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Abstract

Abstract

The Azores archipelago has an extensive stratigraphic record of pyroclastic density
current-forming eruptions. Such eruptions typically occur on active central volcanoes and
are associated with paroxysmal events of caldera formation. This work focuses on two
contrasting pyroclastic density current-forming episodes on the islands of Faial and
Terceira, in order to obtain a comprehensive understanding of the diversity of eruptive

styles that can produce ignimbrites.

The ~1000 years BP eruption of Caldeira Volcano (Faial Island) was the last major
pyroclastic density current-forming eruption associated with a caldera collapse in the
Azores. It produced a complex pyroclastic succession, known as the C11 deposit, which is
divided into three members with distinct lithofacies: a lower sequence of ash layers (Brejo
Member) found in the NW sector of Faial, an intermediate pumice fall deposit (Inverno
Member) restricted to the north flank of the volcano and an upper ignimbrite and
associated lithic breccias (Cedros Member) exposed along the north and east flanks. These
record three phases of the eruption with different eruptive styles. The eruption started with
a phreatomagmatic phase that produced ash fallout and fully dilute density currents,
followed by a magmatic fall-dominated phase with the establishment of a sub-Plinian
column (up to 14 km high) and culminated with a climatic caldera-forming phase that
generated extensive pyroclastic density currents and led to caldera collapse. This marked

the first stage of formation of an incremental caldera at the volcano.

Overall, a minimum bulk volume of at least 0.18 km® was estimated for this caldera-
forming eruption, although a significant portion of material was deposited offshore. The
juvenile products (light-coloured, dark-grey and banded pumices) have a homogeneous
trachytic composition (59 wt% SiO;). However, petrographic and groundmass glass
analyses indicate that the C11 magma resulted from the mingling/mixing between two
trachytic batches of magma with different degrees of evolution. The emplacement
temperatures of pyroclastic density currents on the north flank of the volcano were
estimated at >550-560 °C, while along Pedro Miguel Graben were at lower temperatures of

300-560 °C.
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Abstract

The Lajes-Angra Ignimbrite Formation (Terceira Island) is one of the largest and
best exposed ignimbrite formations in the Azores. It is comprised of two members with
~21 ka: the Lajes and the Angra ignimbrites of Pico Alto Volcano. The Lajes Ignimbrite
(0.59 km® bulk volume) is a low-aspect ratio ignimbrite with vertical lithofacies variations
marked by an upward coarsening of the sequence. It has a extensive distribution across
much of the island, showing lateral thickness and lithofacies variations. The Angra
Ignimbrite (0.08 km® bulk volume) is a thick monotonous ignimbrite mostly restricted to

one valley on the south part of the island.

These ignimbrites record two closely spaced in time pyroclastic density current-
forming events of Pico Alto. The first corresponds to the Angra Ignimbrite eruption and
was characterized by a short-lived pyroclastic fountain that generated a small volume
sustained pyroclastic density current, almost totally channelled along a valley. The second
eruptive event is recorded by the Lajes Ignimbrite and was marked by vigorous and
prolonged pyroclastic fountaining that formed a sustained quasi-steady pyroclastic density
current. It spread radially from Pico Alto caldera to the north and south coasts. The low-
aspect ratio of this ignimbrite resulted from the widespread deposition of a relatively low

velocity pyroclastic density current over the smooth palaeotopography of Terceira.

The juvenile clasts of the two ignimbrites include pumices and porphyritic scoriae
(dense vitrophyres are only found on Lajes Ignimbrite) with similar peralkaline comenditic
trachyte composition (65-66 wt% Si0,) and mineral assemblage. Despite of relatively
homogenous major element compositions, disequilibrium textures in crystals (especially
alkali feldspars) and trace element variability suggest that the magma reservoir was
compositionally zoned before the eruption of the ignimbrites. The zonation seems to have
been disrupted by pre- and syn-eruptive mixing/mingling of magmas. The presence of two
different types of anorthoclase phenocrysts in the Lajes Ignimbrite confirmed the

occurrence of crystal convection in the reservoir and interaction with a hotter magma.
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Resumo

O arquipélago dos Agores possui um extenso registo estratigrafico de erupgdes
formadoras de produtos piroclésticos de fluxo. Estas erup¢des ocorrem normalmente nos
vulcdes centrais activos e estdo relacionadas com eventos paroxismais de formagdo de
caldeira. O presente trabalho incide sobre dois destes episddios que originaram produtos
piroclasticos de fluxo nas ilhas do Faial e da Terceira, tendo como objectivo obter uma
melhor compreensdo acerca da diversidade de estilos eruptivos que podem produzir

ignimbritos.

