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Abstract The ~1000-years BP eruption of Caldeira Volcano
(Faial Island) was one of the last major explosive events re-
corded in the Azores. It produced a complex succession of
pyroclastic deposits, known as the C11, divided into three
members. At the base is the Brejo Member, a sequence of
fine- to coarse-grained parallel-bedded ash layers found in
the NW sector of the island. The middle part corresponds to
the Inverno Member, a coarse-grained massive pumice fall
deposit, restricted to the north flank of Caldeira Volcano.
The top is dominated by the Cedros Member which includes
massive to diffuse-stratified lapilli-ash and lithic breccias, ex-
posed along the north and east flanks of the volcano. A min-
imum bulk volume of at least 0.22 km® (>0.1 km® dense rock
equivalent (DRE)) is estimated for the C11 eruption, although
a large portion may have been deposited offshore. The juve-
nile products are trachytic (59 wt% SiO,) with a homogenous
whole-rock composition and mineral assemblage throughout
the pyroclastic succession. However, petrographic and
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groundmass glass analyses indicate magma mingling/mixing
processes between two trachytic batches. The C11 eruption
history is divided into three phases (following the member
division) with distinct eruptive styles: (1) an initial
phreatomagmatic phase caused by rising magma (~950 °C)
encountering a crater pond or aquifer, (2) a fall-dominated
phase which established a sub-Plinian column up to 14 km
high (mass eruption rate (MER) of 1.2x10” kg/s) and (3)
prolonged pyroclastic fountaining and sustained quasi-steady
pyroclastic density current generation followed by summit
collapse. The C11 eruption is interpreted as the first stage in
the formation of an incremental caldera. This study provides
valuable insights for a better understanding of small but com-
plex explosive eruptions and their impact on ocean islands.

Keywords Explosive eruption - Phreatomagmatism -
Ignimbrite - Summit collapse - Magma mingling/mixing -
Faial

Introduction

Explosive volcanic eruptions are one of the most destructive
natural events that can threaten human society and affect the
climate. Such eruptions produce sustained columns that are
dispersed by the wind, sometimes for hundreds of kilometres,
forming fall deposits and/or unstable columns that can col-
lapse and generate pyroclastic density currents (PDCs). The
latter may flow for several tens of kilometres and sometimes
deposit ignimbrites many tens to hundreds of metres thick
(e.g. Cas and Wright 1987; Branney and Kokelaar 2002;
Sulpizio and Dellino 2008).

Highly explosive eruptions are often associated with
caldera-forming events (CFEs). Deposits of large volume
CFEs are rare in the Earth’s geological record (Mason et al.
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2004; Self 2006), but intermediate to small volume explosive
eruptions occur much more frequently and, therefore, pose a
higher risk to surrounding populations. In historical times,
CFEs have caused several tens of thousands of fatalities and
severe consequences to global climate (Rampino and Self
1982; Tanguy et al. 1998), as seen during the Pinatubo AD
1991 eruption, Philippines (Scott et al. 1996).

The Azores archipelago has an extensive record of explo-
sive eruptions spread over at least four of the nine constituent
islands. They typically occur at central volcanoes with incre-
mentally formed calderas, where intermediate to small volume
eruptions recur (e.g. Walker 1984; Guest et al. 1999; Wallen-
stein 1999; Pacheco 2001; Queiroz et al. 2008; Gertisser et al.
2010). Among these, the Fogo A, the Fogo AD 1563 (Walker
and Croasdale 1971), the Furnas AD 1630 (Cole et al. 1995)
and the Lajes-Angra Ignimbrite (Self 1976) are some of the
best known examples.

One of the last major explosive eruptions in the Azores, the
C11 eruption, occurred ~1000-years BP (Pacheco 2001) on
Faial Island. It was the most complex and prominent eruption
of Caldeira Volcano and produced a sequence of ash layers
followed by a pumice fall deposit and, during the final phase,
an ignimbrite sheet and lithic breccias. However, due to the
small size of the island, much of the erupted material was
probably deposited offshore. Pacheco (2001) estimated that
the total bulk volume of the eruption may have been
>0.7 km®, making it the largest eruption in Faial during the
last 16 kyr.

The C11 deposit provides a good opportunity to better un-
derstand the eruptive dynamics of complex explosive erup-
tions and their impact on small ocean islands. Here, individual
lithofacies and their associations are described, together with
analyses of grain size, componentry, morphology and chemi-
cal composition of juvenile products. The aims are to recon-
struct the eruption history of C11 and to obtain an accurate
understanding of the eruptive mechanisms. These insights are
of particular importance for a realistic assessment of the im-
pacts of future explosive eruptions on Faial or on other ocean
islands vulnerable to this type of event.

Geological setting and evolution of Faial

Faial Island, in the Azores archipelago, is located in the North
Atlantic Ocean in a complex geodynamic setting resulting
from the interaction between the triple junction of the North
American, Eurasian and Nubian plates (Fig. 1a) and hotspot
magmatism. State-of-the-art reviews can be found in Gente
et al. (2003), Vogt and Jung (2004), Georgen and Sankar
(2010) and Trippanera et al. (2014).

Faial became emergent during the Pleistocene and was
built by central and fissure volcanism. It is composed of the
central volcanoes of Ribeirinha and Caldeira and the fissure
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systems of Horta Platform and Capelo Peninsula (Fig. 1b, c;
Serralheiro et al. 1989; Madeira 1998; Pacheco 2001; Madeira
and Brum da Silveira 2003). The oldest unit of Faial is
Ribeirinha Volcano (>850 ka; Hildenbrand et al. 2012), an
extinct shield volcano composed of basaltic/benmoreitic lavas
known as the Ribeirinha Volcanic Complex. Volcanic activity
ceased ~580 ka (Serralheiro et al. 1989; Madeira 1998) and
the shield is now dissected by the Pedro Miguel Graben.

The central portion of the island is dominated by Caldeira
Volcano (1043 m asl), a central volcano truncated by a 2-km-
wide and ~370-m-deep summit caldera. Volcanic activity
started >440 ka (Baubron 1981, in Chovelon 1982) and has
continued until the present. The products of Caldeira Volcano
constitute the Cedros Volcanic Complex which is divided into
two groups (Serralheiro et al. 1989; Madeira 1998; Pacheco
2001). The Lower Group (>16 ka) is formed by basaltic/
benmoreitic lavas and two trachytic domes, while the Upper
Group (<16 ka) consists of trachytic pyroclastic deposits from
14 explosive eruptions (named C1 to C14; Pacheco 2001;
Fig. 1c). The deposits of C1 to C10 and C12 eruptions are
small volume and constituted by pumice and/or ash fall de-
posits and minor PDC deposits, while C13 and C14 events are
recorded by a scoria cone and a phreatic explosion (AD 1958),
respectively. The deposit of the C11 eruption is clearly distinct
from the others of the Upper Group as it is the only that
comprises an extensive ignimbrite sheet and lithic breccias.

The Horta Platform fissure system consists of a basaltic
lava field with several scoria cones and a tuff cone, included
in the Almoxarife Formation. Its eruptive period is poorly
constrained and spans from 30+20 ka (Féraud et al. 1980) to
~11 ka (Serralheiro et al. 1989; Madeira 1998).

The Capelo Peninsula fissure system is formed by a WNW-
ESE trending ridge of scoria cones and a few tuff cones that
produced basaltic/hawaiitic lavas. These products constitute
the Holocene Capelo Formation, the youngest unit on Faial
(Serralheiro et al. 1989; Madeira 1998; Di Chiara et al. 2014),
and it includes those of two historical eruptions: Cabeco do
Fogo AD 1672-1673 and Capelinhos AD 1957-1958.

Two major fault systems occur on Faial (Fig. 1b). The
WNW-ESE system is well expressed by the faults of Pedro
Miguel Graben, which cross the Caldeira Volcano, and con-
trols the en échelon alignment of scoria cones on Capelo Pen-
insula. A secondary conjugate NNW-SSE fault system occurs
in the northern side of the island (Serralheiro et al. 1989;
Madeira 1998; Madeira and Brum da Silveira 2003;
Trippanera et al. 2014).

