azores is to be found in cells 5-9. Fontiela et al.
(2014) studied seismic clusters in the Azores, and
found b-values varying from 0.7 to 1.6.
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The b-values of the western part of the Azores
obtained in this study and those of Fontiela et al.
(2014) show that different stress regimes cohabit
in the region. In fact, the volcanism emplacement
is marked by two distinct buoyant mantle
upwelling’s (Adam et al. 2013, see also Vogt and
Jung, Chapter “The “Azores Geosyndrome” and
Plate Tectonics: Research History, Synthesis, and
Unsolved Puzzles”, O’Neill and Sigloch, Chapter
“Crust and Mantle Structure Beneath the Azores
Hotspot—Evidence from Geophysics”). One is
located in a wide area that comprises the islands
of Graciosa, Sdo Jorge, Faial and Pico, and the
another one between Terceira and Sdo Miguel. In
reality, these islands and the whole region have
had more than one eruption since settlement,
with exception of Graciosa. This buoyant region
can justify the high b-values found. Moreover,
the crust is likely to be cracked as illustrated by
mean magnitude and the high number of small
events. Another aspect that we cannot discard is
the thermal gradient which increases the b-value
(Warren and Latham 1970). Forjaz (1994) iden-
tified high-enthalpy geothermal fields (tempera-
ture > 250 °C) at shallow depths (<2.5 km) in
some parts of Sdo Miguel, Terceira, Graciosa,
Faial and Pico islands. To the west of Terceira
b-values are >1, but here b is very low (0.7—
Fontiela et al. 2014). However, our analytical
approach does not allow identification of a low
b-value in this island. Anyway, this could be
interpreted as an increase of shear stress, or
effective stress due to the lateral compression
detected in the island by Navarro et al. (2003)
and Miranda et al. (2012).

The b-values to the east of Terceira Island
exhibit behaviour different from that of the pre-
vious zone. In fact, Borges et al. (2007) identified
from the total seismic moment tensor that the
Azores region is divided into two zones. The
western zone (30°W-27°W) is consistent with
strike-slip faulting, with horizontal pressure in an
E-W direction and extension N-S; and the eastern
zone (27°W-23°W) corresponds to normal
faulting, with a horizontal tension axis in a
NE-SW direction. The region between Terceira
and S3o Miguel (cell 8) has high b-values as
shown in the study by Fontiela et al. (2014).
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These high b-values suggest more strongly the
presence of buoyant mantle upwelling, as refer-
red to previously. Another feature is the presence
of a submarine volcano with its last known
eruption in 1720, and a shallow crater rim at a
depth of 12 m (Nunes et al. 1998). The temper-
ature in the fumarole field within the crater varies
between 39 and 83 °C. According to these facts
we can link the high b-values to high pore
pressure and high geothermal gradient.

Moving further east (cell 9) the b-values change
in relation to the previous cells, decreasing to
values less than 1. The seismicity between 2000
and 2012 is located, essentially, in the central part
of Sdo Miguel, and in a wide region that comprises
the southeast of Sao Miguel up to the transition of
the TR with the Gloria Fault. In this region Fon-
tiela et al. (2014) identified three clusters, all of
them with b less than 1, which agrees with the
value obtained by Carvalho et al. (2001). From the
b-values we infer a change in the stress regime.
The non-existence of a plume or plumbing system
supports the low b-values in this part of the Azores
region. In contrast, studies have identified intense
geothermal activity in the central part of Sdo
Miguel, from Vp/Vs ratios and seismic tomogra-
phy (Dawson et al. 1985; Zandomeneghi et al.
2008). This is the same area where Fontiela and
Nunes (2008) identified volumes with b-values
around 1.6 between 2003 and 2006. As already
noted, spatial variation of b-values of 1 to even
more are commonly found in volcanic areas at
distances of only a few kilometres (Wyss et al.
2001; Wyss and Stefansson 2006; Cerdefia et al.
2011). Another aspect to take into consideration is
the temporal variation of the b-value (see refer-
ences listed in Wiemer and Wyss 2002). Yet
another feature that may help explain the low
b-values is the hypothesis that 75% of the relative
displacement between the Eurasian and Nubian
plates is found in a narrow, 10-15 km zone in the
central part of Sao Miguel Island (Jonsson et al.
1999). The focal mechanisms in this region (Silva
et al. 2012) show that the compression axis ori-
ented WNW-ESE and the NNE-SSW tension axis
are in agreement with the stress regime proposed
by Madeira and Ribeiro (1990). Additionally,
Silva et al. (2012) state that a stress regime at
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shallow depths (<5 km) is different from one at
depths greater than 5 km. Surely the central part of
Sdo Miguel Island exhibits a complex tectonic
fabric because of the boundary interactions
between the Eurasian and Nubian plates. These
interactions may explain the low b-values; how-
ever, they do not explain the observed geothermal
gradient (Forjaz 1994), nor the presence of
hydrothermal fluids at depth.

The low b-values persist to the southeast of
Sdo Miguel in a wide seismically active area.
This could be related to the fact that this wide
area is magmatically extinct (Hiibscher et al.
2016). In this case, the low b-value may be
explained by the tectonic regime. In fact, the
focal mechanism in this region corresponds to
normal faulting with a horizontal axis NE-SW
normal the TR (Borges et al. 2007) which could
accommodate the rifting activity at Povoagdo
Basin (Weil} et al. 2015), increasing the shear or
the effective stress and decreasing the b-value.

The a-values indicate the total or the annual
seismicity rate of a region, and do not have such a
clear physical meaning as the b-value. The a-
values in Table 3 refer to the annual seismicity
rate. Cells 1,4, 6, 7 and 8 have an a-value between
4 and 4.9, while cells 2 and 5 have values around
5.5, and the remainder lie between 3 and 3.7.

The geodynamic context of the Azores plays a
fundamental role in the geomorphology, the type
of volcano activity, and also in the seismicity of the
region. In terms of seismology, the western islands
(Flores and Corvo) lie in a stable tectonic envi-
ronment. The remaining seven islands lie on the
plate boundary between the Eurasian and the
Nubian, under the influence of regional deforma-
tion whose seismicity is constrained between those
two plates. In fact, the seismicity in the Azores
region could be divided into two main zones driven
by different stress regimes as we move away from
the MAR in the direction of the Gloria Fault.
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Abstract

Santa Maria is the oldest island of the Azores
Archipelago and is remarkably rich in exposed
marine fossiliferous sediments and submarine
volcanic sequences. This chapter summarises
the geological history of the island and reports
on the most important palaecontological studies
done on the outcrops of Santa Maria since the
early studies, during the 19th century. The

most important early Pliocene and late Pleis-
tocene (Last Interglacial) fossiliferous deposits
are described and palaeoecological reconstruc-
tions are presented for each sedimentary
succession. The most abundant, diversified
and well-studied fossil groups are also
reviewed, namely the algae, vertebrates (ceta-
ceans and selaceans), and invertebrates (mol-
luscs, echinoderms, brachiopods, crustaceans
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and ostracods). We also discuss the palaeon-
tological significance of carbonate sequences
in reefless volcanic oceanic islands. Finally,
we discuss the importance of applied palaeon-
tology, with products specifically designed for
tourism, such as the Museum “House of the
Fossils”, the “Route of the Fossils” project,
and the “PalaeoPark Santa Maria”, all of them
aiming to protect and conserve fossil sites,
allowing at the same time, its sustainable use
by locals and tourists.

1 Introduction

Seamounts and oceanic islands are prominent
volcanic features that rise abruptly from the deep
sea to shallower waters, and often constitute true
oases of biodiversity in the otherwise relatively
poorly diverse open ocean. Seamounts, espe-
cially when they rise above the photic zone,
provide substratum to a variety of benthic
organisms—such as algae, corals and sponges—
that in turn provide shelter and nutrients for a
series of other benthic and pelagic organisms,
allowing the establishment of more complex
ecosystems as time passes. Oceanic islands, as
they emerge above sea-level, allow the forma-
tion of coastlines, further increasing the diversity
of available shallow marine environments.
Likewise, the formation of landmasses in the
vast open ocean is generally followed by a
selective terrestrial biological colonization
which is a wonder as many naturalists and sci-
entists have recently noted. Thus, with time,
mid-ocean volcanic edifices typically host
unique ecosystems that reflect coeval environ-
mental conditions and may be the result of dif-
ferent evolutionary pathways concerning
patterns of  colonization, adaptive and
non-adaptive radiation, speciation, etc. The
study of such ecosystems has been at the basis of
many of the ground-breaking advances in the
biological sciences in the last 250 years, and is
at the forefront of several disciplines such as
biogeography, ecology, evolution, etc.
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Ocean island volcanoes typically grow
through intermittent summit eruptions, gradually
building up to form prominent edifices. Volcanic
activity is, generally, discontinuous in space and
time, allowing for the establishment of biological
communities away from active vents (see Vogt
and Jung, Chapter “The “Azores Geosyndrome”
and Plate Tectonics: Research History, Synthesis,
and Unsolved Puzzles” for an overview on the
Azores). In a similar fashion, in these areas, ero-
sion and sedimentation gradually contribute to the
formation of soils and other sedimentary bodies
that further enhance the possibilities for biologi-
cal colonization. However, when volcanic activ-
ity shifts back to these areas, sedimentary
sequences and biological remains may be incor-
porated into the volcanic edifice and thus pre-
served from subsequent erosion. The ongoing but
intermittent volcanic activity—although highly
disruptive for living communities—Ileads to a
more generalised preservation of taphonomical
assemblages into the fossil record at oceanic
islands, allowing the study and reconstruction of
past biological communities and their surround-
ing environmental conditions. This is especially
true for marine environments, because the rapid
cooling of lava flows imposed by the subaqueous
environment minimizes the destruction associated
with the extrusion of these flows, leading to the
generation of submarine volcano-sedimentary
sequences that are very informative of the envi-
ronment in which they were formed (e.g. Johnson
etal. 2012, 2017; Meireles et al. 2013; Avila et al.
2015a; Rebelo et al. 2016a; Uchman et al. 2016).

The marine fossil record at oceanic islands is,
however and at a first glance, relatively poor
when compared to the marine fossil record on
continents; the lack of fossiliferous exposures at
oceanic islands sharply contrasts with the nearest
continental coasts. Nevertheless, the marine fossil
record at oceanic islands is of the upmost
importance for the comprehension of life’s dis-
persal in the oceans and adjacent coastlines, and
may provide useful constraints to disciplines such
as palaeo-climatology and palaeo-oceanography
(e.g., Avila et al. 2015b, 2016a). But why are
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marine fossiliferous exposures so rare in oceanic
islands? The answer lays in the subsidence trend
that most oceanic islands experience.

The growth and decay of volcanic island edi-
fices is typically accompanied by vertical move-
ments of diverse nature (e.g. Walcott 1970;
McNutt and Menard 1978; Watts and ten Brink
1989; Ramalho et al. 2010a, b, c; Madeira et al.
2010). Commonly, island edifices subside mark-
edly during their initial stages of growth, as the
weight of the rapidly-growing edifices induce a
downwards flexure of the “rigid” lithospheric plate
underneath (Brotchie and Silvester 1969; Walcott
1970; Watts and ten Brink 1989; Huppert et al.
2015). Likewise, as the tectonic plate on which the
island edifices rest gradually cools with age, it
slowly subsides and so also the edifices with it,
resulting in a longer-term subsidence response
(Stein and Stein 1992; Morgan et al. 1995, see also
Vogt and Jung, Chapter “The “Azores
Geosyndrome” and Plate Tectonics: Research
History, Synthesis, and Unsolved Puzzles”). In a
similar fashion, the bathymetric swell associated
with many hotspots (whose origins are still highly
debated) and in which many islands rest, may
experience a slow topographic decay, further
contributing to long-term island subsidence (Dietz
and Menard 1953; Crough 1978; Sleep 1990;
Morgan et al. 1995). Thus, not surprisingly,
oceanic islands are typically ephemeral features in
the vastness of the geological time, subsidence and
erosion being the main contributors to their rela-
tively short-lived existence above sea-level.

The short- and long-term subsidence trends that
most oceanic islands experience—together with
ongoing vigorous volcanic activity during the
initial stages—gradually bury and/or submerge
coastlines as the edifices themselves age. As a
consequence, the coastal sediments and the
skeletal remains of existing marine living com-
munities that eventually get incorporated in the
subsiding volcanic edifice, become inaccessible,
especially because eustatic sea level was rarely
above the present level in the last 5-10 Ma, a
reasonable life-time for a subsiding island (see
Miller et al. 2005). Hence, the natural occurrence
of exposed marine fossiliferous sequences at
oceanic islands require particular conditions that
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are associated with the rare edifices that experi-
enced a long-term vertical trend different than
most islands—Iike many of the Cape Verdes and
the Canaries, Porto Santo (Madeira archipelago),
and Santa Maria (Azores), for example (Madeira
etal. 2010; Ramalho etal. 2010a, b, ¢, 2015, 2017;
Ramalho 2011; Menéndez et al. 2008; Kliigel et al.
2005, 2015; Avila et al. 2012). These islands all
have undergone vertical movements that resulted
in anetuplift, at least during part of their evolution.
This uplift, coupled with marine and fluvial ero-
sion, exposed sequences that otherwise would be
deeply buried in the interior of the volcanic edifice
and below present sea level.

2 The Marine Fossil Record of Santa
Maria as a Result of Exposure
by Uplift and Erosion

Santa Maria Island—the oldest and southeast-
ernmost island in the Azores (Fig. la)—is
remarkably rich in exposed marine fossiliferous
sediments and submarine volcanic sequences
(Fig. 1b), even within the North Atlantic context
(Mitchell-Thomé 1976; Serralheiro et al. 1990;
Madeira et al. 2007). This is mostly due to several
factors: (1) Santa Maria’s edifice experienced a
relatively long but intermittent volcanic life
intercalated by periods of quiescence, erosion and
sedimentation, leading to the deposition and
preservation of thick marine volcano-sedimentary
sequences; (2) the island experienced pronounced
uplift during the Pliocene-Quaternary that, cou-
pled with coastal and fluvial erosion, exposed
numerous submarine sequences.

The emergence of Santa Maria’s volcanic
edifice above sea level occurred during the Late
Miocene (Mitchell-Thomé 1976; Serralheiro
et al. 1987; Serralheiro and Madeira 1990;
Serralheiro 2003; Sibrant et al. 2015; Ramalho
et al. 2017). The oldest volcanostratigraphic units
in the island attest to this transition between
submarine and subaerial volcanic activity and
correspond to remains of surtseyan and strom-
bolian monogenetic cones (Cabrestantes and
Porto Formations; Serralheiro et al. 1987), dated
to ~6.0 Ma (Ramalho et al. 2017).


http://dx.doi.org/10.1007/978-3-642-32226-6_3
http://dx.doi.org/10.1007/978-3-642-32226-6_3
http://dx.doi.org/10.1007/978-3-642-32226-6_3

158

S. P. Avila et al.

. . . En w,

Fig. 1 a Map of the Azores o i
(insert) and geographical (E“)

location of Santa Maria e

Island. © Secgdo de [ Wester Group
Geografia, Departamento de Frores

Biologia, Universidade dos
Acores. b Map of Santa Maria *
with the location of the most
important and well-studied
early Pliocene and Pleistocene
(MIS 5e) outcrops

Azores Archipelago

o

Graclosa
Q |
Central Group -
s
e
Tercoira
Eastern Group
Sba Migust a
G
i

i Santa Maria

Pedreira do
Campo

Figueiral

The next stage in the development of Santa
Maria was the extrusion of a basaltic subaerial
shield volcano, through a number of fissural
vents. The remains of this largely effusive edifice
correspond to the Anjos Volcanic Complex
(Serralheiro et al. 1987) extruded 5.8-5.3 Ma
(Ramalho et al. 2017). The former dimensions of
this edifice are difficult to constraint but it par-
tially corresponded to the western half of
present-day Santa Maria, as its eroded products
do not extend to its eastern portion (Serralheiro
2003; Sibrant et al. 2015; Ramalho et al. 2017).

" VinhavVélha  Pedra-que-pica

Subsequently to the extrusion of a basaltic
shield volcano, the edifice experienced a period
of general quiescence and erosion during which
it was truncated by marine erosion and probably
totally submerged again (Avila et al. 2012;
Meireles et al. 2013). This stage is attested to by
the Touril Complex that comprises a thick (up to
130 m) sedimentary sequence of terrestrial and
marine sediments with increasingly marine
characteristics towards the top. On the eastern
side of the island, submarine lavas and surtseyan
tuffs occur intercalated within the sediments
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indicating that low-volume submarine volcanic
activity occurred alongside erosion and sedi-
mentation on this side of the edifice (Serralheiro
et al. 1987; Serralheiro 2003; Avila et al. 2012;
Meireles et al. 2013; Ramalho et al. 2017). The
Touril sequence was deposited during the Early
Pliocene (5.3-4.1 Ma), as the overall volcanos-
tratigraphy, fossil content and existing isotopic
ages suggest (see Feraud et al. 1980; Serralheiro
et al. 1987; Serralheiro and Madeira 1990;
Serralheiro 2003; Kirby et al. 2007; Sibrant et al.
2015; Ramalho et al. 2017). The marine
sediments of the Touril Complex constitute the
most important and richest source of marine
fossil assemblages on Santa Maria, reflecting a
period during which the island represented a
wide shallow and sandy submarine bank where
marine life thrived (Avila et al. 2012, 2015a, c,
2016a; Ramalho et al. 2017).

The following volcanostratigraphic unit—the
Pico Alto Volcanic Complex (Serralheiro et al.
1987)—suggests that towards the beginning of
the Pliocene, volcanic activity resumed with
increased intensity. This new volcanic edifice
started entirely submarine but as it grew upwards
it breached sea-level forming a new island,
elongated along a NNW-SSE direction, on the
eastern portion of the old edifice (Serralheiro and
Madeira 1990; Avila et al. 2012; Ramalho et al.
2017). This renewed period of volcanic activity
rapidly covered a large portion of the pre-existing
shallow sandy bank with extensive submarine
sheet flows, lava deltas and surtseyan deposits,
effectively protecting the Touril sedimentary
sequence from marine erosion and contributing
to the preservation of such a rich coastal and
shelf fossiliferous record. Likewise, the later
onset of effusive subaerial activity and the for-
mation of lava deltas along the existing coastli-
nes further contributed to the preservation of
more recent and discrete shelf sedimentary bod-
ies that developed in depocentres away from
active volcanic vents.

With the demise of Pico Alto volcanic activ-
ity, Santa Maria’s edifice eroded briefly during
which shore platforms formed and subaerial
reliefs decayed. Alluvial/fluvial deposits and
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remains of marine terraces that were later cov-
ered by the products of the last eruptive stage of
Santa Maria’s volcanic life—corresponding to
the Feteiras Formation (Serralheiro et al. 1987)—
attest to this period. This brief period of volcanic
activity took place during the Late Pliocene and
involved low volumes of erupted material; it was
restricted to a set of monogenic magmatic and
hydromagmatic cones and their proximal and
distal deposits, centred along the western portion
of the then existing edifice, with volcanic activity
seemingly ceasing at ~2.8 Ma (Serralheiro
2003; Sibrant et al. 2015; Ramalho et al. 2017).

Since the extrusion of the Feteiras volcanics,
Santa Maria entered a long period of volcanic
quiescence, uplift and erosion, as indicated by
the presence of well-developed staircase shore
platforms up the western portion of the
present-day edifice. These marine terraces, found
at elevations from 210-230 m down to 7-11 m
above the present sea level, confirms that the
edifice underwent a slow uplift from ~3.5 Ma to
the Holocene, at a rate of ~60 m/Ma (Ramalho
et al. 2017). This recent uplift, coupled with
marine and fluvial erosion, was responsible for
the exposure of the rich and diverse submarine
volcanic and sedimentary sequences that other-
wise would be inaccessible. These circumstances
make Santa Maria one of the best places to study
the Neogene marine fossil record in the North
Atlantic region. Furthermore, the fossiliferous
outcrops on Santa Maria are of utmost impor-
tance to gain a better understanding of how
coeval living communities relate to the broader
evolutionary and biogeographic history of the
Atlantic basin during the late Neogene (Kirby
et al. 2007; Avila et al. 2015b, 2016a).

3 A Brief Overview About
the Palaeontological Studies
at Santa Maria Island

The marine fossils of Santa Maria Island have
been known since the 16th century. Gaspar
Frutuoso (1522-1591), a Portuguese priest, first
reported on the fossils of Santa Maria in his third
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volume of “Saudades da Terra” (Frutuoso 1983).
He described a quarry at Figueiral, where the
extracted calcareous sandstones had ‘“‘seafood
shells glued on it” (Madeira et al. 2007). A long
lapse of time passed until the late 19th century
studies by Bronn (1860), Hartung (1860) and
Morelet (1860). The first two authors extensively
described the geomorphology of the island and,
together with the work of Reiss (1862), Hartung
(1864) and Mayer (1864), established the back-
ground for the palacontological research in Santa
Maria during the first half of the 20th century
(Madeira et al. 2007). During the 1950s, a series
of studies published by Berthois (1950, 1951,
1953a, b, c¢), Ferreira (1952, 1955) and
Krejci-Graf et al. (1958) was followed by the
important palaeontological studies of
Zbyszewski et al. (1961), da Ferreira (1961) and
Zbyszewski and Ferreira (1961, 1962a, b), which
predominantly concentrated on the Pliocene
fossils. In 1990, a paper by Garcia-Talavera
raised attention to the Pleistocene Prainha out-
crop, located on the southern coast of the island.
Callapez and Soares (2000) described another
outcrop of the same age from Lagoinhas on the
northern shores.

From 1998 on, a series of expeditions to Santa
Maria undertaken by the first author of this
chapter were followed by the birth of a
palaeontological research group—the Marine
PalacoBiogeography Working Group (MPB)—
based at the Department of Biology of the
University of the Azores. Its main objectives
were to achieve an understanding of the
palaeoecology and palaeobiogeography of the
Pleistocene and Pliocene outcrops, and to explore
the legal protection of the geological legacy of
Santa Maria Island. As a result, a checklist of the
Pleistocene marine molluscs of Lagoinhas and
Prainha (Avila et al. 2002), and a technical report
for the protection of the outcrops of Pedreira do
Campo and Figueiral (Cachdo et al. 2003), the
first “Regional Natural Monument” of the
Azores, were produced. Since 2002, the outcrops
of Santa Maria became the target of the inter-
national workshops “Palaeontology in Atlantic
Islands”, which have taken place on a yearly
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basis. During these workshops, researchers
studied the geology and geomorphology of the
island, the petrology, geochemistry and
chronology of magmatic rocks, the volcanos-
tratigraphy, the sedimentology and the system-
atic palacontology of several phyla, the
palaeoecology of the fossil assemblages and the
palaeobiogeography of diverse invertebrate
groups embedded within these strata. This
research effort resulted in several publications
covering a wide range of topics, such as the
evolution of marine organisms in oceanic islands
(Avila 2013), systematics (Avila et al. 2002,
2007, 2012; Estevens and Avila 2007; Janssen
et al. 2008; Kroh et al. 2008; Madeira et al. 2011;
Meireles et al. 2012), palaeoecology and geo-
chemistry (Kirby et al. 2007; Avila et al. 2008b,
2009a, 2015a, c¢; Habermann 2011; Stockhert
2011a, b), palaecobiogeography (Avila et al.
2008a, 2009b, 2016a), geology (Habermann
2010; Ramalho et al. 2017), sedimentology
(Meireles et al. 2013; Johnson et al. 2017), ich-
nology (Uchman et al. 2016), conservation and
sustainable touristic management (Cachio et al.
2003; Madeira and Avila 2006; Calado et al.
2007; Nunes et al. 2007), educational purposes
(Avila 2009; Avila and Monteiro 2009; Avila
et al. 2010; Avila and Rodrigues 2013), geo-
conservation (Avila et al. 2016b) and historical
reviews (Madeira et al. 2007). The majority of
these papers dealt with the fossils of marine
molluscs, but other groups of fossils also were
studied, e.g.: calcareous algae (Amen et al. 2005;
Rebelo et al. 2014, 2016a, b), cetaceans (Este-
vens and Avila 2007; Avila et al. 2015c¢), bra-
chiopods (Kroh et al. 2008), (...) crustaceans
(barnacles: Winkelmann et al. 2010), ostracods:
Meireles et al. 2012), echinoderms (Madeira
et al. 2011; Santos et al. 2015), and fish (sharks;
Avila et al. 2012). Two congresses entitled
“Atlantic Islands Neogene” were also organised
by MPB members in June 2006 and in Septem-
ber 2008 aiming at: (1) reviewing the accumu-
lated scientific knowledge on the palaeontology
of the Atlantic oceanic islands and (2) outlining
future strategies of research in the Azores (Avila
and Martins 2007).
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4 The Early Pliocene Outcrops

4.1 Pedreira do Campo and Figueiral
Pedreira do Campo (Fig. 3a) and Figueiral
(Fig. 4a) are two historic quarries located in the
area southwest of Pico Facho, a 254 m high
tuff-cone ~2 km east of Villa do Porto close to
the southern coast of the island, in which up to
20 m thick successions of the sedimentary Touril
Complex and the overlying volcanic Pico Alto
Complex (sensu Serralheiro et al. 1987) crop out.
The outcrops are situated at altitudes between
95-115 m and comprise major deposits of fos-
siliferous calcarenites and limestones
(Krejci-Graf et al. 1958; Zbyszewski and
Ferreira 1962b; Abdel-Monem et al. 1975;
Serralheiro et al. 1987, 1990; Serralheiro and
Madeira 1990; Kirby et al. 2007; Madeira et al.
2007).

4.1.1 Pedreira do Campo

At Pedreira do Campo, located ~ 1.4 km south-
west of Pico Facho, a ~20 m thick succession of
basanitic pillow lavas of the Pico Alto Complex
is exposed in a cross-section with a lateral extent
of ~150 m (Fig. 3a). Underlying strata only
crop out locally, comprising deposits of the
Touril and Pico Alto Complexes (Serralheiro
et al. 1987, 1990; Cachao et al. 2003; Kirby et al.
2007; Madeira et al. 2007). The base of the
Touril deposits is not exposed.

Three lithological facies (1-3) are distin-
guished at Pedreira do Campo (Fig. 2a). The
lowermost unit (facies 1) consists of a white,
impure, volcaniclastic limestone, which forms
the top of the Touril Complex at this locality
(Serralheiro et al. 1987; Figs. 2a, 5a—c).
Well-rounded volcaniclastic pebbles and cobbles
are scattered within the limestone. Volcaniclastic
components make up ~5% of these compact
rocks and are commonly concentrically encrusted
by coralline algae (thodoliths). The basaltic cores
of these rhodoliths are small, ranging from 10 to
40 mm (average = 20.8 mm; 56 rhodoliths);
32% of the 82 rhodoliths sampled had no
nucleus. This rhodolith floatstone exhibits a
packstone matrix, rich in mollusc fragments

161

(mainly bivalves and a few gastropods), spines of
echinoderms (Fig. 3b), bryozoans and benthic
foraminifers (mostly amphestigenids that are less
than 2 mm in length). The rhodolith floatstone is
unconformably overlain by a ~4.5 m thick unit
(facies 2; cf. Fig. 2a) of light brown,
well-stratified surtseyan tuffs (previously classi-
fied as lithic arenites by Kirby et al. 2007) that
were assigned to the Pico Alto Complex
according to Serralheiro et al. (1987, 1990). The
tuffs are moderately sorted and show planar to
low-angle cross-bedding (Fig. 3c). Influx of
epiclastic materials, particularly moulds of
bivalves and gastropods, are restricted to the
basal 10 cm (Kirby et al. 2007). The tuffs are
succeeded by about 20 m of basanitic pillow
lavas (facies 3; Fig. 3d), which are assigned to
the Pico Alto Complex (Serralheiro et al. 1987,
1990). The basal contact is abrupt or made up of
a thin discontinuous horizon of pillow breccias
and hyaloclastites. The pillows are approxi-
mately 1-2 m wide and abundantly display typ-
ical concentric structures with disjunctive radial
solidification fractures and altered glassy
quenching rims at their surfaces.

4.1.2 Figueiral

Known since the 16th century (Frutuoso 1983),
the Figueiral outcrop (Fig. 4a)—located on the
south-western flank of Pico do Facho, ~500 m
east of Pedreira do Campo—was repeatedly
mentioned in literature for its fossiliferous marine
strata (Hartung 1860; Reiss 1862; Mayer 1864;
Ferreira 1952, 1955, 1961; Zbyszewski et al.
1961; Zbyszewski and Ferreira 1962a; Cachao
et al. 2003; Madeira et al. 2007).

Eight lithological facies (1-8) are distin-
guished through the exposed deposits (Fig. 2b).
The outcrop starts with ~5 m thick, unstratified,
poorly sorted, volcaniclastic cobble breccia (fa-
cies 1). The base of this unit is not exposed.
Towards the top, increasing numbers of rounded
cobbles and pebbles occur, which are frequently
encrusted by coralline red-algae (rhodoliths). The
volcaniclastic matrix of the breccia grades into a
strongly cemented bioclastic pack- to floatstone
(facies 2) rich in fragments of bivalves, gas-
tropods, bryozoans, coralline algae, echinoids,
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Fig. 2 Stratigraphic sections at Pedreira do Campo (a;
modified after Kirby et al. 2007) and Figueiral (b; after
Habermann 2010), displaying the Pliocene sedimentary

benthic and planktonic foraminifers (amphesti-
genids, globigerinids) and with a micritic
lime-mud matrix (Figs. 2b, 5d—f). The overlying
2 m thick beds are poorly exposed on the surface.
Small outcrops in this interval suggest a hetero-
geneous composition of volcaniclastic gravel and

and volcanic successions of Touril and Pico Alto
Volcanic Complexes (sensu Serralheiro et al. 1987, 1990)

boulders and increased amounts of arenitic and
argillaceous matrix, generally lacking lime-mud.
Bioturbated sandstone lenticules, thin horizons of
brown clays, as well as scattered rhodoliths and
pectinid shells occur within this ‘transition zone’
(facies 3). The basal bed exposed in the Figueiral
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Fig. 3 Pedreira do Campo outcrop. a The former quarry
for basalts. b Detail of the fossil assemblage rich in
mollusc fragments, spines of echinoderms, bryozoans and

quarry consists of a rhodolith-floatstone (facies
4). Most volcaniclastic pebbles that are scattered
in a white grainstone matrix are well rounded and
encrusted by red algae. The abundance of vol-
caniclastic pebbles and rhodoliths decreases
upwards, while matrix amounts increase and the
floatstone grades into a ~1.5-2 m thick,
unstratified, well-sorted grainstone (facies 5),
mainly consisting of benthic and planktonic for-
aminifers (amphestigenids up to 1 mm; glo-
bigerinids), fragments of bryozoans and red algae
(Fig. 5g—i). Larger fossil-fragments and volcani-
clastic detritus are accessories, lime mud is

benthic foraminifers. ¢ Ash and lapilli tuffs of the Pico
Alto Complex with planar to low-angle cross-bedding.
d basanitic pillow lavas of the Pico Alto Complex

absent. Towards the top, the amount of pyro-
clastic materials considerably increases. The
overlying ~ 50 cm thick tuffaceous coquina (fa-
cies 6) is rich in disarticulated, well-preserved
pectinid shells <5 cm in length (dominantly
Aequipecten macrotis (Sowerby) and Aequi-
pecten opercularis (Linnaeus); cf. Fig. 4b).
Poorly-sorted palagonitic lapilli form the major
matrix constituents besides variable accessory
amounts of skeletal fragments of bivalves, gas-
tropods, bryozoans and foraminifers. Barnacle
fragments of Zullobalanus santamariaensis
Buckeridge and Winkelmann also are observed
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Fig. 4 Figueiral outcrop. a The historical quarry seen
from the outside. b Shells of the dominant bivalves
Aequipecten macrotis (Sowerby) and Aequipecten oper-
cularis (Linnaeus) (facies 6). ¢ Note the abundant benthic

(Winkelmann et al. 2010). A sharp boundary
characterizes the transition to the overlying
5-10 cm thick, laterally discontinuous
amphestigenid-grain- to rudstone horizon (facies
7) with rhodoliths, benthic foraminifers, bry-
ozoans and accessory echinoid fragments
(Fig. 5j-1). This unit represents the top of the
Touril Complex at Figueiral, and is abruptly
overlain by ash and lapilli tuffs of the Pico Alto
Complex with a thickness of >10 m at this

and planktonic macroforaminifers (amphestigenids and
globigerinids) (facies 5). d The interior of one of the
galleries exploited for limestone. e ash and lapilli tuffs of
the Pico Alto Complex (facies 8)

outcrop (facies 8). Fossil content and the amount
of epiclastic materials rapidly decrease at the base
of this unit. The pyroclastic succession abun-
dantly shows primary sedimentary structures.
Horizontally stratified, subparallel, thin-bedded
subsets (up to 1-2 m thick) are alternatingly
interbedded with tabular- to tangential low-angle
cross-stratified channels. Diagenetic nodular
limestone crusts are commonly intercalated within
the tuffs.
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Fig. 5 Outcrop photographs and photomicrographs of
Pedreira do Campo and Figueiral limestones. a—c¢ Pedreira
do Campo (facies 1). d-f Figueiral (facies 2). g—
i Figueiral (facies 5). j-1: Figueiral (facies 7). The blue

4.1.3 Interpretation and Discussion
On Santa Maria, sediment supply to the shelf
mostly comes from marine erosion during
sea-level highstands, while sediment supply by
river systems is negligible (Avila et al. 2008b).
This allowed the development of carbonate fac-
tories during phases of minor volcanic activities,
which were preserved in small depocentres, such
as at Figueiral and Pedreira do Campo during the
Lower Pliocene.

At both localities, carbonate factories devel-
oped in a shallow-marine photic environment.

stain is due to resin impregnation. For detailed facies
descriptions and stratigraphic sample localities see text
and Fig. 4

Stratigraphic relationships and the faunal com-
position suggest that the Pedreira do Campo
limestone (facies 1) stratigraphically corresponds
to the uppermost limestone horizon (facies 7) at
Figueiral (Fig. 2a, b). Facies differences between
both limestones likely reflect the high facies
variability due to the variability in palaeo-shelf
morphology between two small depocentres or
within such a small depocentre.