A erupcdo de ha ~1000 anos BP do Vulcao da Caldeira (Ilha do Faial) foi a ultima
grande erup¢do formadora de produtos piroclasticos de fluxo associada a um colapso de
caldeira nos Acgores. Esta erupcdo produziu uma sequéncia pirocldstica complexa,
denominada como deposito C11, que se encontra dividia em trés membros com litofacies
distintas: a parte inferior corresponde a uma sequéncia de niveis de cinzas (Membro do
Brejo) localizada no sector NW do Faial, a intermédia a um deposito de pedra pomes de
queda (Membro do Inverno) limitado ao flanco norte do vulcdo e a parte superior a um
ignimbrito com brechas associadas (Membro dos Cedros) que aflora ao longo dos flancos
norte e leste. Estes membros resultaram de trés fases da erup¢do com diferentes estilos
eruptivos. A erup¢do comecgou com uma fase freatomagmatica que originou queda de
cinzas e produtos de fluxo diluidos, seguiu-se uma fase magmatica dominada por produtos
de queda resultantes de uma coluna eruptiva sub-Pliniana (com cerca de 14 km de altura) e
culminou com uma fase paroxismal de formagdo de caldeira que gerou produtos
piroclasticos de fluxo e levou ao colapso da caldeira. Esta correspondeu a primeira fase da

formag¢ao de uma caldeira de incremento neste vulcao.

Um volume eruptivo minimo de pelo menos 0,18 km” foi estimado para esta erupgio
formadora de caldeira, embora uma importante por¢ao de material tenha sido depositada ao
largo da ilha. Os produtos juvenis (pedra pomes de cor clara, cinza-escuro e bandada)
possuem uma composi¢do traquitica homogénea (59 wt% de Si0O,). Contudo, andlises
petrograficas e do vidro da massa de fundo indicam que o magma de C11 resultou da
mistura entre dois corpos magmaticos de natureza traquitica com diferentes graus de

evolugdo. As temperaturas de deposicao dos produtos piroclasticos de fluxo no flanco
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norte do vulcdo foram estimadas em >550-560 °C, enquanto que no Graben de Pedro

Miguel as temperaturas foram inferiores entre 300-560 °C.

A Formagdo Ignimbritica Lajes-Angra (Ilha Terceira) corresponde a uma das
maiores ¢ melhor expostas formagdes ignimbritica dos Agores. E composta por dois
membros com ~21 mil anos: os ignimbritos das Lajes e de Angra do Vulcao do Pico Alto.
O Ignimbrito das Lajes (com um volume eruptivo de 0,59 km®) ¢ um ignimbrito de baixo
coeficiente de aspecto que apresenta variagdes verticais de litofacies, caracterizadas por um
aumento ascendente da granulometria da sequéncia. Este ignimbrito tem uma ampla
dispersdo por grande parte da ilha, apresentando variacOes laterais de espessura e de
litofacies. O Ignimbrito de Angra (volume eruptivo de 0,08 km®) é um ignimbrito muito

homogéneo que se encontra limitado a um vale na parte sul da ilha.

Estes ignimbritos resultam de dois eventos formadores de produtos piroclésticos de
fluxo do Pico Alto préximos no tempo. O primeiro corresponde a erupcao do Ignimbrito de
Angra e foi caracterizado por uma fonte pirocléstica de curta duragao que gerou um fluxo
pirocléstico sustentado de pequeno volume, quase totalmente canalizado ao longo de um
vale. O segundo evento eruptivo produziu o Ignimbrito das Lajes, tendo sido marcado por
uma fonte piroclastica vigorosa e prolongada que originou um fluxo piroclastico
sustentado quasi-estavel. Este fluxo dispersou-se radialmente desde a caldeira do Pico Alto
até as costas norte e sul da ilha. O baixo coeficiente de aspecto deste ignimbrito resultou
essencialmente da extensa deposicdo de um fluxo piroclastico, de velocidade relativamente

baixa, sobre a suave paleotopografia da Terceira.

Os clastos juvenis dos dois ignimbritos incluem pedra pomes e escorias porfiriticas
(clastos vitrofiricos ocorrem apenas no Ignimbrito das Lajes) com composicao peralcalina
semelhante, traquiticos comenditicos (65-66 wt% SiO), e as mesmas fases minerais.
Apesar das composicoes relativamente homogéneas em termos de elementos maiores, a
presenca de texturas de desequilibrio em cristais (especialmente nos feldspatos alcalinos) e
a variabilidade dos elementos em traco sugerem que o reservatério magmatico era
composicionalmente zonado antes da erupgao dos ignimbritos. Este zoneamento parece ter
sido destabilizado por processos de mistura pré- e sin-eruptiva de magmas. A presenca de
dois tipos de fenocristais de anortoclase no Ignimbrito das Lajes confirmou a ocorréncia de

conveccao de cristais no reservatdrio e a interac¢do com um magma mais quente.
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Chapter 1.