Methodology

The C11 deposit was studied in detail by mapping and
lithofacies analysis. More than 150 stratigraphic sections were
reconstructed (Fig. 2); each was thoroughly documented and
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Fig. 1 a Geological setting of the Azores. NAP North American Plate, 1989); UTM coordinates, zone 26S. ¢ Stratigraphic scheme and evolution
EP Eurasian Plate, NP Nubian Plate, MAR Mid-Atlantic Ridge, 7R Ter- of Faial Island (adapted from Pacheco 2001). In the Cedros Volcanic
ceira Rift, EAFZ East Azores Fracture Zone, GF Gloria Fault. b Simpli- Complex Upper Group scheme, the thickness, not to scale, shows the
fied geological map of Faial Island (modified from Serralheiro et al. relative volumetric expression among deposits
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Fig. 2 Map of the minimum extent of the C11 deposit on land, including fall and ignimbrite deposits, and documented stratigraphic sections. Main

locality names referred in the text are shown; UTM coordinates, zone 26S

palaeosols and/or erosion surfaces were used to delimit the
deposit. The maximum clast size (pumice and lithic clasts)
of each member was determined by averaging the length of
the major axis of the three largest clasts.

Lithofacies analysis was used to obtain an overall understand-
ing of the eruptive and depositional processes. This approach has
been widely applied on complex pyroclastic successions and
ignimbrite sheets (e.g. Sohn and Chough 1989; Allen and Cas
1998; Brown and Branney 2004; Brown et al. 2007; Sulpizio
et al. 2007, 2010). Lithofacies terminologies and abbreviations
(Table 1) follow Branney and Kokelaar (2002) and Sulpizio et al.
(2007). The nomenclature for bed thickness, grain size and
sorting was adopted from Sohn and Chough (1989).

Fieldwork was coupled with grain size and component
analyses (Table 2), following the methodology of Cas and
Wright (1987). The samples were sieved at 0.5 ¢ intervals
from —6 to 5 ¢ (64-0.032 mm) and separated into three main
components: pumices, lithics and crystals. Details on the
methods are given in the Appendix.

The morphology of juvenile ash particles (in the size range
of4to 5 ¢) was examined using scanning electron microscope
(SEM) images, in order to establish the main mechanisms of
magma fragmentation, following Dellino and La Volpe (1995;
see Appendix).

Petrographic and modal analyses of thin sections were
complemented with whole-rock major and trace elements
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analyses (ESM Table A.2) performed by fusion inductively
coupled plasma (FUS-ICP) and inductively coupled plasma
mass spectrometry (ICP-MS), at the Activation Laboratories

Table 1 Lithofacies abbreviation key (modified from Branney and
Kokelaar 2002; Sulpizio et al. 2007)

Key Lithofacies terms

//bA Parallel-bedded ash

mA Massive ash

mCA Massive coarse ash

sA Stratified ash

mAacc Massive ash with accretionary lapilli
mpL Massive pumice lapilli

mpLB Massive pumice lapilli-block
mLA Massive lapilli-ash

dbLA Diftfuse-bedded lapilli-ash

dsLA Diffuse-stratified lapilli-ash

sLA Stratified lapilli-ash

IBr Lithic breccia

mlBr Massive lithic breccia

dblBr Diffuse-bedded lithic breccia
pLBlens Lenses of pumice-rich lapilli-block
ILBlens Lenses of lithic-rich lapilli-block
Ipip Fines-poor lithic-rich pipe
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Table 2 Grain size parameters and components of representative samples and correspondence with the C11 members (after Inman 1952; Folk and
Ward 1957; see Figs. 4, 7 and 10 for location and Table 1 for lithofacies key)

Member Sample Lithofacies Mdo op Mz ol P (wt%) L (wt%) C (wt%) NA (wt%)
Brejo FAYS73-1 mA 1.55 2.10 1.70 2.03 - - - -
Brejo FAYS73-2 mA 2.78 222 2.40 2.20 - - - -
Brejo FAYS93-1 mCA -0.93 1.17 —0.88 1.19 - - - -
Brejo FAYS93-2 mCA 0.05 1.39 —-0.09 1.47 38.5 394 1.9 20.1
Brejo FAYS97-1 mCA -0.07 1.19 —0.03 1.25 7.0 69.7 4.6 18.7
Brejo FAYS97-2 mA 242 1.84 2.40 1.69 - - - -
Brejo FAYS123-1 mA 4.18 1.81 3.44 1.35 - - - -
Brejo FAYS123-2 mCA -0.54 1.19 -0.40 1.25 - - - -
Brejo FAYS123-3 mA 4.01 2.37 2.98 1.74 - - - -
Brejo FAYS123-4 mpL -1.28 1.21 -1.15 1.30 - - - -
Brejo FAYS123-5 mA 3.90 1.36 3.52 1.23 - - - -
Brejo FAYS123-6 mCA 0.15 1.18 0.15 1.27 - - - -
Inverno FAYS73-4 mpLB —4.00 1.19 -3.85 1.39 70.3 26.4 0.7 2.7
Cedros FAYS7-3 mLA 0.99 245 1.19 227 7.6 36.1 6.4 49.9
Cedros FAYS12-4 mLA 1.88 2.03 2.03 1.94 12.5 16.6 2.6 68.4
Cedros FAYS12-5 mLA 0.86 2.58 0.89 245 39 41.0 7.4 47.7
Cedros FAYS46-3 mLA —0.50 245 —0.48 243 17.2 49.5 5.5 27.9
Cedros FAYS46-4 mLA -0.25 2.26 -0.26 2.22 16.7 47.5 6.3 29.5
Cedros FAY'S48-2 mLA -0.17 2.81 -0.15 2.75 18.6 42.8 54 332
Cedros FAYS52-1 mLA 1.04 2.75 1.16 2.58 8.8 36.2 45 50.6
Cedros FAYS89-3 dbLA 0.82 3.19 0.83 2.87 14.6 342 3.6 47.5
Cedros FAY'S89-4 dbLA 1.66 3.13 1.39 2.76 12.2 25.5 3.4 58.9
Cedros FAYS89-5 dbLA 1.99 2.79 1.76 2.71 16.1 18.5 2.5 62.9
Cedros FAYS145-3 sLA 1.36 2.44 1.69 2.05 - - - -
Cedros FAYS30-1 mLA?* -0.78 2.58 -0.76 2.57 29.6 38.0 7.6 24.8

Md® mean diameter, o¢ graphic standard deviation or sorting, Mz graphic mean, o/ inclusive graphic standard deviation or sorting, P pumices, L lithics,

C crystals, NA not analysed ash

* Corresponds to the pumiceous lapilli-ash matrix of the lithic breccia

Ltd., Ontario (Canada), and electron microprobe analyses of
the mineral phases (ESM Table A.1) and groundmass glass
(details in the Appendix).

Stratigraphy of the C11 deposit

The C11 deposit (980+50 '*C years BP; Pacheco 2001) out-
crops mainly on the north and west slopes of Caldeira Volcano
and the northern margin of Pedro Miguel Graben (Fig. 2). In
general, it is found above the C9 pumice fall deposit (1600+
60 '“C years BP; Pacheco 2001) and occasionally overlies the
inconspicuous C10 ash deposit. It is only partially concealed
by the small volume C12 deposit (580+40 '*C years BP;
Pacheco 2001), making it widely present at the surface. The
C11 deposit varies in thickness from 0.15 to >14 m and com-
prises three members, defined by stratigraphic position and
dominant lithofacies, that represent the three distinct phases
of the eruption (Fig. 3).

At the base of the C11 pyroclastic succession is the Brejo
Member (BM), which consists of a sequence of fine to coarse
ash layers deposited on the NW sector of Faial. The middle
part is the Inverno Member (IM), a coarse pumice fall deposit
that outcrops on the north flank of the volcano. The top of the
C11 is dominated by the Cedros Member (CM), composed of
massive to diffuse-stratified ignimbrite and lithic breccias,
emplaced on the slopes of the volcano and Pedro Miguel
Graben. No significant discontinuities were found between
the members, suggesting that the C11 deposit represents a
single eruptive event with no major pauses. The three mem-
bers will be fully described and interpreted in the next
sections.

Brejo Member
The BM comprises numerous parallel-bedded ash (//bA)

layers and is well represented by outcrops at Alto do Brejo
(type location FAYL123; Fig. 4), where it is >2.6 m thick. It
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Fig. 3 Composite stratigraphic

section of the C11 pyroclastic
succession with reference to the
members and corresponding
eruptive phases
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shows a gradual transition from a lower part dominated by
massive fine-grained ash beds (mA; Fig. 5a) to an upper part
mainly composed of massive coarse-grained ash beds (mCA;
Fig. 5b).

Lithofacies The mA to mCA beds range in thickness from
very thin to thin (<1 to ~10 cm) and show well-defined par-
allel bedding. Some massive ash layers occasionally grade
laterally into stratified ash (sA; Fig. 5c).