The sedimentary succession within these
outcrops is interpreted as a retrogradational-
progradational cycle that reached open-ocean
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conditions, but remained within the photic zone,
during maximal retrogradation. While the ret-
rogradational phase is represented by the Touril
deposits, the progradational phase is formed by
the tuffs of the Pico Alto Complex. The basal
breccia at Figueiral (facies 1 and 2) is interpreted
as a debris flow with short transport distance (no
rounding of angular clasts). Clast composition
indicates a provenance from the Anjos Complex
basement lavas. Because the lower part of this
unit lacks indicators for submarine deposition, a
subaerial depositional environment is suggested.
In the course of a subsequent rise in (relative)
sea-level (retrogradation), the debris flow was
reworked at its top (facies 2), most likely in a
shallow-intertidal, high-energy marine environ-
ment, as indicated by the occurrence of rounded
pebbles and rhodoliths. A carbonate factory
developed and the bioclastic pack- to floatstones,
which form the matrix of the volcaniclastic
breccia, were deposited. During the ongoing
retrogradation, a second debris flow likely
formed the ‘transition zone’ sediments (facies 3).
Marine sedimentation continued afterwards and
the graded float- to grainstone units (facies 4 and
5), exposed in the Figueiral quarry, were
deposited. These sediments represent the con-
tinuing transgression and a deeper, probably
open-ocean environment, during which the input
of siliciclastic sediment from emerged land was
limited. The overlying tuffaceous coquina hori-
zon was probably deposited as a debris flow,
based on the lack of sedimentary structures and
shell orientation. The incorporated tuffs indicate
a first, short period of submarine eruptive activ-
ity. During the subsequent eruptive recreation
phase, the overlying amphestigenid-grain- to
rudstone horizon (facies 7) formed. The horizon
represents the top of the Touril Complex and was
likely deposited during the maximal retrograda-
tion of the sequence exposed at Figueiral.
Abundant phototrophic organisms indicate that
deposition took place within the photic zone.
According to Kirby et al. (2007), the limestone
unit at Pedreira do Campo probably formed on a
shallow bank or shoal far from any subaerial
sources of terrigenous sediment, due to the
dominance  of  photosynthetic =~ organisms
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(rhodoliths and symbiont-bearing benthic for-
aminifera) and the absence of fine-grained ter-
rigenous material. The small size of the basaltic
cores of the rhodoliths, also points to some dis-
tance to the shore (Santos et al. 2012). These
conclusions were supported by cathodolumines-
cence studies done on rhodoliths from Figueiral
and Pedreira do Campo (Rebelo et al. 2016b),
with both sites interpreted as being located far
from the islands’s palaeo-shore (at about 2.9 and
2.8 km, respectively). At Pedreira do Campo, at
least, a period of consolidation and erosion of the
marine sequence took place before burial by the
extrusion of the surtseyan tuffs of the Pico Alto
Complex. The planar bedding at Pedreira do
Campo might suggest their formation in a
shoreface environment (Kirby et al. 2007). With
the onset of tuff deposition, which cut off the
previous carbonate factory on the shelf, sediment
supply to the shelf was tremendously increased
and the sedimentary system switched from ret-
rogradation to progradation, most likely without
a significant change in relative sea level. The
topmost pillow lavas at Pedreira do Campo
(Fig. 3d) are absent at Figueiral, which suggests
that their distribution was likely morphologically
controlled and/or restricted to the vicinity of the
local feeder vent.

4.2 Pedra-que-pica

4.2.1 Geological Setting

The Pedra-que-pica outcrop, situated in a coastal
area at the southeastern corner of Santa Maria
Island (Serralheiro 2003; Kirby et al. 2007; Avila
et al. 2015a; Fig. 7), contains a 10-11 m thick
succession of marine and very fossiliferous sed-
iments, of which only the uppermost 3—4 m are
presently exposed above sea level, that lies in
between  basalt pillow lavas and a
volcano-sedimentary sequence on top. The lower
part of the outcrop is presently submerged and its
area was estimated to be 23,436 m> (Avila et al.
2015a), whereas the intermediate part of the
section is exposed on a wave cut platform,
extending for ~ 3,179 m? in the intertidal zZone,
the upper part extending below the slope deposits



The Marine Fossil Record at Santa Maria Island (Azores)

167

Fig. 6 Stratigraphic section
at Pedra-que-pica (after Avila
et al. 2015a), displaying the
Pliocene sedimentary and
volcanic successions of Touril
and Pico Alto Volcanic
Complexes (sensu Serralheiro 8
et al. 1987, 1990)

10

Pleistocene deposits

Facho-Pico Alto Complex

Touril Complex

Fluid-escape structures
Bioturbation (Macaronichnus isp.)
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Rhodoliths

Bivalves/Mollusc debris
Angular/Rounded volcaniclasts

Erosional surface/Fractures

Tuffite

Volcaniclastic calcarenite

Coquina (rudstone)

Conglomerate/Breccia

Mudstone/Fine ashtuff
Sandstone/Coarse ashtuff
Fine gravel

Coarse gravel

Lava
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at the base of the present steep cliff. The basal
volcanic sequence and the overlying shell accu-
mulation (coquina) are assigned to the Touril
Complex, whereas the overlying tuffites and the
succeeding basalt flow are assigned to the vol-
canic Pico Alto Complex (sensu Serralheiro et al.
1987, 1990; Avila et al. 2015a; Fig. 6). ¥’Sr/*°Sr
isotope age estimates of three mollusc shells
collected from the coquina yielded an average
age of 5.51 &+ 0.21 Ma (Kirby et al. 2007); the
age of the deposit, however, is slightly younger
given that the sediments intercalate basaltic pil-
low lavas vyielding *°Ar/*°Ar ages of
478 £ 0.13 Ma and 4.13 £ 0.19 Ma respec-
tively, for the base and the top of the sequence
(Ramalho et al. 2017). The base of the section is

formed by limited remains of strata that predate
the coquina, which can be found in spaces in
between the pillow lavas (facies 1), forming
sandstone pockets composed of fine-grained,
light grey calcarenites, where trace fossils
belonging to Macaronichnus segregatis Clifton
and Thompson 1978 are abundant (Avila et al.
2015a; Uchman et al. 2016). The pillow basalts
show an erosional top. A laterally discontinuous
0.5-1 m thick conglomerate (facies 2; Fig. 6),
composed of volcaniclastic pebbles and cobbles
in a volcaniclastic calcarenite matrix, uncon-
formably overlies the lavas. The conglomerate
grades upwards into a 3-4 m thick unstruc-
tured coquina (facies 3; Fig. 6). The very
poorly-sorted coquina-rudstone is rich in large,
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Fig. 7 Pedra-que-pica
outcrop. a Aerial view of the
southeastern shores of Santa
Maria Island (photo by Paulo
Henrique Silva/SRAM).

b View from the sea off
Pedra-que-pica outcrop area,
just before loading areas

(a)

mainly disarticulated valves of bivalves (domi-
nated by pectinids, ostreids and spondylids), and
also contains echinoids, barnacles, brachiopods,
bryozoans, calcareous algae (rhodoliths), bry-
oliths (nodules entirely composed by bryozoans),
corals, and rare teleost fish teeth and shark teeth,
rare gastropods (e.g., moulds and stomatofossils
of Persististrombus coronatus; Avila et al.
2016a), and whale bones (Kirby et al. 2007,
Madeira et al. 2011; for a detailed list of species,
see Avila et al. 2015a). Volcaniclastic calcaren-
ites, composed of moderately sorted, predomi-
nantly sand-grade skeletal bioclasts (fragments of
molluscs, echinoids, coralline algae, bryozoans
and planktonic foraminifers) and well-rounded

volcaniclasts (coarse palagonitic ash and tachy-
litic to lithic clasts) form the matrix of the
coquina. The majority of larger pectinid shells
(e.g., Gigantopecten with shell length over
10 cm) is oriented in concave-down position,
whereas shells of other smaller bivalve species
showed a chaotic disposition of the disarticulated
valves (Avila et al. 2015a). Most shells are
encrusted by bryozoans, balanids, oyster ser-
pulids and coralline red algae, and bioeroded
(Gastrochaenolithes isp. and Entobia isp.) at
external shell surfaces. The preservation, how-
ever, can still be considered as good. The top of
the coquina exhibits a fining-upward trend and is
succeeded by coarse-grained, faintly bedded
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volcaniclastic calcarenites (Fig. 6). The arenites
are ~ 10-60 cm thick and show a subhorizontal,
very regular, bioturbated top. The most common
trace fossil isp. Bichordites
isp. burrows occur about 1-2 cm below the top
of this unit in the eastern part of the outcrop. The
topmost 10 cm contain abundant spines of the
echinoderm Eucidaris tribuloides (Lamarck) and
Porites sp. coral fragments. The arenites are
abruptly overlain by a 36 m thick unit of
well-stratified, fine- to coarse-grained vitric ash
to lapilli tuff, generated by a nearby surtseyan
eruption (facies 4; Avila et al. 2015a; Fig. 6).
The tuffs show water-escape structures in the
basal 20 cm. The sedimentary structures within
the tuffs include thin planar lamination to
medium-thick bedding, low-angle cross-bedding
and internal erosive surfaces where the planar
bedding is discordant. Multiple reverse and nor-
mal graded beds are also present. Angular lava
blocks and basalt pebbles are rarely scattered in
this unit. Pebble- to boulder-sized lithic clasts of
sedimentary origin (bioclastic tuffaceous sand-
stone to almost pure limestone) are subordinately
present within the lowermost layers of the tuffs.
Locally, the tuffs are truncated by a Pleistocene
shore platform and beach deposit, and show a
thickness of ~4 m only. The erosional uncon-
formity and the overlying 0.5-1 m thick boulder
conglomerate (facies 5; Fig. 6), however, pinch
out ~50 m to the east, where a wave-cut notch is
developed. This conglomerate is topped by a
>20 m thick, wedge-shaped talus deposit, con-
sisting predominantly of boulder breccias (facies
6; Fig. 6). Beyond the erosional unconformity,
the tuffs reach a thickness of about 32 m and
show less distinct bedding and more volcani-
clastic boulders and blocks (Kirby et al. 2007).
The tuffs are overlain by a ~0.5-1 m thick
conglomerate horizon. A faint erosive relief
occurs along the contact between this conglom-
erate and the overlying basalt flows. The passage
zone between the foreset unit of pillow lavas and
hyaloclastites, and the overlying topset of
flat-lying subaerial lavas occurs at an altitude
of ~55 m within these basaltic flows (Ramalho
et al. 2017).

is Asterosoma
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4.2.2 Interpretation and Discussion

The Pedra-que-pica sedimentary succession is
interpreted as a retrogradational-progradational
cycle, of which the retrogradational phase is
represented by carbonates that were deposited
during a transgressional period of rising relative
sea-level, while the progradational phase is
documented by tuffs. During the late retrogra-
dation, a coquina was formed, which is inter-
preted as the result of a succession of several
debris-fall deposits (sensu Titschack et al. 2005)
whose redeposition was triggered by major storm
events that removed the sediments from its
original nearshore setting to a local depocenter
below fair-weather wave base. The retrograda-
tion phase was prematurely ended by the rapid
progradational deposition of the tuffs, which fil-
led up the available accommodation space on the
shelf.

The basal pillow basalt (facies 1) indicates
submarine volcanism. The overlying pockets of
bioturbated calcarenite that include the trace
fossil Macaronichnus segregatis indicate inter-
tidal to shallow subtidal conditions (i.e., upper
foreshore). With rising sea level, a carbonate
factory development and a coquina with a vol-
caniclastic calcarenite matrix was deposited in a
local depocenter. The coquina exclusively
comprises allochthonous, poorly-sorted
components, which exhibit a low degree of
fragmentation/reworking. Thus, the fossil
assemblage within this deposit indicates a prox-
imal shallow-marine provenance and deposition
of the coquina below fair-weather wave base,
where low-energy conditions prevented rework-
ing and shell fragmentation (cf. Avila et al.
2015a). The occurrence of few articulated
Gigantopecten shells, together with the low
degree of shell fragmentation and sorting, indi-
cate a proximal provenance of the coquina con-
stituents. The volcaniclastic calcarenite matrix
might suggest that Pedra-que-pica was close to
emerged land (Kirby et al. 2007). Increased
bioturbation towards the top of the overlying
calcarenite  corroborates a retrogradational
(deepening-upward) trend in that the calcarenites
represent the deepest environment of the Touril
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sequence. The sharply developed transition to the
overlying tuffs (facies 4) indicates an abrupt
change in sediment supply, which is related to
the onset of a new volcanic phase in this area
(Avila et al. 2015a). The limestone clasts within
the tuffs are classified as “accidental clasts™,
which were produced by the disruption of
pre-existing and already consolidated subvol-
canic rocks on the seafloor during the explosive
hydromagmatic volcanic eruption. A continuous
and voluminous supply of pyroclastic material in
a relatively short period of time likely caused a
switch in the sedimentary system from retrogra-
dational to progradational, which filled up the
available accommodation space. Most likely, no
significant changes in relative sea level occurred
during that period. The absence of ballistic
emplacement structures of volcanic bombs (e.g.,
impact pits, bomb sags) suggests a submarine
origin of these pyroclastics, classifying them as
surtseyan tuffs or water-settled tuffs, formed by
hydromagmatic volcanic activity in shallow
waters (Fisher and Schmincke 1984).

The subaquatic deposition of this unit is fur-
ther corroborated by the common occurrence of
cross-bedding and small cross-cutting channels,
as these sedimentary structures are interpreted as
secondary structures related to the marine envi-
ronment and the resedimentation of the tuffs. The
unconformity at the top of the tuffs at an altitude
of ~35m and the overlying conglomerate
indicate erosion (although minor) and reworking
in shallow waters and thus formation in a
high-energy environment. The tuffs, therefore,
describes a progradational trend, caused by an
extreme enhancement in sediment supply and the
rapid fill up of the local depocentres. Following
the formation of the conglomerate on top of the
tuffs, another period of volcanism emplaced the
overlying basaltic lava flows that occur at alti-
tudes between ~32-60 m. Low relief, which
indicates a hiatal surface due to sediment
reworking, characterizes the transition between
the latter units. Pillows and palagonitised
hyaloclastites are developed in the basal part of
these lavas, indicating submarine volcanism. The
submarine lavas are immediately topped by
flat-lying massive subaerial flows. The transition
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between submarine and subaerial morphologies
occurs at an altitude of ~55 m above present sea
level and represents a palaco-sea-level marker
(Meireles et al. 2013; Ramalho et al. 2017). The
conglomerate (facies 5) overlying the erosional
unconformity (wave cut bench) carved on the
lowermost tuffs (facies 4) is interpreted as a
Pleistocene boulder-beach conglomerate, most
likely formed during the Marine Isotopic Stage
S5e (MIS 5Se) interglacial period (Avila et al.
2008a, 2015b). Breccias above the conglomerate
are interpreted as multi-phase slope deposits
(facies 6). Modern (Holocene) counterparts to
both the latter Quaternary deposits (facies 5 and
6) occur at the footslope of the cliff east of
Pedra-que-pica.

4.3 Ponta do Castelo

4.3.1 Geological Setting

Ponta do Castelo constitutes the
southeastern-most headland on Santa Maria
Island and comprises a typical lava delta
sequence, whose bottom-set unit comprises
marine fossiliferous sediments. The overall
sequence is thought to be Early Pliocene in age
and is attributed to the Pico Alto Volcanic
Complex (Serralheiro et al. 1987). It is comprised
from the base to the top (see Meireles et al. 2013)
by: (1) fossiliferous marine sediments with a high
volcaniclastic content that partially correspond to
the remobilization of tuffs and water-settled tuffs
(the same that cover the Pedra-que-pica outcrop)
from the surtseyan cone whose remains can still
be seen farther west at Rocha Alta; (2) a steeply
dipping foreset unit of pillow lavas and hyalo-
clastites, prograding to the E; (3) a topset unit of
flat-lying subaerial lava flows; and (4) pillow
lavas of another lava delta stacked on top of the
previous, but whose topset unit was locally
removed by erosion. The passage zone between
the forests of submarine lavas and the overlying
subaerial lava flows of the main lava delta is
presently located at ~55 m a.s.] and marks the
contemporaneous sea level. It is thus possible to
infer very accurately the palaco-water depth for
the deposition of the bottomset sediments. The
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exposed sedimentary body at the base of the
sequence exhibits a sigmoidal or wedge-shaped
geometry, and comprises a set of 4 or 5 sand-
stone units amounting to a total thickness of 9 m.
A complete and detailed description for this
sequence can be found in Meireles et al. (2013),
from where the following summary was extrac-
ted. The first 1 m thick unit is composed of
coarse- to medium-grained sandstones that show
large-scale cross-stratification with centimetre- to
decimetre-thick, slightly wavy sets, forming low
but wide swales and possibly hummocks. This
unit is eroded at the top and exhibits a
centimetre- to decimetre-high palaeo-relief.
These sediments are unconformably overlain by
a wedge-shaped sedimentary unit that gradually
thins towards the ENE, from about 1.2 to about
0.5 m. The sediments grade from very
coarse-grained sandstones at the base, into
to medium-grained, chaotic-bedded
sandstones in the middle (both very rich in
shell debris), and medium- to fine-grained sand-
stones with  plane-parallel bedding and
small-scale bioturbation at the top. A shallow but
wide erosional channel unconformably cuts
through the topmost plane-parallel beds and
marks the top of this unit.

The subsequent up to 1.5 m thick sedimentary
unit comprises medium-grained, poorly-sorted
fossiliferous sandstones that exhibit diffuse bed-
ding. These sediments fill the above-mentioned
erosional channel. Rip-up clasts that originate
from the previous unit occur within the
channel-fill sandstone. Fossils and shell debris
are generally dispersed in random orientation and
remains of solitary corals and rock-encrusting
bryozoan colonies that were ripped from their
hard-substrate occur “floating” within the sand-
stones (Bjorn Berning, pers. comm.).

A pronounced erosive unconformity deeply
cuts through all previous units, forming an
irregular  palaeo-relief ~ characterised by
side-by-side channels up to 3-4 m deep and
about as wide. This palaeo-relief was filled and
overlain by a 4-5 m thick unit of fossiliferous,
medium-grained sandstones exhibiting 1-3 m
wide, 0.3-1.5 m high slightly asymmetric hum-
mocks and swales that exhibit onlapping contacts

coarse-
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along the steep channel sides; beds typically fan
out from conformable almost-parallel fine beds,
internal truncation surfaces are rare, and hum-
mocks are almost ubiquitously preserved.
Towards the top bedding becomes almost
plane-parallel, with occasional smaller-scale rip-
ples. Fossil content is composed of bivalves,
gastropods, echinoids, fragments of endemic
barnacles, and remains of rock-encrusting bry-
ozoan colonies that were ripped from their
hard-substrate; shells and shell fragments are
generally dispersed within the sediment and
show no preferred orientation.

Above the previous sediments and bounded
by two faint erosive surfaces, a 0.5 m thick unit
of unstratified/massive, fossil-rich, medium- to
coarse-grained sandstones occurs. This unit is
very rich in microgastropods, bivalves, fragments
of barnacles, bryozoans, echinoids and rhodo-
liths. Shell debris is randomly/chaotically dis-
tributed within these sediments, and exhibits no
preferential orientation.

The topmost sedimentary unit is about 3.7 m
thick and shows vertical fining upward from
medium- to fine-grained fossiliferous sandstones.
These exhibit a faint cross-stratification at the base
that gradually passes to an almost imperceptible
plane-parallel sparse stratification. The uppermost
~ 1.5 m show abundant bioturbation by burrow-
ing organisms (Thalassinoides isp., Diplocrate-
rion isp., Crossopodia isp., Ophiomorpha isp. and
Rhizocorallium isp.; Meireles et al. 2013). Basal-
tic pillow lavas of the overlying lava delta cap the
sequence, imprinting load casts in the once soft
sediments. These were dated to 4.13 £ 0.19 Ma
(Ramalho et al. 2017).

4.3.2 Interpretation and Discussion

The sediments at Ponta do Castelo are interpreted
as tempestite deposits that represent a rapid
succession of 4 or 5 individual energetic events.
Thereby, each event caused massive sediment
transport from shallow waters to greater depths
with intense bottom erosion and rapid redeposi-
tion along the steep shelf of Santa Maria by
unidirectional and/or combined flows. Final
deposition took place above or close to storm
wave base (Meireles et al. 2013). The first unit is
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interpreted as a tempestite formed under wave
oscillations (or combined flows) above or close
to storm wave base, as suggested by the presence
of swaley and hummocky stratification. The
second unit is thought to represent a
density-induced flow that brought sediments
from shallower levels (as suggested by the
presence of allochthonous littoral faunas), ini-
tially eroding the sea-bed and eventually settling
as it gradually lost energy. After a short period of
fair weather—attested to by the presence of
bioturbation—another tempestite was deposited
with strong basal erosion, creating a channel,
which was subsequently filled. The existence of
well-preserved bryozoan colonies in the sedi-
ment, which were ripped from their
shallow-water rocky substrate, attests the vigor-
ous energy of the event and the short transport
distance from the shallow-water/littoral environ-
ment. Another even more massive event fol-
lowed the previous one, cutting deeply into the
existing sequence and resulting in the very rapid
deposition of the fourth unit. The resulting dee-
ply irregular palaeo-relief (with 3-4 m deep
channels) attests the vigorous erosion necessarily
associated to very energetic bottom currents. In
contrast, the distinct mega-hummocky stratifica-
tion with preserved metric, slightly asymmetrical
hummocks with rare internal truncations, attests
to the subsequent deposition under extremely
high aggradation rates—perhaps corresponding
to a deposition time of just a few hours—as a
result of combined flow conditions above or at
storm wave base (see Dumas and Arnott 2006;
Meireles et al. 2013). The generation of such a
deep basal erosional unconformity and the
deposition of sediments under extremely high
aggradation rates is interpreted as the result of
strong downwelling currents (combining wave
oscillation with unidirectional flow dynamics)
associated with a very violent storm event that
remobilised, transported and deposited large
amounts of littoral sediments onto a deeper part
of the shelf (Meireles et al. 2013). Finally, the
last sedimentary unit represents the transition to
the fair-weather suite. The intense bioturbation
by burrowing organisms in the uppermost part of
the sequence is related to the biological
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colonization that typically occurs at such depths
(~50 m). Sedimentation was subsequently
interrupted by the rapid progradation of a costal
lava-fed delta sustained by an eruption on land.
The prograding lavas thus preserved the under-
lying strata from subsequent erosion (Meireles
et al. 2013). As the basaltic pillow lavas of the
overlying lava delta imprinted load casts in the
once soft sediments, the volcanic sequence is
penecontemporaneous ~ of the  underlying
sediments.

The sequence at Ponta do Castelo thus sug-
gests that storm wave base in steep and narrow
insular shelves may reach down to depths of 50—
60 m and that deposition in this setting is mainly
controlled by storm-events, during which sedi-
ments are being remobilised across the shelf,
from the nearshore to the offshore, by strong
ebb-return currents (Meireles et al. 2013).

4.4 The Palaeontological Significance
of Carbonate Sequences
in Reefless Volcanic
Oceanic Islands

Sedimentary systems on reefless volcanic ocea-
nic islands are subject to multiple controls, which
differ considerably from other open shelf systems
(e.g. Reuter and Piller 2011 and references
therein), even when they are also influenced by
volcanic activity (Wilson and Lokier 2002). The
general steep relief, the limited sediment supply
by river systems (Avila et al. 2008b), the
windward/leeward asymmetry in energy condi-
tions, the influence of volcano-tectonic processes
(uplift/subsidence; cf. Ramalho et al. 2013,
2017), frequent eruptive events and their related
processes with localised ash-tuff-lava flow input
result in small depocentres with a high facies
variability and potentially even with an individ-
ual depositional evolution controlled by the input
of volcanic material. Furthermore, volcanic
events might influence carbonate systems by:
(1) covering partly or completely the carbonate
producing organisms, which results in physical
stress, tissue necrosis and/or death of these
organisms (Fortes 1991; Heikoop et al. 1996a, b;
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(2) decreasing light penetration when suspended
in the water, thus affecting photosynthetic com-
munities (Short and Wyllie-Echeverria 1996;
Wilson and Lokier 2002); and (3) changing the
water chemistry (Frogner et al. 2001; Ralph et al.
2006; Duggen et al. 2010). Additionally, shelves
at reefless oceanic islands are frequently exposed
to the full force of recurrent storms that inevi-
tably disrupt the sedimentary cycle and fre-
quently force the remobilization, transport and
redeposition of existing sediments (see Meireles
et al. 2013 and references therein). All these
processes should be taken into account when
interpreting carbonate sequences at volcanic
islands.

In conclusion, the early Pliocene carbonate
deposits of Santa Maria highlight the importance
of the interaction of different processes for the
development and evolution of a carbonate system
on reefless volcanic oceanic islands (the
present-day dominant calcitic mineralogy of the
carbonates at Pedra-que-pica, Pedreira do Campo
and Figueiral is regarded as a taphonomical
artefact and is attributed to the diagenesis of the
aragonitic shells). Besides volcanic quiescence,
as already suggested by Wilson and Lokier
(2002), a rise in sea-level that provides accom-
modation space on the steep island shelf is gen-
erally necessary for the development and
preservation of carbonate factories. Hence, mar-
ine deposits on reefless volcanic oceanic islands
should be predominantly formed and preserved
during transgressions and sea-level highstands,
and their structure and distribution frequently
reflect the highly energetic environment in which
they were formed. Comparable to other struc-
tured island shelves, the high variability in vol-
canic island shelf morphology results in a
complex pattern of small local depocentres
(patchy outcrop patterns in sedimentary prisms),
enhances the number of microhabitats and bio-
coenoses, and provokes a highly discontinuous
facies variability (see also Titschack and
Freiwald 2005; Titschack et al. 2005, 2013). In
reefless insular shelves, sedimentary bodies typ-
ically have small residence times as these almost
invariably get to be remobilised by
storm-induced  processes such  ebb-return
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currents, onto deeper waters (Quartau et al. 2012,
2014, 2015; Meireles et al. 2013) or across the
shelf (Johnson et al. 2017). Combined with the
island’s narrow and steep shelf, which provides
little space for the deposition of sediments, the
remobilisation of the transgressive/highstand
deposits during subsequent regressive trends
over the shelf edge into adjacent deep-sea basins,
seems to represent their most likely fate (Avila
et al. 2008b; Avila 2013). However, eruptive
events, which generally cut off marine carbonate
factories and interrupt marine sedimentary pro-
cesses, might locally prevent the erosion of these
marine carbonate deposits by their rapid and
abrupt burial, as in the cases of Ponta do Castelo,
Malbusca (see Rebelo et al. 2016a), and of the
other above-mentioned outcrops. Consequently,
volcanic events might limit carbonate production
but might on the other hand be responsible for
the effective fossilization and preservation of
these deposits on reefless volcanic oceanic island
shelves.

5 The Pleistocene MIS 5e Outcrops

Scattered around the shores of the island of Santa
Maria, wave-cut platforms, wave-cut notches,
and the remains of former boulder and sandy
beaches (Fig. 8) are preserved at altitudes rang-
ing from 3—4 up to 9-10 m above present mean
sea level (AVila et al. 2015b). These outcrops are
interpreted as a series of sea-level stands and
their formation during the last interglacial maxi-
mum sea level, hence the MIS 5e (Marine Iso-
topic Stage Se, ~ 120-130 ka in age) is indicated
(Avila et al. 2008a, 2009a, 2010). Some of these
outcrops are very rich in marine fossils. The best
studied outcrops are Prainha and Praia do Calhau
(both on the southern shores; Zbyszewski and
Ferreira 1961; Garcia-Talavera 1990; Avila et al.
2002, 2007, 2008a, 2009a, 2015b; Amen et al.
2005; Avila 2005), Vinha Velha (also located on
the south; Avila et al. 2015b) and Lagoinhas
(northern shores of Santa Maria; Callapez and
Soares 2000; Avila et al. 2002, 2007, 2009a,
2015b; Avila 2005; cf. Fig. 1b). Other known
Pleistocene outcrops, some of them not yet



Fig. 8 Indicators of the last interglacial maximum
sea-level (MIS Se). a Wave-cut platform at Prainha
(+4 m). b Boulder conglomerates lined up at Lagoinhas
(+6 to +7 m). ¢ The MIS 5e sea-level nearby Vinha Velha
(note the boulder conglomerates, and the wave-cut notch
at the base of the palaeocliff (bottom right). d The MIS 5e

S. P. Avila et al.

sea-level at Ponta do Castelo (+4 to +5 m). e Wave-cut
notch at Baia da Rocha Alta (+8 m). f Wave-cut notches
at Ponta do Pesqueiro Alto (+7 to +10 m). g The MIS 5e
deposit at Ponta do Cedro (+6 to +7 m). h The MIS 5e
deposit at Vinhas do Sul (+3 to +4 m)
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studied nor dated are: a small outcrop west of
Pedra-que-pica (see Avila et al. 2015b), Ponta do
Castelo, and Ponta do Cedro.

The Prainha outcrop was first reported by
Zbyszewski and Ferreira (1961) and later by
Garcia-Talavera (1990), with all authors paying
special attention to the marine molluscs. Callapez
and Soares (2000) discovered the Lagoinhas
deposit and published a palaeoecological inter-
pretation of this outcrop. Avila et al. (2002)
redescribed the stratigraphic sequence of both
Lagoinhas and Prainha and revised the marine
molluscs’ checklist, whereas Amen et al. (2005)
wrote a detailed account of the fossil coralline—
algal framework of Prainha. Avila (2005) and
Avila et al. (2007, 2009a, b, 2015b) reviewed the
Pleistocene mollusc fossils of Prainha and
Lagoinhas. Based on U/Th ages on shells of
Patella spp., and on faunal, facies and geomor-
phological considerations, Avila et al. (2008a)
assigned the basal conglomerate of the Prainha
outcrop to Marine Isotopic Substage 5e (MIS 5e).
Due to taphonomic problems and the wet cli-
matic conditions prevailing on the island, the
U-series measurements from their fossilised
remains can only help constrain the age of the
uranium taken up diagenetically (Avila et al.
2008a, 2009a). U-series data from Santa Maria
Island indicate an open system, providing mean
230Th ages that are much younger than the true
age of the unit. They suggest relatively steady,
more or less continuous, diagenetic U-uptake by
the fossils since their deposition in the Pleis-
tocene (Avila et al. 2009a). Therefore, accepting
an age of 120-130 ka for the deposits, Avila
et al. (2008a) estimated that within the embedded
biogenic carbonates U-uptake rates varied from
c. 2.5 to 5 pg gCaCO3" kyr '. This was based
on ***Th-ages in the 60-70 ka range, for shells
that would have started accumulating diagenetic
U some 130-120 ka ago (i.e. during the MIS Se;
Avila et al. 2008a).

5.1 Prainha and Praia do Calhau

These sections consist of unconsolidated
shallow-water deposits overlying a basement
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formed by basaltic lavas (facies 1; Fig. 9). The
bases of the outcrops are formed by irregular
shore platforms on top of the ankaramitic basalts
of the Anjos Complex, which occur at an altitude
of 34 m (cf. Figs. 9 and 10; Serralheiro et al.
1987; Serralheiro 2003), and exhibit a lateral
extent of ~800 m. Roughly circular depressions,
2.7-7.0 cm in diameter (mean = 4.26 cm, SD =
1.01, n =48), were observed at this surface
(Fig. 10e). Avila et al. (2009a) attributed these
structures to bioerosion traces of epilithic sea
urchins and Avila et al. (2015b) assigned them to
the ichnofossil Circolites kotocensis Mikulas.
The traces were recently destroyed, after Hurri-
cane Gordon passed the Azores, in August 2012.
The unconformity is overlain by a 40 cm thick,
strongly cemented conglomerate (facies 2;
Figs. 9 and 10a). A calcareous coralline algal
biostrome (facies 3; Fig. 9) with a maximum
thickness of ~50 cm covers the conglomerate or,
locally, directly on the unconformity on top of the
basalts. This biostrome is built by encrusting and
warty to fruticose non-geniculate Corallinales
(Rhodophyta) growing one over the other. Frag-
ments of mollusc shells, bryozoans, and echino-
derms, are accessory components. Amen et al.
(2005) reported four species of Corallinaceae
(Rhodophyta): Spongites fruticulosus Kiitzing
(the main builder of the algal framework),
Lithophyllum Philippi, Neogo-
niolithon brassica-florida (Harvey) Setchell and
Mason, and Titanoderma pustulatum (Lamour-
oux) Nigeli. Of these, only 7. pustulatum is
recorded for the recent algal flora of the Azores
(Neto 1994). The algal crust abundantly shows
macrobioerosion structures, mostly clavate bor-
ings, assigned to the ichnogenus Gastrochaeno-
lites Leymarie. Remains of the producer of these
borings, the endolithic bivalve Myoforceps aris-
tatus (Dillwyn), may still be found in situ inside
most of the borings (Fig. 11a). At least two spe-
cies of Corallinaceae described in this facies
appear with a superimposed growth in thin sec-
tions (Fig. 11b). The inter-skeletal spaces in the
algal framework and bioerosion structures were
later filled by two internal sediments (Fig. 11c).
The basal one consists of angular, poorly sorted
rock fragments, marphic mineral grains’, and

incrustans
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Fig. 9 Stratigraphic sections
at Prainha (modified after
Avila et al. 2002, 2009a,
2010, 2015b) and Lagoinhas

Prainha
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bioclasts (foraminifers, echinoids, coralline algae
and scarce molluscs) of medium- to
coarse-grained size in a micritic matrix. The
succeeding internal sediment is richer in micrite.
The conceptacles of the red algae are filled with
spherulitic aragonite cement. These cements are
slightly weathered, with limited superficial dis-
solution of aragonite. Locally, towards the top of
the biostrome, accumulations of iron oxide
micro-nodules occur between coralline thalli.
Traces of iron oxides and interruptions in algal
growth are observed in thin sections. In some
places, where the thickness of the biostrome is
enhanced, 3—4 discontinuity surfaces are macro-
scopically observable by the increased presence
of bioerosive structures at these surfaces (Avila
et al. 2009a). Avila et al. (2002) reported fractures
in the algal crust (facies 3) that were initially
attributed to “subaerial exposure and desicca-
tion”. Avila et al. (2009a) reinterpreted these
fractures on the upper surface of the algal
framework and along the entire vertical section of
the fossil algae as the result of an extensional

[=1 Conglomerate

oo Channels  # Bivalves (3 Gastropods

process fracturing the algal framework after its
formation. Fracturing by local extension can take
place underwater with no subaerial exposure. In
fact, formation of neptunian dykes (open fractures
filled by marine deposits; cf. Fig. 10c) by exten-
sion is a common process in submarine settings
(Winterer and Sarti 1994).