Introduction

1.1. Foreword

Volcanic eruptions are one of the most fascinating natural events on Earth. They are
the surface expression of the planet’s internal dynamics and usually occur along the
margins of the lithospheric plates, in different geodynamic settings, where plates converge,
diverge or sideslip one another. Intraplate volcanism also occurs in several places around
the globe, away from plate margins, where is fed by deep magmatic plumes. The type of
eruption strongly depends on the physical and chemical properties of the available magma,
on the ascent path, through complex plumbing systems of fractures and conduits, and on

the different surface environments that may or not contain water.

There is a remarkable variety of volcanic eruptions on Earth, ranging between two
end-members according to their explosivity. Effusive eruptions occur when magma
reaches the surface, essentially in a non-explosive manner, as a coherent fluid to form lava
flows. By contrast, explosive eruptions result from the abrupt disruption of magma and
consequent generation of fragments, which are ejected from the vent to form pyroclastic

deposits.

Explosive volcanic eruptions are characterized by different eruptive styles and
associated volcanic phenomena, including tephra fall, pyroclastic density currents (PDCs)
and others. It is well known that explosive eruptions may have a significant impact on
millions of people worldwide and on the global climate. Among the various volcanic
phenomena, PDCs are the most destructive and lethal, having caused severe damage to
buildings, infrastructures and agricultural lands, and several tens of thousands of deaths

over the centuries.



Chapter 1. Introduction

Although direct observations of hazardous volcanic phenomena are infrequent and
somewhat challenging, real-time observational and monitoring techniques have
significantly improved the understanding of the emplacement dynamics of these volcanic
products. However, there are numerous active volcanoes that did not erupt in historical
times, but have a high eruptive potential. In these cases, the reconstruction of past
explosive eruptions, based on fieldwork and analytical studies, is crucial for the proper

assessment and mitigation of the volcanic hazards associated with future explosive events.

The work presented here focuses on the study of PDC-forming eruptions in the
Azores archipelago. It documents two case studies: the ~1000 years BP explosive caldera-
forming eruption on Faial Island and the Lajes-Angra Ignimbrite Formation on Terceira
Island. In both cases, the eruption histories, transport and depositional processes are
reconstructed mainly through physical volcanology-based studies, complemented with
petrological and geochemical analysis. This thesis is intended to be the first comprehensive
study on Azorean PDC-forming eruptions and a basis for comparison with past and current

events worldwide.
The thesis is organized into three sections and six chapters:

The first section is composed of Chapters 1 and 2 and is intended to provide an
overview of the work and of the main theoretical concepts. This first chapter includes a
short review of the geological setting of the Azores archipelago and a brief description of
the occurrence of ignimbrites and other PDC deposits on the islands of the Azores. The

thesis objectives are outlined and the selected deposits and methodologies are presented.

Chapter 2 is a literature review on PDCs and ignimbrites. It discusses the various
volcanic processes that can originate PDCs, the main processes of transport acting on
density currents and the different conceptual models of deposition. The types of deposits
formed by PDCs are discussed, as well as, common classification schemes of ignimbrites

used during this work.

The second section of the thesis includes Chapters 3 and 4 that report two case
studies of PDC-forming events in the Azores. These comprehensive studies document
contrasting styles of eruptions that generated the largest ignimbrite sheets on the islands of

Faial and Terceira.
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Chapter 3 reports on the ~1000 years BP explosive caldera-forming eruption of
Caldeira Volcano (Faial Island), the last major PDC-forming eruption recorded in the
Azores archipelago. This work combines mapping and lithofacies analyses with the study
of the grain size, componentry and morphological features of the erupted products. It is
complemented by petrography, mineral and whole-rock geochemistry analyses of the
juveniles. The new data allowed to reconstruct the eruption history and to shed light on
eruptive and depositional processes occurring during the different phases of the eruption.

Magma interaction processes are also briefly discussed.