The mA beds (Md¢ 1 to 4.5) are composed of juvenile ash,
occasionally containing accretionary lapilli (mAacc), mostly
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ash pellets and some coated ash pellets, and moulds of small
branches (Fig. 5d). Fine-ash particles are predominantly made
up of juvenile glass shards, with subordinate lithic clasts and
crystals. Juvenile ash particles exhibit variable morphologies
under the SEM, including dense blocky clasts with stepped
fractures (Fig. Se), subrounded moss-like clasts (Fig. 5f),
fused-shaped poorly vesicular clasts (Fig. 5g) and clasts with
thick bubble walls cut by planar or curved planar surfaces
(Fig. 5h).

The mCA beds (Md¢ —1 to 1) are framework-supported
and constituted by lithic clasts (up to 70 wt%), subordinate
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juvenile clasts and loose crystals. The main lithic clast type is
basaltic lava, but hydrothermally altered clasts are also found.
Coarser juvenile clasts are pumiceous and predominately an-
gular, although in some beds they show evidence of abrasion.

Several massive pumice lapilli (mpL) beds (Md¢ —1 to
—1.5) occur intercalated with the ash beds in the upper
part of the BM. They are composed of framework-
supported pumice and lithic lapilli. Pumice lapilli are an-
gular, generally light-coloured, although banded or dark-
grey clasts also occur. Lithic clasts are mainly basaltic
lavas, with hydrothermally altered clasts and minor sye-
nite and mafic xenoliths.

The BM beds mantle the topography over several square
kilometres, although local, subtle thickness variations in indi-
vidual beds are present (e.g. FAYL124; Fig. 5c). The upper
and lower contacts of beds are commonly sharp. Most beds
are internally massive but some show normal or inverse grad-
ing. Individual beds are well sorted (c¢ 1-2) to moderately
sorted (o¢ 2-3), with unimodal and bimodal particle size dis-
tributions (ESM Fig. A.1). Grain size parameters of represen-
tative beds are listed on Table 2.

Distribution The BM is mainly dispersed across the NW
sector of Faial. The isopach map of the ash layers (Fig. 6)
indicates a dispersal axis trending N36° W and covering an
area of 48 km? within the 10-cm isopach. The mA beds are
best represented on the western part, towards Praia do Norte,
while mCA beds outcrop mostly on the northern part, towards
Ribeira Funda.

Interpretation The //bA layers are consistent with fallout
from pulsating eruption columns, associated with the initial
phase of the eruption and influenced by wind blowing to the
NW. This interpretation is supported by the continuous lateral
thickness of the beds (independently of topography) and con-
sistent thinning and fining with distance from the vent. The
good sorting in thin beds and the absence of obvious traction
structures suggest ash fallout from short-lived columns as the
main mode of deposition.

However, some ash beds do show subtle thickness varia-
tions, slightly poorer sorting, bimodal particle size distribu-
tions and lateral gradations into sA. These beds may have
been deposited from short-lived PDCs generated during par-
tial or total column collapses. Although it may be difficult to
distinguish the exact depositional mode, it is possible that
some beds record gentle ash deposition from fully dilute
PDCs, with fallout-dominated flow-boundary zones
(Branney and Kokelaar 2002) rather than in a traction regime,
or even simultaneous deposition from dilute PDCs and direct
ash fallout (Douillet et al. 2013).

The BM ash layers coarsen from base to top. The lower part
is primarily composed of mA, sometimes with accretionary
lapilli-bearing beds, while the upper part comprises mCA and
occasional mpL beds. This suggests that magma fragmenta-
tion efficiency decreased with time during the initial phase of
the eruption.

The presence of very fine-grained mA beds (Md¢ 4-5) and
high lithic contents is consistent with phreatomagmatic activ-
ity (Wohletz 1983; Barberi et al. 1989; Dellino and La Volpe
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Fig. 5 Deposits from Brejo
Member at different stratigraphic
sections (see Fig. 4 for location
and Table 1 for lithofacies key). a
Sequence of massive fine-grained
ash beds and subordinate
coarse-grained ash beds
(FAYL126; scale is 20 cm). b
Sequence of massive
coarse-grained ash beds and a
massive pumice lapilli bed
(FAYL90; scale is 40 cm), IM
Inverno Member. ¢ Stratified ash
bed with local thickness variation
in a sequence of parallel-bedded
ash beds (FAYL124; scale is

20 cm). d Accretionary lapilli
(ash pellets) and branch mould,
within the circle, in a fine-grained
ash bed (FAYL123, pen for scale).
SEM images e to h show different
morphologies of juvenile ash
particles. e Dense blocky clast
(FAYS103-1). f Subrounded clast
with moss-like morphology
(FAYS103-1). g Fused-shaped
poorly vesicular clast
(FAYS123-1). h Vesicular clast
with thick walls cut by planar
surfaces (FAYS123-3)

1995). Also, the various morphologies of the juvenile ash
particles (Fig. Se—h) reflect varying degrees of water-magma
interaction (Wohletz 1983; Pardo et al. 2009). Furthermore,
the presence of mAacc suggests input of external water. Moist
ash deposits are associated with phreatomagmatic eruptions
(e.g. De Rita et al. 2002) but may also result from magmatic
eruptions in high humidity atmospheric conditions (e.g. Cole
et al. 2002).

Together this evidence supports an early phreatomagmatic
phase. Phreatomagmatism is a common feature of the Upper
Group of Cedros Volcanic Complex and several other deposits
show evidence of water-magma interaction (C2, C7, C9 and
C12; Pacheco 2001), suggesting that Caldeira Volcano had
crater ponds or sustained aquifers over the past 16 kyr.
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At later stages, magmatic fragmentation became dominant
as indicated by the presence of coarser vesicular clasts, partic-
ularly in mpL beds of the upper part of BM.

Inverno Member

The IM is a coarse-grained pumice deposit that is clearly
distinct from the underlying BM. It is best represented
near Alto do Inverno (type location FAYLS2; Fig. 7),
where it is >2 m thick and is composed of two massive
pumice lapilli-block (mpLB) beds, A and B, separated by
an inconspicuous massive coarse-grained ash (mCA) lay-
er (Fig. 8a).
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Fig. 6 Isopach map of the Brejo Member ash layers; UTM coordinates, zone 26S. Inset shows log of thickness vs. square root of area diagram

Lithofacies The mpLB consist of framework-supported
coarse-grained (Md¢ ~—4) pumice and lithic lapilli (Fig. 8b)
with abundant blocks (pumice and lithic clasts up to 45 and
25 cm, respectively). Pumice clasts (up to 70 wt%) are angular
and frequently show impact fractures (Fig. 8c). They are typi-
cally banded of light colour (beige) and dark-grey, but uniform
coloured clasts are common. Light-coloured/banded clasts are
more vesicular than dark-grey clasts (Fig. 8d). Lithic clasts are
subordinate and are mostly basaltic lavas, but frequent hydro-
thermally altered clasts and syenite xenoliths are found. Occa-
sionally, mafic cumulate xenoliths are also present.

The mpLB is well sorted (0¢p 1-2; ESM Fig. A.2) without
obvious internal structures, although in some localities a tenden-
cy towards inverse-normal grading is observed (e.g. FAYL94). It
mantles the topography and ranges in thickness from 0.15 to
>2.5 m. The upper and lower contacts are well defined with
sharp boundaries. Occasionally, the top of the upper bed B is
marked by an erosion surface caused by later PDCs.

The mCA layer, found between the pumice beds, is com-
posed of juvenile ash with occasional fine-grained pumice and
lithic lapilli. It is typically thin, <10 cm, and sometimes absent
from the pumice deposit. The top and base show diffuse
boundaries.

Distribution The IM has a restricted distribution in the north-
ern sector of the island. The isopachs of the pumice deposit are

narrow, with a single dispersal axis trending N12° W; the 25-
cm isopach covers an area of 26 km? (Fig. 9). As the ash layer
is not ubiquitous throughout the outcrops, individual isopach
maps of beds A and B were not produced.

Interpretation The IM records the second phase of the
eruption. The mpLB lithofacies is interpreted as a pum-
ice fall deposit deposited from an eruption column influ-
enced by strong wind blowing to the NNW. This inter-
pretation is based on characteristics of the deposit such
as consistent thinning and fining with distance from the
vent, framework-supported nature and good sorting. Also
the occurrence of angular pumice with impact fractures is
consistent with fallout. The coarseness of the deposit
reveals that transport by ballistic trajectory also played
an important role during deposition.