The biostrome (facies 3) is overlain by 1.3 m
thick, yellowish, partly cross-laminated, vol-
caniclastic to bioclastic, uncemented sands (fa-
cies 4; Figs. 9 and 10b) that also fill most of the
fractures penetrating facies 3 (cf. Fig. 10c).
Carbonate contents range from 56.2 to 67.3% (in
the samples investigated) (Fig. 10b). The
grain-size distribution is dominated by the 125—
250 pum fraction. The bioclasts consists almost
exclusively of small mollusc fragments. Lenses
with ripple marks, trace-fossils and/or root casts
are preserved locally (Avila et al. 2002) and are
better lithified. The sediments correspond to a
beach foreshore (intertidal) facies and show
cross-lamination (cf. Fig. 10b). A thin carbonate
crust of pedogenic origin occurs at the top of the
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Fig. 10 The Pleistocene deposits at Praia do Calhau
and Prainha. a One of the most representative sections
studied at Praia do Calhau: over an irregular shore
platform carved on top of the ankaramitic basalts of the
Anjos Complex, a strongly cemented conglomerate was
stabilised by a calcareous coralline algal biostrome.
b Partly cross-lamination sands that overlain the
calcareous coralline algal biostrome, covered by
colluvial-alluvial deposits. ¢ Fossil coralline algal crust

bioclastic sandy sediments (facies 5, Fig. 9). The
crust mostly consists of micrite that precipitated
together with clay and other silt-sized impurities
and exhibits a clotted texture (Fig. 11d). Sedi-
ment below the carbonate crust (Fig. lle)
includes bioclasts (molluscs, echinoid spines,
branching coralline algae), poorly-sorted

with

abundant signs of bioerosion by endolithic
bivalves (clavate borings), and neptunian dykes (large
fractures affecting the algal framework), filled with
sand; both structures are present along the entire
vertical section of the fossil algae. d The algal
framework at Prainha. e Bioerosion traces of epilithic
sea urchins, probably made by Paracentrotus lividus
(Lamarck) and assigned to the ichnofossil Circolites
kotocensis Mikulas

volcanic grains and very poorly-sorted rock
fragments. Aeolian dunes consisting of a mixture
of biogenic sand particles derived from molluscs,
echinoderms, bryozoans and coralline algae with
black, basaltic sand (facies 5; Fig. 9) and collu-
vial-alluvial deposits (facies 6 and 7; Fig. 9)
cover the carbonate crust (Avila et al. 2009a).
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Fig. 11 a At Prainha, the endolithic bivalve Myoforceps  of the algal framework collected at Prainha. d, e Thin
aristatus (Dillwyn) is sometimes found in situ inside section microphotographs of the bioclastic sand sediments
some of its borings. b, ¢ Thin section microphotographs  collected at Prainha
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5.2 Lagoinhas

The Lagoinhas outcrop is about 100 m wide and
its base lies ~7.4 m above present sea-level
(Avila et al. 2002, 2009a). The base is formed by
an irregular shore platform on top of the ankar-
amitic basalts of the Touril Complex (facies 1;
Fig. 9; Serralheiro et al. 1987; Serralheiro 2003).
A ~10cm  thick, strongly cemented
basal-conglomerate (facies 2) passes laterally and
upward into a ~ 30 cm thick calcareous red algal
biostrome (facies 3). The coralline algal frame-
work is similar to the one found at Prainha, but
was not yet studied in detail. The faunal assem-
blage is dominated by molluscs, with bryozoans
and echinoderms as accessory components. As at
Prainha, macrobioerosion structures in the bios-
trome are assigned to the ichnogenus Gas-
trochaenolites Leymarie and were produced by
the endolithic bivalve Myoforceps aristatus
(Dillwyn) (Avila et al. 2009a). The overlying
white-yellowish unconsolidated sands (facies 4)
exhibit thicknesses of up to ~0.7 m and are rich
in very-well preserved fossil assemblages, which
are dominated by molluscs. The grain-size dis-
tribution of these sands is dominated by the 250—
500 pm fractions. A thin carbonate crust of
pedogenic origin occurs at the top of these bio-
clastic sands (cf. Fig. 9). This crust is covered by
colluvial deposits (facies 5; Fig. 9).

5.3 Interpretation and Discussion

Although structures similar to the Prainha and
Lagoinhas coralline algal biostromes are not
known from other islands of the Azores, their
occurrence is  well documented  from
shallow-water rocky substrates in the Mediter-
ranean Sea (e.g., Pérés and Picard 1964,
Hofrichter 2001) and Western Atlantic, where
they form flat calcareous patches, stabilizing
shore conglomerates (Thorton et al. 1978;
Bosence 1983, 1984). These formations develop
primarily on shores with a narrow tidal amplitude
(Adey 1986), as is the case for all the Azores. No
known direct analogues of the Prainha and
Lagoinhas shallow-water fossil algal frameworks
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exist in other regions of the world (Avila et al.
2009a). According to Amen et al. (2005), the
algal biostromes were formed in shallow water
depths, probably less than 10 m deep. Today,
Lithophyllum  incrustans, L.  pustulatum
(= Titanoderma pustulatum) and Neogoniolithon
brassica-florida are most common in the shal-
lowest infralittoral zone within the Mediter-
ranean, while Spongites fructiculosus shows a
wider depth range (Bressan and Babbini 2003).
The mastophoroid genera Spongites and Neogo-
niolithon predominate in the Neogene algal
assemblages, when the western Mediterranean
experienced tropical/subtropical climatic condi-
tions (Braga and Aguirre 2001). The Mediter-
ranean and western Atlantic “trottoirs” are more
similar as they are structures a few decimetres
thick and locally developed on abrasion terraces
(Thorton et al. 1978; Adey 1986). Neogo-
niolithon  brassica-florida and Lithophyllum
incrustans, abundant in the Prainha framework
(Amen et al. 2005), can be main components of
the Mediterranean “trottoirs”, together with
Lithophyllum byssoides (frequently mentioned as
Lithophyllum tortuosum) (Adey 1986).

Based on stratigraphic, petrologic, and faunal
analysis of the Lagoinhas and Prainha outcrops,
Avila et al. (2009a, 2015b) suggested that during
a marine transgression, an irregular shore plat-
form on volcanic rocks developed. Subsequently,
during the ongoing transgression, a conglomerate
(facies 2) and the overlying red algal biostrome
(facies 3) formed in a shallow-marine,
high-energy (shoreface) environment (Fig. 9).
The hydrodynamic setting is further supported by
the presence of sea urchin burrows likely being
attributable to the activity of the epilithic grazer
Paracentrotus lividus (Lamarck), of which one
test fragment and numerous primary spine frag-
ments were found at Lagoinhas (Madeira et al.
2011). In the present-day, this sea urchin is
extremely common on the shores of the islands
of the Azores, at depths of 1-2 m, always on
rocky substrate, where it produces similar shal-
low excavations (Avila et al. 2009a). The bio-
erosion structures—Gastrochaenolites isp.—that
characterize the algal reef in both outcrops are
also indicative of shallow water depths (less than
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5 m). The endolithic bivalve Myoforceps arista-
tus, found in life-position, is the producer of
these structures. Today, the congeneric M. aris-
tatus lives in shallow-marine surf benches (called
“trottoirs” in the Mediterranean). Maximal
transgression with minimal sediment input was
reached on top of the coralline algal biostrome
(top of facies 3). At the start of the subsequent
regression, the poorly consolidated yellow fos-
siliferous sands (facies 4) were deposited. Sedi-
mentary  structures such as  wave-ripple
cross-bedding and cross-lamination indicate a
shoreface to foreshore depositional setting. The
palaeoecological evidence derived from the
analysis of the bioerosion structures, the charac-
teristics of the coralline algal assemblages, the
taxonomic composition of the fossil assemblage
and the bathymetrical zonation of the species
represented in it, indicate a change from a
transgressive marine depositional setting in
shallow infralittoral (facies 2 and 3) to a regres-
sive trend (foreshore/beach; facies 4). The
regressive, shallowing upwards trend proceeds
with dune sediments, palacosols (micritic crusts)
and colluvial-alluvial deposits (facies 5, 6 and 7;
Fig. 9). The position of the Pleistocene sedi-
ments, not taking the apparent uplift trend of
Santa Maria Island and glacio-isostatic adjust-
ments into account, suggests a palaeo-sea-level
highstand about 4-6 m above the modern
sea-level. This suggests the formation of these
deposits during the interglacial sea-level high-
stand of MIS 5e (Avila et al. 2009a, 2015b).

6 The Fossils

Zbyszewski and Ferreira (1962b) reported 188
taxa (179 invertebrates and 9 vertebrates) from
the early Pliocene deposits of Santa Maria Island.
Some groups were recently revised, e.g., the
Brachiopoda, the Echinodermata, the Chordata
(sharks and cetaceans), and the Ostracoda (Kroh
et al. 2008; Madeira et al. 2011; Avila et al.
2012, 2015¢; Meireles et al. 2012). Other groups
are presently under review, such as the Bryozoa,
the Cnidaria (Anthozoa) and also the Mollusca,
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the latter representing the most abundant fossil
group. The MPB group has reviewed the Zbys-
zewski and Ferreira checklist and over 40 taxa of
fossil molluscs need revision. Table 1 provides a
revised list of species with a conservative number
of 191 taxa (13 of which are considered as
endemic species) from the early Pliocene out-
crops of Santa Maria. With 99 taxa accepted as
valid, the Mollusca exhibit the highest number of
species. Of these 99 taxa, 7 are considered as
endemic to Santa Maria.

Regarding the Pleistocene (MIS 5e) outcrops,
Avila et al. (2015b) reported 136 species of
marine molluscs. Twenty-two of the gastropods
are endemic, and all of them still live in the
waters of the Azores. Considering all groups, this
chapter updates the latest checklists and increases
the total number of Pleistocene species to 146
(Table 1).

6.1 Fossil Algae

The Pleistocene layer of calcareous algae
described in detail in Sect. 5.1 was first reported
by Berthois (1953b, c) and by Zbyszewski and
Ferreira (1961) who named this specific layer as
“Lithothamnium”. The first phycological study of
the algal components of the fossil framework of
Prainha was made by Amen et al. (2005) who,
based on morphological and anatomical charac-
ters, as well as reproductive structures, reported 4
species: Spongites fruticulosus Kiitzing (the most
abundant algal species), Lithophyllum incrustans
Philippi, Neogoniolithon brassica-florida (Har-
vey) Setchell and Mason, and the rare Titano-
derma pustulatum (J.V. Lamouroux) Nigeli. No
Lithothamnion species were found at Prainha and
structures similar to these algal frameworks are
not known in the present times on the Azores
(Amen et al. 2005).

The calcareous fossil algae present on rho-
doliths were recently studied by Rebelo et al.
(2014, 2016a, b), who reported 6 taxa. Her
fieldwork reports fossil rhodolith forming coral-
line algae from all outcrops but Cré (Ana Rebelo,
pers. comm).



The Marine Fossil Record at Santa Maria Island (Azores)

181

Table 1 Number of specific taxa and number of endemic species collected and identified at the early Pliocene and
Pleistocene (MIS 5e) fossiliferous deposits from Santa Maria Island (Azores)

Early Pliocene

Total number

Spp-
Algae 6
Annelida (Polychaeta) 2
Brachiopoda 3
Bryozoa 5
Chordata (Mysticeti) 1
Chordata (Odontoceti) 1
Chnidaria (Anthozoa) 7
Coelenterata 2
Crustacea (Cirripedia) 1
Crustacea (Decapoda) 1
Crustacea (Ostracoda) 13
Echinodermata 8
Fish (Other)

Fish (Sharks) 7
Foraminifera 32
Mollusca (Bivalvia) 51
Mollusca (Gastropoda) 31
Mollusca (Gastropoda: Heteropoda and 17
Pteropoda)

Total 191

6.2 Fossil Vertebrates

The Azores are well-known as one of the best
spots for whale-watching nowadays, with 28
species of cetaceans reported around the archi-
pelago (Avila et al. 2011). In Santa Maria, the
fossils of whales have been known for a long
time, being called “ossos de gigante” (bones of
giants) by the inhabitants of the island. However,
the first published information on this matter was
done only in the 19th century by Boid (1835)
who wrote “In a part (...) (of the) N.W. side
scarcely accessible, is to be seen an immense
fossil thighbone”. This bone, located at Ponta do
Pesqueiro, was later identified by Bedemar
(1837) as a whale bone (Estevens and Avila
2007). Other fossil fragments of cetacean verte-
brae and ribs, reported by subsequent authors
(Cotter 1888-1892; Teixeira 1950; da Ferreira

Pleistocene (MIS 5e¢)

Endemic Total number Endemic
Spp- spp- spp-
4
1
1
1
1
3
2 24
114 22
2
10 146 22

1955; Zbyszewski and Ferreira 1962b) were
never the subject of a proper study in order to
identify these remains.

6.2.1 Cetaceans

The first thoroughly systematic study on the fossil
whales of Santa Maria Island was done by
Estevens and Avila (2007). These authors repor-
ted 10 occurrences of fossil cetaceans belonging
to two suborders: Odontoceti (Ziphiidae), with
one Mesoplodon species collected at Assumada
outcrop; and several bone fragments of ribs,
vertebrae and other skeletal parts, assigned to
undetermined Mysticeti (?Balaenopteridae). All
of these samples were collected in sediments from
the Touril Complex (Estevens and Avila 2007).
Albeit meager, the fossil Pliocene whales of Santa
Maria were compared with contemporaneous
faunas (Messinian-Zanclean) from the western
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Atlantic—Eastover (7.2-6.1 Ma) and Yorktown
(4.8-3.0 Ma) formations from the Middle
Atlantic Coastal Plain, the Palmetto Fauna (5.2—
4.5 Ma) from Florida—and from the eastern
Atlantic—the Kattendijk (5.0-4.4 Ma) and Lillo
(4.2-2.6 Ma) formations from Belgium (see ref-
erences in Estevens and Avila 2007: 157).
Remarkably, all of these faunistic associations

share a noticeable modern character, being dom-
inated by living groups such as the beaked whales
(Ziphiidae) and true dolphins (Delphinidae)
among the odontocetes, and the rorquals

(Balaenopteridae) and right whales (Balaenidae)
among the mysticetes, similar to the Azorean
fossil fauna described by Estevens and Avila
(2007) (Fig. 12a-d).

Fig. 12 Neogene fossil cetaceans from Santa Maria
(Estevens and Avila 2007; Avila et al. 2015¢). a Small
rib fragment assigned to Cetacea indet (Ponta Negra).
b Small rib fragment assigned to Cetacea indet (Cré). ¢,
d Fragment of a large left rib assigned to ?

Balaenopteridae indet. (DBUA-F 401) in lateral view
(c) and cross-section at intermediate break (d) (Cré). e,
f Large fragment (~1 m) of the mandible of a medium-
to large-sized baleen-bearing mysticete (Chaeomysticeti)
(MIS 5e of Prainha)
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Recently, in September 2012, after the pas-
sage of the Hurricane Gordon, a large fragment
(~1 m in length) from the mandible of a med-
ium- to large-sized baleen-bearing mysticete
(Chaeomysticeti) was collected at Praia do Cal-
hau, in the Pleistocene (MIS 5e) sandy layer
(Fig. 12e, f). This finding was reported by Avila
et al. (2015¢) as the first world record of fossil
whales for the last interglacial (MIS Se), in out-
crops located in oceanic islands, thus increasing
the relevance of the fossil record of Santa Maria
Island for the palaecobiogeography of the North
Atlantic.

6.2.2 Selaceans

Reports of fossil shark teeth from oceanic islands
are few to date. In the Atlantic, shark teeth are
reported from fossiliferous deposits of Jamaica
(Donovan and Gunter 2001), Puerto Rico
(Nieves-Rivera et al. 2003), Cape Verde
(Serralheiro 1976), and the Azores (Zbyszewski
and Ferreira 1962b; Avila et al. 2012). In the
Caribbean, Cuba has 15 taxa of fossil sharks
from the Miocene-Pliocene (Iturralde-Vinent
et al. 1996) and 5 species are known from the
Miocene of Carriacou Island (the Grenadines,
Lesser Antilles; Portell et al. 2008).

Zbyszewski and d’Almeida (1950) and
Zbyszewski and Ferreira (1962b) were the first to
report fossil sharks from Santa Maria. Avila et al.
(2012) added three new records, increasing the
number of fossil sharks to seven species: Noto-
rynchus primigenius (Agassiz), Carcharias
acutissima (Agassiz), Cosmopolitodus hastalis
(Agassiz), Paratodus benedenii (Le Hon), Isurus
oxyrinchus Rafinesque, Megaselachus mega-
lodon (Agassiz in Charlesworth), and Car-
charhinus cf. leucas (Valenciennes in Miiller and
Henle) (Fig. 13a—q). The Azorean Pliocene
selachian fauna clearly differs from those
described from sediments deposited on conti-
nental shelves, in which batoids (i.e., electric
rays, sawfishes, guitarfishes, skates and stin-
grays) and small benthic sharks (e.g., scyliorhi-
nids) are usually well represented. Several
attempts were made to recover small selachian
teeth by screen-washing (sieve sizes: 0.5 and
1 mm) from bulk sediment samples from most of
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the studied localities, but that effort yielded no
teeth of batoids or small sharks (Avila et al.
2012). The absence of batoids in the Pliocene
coastal environments of Santa Maria Island is not
in accordance with the diversity of the recent
batoid fauna from the Azores, including about 15
species of Torpediniformes, Rajiformes and
Myliobatiformes (Santos et al. 1997; Barreiros
and Gadig 2011).

During the early Pliocene, subtropical to
warm-temperate seas were prevalent in the area
of the Azores, as deduced from palaeontological,
geological and isotopic data, all indicating a
warmer climate than today (Kirby et al. 2007;
Avila et al. 2015b). Five species are extinct
nowadays: C. acutissima, C. hastalis, N. primi-
genius, M. megalodon and P. benedenii. All
these species disappeared by the end of the
Pliocene, including N. primigenius, formerly
thought having went extinct during the Miocene
(Avila et al. 2012).

6.3 Fossil Invertebrates

6.3.1 Mollusca
Molluscs are by far the most diverse and abun-
dant fossil group from the outcrops of Santa
Maria (see Table 1). The particularly good fossil
record of molluscs can be explained by a com-
bination of initial abundance, taphonomic biases
and selective investigations (most palaeontolog-
ical studies on Santa Maria during the 19th and
20th centuries focused on molluscs).
Notwithstanding the many studies on the early
Pliocene deposits (Bronn 1860; Hartung 1860;
Reiss 1862; Mayer 1864; Cotter 1888-1892;
Ferreira 1952, 1955; Zbyszewski and Ferreira
1962b), the fossil molluscs have not been
recently studied systematically/taxonomically,
with the exceptions of Janssen et al.’s (2008)
paper on the early Pliocene heteropods and
pteropods, and Habermann’s (2011) study on the
bivalve Gigantopecten latissimus (Brocchi).
Much material has been collected since the
beginning of the international workshops
“Palaeontology in Atlantic Islands”, in 2002,
with a special emphasis on the micromolluscs.
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<« Fig. 13 Neogene fossil sharks from Santa Maria (Avila
et al. 2012). a—c Carcharias acutissima (Agassiz).
Upper-anterior tooth in labial (a), lingual (b) and lateral
view (¢) (H=27.0 mm, W =9.3 mm). d-f Paratodus
benedenii (Le Hon) in labial (d), lingual (e), and distal
view (f) (H = 52.0 mm, W = 37.0 mm). g-k Cosmopoli-
todus hastalis (Agassiz). g—i: labial (g), mesial (h), and
lingual (i) view (H =550 mm, W =350 mm). j,

The revision of the 105 historically reported taxa
and the formal description of many new species
(Avila, unpublished data) are of utmost impor-
tance and present the major research task of the
MPB for the next years.

For the Pleistocene (MIS 5e) malacofauna,
Avila et al. (2002) reviewed the old literature
(Berthois 1951, 1953b; Zbyszewski and Ferreira
1961; Garcia-Talavera 1990; Callapez and
Soares 2000) and added new records, reporting
89 taxa, including 75 gastropods and 14 bivalves.
Further work by Avila (2005) and Avila et al.
(2007, 2009b, 2010, 2015b) increased the num-
ber of Pleistocene mollusc species to 138 taxa
(114 gastropods and 24 bivalves). During the
course of the last glaciation, 23 of these species
locally disappeared from the Azores, of which 14
were thermophilic species that were not able to
cope with the drop of the sea temperatures, and 7
species were associated with shallow sandy
substrates that disappeared from the island when
sea-level dropped below the shelf-edge (cf. Avila
et al. 2008b, 2015b for further information). Of
the 138 taxa of molluscs, 22 are endemic gas-
tropods, all of them still living along the coast-
lines of the Azores (Table 1).

6.3.2 Echinodermata

The most recent review on the fossil echinoid
material collected from the fossiliferous deposits
of Santa Maria (both the early Pliocene deposits
as well as the Pleistocene deposits) was pub-
lished by Madeira et al. (2011). These fossils are
predominantly disarticulated skeletal material
(primary spines and coronal fragments). Only
subordinate complete tests are preserved. At least
7 taxa are reported by Madeira et al. (2011) from
the Upper Miocene to lower Pliocene beds:
Eucidaris tribuloides (Lamarck), Echinoneus cf.
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k Lingual (J) and labial view (k) (H =50.0 mm,
W = 36.0 mm). I-n Megaselachus megalodon (Agassiz)
in lingual (1), lateral (m), and labial view
(m) (H=2883 mm, W =745 mm). o, p Carcharhinus
cf. leucas (Valenciennes) in lingual (o) and labial view
(p)- q Notorynchus primigenius (Agassiz). Lower antero-
lateral tooth in labial view (H = 9.8 mm, W = 23.5 mm)

cyclostomus Leske, Clypeaster altus (Leske),
Echinocyamus pusillus (Miiller), Echinocardium
sp. 1, Echinocardium sp. 2, and Schizobrissus sp
(cf. Fig. 14a-m). Undetermined spatangoids
were also found, but the poor preservation of the
fossils did not allow their identification. Irregular
echinoids such as spatangoids, clypeasteroids
and Echinoneus usually live in soft-bottom
environments, whereas the regular echinoid
Eucidaris tribuloides preferentially lives epifau-
nally on hard substrates.

The Upper Pleistocene outcrops (MIS 5e)
yielded three regular echinoid species:
Sphaerechinus granularis (Lamarck), Arbacia
lixula Linnaeus and Paracentrotus lividus
(Lamarck) (Fig. 14n—v). The presence of taxa
typical of tropical seas in the Mio-Pliocene sed-
iments contrasts with the Pleistocene and modern
echinoid fauna, which is warm-temperate in
composition (Madeira et al. 2011). The diversity
and specific composition of echinoids preserved
in the Pliocene deposits of Santa Maria differs
markedly from that of the island’s Pleistocene
fossil record. Worldwide, Pleistocene faunas tend
to be closely related to the living biota of any
area (Madeira et al. 2011), and the Azorean
Pleistocene is no exception.

6.3.3 Brachiopoda

Although brachiopods are common members of
shallow-water communities in Miocene and
Pliocene sediments of the Mediterranean or
Central Paratethys (Ruggiero 1994; Bitner and
Dulai 2004), only two species are known from
the Pliocene sediments of Santa Maria: Tere-
bratulina retusa (Linnaeus), reported by Bronn
(1860) and by Ferreira (1955) as T. caput-ser-
pentis; and Novocrania turbinata (Poli), reported
by Kroh et al. (2008; Fig. 15a—c). Today, none of
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<« Fig. 14 Neogene fossil echinoderms from Santa Maria

(Madeira et al. 2011). a-d Clypeaster altus (Leske) in
aboral (a), oral (b), and left lateral view (c¢). d Cross view
of a specimen photographed at Pedra-que-pica. e-i Euci-
daris tribuloides (LLamarck) in oral (e) and lateral view (f,
g). h Fragment of a specimen photographed at
Pedra-que-pica. i Spines. j—-m Echinoneus cf. cyclostomus
Leske in aboral (j), lateral (k) and oral view (I).

these species occurs in the Azores. N. turbinata
presently lives in warmer waters (the Cape Verde
Islands, off the north-western African coast and
the Mediterranean), and is a non-molluscan
example of the local disappearance of ther-
mophilic taxa from the Azores since the Pliocene
(Kroh et al. 2008).

6.3.4 Crustacea

Fossil barnacles were reported by Zbyszewski
and Ferreira (1962b) from the Pliocene of Santa
Maria (as Balanus laevis Bruguicre) and by Cal-
lapez and Soares (2000) of the Pleistocene
deposits of Lagoinhas (as Balanus sp.). However,
these fossil cirripedes were not described in
detail. Winkelmann et al. (2010) described a new
species, Zullobalanus santamariaensis Buck-
eridge and Winkelmann (Fig. 15d—-f), endemic
from the early Pliocene outcrops of the island.
This endemic barnacle lived in shallow-water,
and probably, the Balanus laevis record was
misidentified with Zullobalanus santamariaensis
by Zbyszewski and Ferreira (1962b). The ances-
tral Z. santamariaensis might have reached the
Azores passively attached to whale barnacles that
were subsequently dislodged near Santa Maria
Island, ultimately establishing a viable population
(Winkelmann et al. 2010). Zbyszewski and Fer-
reira (1962b) also reported Neptunus granulatus
Edwards, based on a chela collected at Lombo
Gordo outcrop (Fig. 15g).

6.3.5 Ostracoda

The first study on the fossil ostracods from the
Azores archipelago was recently published by
Meireles et al. (2012). These authors reported 13
taxa from the Pliocene of the Malbusca section,
representing seven families and 12 genera:
Xestoleberis cf. paisi Nascimento, Loxoconcha
stellifera  Miieller, Loxoconcha rhomboidea
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m specimen photographed at Pedra-que-pica. n—p Cross
section of spines from the Pleistocene of Lagoinhas.
Arbacia lixula Linnaeus (n), Sphaerechinus granularis
(Lamarck) (o), and Paracentrotus lividus (Lamarck) (p).
q, I, vV Arbacia lixula in aboral (q), oral (r), and lateral
view (V). s—u Echinocyamus pusillus (Miiller) in aboral
(s), oral (t) and left lateral view (u) (Madeira et al. 2011)

(Fischer), Callistocythere oertlii Nascimento,
Leptocythere azorica Meireles and Faranda,
Pachycaudites cf. armilla Ciampo, Dameriacella
cf. dameriacensis (Keij), Aurila sp., ?Quadra-
cythere sp., Heliocythere magnei (Keij), Neone-
sidea rochae Nascimento, Paracypris sp., and
Cyamocytheridea sp. All these species are typical
of warm waters and epi-neritic habitats (~ 10—
50 m of depth) (Meireles et al. 2012). Xestole-
beris cf. paisi, L. rhomboidea, L. stellifera, C.
oertlii and N. rochae still occur nowadays in the
shallow-water environments (down to 40 m
depth) of the Azores. All other ostracod taxa
recorded from Malbusca (including the new
species L. azorica) disappeared from the Azores
and the Atlantic domain probably at the end of
the Zanclean age, around 3.6 Ma, as suggested
by Avila et al. (2016a) for marine molluscs.
Meireles et al. (2012) considered these ostracods
as warm-water taxa that did not survive the
Plio-Pleistocene climate deterioration.

7 The Future: The PalaeoPark Santa
Maria

In 1996, Richard Lane and David L. Bruton
argued during the 30th International Geological
Congress (IGC) in Beijing (China) that protec-
tion and conservation of fossil sites around the
world should constitute a major objective of the
International Palacontological Association (IPA).
This initiative was supported by four workshops
that took place during the 32nd International
Geological Congress (IGC—2004) in Florence
(Italy), at the 2nd International Palaeontological
Congress (IPC—2006) in Beijing (China), the
33rd IGC (2008) in Oslo (Norway) and the 3rd
IPC (2012) in London (UK). From 2004 on, Jere
Lipps promoted the concept of the “PalacoParks”
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Fig. 15 a—c The brachiopod Novocrania turbinata e Zullobalanus santamariaensis photographed in situ, on
(Poli). d—f The crustacean Zullobalanus santamariaensis ~ a rthodolith, at Malbusca outcrop. g Chela of the
Buckeridge and Winkelmann. Lateral (d) and apical view  crustacean Neptunus granulatus Edwards from the
(f) of a specimen from Malbusca outcrop. 1: carina; 2:  Pliocene of Lombo Gordo outcrop

carinolatus; 3: latus; 4: rostrum Winkelmann et al. (2010).
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internationally, with the aim of fast-protecting
and conserving fossil sites around the world.
According to Lipps (2009), the preservation of
fossil specimens in museums, as a rule being
performed correctly, is insufficient. Instead, fos-
siliferous deposits themselves must be preserved
because they provide data that cannot be pre-
served in museums, such as: the characteristics
and structures of their hosting sedimentary rocks,
the existence of trace fossils, data on adjacent
sediment layers, and possibility of collecting new
data by using techniques and methodologies not
currently available or even developed. Thus, this
PalacoPark  Initiative not only protects
fossil-bearing sites but, perhaps more impor-
tantly, aims to “preserve the history of life on
Earth to provide materials for scientific research
now and in the future” (Lipps 2009: 1-2).

The Azores Geopark was created in 2010 as a
non-profit association charged with the conser-
vation and promotion of the natural heritage of
the Azores with particular emphasis on the
islands’ geological heritage. The challenging
concept of the Azores Geopark—“9 Islands, 1
Geopark”—represents the main goal of the
association. By definition, a Geopark “is a terri-
tory with well-defined boundaries, which has an
important Geological Heritage, coupled with a
sustainable development strategy. Thus, Geop-
arks include a significant number of sites of
geological interest which, due to their rarity or
peculiarities, have scientific, educational, cul-
tural, economic (e.g. tourism), scenic or aesthetic
(e.g. landscape) value (or importance), or can be
considered as geosites. These sites may also
contain other points of interest and value (e.g.
ecological, historical and cultural), theme parks
and other related infrastructures, which should be
interconnected in a network by paths and trails”
(Geoparque Acores 2013). In the Azores, 121
geosites were considered important and 57 were
selected as representative of the geodiversity of
the archipelago. These geosites are distributed
throughout the islands, as well as on seamounts
and seafloor that surround them.
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On Santa Maria Island, 15 geosites were clas-
sified and 5 were selected as deserving priority
status for the development of geoconservation
strategies and implementation of socioeconomical
development. Of these five geosites, only two
(Pedreira do Campo and Ponta do Castelo) con-
tain fossils. Moreover, no Pleistocene outcrops
were selected at this stage, notwithstanding the
recent inclusion of the Prainha outcrop into the
first Azorean Regional Natural Monument (be-
sides Pedreira do Campo and Figueiral; DR 47
2008). In 2012, new legislation, produced by the
Azores Regional Government with the scientific
support of the MPB group, has protected all fos-
siliferous sites on Santa Maria (DR 39 2012).
Today, in the entire island, no fossils may be
collected and only professionals may get licenses
to sample for scientific purposes.

In order to further promote the exceptional
palaeontological heritage of Santa Maria Island,
the MPB group proposed to the IPA the classi-
fication of Santa Maria Island as a PalaeoPark,
which was accepted in late 2012. The aim of
PalaeoPark Santa Maria is to emphasize in a
synergetic way the outstanding palaeontological
record of such a small island within the broader
“umbrella” of the Azores Geopark. Thus, in
addition to the thematic routes proposed by the
Azores Geopark (Volcanic Caves Route, View-
points Route and Hiking Trails Route), the cre-
ation of the Fossils Route was presented by the
MPB group to the Azores Regional Government
in 2010. This project was funded and started in
July 2012. The main objective of the Fossils
Route is the sustainable touristic use of the
palaeontological heritage of Santa Maria Island
and to showcase the relatively recent concept of
biogeodiversity. For this purpose, five paths were
outlined on Santa Maria, which were mapped
and characterised in relation to biodiversity,
geodiversity and various palacontological
aspects, such as: which fossil species are
the most abundant, a detailed description of
the palaeoecology of the deposits crossed by the
paths and perhaps the most interesting point, the
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individual history of each of the deposits. One of
these paths is distinguished by being entirely
marine. This “pedestrian” marine path, unique in
the Azores Autonomous Region, consists of a
tour around the island by boat, disembarking (sea
conditions permitting) at exposed deposits pre-
viously selected for this purpose. Along the way,
tourists have access to scientific information
provided by fully accredited guides, such as the
description of the various geological units that
comprise the island of Santa Maria, a description
of some of the geological features visible on the
coast, as well as the pinpointing of spectacular
pillow lava and prismatically jointed lava sec-
tions. All this is complemented by beautiful
scenery and, of course, marine fossils.

The scientific certification of the guides, who
have received specialised biological, palaeonto-
logical and geological training adapted to the
volcanic and sedimentary sequences of Santa
Maria Island, will be mandatory for the success of
this PalaeoPark. Today, with the approval of the
“Parque de Ilha de Santa Maria”, more than ten
guides work with school children, local inhabi-
tants and tourists. The raising of public awareness
to the value of the fossiliferous outcrops is being
achieved by: (1) addressing the island’s inhabi-
tants with a special emphasis on local schools,
whose students could attend excursions to the
most significant outcrops led by MPB research-
ers; (2) spreading the scientific knowledge and
the importance of science with scientific lectures
done during the annual workshops “Palaeontol-
ogy in Atlantic Islands” in cafes (“Clube Naval de
Santa Maria” and “Central-Pub”) and Science
Centers (“Centro de Interpretacdo Ambiental
Dalberto Pombo”); (3) writing popular science
books related to the fossils of Santa Maria Island
(Avila 2009; Avila and Monteiro 2009; Avila
et al. 2010; Avila and Rodrigues 2013); (4) re-
ports published in newspapers, national and
regional magazines, as well as with television
reports; (5) the recent “House of Fossils”
Museum at Vila do Porto, a multimedia museum
that also portraits the most important fossils dis-
covered at Santa Maria; and (6) reaching tourists
through the “Fossils Route” trails. These
fossil-related trails have caught the interest of the
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maritime-touristic companies located on the
island, as they provide an interesting alternative
for tourists, when sea conditions do not allow
diving or whale-watching activities.

On Santa Maria, fossils have always been part
of the local people’s traditional life. However,
with the exception of a few more educated peo-
ple, this heritage was overlooked until recently.
Thanks to the efforts of the scientific community,
this paradigm has changed from 2000 onward. At
the present time, the fossiliferous deposits have
an intrinsic value that goes far beyond the sci-
entific one, as tourist attractions, for environ-
mental, recreational and even artistic education
(see Avila et al. 2016b). As a consequence, a
genuine development strategy for tourism based
on the local palacontology and biogeodiversity is
now underway on Santa Maria Island. Perhaps
the most visible result of all these scientific
research/publishing efforts is evident when, while
landing at Santa Maria on the local aircraft
company SATA, the air hostess can be heard
saying: “Dear passengers: welcome to Santa
Maria, where the fossil heritage is a natural
story-teller”. The final surprise is reserved for the
airport’s baggage claim hall, where our attention
is drawn to photographs of fossils decorating the
floor. Ten years ago, no one spoke about the
fossils of Santa Maria... today, they are a dis-
tinguishing feature of the “Island of the Sun”...
or should that be the “Island of the fossils”?
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to better understand the origin of the distinct
petrologic characteristics of individual islands
and the archipelago as a whole.