Chapter 4 is dedicated to the study of the Lajes-Angra Ignimbrite Formation (~21 ka)
on Terceira Island, one of the largest PDC-forming events recorded in the Azores. The
Lajes and Angra ignimbrites are studied in parallel through a combination of lithofacies
analyses, ignimbrite architecture and mapping, coupled with petrography, mineral
chemistry and whole-rock geochemistry analyses of the juveniles. This work enabled to
investigate crucial features of low-aspect ratio ignimbrites, including eruptive and
depositional processes, and to reassess the common use of the aspect ratio as a measure of
PDC dynamics. Particular attention was also given to pre- and syn-eruptive processes

occurring in the magma reservoir.

The third section consists of final remarks and includes Chapters 5 and 6. Chapter 5
presents the summaries of two spin-off studies that arose during the development of the
thesis and further contribute to improve the understanding of PDC-forming eruptions. One
study is dedicated to the estimation of the emplacement temperatures of PDCs generated
during the ~1000 years BP explosive eruption of Caldeira Volcano (Faial) through
paleomagnetic methods. The other study looks into the magmatic processes associated with
the eruption of the Lajes Ignimbrite (Terceira), mainly based on analyses of equilibrium
and disequilibrium textures and compositional features of anorthoclase phenocrysts.

Chapter 6 summarizes the main findings of this work.
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1.2. Geological setting of the Azores

The Azores archipelago is located in the middle of the North Atlantic Ocean,
between the latitudes 36°55' and 39°44' N and the longitudes 24°46' and 31°17' W, about
1300 km west of mainland Portugal. It is composed of nine islands distributed by three
geographic groups: Ocidental (Flores and Corvo), Central (Faial, Pico, Sdo Jorge, Graciosa
and Terceira) and Oriental (Sdo Miguel and Santa Maria). The islands are arranged
diagonally along approximately 600 km in a NW-SE trend from Corvo to Santa Maria
(Fig. 1.1). The Azores islands themselves are the emergent portions of large submarine
volcanic edifices that rise from the oceanic Azores Plateau (e.g. Searle, 1980; Lourenco et

al., 1998; Gente et al., 2003).

Figure 1.1. Geological setting of the Azores (simplified from Lourencgo et al., 1998; Vogt and Jung, 2004;
Beier et al., 2008; Georgen and Sankar, 2010). MAR — Mid-Atlantic Ridge; TR — Terceira Rift ss; EAFZ —
East Azores Fracture Zone; GF — GLORIA Fault.



Chapter 1. Introduction

The unique setting in which the Azores archipelago stands, as result of the triple
junction of the North American, Eurasian and Nubian lithospheric plates (Fig. 1.1), is
prone to frequent moderate to low magnitude seismicity and volcanic activity. In this area
of the North Atlantic Ocean, the plate boundaries of the Azores Triple Junction are marked
by the presence of important structures, such as the Mid-Atlantic Ridge, the Terceira Rift,
the East Azores Fracture Zone and the GLORIA Fault (e.g. Krause and Watkins, 1970;
Searle, 1980; Madeira and Ribeiro, 1990; Miranda et al., 1991; Luis et al., 1994; Gente ct
al., 2003; Vogt and Jung, 2004; Fernandes et al., 2006; Dias et al., 2007).

The Mid-Atlantic Ridge clearly delimits the Eurasian and Nubian litospheric plates
to the east from the North-American plate to the west. In the Azores region, the Eurasian-
Nubian boundary is complex and its precise kinematics is not yet fully understood. The
westernmost segment of this plate boundary is generally known as the Terceira Rift and
corresponds to the alignment of alternating basins and volcanic edifices (islands and
seamounts) trending WNW-ESE. This area behaves as a right transtensional domain,
reflecting simultaneously the hyper-slow oblique spreading rate of this plate boundary and
the shear zone that accommodates the differential movement between the Eurasian and
Nubian lithospheric plates (Krause and Watkins, 1970; Laughton and Whitmarsh, 1974;
Searle, 1980; Madeira and Ribeiro, 1990; Madeira and Brum da Silveira, 2003; Vogt and
Jung, 2004; Fernandes et al., 2006; Dias et al., 2007; Verzhbitsky et al., 2011; Madeira et
al., 2015).

East of the Terceira Rift, the Eurasian-Nubian plate boundary is expressed by the
GLORIA Fault, a right-lateral transform fault (Laughton et al., 1972; Argus et al., 1989;
Verzhbitsky et al., 2011). The East Azores Fracture Zone, located from west of the
GLORIA Fault towards east of the Mid-Atlantic Ridge, corresponds to an abandoned fault
segment that probably represents the ancient limit of the Eurasian-Nubian boundary

(Searle, 1980; Luis et al., 1994; Dias et al., 2007).