The presence of two pumice beds indicates unsteadi-
ness of the eruption column. However, as the mCA layer
is not ubiquitous, it suggests that the unsteadiness may
represent only a brief oscillation in the column, rather
than a complete pause.

The inconspicuous mCA is interpreted as an ash fall layer
based on its relatively continuous thickness and absence of
internal structures. This bed records the deposition of residual
ash suspended in the atmosphere between oscillations of the
eruption column (e.g. Brown and Branney 2004).
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Cedros Member

The CM is an ignimbrite sheet characterised by several
lithofacies, ranging from various types of lapilli-ash to lithic
breccia (IBr). It is named after the town of Cedros (type loca-
tion FAYL46; Fig. 10), where thick lapilli-ash deposits (>4 m)
are well exposed. CM comprises different intergradational
lithofacies (Fig. 11): massive lapilli-ash (mLA), diffuse-
bedded lapilli-ash (dbLA), diffuse-stratified lapilli-ash
(dsLA), stratified lapilli-ash (sLA), massive lithic breccia
(mlIBr) and diffuse-bedded lithic breccia (dblBr).

Lithofacies The lapilli-ash deposits exhibit closely spaced
lateral and vertical variations. They are topographically con-
trolled with large thickness variations over a few metres,
sometimes reaching >7 m in thickness.

The mLA is the most commonly seen lithofacies of
CM (Fig. 11a). It is matrix-supported and poorly sorted
(o¢ 2-4), with polymodal particle size distributions and
variable proportions of pumice and lithic clasts (ESM
Fig. A.3) in a grey ash matrix with abundant loose
crystals. Grain size parameters of representative CM
samples are listed in Table 2.

Pumice clasts are rounded to subrounded, ranging from
banded to light-coloured and dark-grey. Lighter coloured
clasts are more vesicular than the darker coloured ones. Lithic
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clasts (frequently up to 50 wt%) are angular to subrounded
and are mostly basaltic lavas, hydrothermally altered clasts,
syenite xenoliths and few mafic cumulate xenoliths. Lapilli-
size clasts are dominant, although coarser clasts are common
at certain locations (e.g. Faja beach and Alto do Inverno).
Pumice and lithic blocks can reach up to 20 and 185 cm,
respectively. Abundant carbonised wood fragments and stand-
ing tree trunks are common in this lithofacies.

The mLA deposits are generally structureless. However,
lithic-rich or pumice-rich lenses of rounded to subrounded
framework-supported lapilli and blocks (pLBlens, ILBlens)
and fines-poor lithic-rich pipes (Ipip) are present.

The dbLA lithofacies is poorly sorted (c¢ 2—4) and com-
posed of the same components as mLA. The internal structure
is defined by decimetre-thick parallel to subparallel beds
(Fig. 11b). Individual beds, marked by pumice-rich or lithic-
rich horizons, are massive or show simple grading patterns.
Beds are laterally continuous for a few metres, although grad-
ual thickening or thinning also occurs. Tops and bases of in-
dividual beds show diffuse boundaries. Thicker beds occa-
sionally exhibit pLBlens or 1LBlens.

The dsLA is also poorly sorted (c¢ 2-3) but finer grained
than dbLA (pumice clasts <7 cm and lithic clasts <5 cm), with
the same component characteristics as in the mLA. The inter-
nal structure is defined by very thin layers (typically <l cm),
with parallel to subparallel stratification (Fig. 11c¢). Individual
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Fig. 8 Features of Inverno
Member at stratigraphic section
FAYL145 (see Fig. 7 for location
and Table 1 for lithofacies key). a
Beds A and B (scale is 20 cm. BM
Brejo Member, CM Cedros
Member). b Framework-
supported coarse-grained pumice
and lithic lapilli. ¢ Pumice block
with impact fractures. d Light-
coloured, banded and dark-grey
pumice clasts

Inverno Member

.- Bed

layers are massive, but also show normal or inverse grading.
The layering is diffuse and marked by alternating ash-rich and
lapilli-rich layers. Some layers have sharp boundaries that
define sLA lithofacies. Lateral thickness variations of individ-
ual layers are common.

The IBr is matrix-supported, less frequently framework-
supported and poorly sorted and reaches >3 m in thickness
(Fig. 11d). Lithic clasts are angular and very poorly sorted
(blocks up to 130 cm). They comprise basaltic lavas and com-
mon hydrothermally altered clasts and syenite xenoliths. Oc-
casionally, mafic cumulate xenoliths are present. Pumice
clasts are subordinate, poorly sorted (generally<20 cm) and
variably vesicular, as banded, light-coloured or dark-grey
clasts. Most are angular, with coarser clasts frequently show-
ing impact fractures. Sporadic carbonised wood fragments are
found. The pumiceous lapilli-ash matrix is poorly sorted (e.g.
o¢ 2.58; FAYS30-1) and contains abundant loose crystals.

Typically, the IBr deposits are massive (mIBr), but a few
outcrops show normal grading of lithic clasts (e.g. FAYL103)
and diffuse-bedding (dblBr; FAYL30). Stratigraphically, they
tend to occur above the lapilli-ash lithofacies. The lower part
is coarser and the boundaries may be diffuse or sharp, occa-
sionally showing impact sags produced by large lithic blocks

sinking into the underlying ash layers of BM. The upper part is
finer grained, pumice-rich and marked by a palaeosol.

The base of CM commonly rests on top of IM or
older deposits, and less frequently, it overlies BM. The
top of CM is marked by a palacosol or more rarely an
erosion surface.

Distribution The CM is widely found on the central part of
Faial, spreading to the north and east flanks of Caldeira Vol-
cano (Fig. 12), and covers a minimum inland area of 39 km?.
Two main flow paths are identified: the north path is wide-
spread along the slopes of the volcano to the coastline; while
the Pedro Miguel path is confined by the fault scarps of the
graben. The thickest deposits (>7 m) occur at proximal loca-
tions on the northern sector and in patches at medial and distal
areas (e.g. Faja beach, Cascalho, Canada Larga, Cancelas;
Fig. 12).

The lapilli-ash lithofacies are best represented between
>500 m from the summit and the coastline on the west and
north sectors of Faial (at distances of 3—5 km) and along Pedro
Miguel stream-valley (~9 km away). The mLA, dbLA and
lithic-rich lithofacies commonly occur in palaeovalleys or flat-
ter areas, where the deposits are thicker, while dsLA and sLA
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Fig. 11 Deposits from Cedros
Member at different stratigraphic
sections (see Fig. 10 for location
and Table 1 for lithofacies key;
scale is 1 m). a Massive lapilli-ash
with pumice-rich horizon and
standing charred tree trunk
(FAYL12). b Lithic-rich diffuse-
bedded lapilli-ash grading into
massive lapilli-ash (FAYL69). ¢
Pumice-rich massive lapilli-ash
grading to diffuse-stratified lapil-
li-ash and to massive lapilli-ash
(FAYL150). d Massive lithic
breccia (FAYL32)

tend to occur in the higher ground or where the deposits are
thinner. The 1Br are dominant at proximal locations (<500 m
from the summit) mainly along the northern part.

Interpretation The various lapilli-ash deposits are
interpreted as different lithofacies of an ignimbrite deposited
from high particle concentration PDCs during the final phase
of the eruption. This interpretation is based on the matrix-
supported nature of the deposits, poor sorting, polymodal par-
ticle size distributions, variable internal structures and abun-
dance of charred tree trunks. Also, the closely spaced

intergradations of lithofacies and significant lateral thickness
variations indicate a flow origin for these deposits.

The mLA deposits were formed by the rapid progressive
aggradation of pyroclasts from high particle concentration
granular fluid-based PDCs (e.g. Branney and Kokelaar
2002; Brown et al. 2007; Sulpizio et al. 2007; Sulpizio and
Dellino 2008). Their poor sorting and massive nature suggests
deposition from PDCs with fluid escape-dominated flow-
boundary zones (Branney and Kokelaar 2002), where
pyroclasts are supported by the upward escape of interstitial
fluid as consequence of deposition (i.e. hindered settling). The
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Fig. 12 Distribution map of the Cedros Member PDC deposits; UTM coordinates, zone 26S

lack of'internal structures indicates that steady conditions were
dominant during sustained deposition from PDCs (Branney
and Kokelaar 2002; Sulpizio and Dellino 2008).

The dbLA records PDC unsteadiness during deposi-
tion, with flow-boundary zones that were gradational
between fluid escape- to granular flow-dominated, rather
than deposition from separate currents. The dsLA re-
cords the development of flow-boundary zones between
fluid escape- and granular flow-dominated and short pe-
riods of traction-dominated regimes which deposited
sLA (Branney and Kokelaar 2002).