Keywords
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Xenoliths - Fractional crystallization

1 Introduction

The Azores Archipelago is located in the Atlantic
Ocean between ~37°-40°N latitude and 25°-—
31° W longitude. The Archipelago spans a width
of ~600 km with a WNW-ESE orientation, and
comprises nine volcanic ocean islands, the
Formigas islet reef and several seamounts built
on the Azores submarine plateau (Fig. 1 in Beier
et al., Chapter “Melting and Mantle Sources in
the Azores™). It is geographically divided into
three groups: (i) the Eastern Group, formed by
Santa Maria and Sao Miguel islands, (ii) the
Central Group, which includes Terceira, Gra-
ciosa, Faial, Pico and Sao Jorge islands, and
(iii) the Western Group, comprising two islands,
Flores and Corvo.

Starting as early as the mid-fifteenth century,
there has been interest in the volcanism of the
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Azores Archipelago. Gaspar Fructuoso (XVI
century), a columnist, historian, humanist and
researcher of international renown, was the first
to bring to the forefront various aspects of the
geology of the Azores Archipelago. His work
“Saudades da Terra” is considered to be the first
publication describing the rocks of the archipe-
lago, and including observations on the miner-
alogy and petrology (Fructuoso  1583).
Subsequently, many other important naturalists,
including Webster (1821), Buch (1825),
Bedemar (1837), Hartung (1860), Fouqué
(1873), Darwin (1844), Miigge (1883), Castro
(1888) and Lacroix (1893) contributed to the
literary heritage and scientific understanding of
the origin and evolution of the archipelago. In the
twentieth century, Esenwein (1930) carried out
the first geochemical studies on rocks of the
archipelago. Several studies focusing on the
petrography, mineralogy, and major element
chemistry of the islands followed thereafter,
including those of Berthois (1953), Jeremine
(1957), de Assuncdo (1961), de Assuncdo and
Canilho (1970), Girod and Lefévre (1972),
Schmincke and Weibel (1972) and Schmincke
(1973). Taken together, these studies docu-
mented characteristics of the Azores islands that
are unusual compared to many other ocean
islands, including their strongly alkaline and in
some cases highly potassic character, the signif-
icant volume fraction of highly evolved rocks,
and the diversity of the evolved rocks, which
include both silica saturated and silica undersat-
urated rock types (Ridley et al. 1974). White
et al. (1979) subsequently published a key
archipelago-wide study of the petrology and
geochemistry of the Azores islands, which
demonstrated for the first time, based on pet-
rography, whole rock geochemistry and isotopic
analyses, the complexity and variation among the
islands in their mantle sources, primitive magma
compositions and magmatic evolution trends.
Since these early seminal studies, and con-
tinuing to the present day, modern analytical
tools have been applied extensively towards
documenting the mineralogy, petrology and
geochemistry of the volcanic rocks of the archi-
pelago. Many of these studies have been detailed
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investigations focusing on single eruptions,
individual eruptive centres, or single islands.
Some islands have been studied significantly
more thoroughly than others, and few of the
recent studies have investigated the archipelago
as a whole. The most extensive documentation is
available for the islands of S@o Jorge, Graciosa,
Faial, Pico and Corvo. Sdo Miguel and Terceira
have also been studied extensively, but investi-
gations have mainly focused on individual vol-
canic centres, and the petrology of the older
volcanic centres is less well documented. The
petrologic development of Santa Maria and
Flores, as well as the Formigas Islets, are the
least well documented.

In this chapter, we present an overview of the
petrology of the Azores Archipelago, based on a
review of the published literature on the miner-
alogy, petrology and major element geochem-
istry of the Azores islands and Formigas islets.
We also describe the mineralogy, petrology and
major element chemistry of xenoliths/enclaves
including peridotites, gabbros and syenites, and
their roles in the magmatic evolution of the
islands in which they occur. Where sufficient
temporal data are available, we further describe
the petrogenesis of the islands within a
geochronological context. This synthesis and
comparison of the petrology of each island is
further combined with new modelling results for
depth of melting and melt evolution paths to
better understand the origin of the distinct
petrologic characteristics of individual islands
and the archipelago as a whole. However, there is
a need for future studies that focus comprehen-
sively on the Archipelago petrology and petro-
genesis through time, to fully evaluate several
outstanding and fundamental archipelago-wide
questions that will be touched on in the
discussion.

2 Petrology of the Azores Islands
2.1

Santa Maria Island

Santa Maria is the southern- and eastern-most
island of the Azores Archipelago, forming part of
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the Eastern Group and located at ~36° 58'N
latitude and 25° 5'W longitude, ~ 100 km south
of Sao Miguel (Fig. 1 in Beier et al., Chapter
“Melting and Mantle Sources in the Azores”).

Santa Maria is the oldest island of the Azores
Archipelago with the first subaerial volcanic
deposits considered Late Miocene to Pliocene in
age (Abdel-Monem et al. 1968, 1975; Feraud
et al. 1980, 1981; Salgueiro 1991). The first
references to the volcanostratigraphy (Friedlan-
der 1929; Agostinho 1937) mentioned the
presence of a sedimentary formation separating
two volcanic sequences, which led to the pub-
lication of the first geological map of the island
(scale 1:50,000) based exclusively on litholog-
ical criteria (Zbyszewski et al. 1961b; Zbys-
zewski and Ferreira 1962). The subsequent
geological map (1:15,000) was produced based
on stratigraphic criteria (Serralheiro et al. 1987,
Serralheiro and Madeira 1990, 1993; Serralheiro
2003). Serralheiro (2003) defines two main
sequences comprising seven stratigraphic units
separated by a  major  stratigraphic
unconformity.

The Lower sequence corresponds to a major
basaltic shield volcano that forms the western
part of Santa Maria and comprises the Cabres-
tantes, Porto and Anjos Units:

(1) The Cabrestantes Formation is composed of
basaltic hydromagmatic tuffs from the
remains of a surtseyan cone cropping out
near the NW littoral, and probably related to
the emerging phase of the shield volcano.

(2) The Porto Formation was formed by two

hawaiian-strombolian cinder cones exposed

in the northern and southeastern coast.

The Anjos Complex includes a thick

sequence of subaerial basaltic lava flows

covering the oldest units, usually strongly
weathered and separated by thin and scarce
pyroclastic layers and paleosols.

Following the formation of this early Lower

sequence, there was a period of reduced

volcanic activity and intense erosion, during
which abundant terrestrial and marine clastic
sediments were produced.

3)
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The Upper sequence comprises the Touril,
Facho—Pico Alto, Feteiras and Pleistocene
—Holocene units:

The Touril Complex comprises subaerial
conglomerates (lahars), and fossiliferous
marine conglomerates and calcarenites. Rare
subaerial lavas are intercalated with the
sediments, and towards the top of the unit
and to the east, submarine lava flows and
pyroclastic deposits become more abundant.
The Facho—Pico Alto unit includes a
NNW-SSE elongated shield volcano, cur-
rently represented by the Pico Alto ridge on
the eastern half of the island. The volcanic
products are submarine and composed of
basaltic sheet flows, pillow lavas, pillow
breccias and hyaloclastites. Fossiliferous
marine sediment lenses and conglomerates of
a likely lahar origin are frequently interca-
lated in the volcanic sequences.

The Feteira Formation represents the latest of
the volcanic manifestations on the island. It
comprises a set of highly degraded scoria
cones, which produced abundant pyroclast
deposits that cover the entire island.

The Pleistocene—Holocene Unit is exclu-
sively sedimentary and is composed of con-
glomerates, sandstones, clays, limestones,
calcarenites, sands and aluviall deposits.

“)

(&)

Q)

(N

Santa Maria has not been extensively studied
from a petrological point of view. Anderson
(1983) and Rodrigues et al. (1985), together with
the petrologic studies by Zbyszewski and Fer-
reira (1962) and Zbyszewski et al. (1961b) are
the only works dealing exclusively with the
petrology and geochemistry of the island,
although the high alkalinity of Santa Maria lavas
was first noted by White et al. (1979). The lavas
belong to the sodic series and, based on the TAS
classification of Le Bas et al. (1986) (Fig. 1),
range from picrobasalt to mugearites with
basanites being the most abundant rocks on the
island.

According to Anderson (1983), the rocks from
Santa Maria are moderately to coarsely phyric,
with most phenocrysts larger than 0.2 mm.
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Fig. 1 Total Alkalis versus Silica (TAS) diagram after
Le Bas et al. (1986) for Azores island lava flows.
Published data from: Santa Maria: Esenwein (1930),
Berthois (1953), Schmincke and Staudigel (1976), Furnes
and Fridleifsson (1978), White et al. (1979), Feraud et al.
(1981), Madeira (1986), Beier et al. (2012a, b) Sao
Miguel: Esenwein (1930), Berthois (1953), Girod and
Lefévre (1972), Schmincke and Weibel (1972), White
et al. (1979), Fetter (1981), Storey (1982), Fidczuk
(1984), Wolff and Storey (1984), Davies et al. (1989),
Widom (1991), Widom et al. (1992), Turner et al. (1997),
Widom et al. (1997), Renzulli and Santi (2000),
Claude-Ivanaj et al. (2001), Snyder (2005), Beier
(2006), Beier et al. (2006), (2007), (2008), Elliott et al.
(2007), Watanabe (2010), Zanon (2015). Terceira:
Esenwein (1930), Berthois (1953), Schmincke and
Weibel (1972), Self (1973), Rosenbaum (1974), Baker
(1975), Self and Gunn (1976), Glitsch and Allegre (1979),
White et al. (1979), Fidczuk (1984), Davies et al. (1989),
Mungall and Martin (1995), Turner et al. (1997), Franca
(2000), Claude-Ivanaj et al. ( 2001), Madureira (2006),
Pimentel (2006), Beier et al. (2008), Madureira et al.
(2011), Yu (2011), Hildenbrand et al. (2014), Zanon and
Pimentel (2015). Sao Jorge: Machado (1977), White
et al. (1979), Turner et al. (1997), Franca (2000),
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Hildenbrand et al. (2008), Millet et al. (2009), Ribeiro
(2011), Yu (2011), Beier et al. (2012a), Hildenbrand et al.
(2014). Graciosa: White et al. (1979), Maund (1985),
Gaspar (1996), Almeida (2001), Beier et al. (2008), Yu
(2011), Larrea (2014), Larrea et al. (2014a). Faial:
Esenwein (1930), Canilho (1970), Girod and Lefévre
(1972), White et al. (1979), Chovelon (1982), Wolff and
Storey (1984), Lemarchand (1987), Metrich et al. (1981),
Turner et al. (1997), Franga (2000), Claude-Ivanaj et al.
(2001), Machado et al. (2008), Lima et al. (2011), Yu
(2011), Beier et al. (2012a), Zanon and Frezzotti (2013),
Zanon et al. (2013), Hildenbrand et al. (2014). Pico:
Esenwein (1930), Berthois (1953), White et al. (1979),
Chovelon (1982), Hart and Ravizza (1996), Turner et al.
(1997), Franca (2000), Claude-Ivanaj et al. (2001), Franca
et al. (2006¢), Elliott et al. (2007), Prytulak and Elliott
(2009), Yu (2011), Beier et al. (2012a), Zanon et al.
(2013), Metrich et al. (2014). Flores: Girod and Lefévre
(1972), Glitsch and Allegre (1979), White et al. (1979),
Azevedo (1998), Genske (2012), Genske et al. (2012b),
Larrea (unpublished data). Corve: Esenwein (1930),
White et al. (1979), Dias (2001), Franga et al. (2002),
Genske (2012), Genske et al. (2012b), Larrea et al.
(2013), Larrea (2014)
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eira et al. (2011), Zanon and Pimentel (accepted). Sao
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Vesicles are common and most samples are rel-
atively unweathered. The most common phe-
nocrysts are olivine and clinopyroxene, followed
by plagioclase, oxides and amphibole (see
Fig. 2). Olivine crystals range from Fogg to Fo,g
and are often fully or partially replaced by
iddingsite or clay minerals. Clinopyroxene phe-
nocrysts are classified as augite—diopside, and
have irregularly shaped inner cores with over-
growth rims. Smaller pyroxenes are often glom-
erophyric. Plagioclase phenocrysts range from
Angg to Ang; (bytownite—labradorite). Plagio-
clase crystals often have rounded, optically dis-
continuous cores, and tend to occur in
glomerophyric clots. Amphibole phenocrysts are
classified as kaersutite and are usually rimmed
with fine-grained oxides. Megacrysts (up to 2 cm
long) of olivine, clinopyroxene, plagioclase and
amphibole are present occasionally and are
characterised by frequently corroded and
embayed edges, suggesting disequilibrium with
their host melts. In contrast, the groundmass is
composed of clinopyroxene, plagioclase, oxides,
glass, apatite and nepheline. Olivine rarely
appears as microcrysts, but rather has been
completely replaced by iddingsite.

Compositional ranges for Santa Maria whole
rocks are shown in Fig. 3b as concentrations of
major element oxides versus MgO (wt%). Mag-
nesium contents range from 16.51 to 1.27 wt%.
Silica, Al,O3;, K,O and P,Os concentrations
increase with decreasing MgO, whereas CaO and
Na,O decrease with decreasing MgO, although
the latter are somewhat scattered. In contrast,
TiO, and Fe,O5 initially increase with decreasing
MgO, until ~4 wt% MgO, when they exhibit
abrupt changes in slope and concentrations then
decrease with decreasing MgO.

Based on the above geochemical and petro-
graphic observations, Anderson (1983) proposed
that polybaric fractionation was the dominant
process controlling the magmatic evolution of
the island. This hypothesis was tested with a
mass balance calculation, which showed that
initial phases of magma generation underwent
high-pressure fractionation (not quantified) with
a mineral assemblage mainly composed of oli-
vine and clinopyroxene, whereas the generation
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of the most evolved melts was dominated by
plagioclase fractionation at lower pressures (not
quantified). Recently, in a manuscript dealing
primarily with the mantle source beneath Santa
Maria, Beier et al. (2012b) discuss the magmatic
processes controlling the evolution of the island.
They proposed that the primitive magmas on
Santa Maria have MgO contents of ~12 wt%,
and that those lavas with MgO contents >12 wt%
likely accumulated olivine. In contrast, more
evolved samples, with MgO contents <12 wt%,
are related to the primary magmas by fractional
crystallization. As a group, the Santa Maria
magmas follow similar compositional trends in
most major elements to those observed on the
other Azores islands, indicating fractionation of
olivine and clinopyroxene until ~5 wt% MgO,
when plagioclase and Fe-Ti oxides join the
fractionating mineral assemblage.

Rodrigues et al. (1985) further linked the
petrogenetic evolution of the island to the active
tectonics operating during the formation and
evolution of Santa Maria. They suggested based
on the geochemical composition of the samples
that the early formation of the Anjos Complex
was related to the East Azores Fracture Zone
with the melts forming this unit emanating
directly from the mantle, with rapid ascent to the
surface and minor fractionation. In contrast, the
extensive range in degree of evolution and
eruptive style of magmas from the later Facho—
Pico Alto unit were controlled by the Terceira
Rift system. These melts are thought to have
experienced low to high rates of fractional crys-
tallization in several magma chambers located at
different depths, resulting in a wide range of rock
compositions.

2.2 Sao Miguel Island

Sao Miguel, the largest island of the archipelago,
is situated near the eastern extent of the Azores
platform at ~37° 48'N latitude and 25° 12'W
longitude, and, together with Santa Maria, forms
the Eastern Group (Fig. 1 in see Beier et al.,
Chapter “Melting and Mantle Sources in the
Azores”).
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A lithological study of the island lead to the
preparation of a 1:50,000 geological map by
Zbyszewski et al. (1958, 1959b). A preliminary
volcanological map of Sdo Miguel was made by
Forjaz (1976), who also defined the main vol-
canostratigraphic units for this island (Forjaz
1984). Moore (1990, 1991) presented a new
geologic map (scale 1:50,000) and summarised
the geology of the island based on radiometric
dating (Shotton 1969; Shotton and Williams
1971; Moore 1991).

Sao Miguel consists of four large stratovol-
canoes (from west to east: Sete Cidades, Agua de
Pau (also referred to as Fogo), Furnas and Nor-
deste; Moore 1990), in which magmatic com-
positions range from basalts to trachytes,
interspersed by two waist zones that dominantly
erupt mafic material. These waist zones are
mainly formed by quaternary monogenetic cinder
cones and lava flows (Booth et al. 1978; Moore
1990). All four stratovolcanoes have been active
in the last 100,000 years, although the Nordeste
volcano in the eastern sector is extinct and sig-
nificantly eroded (Abdel-Monem et al. 1975;
Feraud et al. 1980; Johnson et al. 1998). Moore
(1990) divided the island into six geologically
distinct zones, described below:

(1) The Sete Cidades volcano is an ~210 ky
stratovolcano that occupies about 110 km?
on the western end of the island. A circular
caldera about 5 km in diameter with walls up
to 400 m high truncates its summit. Sete
Cidades was formed by three major phases
of volcanic activity (Moore 1990, 1991;
Beier et al. 2006) including: a dominantly
alkali basaltic, pre-caldera shield-building
phase (~210 ka); a trachytic
caldera-forming phase (~22 ka); and a
mainly effusive trachytic post-caldera phase
associated with small basaltic flank eruptions
(<20 ka).

The western waist zone encompasses an area
of ~180 km® between the upper eastern
flank of Sete Cidades volcano and the
western flank of Agua de Pau volcano. It is
dominated by two chains of cinder cones,
mainly of Holocene age (from >30 ka to
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1652 AD). It is primarily composed of mafic
lavas, basanitoids and ankaramites, although
four trachyte eruptions have been also
recognised (Moore 1990; Haase and Beier
2003).

The Agua de Pau volcano occupies about
150 km? in the center of S3o Miguel, and is
largely (~90%) composed of trachytic
pumices. A caldera of ~3 km diameter with
300 m high walls truncates its summit. The
topographic margin of an older and larger
caldera is preserved locally on the western,
northern and eastern sides of the volcano.
The oldest dated rock from the unit is a
181 ka trachytic dome (Gandino et al. 1985).
The formation of the outer caldera took place
between 46 and 26.5 ka, whereas the inner
caldera forming eruption took place at about
15.2 ka (Moore 1990).

The eastern waist zone comprises about
80 km” between Agua de Pau and Furnas
volcanoes; lava flows from the Nordeste
Complex define its northeastern boundary.
This waist zone is latest Pleistocene to
Holocene in age, and consists of ankar-
amites, basanitoids, hawaiites, tristanites and
trachytes (Moore 1990; Haase and Beier
2003).

Furnas volcano is the smallest stratovolcano,
occupying ~75 km? in the east-central part
of Sao Miguel. Furnas volcano is truncated
by a large caldera, about 6 km in diameter
with walls up to 500 m high, situated on the
western outer flank of the older Povoagao
caldera. The Furnas caldera was formed as
the result of at least two distinct collapses,
estimated to have occurred from 30 to 10 ka
(Guest et al. 1999). It is essentially trachytic
in composition, and most of the activity has
been explosive accompanied by dome for-
mation, being mainly built up from 100 to
5 ka (Guest et al. 1999).

The Nordeste Complex, in the eastern part of
the island, comprises an ~ 180 km? eroded
shield volcano as well as the Povoagao cal-
dera, with ~6 km diameter and 700 m high
walls, which truncates part of the shield
volcano on its southern side. The Nordeste
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Complex is mainly composed of mafic vol-
canic products (~90%). Nevertheless, five
distinct stratigraphic sequences have been
defined, including (from oldest to youngest):
lower basalts, Nordeste ankaramites, upper
basalts, tristanites and trachytes (Fernandez
1980, 1982). K-Ar dating of the lower
basalts (4.01 Ma) and the upper basalts
(1.86 Ma) suggested a time span of 2.15 Ma
during which most of the exposed Nordeste
Complex was emplaced (Abdel-Monem
et al. 1975), although more recent Ar—Ar
dates of the Nordeste Complex indicates that
it may be substantially younger, ranging
from 0.88 to 0.78 Ma (Johnson et al. 1998).

Subaerial and submarine samples from Sao
Miguel range in composition from alkaline
picrobasalt to trachyte based on the TAS classi-
fication of Le Maitre et al. (2002) (Fig. 1), and is
the most potassic island of the archipelago
(Schmincke and Weibel 1972; Schmincke 1973).
No major compositional gap is observed in the
TAS diagram; instead, these rocks describe a
well-defined evolution trend from mafic to
evolved compositions.

The mafic rocks include picrobasalt, basanites
and basalts with MgO contents >5 wt%. They are
characterised by variable volume percent of phe-
nocrysts with olivine > clinopyroxene > plagio-
clase, included in an intergranular to intersertal
groundmass composed of the same mineral phases
and opaque microcrysts (e.g., Fernandez 1982;
Moore 1991; Renzulli and Santi 2000; Beier et al.
2006). Sao Miguel samples with MgO contents
>12 wt% show large olivine and clinopyroxene
(and minor plagioclase) crystals with corroded
cores and overgrowth rims in optical and chemical
disequilibrium with their host rocks, suggesting
that they are incorporated by accumulation; these
rocks are commonly called ankaramites (Moore
1991). Intermediate rocks from Sao Miguel
include trachybasalt to trachyandesite, although
the latter is relatively less frequent. They show
aphyric intersertal to pilotaxitic or hyalophitic
textures. They contain variable proportions of
olivine, clinopyroxene, plagioclase, titanomag-
netite, ilmenite, amphibole, biotite and apatite. In

205

contrast to the basic rocks, these intermediate
rocks contain up to 30% feldspars and 3% mag-
netite in the groundmass. Evolved rocks (tra-
chytes) occur as lavas as well as pyroclastic
material (pumices and ash). The lavas show tra-
chytic textures and contain phenocrysts of alkali
feldspar (generally sanidine or anorthoclase),
plagioclase, biotite, amphibole, opaque minerals
(mainly ilmenite and titanomagnetite), aegirine—
augite pyroxene and minor zircon and apatite.
Trachytic pumices are glassy and essentially
aphyric, and comprise pyroclastic fall and flow
deposits that characterize the dominant volcanism
from the stratovolcanoes (e.g., Moore 1991; Beier
et al. 2006).

The available information on mineral chem-
istry (Fig. 2) is somewhat sporadic among the
different Sao Miguel volcanic systems. The best
studied volcano is Sete Cidades, for which
Renzulli and Santi (2000) and Beier et al. (2006)
conducted detailed studies of the various mineral
phases. Some mineral chemistry has been pub-
lished for the Nordeste Complex (Fernandez
1980) and Agua de Pau volcano (e.g., Marriner
et al. 1982; Storey 1982; Wolff and Storey 1983;
Widom et al. 1992; Watanabe 2010), but these
studies do not cover the whole range of rock
compositions present in these volcanoes. Rela-
tively little mineral chemistry is available for
Furnas volcano or the waist zones, apart from
some isolated microprobe data reported by
Rowland-Smith (2007), Zanon (2015) and
Widom (unpublished data). Based on the avail-
able data for mafic and intermediate rocks, oli-
vine crystals range from Fogq_s9, with the higher
Fo contents generally characteristic of phe-
nocrysts and large, non-equilibrium crystals in
the most mafic rocks. Clinopyroxenes are clas-
sified as augite and diopside and they are chiefly
normally zoned with decreasing MgO contents
from the core to rim. The feldspars present a
compositional range from anorthite to andesine
and the Fe-Ti oxides are mainly titanomag-
netites. Some mafic and intermediate samples
also contain Cr-spinel microcrysts and kaersutite
phenocrysts. The Sao Miguel evolved rocks
present augite crystals with the lowest concen-
trations of Al,O3; and TiO, and abundant Ti-rich
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kaersutite, ilmenite and titanomagnetite. The
feldspars in these trachytic rocks show two
compositional groups, one from labradorite to
andesine and a second from anorthoclase to
sanidine. Biotite crystals together with F-apatite
microcrysts are also observed in these evolved
rocks.

Bivariate plots of selected whole rock major
element compositions versus MgO wt% of Sao
Miguel rocks are shown in Fig. 3B. In general, as
MgO decreases, SiO,, Al,O3;, K;O and Na,O
increase, and CaO decreases. In contrast, TiO,,
Fe,O5; and P,Os increase until ~5 wt% MgO,
and then decrease towards lower MgO contents.
These samples show MgO concentrations from
0.15 to >18 wt%. Samples with MgO greater
than 12 wt% appear to have accumulated mafic
crystals; accordingly, samples with about 12 wt
% MgO are interpreted to most closely represent
the primary magma compositions of Sdo Miguel
(e.g., Fernandez 1982; Moore 1991; Beier et al.
2006).

Each Sdao Miguel volcanic system lies on a
single liquid line of descent indicating progres-
sive fractionation from primary magma compo-
sitions. Fractional crystallization is proposed as
the key magmatic process controlling the evolu-
tion of the different Sdo Miguel volcanic systems
(e.g., Fernandez 1982; Marriner et al. 1982;
Moore 1991; Renzulli and Santi 2000; Beier
et al. 2006). Based on the observed composi-
tional trends for major element oxides (Fig. 3b),
olivine and clinopyroxene fractionation are
inferred to be the primary fractionating phases in
the mafic and intermediate rocks from Sao
Miguel. However, at approximately 5 wt% MgO,
plagioclase, amphibole and Fe—Ti oxides join the
fractionating assemblage, followed by a minor
apatite fractionation in the very late stages.
Several studies have focused in detail on the
magmatic evolution of three of the four strato-
volcanoes form Sao Miguel, the results of which
are summarised below.

Sete Cidades volcano was studied by Beier
et al. (2006). Major element modelling using
MELTS (Ghiorso and Sack 1995; Asimow and
Ghiorso 1998) and trace element modeling
assuming Rayleigh fractionation (Rayleigh 1896)
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shows that Sete Cidades volcano has evolved
primarily by olivine, clinopyroxene, magnetite,
ilmentite, feldspars, apatite, amphibole and bio-
tite fractional crystallization, with limited vari-
ability in mantle source composition or degree of
partial melting throughout its eruptive history.
Basaltic magmas appear to start fractionating
close to the crust-mantle boundary (~ 16-5 km
depth), whereas the most evolved magmas frac-
tionated in a shallower magma chamber at ~3—
5 km depth beneath the volcano. Renzulli and
Santi (2000) reached similar conclusions using
mass balance calculations on major elements to
evaluate the fractional crystallization process.

The petrogenesis of the Nordeste Complex
was studied in detail by Fernandez (1980, 1982).
The proposed fractional crystallization model
was tested using the Wright and Doherty (1970)
least squares method, supporting a fractional
crystallization process controlled by high and
variable contents of olivine and pyroxene, and
minor plagioclase, titanomagnetite and ilmenite
as the dominant mechanism for the origin of the
Nordeste Complex.

The magmatic evolution of the entire suite of
rocks from Agua de Pau volcano was studied by
Marriner et al. (1982) and Storey et al. (1989).
They propose that the most evolved trachytes
could be related to primitive basalt by 80-90%
fractional crystallization using the Rayleigh
(1896) fractional crystallization equation with
olivine, clinopyroxene, plagioclase, alkali feld-
spars and opaque minerals as fractionating min-
eral assemblage. Nevertheless, they notice the
existence of hybrid lavas characterised by inter-
mediate silica content and the presence of large
xenocrysts, which cannot be accounted for solely
by crystal fractionation of basaltic to trachytic
melts, but rather indicate that mixing between
trachytic and less evolved melts may have
occurred beneath Agua de Pau volcano (Storey
1981, 1982). Later studies by Widom et al.
(1992) investigated the formation of the chemi-
cally zoned Fogo A trachytes, and demonstrated
by least squares major element modelling that the
least evolved trachytic melts could be derived
directly by fractional crystallization of an alkali
basaltic parent magma. The chemical variation
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within the Fogo A trachyte deposit is attributed
to further fractional crystallization (~70%) of
the least evolved trachytic composition, with the
fractionating assemblage dominated by sanidine
with minor biotite, clinopyroxene, Fe—Ti oxides,
apatite and zircon.

Plutonic rocks

Plutonic rocks from Sdo Miguel have been
described by Cann (1967), Franca (1993),
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Widom et al. (1993), Franca and Rodrigues
(1994), Johansen (1996), Mattioli et al. (1997)
and Almeida (2001). They can be divided into
three groups according to their mineral assem-
blage: ultramafic, mafic and syenite xenoliths.
Abundant mafic and ultramafic xenoliths are
found in several vent deposits and lava flows
from Furnas, Agua de Pau and Sete Cidades
volcanoes. These xenoliths have been studied in
detail by Johansen (1996), Mattioli et al. (1997)
and Almeida (2001) (Fig. 4). They are divided
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Fig. 4 Major element concentrations versus MgO for
ultramafic, mafic (alkaline and subalkaline gabbros) and
syenite xenoliths from the Azores archipelago. Azores
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(1993). Corvo: Larrea et al. (2013)
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<4 Fig. 5 Representative photomicrographs of volcanic and

plutonic rocks from the Azores Archipelago in plane- and
cross-polarised transmitted light. a Porphyritic basalt from
Corvo, lava sample COR-12. b Porphyritic basalt from
Terceira, sample TERZF-2. ¢ Microporphyritic hawaiite
from Flores, sample WAFL-4. d Microporphyritic
mugearite from Graciosa, sample GRZF-16. e Trachyte

into two groups based on their texture and min-
eral chemistry. The first group comprises spinel
harzburgites, lherzolites, dunites and wherlites
with porphyroclastic textures (Johansen 1996).
They are interpreted as fragments of the upper
mantle that have been exposed to both partial
melting and metasomatic enrichment. The sec-
ond group presents granular textures with a great
modal variability: dunite, wherlite, clinopyrox-
enite, gabbros and diorites, but all of the studied
samples are orthopyroxene-free. Most of these
samples are considered to be cumulates derived
from alkali basaltic melts of the same composi-
tion as the Azorean lavas (Mattioli et al. 1997),
although some of them are likely to be cumulates
derived from melts with a very high Ti/Al ratio
(Johansen 1996). In accordance, Renzulli and
Santi (2000) suggest that the presence of these
plutonic nodules in Sete Cidades volcano is
broadly compatible with the fractional crystal-
lization process proposed to explain the mag-
matic evolution of Sete Cidades.

Syenite samples were studied from the Fur-
nas, Agua de Pau and Sete Cidades volcanoes.
Some whole rock compositions were reported by
Esenwein (1930), Berthois (1953), Cann (1967),
Francga (1993) and Widom et al. (1993) (Fig. 4).
They are mainly found within trachyte pumice
deposits, ignimbrites, scoria and lava flows, and
in alluvial deposits within the calderas or on the
flanks of the volcanoes. Most of them are 5—
50 cm in diameter and generally medium-grained
with hypidiomorphic granular textures (Fig. 5).
They contain variable modes of sanidine,
arfvedsonite, quartz, aegirine, augite and opaque
minerals, as well as minor biotite, zircon, apatite,
pyrochlore, sphene, dalyite, astrophyllite, soda-
lite and lavenite (Cann 1967; Franca 1993;
Widom et al. 1993). Cann (1967) noted that the
syenite compositions matched the compositions
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from Terceira, sample WAT-29. f Syenite from Sao
Miguel, Sample EC-SMC-26Syenite8. g Alkaline gabbro
from Graciosa, sample GRZF1 x 1. h Alkaline gabbro
from Flores, sample FL-ENC-3. i Subalkaline gabbro
from Graciosa, sample GRQUx4. j Dunite xnolith from
Graciosa, sample GRQUx1. Photos courtesy of George
Daly, Elise Conte and Patricia Larrea

of the extrusive rocks, and therefore pointed to
their probable cognate origin. This hypothesis
was later verified by Widom et al. (1993), who
proposed a bulk trachyte liquid origin for these
syenites. Similar results have been found for
syenites studied at Santa Barbara volcano (Ter-
ceira island; Daly et al. 2012) and Vulcao Central
Unit (Graciosa island; Larrea et al. 2014a).

2.3 Terceira Island

Terceira is the easternmost island of the Central
Group, located on the Terceira Rift (Vogt and
Jung, Chapter ““Azores Geosyndrome” and Plate
Tectonics: Research History, Synthesis, and
Unsolved Puzzles”) between ~38° 37'N—38°
48'N latitude and 27° 02"W—27° 23'W longitude
(Fig. 1 in Beier et al., Chapter “Melting and
Mantle Sources in the Azores”).

The first geological map on scale 1:25,000 of
Terceira was produced by Zbyszewski et al.
(1971), mainly based on petrographic observa-
tions. Self (1973, 1976) and Self and Gunn
(1976) established four volcanostratigraphic
units, which were recently redefined by Nunes
(2000) and Madeira (2005). Based on Nunes
(2000) stratigraphy, five main volcanic systems
are recognised in order of decreasing age: Cinco
Picos, Guilherme Moniz, Santa Barbara, Pico
Alto and the Fissural zone, with the three latter
considered volcanically active.

(1) Cinco Picos comprises the oldest volcanic
center (>370 ka; Calvert et al. 2006) forming
the eastern part of the island, which is trun-
cated by the largest caldera of the Azores
Archipelago (~7 km diameter). Mugearitic
lavas are most common with some mildly
undersaturated peralkaline lavas exposed on
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the flanks. Caldera formation was accompa-
nied by explosive eruptions forming
pumice-fall deposits and ignimbrite sheets.
The caldera is partially filled with young
lavas erupted from the fissure zone (Nunes
2000).

(2) Guilherme Moniz volcano is located in the
southern-central portion of the island, and
began erupting about 270 ka (Calvert et al.
2006). It comprises mainly trachyte domes,
flows and minor pyroclastic deposits.
Comenditic trachyte lavas are exposed in the
caldera walls and on its southern flanks. The
northern flank is covered by the more recent
lava domes of Pico Alto Volcano.

(3) Santa Barbara is a stratovolcano occupying
the western end of the island that began
erupting at ~ 100 ka (Calvert et al. 2006).
A circular caldera formed approximately at
15 ka truncates its summit. Santa Bérbara
Volcano is mainly composed of hawaiite and
mugearite lavas, and after the caldera
formed, rhyolite and trachyte lava have
erupted both from within the caldera and
from radial fissures in the flanks, and basaltic
eruptions have been limited to the lower
slopes.