Despite the geodynamic setting, the magmatism of the Azores region is made
considerably more complex as result of a possible hotspot, fed by an underlying mantle
plume, and its interaction with the Mid-Atlantic Ridge (e.g. Schilling, 1975; White et al.,
1976; Cannat et al., 1999; Gente et al., 2003; Montelli et al., 2004; Silveira et al., 2006;
Yang et al., 2006; Beier et al., 2008).
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A variety of evidence, including geochemical studies (Schilling, 1975; Flower et al.,
1976; White et al., 1976; Bougault and Treuil, 1980; Schilling et al., 1983; Schilling, 1991;
Dosso et al., 1999; Madureira et al., 2005; Millet et al., 2009; Beier et al., 2010) and
geophysical observations (Luis et al., 1994; Detrick et al., 1995; Thibaud et al., 1998;
Escartin et al., 2001; Silveira et al., 2006), have suggested the presence of a low seismic
velocity melting anomaly in the mantle beneath the Azores Plateau. However, the origin,
nature and location of the hotspot is still controversial. The anomalously thick crust of the
oceanic Azores Plateau was probably formed 20 to 10 Ma ago due to the interaction
between hotspot magmatism associated with the Azores mantle plume and rift magmatism
from the Mid-Atlantic Ridge and the Terceira Rift (Cannat et al., 1999; Gente et al., 2003;
Vogt and Jung, 2004; Yang et al., 2006; Beier et al., 2008; Georgen, 2011).

Up to date reviews on the geodynamic setting and its influence on the tectonics and
magmatism of the Azores region can be found in Gente et al. (2003), Vogt and Jung
(2004), Beier et al. (2008), Georgen and Sankar (2010), Verzhbitsky et al. (2011),
Trippanera et al. (2013) and Madeira et al. (2015).
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1.3. Occurrence of ignimbrites in the Azores islands

Ignimbrites, and other types of PDC deposits, are found on four of the nine islands of
the Azores archipelago (Sdo Miguel, Terceira, Faial and Graciosa). They are frequently
associated with highly explosive eruptions from the active central volcanoes of those
islands. Apart from specific studies on the ~30 ka Povoa¢do Ignimbrite (Duncan et al.,
1999) and the ignimbrites of the 4.5 ka Fogo A eruption (Pensa et al., 2015) on Sao
Miguel, not much is known about the other ignimbrites and PDC deposits of the Azores.

The oldest dated ignimbrite in the Azores is Ignimbrite-1, on Terceira, with an age of
approximately 86 ka (Gertisser et al., 2010). However, some of the undated Azorean
ignimbrites may be close to or even older than 100 ka. On the other end, the youngest is
the ignimbrite formed during the last major explosive eruption on Faial Island which
occurred ~1000 years BP (Pacheco, 2001). In historical times, i.e. since the Portuguese
settlement of the Azores in the 15" century, only the AD 1630 eruption of Furnas Volcano,
on Sdo Miguel, is known to have generated PDCs from a central volcano. At least 80

people were killed by the dilute density currents (i.e. pyroclastic surges; Cole et al., 1995).

The main pyroclastic formations containing ignimbrites and other PDC deposits
found on each island are presented next, following the reviews on Caniaux (2015) and

Gaspar et al. (2015):

On Sao Miguel Island, ignimbrites and PDC deposits occur on the three active
central volcanoes (Sete Cidades, Fogo and Furnas), which are characterized by well-

developed multi-phase calderas.

The volcanostratigraphy of Sete Cidades comprises three major pyroclastic
formations that contain ignimbrites. They are interpreted to result from paroxysmal
eruptions associated with different phases of caldera formation (Queiroz, 1997; Queiroz et
al., 2008; Queiroz et al., 2015). From the oldest to the youngest: the Risco Formation (~36
ka) records the first caldera-forming event of Sete Cidades; the Bretanha Formation (~29
ka) is related to the second caldera collapse; and the Santa Barbara Formation (~16 ka) is
associated with the third and final paroxysmal event of caldera collapse. All three

formations are dominated by ignimbrite members, but also include other members with
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pumice fall and minor PDC deposits (e.g. pyroclastic surge and block-and-ash flow
deposits). Two ignimbrite outcrops identified at Rocha da Relva and Ponta da Ferraria
(Queiroz, 1997; Caniaux, 2015) are undated but interpreted to be older than the formations

described previously.