The lateral intergradations of thick mLLA and dbLA in
palaeovalleys with thinner dsLA and sLA in topographic
highs have been recognised in ignimbrites elsewhere (e.g.
Wilson 1985; Scott et al. 1996; Giordano et al. 2002; Brown
and Branney 2004, 2013) and correspond to valley-fill to ve-
neer lithofacies transitions.

The distribution and lithofacies associations suggest that
the CM ignimbrite was deposited from sustained quasi-
steady PDCs generated by prolonged pyroclastic fountaining
and that were strongly controlled by topography. These char-
acteristics are indicative of low mobility, high particle concen-
tration currents, very sensitive to subtle slope changes and
unable to overcome obstacles (e.g. Branney and Kokelaar
2002; Giordano et al. 2002).

The IBr are consistent with proximal PDC lithofacies
on the basis of their poor sorting, chaotic nature and
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pumiceous matrix. The down-slope gradation into mLA
or dbLA indicates that they are the proximal equivalent
of an ignimbrite. The IBr also includes an important fall-
out component revealed by the large lithic blocks and
coarse angular pumice clasts with impact fractures. The
presence of lithic block impact sags on the underlying
BM indicates ballistic transport.

Nevertheless, the abundance and size of the lithic
clasts (basaltic lavas, hydrothermally altered clasts, sye-
nite and mafic cumulate xenoliths, in decreasing order of
abundance) indicate that conduit wall erosion and most
summit collapse occurred during this phase of the
eruption.

Physical parameters of the eruption
Volume estimates

On a small island such as Faial (~170 km?), it should be noted
that the values presented are minimal values because of the
unknown portion of material deposited offshore, as commonly
seen in small islands elsewhere (Walker 1981). The fallout
volumes of BM and IM were calculated following Pyle
(1989) modified by Fierstein and Nathenson (1992). In both
cases, isopachs are regularly spaced (Figs. 6 and 9),
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suggesting that thickness decreases at an exponential rate with
distance from the vent. The log of thickness vs. square root of
area diagrams (insets on Figs. 6 and 9) show that data are best
fitted by a single line segment. Thus, the calculated volumes
correspond only to proximal bulk volumes. To overcome this
issue, the empirical method of Sulpizio (2005) was combined
with Fierstein and Nathenson (1992) to obtain the total bulk
volumes from the estimation of distal volumes deposited at
sea (Table 3).

The BM has a proximal bulk volume of 0.06 km® and an
estimated total bulk volume of 0.08 km>. The latter corresponds
to a deposit mass of 6.9x10'" to 9.2x10'° kg, based on ash
densities of 900-1200 kg/m® (obtained by weighing compacted
representative samples in 500 cm® beakers). A dense rock
equivalent (DRE) volume between 0.03 and 0.04 km® was
calculated considering the deposit mass range and a trachytic
magma density of 2400 kg/m® (obtained from whole-rock com-
position and geothermometry; see next section).

The IM yields a proximal bulk volume of 0.05 km® and an
estimated total bulk volume of 0.07 km?. This is significantly
smaller than proposed by Pacheco (2001), who estimated a
volume of 0.11 km® for the same deposit, based on a 6-m
isopach drawn around a single point. The present total bulk
volume can be converted to a DRE volume of 0.01 km®, using
a deposit mass of 3.3x10"° kg, obtained from an average
pumice fall deposit density of 500 kg/m® and the trachytic
magma density.

Nevertheless, the fallout volumes obtained here must be
considered minima, because of the lack of distal outcrops.
They may be underestimated by >50 % when compared with
other similar fallout deposits with better distal constraints (e.g.
Sahetapy-Engel et al. 2014; ESM Fig. A .4).

The CM bulk volume was calculated by multiplying the
area of each isopach polygon by its representative thickness

(Fig. 12). The minimum bulk volume on land is 0.07 km?,
which is in good agreement with 0.06 km® estimated by
Caniaux (2012). Both these values do not account for the
volume of material deposited at sea by PDCs. The bulk vol-
ume corresponds to a deposit mass of 7.8x10'° kg, using an
average density of 1200 kg/m® for the PDC deposits. A min-
imum DRE volume estimate of 0.03 km® was obtained using
the mass value and the trachytic magma density.

In summary, the bulk volume of the C11 eruption is con-
servatively estimated at >0.22 km®. This corresponds at least
to a volcanic explosivity index (VEI) 4 event (Newhall and
Self 1982) with a magnitude of 4.2 to >4.3 (Pyle 2000). The
minimum DRE volume is thus estimated to have been be-
tween 0.07 and >0.08 km”. It is reasonable to assume that
>0.1 km® DRE volume of magma was involved in the erup-
tion, considering the unknown portion of material deposited
into the sea.

The total volume of the C11 eruption is unknown. Howev-
er, if we assume that the minimum bulk volume estimate (at
least 0.22 km®) is about one third of the total, as previously
considered for other eruptions on Azores (e.g. Fogo A: Walker
and Croasdale 1971 and Lajes-Angra Ignimbrite: Self 1976),
then the total bulk volume of the eruption is >0.66 km” (i.e.
>0.3 km® DRE).

Pacheco (2001) suggested a total bulk volume of >0.7 km®
for this eruption, roughly corresponding to the volume of the
summit caldera and in close agreement with the present esti-
mate. Following this approach and assuming a volume of
0.68 km® (calculated from an inverted truncated cone with
top and basal diameters of 2 and 1 km, respectively, and av-
erage depth of 370 m), then ~67 % of the material is missing
and may be deposited offshore. A summary of the physical
parameters of the C11 eruption and its members is presented
on Table 3.

Table 3 Summary of the

physical parameters of the Physical parameter Brejo Member Inverno Member Cedros Member Total C11
deposits from the C11 eruption
Proximal bulk volume (km?)* 0.06 0.05 0.07 0.18
Total bulk volume (km?)° 0.08 0.07 - >0.22
VEI® 3 3? 4
Deposit mass (x10'° kg)? 6.9-92 33 >7.8 18.0->20.3
Magnitude® 3.84.0 35 >3.9 42>43
DRE volume (km®)* 0.03-0.04 0.01 >0.03 0.07—0.08

Fallout after Pyle (1989) modified by Fierstein and Nathenson (1992). PDC deposits from the sum of polygon
areas multiplied by representative thickness

® Fallout after Sulpizio (2005) combined with Fierstein and Nathenson (1992). Not applicable for PDC deposits

¢ After Newhall and Self (1982)

9Based on an average compacted deposit density of 900—1200, 500 and 1200 kg/m® for ash, pumice fall and

ignimbrite, respectively
¢ After Pyle (2000)

"Based on a trachytic magma density of 2400 kg/m® and deposit mass values
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Column height and mass eruption rate

Eruption column height was calculated for the second phase
(IM) following the method of Carey and Sparks (1986), but
not for initial phase due to the pulsating nature of the columns.

The IM isopleth maps (Fig. 13a, b) are oriented towards
NNW closely resembling the isopach map (Fig. 9). The max-
imum downwind and crosswind ranges obtained from the
lithic clast isopleths (Fig. 13a) were plotted on the Carey and

Sparks (1986) diagram for 6.4 cm diameter clasts (Fig. 13c),
giving a maximum column height of ~14 km and wind speeds
of 25 m/s. Estimates made using coarse lithic clasts tend to
give lower column heights than those with fine-grained clasts.

The mass eruption rate (MER) was calculated using the
method of Wilson and Walker (1987), yielding 1.2x10” kg/
s, which corresponds to an intensity of 10 (Pyle 2000). This
MER must be a peak value because the column showed slight
oscillations, recorded by the ash layer in the pumice fall
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Fig. 13 Isopleth maps of the Inverno Member. a Lithic clast isopleths. b
Pumice clast isopleths; UTM coordinates, zone 26S. ¢ Crosswind range
vs. downwind range diagram for 6.4 cm clast diameter with 2500 kg/m®
of density (Carey and Sparks 1986). d Half-distance ratio (bc/bt) vs.
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Thickness half-distance bt (km)

thickness half-distance diagram (bt), where bc is the clast half-distance
and Ht is the total column height (Pyle 1989). Grey marker—lithic clasts;
white marker—pumice clasts
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deposit. An approximate duration of ~45 min was obtained,
by dividing the deposit mass by the peak MER.