(4) Pico Alto volcano is built on the northern
flanks of Guilherme Moniz. It is composed
only of highly evolved lavas and pyroclastic
deposits, forming at least three ignimbrites of
comenditic trachyte composition. No mafic
rocks are exposed. The oldest rocks on Pico
Alto may be ~ 18 ka and the youngest erup-
tions were 1000 years old (Calvert et al. 2006).

(5) The Fissural zone is marked by a line of
monogenetic basaltic scoria and spatter
cones, and associated lava flows across the
central part and southeastern sector of the
island (Cinco Picos caldera). The NW part
has been most active during the past 50 ky
and previous activity was mainly from the
central and SE portion of the zone (Self and
Gunn 1976). The last subaerial eruption was
a hawaiite lava in 1761 BP (Franca 2000).

Terceira subaerial and submarine lavas range
in composition from alkali basalt to trachyte
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following the TAS classification of Le Bas et al.
(1986) (Fig. 1). It presents two main composi-
tional trends: one from basalt to peralkaline tra-
chyte (comendite and pantellerite), and a second
from basalt to rhyolite (comendites) (e.g., Self
1973; Self and Gunn 1976; Allegre et al. 1977).
Terceira is distinct from all of the other islands of
the archipelago in two respects: (1) the note-
worthy abundance of lava domes, and (2) the
large compositional gap with a scarcity of rocks
in the benmoreite—trachyte range in Santa Bar-
bara and Pico alto volcanoes. This gap is partially
filled only by a small volume of eruptions during
the last 23,000 years (Self 1973), and by plutonic
rocks that are incorporated as xenoliths or cog-
nate inclusions in some trachytic eruptions (Daly
et al. 2012; Daly et al. in preparation).

Mafic and intermediate lavas from Terceira
(Fig. 5) are predominantly porphyritic to seriate
with major olivine, clinopyroxene and plagio-
clase phenocrysts, embedded in a microcrys-
talline groundmass mainly composed of
plagioclase and opaque microcrysts (e.g., Self
1973; Rosenbaum 1974; Mungall and Martin
1995; Madureira et al. 2011). The proportion of
phenocrysts can reach up to 30% by volume. The
evolved lavas are aphyric to porphyritic (up to
20% crystals by volume), with trachytic or
glomeroporphyritic textures (e.g., Self 1973;
Pimentel 2006) (Fig. 5). Alkaline feldspars are
the most abundant phenocrysts, followed by
plagioclase, clinopyroxene, olivine (commonly
iddingsitized) and oxides. The same mineral
phases also occur as microcrysts. Biotite and
kaersutite amphibole crystals also occur both as
phenocrysts and microcrysts.

The chemistry of the mineral phases present in
Terceira rocks (Fig. 2) have been studied only in
basaltic lavas from Santa Bérbara and the Fis-
sural System (Madureira et al. 2011; Zanon and
Pimentel 2015), apart from some isolated
microprobe data reported by Schmincke and
Weibel (1972) and Shimizu (1978). Olivine
phenocrysts range from Fogq to Fo, in the Fis-
sural system and from Fogs to Foss in Santa
Barbara volcano. Clinopyroxene is a major phase
in Terceira lavas, occurring as phenocrysts and
microcrysts, classified as diopsides and augites
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(Morimoto et al. 1988). Feldspar phenocrysts
display a wide range in composition from Angs
to Anygy (bytownite—andesine). Groundmass
feldspar microcrysts extend the compositional
range up to Anzo. Multiple and complex oscil-
latory zoning surrounding resorbed cores are
commonly found in the feldspar phenocrysts.
Opaque minerals such as chromite and titano-
magnetite can be found as inclusions in phe-
nocryst phases, and as phenocrysts and
microcrysts in the groundmass. Ilmenite is the
dominant microcryst but can also occur as phe-
nocrysts or as exsolution lamellae in titanomag-
netite phenocrysts.

Bivariate plots of selected major-element
oxides versus MgO wt% from Terceira rocks
are shown in Fig. 3a. These lavas show a general
increase in SiO, K,O and Na,O as MgO
decreases. Calcium decreases over the entire
MgO range, and TiO,, Fe,O; and P,0Os5 first
increase to a maximum at 4-5 wt% MgO, after
which they start decreasing sharply towards
lower MgO contents. Aluminium shows a similar
trend but Al,O3 contents start to decrease at ~ 1—
2 wt% MgO.

Incompatible element ratios and isotopic sig-
natures suggest that the Terceira volcanic sys-
tems are not all comagmatic (e.g., Madureira
et al. 2011; Beier et al., Chapter “Melting and
Mantle Sources in the Azores”). Thus, each
volcanic system represents the evolution of
similar non-cogenetic magma batches that
undergo similar magmatic processes. Fractional
crystallization is the main magmatic process
controlling the evolution of the different Terceira
volcanic systems (e.g., Self 1973; Mungall and
Martin 1995; Pimentel 2006; Madureira et al.
2011). In general, clinopyroxene, olivine and
plagioclase fractionation has controlled the for-
mation of the mafic and intermediate composi-
tions, whereas the evolution of the most evolved
melts is mostly controlled by fractionation of
feldspars, Fe-Ti oxides and amphibole, with
apatite fractionation in the last stages of Terceira
magmatic evolution. Santa Barbara, Pico Alto
and the Fissural System are the best studied
volcanic systems in Terceira, whereas scarce
information is reported about the genesis of the
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oldest volcanoes of Cinco Picos and Guilherme
Moniz.

Madureira et al. (2011) focused on mafic and
intermediate products from Santa Barbara and
the Fissural System. They modelled the frac-
tional crystallization process using least-squares
mass balance calculations for major elements
and the Rayleigh (1896) fractional crystalliza-
tion equation for trace elements. The results of
these calculations suggest that a more mature
magmatic plumbing system is feeding the Santa
Barbara volcano, and indicate that between 50
and 65% fractional crystallization is needed to
generate the range of compositions observed in
Santa Barbara and the Fissural System volcanic
systems. Moreover, Zanon and Pimentel (2015)
studied CO, + H,O fluid inclusions hosted in
mafic minerals from the Fissural system,
revealing different storage and ascent conditions
among the different fissure zone segments, with
a maximum pressure of fluid trapping at the
Moho Transition Zone (498-575 MPa or 20.3—
21 km depth). Mungall and Martin (1995)
developed a fractional crystallization model
based on trace elements to test the fractional
crystallization process controlling the evolution
of Santa Barbara and Pico Alto volcanic sys-
tems. Their results strongly support the
hypothesis that the felsic magmas of Santa
Barbara and Pico Alto are derived by fractional
crystallization of associated basaltic magmas.
However, they indicate that these two distinct
basaltic suites originate from distinct mantle
sources and evolve along distinct P-T paths
during ascent; Santa Barbara magmas undergo
an initial period of high-pressure (~ 800 MPa)
fractionation before moving to shallower crustal
levels, whereas Pico Alto magmas appears to
evolve entirely at lower pressures. Moreover,
Pimentel (2006) focused on the evolved lava
domes from these two volcanic systems. He
proposed that the different behaviour of some
major oxides (i.e., Fe;O3, MnO and K,O) in the
magmatic series of Santa Barbara and Pico Alto
volcanoes is related to distinctive fO, conditions
during the final stages of the magmatic evolu-
tion, resulting from differences in the degassing
process; the pantelleritic Pico Alto suite
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probably evolved by fractional crystallization at
low fO, conditions (<FMQ), whereas the
comenditic Santa Barbara suite seems to reflect
somewhat higher fO, conditions.

Plutonic rocks

Gabbro and syenite xenoliths from Terceira have
been studied by Self (1973), Franga (1993),
Franca and Rodrigues (1994), Mungal and
Martin (1995) and Daly et al. (2012), although
whole rock chemistry of these xenoliths have not
been published to date.

Self (1973) mentions the existence of cog-
nate gabbroic xenoliths composed of clinopy-
roxene and plagioclase with minor olivine in a
volcanic deposit from Santa Barbara, but no
further studies are reported. Syenites are com-
monly found in felsic pyroclastic deposits of
Santa Barbara and Pico Alto ignimbrites. These
xenoliths show medium-grained hypidiomor-
phic inequigranular textures with subhedral
shapes and micropertitic intergrowth textures,
and display variable degrees of hydrothermal
alteration (Fig. 4). They present variable pro-
portions of alkali feldspar, augite, biotite,
hornblende, plagioclase (andesine), magnetite
and interstitial quartz. Accessory minerals such
as apatite, sphene and zircon are also observed
(e.g., Franga 1993; Daly et al. 2012). Daly et al.
(2012) suggested that Santa Barbara syenites are
frozen melts, based on their negative Eu/Eu*
anomalies and their similar trace element com-
positions to Santa Barbara trachytes, thus
interpreted in the same way as the syenite
nodules studied in Sdo Miguel and Graciosa
islands (Widom et al. 1993; Larrea et al. 2014a).
This idea was previously suggested by Self
(1973) and Mungall and Martin (1995), who
proposed that the compositional gap found in
the intermediate compositions (between 54 and
64 wt% SiO,) in Terceira is greatly reduced by
the intermediate compositions of these syenites.
Therefore, this compositional gap does not
result from an absence of intermediate compo-
sition magmas, but rather from an inability of
these magmas to erupt.

P. Larrea et al.
24 Sao Jorge Island

Sao Jorge is situated in the middle of the five
islands forming the Central island Group of the
Azores Archipelago, located between ~38° 33’
and 38° 45'N latitude and 27° 44" and 28° 20'W
longitude (Fig. 1 in Beier et al.,, Chapter
“Melting and Mantle Sources in the Azores”).
The island has an elongated shape, inherited from
fissural volcanism, sub-parallel to the Terceira
rift and sub-perpendicular to the MAR (Vogt and
Jung, Chapter ““Azores Geosyndrome” and Plate
Tectonics: Research History, Synthesis, and
Unsolved Puzzles” and Miranda et al., Chapter
“The Tectonic Evolution of the Azores Based on
Magnetic Data”).

Machado and Forjaz (1965) carried out the
first geomorphologic, tectonic and geologic study
on Sdo Jorge. Further works by Forjaz et al.
(1970, 1990), Forjaz and Fernandes (1970) and
Madeira (1998) defined the volcanostratigraphy
of Sdo Jorge. Based on Forjaz et al. (1990), three
main volcanic complexes are distinguished: Serra
do Topo, Rosais and Manadas.

(1) Topo Volcanic Complex was the first to
emerge and comprises the whole eastern half
of the island. It is composed of thick volcanic
piles mainly formed as a result of effusive
volcanism due to the predominance of lava
flows over pyroclastic materials. The volcanic
sequences are well exposed in the cliffs and
frequently cut by dikes at the base of slopes
and on the exposed axial zone (Ribeiro 2011).
In the summit areas, erosion smoothed the
topography and weathering altered the rocks.
Soils were formed during volcanic quies-
cence, and as a consequence, reddish
baked-soils interbedded with lava flows are
commonly found (Franca et al. 2005). Recent
studies by Hildenbrand et al. (2008) and
Ribeiro (2011) proposed that the Faja de Sao
Jodo, with an age of ~ 1.3 Ma, is the oldest
subaerial part of the proto-island comprising
the remnants of an old volcanic system sep-
arated from the rest of the Topo volcanic
sequence by a significant temporal gap.
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(2) the Rosais Volcanic Complex formed to the
west of Topo Volcanic Complex; the strati-
graphic contact between Topo and Rosais
volcanic complexes is not visible because it
was covered by younger Manadas lavas. The
volcanic activity was predominantly effusive,
edifying thick volcanic piles. The lava
sequences are partially exposed in the
strongly eroded coastal cliffs and on better
preserved summit areas from the western
half of the island.

(3) the Manadas Volcanic Complex comprises
the central part of the island. It is composed
of numerous recent strombolian volcanic
cones roughly constrained along the main
WNW-ESE axis of the ridge. Lava flows
partly buried the older cliff successions
resulting in an unconformity and producing
lava deltas at the shore level. This volcanic
complex is considered volcanically active;
the last two sub-aerial historic eruptions took
place in 1580 (Faja da Queimada) and 1808
(Urzelina).

Extensive sampling of Sdo Jorge carried out
by Hildenbrand et al. (2008), Millet et al. (2009)
and Ribeiro (2011) has characterised the three
main volcanic complexes, including subaerial
lava flows and dikes, together with submarine
samples from the southeast flank of the island
[Ribeiro (2011) and Beier et al. (2012a)].
The TAS classification diagram (Fig. 1) reveals
that Sdo Jorge subaerial lavas are all alkaline
ranging from picrobasalt to mugearite. However,
the lavas sampled in the southeast submarine
flank are exclusively basalts (Ribeiro 2011). The
Faja de Sao Joao sequence (the oldest part of the
island), although alkaline in composition has
lower alkali contents for a given SiO, content
than the rest of the lavas from the island. The
Topo Volcanic Complex is formed by basalts,
hawaiites and basanites—tephrites. The Rosais
Volcanic Complex is composed of basalts, tra-
chybasalts, hawaiites and basanites. The young-
est volcanic complex, Manadas, is composed of
basalts, basanites—tephrites and more evolved
lavas represented by hawaiites and mugearites.
Sedimentary rocks, described as consolidated
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volcaniclastic breccias and bioclastic limestones,
have also been found in the southeastern flank of
Sao Jorge (Ribeiro 2011).

In terms of texture, the lavas from the three
main volcanic complexes are quite similar
(Ribeiro 2011), with the exception of the lavas
from the Faja de Sdo Jodo sequence (Hilden-
brand et al. 2008; Ribeiro 2011) and the pillow
lavas from the submarine flank. The Sdo Jodo
lavas are mostly porphyritic with zoned plagio-
clase as the major phenocryst phase (often
grouped in glomerocrysts), minor olivine and
scarce clinopyroxene (augite). Submarine lavas
are vesicular, porphyritic pillow lavas with a
cryptocrystalline matrix with plagioclase, olivine
and oxides as the main phenocryst phases
(Ribeiro 2011). In contrast, the lavas from the
three main volcanic complexes present textures
ranging from microcrystalline to porphyritic with
variable amounts of large crystals. The por-
phyritic lavas are formed by well-developed
crystals embedded in a microcrystalline matrix
where locally intergranular or glomeroporphyric
textures are found (Ribeiro 2011). These lavas
are vesicular with variable vesicle shapes and
sizes. The phenocryst and microcryst assemblage
is composed of olivine, pyroxene, feldspars and
Fe-Ti oxide crystals with minor presence of
kaersutite and biotite. Trachytic textures are also
present, characterised by orientated plagioclase
microlites.

Mineral compositions from Sao Jorge are
plotted in Fig. 2. Olivine is ubiquitous in almost
all lavas, either as phenocrysts and microcrysts.
Olivine phenocrysts exhibit euhedral to
subeuhedral shapes and are compositionally
zoned (Fog;_g¢o) with distinct rims, with the
exception of a few crystals that reach values of
Foye. Most olivine crystals are fresh, but
iddingsite alteration is observed in some crystals.
Pyroxene phenocrysts and microcrysts are clas-
sified as diopside—augite (Morimoto et al.
1988). They are euhedral to anhedral phenocrysts
showing oxide inclusions and corroded rims. In
the matrix, pyroxene usually is not the dominant
mineral but appears as prismatic microcrysts.
Zoning in the pyroxenes is commonly observed
(Ribeiro 2011). Pyroxene crystals with green



214

cores surrounded by lighter colored rims have
been found in a few lavas from Rosais Volcanic
Complex, probably resulting from magma mix-
ing as inferred for Terceira pyroxenes (Madureira
2006). Feldspar crystals are very abundant and
range in size up to 1 cm; their shape is often
subeuhedral to euhedral in prismatic or basal
sections. The feldspar phenocrysts are commonly
oscillatory zoned with multiple resorption sur-
faces and truncation of growth surfaces. In the
matrix, prismatic plagioclase microlites are
dominant in the majority of the samples, along
with Fe-Ti oxides. Compositionally, the feld-
spars range from Ang; to An,, although most of
the crystals are classified as bytwonite and lab-
radorite (Ang;_ss). Fe—Ti oxides mainly occur as
euhedral phenocrysts, microcrysts or small
inclusions in phenocrysts. They are classified as
titanomagnetite, magnetite, ilmenite and chro-
mite (Ribeiro 2011). Minor amphibole crystals
occur as phenocrysts and xenocrysts with reac-
tion coronas, and are classified as Kkaersutite
(Leake et al. 1997). Biotite crystals are only
present in samples from the Topo Volcanic
Complex, and appear as anhedral microcrysts
showing evidence of disequilibrium, such as the
typical speckled effect.

Major element variations among Sao Jorge
volcanic products are shown in Fig. 3b as a
function of MgO content. Topo Volcanic Com-
plex samples are the most primitive and have the
most extensive range in MgO, the lowest P,Os5
and highest CaO, Fe,O5 and TiO, concentrations
for a given MgO; in contrast, the oldest part of
the island (the Faja de Sao Jodo sequence) has
the lowest MgO contents. The samples from the
Rosais and Manadas volcanic complexes range
from primitive to somewhat evolved (MgO
contents of ~4—11 wt%). The lavas from Rosais
Volcanic Complex show the highest K,O con-
centrations, while lavas from Manadas Volcanic
Complex present an intermediate composition
between Topo and Rosais samples. The sub-
marine pillow lavas from the southeast flank are
fairly similar to those from Topo Volcanic
Complex, but show higher SiO, and lower TiO,,
CaO and P,Os contents. These variations in
major element concentrations between the

P. Larrea et al.

different volcanic products of the island suggest
that the lavas are derived from non-cogenetic
magmatic liquids (Hildenbrand et al. 2008; Mil-
let et al. 2009; Ribeiro 2011). In accordance,
Ribeiro (2011) evaluated fractional crystalliza-
tion as a potential mechanism for magmatic dif-
ferentiation using Pearce diagrams for assessing
major element variations and Rayleigh fraction-
ation modelling of trace element variations
(Rayleigh 1896). Olivine and clinopyroxene
were found to be the main fractionating mineral
phases controlling magma evolution in the Topo,
Rosais and Manadas volcanic complexes,
whereas olivine and plagioclase fractionation
governs the evolution of the submarine pillow
lavas. Plagioclase accumulation is also required
to explain the evolution of the Faja de Sao Joao
sequence. Therefore, the geochemical evolution
of the island is mainly controlled by fractional
crystallization, with periodic replenishment of
primitive magmatic melts. This geochemical
evolution, together with geochronological con-
straints (Hildenbrand et al. 2008; Ribeiro 2011),
allowed Ribeiro (2011) to define the magmatic
evolution of S@o Jorge in two discrete volcanic
phases.

(1) The first volcanic phase corresponds to the
proto-island subaerial activity represented by
the Faja de Sao Jodo sequence, which was
active from approximately 1.32-1.21 Ma.
The low degree of evolution of the melts
allowed the formation of basalts, trachy-
basalts and basaltic trachyandesites with the
presence of plagioclase as the dominant
mineral phase (up to 45% of the volume).
These lavas were formed as a result of frac-
tional crystallization, gravitational segrega-
tion and crystal accumulation in a shallow
magma chamber (1000-1100 °C and a depth
of 17 km or 500 MPa based on thermo-
barometric estimates). After this period,
volcanism  stopped for approximately
450 ky.

The second volcanic phase, which is still
active, started ~757 ka and formed the three
main volcanic complexes of the island. The
Topo Volcanic Complex was formed

(©))
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between 757 and 543 ka, and the migration
of the volcanism to the west allowed the
formation of the Rosais Volcanic Complex
from 368-117 ka. The beginning of the
Manadas volcanic activity, in the center of
the island, is not well-constrained tempo-
rally, but it is currently active. The pillow
lavas from the southern flank are also not
temporally constrained, but the lack of sea-
water alteration might indicate a relative
young age (Ribeiro 2011). The volcanic
products of this second volcanic episode
show compositions that range from pre-
dominately basaltic on Topo, to slightly
more evolved and K-rich on Rosais, and
finally more alkaline lavas on Manadas
Volcanic Complex. These varied magmatic
compositions suggest a non-comagmatic
origin, and indicate that the melts were
generated as distinct magma batches. How-
ever, fractional crystallization is the main
magmatic process controlling the evolution
of these lavas. Temperature and pressure
estimates suggest that olivine and clinopy-
roxene began to fractionate at ~ 1190 °C
and 1 GPa, and imply that fractional crys-
tallization occurred at deeper levels than in
the first volcanic phase.

2.5 Graciosa Island

Graciosa is the northernmost island of the Central
Group, located on the Terceira Rift (Vogt and
Jung, Chapter “The “Azores Geosyndrome” and
Plate Tectonics: Research History, Synthesis, and
Unsolved Puzzles”) between ~ 39° and 39° 06'N
latitude and 27° 56’ and 28° 05'W longitude
(Fig. 1 in Beier et al., Chapter “Melting and
Mantle Sources in the Azores”). Its WNW-ESE
elongated shape has been linked to the tectonic
influence of the Terceira Rift (e.g., Hildenbrand
et al. 2008).

The first regional geological survey on the
island was undertaken by Zbyszewski (1970),
who published a geological map of Graciosa on a
scale of 1:25,000 (Zbyszewski et al. 1972),
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mainly based on petrographic observations.
Forjaz and Pereira (1976) completed this study
with stratigraphic data and established the pre-
liminary 1:25,000 volcanic map. Gaspar (1996)
established the final volcanostratigraphy of Gra-
ciosa based on the spatio-temporal development
of the main eruptive centres and their associated
volcaniclastic deposits. Three major volcanic
complexes were defined, in order of decreasing
age:

(1) The Serra das Fontes Volcanic Complex
(1056.9 + 28.0 ky, Larrea et al. 2014b) is
the oldest subaerial part of the island. It
comprises a shield volcano with its main
eruptive center located in the current Serra
Branca mountain range (Gaspar 1996).

The Serra Branca Volcanic Complex
(433.5 £ 12.9 ky, Larrea et al. 2014a) is
formed by the evolution of the Serra das
Fontes magmatic system, which eventually
produced a central composite volcano (Gas-
par 1996). Most of these products have been
eroded and covered by younger volcanic
rocks.

The Vitoria-Vulcdo Central Volcanic Com-
plex is the most recent and consists of two
units: Vitoria and Vulcdo Central. The for-
mation of Vitdria Unit may have started after
a long period of volcanic inactivity on the
island (ca. 110 ky, Larrea et al. 2014b),
during which the older volcanic edifices were
eroded (Gaspar 1996). This unit is formed by
monogenetic eruptive centres and their
products, which make up the present NW
platform. The Vulcao Central Unit currently
comprises the main stratovolcano (prior to
50 ka, Larrea et al. 2014b) and its caldera, to
the south of the oldest volcanic structures.

()]
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The various magmatic products across the
volcanostratigraphic sequence, including sub-
aerial and submarine lava flows, gabbroic xeno-
liths, syenites and dunites, have been the subjects
of several studies including Almeida (2001),
Beier et al. (2008) and Larrea et al. (2014a).

The composition of the lavas ranges from
basalt to trachyte following the TAS
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classification by Le Bas et al. (1986) (Fig. 1).
Basalts and hawaiites are the most abundant rock
compositions in Serra das Fontes and the Vitoria
—Vulcdao Central volcanic complexes, apart
from some more evolved rocks (mugearite—
trachyte) in the Vulcao Central Unit. In contrast,
Serra Branca is entirely evolved in composition
(benmoreite to trachyte) (Larrea et al. 2014a).
These rocks are characterised by porphyritic,
microporphyritic and trachytic textures (Fig. 5).
The porphyritic rocks are characterised by the
presence of 15-50% macrocrysts (2—10 mm)
embedded in a holocrystalline to hypocrystalline
groundmass. The macrocryst assemblage com-
prises subhedral to anhedral olivine, clinopy-
roxene, feldspars and less abundant amphibole
and Fe-Ti oxides, which have been defined as
phenocrysts in equilibrium with their host
magma (Larrea et al. 2014a); The presence of
antecrysts has also been recognised. Antecrysts
are large crystals that, based on their chemical
composition, likely did not share a common
history or crystallize from the magma in which
they are now hosted, but rather may have grown
from a different magma batch within the same
magmatic system; (Charlier et al. 2005; Gill et al.
2006; Davidson et al. 2007; Jerram and Martin
2008). In the Graciosa lavas, however, the ante-
crysts are relatively scarce, especially in com-
parison to Corvo (see Sect.2.9). The
groundmass is composed of microcrysts
(<2 mm) of olivine, feldspars, clinopyroxene and
Fe-Ti oxides. The microporphyritic rocks are
holocrystalline to hypocrystalline and are com-
posed of microcrysts of feldspars, olivine,
clinopyroxene and Fe-Ti oxides with a bimodal
size distribution; most microcrysts are smaller
than 0.5 mm, although crystals of 0.5-2 mm are
also recognised. Amphibole microcrysts are also
present in the evolved rocks (benmoreites and
trachytes). In some microporphyritic samples
larger isolated antecrysts (>1 mm) are observed,
including olivine, clinopyroxene and feldspar
that are highly corroded and have rounded rims
(Larrea et al. 2014a). Samples from Serra Branca
exhibit a trachytic texture. They consist of iso-
lated <1 cm tabular feldspar crystals embedded
in a groundmass predominantly composed of sub
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parallel, minute (<0.5 mm), acicular to tabular
feldspar microcrysts, with scarce clinopyroxene
and opaque microcrysts.

All mineral phases present in lava flows have
been analysed by Larrea et al. (2014a) (Fig. 2).
Olivine phenocrysts and microcrysts show nor-
mal zoning, with decreasing forsterite (Fogg_go
and Fogs_ss, respectively) and Ni contents, and
increasing MnO and CaO concentrations from
core to rim. Phenocrysts and microcrysts of
clinopyroxene are classified as augites, diopsides
and hedenbergite (Morimoto et al. 1988). Feld-
spar phenocrysts and microcrysts are normally
zoned or unzoned and range from bytownite to
anorthoclase (Ang,_o Abj7_¢¢ Org_z4). Amphi-
bole shows quite varied compositions, classified
as kaersutite, magnesiotaramite and riebeckite
depending on their Ca and Na contents (Leake
et al. 1997); they appear as scarce phenocrysts in
basaltic lavas or microcrysts in the evolved
rocks. Opaque minerals occur mainly as small
crystals (<0.5 mm) although some isolated phe-
nocrysts are found as well. They are primarily
normally zoned Al-bearing titanomagnetite, but
ilmenite and scarcer Cr-Spinel crystals are also
recognised. Fluorapatite is found as microcrysts
in the evolved rocks.

Bivariate plots of selected whole rock major
element compositions versus MgO (wt%) from
Graciosa rocks are plotted in Fig. 3a. Major
elements including TiO,, Fe,O3;, and CaO
decrease with decreasing MgO, whereas Na,O
and K,O increase with decreasing MgO. In
contrast, Al;Oj3 increases slightly over the range
of MgO values. The major element compositions
of the lavas fall along a single liquid line of
descent. Although slight differences in incom-
patible trace element and radiogenic isotope
ratios imply that the parental magmas might not
be all comagmatic, they are likely similar in
composition.

Larrea et al. (2014a) evaluated fractional
crystallization as a potential mechanism for
magmatic differentiation using major and trace
elements. The major element compositions of
Graciosa lavas were best modelled by a MELTS
(Ghiorso and Sack 1995; Asimow and Ghiorso
1998) polybaric (500-10 MPa) fractional



Petrology of the Azores Islands

217

6
o f
'_2 ﬁA
a
0 L L L

20

8 12 1
MgO (wt.%)

6

20

20

20

6
EpY:
S
4
2
"
ol : 0 i
0 16 20 0 16 20

4 8 12
MgO (wt.%)

4 8 12
MgO (wt.%)

(b)
: :
o) )
& = =
=]
6 20
o’\o‘ =] ;_\o\ =
H H
o a
& g
20 20
~ :
< o,
z sl ¥
[=]
0 20 0 20

4 8 12 16
MgO (wt.%)

4 8 12 16
MgO (wt.%)

Corvo
Flores
Graciosa
Faial
Pico
Terceira

E>>O0O@O

Rhyolite-MELTY

[=——Graciosa (crzr12)
Polyb. 500-20 MPa
T21305°C
dpP/dT=8

= = Graciosa (rzr12)
Polyb.1250-60 MPa
T21405°C
dP/dT=17

| — Graciosa (crzri2)
Isob. 1.5 GPa
T2:1440°C

*** Graciosa (Grz12)

Isob. 1 GPa
T1365°C

|—Santa Maria swa.an
Polyb. 500-20 MPa
T%1305°C
dp/dT=8

«=+ Santa Maria wa.os.019
Polyb. 500-50 MPa
T21301°C
dpP/dT=9
Sao Miguel swa-s)
Polyb. 500-30 MPa
Ta:1323°C
dP/dT=9

@ Santa Maria
A Séo Jorge
@ Sao Miguel

Rhyolite-MELTS

— Graciosa i
Polyb. 500-20 MPa
T%1305°C
dP/dT=8

- - Graciosa stz
Polyb.1250-60 MPa
T21405°C
dP/dT=17

— Graciosa rzsta)
Isob. 1.5 GPa
T21440°C

*** Graciosa (rzF12)
Isob. 1 GPa
T21365°C

(—Santa Maria sma-s1)
Polyb. 500-20 MPa
T21305°C
dP/dT=8

++= Santa Maria w5013,
Polyb. 500-50 MPa
T21301°C
dP/dT=9
Séo Miguel sws-o
Polyb. 500-30 MPa
T21323°C
dP/dT=9




218

<4 Fig. 6 a, b Major element concentrations versus MgO

for the Azores Archipelago. Published data from Azores
as in Figs. 1 and 3. Curves represent the evolution paths
of residual melts modeled using Rhyolite-MELTS
(Gualda et al. 2012). Polybaric (Polyb.) and Isobaric
(Isob.) fractional crystallization models were carried out at

crystallization process, starting at a pressure of
500 MPa with 0.5% H,O (Fig. 6a), and with
olivine, clinopyroxene, plagioclase, Fe-Ti oxi-
des, kaersutite and minor apatite as fractionated
solids. A two-stage Rayleigh (1896) fractional
crystallization model was needed to reproduce
the whole range of Graciosa lava trace element
compositions. In agreement with the MELTS
model, the modes of the alkaline xenoliths hosted
by Graciosa lavas (see Graciosa plutonic rocks
section) were used to govern the fractionating
mineral phases. Degrees of fractional crystal-
lization of <60% reproduce the compositions of
mafic and intermediate lavas from Serra das
Fontes and the Vitoria-Vulcdo Central, and
>70% reproduce the composition of the evolved
samples from the Serra Branca. Accordingly, the
evolution of Graciosa magmatic products took
place almost entirely at oceanic crustal depths
from ~ 15 to 1 km (Escartin et al. 2001; Luis and
Neves 2006; Matias et al. 2007). The most
primitive magmas started to fractionate at
~15 km and polybaric fractionation continued
up to shallower depths (<1 km) where the most
evolved volcanic products (trachytic lavas and
syenites; see Graciosa plutonic rocks section)
were formed. Phenocrysts grew in equilibrium
with the host melts and microcrysts grew almost
entirely at surface conditions. Therefore, the
existence of porphyritic or microporphyritic
rocks in Graciosa depends exclusively on the
initial composition of the melt, and its fraction-
ation rate during magma chamber residence and
ascent to surface prior to eruption (Larrea 2014).

This geochemical information together with
the volcanostratigraphic sequence (Gaspar 1996)
and the geochronology (Larrea et al. 2014b) of
the island were used to investigate the magmatic
evolution and ocean island construction stages
(shield, erosional and rejuvenated) in Graciosa
island (Larrea 2014). The shield stage started at
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different initial pressures (as indicated for each model),
with cooling steps of 5 °C and an initial water content of
0.5%, using GRZF12 (Larrea et al. 2014a) as the initial
composition for Graciosa models, SMA-81 (Anderson
1983) and MA09-019 (Beier et al. 2012a) for Santa
Maria, and SMB-6 (Widom et al. 1997) for Sdo Miguel

least 1.05 Ma ago with the formation of the Serra
das Fontes Volcanic Complex as a result of low
to intermediate degrees of fractionation (<50%)
of primitive melts at ~10-15 km depth. At some
point around 450 ka, in the central part of the
current island, the Serra Branca composite vol-
cano was formed in response to evolution of the
magmatic plumbing system. Trachytic products
were produced by >70% fractional crystallization
of primitive melts in a ~ 1 km magma chamber.
This shield stage remained active for ca. 850 ky,
followed by an erosional stage of ca. 110 ky that
was characterised by volcanic inactivity and
erosion. The rejuvenated stage generated two
main volcanic units: Vitoria and Vulcao Central.
The volcanic activity restarted on the NW of the
island associated with monogenetic eruptive
centres, producing the NW Vitoria Unit platform
and covering most of the remaining volcanic
units. This younger volcanism, mainly mafic in
composition, indicates primitive magma recharge
together with a low to intermediate degree of
fractionation (<50%) in the plumbing system
(~10-15 km). Simultaneously, the formation of
a new island started to the south of the oldest
volcanic structures associated with monogenetic
cones of unknown age. Afterwards, a main
eruptive center produced successive lava flows
and volcaniclastic eruptions generated the Vul-
cdo Central stratovolcano; this was followed by
the formation of a caldera and a basaltic lava lake
over a period of ~60 ky. Accordingly, the for-
mation of the Vulcdo Central Unit implies low to
high degrees of fractionation (<90%) of primitive
melts within the related magma plumbing system
(~15-1 km depth).

Plutonic rocks

Plutonic rocks from Graciosa have been studied
by Larrea (2014). They have been found in four
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outcrops: Baia da Folga and Enxudreiro within
the Vulcao Central Unit, and Ponta da Pesqueira
and Quitadouro within the Vitéria Unit. The
xenoliths are 3-20cm long and show
sub-rounded to angular shapes and sharp contacts
with the host rocks without any apparent pre-
ferred orientation. These xenoliths are classified
according to Le Maitre (2002) as syenite, dunite
and gabbro and their whole rock compositions
are plotted in Fig. 4; the latter comprises two
types, alkaline and subalkaline gabbros, accord-
ing to their mineral chemistry and whole rock
compositions (Larrea et al. 2014a).

Dunites have a phaneritic texture (Fig. 5)
constituted by an equigranular mosaic of 90%
olivine, 5% spinel and 5% clinopyroxene, with
olivine (Fogr_g9, CaO <0.05 wt% and 1493—
3143 ppm Ni) and spinel (Cr# 0.43-0.54, Mg#
0.61-0.75 and TiO, < 0.41 wt%) compositions
in the range of abyssal peridotites (e.g., Dick and
Bullen 1984; Hekinian et al. 1993; Allan and
Dick 1996). Together, the mineralogy, mineral
chemistry, and whole rock chemistry of these
dunites argue against either a cumulate or resid-
ual origin (Larrea et al. 2014a). Rather, they are
consistent with an origin as replacive dunites
(e.g., Batanova and Savelieva 2009), although
the scarcity of dunites within the volcanic
sequence and their small size precluded any more
in-depth evaluation of their origin.