In the last 5 ky, other minor PDC deposits related to the recent intracaldera activity
of Sete Cidades are also recognized. From the 17 explosive eruptions that occurred inside
the caldera (deposits P1 to P17), at least five have generated PDCs, which emplaced small
and localized dilute PDC deposits. Among these, P1 is clearly distinct from all the others
as it includes the thickest PDC deposit, known as the Candelaria ignimbrite (Queiroz,

1997; Queiroz et al., 2008).

On Fogo Volcano (also known as Agua de Pau), six major ignimbrite-bearing
formations are recognized (Wallenstein, 1999; Wallenstein et al., 2015). Due to difficulties
in establishing correlations, the stratigraphy of the north and south flanks of the volcano
are described separately. The volcanic sequence of the north flank includes at least three
formations that contain several ignimbrites and PDC deposits: the Porto Formoso
Formation (~21 ka), the Cha das Gatas Formation (stratigraphically constrained between
21 and 19 ka) and the Barrosa Formation (its stratigraphic position is not established).
Older (>40 ka) unnamed ignimbrites were also identified along the north coastal cliffs of
Fogo (Wallenstein, 1999). The south flank sequence includes two pyroclastic formations
with ignimbrites: the Roida da Praia Formation (from ~34 to ~15 ka) and the Ribeira Cha
Formation (constrained between 12 and 8 ka). The latter was emplaced during a

paroxysmal caldera-forming event (Wallenstein, 1999).

The Fogo A Formation (4.5 ka) outcrops both north and south of Fogo caldera
(Wallenstein, 1999; Pensa et al., 2015). It corresponds to a paroxysmal Plinian eruption,
associated with caldera formation, that generated different types of PDCs recorded by
distinct deposits: dilute PDC deposits (i.e. pyroclastic surge deposits), intra-Plinian

ignimbrites and a climatic ignimbrite (Pensa et al., 2015).

Furnas Volcano is characterized by a complex stratigraphy that includes at least six
formations with several ignimbrites and other types of PDC deposits. Two of these
ignimbrites are related to major caldera collapse events (Guest et al., 1999; Guest et al.,

2015). The older ignimbrite-bearing formations of Furnas are: the Amoras Formation

9
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(undated but stratigraphically constrained between 95 and 30 ka) and the Albufeira
Formation (>44 ka). The latter is overlaid by the Quente block-and-ash flow deposit (Guest
et al., 1999). Caniaux (2015) describes two other ignimbrites at Praia da Viola and north of
Povoacao village, but these are probably outcrops of ignimbrites from Amoras and

Albufeira formations, respectively.

The Povoagdo Ignimbrite Formation (~30 ka) is a distinct welded deposit that
records the largest eruption in the history of Furnas Volcano. It is interpreted to represent
its first caldera-forming event, responsible for the collapse of the older Furnas caldera

(Duncan et al., 1999; Guest et al., 1999).

Other pyroclastic formations located stratigraphically above the Povoagdo Ignimbrite
also include ignimbrites, namely: the Ribeira do Tufo Formation (~27 ka), the Ponta Garca
Ignimbrite Formation (~17 ka) and an unnamed younger ignimbrite (~12 ka) that outcrops
below Pico do Ferro. The latter is believed to be associated with the collapse of the inner
Furnas caldera (Guest et al., 1999). Within the Upper Furnas Group (<5 ka), a few dilute
PDC deposits are associated with the AD 1630 (also known as Furnas J), Furnas I and
Furnas C eruptions (Cole et al., 1999).

On Terceira Island, at least seven pyroclastic formations dominated by ignimbrites
are recognized in the last 86 ky. The source of the associated PDC-forming events has been
traced to the central part of the island, i.e. Pico Alto and/or perhaps Guilherme Moniz twin
volcanoes (Self, 1974, 1976; Gertisser et al., 2010). The larger formations are named
following the ignimbrite members that outcrop along the cliffs of the north and south

coasts.

The lower formations in the stratigraphy include the Grota do Vale Ignimbrite
Formation and the Pedras Negras Ignimbrite Formation. They are undated and found at the
base of the south and north cliffs, respectively. Ignimbrite-i (~86 ka) is the oldest dated
ignimbrite and corresponds to a small outcrop on the north coast. The other major
formations have a wider distribution, generally occurring along both coasts: the Caldeira-
Castelinho Ignimbrite Formation (dated at ~83 and ~71 ka), the Vila Nova-Fanal
Ignimbrite Formation (dated between ~58 and >47 ka), the Linhares-Matela Ignimbrite
Formation ( ~37 to ~35 ka), which is only seen in the southern part of the island, and the

Lajes-Angra Ignimbrite Formation (~21 ka; Gertisser et al., 2010). Some ignimbrite-
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bearing formations of Terceira are interbedded with pumice and/or ash fall deposits and
occasionally debris flows, and are thought to be associated with caldera-forming events or
periods. Other PDC deposits include the Quatro Ribeiras block-and-ash flow deposit and
the Posto Santo spatter flow deposit (Gertisser et al., 2010).