The eruptive style was classified following the Pyle (1989;
Fig. 13d) diagram, using the half-distance ratio (bc/bt) vs.
thickness half-distance (bt), where bc is the clast half-distance.
From the isopach (Fig. 9) and isopleth maps (Fig. 13a, b), IM
pumice fall has a bt of 0.4, while the be values for lithic and
pumice clasts are 0.8 and 1.1, respectively. These plot in the
transition from Strombolian to sub-Plinian fields in the case of
the lithic clasts and in the sub-Plinian field for the pumice
clasts, suggesting that this phase had an overall sub-Plinian
style. The large be/bt values (1.8 for lithics and 2.6 for pum-
ices) are indicative of small dispersal, typical of coarse-
grained fall deposits. The column height obtained from the
lithic clasts on the diagram of Pyle (1989) is ~14 km, which
is in good agreement with that calculated using the method of
Carey and Sparks (1986).

Petrography and geochemistry
Petrographic aspects and mineral chemistry

The juvenile products of C11 comprise light-coloured (beige),
dark-grey and banded pumice clasts. A brief macroscopic de-
scription and correspondence with the members are reported
in Table 4.

Light-coloured clasts (~42 vol% vesicularity) have a low
phenocryst content (1.5-3 vol%) and a glassy hypocrystalline
groundmass. The vesicles are subcircular to slightly elongated
and separated by thin walls (Fig. 14a). By contrast, dark-grey
clasts (~19 vol% vesicularity) have higher phenocryst con-
tents (8 vol%) in a glassy groundmass with a higher microlite
content. These often show seriate texture and smaller irregu-
larly shaped to subcircular vesicles with thicker walls
(Fig. 14b). Banded pumice clasts show features common to
both types of clasts, at a meso- and micro-scale.

The juvenile products share the same mineral assemblage:
plagioclase, alkali feldspar, olivine, amphibole, biotite,
clinopyroxene, Fe-Ti oxides and occasional apatite. There

are no significant differences in the mineral compositions
among the different juvenile products (ESM Table A.1).

Plagioclase (Anjg_79, Absj_7¢, Orj_g) is the most
abundant mineral phase (<5 vol% phenocrysts) and oc-
curs as euhedral and subhedral phenocrysts to microlites.
Phenocrysts (<2.5 mm) are frequently fractured and oc-
casionally show features of disequilibrium with the host
rock (e.g. partially resorbed rims and sieve textures). Al-
kali feldspar (An;_;5, Abgo_74, Or10_3g) is also present as
euhedral and subhedral phenocrysts (<1.6 vol%) to
microlites. Some anorthoclase phenocrysts (<1.5 mm)
are fractured and partially resorbed with reaction rims
composed by Fe-Ti oxides and amphibole.

Olivine is less common (<1 vol%) and occurs as pheno-
crysts (0.4 mm) and microphenocrysts which frequently show
partially resorbed rims and rounded edges, that sometimes host
Fe-Ti oxides. Its chemical composition (Fog7_79) is in disequi-
librium with the host rock, indicating a xenocrystic origin.

Amphibole (kaersutite and Mg-hastingsite) is found as
euhedral to anhedral phenocrysts (<0.4 vol%) and rarely as
microlites. Phenocrysts (<0.5 mm) occasionally show signs of
disequilibrium (i.e. embayments and anhedral forms).
Clinopyroxene (diopside and augite; Wo,9 47, Enzg 42, Fsi2-
36) 1s present as euhedral and subhedral phenocrysts
(<0.3 vol%) to microphenocrysts; aegirine-augite crystals are
rare. Biotite is found as euhedral and subhedral phenocrysts
(0.4 vol%) and rarely as microlites and frequently shows
disequilibrium features.

Fe-Ti oxides occur as euhedral to anhedral phenocrysts
(<0.4 vol%) to microlites. Microphenocrysts of Fe-Ti oxides
are also found as inclusion in other mineral phases. Magnetite
(46—62 mol% Usp) strongly prevails over ilmenite (85—
90 mol% Ilm). Apatite is rare and found only as
microphenocrysts.

Whole-rock and glass geochemistry
Whole-rock and groundmass glass compositions of C11 juve-

nile products are summarised in Table 5 (full whole-rock anal-
yses in ESM Table A.2). The pumices are classified as

Table 4 Brief macroscopic

description of the samples and Member Sample Lithofacies Main macroscopic features

correspondence with the C11

members (see Figs. 4, 7 and 10 for Brejo FAYS91-1 mpL Angular, vesicular and light-coloured

location and Table 1 for Brejo FAYS99-1 mpL Angular, vesicular and light-coloured

lithofacies key) .
Inverno FAYS73-3 mpLB Angular, poorly vesicular and dark-grey
Inverno FAYS104-1a mpLB Angular, vesicular and light-coloured
Inverno FAYS104-1b mpLB Angular, vesicular and banded
Inverno FAYS104-1c mpLB Angular, vesicular and dark-grey
Cedros FAYS7-1a mLA Rounded, vesicular and banded
Cedros FAYS7-1b mLA Subrounded, vesicular and banded
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Fig. 14 Microphotographs of
C11 juvenile products, in plane-
polarised light (P/ plagioclase
phenocryst). a Light-coloured
pumice with large vesicles and
subhedral plagioclase phenocryst.
b Dark-grey pumice with small
irregularly shaped vesicles and
euhedral plagioclase phenocryst

trachyte with 59 wt% SiO, and 10 wt% of Na,O+K,O. The
groundmass glass composition ranges from 60 to 67 wt%
SiO,, also lying in the trachyte field, with a few samples on
the benmoreite-trachyte boundary (Fig. 15).

The analysis of whole-rock diagrams of major elements vs.
Si0, (diamonds in Fig. 16a) shows that there are no signifi-
cant chemical differences among the three types of pumice
(light-coloured, dark-grey and banded) or in the products of
the three members. The primordial mantle-normalised multi-
element diagram (Fig. 16b) reveals that the samples are com-
positionally homogenous and show Th, Sr and Ti negative
anomalies and Zr positive anomaly.

By contrast, groundmass glass compositions (circles in
Fig. 16a) are less homogeneous and more evolved than

Table 5 Average C11 whole-rock pumice and groundmass glass com-
position. All values in weight percent

Oxides Whole-rock® Light-coloured glass Dark-grey glass
No. 6 (xlo) 52 (xlo) 8 (£lo)
SiO, 59.33(0.27) 64.20 (0.99) 62.81 (2.41)
TiO, 1.00 (0.02) 0.65 (0.10) 0.13 (0.06)
AlLO; 17.81 (0.23) 18.62 (0.27) 22.70 (2.18)
FeOt® 4.83 (0.07) 3.75 (0.29) 0.54 (0.19)
MnO 0.16 (0.00) 0.16 (0.03) 0.05 (0.03)
MgO 1.27 (0.08) 0.70 (0.16) 0.05 (0.03)
CaO 3.06 (0.04) 1.96 (0.39) 391 (2.17)
Na,O 6.20 (0.06) 6.01 (0.33) 7.71 (0.48)
K,O 3.76 (0.03) 4.22 (0.36) 2.33(2.02)
P,0s 0.31 (0.02) 0.18 (0.06) 0.07 (0.05)
LOI 1.44 (0.46) - -

SO; - 0.04 (0.02) 0.03

Cl - 0.16 (0.02) -

Total 99.17 100.67 100.33

No. number of analyses

#Whole-rock composition of light-coloured, dark-grey and banded
pumices

° Total Fe reported as FeOt (from whole-rock analyses FeOt=0.8998 x
Fe,04t)

@ Springer

whole-rock compositions. Major element concentrations in
the groundmass glass reveal two different trends: light-
coloured glass consistently shows higher contents of TiO,,
FeOt, MnO and MgO when compared with dark-grey glass.
The dark-grey glass has higher contents of Al;0; and CaO
that decrease with increasing SiO,, while K,O shows the op-
posite behaviour.

The concentration of residual volatile species (halogens
and sulphur) in the two types of groundmass glass is also
considerably different. The light-coloured glass has a higher
concentration of SOz (<0.09 wt%), while in the dark-grey
glass, with the exception of one value of 0.03 wt% SOs, it is
below the detection limit of the electron microprobe. Chlorine
concentrations range from 0.12 to 0.21 wt% in the light-
coloured glass, but is always below the detection limit in the
dark-grey glass.