Alkaline gabbros were previously described
by Larrea (2010) and Larrea et al. (2010). They
display a medium- to coarse-grained orthocu-
mulate texture (Fig. 5) and are composed of
variable proportions of feldspars, clinopyroxene,
amphibole, olivine, Fe-Ti oxides and apatite.
Euhedral to subhedral feldspars, olivine and
clinopyroxene are the main cumulus phases.
Amphibole is the principal intercumulus phase in
all the cases; when it develops large poikilitic
crystals (up to 2 cm), the xenolith texture is
described as heteroadcumulate (Larrea et al.
2014a). Their cumulate textures were the first
indicator of their likely origin as magma chamber
cumulates and therefore, their genetic relation-
ship with the lavas by fractional crystallization.
The fractionated mineral assemblage obtained in
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the MELTS model (see above) and the compo-
sition of these minerals was broadly consistent
with that of the alkaline xenoliths. Therefore,
Larrea et al. (2014a) concluded that these xeno-
liths were likely formed as magma chamber
cumulates under a range of pressures from ~450
to 100 MPa, possibly in different magma cham-
bers or pockets located at depths ranging from
15 to 3 km. Moreover, one gabbroic xenolith
hosted in a lower lava flow of the Vulcao Central
volcanic  sequence yielded an age of
865.6 + 61.1 ka (Larrea et al. 2014b), which
suggested that its formation might be related to
the Serra das Fontes—Serra Branca magmatic
system.

Subalkaline gabbros consist of olivine,
clinopyroxene, feldspars and accessory opaque
minerals. These xenoliths present inequigranular
textures characterised by a clear bimodal distri-
bution of sizes (Fig. 5). Anhedral to subhedral
crystals (1-2 mm in size) are surrounded by a
framework of polygonal grains smaller than
0.5 mm. These mineral phases and their
whole-rock compositions are distinguished by
being much more primitive than those of the
alkaline gabbros. Larrea et al. (2014a) interpreted
their origin as cumulates, resulting from isobaric
fractional crystallization of highly refractory
melts at shallow depths (~3 km) with a very
restricted range of temperature and limited
degree of fractionation, although these melt
compositions have not been identified within the
Graciosa eruptive sequence.

The syenites were also studied petrographi-
cally by Franca (1993) and Franca and Rodrigues
(1994). They occur as an inequigranular (0.1—
2 mm), allotriomorphic mosaic composed pri-
marily of alkaline feldspar (~90%), as well as
amphibole, Fe-Ti oxides, and pyroxene, quartz,
biotite, sphene and zircon as accessory minerals.
Their whole rock major and trace element com-
positions are quite similar to the Graciosa tra-
chyte lavas. This, together with their negative
Euw/Eu* anomalies (<0.84), argue against their
origin as an evolved cumulate, favoring a bulk
trachyte liquid origin for these syenites, similar
to the nodules studied by Widom et al. (1993) in
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Agua de Pau Volcano on Sio Miguel, and Daly
et al. (2012) at Santa Barbara volcano on Ter-
ceira (Larrea et al. 2014a).

2.6 Faial Island

Faial is the westernmost island of the Central
Group, located between ~38° 30’ 56" and 38° 38’
40" N latitude and 28° 35" 55" and 28° 50' 06" W
longitude (Fig. 1 in Beier et al., Chapter “Melting
and Mantle Sources in the Azores”), forming the
seismically active WNW-ESE Faial-Pico fracture
zone (Fernandes et al., Chapter “The Contribution
of Space-Geodetic Techniques to the Under-
standing of the Present-Day Geodynamics of the
Azores Triple Junction”, Mitchell et al,
Chapter “Volcanism in the Azores: A Marine
Geophysical Perspective”).

The first geological 1:25,000 map of Faial was
made by Zbyszewski et al. (1959a). Afterwards,
several volcanostratigraphic maps were proposed
by Machado and Forjaz (1968), Forjaz (1977a,
1980a, 1980b), Chovelon (1982), Lemarchand
(1987), Serralheiro et al. (1989), Madeira (1998),
Coutinho (2000) and Pacheco (2001). However,
the 1:15,000 map by Serralheiro et al. (1989),
modified somewhat by several subsequent stud-
ies (e.g., Madeira 1998; Pacheco 2001; Forjaz
2008), is the basis for most of the more recent
volcanostratigraphy. Based on the Pacheco
(2001) stratigraphy, four stages are proposed for
Faial formation, in order of decreasing age:

(1) The Ribeirinha Volcanic Complex (Ribeir-
inha Volcano) is located in the NE of the
island. The formation of this unit began
~ 850,000 years ago (Hildenbrand et al.
2012) with the emplacement of a central
shield volcano. It consists of a series of lava
flows ranging from basaltic to benmoreitic in
composition, as well as a pumiceous deposit,
welded scoria, ignimbrites and basaltic
pyroclasts. Now this volcano is highly ero-
ded, and due to the tectonic displacements
along the WNW-ESE trending Pedro Miguel
Graben, there are currently only traces of the
old Ribeirinha Volcano remaining.
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(2) The Caldeira Volcano (also known as Cedros
Volcanic Complex) is a polygenetic volcano
formed ~410,000 years ago with a
2 km-diameter caldera (~ 1 ka), located to
the SW of Riberinha Volcano. This complex
was divided into Lower and Upper Groups
(Pacheco 2001). The Lower Group is formed
by hawaiian/strombolian eruptive styles with
emission of basaltic to benmoreitic products
(~16 ka). The Upper Group shows pre-
dominantly explosive eruptions (16—1.2 ka),
which produced pyroclastic flows, fall and
surge deposits of trachytic to benmoreitic
compositions.

(3) The Horta-Caldeira Fissural System (also
known as Horta Platform or Almoxarife
Formation) constitutes a low altitude and
smooth relief platform located to the SE of
the island and formed by an 11,000 year old
fissural system. It is composed of basalt to
benmoreite lava flows interbedded with
pumice layers and subaerial-submarine
basaltic pyroclasts, which form some scoria
and tuff cones.

(4) The Caldeira-Capelo Fissural System
(Capelo Formation) includes all products
from the western fissural volcanism and the
historical eruptions of Cabe¢o do Fogo and
Capelinhos (~1.2 ka to the present). It is
composed of several WNW-ESE scoria
cones that give rise to mafic volcanism
(basalts to hawaiites) of low explosivity. The
last eruption took place in 1957-1958
(Capelinhos surtseyan eruption), adding
1.5 km? to the island’s area (Forjaz 2008).

Extensive petrographic and geochemical
studies were reported by Chovelon (1982),
Lemarchand (1984) and most recently updated
by Machado et al. (2008), Lima et al. (2011),
Beier et al. (2012a) and Zanon et al. (2013). Faial
subaerial and submarine lavas are alkaline and
belong to the sodic series without any Daly
Gap. According to the TAS classification of Le
Bas et al. (1986), Faial volcanic products range
from basalts to trachytes (Fig. 1). The basalts are
mainly porphyritic and less frequently aphyric.
They contain variable amounts of olivine,
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clinopyroxene and plagioclase. Some of the large
crystals found in these samples show resorbed
rims and embayments, indicating disequilibrium
with the surrounding melt and providing evi-
dence for an antecrystic origin (Zanon et al.
2013). Olivine phenocrysts are occasionally
cracked, corroded and iddingsitized. Microcu-
mulate aggregates of clinopyroxene and plagio-
clase are common. The groundmass is usually
holocrystalline, with the same mineralogy as the
phenocrysts but with higher occurrence of Fe-Ti
oxides. The hawaiites exhibit similar petro-
graphic features; nevertheless, they are less por-
phyritic, more plagioclase-rich and contain
dark-brown  amphibole  phenocrysts  and
microphenocrysts. The mugearites are charac-
terised by aphyric to subaphyric textures with a
small percentage of phenocrysts to microphe-
nocrysts of mainly plagioclase and minor
amounts of clinopyroxene, olivine and oxides.
Amphibole and apatite crystals appear as acces-
sory minerals. The benmoreites show aphyric
and hyalopilitic textures where plagioclase is the
dominant phase. Olivine, clinopyroxene, amphi-
bole, apatite, biotite and oxides are present in
minor proportions. The trachytes display tra-
chytic textures mostly composed of plagioclase
and alkali feldspar microphenocrysts, with minor
occurrence of amphibole, biotite, apatite and
opaque crystals.

All of these mineral phases have been anal-
ysed by Beier et al. (2012a), Zanon and Frezzotti
(2013) and Zanon et al. (2013) (Fig. 2). Olivine
crystals are euhedral to subhedral, with phe-
nocryst compositions ranging from Fog; to Foy,,
while the microcrysts from the groundmass have
lower Fo contents (Fo663). Clinopyroxene
appears as anhedral phenocrysts and microcrysts,
normally zoned and partly resorbed with
embayments and reaction rims. Their core com-
positions range from augite to diopside (Wo45_49,
Enzg_4s5, FS10-19), sometimes with aegirine—
augite rims. Plagioclase phenocrysts are euhedral
to subhedral, tabular, twinned and show oscilla-
tory to normal zoning and occasionally embay-
ments.  Phenocryst and  microphenocryst
compositions from various samples with different
degrees of evolution show a continuous trend
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from bytownite to andesine (Angz_3p Abj7_g6
Ory_4). In some pumices, plagioclase phenocrysts
show resorption, indicating disequilibrium with
the surrounding melt. Alkali feldspars (anortho-
clase—sanidine) are present as euhedral, tabular
and zoned phenocrysts or microphenocrysts in
pumices and evolved lavas. Opaque minerals are
ubiquitous in all samples as euhedral to subhe-
dral microphenocrysts in the matrix and as
inclusions in olivines. They are classified as
ilmenite, magnetite and titanomagnetite. Euhe-
dral Cr-spinel microcrysts occur embedded in
many olivine antecrysts and phenocrysts. Fluo-
rapatite, kaersutite and biotite are present in
many evolved samples as both phenocrysts and
microcrysts in the groundmass. Quartz is also
present in some trachytic pumices.

Variations in major elements versus MgO
(Fig. 3a) indicate an overall continuous range
from mafic to felsic rocks, with an abrupt slope
change of some major oxides at ~4 wt% MgO.
The highest MgO contents (>10 wt%) observed
in some samples reflect accumulation of
clinopyroxene and olivine antecrysts, as
observed petrographically (Machado et al. 2008;
Lima et al. 2011; Zanon et al. 2013). Major
element variation with increasing degree of dif-
ferentiation is characterised by enrichment in
Si0,, Na,O, and K,O and decreasing CaO con-
tents. Titanium, Fe,03, Al,O3 and P,Os contents
increase in the initial stages of evolution and
decrease as the rocks become more evolved.
Therefore, the evolutionary trend formed by
Faial rocks suggests that fractional crystallization
involving clinopyroxene, olivine, calcic plagio-
clase and titanomagnetite was the major process
controlling the magmatic differentiation of the
different evolutionary stages of Faial (Machado
et al. 2008; Franca et al. 2009; Lima et al. 2011).

Zanon et al. (2013) tested this hypothesis
using both trace element modelling and major
element mass balance calculations, aiming to
determine the amount of fractionation needed to
reproduce the compositional ranges of the Cal-
deira volcano and the Fissure Systems, and the
different conditions of magma storage and frac-
tionation. According to Zanon et al. (2013), Faial
magmas were formed by low degrees of partial
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melting of a variably metasomatised upper
mantle in the garnet stability field (>85-90 km
deep). Based on geothermobarometry data, the
basaltic rocks from the Caldeira Volcano were
formed at 760 MPa ( ~ 26 km) beneath the pre-
sent edifice, evolving to generate the mugearite—
benmoreite sequence at 159 MPa (~9 km). The
benmoreite-trachyte series from the Caldeira
Volcano was formed by ~70% fractional
crystallization, in a shallower magma chamber
located at ~3.5-5 km (100-132 MPa) beneath
the Caldeira Volcano, via fractionation of olivine,
clinopyroxene, feldspars, biotite and apatite. In
contrast, the Horta-Caldeira and the Caldeira-
Capelo Fissural Systems are composed of basalts
—hawaiites formed by moderate degrees of
fractional crystallization at high to intermediate
pressures of crystallization, corresponding to the
uppermost mantle ( ~ 15 to 28 km). In the case of
the Horta-Caldeira Fissure system, fractional
crystallization occurred at a shallower depth to
generate magmas with a similar degree of evo-
lution as the Caldeira-Capelo Fissural System.
Therefore, geochemical and petrological data
indicate polybaric fractionation of Faial magmas,
and suggest the existence of reservoirs at different
depths within the crust.

Plutonic rocks

Ultramafic, mafic and evolved plutonic rocks
from Faial have been studied by Baker (1966),
Franca (1993), Franca and Rodrigues (1994) and
Zanon and Frezzotti (2013).

Ultramafic xenoliths were found in a flow
from Capelo Fissure Zone, cropping out on the
northern coastal cliff. The xenoliths range in
size up to 20 cm, and are coarse-grained and
composed of variable amounts of olivine,
clinopyroxene, orthopyroxene and spinel. They
are classified as websterite and wherlite, and
have porphyroclastic to equigranular textures,
where olivine and orthopyroxene grains are
present as large porphyroclasts (up to 4 mm)
and polygonal grains typically <1 mm, together
with polygonal clinopyroxene grains in the
wherlite. Spinel is interstitial (up to 0.5 mm in
diameter) or present as inclusions in olivine.
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Based on mineral chemistry, Zanon and Frez-
zotti (2013) interpreted these websterite and
wherlite xenoliths from Faial as fertile frag-
ments of the upper mantle, representing crys-
tallised melts or cumulates formed at mantle
depth.

Baker (1966) reports the existence of mafic
plutonic nodules at several localities on Faial,
including Caldeira, Feteira, the 1957-1958 his-
toric Capelinhos lavas and the shore to the north
of Faja da Praia do Norte. The plutonic nodules
present sharp contacts with their host lava flows,
and their mineral assemblage is composed of
variable amounts of olivine, clinopyroxene and
plagioclase. In accordance, these mafic xenoliths
were divided into five groups: (1) Olivine nod-
ules. The olivine is forsterite with some chromite
inclusions. Chilled glass is frequently present
around the crystals and along fractures. (2) Pla-
gioclase, clinopyroxene and olivine nodules. The
percentage of the different minerals and their
degree of alteration is highly variable from
sample to sample. Some olivine crystals have
iddingsite bands and hematite filling fractures.
The pyroxene is Cr-rich diopside, with orthopy-
roxene exsolution lamellae. The plagioclase
shows patchy extinction. (3) Clinopyroxene and
olivine nodules. Chromium-rich diopside is the
dominant phase with rare discontinuous
orthopyroxene exsolution lamellae. Olivine and
clinopyroxene show irregular patchy extinction.
(4) Clinopyroxene and plagioclase nodules. They
are Cr-rich diopside-plagioclase clusters with
common orthopyroxene exsolution lamellae.
(5) Clinopyroxene nodules. They are composed
of non-pleochroic clinopyroxene containing
minor hematite, chromite and glass inclusions.
Baker (1966) proposed a cumulate origin for
these mafic nodules based on their mineralogy
and textures, ruling out their mantle origin due to
the absence of orthopyroxene.

Syenites found in fall deposits from the Cal-
deira Formation (Rinquim deposits) and Capelo
Formation (Caldeira and Faja deposits) were
studied by Franca (1993) and Franca and
Rodrigues (1994). They are <2 cm in size and
generally medium-grained with subhedral shapes
and consertal and micropertitic intergrowth
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textures. Minor radiated and corona textures are
also found. They are composed of variable
amounts of feldspars, biotite, clinopyroxene,
fayalite-olivine, amphibole, zircon, apatite,
sphene and oxides. No conclusions about their
origin have been proposed.

2.7 Pico Island

Pico is the southernmost island of the Central
Group, located between ~38° 22" and 38° 36'N
latitude and 28° and 28° 34'W longitude (Fig. 1
in Beier et al.,, Chapter “Melting and Mantle
Sources in the Azores”). Pico island, together
with the nearby island of Faial, forms a 160 km
long volcanic ridge oriented WNW-ESE (Fer-
nandes et al.,, Chapter “The Contribution of
Space-Geodetic Techniques to the Understanding
of the Present-Day Geodynamics of the Azores
Triple Junction” and Mitchell et al., Chap-
ter “Volcanism in the Azores: A Marine
Geophysical Perspective”).

Zbyszewski et al. (1962) published the first
geological map of Pico on scale 1:50,000. The
first volcanostratigraphical column was presented
by Forjaz (1966), which was subsequently
expanded upon by Forjaz (1977b, 1980a, b),
Forjaz et al. (1990) and Madeira (1998). The first
K/Ar determinations by Feraud et al. (1980)
enabled a new stratigraphy to be established
(Chovelon 1982) and a new volcanostratigraphic
sequence for Pico (Cruz et al. 1995; Franca et al.
1995; Nunes et al. 1995), detailed in Nunes et al.
(1999). Three main volcanic complexes were
proposed for Pico (Nunes et al. 1999):
Topo-Lajes, Sdo Roque-Piedade and Montanha.

(1) The Topo-Lajes Volcanic Complex is the
oldest volcanic system of the island, located
on the central-south coast. Its formation
began ~ 300,000 years ago in response to
fissural volcanism, controlled by the
WNW-ESE trending regional fracture. The
last eruption of Topo volcano probably took
place 5000 years ago. Currently, it represents
the eroded remains of an older shield basaltic
volcano.
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(2) The Sao Roque-Piedade Volcanic Complex
(also known as Planalto da Achada Fissure
Zone) is a fissure system characterised by a
29 km long ridge located in the eastern half
of the island, which started to form about
230,000 years ago. Small basaltic flows
originate from a series of 170 identified
scoria cones along the ridge (e.g., Franca
et al. 2006b; Nunes et al. 2006). According
to Franca (2000), eruptions in this volcanic
complex were contemporaneous with those
of the Topo and Montanha centres and were
active until AD 1562.

The Montanha Volcanic Complex is a
basaltic composite volcano located in the
western area of Pico. It comprises lavas that
are generally <1500 years old (Nunes et al.
1999), including the most recent eruption in
AD 1720. Three stages are recognised in the
development of the composite volcano:
(1) volcano growth up to 2050 m high and
local collapse/formation of an 800 m diam-
eter crater, (2) volcano growth up to 2250 m
high filling the previous crater and (3) for-
mation of a pit crater of ~590 m diameter
with 25 m high walls (Franca et al. 2009).
The eruptive center then drifted to the NE,
and vigorous lava fountaining and extrusion
built a 100 m-high lava cone (Piquinho) and
a lava lake filled the pit crater. The most
recent activity at the volcano’s summit pro-
duced volcaniclastic lavas.

(&)

Detailed studies of representative samples from
all three volcanic complexes were carried out by
Flower et al. (1976), Chovelon (1982), Franca
(2000), Claude-Ivanaj et al. (2001), Franga et al.
(2006c), Prytulak and Elliott (2009), and Zanon
and Frezzotti (2013). Pico lavas mostly belong to
the alkaline series; according to the TAS classifi-
cation of Le Bas et al. (1986), Pico volcanic
products are mainly basalts (~78%), although
hawaiites (~21%), mugearites and benmoreites
are also present (Fig. 1). Only two samples have
been classified as potassic trachybasalt: one from
the Montanha and the other from the Sao
Roque-Piedade volcanic complexes (Franga 2000;
Franca et al. 2006c).
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Three different types of textures have been
described in Pico lava samples: porphyritic,
aphyric and trachytic textures. Most basalts and
hawaiites are porphyritic, although some of them
are aphyric with small phenocrysts. In these
rocks, the most common phenocryst phases are
plagioclase, clinopyroxene and olivine, with the
presence of minor oxides. The rock groundmass
is composed of the same mineral assemblage
with a higher fraction of oxides, and rare apatite
and volcanic glass. Some porphyritic samples
with abundant pyroxene and olivine megacrysts
(ankaramites) were described by Zanon and
Frezzoti (2013) in the S0 Roque-Piedade (<19%
of megacryst) and Montanha (from 25 to 70% of
megacrysts) volcanic complexes. These ankar-
amites have been interpreted by Franca et al.
(2009) as products of crystal accumulation/
settling, producing alternating crystal-rich and
aphyric lava flow layers. In contrast, trachytic
textures are found exclusively in mugearite and
benmoreite samples from the 1718 AD eruption
(Santa Luzia eruption). These samples are, both
macroscopically and microscopically, charac-
terised by oriented microlites and euhedral pla-
gioclase crystals with a transparent to milky
appearance. In addition to plagioclase, minor
pyroxene, olivine, amphibole, opaque minerals
and apatite phenocrysts are also found. The
mineral assemblage forming the groundmass of
these rocks is similar to the phenocryst
assemblage.

All of these mineral phases have been anal-
ysed by Franga (2000), Franca et al. (2006c),
Beier et al. (2012a) and Zanon and Frezzotti
(2013) (Fig. 2). Olivine crystals are subhedral to
euhedral and/or skeletal. Their core compositions
range from Fog; to Foso, with rims enriched in
fayalite contents. The olivine megacrysts are
commonly iddingsitized corroded, and have
overgrowth rims, thus they are considered to be
antecrysts (Zanon and Frezzotti 2013). Clinopy-
roxene is the most abundant mineral in Pico
rocks, occurring as microcrysts and phenocrysts
classified as augites and diopsides according to
Morimoto et al. (1988). They are mostly zoned
prismatic subhedral crystals, sometimes showing
pristine basal sections, although embayment and
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corrosion features are sometimes observed in
large crystals. As in the case of the olivine, the
clinopyroxene megacrysts are classified as ante-
crysts (Zanon and Frezzoti 2013). Feldspar
crystals are mainly euhedral and tabular plagio-
clases, showing oscillatory or reverse zoning
with compositions ranging from bytownite to
andesine (Ang,—Ansz;) in the basaltic lavas
(Franga 2000). Alkali feldspars (anorthoclase and
sanidine) have also been identified in the most
evolved lavas from the Santa Luzia eruption.
Amphibole crystals are rare in Pico lavas,
occurring as kaersutite crystals only in the most
evolved lavas from Santa Luzia. They appear as
isolated crystals or associated with other amphi-
bole or clinopyroxene crystals. They are com-
monly subhedral to anhedral, with corroded rims
that indicate instability relative to the surround-
ing liquid. Iron-titanium oxides are mainly pre-
sent as microcrysts in the groundmass of the
most evolved lavas (phenocrysts are rare),
occurring as isolated crystals or included in oli-
vine and clinopyroxene crystals. They are
titanomagnetites and ilmenites, although some
oxides occur as weathering products. Apatite
crystals occur as microcrysts, usually as inclu-
sions or otherwise associated with other minerals
in the most evolved samples. Temperature and
pressure calculations based on the olivine-augite
geothermometer by Loucks (1996) and the
experimental geothermobarometer by Albaréde
(1992) indicate equilibration at 1200 °C and
1.1 GPa for the basaltic samples, and 1100 °C
and 600 MPa for the most evolved rocks from
Pico (Franga 2000).

Regarding their whole-rock compositions,
Pico lavas show an overall continuous range
from primitive to intermediate-evolved rocks,
with an abrupt change in slope on bivariate dia-
grams of some major oxides at ~5 wt% MgO.
There is a negative correlation between MgO and
SiOz, TiOz, A1203, NazO, K2O and P205 con-
tents, and a positive correlation with CaO con-
tents, whereas the total Fe,O; contents are
relatively constant over a wide range of MgO
values (from 16 to 3%) (Fig. 3a). Franca (2000)
pointed to fractional crystallization as the domi-
nant process generating Pico lavas, although the
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geochemical behaviour of some incompatible
element ratios in these lavas was also interpreted
to result from variable degrees of partial melting
of the mantle source beneath Pico (Franca et al.
2006c¢). The basaltic lavas evolved primarily via
fractionation of clinopyroxene, Mg-rich olivine,
and Ca-rich plagioclase. The TiO,, P,Os and
Fe, O3 contents of the most evolved lavas suggest
that ilmenite and apatite fractionation played an
important role in their formation. However,
Prytulak and Elliott (2009) indicate that mixing
between a mafic and more evolved magma is also
required to explain the geochemical behaviour of
these evolved lavas from the Santa Luzia flow.

This geochemical information, together with
geothermobarometric estimates, was further used
to delineate the complex plumbing system
beneath Pico (Franga 2000). The most primitive
melts started to fractionate at depths of ~40 km,
and evolved by fractional crystallization forming
the hawaiites during ascent within volcanic
conduits. However, the mugearite—bemoreite
rocks were formed by fractional crystallization at
shallower depths (~20 km). The fact that the
volume of mugearitic/benmoreitic lava erupted is
small (21 x 10° m3; Cruz et al. 1995), and the
absence of a significant negative gravimetric
anomaly under the Montanha composite volcano
(Camacho et al. 1999), seem to be consistent
with the absence of a well-developed magma
chamber beneath Pico; however, Franca (2000)
and Franca et al. (2006¢) propose the existence of
a magma chamber at an early stage formation.

Plutonic rocks

Plutonic rocks from Pico have been studied by
Esenwein (1930), Franga et al. (1995), Franca
(2000) and Zanon and Frezzotti (2013). Esen-
wein (1930) reports the geochemical composition
of only one gabbro xenolith from Pico (Fig. 4);
however, the ultramafic xenoliths have been
thoroughly studied from a petrologic point of
view. They comprise ultramafic xenoliths found
in two different outcrops, including the Santa
Luzia flow from Montanha Volcanic Complex
and a lava that crops out at the base of the
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northern cliff (>50 ka), covered by the AD 1562
lava flow from the Sdo Roque-Piedade Volcanic
Complex. These ultramafic xenoliths are <4 cm
in size and present polygonal shapes with planar
boundaries, surrounded by a thin lava layer. They
are coarse-grained, equigranular harzburgites
composed of variable amounts of olivine,
clinopyroxene, orthopyroxene and spinel. Oli-
vine and orthopyroxene grains are present as
large porphyroclasts (up to 4 mm) and polygonal
grains typically <1 mm. Both olivine and
orthopyroxene exhibit deformation features
along with secondary fluid inclusions. Clinopy-
roxene is present as interstitial grains and exso-
lution lamellae on orthopyroxenes. Spinel is
interstitial (up to 0.5 mm in diameter) or inclu-
ded in olivine. Based on mineral chemistry,
Zanon and Frezzotti (2013) interpreted these
ultramafic xenoliths as mantle restites; i.e., frag-
ments of upper mantle that have undergone
partial melting and melt extraction.

2.8 Flores Island

Flores, along with the island of Corvo, forms the
Western Group of the Azores Archipelago
(Miranda et al., Chapter “The Tectonic Evolution
of the Azores Based on Magnetic Data”). It is
located within the American plate at ~39° 28'N
latitude and 31° 13'W longitude (Fig. 1 in Beier
et al., Chapter “Melting and Mantle Sources in
the Azores”).

The first work carried out on Flores was the
1:25,000 geological map of the island by Zbys-
zewsky et al. (1968). Initial petrographic studies
on the island were carried out by Azevedo et al.
(1986), Morisseau (1987), Azevedo (1990) and
Azevedo et al. (1991). Later mapping was
extended to the entire island (1:15,000 map) and
the volcanostratigraphic sequence was defined
based on new geochronologic, petrographic and
geochemical data, as well as the tectonic and
geomorphological evolution (Azevedo 1998;
Azevedo and Ferreira 2006). Based on Azevedo
and Ferreira (2006), two major volcanic com-
plexes were defined on Flores:
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(1) The Basal Volcanic Complex includes
products and structures from both submarine
and subaerial volcanism of Plio-Pleistocene
age (~2.2-0.7 Ma), which are largely
observed in the lower units along the north
and south coast. This complex is mainly
formed by palagonitised volcaniclastic
deposits (a mixture of hyaloclastite and
hydroclastite), breccias and tuffs interbedded
with basaltic flows.

(2) The Upper Volcanic Complex represents the
main subaerial activity of the island. It
includes three main subunits: Lower, Middle
and Upper. The Lower subunit was formed
between 0.67 and 0.55 Ma and consists of
extensive lava flows (basaltic to trachytic)
alternating with pyroclastic deposits. The
Middle subunit is composed of basaltic and
hawaiitic lava flows and associated pyro-
clastic deposits produced from 0.4 to 0.2 Ma.
The Upper subunit was emplaced between
4-3 ka (Morrisseau and Traineau 1985) and
is exclusively pyroclastic, including strom-
bolian pyroclastic cones and a layer of
widespread ash enriched in lithic clasts.

Flores is one of the least well studied islands
in the Azores Archipelago from a petrological
point of view. Zbyszewski et al. (1968) and
Morisseau (1987) were the first to describe the
petrography of Flores volcanic rocks, but the first
in depth petrographic study of the whole lava
sequence was carried out by Azevedo and Fer-
reira (2006). Recently, Genske et al. (2012b)
published a study on the petrology and geo-
chemistry of the Western Group islands, which
included lavas from two major volcanic com-
plexes of Flores.

As mentioned above, the lavas from Flores
range in composition from alkali basalt to tra-
chyte following the TAS classification of Le Bas
et al. (1986), although there is a compositional
gap in the intermediate compositions (Fig. 1).
Genske et al. (2012b) indicate that the most
primitive lavas are alkali-basalts characterised by
megacrysts and phenocrysts of normally zoned
clinopyroxene, olivine and plagioclase embedded
in a plagioclase-dominated cryptocrystalline to
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finely crystalline groundmass. The most evolved
rocks (hawaiite—trachyte) are higly vesicular
and belong to the youngest volcanic units.
They are characterised by abundant olivine,
clinopyroxene, magnetite and plagioclase phe-
nocrysts and microcrysts (Fig. 5). As the rocks
become more evolved, plagioclase becomes the
dominant phase. Moreover, some accessory
minerals are recognised in the groundmass of the
trachytes: hypidiomorphic amphiboles (kaersu-
tite) replacing original clinopyroxenes, biotite as
small patches around the feldspars and dissemi-
nated single crystals, and apatite needles
(<1 mm).

All of these mineral phases have been anal-
ysed by Genske et al. (2012b) (Fig. 2). Olivine
cores range from Fog; to Foge and olivine rim
compositions extend to Fogs. Some of these oli-
vine crystals are in chemical disequilibrium with
their host lavas, and are interpreted by Larrea
et al. (2012) as antecrysts. The clinopyroxenes
are slightly zoned Ti-augites (Morimoto et al.
1988) with quite restricted compositions and
decreasing MgO and increasing TiO, and FeO
contents from core to rim; some of these
clinopyroxene megacrysts have also been clas-
sified as antecrysts (Larrea et al. 2012). The
feldspars are mostly bytownite—andesine crys-
tals (Angg_41Abs 660r9_3), although anortho-
clase crystals (Abg7_70An;o_130r19_53) are found
in the trachytic lavas. Iron-titanium oxides are
classified as ilmenite, titanomagnetite and
chrome-spinel and are commonly found as
microcrysts in the groundmass, and around the
rims or as inclusions in the mafic mineral phases.

Bivariate plots of selected major-element
oxides versus MgO wt% (Fig. 3a) were used
by Genske et al. (2012b) to investigate the evo-
lutionary trends of the lavas from Flores. As
MgO decreases from 12 to 4 wt%, SiO, increa-
ses slightly from 40 to 50 wt%, but then abruptly
increases (up to 63 wt%) in lavas with 4-1 wt%
MgO. Calcium decreases over the entire MgO
range, and TiO,, Fe,O5 and P,0s first increase to
a maximum at 4 wt% MgO, after which they
decrease significantly as the compositions evolve
to lower MgO contents. Aluminium, K,O and
Na,O contents increase towards lower MgO.
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The mineralogy, textures and bulk-rock
compositions of the lavas are consistent with
fractional crystallization being the dominant
differentiation process. The decrease in size of
the olivine and clinopyroxene phenocrysts and
the accompanying increase in the size of pla-
gioclase phenocrysts support a polybaric frac-
tionation process; however, Genske et al.
(2012b) suggest that not all the samples are
cogenetic and that other processes, such as
magma mixing or assimilation combined with
fractional crystallization, may be involved in the
formation of these lavas.

Genske et al. (2012b) tested this hypothesis
with a single fractional crystallization model
using the MELTS algorithm (Ghiorso and Sack
1995; Asimow and Ghiorso 1998) and the most
primitive sample from Corvo as a near-primary
magma composition. The polybaric MELTS
model, starting at 1375 °C and 1.2 GPa with
fractionating solids based on petrographic
observations, provided the best fit to Corvo
whole rock lava compositions. Flores whole rock
lava data are significantly more scattered than
Corvo data, however, Genske et al. (2012b)
suggest that this model may also be applied to
Flores. The fractional crystallization process was
further appraised using a Rayleigh trace-element
fractionation model. Mineral modes for the
fractionating assemblage were extracted from the
MELTS outputs. Unfortunately, this trace-
element model did not provide a particularly
robust test, because the trace-element trends
display substantial scatter in the Flores lava suite.
According to this model, crystallization com-
menced close to the lithosphere-asthenosphere
boundary and a total of 70% crystallization of
parental magma is needed to explain the most
evolved compositions in Flores (Genske et al.
2012b).

The existence of crystals with disequilibrium
textures and reverse zoning suggests that, in
addition to simple fractional crystallization, there
are likely more complex processes operating in
the Flores magmatic system. One possibility that
has been proposed is mixing of mafic melts with
crystallizing ascending magmas as well as
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conduit convection and small-scale stagnation
(Genske et al. 2012b). Alternatively, Larrea et al.
(2012) have demonstrated a similar textural dis-
tribution in Flores rocks as that observed in
Corvo (see Sect. 2.9 below; Larrea et al. 2013),
including the existence of microporphyritic and
trachytic lavas related by fractional crystalliza-
tion and antecryst-rich porphyritic lavas formed
by crystal accumulation, suggesting that both
magmatic processes control the evolution of
Flores.

Plutonic rocks

Gabbroic rocks from Flores were sampled from
the base of the Middle subunit of the Upper
Volcanic Complex (Franca et al. 2008). They
have rounded shapes and sharp contacts with
their host lava. Only one whole rock composition
is reported by Franca (1993) (Fig. 4). Based on
their petrologic and mineralogic compositions,
two groups were defined: olivine bearing gabbros
and olivine bearing gabbronorites.