The Lajes-Angra Ignimbrite Formation, one of the case studies in this thesis, is the
most extensive ignimbrite formation on Terceira and has been used as the main
lithostratigraphic horizon for the whole island. The Lajes and Angra ignimbrites were
initially studied separately by Self (1974, 1976) and later grouped into the same formation
by Gertisser et al. (2010). Figure 1.2 shows the Lajes Ignimbrite outcrop at the type

location.

Figure 1.2. Outcrop of the Lajes Ignimbrite west of Lajes village (type location; scale is 1 m).

On Faial Island, ignimbrites and PDC-associated deposits have a reduced expression
and only occur on Caldeira Volcano. Caldeira's eruptive history reveals 14 explosive
eruptions, most of them produced small volume pumice and/or ash fallout and only two
have generated PDCs (Pacheco, 2001). The C9 deposit (~1600 years BP) includes minor
PDC deposits, mainly scattered on the north flank of the volcano, which correspond to

Caniaux's (2015) Ribeira do Risco Ignimbrite.
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The C11 deposit (~1000 years BP), the other case study in the thesis, records the last
major explosive eruption on Faial. It is clearly distinct from the other deposits, as it is the
only that includes a widespread ignimbrite (informally known as Cedros ignimbrite;
Caniaux, 2012). The deposits of this eruption have been studied by Madeira (1998) and
Pacheco (2001) and are associated with the formation of the volcano’s caldera. Figure 1.3

shows the typical aspect of the C11 ignimbrite.

Figure 1.3. Outcrop of the (Cedros) ignimbrite of C11 south of Cedros village (scale is 1 m).

Only one PDC deposit has been identified on Graciosa Island. It is part of the Upper
Hydromagmatic Sequence (~12 ka) of the Central Volcano, which is interpreted to result

from a caldera-forming event (Gaspar, 1996).

In summary, ignimbrites and other PDC deposits are recurrent in the stratigraphy
(<100 ka) of Azorean central volcanoes with calderas, except for Santa Barbara Volcano
(Terceira) and Caldeirdo Volcano (Corvo). Most ignimbrites are associated with
paroxysmal eruptions that led to caldera collapse events, however the genesis of some
ignimbrites, particularly the older ones, is difficult to determine. Other types of PDC
deposits (e.g. dilute PDC/surge deposits, block-and-ash flow deposits), result from a wide

12
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range of eruptive styles, including intracaldera sub-Plinian eruptions, but can also be found

as part of major pyroclastic formations related to caldera-forming eruptions.

The ignimbrites of the Azores are generally trachytic in composition, yet several
have a mildly peralkaline nature (e.g. Terceira's ignimbrite suite). The presence of
pumice/ash fall deposits at the base or the top of the ignimbrites (e.g. Povoacao and Santa
Barbara ignimbrites), or conversely, the occurrence of intra-Plinian ignimbrites (e.g. Fogo
A) reflect significant changes in eruptive style. It suggests that most ignimbrites result
from PDCs generated by unsteadiness of the eruption column, that lead to total or partial

collapses, or even alternation of convective and collapsing regimes.

Most ignimbrites outcrop along the coastal cliffs of the islands and are poorly
available on land, except for the younger and the best exposed ones (e.g. C11's Cedros
ignimbrite, Fogo A and Lajes-Angra Ignimbrite formations). In particular, some of the
older ignimbrites are only seen in certain locations at the base of the cliffs. Given the short
distances between calderas and coastlines at the Azores islands, it is believed that large
volumes of ignimbrite are deposited offshore. Thus, the true ignimbrite volumes are
unknown or, perhaps, substantially underestimated. Nevertheless, the larger ignimbrites

probably did not exceed 1 km® DRE volume (Gertisser et al., 2010; Caniaux, 2015).