Overall, the juvenile products of C11 show the same
mineral assemblage and whole-rock compositions through-
out the three members, indicating that the bulk magma
composition remained constant during the eruption. How-
ever, the simultaneous presence of light-coloured, dark-
grey and banded clasts (with different vesicularity and

9 C11 whole-rock

14 1 O Light-coloured glass
@ Dark-grey glass
Trachyte

@

Benmoreite

Na,0 + K,0 (Wt%)
[e ]
1

0 T T T T T T T 1
35 40 45 50 55 60 65 70 75
SIO, (Wt%)

Fig. 15 Total alkalis vs. silica (TAS) diagram (Le Bas et al. 1986) for the

classification of C11 whole-rock pumice and groundmass glass
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crystallinity), frequent disequilibrium features in pheno-
crysts, distinct groundmass glass compositions and residu-
al volatile contents suggest the occurrence of magma min-
gling/mixing.

Magmatic intensive parameters

The magmatic intensive parameters are constrained using the
magnetite-ilmenite geothermometer of Andersen and
Lindsley (1985) with Stormer (1983). Temperature and oxy-
gen fugacity were obtained from coexisting microphenocrysts
of magnetite and ilmenite set in groundmass and tested for
equilibrium following Bacon and Hirschmann (1988). The
equilibrium temperatures are in the range of 923-976 °C with
oxygen fugacity values (log fO,) of —11.7 to —10.5 log units,
close to the Ni-NiO oxygen buffer. These values are represen-
tative of pre-eruptive magmatic conditions along the upper
part of the feeding system, due to the rapid re-equilibration
timescales of coexisting Fe-Ti oxides (e.g. Gardner et al.
1995; Venezky and Rutherford 1999).

The presence of amphibole enables the estimation of magma
storage conditions using the Ridolfi et al. (2010)
geothermobarometer. Intensive parameter estimates yield a tem-
perature range of 953—1040 °C and oxygen fugacity of —12.1 to
—10.3 log fO,, near the Ni-NiO oxygen buffer. The estimated
pressure varies between 290 and 510 MPa, which correspond to
depths of 10 to 18 km. The water content of the melt in equilib-
rium with the amphibole is estimated at 3.3-5.2 wt%. However,
as this algorithm only considers the composition of amphibole
and does not account for re-equilibrium conditions with the melt
or other mineral phases (e.g. Shane and Smith 2013), the calcu-
lated parameters refer to amphibole crystallisation conditions,
which most likely record deeper magmatic conditions than those
obtained by coexisting magnetite-ilmenite pairs.

Regardless of the different formulations of the
geothermometers, the calculated parameters are in agreement
between them and with those of Zanon et al. (2013), who esti-
mated a magmatic temperature of 953+22 °C.

Discussion
Magma mingling/mixing

The ubiquitous presence of banded, light-coloured and dark-
grey pumice clasts throughout the C11 deposit suggests the
simultaneous eruption of two types of magmas. We propose
that the dark-grey and light-coloured clasts represent distinct
magma batches, although with similar bulk characteristics
(whole-rock composition and mineral assemblage). This hy-
pothesis is supported by the different textural features (vesic-
ularity and crystallinity) and groundmass glass compositions
(major elements and residual volatiles) which provide

evidence for the interaction of two magmas (e.g. Huppert
et al. 1982; Clynne 1999; Tepley et al. 2000; Sosa-Ceballos
et al. 2012). The dark-grey magma was slightly more differ-
entiated and degassed than the light-coloured magma. This
indicates that the two batches evolved independently from
one another before mingling/mixing. The dark-grey magma
was probably stored at a shallower level for a longer time,
sufficient to exsolve volatiles and crystallise (e.g. Hammer
and Rutherford 2002; Wright et al. 2011), while the light-
coloured magma may have been stored at greater depth.

According to Zanon et al. (2013) and Zanon and Frezzotti
(2013), the trachytic magmas erupted from Caldeira Volcano
evolved through two-step fractional crystallisation starting at a
depth of ~16 km. The shallower level of differentiation, locat-
ed at ~5 km depth, is part of a complex magma storage sys-
tem, composed of small independent reservoirs, that fed the
various explosive eruptions (Dias et al. 2007).

Other deposits of the Cedros Volcanic Complex Upper
Group (C4 and C9; Pacheco 2001; Zanon et al. 2013) also
show banded pumice clasts with similar characteristics to
those of C11, suggesting that magma mingling/mixing pro-
cesses are common at Caldeira Volcano storage system.

We hypothesise that prior to the C11 eruption, the rising
volatile-rich light-coloured magma encountered the more
degassed and differentiated dark-grey magma. The volume
and volatile influx from this interaction may have triggered
the eruption.

Although the two magmas have similar bulk compositions
and mineral assemblages, the presence of banded clasts indi-
cates that the mixing process was incomplete. In fact, macro-
scopically uniform coloured pumice clasts show micro-scale
banding under the microscope. Therefore, the bulk composi-
tion of the C11 magma results from mingling and limited
mixing of the two trachytic magma batches.

Reconstruction of the eruption history

The C11 eruption was the last major explosive event at
Caldeira Volcano. The magma involved (>0.1 km® DRE) re-
sulted from the mingling and partial mixing of two trachytic
batches, which may have acted as the eruption trigger. The
eruption had three main phases with distinct eruptive styles
without major pauses in between (Fig. 17).

Phreatomagmatic phase The eruption started with a series
of phreatomagmatic explosions as the ascending magma en-
countered a crater pond or an aquifer. These explosions pro-
duced short-lived eruption columns that deposited widespread
ash fall layers (0.08 km® total bulk volume) on the NW sector
of the island.

The phreatomagmatic phase was characterised by pulsating
activity and formed unstable columns that alternated between
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<« Fig. 16 a Variation diagrams for major elements (wt%) vs. SiO, (Wt%)
for C11 whole-rock pumice and groundmass glass. b Primordial mantle-
normalised multi-element diagram (McDonough and Sun 1995) for C11
whole-rock. Six samples, including light-coloured, dark-grey and banded
clasts, are plotted in the diagram; shaded area corresponds to the products
of the Cedros Volcanic Complex Upper Group (Zanon et al. 2013)

convective and collapsing regimes (Fig. 17a). Partial or total
column collapses produced single-pulse fully dilute PDCs.
During the course of the eruption, there was a change in the
eruptive dynamics, as magmatic fragmentation became pro-
gressively more dominant. This led to the formation of quasi-
sustained eruption columns that showered coarser grained ash
and some pumice lapilli beds over the NW flank of the volcano.

Sub-Plinian phase After the initial phase, the eruption en-
tered a fall-dominated phase characterised by magmatic frag-
mentation and the establishment of a sub-Plinian column up to
14 km high. It produced a coarse pumice fall deposit
(0.07 km® total bulk volume), over the north flank as result
of strong SSE-blowing winds (Fig. 17b). Ballistic trajectory
transport was also significant in the overall dynamics of this
phase.

The eruption column experienced minor unsteadiness, as it
briefly waned, allowing the settling of residual ash suspended
in the atmosphere, before waxing again to a sustained column.
This phase was intense and short-lived, suggesting rapid
draining of magma from the reservoir. This is supported by
the increase in lithic clasts, such as hydrothermally altered
clasts and syenite xenoliths, which indicates that the conduit
was being eroded and widened to deeper levels of the volcanic
system.

PDC-dominated phase During the final phase, the eruption
was marked by a dramatic change in eruptive style
characterised by the generation of widespread PDCs. As the
conduit gradually became wider from continuous erosion, the
eruption column became unstable shifting from a sustained
sub-Plinian column to a collapsing column.

The eruptive dynamics were dominated by vigorous and
prolonged pyroclastic fountaining that produced sustained
quasi-steady PDCs (Fig. 17¢c). These deposited an ignim-
brite sheet (0.07 km® preserved bulk volume on land) that
reached the sea on the north and west sectors of the island.
It is estimated that a large volume of material was depos-
ited offshore.

As the magma was progressively withdrawn from the res-
ervoir and the conduit wall eroded, the summit of Caldeira
Volcano became unstable and collapsed. This is recorded by
the marked increase in the abundance and size of lithic clasts
and the subsequent deposition of lithic breccias. The eruption
rapidly waned and ceased shortly after.

Summit collapse and comparison with other eruptions

Based on the recent (<16 ka) stratigraphic record, the C11
eruption was a significant event in the eruptive history of
Caldeira Volcano. All preceding and subsequent eruptions
were characterised by small volume events which produced
predominantly pumice and ash fall deposits (Pacheco 2001).
By contrast, the final phase of the C11 eruption showed a
remarkable change in eruptive style from sustained columns
to prolonged pyroclastic fountaining, accompanied by signif-
icant erosion of the conduit wall and collapse of the summit,
as recorded by the deposition of an extensive ignimbrite
followed by lithic breccias.