The olivine bearing gabbros are fine to med-
ium grained with hypidiomorphic granular and
seriate textures (Fig. 5). Their mineral assem-
blage is composed of variable proportions of
olivine, clinopyroxene, plagioclase, Fe-Ti oxi-
des, kaersutite and accessory apatite. The mineral
assemblage and mineral compositions indicate an
alkaline affinity for these xenoliths, suggesting a
genetic relationship with Flores lavas, as has
been proposed for the alkaline xenoliths studied
in the Graciosa and Corvo islands.

The olivine bearing gabbro norites have tex-
tural similarities to the olivine bearing gabbros,
but the presence of orthopyroxene indicates a
different mineralogic and chemical composition.
These consist of olivine, clinopyroxene,
orthopyroxene, plagioclase, amphibole and Fe—
Ti oxides. The occurrence of both orthopyroxene
and clinopyroxene is indicative of a subalkaline
affinity, and the occurrence of olivine suggests
that they crystallised from a silica undersaturated
tholeiitic melt. This tholeiitic affinity, in contrast
to the alkaline affinity of the archipelago, sug-
gests that the olivine bearing gabbro norites
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probably crystallised at deeper volcanic levels or
they are fragments of the oceanic crust beneath
the island (Franca et al. 2008).

In addition, a preliminary study by Franca
(1993) and Franca and Rodrigues (1994)
described syenite samples found in two maar
deposits from the Upper Volcanic Complex of
Flores (Caldeira Funda das Lajes and Lagoa
Comprida). They are <2 cm in size and present a
medium granular xenomorphic texture composed
of variable amounts of feldspar, biotite, pyrox-
ene, zircon, opaque minerals, quartz and apatite.
No further conclusions about their origin have
been discussed.

2.9 Corvo Island

Corvo, the smallest island of the Azores archipe-
lago, is the north-westernmost island of the
Azores Archipelago. It is located in the Atlantic
Ocean between ~39° 40" and 39° 44'N latitude
and 31° 05’ and 31° 08'W longitude (Fig. 1 in
Beier et al., Chapter “Melting and Mantle Sources
in the Azores”). Corvo, together with the island of
Flores, makes up the Western Group islands
(Miranda et al., Chapter “The Tectonic Evolution
of the Azores Based on Magnetic Data”).

The first geological work published on Corvo
was the geological map (Zbyszewski et al. 1967)
in which five volcanic units were proposed for
the evolution of the island. At the beginning of
the 21st century, a new field campaign was car-
ried out on Corvo in order to publish a 1:10,000
geological map, together with a neotectonic and
geomorphologic characterization of the island.
These studies led to the establishment of a vol-
canostratigraphic sequence (Dias 2001; Azevedo
et al. 2003). Concurrently, Franca et al. (2002)
proposed a new straightforward volcanostrati-
graphic succession based on the caldera-
formation event and relative chronostratigraphy.
This led to the establishment of three main units
in Corvo, in order of decreasing age:

(1) The pre-caldera unit is formed by submarine
volcanism (proto-island) followed by two
subaerial phases. The Lower subaerial unit
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includes a primitive shield volcano, strom-
bolian deposits, the upper lava flows and the
associated dikes. The Upper unit comprises
secondary cones, buried cones and their
related lava flows.

The syn-caldera unit includes plinian to
sub-plinian pumiceous deposits, lahars, sur-
ges and other pyroclastic flows associated
with the stratovolcano collapse and the cal-
dera formation.

The post-caldera unit comprises the most
recent lava flow (Pao de Acucar), the intra-
caldera pyroclastic and spatter cones and the
Cortinhas scoria cone and associated lava
flows.

(@)

(€)

An in-depth investigation of magmatic pro-
cesses based on petrology, mineralogy and major
and trace element data was carried out by Larrea
et al. (2013) in accordance with the preliminary
work by Franga et al. (2006b). In addition,
Genske et al. (2012b) published a contribution on
the petrology and geochemistry of the Western
Group islands. Together, these studies (Genske
et al. 2012b; Larrea et al. 2013) have charac-
terised all of the diverse igneous rocks on Corvo,
including lava flows, dikes and xenoliths, in the
context of the volcanostratigraphy proposed by
Franca et al. (2002).

The lava flows and dikes from the three vol-
canostratigraphic units range in composition
from alkali picrobasalts to trachytes following
the TAS classification of Le Bas et al. (1986)
(Fig. 1). They appear to show a relatively well
defined alkaline trend in the TAS diagram,
although some basaltic samples plot in the
tholeiitic basalt field and were identified in the
field as clinopyroxene-dominated cumulate rocks
(Genske et al. 2012b). Two types of lava flows
and dikes from the pre-, syn- and post-caldera
stages were clearly distinguished based on their
texture: porphyritic rocks and microporphyritic
rocks (Larrea 2014). The former group includes
samples belonging to the pre-caldera and
post-caldera units; the latter includes samples
from all of the units (pre-, syn- and post-caldera).
In accordance with the petrographic observa-
tions, compositional differences are observed
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between the porphyritic and microporphyritic
rocks (Larrea et al. 2013). The porphyritic rocks
range from alkaline picrobasalts to alkaline
basalts showing the most primitive compositions,
whereas the microporphyritic rocks range from
hawaiites to trachytes with lower MgO contents.
The porphyritic rocks are holocrystalline and
characterised by the presence of a variable pro-
portion of large crystals (up to 15 mm in size)
that are set in a fine-grained groundmass (Fig. 5).
The macrocryst assemblage mainly comprises
subhedral to anhedral olivine, clinopyroxene, and
feldspars; some macrocrysts are corroded and
present overgrowth rims. The groundmass is
composed of feldspars, olivine, clinopyroxene
and opaque microcrysts (<2 mm). The volume
fraction of macrocrysts in these samples ranges
from 80 to 8%, varying significantly even within
different areas of the same sample. The recog-
nition of disequilibrium conditions between these
macrocrysts and their host rocks led to the
interpretation of their origin as non-cogenetic
antecrysts (Larrea et al. 2013). In contrast, the
microporphyritic rocks include lava flows and
dikes without antecrysts, resembling the
groundmass of the porphyritic rocks (Larrea et al.
2013). Those belonging to the pre-caldera and
post-caldera units present a holocrystalline to
hypocrystalline microporphyritic texture, some-
times indicating flow. They are mainly composed
of feldspars, minor olivine, clinopyroxene, opa-
que minerals, scarce amphibole and occasional
glass. Most groundmass microcrysts are smaller
than 0.5 mm, although scarce crystals of 0.5—
2 mm are also recognised. The syn-caldera
samples are highly vesicular pumices mainly
composed of glass with scarce microcrysts of
feldspars, olivine, clinopyroxene and opaque
minerals.

All of these mineral phases were analysed
from lava flow and dike samples (Larrea et al.
2013 and Fig. 2). Olivine microcrysts show
normal zoning, with decreasing forsterite con-
tents (Fosg_s7) and increasing MnO concentra-
tions from core to rim. The olivine antecrysts are
weakly zoned from core (Fogg) to rim (Fog).
They have the lowest MnO concentrations, and
are more primitive in composition than the
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microcrysts.  Clinopyroxene antecrysts and
microcrysts are classified as augite and diopside
according to Morimoto et al. (1988), but they are
clearly distinct in Ti, Cr, Al and mg* Mg/
(Mg + Fe** + Fe>* + Mn)) contents. Olivine
and clinopyroxene antecrysts are characterised
by an overgrowth rim similar in composition to
the groundmass microcrysts. Feldspars micro-
crysts range from labradorite to anorthoclase
(Angg_o» Abszg_79 Or_g). The feldspar antecrysts
have more primitive compositions that range
from anorthite to bytownite (Angg_70 Abjz 29
Ory_;). Amphibole crystals are very scarce in
Corvo, occurring as kaersutite, magne-
siokatophorite and gedrite microcrysts (Leake
et al. 1997). Isolated amphibole antecrysts have
been found in the evolved syn-caldera pumices
and in the oldest lava flow of the pre-caldera unit,
and are classified as kaersutite and hastingsite.
Iron-titanium oxides occur mainly as ilmenite
and Al-bearing titanomagnetite microcrysts, with
hematite-maghemite microcrysts present as
weathering products.

The porphyritic rocks display an increase in
TiO2, A1203, F6203, Na20 and KzO and a
decrease in CaO with decreasing MgO, whereas
in the microporphyritic rocks TiO,, Al;Os,
Fe;03 and CaO decrease with decreasing MgO
(Fig. 3a). The porphyritic rocks from Corvo
contain variable volume fractions of antecrysts,
and have MgO contents >4.93 wt%. In contrast,
the microporphyritic (antecryst-free) rocks have
MgO contents <5.55 wt%. The highest MgO
contents correlate with the highest proportions of
mafic antecrysts in the rocks, which implies that
the Mg-enrichment of the porphyritic rocks is
controlled by the presence and proportion of
mafic antecrysts (Larrea et al. 2013). This fact
was also noticed by Genske et al. (2012b), who
reported that samples with MgO concentrations
higher than 12 wt% showed evidence of olivine
and clinopyroxene accumulation. In addition,
Larrea et al. (2013) developed a least squares
model using the MINSQ software (Herrmann
and Berry 2002) to quantify the proportions of
each antecryst phase and groundmass needed to
reproduce the whole rock composition of the
porphyritic rocks, the results of which were
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consistent with the petrographic estimates (Lar-
rea et al. 2013). Therefore, Corvo porphyritic
rocks are composed of a groundmass equivalent
to the microporphyritic rocks plus accumulation
of variable proportions of olivine, clinopyroxene
and plagioclase antecrysts (from 80 to 8% of the
total volume fraction). This leads to the conclu-
sion that the whole rock compositions of the
magmas that accumulated a large fraction of
antecrysts appear to be much more primitive than
they would be without this accumulation process.

In contrast, the microporphyritic rocks are
composed only of microcrysts, thus they repre-
sent liquid compositions, and are suitable for
identifying primary magmatic processes affecting
their evolution. The compositions of the micro-
porphyritic rocks lie within a single liquid line of
descent, pointing to a comagmatic origin and a
common differentiation process by fractional
crystallization. This process has been tested both
for major and trace elements (Genske et al.
2012b; Larrea et al. 2013). Major element mod-
elling (Genske et al. 2012b; Larrea et al. ) was
carried out using the MELTS algorithm (Ghiorso
and Sack 1995; Asimow and Ghiorso 1998). The
data wer2013e best modeled by polybaric frac-
tionation starting at a pressure of 500 MPa (ca.
15 km depth) with a H,O content of 1%,
obtaining as fractionated phases olivine, plagio-
clase, clinopyroxene, opaque minerals, apatite
and kaersutite. This fractionated mineral assem-
blage and the composition of these minerals is
broadly consistent with that of Corvo xenoliths
(see plutonic rocks section below). Furthermore,
trace element modelling was carried out by
applying the Rayleigh (1896) fractional crystal-
lization equation, using as fractionating mineral
phases the modes of the xenoliths. Good agree-
ment was observed between the model and the
microporphyritic lava flows and dikes from the
pre-caldera stage (30-50% fractional crystalliza-
tion), post-caldera stage (30—40% fractional
crystallization) and syn-caldera stage (50-90%
fractional crystallization). These results are in
general accord with those of Genske et al.
(2012b), and together both studies demonstrate
that polybaric fractional crystallization is the
dominant process controlling variations in major
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and trace elements of Corvo microporphyritic
samples.

This geochemical information, together with
the relative geochronological sequence (Franca
et al. 2002), was used to investigate the mag-
matic evolution beneath the island (Larrea et al.
2013). Porphyritic rocks are formed by antecryst
accumulation. These antecrysts are likely crys-
tallised from primitive magmas in a deep magma
chamber frequently replenished by primitive
liquids and active during the entire evolution of
the island. Injection of these antecryst-rich
magmas into a shallower magma chamber in
which fractionation predominates would provide
antecrysts to ascending pre- and post-caldera
melts. Depending on the availability of antecrysts
within the magmatic system and the eruptive
power of the magma, antecryst-bearing or
antecryst-free magmas erupted and generated
porphyritic or microporphyritic lava flows on the
surface, respectively. In contrast, the pre- and
post-caldera microporphyritic lava flows and
dikes are petrographically and compositionally
equivalent, and related to the same ~ 15 km
depth magma chamber (Larrea 2014).
Pre-caldera products were primarily erupted from
the main caldera vent, constructing ~90% of the
volume of the volcanic island, whereas most
post-caldera products were erupted from sec-
ondary cones on the caldera flanks. The
syn-caldera stage, more evolved compositionally,
was related to the pre-caldera melts by fractional
crystallization in a different and shallower
magma chamber. The existence of the caldera
provides evidence of this shallow magma
chamber beneath the center of the volcano before
the collapse. Residual evolved magmas of the
syn-caldera stage erupted within the caldera after
its collapse, generating a few, isolated intra-
caldera pyroclastic and spatter cones, which
constitute the post-caldera stage.

Plutonic rocks

Mafic plutonic rocks from Corvo were studied by
Franga et al. (2006a), Lago et al. (2007) and
Larrea et al. (2013). They were found in a
pre-caldera lava flow in the southwest area of the
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island and occur without any apparent preferred
orientation in the field. They are 5-10 cm long
and show subrounded shapes and sharp contacts
with the host lava flow. They display a
coarse-grained heteroadcumulate texture and are
composed of variable proportions of olivine,
clinopyroxene, feldspars, amphibole, opaque
minerals and accessory apatite. Clinopyroxene is
present as 200 um to 1 cm subhedral-anhedral
crystals, feldspar develops single or intergrown
200 pm to 9 mm subidiomorphic crystals and
olivine, opaque minerals and apatite display
100-500 um subrounded crystals. Amphibole is
present as poikilitic crystals up to 2 cm in size
surrounding the aforementioned mineral phases.
The xenoliths fall into three groups based on the
classification of Le Maitre (2002): olivine-
bearing gabbro, pyroxene kaersutite gabbro and
kaersutite gabbro.

Their cumulate textures provided distinct
petrographic evidence that they are magma
chamber cumulates. The fractionating mineral
assemblage and the composition of these miner-
als obtained by the MELTS model (see discus-
sion above) are consistent with the mineralogy
and mineral compositions of the Corvo xenoliths.
All of these lines of evidence suggest that these
gabbros represent cumulates resulting from
fractional crystallization of the evolving Corvo
magmas (Larrea et al. 2013).

2,10 Formigas Islets

The Formigas islets, with an age of 4.65 Ma
(Abdel-Monem et al. 1975), are located approx-
imately 32 km to the NE of Santa Maria,
between ~39° 16’ 13 N latitude and 24° 46
51 W longitude (Fig. 1 in Beier et al., Chapter
“Melting and Mantle Sources in the Azores”).
These islets are a group of multiple reefs with a
total length of approximately 1 km, aligned
along a N-S direction.

Zbyszewski et al. (1961a) carried out the first
and only petrologic study of these islets. They
studied two samples collected on the lighthouse
islet; one corresponding to the main lava flow
forming the islet and a dike that cuts it. At the
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outcrop scale, all open spaces within the lava
flow are filled by a fossiliferous Miocene lime-
stone. The lava flow was described as basanite
with a porphyritic texture formed by numerous
phenocrysts of Ti-rich augite, iddingsitized oli-
vine and labradorite—bytownite crystals, usually
small and sometimes forming clusters. The
groundmass is mainly composed of andesine—
labradorite and oligoclase—andesine micro-
crysts, although minor augite, magnetite, ilme-
nite and serpentinised olivine crystals are also
present. The dike is a black porphyritic basalt
composed of minor small labradorite crystals
penetrated by the matrix. The groundmass is
composed of augite, magnetite, ilmenite, ser-
pentinised olivine and andesite—Ilabradorite and
oligoclase—andesine feldspar microcrysts. No
other petrologic information is currently avail-
able for the Formigas Islets.

3 Origin of Magma in the Azores
Archipelago

In this section, we synthesize and compare the
petrogenesis of each island with new modeling
results for melt evolution paths and depth of
melting to further understand the origin of the
distinct petrologic characteristics of individual
islands and the archipelago as a whole. More-
over, we emphasize the need for future studies
that focus broadly on the Archipelago petrology
and petrogenesis through time, to wholly evalu-
ate several unresolved and fundamental
archipelago-wide questions.

3.1 Plutonic Rocks from the Azores

Plutonic rocks have been documented in all of
the Azores islands except for Sdo Jorge and
Santa Maria. Three types of xenoliths are
recognised: ultramafic rocks, gabbros and syen-
ites. A summary of the available information for
these xenoliths was compiled for each of the
islands, including their mineralogy, geochemistry
and petrology, with special emphasis on their
formation and origin. In this section, we compare
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all of the available information in order to pro-
vide a comprehensive overview of the Azorean
xenoliths.

The study of plutonic rocks from the Azores
has been relatively limited, with the exception of
dissertations by Franca (1993), Johansen (1996),
Almeida (2001) and Larrea (2010). Most of the
available information is descriptive, with infer-
ences about the likely origin of these xenoliths
based on their textural characteristics, mineral
chemistry and/or magmatic affinity; e.g., ultra-
mafic xenoliths from Pico and Faial (Zanon and
Frezzotti 2013), Flores gabbros (Franca et al.
2008), and syenites from Sdo Miguel, Terceira,
Graciosa, Faial and Flores (Franga 1993). How-
ever, in recent work on Graciosa and Corvo
islands (Larrea et al. 2013, 2014a), the origin of
these xenoliths has been modelled based on
whole-rock major, trace and isotope geochem-
istry, to understand the role that these xenoliths
play in the magmatic evolution of the islands.

Ultramafic xenoliths have been found in Sao
Miguel, Graciosa, Faial and Pico islands. Several
publications have documented their mineralogy
and textures, with limited geochemical data for
those of Sdo Miguel (Johansen 1996; Almeida
2001) and Graciosa (Larrea et al. 2014a) (Fig. 4).
The ultramafic xenoliths comprise variable
amounts of olivine, orthopyroxene, clinopyrox-
ene and spinel (Fig. 5). A non-cumulate origin
has been inferred in the majority of cases, with
the exception of some samples from Sete
Cidades in Sdo Miguel, for which an origin
related to fractional crystallization of Sete
Cidades lavas has been proposed based on the
mineral chemistry of the samples (Johansen
1996; Mattioli et al. 1997; Renzulli and Santi
2000). For the other ultramafic xenoliths, a
mantle origin has been proposed, in which the
xenoliths represent either fertile fragments of the
upper mantle (Faial; Zanon and Frezzotti 2013),
mantle restites (Sao Miguel and Pico; Johansen
1996; Zanon and Frezzotti 2013) or, in the
absence of orthopyroxene, replacive dunites
(Graciosa; Larrea et al. 2014a). However, com-
prehensive mineralogical and geochemical stud-
ies of these ultramafic xenoliths would be
required in order to better understand the depths
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of origin, melt extraction ages, metasomatic
reactions and timing, and/or cumulate processes
that are operating beneath the Azores.

Gabbroic xenoliths are found in Sdo Miguel,
Terceira, Graciosa, Faial, Pico, Flores and Corvo;
however, those from Terceira and Pico have not
been studied in detail. The gabbroic xenoliths
from the other islands have been described pet-
rographically, and are primarily of alkaline
affinity with cumulate textures composed of
variable amounts of olivine, clinopyroxene,
feldspars, amphibole, Fe-Ti oxides and apatite
(Fig. 5). Subalkaline gabbros with inequigranular
plutonic textures have been also recognised in
Graciosa and Flores; they consist of olivine,
clinopyroxene, feldspars and opaque minerals,
with those from Flores also containing orthopy-
roxene crystals (Fig. 5). Few whole-rock com-
positions have been reported for Azores gabbros,
but data are available for alkaline gabbros from
Graciosa, Pico, Corvo and Flores, and Graciosa
subalkaline gabbros (Fig. 4). These gabbroic
compositions are plotted against the composition
of the Azores lavas in Fig. 4. The alkaline gabbro
compositions are similar to those of the lavas for
most of the major elements, although some
xenolith samples have slightly higher TiO,,
Fe,03, P,0O5 and slightly lower K,O and Na,O
contents. These minor compositional differences
are most likely due to non-representative samples
(i.e., small xenoliths) or variable crystal accu-
mulation, in which the mineral phases are in
slightly different proportions. Mineral and whole
rock chemistry suggest that the alkaline xenoliths
were formed as cumulates by fractional crystal-
lization of Azorean melts. This process has been
quantified for Graciosa (Larrea et al. 2014a) and
Corvo xenoliths (Larrea et al. 2013) using the
MELTS software. Accordingly, these gabbros
were likely formed as magma chamber cumulates
under a range of pressures from ~450 to
100 MPa, possibly in different magma chambers
or pockets located at depths ranging from 15 to
3 km. Similar studies of alkaline gabbros from
other islands are necessary to better understand
the range of magma chamber processes control-
ling the evolution of the different islands. In
contrast, the subalkaline gabbro compositions
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from Graciosa are clearly distinct from the
alkaline gabbros and the Azores lavas (Fig. 4).
Their subalkaline affinity, in contrast to the
alkaline affinity of the Azorean lavas, suggests
that their genesis cannot be linked to the differ-
entiation of primitive Azores magmas. Larrea
et al. (2014a) suggest that they may originate as
cumulates resulting from fractional crystalliza-
tion of highly refractory melts, even though such
melt compositions have not been identified
within the archipelago. The absence of subalka-
line gabbros from other islands and their scarcity
and small size in Flores, preclude a more
in-depth evaluation of their origin at this time.
The syenites have been studied more thor-
oughly than other plutonic xenoliths from the
Azores. Syenites have been found in Sdo Miguel,
Terceira, Graciosa, Faial, Flores and Corvo,
being commonly associated with highly explo-
sive volcanism (i.e., plinian, sub-plinian and
hydromagmatic eruptions) and less frequently
found within lava flows. In contrast, syenites do
not exist in those islands characterised exclu-
sively by mafic and intermediate volcanism (i.e.,
Santa Maria, Sdo Jorge and Pico islands).
Syenites have been well described petrographi-
cally (e.g., Franca 1993), although whole-rock
analyses are sparse and available only for syen-
ites from Sdo Miguel, Terceira (unpublished
data), Graciosa, Faial and Flores (Fig. 4). The
syenites are generally medium-grained with
hypidiomorphic granular textures (Fig. 5), and
display variable degrees of high temperature
hydrothermal alteration (Morisseau 1987). The
mineralogy of the syenites varies from island to
island, although they all contain variable modes
of feldspars, pyroxene, amphibole, biotite,
sphene, Fe-Ti oxides, zircon and apatite. Quartz
is abundant in Graciosa and Terceira islands,
while is rare or totally absent in Sdao Miguel,
Faial and Flores islands. Sdo Miguel syenites
display distinct accessory mineral phases like
dalyite, astrophyllite, pyrochlore, sodalite and
lavenite. Glass is only present in Flores island
syenites. In terms of geochemical composition,
the syenites are the most evolved plutonic
xenoliths, and are consistent with the overall
compositional trends exhibited by the most
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evolved trachyte lavas from the Azores (Fig. 4).
In particular, Graciosa syenites display the
highest SiO,, TiO, and P,Os as do the trachytes
from Graciosa, consistent with the presence of
the highest amounts of quartz, sphene and opa-
que minerals, respectively. Sao Miguel syenites
show the highest contents in K;O, Al,O; and
Na,O, which is also a characteristic of the
evolved rocks from Sdo Miguel. Accordingly,
the syenites from each island reflect the distinct
geochemical characteristics of the magmas from
the respective island. There has been consider-
able discussion about their origin, in order to
determine whether the syenites could be evolved
cumulates or if they represent frozen liquid
compositions. Based on their textural character-
istics, major and trace element compositions and
their strong negative Eu/Eu* anomalies, syenites
from Sao Miguel (Widom et al. 1993), Graciosa
(Larrea et al. 2014a) and Terceira islands (Daly
et al. 2012) have been identified as bulk trachyte
liquid in origin. In addition, some syenites from
Santa Barbara (Terceira) seem to partially fill the
Daly Gap that characterizes Terceira volcanism,
indicating that this compositional gap does not
result from an absence of intermediate compo-
sitions; this may reflect an inability of such
intermediate magmas to erupt, although the cause
of the eruption barrier for these intermediate-
evolved magmas remains unresolved.

3.2 Compositional Range
of the Azores Magmatic
Rocks

The Azores islands are alkaline in affinity,
exhibiting the full range of compositions from
mafic to felsic rocks, except for Santa Maria, Sao
Jorge and Pico, which are formed exclusively by
mafic and intermediate volcanic rocks (Figs. 1
and 3a, b). Although some isolated samples from
the islands of Pico, Flores and Corvo fall within
the subalkaline basalt field (Fig. 3a), they are
apparently altered and/or cumulate rocks.

The mafic to intermediate volcanic rocks are
principally nepheline-normative alkali basalts,
hawaiites and mugearites, most belonging to the
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sodic series. Santa Maria rocks are the most
strongly nepheline-normative and sodic within
the archipelago, whereas Sao Miguel is the most
potassic. Mafic rocks from Terceira are also
distinct in that some samples are transitional
hypersthene-normative. Felsic rocks, which
range from nepheline-normative to quartz-
normative, are particularly abundant in the
Azores Archipelago. Most of the felsic rocks are
classified as trachytes, with lesser comenditic
trachytes, comendites and pantellerites; the latter
two occur only on Terceira, where the rocks tend
to be more silica-saturated and peralkaline than
those on other islands.

An outstanding question is why there is such a
large volume of highly evolved rocks in the
Azores in comparison to most other ocean
islands (e.g., Hawaii). Large volumes of silicic
volcanism can potentially be explained by frac-
tional crystallization of parental basaltic magmas
or by partial melting of pre-existing oceanic
crust. In Iceland, for example, the origin of silicic
rocks is associated with hotspot activity in con-
junction with significant reprocessing and recy-
cling of the heterogeneous ocean crust beneath
Iceland (e.g., Jonasson 2007 and references
therein). In contrast, the silicic rocks in the
Azores Archipelago are best explained by frac-
tional crystallization of parental magmas (see
fractional crystallization models below; White
et al. 1979; Mungall and Martin 1995; Pimentel
2006). The strongest evidence in favour of the
fractional crystallization process is that the
chemical characteristics that distinguish basaltic
compositions from different islands are also
present in the felsic lavas of the same island,
implying a genetic relationship between them.
However, the acceptance of this mechanism for
the genesis of the evolved compositions in the
Azores leaves the question of the origin of the
Daly compositional gap partially unresolved (see
plutonic rocks from the Azores section above;
Daly et al. 2012).

Bohrson and Reid (1997) have suggested
based on a compilation of studies of silicic per-
alkaline volcanism in ocean islands globally, that
evolved peralkaline magmas are probably gen-
erated by a combination of three key conditions:
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a mildly extensional tectonic setting, a shallow
magma reservoir, and the availability of parental
basaltic magmas. Although these
tectono-magmatic conditions have not been
proven to control the formation of
non-peralkaline silicic magmas, in the particular
case of the Azores Archipelago, the association
of all of the islands with either local or regional
rifts (Fig. 1 in Beier et al., Chapter “Melting and
Mantle Sources in the Azores”), and the presence
of calderas indicating the existence of shallow
magma chambers beneath some islands (e.g.,
Sete Cidades, Fogo, Furnas and Povoacdo in Sao
Miguel; Vulcdo da Caldeira in Faial; The Cal-
deirdo in Corvo), provide evidence of the exis-
tence of similar tectono-magmatic conditions that
may be conducive to the generation of the silicic
volcanism in the Azores. The lack of silicic
volcanism in Santa Maria, S3o Jorge and Pico
islands may indicate that they are in an early
evolutionary stage (i.e., pre-caldera stage),
mainly characterised by mafic-intermediate vol-
canism. If these three islands follow the mag-
matic evolution of the rest of the archipelago, one
might expect that shallow magma chambers
would allow the formation of evolved melts, and
consequently calderas, to form on these islands in
the future. However, for Santa Maria, the lack of
eruptions over the past ~1.5 Ma may indicate
that magmatism on this island has ceased, and
that this island will not complete the same evo-
lutionary path.

3.3 Textural and Compositional
Characteristics—The
Antecryst Accumulation
Effect

The lavas from the archipelago are characterised
by three different types of textures including
porphyritic, microporphyritic and trachytic,
which appear to be linked respectively to mafic,
mafic-intermediate and evolved rock composi-
tions (Fig. 5). Abundant porpyritic rocks from
the archipelago contain large crystals, which are
frequently corroded and present overgrowth
rims. These large crystals are interpreted as
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antecrysts and have been studied in detail in Gra-
ciosa (Larrea et al. 2014a) and Corvo islands
(Larrea et al. 2013). Antecrysts have been
observed previously in other Azorean islands,
although different terminologies have been used:
xenocrysts in Sdo Miguel (Beier et al. 2006), Sado
Jorge (Ribeiro 2011) and Pico islands (Franga
2000; Franga et al. 2006c¢), or phenocrysts with the
highest Mg# in Terceira (Madureira et al. 2011).
These antecryst-bearing rocks have been called
ankaramites in Sdo Miguel (Moore 1991) and Pico
(Franca et al. 2006¢), or cumulate rocks in Santa
Maria (Beier et al. 2012b), Terceira (Madureira
etal. 2011) and Faial islands (Machado et al. 2008;
Lima et al. 2011; Zanon et al. 2013).

The influence of these antecrysts on the
composition of the whole rocks in which they are
hosted has been overlooked in most of the
islands, but it should be reconsidered, taking into
account that these porphyritic rocks can contain
up to 70-80% of the total volume fraction of
these antecrysts (e.g., Corvo and Pico islands).
The antecryst-rich rocks from Corvo have MgO
contents of up to 18 wt%; accordingly, all rocks
from the archipelago that contain extreme MgO
are suspected of being antecryst-bearing rocks
and should be re-examined (i.e., Sao Miguel,
Santa Maria, Sao Jorge, Faial and Pico; Fig. 3a,
b). In some cases, more evolved rocks also may
be impacted by antecryst accumulation. For
example, all rocks from Corvo with MgO
>5.5 wt% (Larrea et al. 2013) and rocks from
Flores with MgO >5.4 wt% (Larrea et al. 2012)
are antecryst-bearing rocks, and in these cases
the whole-rock compositions represent mixtures
of a quite evolved matrix hosting variable frac-
tions of primitive antecrysts.

In contrast, Graciosa lavas are mostly
antecryst-free and present MgO contents <12 wt
%. Consequently, all of the distinct crystal
populations within a rock (independent of its
MgO content) should be evaluated for
mineral-melt equilibrium in order to decipher the
origin of the different crystal populations. This is
particularly critical when using whole-rock
compositions to infer and quantify the magmatic
processes controlling the evolution of the islands.
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However, despite the fact that the magmatic
processes and/or plumbing systems controlling
the evolution of Graciosa and Corvo islands are
clearly different, their lavas show fairly similar
trends to other islands in major element compo-
sitions (Fig. 3a). Thus, the liquid lines of descent
defined by antecryst-bearing rocks and
antecryst-free rocks are quite similar. This means
that the antecryst accumulation process essen-
tially involves adding back to more evolved
melts the crystals that were fractionated out from
more primitive magmas in the same magmatic
system, in similar proportions. The liquid lines of
descent defined by antecryst-bearing and
antecryst-free rocks might be similar and equally
applicable for estimating the P-T conditions of
primary magma evolution.

3.4 Magmatic Processes in the
Azores—Fractional
Crystallization *+ Crystal
Accumulation

In all of the islands and volcanic systems for
which detailed petrogenetic studies have been
performed, fractional crystallization =+ crystal
accumulation have emerged as the primary pro-
cesses controlling the evolution of the rocks.
Regardless of the inter-island compositional
distinctions described above, the fractionating
phases that control the liquid lines of descent are
consistently similar. In general, olivine,
clinopyroxene and plagioclase fractionation
controls the evolution of the mafic and interme-
diate melts at higher pressures and depths, with
the most evolved magmas formed by larger
degrees of fractional crystallization in shallower
magma chambers controlled by fractionation of
feldspars, Fe-Ti oxides, amphibole and minor
apatite. The alkaline gabbros included in some of
these islands represent the crustal-level magma
chamber cumulates (Fig. 4; see section above).
METLS modelling can further constrain the
fractional crystallization processes operating in
the archipelago in terms of pressure, temperature,
fO, and fractionating mineral assemblages.
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The MELTS model previously developed to
explain the formation of Graciosa (see Graciosa
section above; Larrea et al. 2014a) has been
plotted on the bivariate diagrams for the com-
bined archipelago-wide lava major element
compositions for comparison (Fig. 6a, b). The
Graciosa model has been redone in this study
using the new Rhyolite-MELTS algorithm
(Gualda et al. 2012), which better characterizes
high-silica ryholitic systems, with exactly the
same parameters used by Larrea et al. (2014a).
Terceira, Faial, Pico, Flores and Corvo lavas
show a similar liquid line of descent to the one
defined by Graciosa, although there may be
slight differences in Terceira Al,O3; and Fe,O;
contents. In contrast, Santa Maria, Sdo Miguel
and S3o Jorge islands clearly display distinct
liquid lines of descent (e.g., lower SiO,, higher
Fe,03 and variable TiO, contents).

Four other polybaric and two isobaric frac-
tional crystallization models have been calcu-
lated at different initial pressures (as indicated for
each model in Fig. 6a, b), with cooling steps of
5°C, 0.5% water and oxygen fugacity fixed
relative to the QFM buffer. The GRZF12 sample
was used as the initial composition for all of the
Graciosa models (Larrea et al. 2014a). Samples
SMA-81 (Anderson 1983) and MA09-019 (Beier
et al. 2012b) from Santa Maria, and sample
SMB-6 (Widom et al. 1997) from Sao Miguel,
clearly distinct from Graciosa sample, were also
considered as starting compositions. These sam-
ples have major element compositions that
bracket the compositional variability shown by
Santa Maria lavas in most major elements, and
the high-TiO, contents of Sdo Miguel lavas (see
discussion  below;  Fig. 6b). The new
Rhyolite-MELTS models starting with the Gra-
ciosa GRZF12 sample demonstrate that a change
in the initial conditions of the model (e.g., P, T
and H,O content) cannot account for these
compositional distinctions among the islands.
However, the Santa Maria SMA-81 and
MAO09-01 polybaric Rhyolite-MELTS fractional
crystallization models (Fig. 6b), carried out with
the same conditions as the 500-20 MPa poly-
baric Graciosa model (Larrea et al. 2014a), are
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able to reproduce most of the compositional
variation exhibited by the islands of Santa Maria,
Sdo Miguel and Sdo Jorge, except for the
high-TiO, contents of Sdo Miguel. This distinct
high-TiO, trend displayed by Sdo Miguel lavas
can only be reproduced when a polybaric
Rhyolite-MELTS fractional crystallization mod-
els (500-30 MPa; Fig. 6b) is carried out with a
high-TiO, starting compostion (sample SMB-6
from Sao Miguel; Widom et al. 1997). Prytulak
and Elliott (2007) related these high-TiO, con-
tents found in Sdo Miguel (and other ocean
island basalts) to the addition of less than 10% of
recycled mafic crust to the peridotitic mantle.