The distribution of various ignimbrites reveals that PDCs recurrently deposit on the
same areas of the islands and follow similar flow paths. This is evident when grabens and
deep dissecting valleys are found in the vicinity of central volcanoes (e.g. Fogo and
Caldeira volcanoes, in Sao Miguel and Faial islands, respectively). These observations
suggest the existence of preferential sectors or recurring paths for PDCs, which should be
considered as vulnerable areas for future eruptive events (Caniaux, 2015). These flat (due
to the ignimbrite surfaces) lowlands have, of course, been preferred areas for human

occupation.
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1.4. Thesis objectives

The main goal of this thesis is to improve the overall understanding of explosive
volcanic eruptions, in particular of those that occur in the Azores and produce PDCs. To
achieve this goal, two contrasting types of PDC-forming episodes from central volcanoes
of the islands of Terceira and Faial were studied in detail. These studies allow a
comprehensive understanding of the wide range of eruptive styles that produce PDCs and

how the dynamics of these currents varies through time and space.
The specific objectives common to both case studies presented in the thesis are:
(1) To define the distribution of the various volcanic products;

(2) To describe and interpret the different lithofacies and their vertical and lateral

variations;
(3) To constrain the transport and depositional processes acting in the PDCs;
(4) To determine the physical parameters of the eruptions;
(5) To use physical volcanology to interpret eruption histories and styles;

(6) To characterize the petrography, mineralogy and geochemistry of the juveniles

products;
(7) To determine the magmatic intensive parameters;

(8) To constrain magmatic processes occurring in the reservoirs.
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1.5. Studied volcanic deposits

Previous studies on ignimbrites and PDC deposits of the Azores have shown that
they can result from various eruptive styles and are frequent on different evolutionary
stages of Azorean central volcanoes, usually during paroxysmal eruptions associated with
caldera-forming events (Walker and Croasdale, 1971; Self, 1974, 1976; Booth et al., 1978;
Gaspar, 1996; Queiroz, 1997; Duncan et al., 1999; Guest et al., 1999; Wallenstein, 1999;
Pacheco, 2001; Gertisser et al., 2010; Caniaux, 2015; Pensa et al., 2015, among others).

As seen earlier, Terceira Island has a long record of ignimbrite formations, making it
the Azorean island with the largest volume of ignimbrite. The youngest of these
ignimbrite-dominated formations, the Lajes-Angra Ignimbrite Formation with an age of
approximately 21 ka, was chosen as a case study because: (1) it records one of the largest
PDC-forming events in the Azores; (2) is one of the best exposed ignimbrite formations of
the archipelago, with extensive outcrops along the coasts of Terceira; (3) it includes one of
the first examples of a low-aspect ratio ignimbrite in the literature, the Lajes Ignimbrite

(Walker et al., 1980); and (4) it exhibits a relatively rare peralkaline composition.

Explosive volcanism on Faial Island is fairly recent (<16 ka) and restricted to
Caldeira Volcano. Among the deposits of explosive eruptions, the C11 deposit of the
~1000 years BP eruption was selected as the other case study because: (1) it is the last
major PDC-forming eruption in the Azores; (2) it is associated with the youngest caldera
collapse of an Azorean central volcano; (3) there are a large number of outcrops making it
widely accessible at the surface; and (4) the pristine nature of the deposits allows the use of

various methods for the characterization of the products.

Although the two selected case studies include extensive ignimbrites, with somewhat
similar lithofacies, the deposits record eruptive styles with distinct magmatic compositions,
eruptive histories and emplacement processes. These deposits are thought to represent very
different PDC-forming episodes from Azorean central volcanoes. Furthermore, the study
enables comparisons of interpretations that are possible by working on both recent and

older deposits.
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1.6. Methods of study

The work presented here started with extensive field work in the islands of Faial and
Terceira. Field studies of the selected deposits integrated geological mapping with detailed
reconstruction of stratigraphic sections, including description of lithofacies and their
vertical, lateral and longitudinal variations. Major unconformities such as palaeosols and/or
erosion surfaces were used to delimit the deposits. A lithofacies based approach was used
to obtain an overall understanding of the eruptive and depositional processes. This
approach has been successfully applied to other complex pyroclastic deposits and
ignimbrites (e.g. Sohn and Chough, 1989; Allen and Cas, 1998; Brown and Branney, 2004;
Brown et al., 2007; Sulpizio et al., 2007).

Field work was complemented by various analytical methods. Grain size and
component analyses of the deposits were performed following the methodology of Cas and
Wright (1987). The morphology of juvenile ash was examined by means of scanning

electron microscope (SEM) images.

Petrographic and modal analyses were carried out by thin-section observation under
the binocular microscope. Major and trace element whole-rock geochemical analyses were
performed by fusion inductively coupled plasma (FUS-ICP) and inductively coupled
plasma mass spectrometry (ICP-MS), respectively, in a commercial laboratory (Activation
Laboratories Ltd., Ontario, Canada). Electron microprobe analyses were carried out on the
main mineral phases and groundmass glasses. Further details on the different

methodologies used are discussed in the appropriate chapters.
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