Although the total bulk volume of the C11 eruption is un-
certain (due to the offshore deposition of material, especially
from PDCs of the final phase), the amount of lithic clasts in
the ignimbrite (up to 50 wt%) and in the lithic breccias is much
less than the material missing from the top of the volcano.
Moreover, Caldeira Volcano is crossed by WNW-ESE exten-
sional faults, responsible for the down-faulting of the north
sector of the summit (e.g. Madeira 1998; Trippanera et al.
2014; see Fig. 1b).

The evidence requires a summit collapse event to ac-
count for the 2-km-wide, ~370-m-deep void. We propose
that the caldera was mostly formed during the final phase
of Cl11, following the collapse of the summit into a cored-
out central vent (e.g. Walker 1984; Scandone 1990). This
collapse may have been favoured by the structural weak-
ness associated with the extensional fault system crossing
the volcano.

Little is known about the substructure of the caldera;
however, its diameter and steep-sided morphology closely
resemble those of funnel-type structures (e.g. Nigorikawa
and Sunagohara calderas, Japan; Lipman 1997). These are
associated with small volume explosive eruptions from
central vents overlying small magmatic reservoirs (Lipman
1997; Acocella 2007), similar to that discussed in the case
of the C11 eruption. The formation mechanisms of small
calderas are still poorly understood. However, comparable
size calderas (~2 km in diameter) are known to have
formed, in historical times, from a wide range of eruptive
styles: Miyakejima AD 2000, Japan (Geshi et al. 2002);
Vesuvius AD 79, Italy (Carey and Sigurdsson 1987); or
Pinatubo AD 1991, Philippines (Scott et al. 1996).

In the Azores, and in many cases around the world (e.g.
Vulsini Volcanic District, Italy; Nappi et al. 1991), calderas are
not single collapse structures formed during large CFEs, but
rather formed incrementally by the coalescence of collapses
during a series of intermediate to small volume explosive
eruptions (e.g. Walker 1984; Guest et al. 1999; Queiroz et al.
2008; Gertisser et al. 2010). Given the relatively small size of
these calderas (<5-6 km®) and the evidence that they grow
incrementally by multiple explosive eruptions, single eruptive
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Fig. 17 Sketch showing a
summary of the eruptive phases
of the C11 eruption. a
Phreatomagmatic phase. b Sub-
Plinian phase. ¢ PDC-dominated
phase. Eruption columns and
PDCs are not to scale

a)

Phreatomagmatic phase

Pulsating phreatomagmatic
eruption columns

SE-NW blowing wind

b)

Sub-Plinian phase
Sub-Plinian eruption column
(~14 km)

SSE-NNW blowing wind

(~25 m/s)
Conduit widening

c)

PDC-dominated phase
Pyroclastic fountaining

Prolonged pyroclastic
fountaining Summit collapse X
— Sustained

Generation of PDCs quasi-steady PDCs

and lithic breccias

events of <I km® DRE are probably the maximum volume  Angra Ignimbrite (~0.3 km® DRE; Self 1976) eruptions have
eruptions (Gertisser et al. 2010). For example, the Fogo A been associated with caldera formation at Fogo and Pico Alto
(~0.6 km® DRE; Walker and Croasdale 1971) and the Lajes-  volcanoes, respectively.
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The C11 eruption is here interpreted as the first stage of
formation of an incremental caldera, through the development
of a funnel-type structure. This incipient summit collapse
marks a major change in the evolution of Caldeira Volcano
(as seen in other volcanoes of Azores), following the fairly
recent (<16 ka) transition from basaltic effusive volcanism to
trachytic explosive activity.

Conclusions

The C11 pyroclastic succession records the ~1000-years BP
explosive eruption of Caldeira Volcano (Faial Island). This
study provides a new understanding of the eruptive dynamics
of complex explosive eruptions in small ocean islands. New
field and laboratory data revealed that the C11 eruption was
small in volume (at least 0.22 km® minimum bulk volume) but
had a rather complex eruption history.

Overall, >0.1 km® DRE of trachytic magma was involved
in the eruption. Pre-eruptive magmatic temperatures were 950
+27 °C, with oxygen fugacity of —11.1+0.6 log units around
the Ni-NiO oxygen buffer. The bulk magma composition is
inferred to have resulted from the mingling and partial mixing
of two trachytic magma batches with different degrees of
evolution.

The initial phase of the eruption was characterised by pul-
sating phreatomagmatic explosions, producing short-lived
eruption columns and occasional fully dilute PDCs. These
deposited a sequence of parallel-bedded ash layers over the
NW sector of Faial. The eruption continued to a more stable
fall-dominated phase with the establishment of a ~14-km-high
sub-Plinian column (peak MER of 1.2x 10" kg/s) that depos-
ited coarse pumice on the north flank of the volcano. The final
phase was marked by prolonged pyroclastic fountaining and
the generation of sustained quasi-steady PDCs, which depos-
ited an ignimbrite sheet along the north and east flanks of the
volcano. Conduit wall erosion and summit collapse is record-
ed by an increase in lithic clast abundance and by the deposi-
tion of lithic breccias.

The C11 eruption is thought to correspond to the first stage
of incremental caldera formation. Compared with other CFEs
in Azores and worldwide, C11 was a small event; however,
another similar eruption would have a large impact on a small
island like Faial (~170 km?).

These findings help to better understand complex explo-
sive eruptions on ocean islands and provide a framework for
assessing the volcanic hazards associated with this type of
events on Faial and elsewhere.
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Appendix
Grain size, component and morphologic analyses

Twenty-five samples were sieved at 0.5 ¢ intervals (¢=
—log,d, where d is grain size on mm) in the range —6 to 5 ¢
(64-0.032 mm). Coarser grain sizes (—6 to —3 ¢) were gently
hand-sieved in the field to avoid artificial breakage of pumice
clasts and generation of fine ash by abrasion. The fractions
were weighed to 0.1 g. Finer grain sizes (—2.5 to 5 ¢) were
dried in an oven for 24 h and split into three subsamples of
100 cm®. Each batch was mechanically sieved and weighed to
0.0001 g. Grain size parameters of Inman (1952) and Folk and
Ward (1957) were calculated. To facilitate comparison among
different samples, fractions coarser than —6 ¢ were not
considered.

Componentry analyses were carried out on selected sam-
ples. From —6 to —3 ¢, the components were separated in the
field into pumice and lithic clasts. Finer fractions, 2.5 to 1 ¢,
were separated in the laboratory with the naked eye or under a
binocular microscope into pumice clasts, lithic clasts and crys-
tals. For each size class, a minimum of 800 grains was sepa-
rated and weighed to 0.0001 g.

Morphologic analysis of fine-grained ash particles was per-
formed by scanning electron microscope (SEM) imaging. Pri-
or to image acquisition, ash particles from six representative
samples in the range between 4 and 5 ¢ were selected and
mounted onto stubs. The images were acquired with a
JEOL-5410 SEM, at the Departamento de Biologia/Centro
de Investigacdo dos Recursos Naturais of the University of
Azores (Portugal), operating at secondary electron mode with
an acceleration voltage of 15 kV.

Petrography, whole-rock geochemistry and mineral
chemistry analyses

The petrographic features and modal analyses of eight unal-
tered pumice clasts were obtained by thin section observation.
On each thin section, a minimum of 800 points was counted.

Whole-rock geochemical analyses of major and trace ele-
ments of six samples, representative of the juvenile products
from the three members, were carried out at Activation Labo-
ratories Ltd., Ontario (Canada) by lithium metaborate/
tetraborate fusion inductively coupled plasma (FUS-ICP)
and inductively coupled plasma mass spectrometry (ICP-
MYS) techniques (following code 4LITHO). Further informa-
tion on the analytical methods is available at the Activation
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Laboratories website (www.actabs.com). Reproducibility for
major and trace elements is commonly assessed to be better
than 10 %.

Electron microprobe analyses were performed on eight
samples with a JEOL JXA 8200 Superprobe, at the
Dipartimento di Scienze della Terra “Ardito Desio” of the
University of Milan (Italy). A spot size of 1 um with a current
of 15 nA was used for all mineral phases, except alkali feld-
spars (5 um spot size and 5 nA current). Groundmass glass
was analysed with a ~10-um-wide defocused beam and a
current of 2—4 nA. Count times for major elements were
30 s on the peak and 10 s on each background. Typical detec-
tion limit for each element is 0.01 %.
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