Accordingly, the evolution of all of these
islands is primarily controlled by fractional
crystallization £ crystal accumulation, involving
compositionally similar yet distinct,
non-cogenetic parental magmas for the different
islands. As observed in Fig. 6a, b, primitive
magmas from the Azores have a wide range in
major element compositions (e.g., SiO,, TiO,,
Na,0, K,0) at MgO ~ 12 wt%; this has to be a
function of either lithologically distinct mantle
source regions or the conditions of melting (see
section below; see Beier et al., Chapter “Melting
and Mantle Sources in the Azores”). Future
studies focusing comprehensively on the
chronostratigraphy of the different
volcanoes/volcanic units on the islands (e.g.,
Santa Maria, Terceira, Corvo and Flores) would
be desirable to better establish the petrogenesis of
these units, and therefore, the possible
intra-island changes in magma generation con-
ditions and evolution through time.

Crustal Contamination
in the Azores

3.5

The potential importance of crustal assimilation
during the petrogenesis of ocean island magmatic
systems has been receiving increasing attention,
in part because the use of mafic magmas to infer
mantle source compositions and melt generation
processes may be compromised by the interac-
tion of ocean-island magmas with the oceanic
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crust (Davidson and Bohrson 1998). Although
the compositional differences between the
ocean-island magmas and the basaltic oceanic
crust through which they pass en route to the
surface may be subtle, it is important to consider
the potential effects that shallow level processes
may have in modifying primary magma compo-
sitions, in order to link their trace element and
isotopic signatures to mantle source composi-
tions (see Beier et al., Chapter “Melting and
Mantle Sources in the Azores”).

Evidence of crustal contamination of mafic
magmas has been demonstrated in several
detailed and comprehensive studies of individual
ocean-island magma systems (e.g., Reisberg
et al. 1993; Eiler et al. 1996a, b; Widom and
Shirey 1996; Thirlwall et al. 1997; Widom et al.
1999; Harris et al. 2000; Wolff et al. 2000). The
Os isotope system frequently reveals a role for
crustal assimilation during ocean island basalt
petrogenesis, due to its sensitivity to even very
minor crustal assimilation, a process that can be
elusive in other isotope systems. Only minor
amounts (e.g., a few %) of crustal contamination
are required to modify the Os isotopic composi-
tion of the basaltic magmas, which often show a
negative correlation of Os isotopes with indices
of differentiation such as MgO content (e.g.,
Reisberg et al. 1993; Widom 1997). Some highly
incompatible trace element ratios (e.g., Nb/U,
Ce/Pb and Th/Nb) also can be sensitive to crustal
contamination, and a systematic variation of
these ratios with indices of differentiation may
indicate that sediment or altered oceanic crust
played an important role in the ocean island
basalt petrogenesis (Weaver 1991). More
recently, the role of hydrothermally altered crust
contamination of mafic ocean island basalts has
been demonstrated through the study of
fluid-mobile trace elements and stable isotope
ratios (e.g., B and O isotopes), which facilitate
the identification of contamination (e.g., Garcia
et al. 1998; Gee et al. 1998; Genske et al. 2014,
see also Beier et al.,, Chapter “Melting and
Mantle Sources in the Azores”).

In the case of the Azores Archipelago, some
studies have focused on the study of incompati-
ble trace element ratios and Os, O, Li and B
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isotope systematics in mafic samples (Widom
and Shirey 1996; Yu 2011; Genske et al. 2012a,
2014; Larrea et al. 2014a; see Beier et al.,
Chapter “Melting and Mantle Sources in the
Azores”). Highly incompatible trace element
ratios from the Azores do not vary systematically
with indices of differentiation such as MgO,
arguing against large-scale assimilation of ocea-
nic crust, but nevertheless permitting a minor
role for this process in the petrogenesis of these
islands (e.g., Madureira et al. 2011; Beier et al.
2012a; Genske et al. 2012b; Larrea et al. 2014a).
Os isotope ratios from Sdo Miguel, Graciosa
Terceira, Sdo Jorge, Faial and Pico islands cor-
relate with Os concentrations spaning almost the
entire range found in ocean island basalts
world-wide (Widom and Shirey 1996); at low Os
concentrations (<20 ppt), there is a large range in
Os isotope signatures that extent to very radio-
genic values (up to '*’0s/'®*0s ~0.20), sug-
gesting that some samples have experienced at
least minor crustal contamination. Oxygen iso-
tope signatures in olivine phenocrysts from some
Azores samples, including those from the islands
of Sdo Miguel, Graciosa, Terceira, Sao Jorge,
Fail, Pico, Corvo and Flores (Genske et al.
2012a), suggests that the low oxygen isotope
ratios may result from combined fractional
crystallization and assimilation of hydrother-
mally altered oceanic crust with a ratio of
assimilation to crystallization of ~0.25. The
study of Li and B isotope systematics in samples
from Sao Miguel, Terceira, Sdo Jorge, Pico,
Corvo and Flores islands reveals that the Li and
B concentrations are within the range of what is
considered characteristic for ocean island basalts
(Genske et al. 2014); however, the variability and
heavier isotopic compositions of Li and particu-
larly B in Corvo and Flores islands indicate that
assimilation may have been more pronounced
underneath the western islands than for the rest
of the islands. Therefore, based on the behaviour
of incompatible trace element ratios and the
highly sensitive Os, O, Li and B isotope sys-
tematics in the archipelago, it may be concluded
that some Azorean lavas have experienced crus-
tal contamination, especially those from the
western group of islands. However, the overall
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major and trace element compositions of mafic
Azorean magmas have not been significantly
influenced by crustal contamination, and indeed
magma compositions can be used to infer mantle
source compositions and partial melting pro-
cesses beneath the Azores islands.

Assimilation of crustal material has been
shown to play a minor but distinct role in the
evolution of some silicic rocks from the Azores
Archipelago. Detailed petrogenetic studies of the
chemically zoned Fogo A trachyte pumice
deposit from Sao Miguel (Snyder et al. 2004) and
the Furnas 1630 AD trachyte pumice deposit
(Rowland-Smith 2007) both reveal the impor-
tance of open-system processes in the formation
of silicic magmas on Sdo Miguel. Although the
whole-rock chemical variations appear entirely
consistent with closed-system processes (Widom
et al. 1992; Rowland-Smith 2007), Sr isotopic
disequilibrium between single sanidine crystals
and host glass separates, as well as variation in
the Sr isotopic composition of the trachyte glass
within the eruptive deposits, demonstrates that
the trachytic magmas assimilated melts of, and
incorporated  sanidine  Xenocrysts  from,
hydrothermally altered syenite. The hydrother-
mally altered syenite is interpreted as magma
chamber wall rock formed during earlier epi-
sodes of trachytic magmatism (Widom et al.
1992; Rowland-Smith 2007).
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3.6 Melt Generation in the Azores

As demonstrated above, the petrogenetic evolu-
tion of all of the Azores islands appears to be
controlled by the same magmatic processes,
dominated by polybaric fractional crystallization
with only minor crustal assimilation. Neverthe-
less, the existence of distinct parental magma
compositions is apparent, and likely controls the
compositional variability observed at both the
inter- and intra-island scale. Although the Azores
islands exhibit significant isotopic heterogeneity,
indicative of distinct mantle source regions, the
major element compositions and rare earth ele-
ment patterns of the Azores primitive melts are
far less variable (Beier et al. 2010, 2012a and
Beier et al, Chapter “Melting and Mantle
Sources in the Azores”). Therefore, the major
element variation among primitive melts might
largely indicate different conditions of melting
beneath the archipelago; i.e., spatial variations in
the temperature, depth and degree of partial
melting of lithologically similar mantle sources.

Recent studies of mafic samples from the
Azores (e.g., Beier et al. 2012a; Genske et al.
2012b; Zanon et al. 2013) have demonstrated
that variability in the degree of partial melting
beneath most of the islands is limited; based on
trace element ratios, the degree of partial melting
has been estimated to be on the order of 3-5%
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Fig. 7 a Melting pressures and temperatures of the
Azores lavas with 7-12 wt% MgO calculated using
Putirka (2008). b Melting pressures (GPa) of the different

Azores islands with distance from the Mid-Atlantic ridge.
Lava Pressure of melting calculated using the approach
described by Putirka (2008)


http://dx.doi.org/10.1007/978-3-642-32226-6_11
http://dx.doi.org/10.1007/978-3-642-32226-6_11

Petrology of the Azores Islands

for all islands (e.g., Beier et al. 2008; Genske
et al. 2012b; Zanon et al. 2013), with Santa
Maria and Sdo Miguel magmas produced by
<4% partial melting (Beier et al. 2008, 2012b).

In order to evaluate whether there are sys-
tematic variations in temperature and pressure of
melting across the archipelago, the compositions
of primary melts for each island have been cal-
culated. In order to minimize -effects of
multiple-phase fractional crystallization and
crystal accumulation, only samples with MgO
contents between 8 to 12 wt% have been con-
sidered (n =416; Fig. 3a, b). Primary melt
compositions have been calculated using the
methodology described by Putirka (2008), which
adds olivine to the melt until its composition is in
equilibrium with an olivine mantle composition
of Foggs (O’Hara 1968; Stolper 1980), using
olivine-melt K = 0.30 & 0.03 (Roeder and
Emslie 1970). This approach was previously
used by Beier et al. (2012a) for most of the
islands, except for Corvo and Flores. The olivine
compositions added are Fogy for Santa Maria,
Graciosa, Sao Jorge and Faial, Fog, for Sao
Miguel, Terceira and Pico, and Fog; for Corvo
and Flores, in agreement with the olivine com-
positions analysed in each island (Fig. 2). The
calculated primary melts for the Azores islands
have MgO contents from 15.16 wt% (Pico) to
21.11 wt% (Santa Maria), with mass fractions of
added olivine from 0.11 (Graciosa and Terceira)
to 0.30 (Santa Maria and Sao Jorge).

Figure 7a displays the temperatures and
pressures of melting calculated using the
approach described by Putirka (2008) based on
olivine—primary mantle-derived liquid equilib-
ria. Our larger dataset is in agreement with pre-
vious calculations (Beier et al. 2012a) but
displays a wide range of melting conditions
across the archipelago, with the coldest and
shallowest melting occurring beneath the Central
Group islands (with the exception of Sao Jorge),
and the highest melting temperatures and pres-
sures beneath Sao Jorge, Sdo Miguel, and Santa
Maria islands. Despite the scarcity of available
data, the western islands of Corvo and Flores
appear to be similar to the Central Group.
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The similarity in P and T of melting, and
therefore in the primary magma compositions, of
the Western and Central Group of islands is in
accordance with their similar major element
compositional trends (Fig. 6a). In contrast, the
distinct liquid lines of descent in some major
elements defined by Santa Maria, S3o Miguel
and S3o Jorge islands can be potentially
explained by their different conditions of melting
(Fig. 6b). For example, Santa Maria is charac-
terised by anomalously low SiO, and high Na,O
contents (in some samples), consistent with its
highest pressures of melting and lowest degrees
of partial melting, respectively. However, the
extremely high TiO, and K,O contents shown by
Sao Miguel lavas might require the existence of a
distinct source composition; Beier et al. (2008)
suggest that the negative correlation between the
13N d/"**Nd isotope ratios and the K,O contents
concentrations are the result of a more enriched
mantle source beneath Sao Miguel, in agreement
with the high TiO, contents in the island that
have been related to the presence of an enriched
component from recycled oceanic crust in the
peridotitic mantle (Prytulak and Elliott 2007;
Beier et al, Chapter “Melting and Mantle
Sources in the Azores”).

These results show that with increasing dis-
tance from the Mid-Atlantic ridge, the islands
display higher melting pressures (Fig. 7b), cor-
responding to an increase in the lithosphere
thickness towards the east. Older and thicker
lithosphere may limit the extent of mantle
decompression, resulting in lower degrees of
melting, and magma compositions that are more
enriched in incompatible trace elements than
those produced beneath thinner and younger
lithosphere (Beier et al. 2012a). However, the
cause of the anomalous temperatures and pres-
sures displayed by Sdo Jorge, which are much
higher than those of the other Central Group
islands, is unclear. Beier et al. (2012a) suggested
that this may be indicative of the Azores mantle
plume rising beneath Sdo Jorge, although
He-isotope ratios and U-Th—Pa disequilibria
suggest that the Azores plume is centred beneath
Terceira (Moreira et al. 1999; Bourdon et al. 2005;


http://dx.doi.org/10.1007/978-3-642-32226-6_11
http://dx.doi.org/10.1007/978-3-642-32226-6_11

240

see Beier et al., Chapter “Melting and Mantle
Sources in the Azores” and Moreira et al., Chap-
ter “Noble Gas Constraints on the Origin of the
Azores Hotspot”).

Alternatively, the presence of water in the
upper mantle may play an important role in the
melting dynamics beneath the Azores, and there
has been some debate as to the relative roles of
the “Azores Wetspot” versus the thermal hotspot
(e.g., Bonatti 1990; Asimow et al. 2004; Métrich
et al. 2014; O’Neill and Sigloch, Chapter “Crust
and Mantle Structure Beneath the Azores
Hotspot—Evidence from Geophysics”).
According to the wet melting model developed
by Asimow et al. (2004), the Azores magmas
form at lower temperatures than the dry peri-
dotite solidus, suggesting volatile-rich partial
melting conditions with at least 200 ppm H,O
(Beier et al. 2012a). Recent estimates based on
the study of fluid and melt inclusions in olivine
crystals from Pico (Métrich et al. 2014) reinforce
the hypothesis of anomalously wet mantle
beneath the Azores region, suggesting that Pico
magmas were generated via decompression
melting of a source with 570-680 ppm H,O.
These authors propose a model for Azores
magma generation involving the decompression
melting of a water-enriched mantle source with-
out the need for significant elevated mantle
potential temperatures, and suggest that the link
between depth of melting and crustal thickness
should be revisited. Future studies focusing on
the other islands will be necessary to fully
evaluate  this and  other  outstanding
archipelago-wide questions (see Beier et al.,
Chapter “Melting and Mantle Sources in the
Azores”).

4 Conclusions

This chapter presented a comprehensive review of
the existing mineralogical, petrological, and major
element geochemical data for the islands of the
Azores Archipelago and Formigas Islets. Clearly
there is a wide variation in the extent to which the
petrology of each island has been documented.
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The most extensive documentation of the petrol-
ogy and petrogenesis through time is available for
the islands of Sao Jorge, Graciosa, Faial, Pico, and
Corvo. Terceira and Sao Miguel have been stud-
ied extensively, but investigations have focused
primarily on individual eruptive sequences or
volcanic centres, and the petrology of the older
volcanic systems is less well documented. The
petrologic development of Santa Maria and
Flores, as well as the Formigas Islets, are the least
well documented. Future studies focusing com-
prehensively on the petrology and petrogenesis
through time for these islands will be necessary to
fully evaluate several outstanding and fundamen-
tal, archipelago-wide questions including:
(1) What controls the variability in silica satura-
tion and the occurrence of sodic versus potassic
series rocks on the different islands; (2) What is
the role of mantle heterogeneity versus shallow
magmatic evolution processes in controlling the
distinct petrogenetic evolution paths documented
for some islands; (3) What is the cause of the Daly
gap in the volcanic products of some islands; and
(4) What is the driving mechanism that results in
an exceptionally large fraction of silicic rocks in
the Azores as compared to many other ocean
islands globally?
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Abstract

The Azores archipelago is geochemically
distinct amongst the oceanic intraplate volca-
noes in that it has trace element and radiogenic
Sr-Nd-Pb-Hf isotope signatures that cover
much of the global variation observed in
Ocean Island Basalts. Thus, it is the prime
example of an intraplate melting anomaly
preserving the compositional heterogeneity of
the Earth’s mantle. Here, we review the trace
element and radiogenic isotope geochemistry
of the Azores islands and few submarine
samples analysed and published over the past
decades and summarise these findings and
conclusions. The volcanoes of all islands
erupted lavas of the alkaline series and their
compositions broadly range from basalts to
trachytes (see also Chapter “Petrology of the
Azores Islands” by Larrea et al.). Tempera-
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tures and pressures of melting imply that
melting in the Azores occurs as a result of both
slightly increased temperatures in the mantle
(~35 °C) and addition of volatile elements
into the mantle source. Basalts from the island
of Sdo Miguel show a stronger enrichment in
highly incompatible elements like K and the
Light Rare Earth Elements than the other
islands further to the west. The older and
easternmost island Santa Maria has lavas that
are more silica-undersaturated than the rocks
occurring on the younger islands. Each of the
eastern islands shows a different and distinct
radiogenic isotope composition and much of
this variability can be explained by variably
enriched recycled components of different age
in their source regions. Amongst the global
array, the lavas from eastern Sdo Miguel are
uniquely enriched in that they display radio-
genic 2°°Pb/***Pb, 2**Pb/***Pb and *’St/*°Sr
isotope ratios best explained by a distinct
source in the mantle. The implication of the
preservation of such unique, enriched sources
in the mantle may indicate that stirring
processes in the Azores mantle are not effi-
ciently homogenising heterogeneities over the
timescales of recycling of 0.1-1 Ga and pos-
sibly even up to 2.5 Ga. One possible expla-
nation is the low buoyancy flux of the Azores
mantle when compared to other intraplate
settings. The preservation of these source
signatures in the lavas on the easternmost
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Azores islands are the result of smaller degrees
of partial melting due to a thicker lithosphere.
This likely prevents a homogenisation during
magma ascent compared to the western
islands, preferentially sampling deep, low
degree partial melts from the more fertile
mantle sources. The geochemical signatures of
the two islands west of the Mid-Atlantic Ridge
(Corvo and Flores) imply a source enrichment
and degrees of partial melting similar to those
east of the ridge. Melting underneath the
western islands is the result of a source that
must be related to the Azores melting anomaly
but has been modified by shallow level
processes such as assimilation of oceanic
crustal material.

1 Introduction

Volcanism along the mid-ocean ridges
(MOR) and in the oceanic intraplate environment
is the surface expression of melting processes in
the mantle. Magmatism associated with ocean
islands has often been explained by adiabatic
melting of ascending mantle material that has a
significant excess temperature compared to the
ambient mantle. However, it remains a matter of
debate whether oceanic intraplate melting is
solely the result of hotter material actively rising
into the upper mantle from greater depths (“deep
mantle plume”; Morgan 1971); or may also be
initiated by compositional heterogeneities
(O’Neill and Sigloch, Chapter “Crust and Mantle
Structure Beneath the Azores Hotspot—
Evidence from Geophysics”). Such geochemical
heterogeneities may contain abundant volatiles
(e.g., H,O and CO,) and would play an impor-
tant role during mantle melting (e.g., “wetspots”;
Bonatti 1990; Schilling et al. 1980; Schilling
1978). A combination of thermal and chemical
effects has recently been proposed to be present
in the form of thermochemical piles (Farnetani
and Samuel 2005; Sobolev et al. 2005), but some
intraplate volcanoes in the ocean basins may not
be the result of mantle plumes. Instead they could
be explained by the interaction of lithospheric
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structures with the underlying mantle (Farnetani
and Samuel 2005; Foulger et al. 2005; Kumagai
et al. 2008). Consequently, a critical assessment
of the geophysical (O’Neill and Sigloch, Chapter
“Crust and Mantle Structure Beneath the Azores
Hotspot—Evidence from Geophysics”) and
geochemical features, particularly the incompat-
ible elements and radiogenic and stable isotopes,
is required to explain the excess melt production
in these environments.

Basalts erupted at ocean islands (OIB) and
those erupted along mid-ocean ridges (MORB)
differ significantly in incompatible trace element
and radiogenic isotope compositions (e.g., Dupré
and Allégre 1983; Hofmann 1997, 2003;
McKenzie and O’Nions 1995; Salters and White
1998; Stracke et al. 2003). In contrast to more
evolved rocks (e.g., trachytes, rhyolites), basaltic
lavas will likely reflect the composition and
processes in the mantle (e.g., Hofmann 2003;
Sun and McDonough 1989). OIB display signa-
tures enriched in incompatible trace elements like
the Rare Earth Elements (REE) that could reflect
distinct source compositions, different degrees
and depths of partial melting, or influence from
shallow level processes (e.g., Assimilation-
Fractional Crystallisation, AFC) or, in many
cases, a combination of these processes to vary-
ing extends. The radiogenic Sr—Nd-Pb-Hf iso-
topes are less affected by shallow level processes
(e.g., AFC) and may thus be used to constrain the
mantle source composition. The isotopic ratios of
OIB suggest formation from more enriched
mantle sources than MORB as a result of element
fractionation and changes of the time-integrated
parent-daughter ratios during partial melting,
recycling of continental and/or oceanic litho-
spheric material, or metasomatism of the mantle
from fluids or melts (Gast 1968; Hofmann 2003).

The mechanism most often invoked to explain
the origin of enriched mantle signatures is the
subduction and recycling of oceanic crust, with
or without sediments and/or continental material
(Weaver 1991; Zindler and Hart 1986). Metaso-
matic processes within the mantle have also been
proposed as a potential source of the enrichment
in OIB (Donnelly et al. 2004; Halliday et al.
1995; Hart and Staudigel 1989; Hart and Zindler
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1989; McKenzie and O’Nions 1995; Niu and
O’Hara 2003). The physical and geochemical
processes involved in the formation of the enri-
ched sources are complex and manifold. The
range of parameters that influences the compo-
sition of these sources is large, e.g., the mineral
mode of the mantle (peridotite, pyroxenite,
eclogite), the source composition and the tem-
perature of the mantle will affect the final com-
position erupted (Asimow et al. 2001;
Hirschmann et al. 2003; Hirschmann and Stolper
1996; Jaques and Green 1979; Pertermann and
Hirschmann 2003; Stosch 1982; Stracke et al.
1999; Walter 1998). However, several studies
have quantified the potential processes and
sources in the mantle using trace element and
isotope geochemistry of intraplate and MOR
basalts (Brandl et al. 2012; Hart and Staudigel
1989; Kelley et al. 2005; Stracke et al. 2003;
Workman et al. 2004).

Here, we review the origin of the Azores
intraplate volcanism from a geochemical per-
spective using published data from submarine
and subaerial lavas. We compare these to data
from the Mid-Atlantic Ridge (MAR) nearby in
order to understand the Azores melting anomaly
and the geochemical signatures of rocks erupting
on the Azores islands and on the adjacent ridge
axis. Lavas from the Azores archipelago and the
submarine volcanoes display geochemical com-
positions that not only cover much of the varia-
tion observed globally but are also variable even
on the scale of a single volcanic system. Geo-
chemical and petrologic models suggest that the
volcanism in the Azores is the result of a com-
bination of melting trace element- and
volatile-enriched mantle sources and slightly
increased mantle temperatures.

2 Geological Setting

The Azores archipelago in the central northern
Atlantic Ocean lies on an oceanic plateau with
about 350 km diameter between 37° to 40°N and
29° to 31°W. This plateau is situated at the triple
junction between the FEurasian, African and
American Plates (Fig. 1, Vogt and Jung, Chapter

253

“The “Azores Geosyndrome” and Plate
Tectonics: Research History, Synthesis, and
Unsolved Puzzles”, Miranda et al., Chapter
“The Tectonic Evolution of the Azores Based on
Magnetic Data”). The Azores archipelago con-
sists of nine islands that emerge from the plateau.
Seven of these islands are situated to the east of
the Mid-Atlantic Ridge (MAR) that separates the
Azores Plateau into a larger eastern and smaller
western part. In the eastern part, three islands and
a seamount (from west to east Graciosa, Terceira,
Jodo de Castro seamount, Sdo Miguel) are
aligned along the ultraslow spreading Terceira
axis (Georgen 2008; Vogt and Jung 2004) which
has a spreading rate of 2-4 mm year ' classify-
ing this ridge as one of the slowest spreading
ridges on Earth (Vogt and Jung, Chapter “The
“Azores Geosyndrome” and Plate Tectonics:
Research History, Synthesis, and Unsolved
Puzzles”). The crustal thickness of the Azores
Plateau is estimated to be approximately 12—
14 km (Dias et al. 2007; Escartin et al. 2001;
Matias et al. 2007; O’Neill and Sigloch, Chapter
“Crust and Mantle Structure Beneath the Azores
Hotspot—Evidence from Geophysics”) and thus
twice as thick as normal ocean crust of 67 km
(White et al. 1992). Geophysical and geody-
namic modelling indicates that the major portion
of the Azores Plateau was emplaced within a
relatively short period of time of 4-10 Ma (Beier
et al. 2015; Cannat et al. 1999; Gente et al. 2003)
which may best be explained by a sudden
increase in melt production similar to models for
other oceanic plateaus, e.g., the Ontong Java
Plateau (e.g., Neal et al. 1997). In addition, an
anomaly with slow seismic wave velocities
occurs in the upper mantle beneath the Azores
(Pilidou et al. 2004; Yang et al. 2006 and O’Neill
and Sigloch, Chapter “Crust and Mantle
Structure Beneath the Azores Hotspot—
Evidence from Geophysics”). The Azores rep-
resent an area of increased melt production with
geochemical and geophysical features that are
consistent with the deep mantle plume model, i.e.
magma emplacement within short time-scales
(Abdel Monem et al. 1975; Beier et al. 2015;
Cannat et al. 1999; Gente et al. 2003) and
primitive noble gas isotope ratios (Madureira
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Fig. 1 Bathymetric map of the Azores archipelago. Map
generated using Generic Mapping Tools (GMT; Wessel
and Kroenke 2009; Wessel and Smith 1991). The
ultraslow spreading Terceira axis (Vogt and Jung 2004)
separates the Eurasian Plate in the north from the African

et al. 2005; Moreira et al. 1999) as well as sub-
chondritic and radiogenic Os isotope ratios
(Schaefer et al. 2002; Widom and Shirey 1996).
On the other hand, several features of Azores
volcanism do not agree with the deep mantle
plume model consisting of a plume head fol-
lowed by a tail that is connected to the deeper
mantle (Pilidou et al. 2005; Yang et al. 2006,
O’Neill and Sigloch, Chapter “Crust and Mantle
Structure Beneath the Azores Hotspot—
Evidence from Geophysics”). Seismic tomogra-
phy suggests that the Azores melting anomaly is
restricted to the upper mantle (Yang et al. 2006)
and the relatively high mantle volatile contents in
the Azores magmas (Asimow et al. 2004; Beier
et al. 2012, 2013; Metrich et al. 2014) are diffi-
cult to reconcile with a deep mantle origin
because thermodynamic models indicate that
volatiles are unlikely in nominally anhydrous
minerals in the deeper mantle (Bolfan-Casanova
2003; Hirschmann 2006; Hirschmann et al. 2005;
Litasov et al. 2003; Murakami et al. 2002).
Additionally, the occurrence of young volcanism
on both flanks of the Mid-Atlantic Ridge across a
distance of 200 km to the west and 500 km to the
east is difficult to explain with age-progressive
volcanic centres above a narrow deep mantle
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Plate in the south. The slow spreading Mid-Atlantic Ridge
(MAR) marks the plate boundary between the
African/Eurasian and the American Plate. Colour coding
of the islands is similar to that of the other figures in this
chapter

plume. Thus, whereas a melting anomaly exists
in the upper mantle beneath the Azores, its origin
and the presence of a deep mantle plume beneath
the Azores is still a matter of debate and subject
of on-going geochemical and geophysical
investigations (O’Neill and Sigloch, Chapter
“Crust and Mantle Structure Beneath the Azores
Hotspot—Evidence from Geophysics”).

3 State of the Art

The earliest published studies on the geochemistry
and petrology of the Azores lavas have mostly
dealt with samples from few islands as a result of
the accessibility (Agostinho 1936; Berthois 1953;
Girod and Lefevre 1972; Oversby 1971) and at the
time of preparation of this chapter few rock sam-
ples are available from the submarine Azores
Plateau (Beier et al. 2008, 2012, 2015). The
petrology of samples from the Azores islands is
subject of Chapter “Petrology of the Azores
Islands” by Larrea et al. that reviews the petro-
logical and major element variability amongst the
Azores islands. Technical improvements since the
mid-80s, with the establishment of modern mass
spectrometry, have considerably improved the
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quality of geochemical trace element and isotope
data. In order to better compare and present the
geochemical data we will only use those data in
our figures and in the main part of the discussion
that were determined by X-ray fluorescence
(XRF) or electron microprobe (EMPA) for major
elements of whole rocks and glasses, respectively.
For the trace element concentrations, we use data
determined by inductively coupled plasma mass
spectrometry (ICP-MS) and, for selected ele-
ments, by instrumental neutron activation (INAA)
and

inductively  coupled-optical  emission
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Fig. 2 Primitive mantle normalised trace element abun-
dance pattern of the Azores lavas with >5 wt% MgO.
a Flores and Corvo, b Sao Jorge and Graciosa, ¢ Pico and
Faial and d Santa Maria and Jodo de Castro. Lavas from
Sao Miguel and Terceira are shown as fields in all panels
for reference. Mid-Atlantic Ridge data for the area from
35 to 41°N (Oceanographer to Kurchatov fracture zones)
are from Bourdon et al. (1996) and Dosso et al. (1999).
Primitive mantle from Lyubetskaya and Korenaga (2007).
Data for Santa Maria are from Beier et al. (2013). Data for
Sdo Miguel and Jodo de Castro are from Beier et al.
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spectrometry (ICP-OES). For the Sr—Nd-Pb and
Hf isotope ratios we use data analysed by
multicollector-ICP-MS (MC-ICP-MS) and ther-
mal ionisation mass spectrometry (TIMS). To
ensure consistency between the datasets we have
only selected those samples with a complete
dataset, i.e. samples that were analysed for radio-
genic isotopes were only used if trace elements and
major elements are also available. Samples with a
loss on ignition greater than 5 wt% have been
excluded from our compilation to avoid altered
samples. For data sources see Fig. 2.
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(2008), for Sao Miguel from Elliott et al. (2007), Turner
et al. (1997) and Widom et al. (1997), for Terceira from
Beier et al. (2008), Madureira et al. (2011) and Turner
et al. (1997) and for Graciosa are from Beier et al. (2008)
and Larrea et al. (2014). Data for Sado Jorge from Beier
et al. (2012), Millet et al. (2009) and Turner et al. (1997),
for Faial from Beier et al. (2012) and Turner et al. (1997),
for Pico from Beier et al. (2012), Elliott et al. (2007) and
Turner et al. (1997). Data for Flores are from Genske et al.
(2012), and data for Corvo are from Genske et al. (2012)
and Larrea et al. (2013)
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4 Geochemistry of the Rocks
from the Azores Islands

The Azores lavas belong to the alkaline volcanic
series (see Chapter “Petrology of the Azores
Islands” by Larrea et al.) and range from alkali
basalts and basanites with few picrobasalts to
trachytes and rare rhyolites in a total alkalis
(Na,O + K,0) versus SiO, diagram (Le Maitre
1989; LeBas et al. 1986). The variation of the
major element compositions implies that frac-
tional crystallisation and mineral accumulation
processes are important on each of these islands
(Larrea et al., Chapter “Petrology of the Azores
Islands”). Here, we aim at describing the geo-
chemical variation and discussing the melting
processes and mantle sources in the Azores. In
order to minimise the effects of fractional crys-
tallisation and/or assimilation on incompatible
element and isotope ratios we focus on those
samples with MgO >5 wt% in Figs. 2 and 4, 5,
6,7, 8 and 9.

For clarity, we have grouped the geochemical
description into (from east to west) (a) the island
of Santa Maria (b) the island of Sao Miguel and
the seamount Jodo de Castro, (c) the islands of
Terceira and Graciosa, (d) the islands of Faial
and Pico, (e) Sao Jorge, (f) Flores and Corvo and
(g) samples from the MAR. Submarine samples
available from the vicinity of the islands will be
discussed along with the respective island
nearby.

4.1 Santa Maria

The island of Santa Maria is the easternmost
subaerial volcanic island of the Azores (Fig. 1)
and Abdel Monem et al. (1975) measured
K/Ar-ages of 4.13-8.12 Ma which were then the
oldest ages found for lavas of the Azores Plateau
and close to the emplacement estimates of the
Azores Plateau (Cannat et al. 1999; Gente et al.
2003). In contrast to the other Azores islands that
display Pleistocene to recent volcanism (Abdel
Monem et al. 1975; Beier et al. 2015; Féraud
et al. 1980), Santa Maria is volcanically extinct
and no evidence for volcanism younger than
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4 Ma is found on the island. The geographical
location at the eastern edge of the Azores Plateau
allows processes at the outer edge of the Azores
melting anomaly to be investigated.

Esenwein (1929) presented the first petrolog-
ical descriptions of volcanic rocks from Santa
Maria. Schmincke and Staudigel (1976) studied
the submarine lava series exposed on Santa
Maria and suggested that these pillow lavas
erupted in shallow water indicating a significant
uplift of the island. This has recently been
investigated in more detail by Ramalho et al.
(2016) who use Ar—Ar age dating to better con-
strain the uplift history of Santa Maria. White
et al. (1979) presented the first major and trace
element analyses for two samples from Santa
Maria and noted that lavas from Santa Maria are
more alkaline than those from the other islands.

A comprehensive major element, trace ele-
ment and Sr-Nd-Pb isotope dataset on Santa
Maria lavas has recently been published by Beier
et al. (2013) showing that the major and trace
element compositions differ significantly from
those observed on the other islands (Figs. 2 and
3 and Larrea et al., Chapter ‘“Petrology of the
Azores Islands”). For example, Santa Maria
lavas have lower SiO,, K,O and TiO, (and Rb)
concentrations than rocks from other Azores
volcanoes (see Larrea et al., Chapter “Petrology
of the Azores Islands” and Fig. 2), confirming
and extending the observations of White et al.
(1979). The trace element ratios of La/Yb and
Nb/Zr are more enriched and more variable
(20.3 £ 3.3 for La/Yb and ~0.25 + 0.03 for
Nb/Zr, respectively) at Santa Maria (Figs. 3 and
4) than compared with any other island of the
Azores archipelago (with the exception of
La/Yb for Sao Miguel, Fig. 3). Comparable
geochemical variations exist in lavas from
the western islands of Corvo and Flores
(La/Yb =213 £ 4.1, Nb/Zr = 0.32 £ 0.04,
(see below and in Genske et al. 2012). Beier
et al. (2013) attributed the more enriched and
more variable trace element ratios of Santa Maria
lavas to a thickened lithosphere and hence,
smaller degrees of partial melting (Fig. 5) in the
presence of residual garnet as inferred from
increased ratios of the middle REE to heavy REE
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