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this relatively simple and small volcanic edifice.
In addition, attention was also focused on the series of natural changes that affected the tuff cone during the
course of the years and that finally led to its structural disassembly. A novel model is proposed to explain this
process.
The São Roque volcanic centre, located on the island of São Miguel (Azores), consists of twowell-consolidated
eruptive history of São Roque tuff cone, its geological setting and volcanological
tail to understand the role played by the different factors that contributed to the

bodies and numerous small islets that formed more than 4700 years ago during the hydromagmatic activity
that took place along an intruding dyke, whose NNW–SSE trend is in agreement with the regional tectonic
pattern. The eruptive vents probably migrated progressively from SSE to NNW, forming small edifices through
the rapid accumulation of sediments during alternating phases of “dry” and “wet” magmatic emissions. Syn-
eruptive partial collapses greatly modified the original morphological structure of these edifices, probably
allowing seawater to continuously flow into the vents. The complex interaction of these factors controlled the
depth of magma fragmentation, producing different types of deposits, in which the ash-lapilli ratio varies
considerably. The high-water saturation degree of these deposits caused syn-eruptive and post-eruptive
remobilization which resulted in collapses and some small-scale landslides.
Post-eruptive, WNW–ESE trending transtensional and extensional tectonic activities operated during the
initial dissection of the cone, generating instability. Furthermore, the rapid accumulation of “wet” tephra, and
its following consolidation, caused selective collapses that favoured the fragmentation of the deposit and
caused the formation of numerous islets separated by radially-arranged channels. Collapses also involved the
lava units emplaced in more recent times around the tuff cone, which show that brittle deformation has been
significant in the area for a prolonged period.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Landforms created by the accumulation of volcanic material
around a vent include a wide range of morphological structures,
mainly related to the eruption style and to the physico-chemical
parameters of ascending magma (Thouret, 1999), but also depending
on the geometry of the feeding dyke and on the pre-existing relief.
During a single eruptive event, there may be considerable changes in
the eruption style due to changes in the volume and velocity of
ascending magma in the feeder dyke (Houghton and Hackett, 1984;
Houghton and Schmincke, 1986; Houghton et al., 1999). Additionally,
the influence of numerous other factors, such as type, level, and
lithology of aquifers, resistance of country rocks, ground-water
characteristics may affect the eruptions style (Sohn, 1996; White,
1996). The active stress-field of the area is a crucial factor controlling
Zanon).
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the rise of magma through the crust (Zanon, 2005), and therefore is a
major influence on eruptions magnitude and intensity, controlling the
rise of magma batches through the crust, leading to their eruption.

The complex dynamics of water-magma interaction determines
the nature of explosive activity, characterized by variable energy
outputs and different degrees of magmatic or hydromagmatic
fragmentation (Wohletz and Sheridan, 1983; Houghton and Hackett,
1984; Kokelaar, 1986;White and Houghton, 2000; Mastin et al., 2004).
Depending on the extent of water-magma interaction, deposits can be
formed by fallout layers made of couplets of ash and lapilli, by the
alternation of fallout layers and surge deposits, or by the simultaneous
concurrent deposition from both processes, leading to the formation
of highly complex deposits made of numerous (from few tens to over
thousands) of thin tephra beds (e.g. Cas and Wright, 1987; Sohn and
Chough, 1989; Dellino and La Volpe, 1995; Chough and Sohn, 1990;
Dellino and La Volpe, 2000; Dellino et al., 2001; Dellino et al., 2004).
As a consequence, hydromagmatic deposits show remarkable varia-
bility in grain-size from layer-to-layer and within layers.
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Fig. 1. Map of the Azores archipelago. The uppermost map shows the position of São
Miguel Island and its main tectonic features, according to Searle (1980) and Vogt and
Jung (2004). The acronyms: MAR stands for Mid-Atlantic Ridge, TR for Terceira Rift,
EAFZ for East Azores Fracture Zone, GF for Gloria Fault. The location of São Roque tuff
cone is indicated by a star in the digital elevation model of São Miguel Island. Four
main volcanic complexes, some of which have caldera lakes, are indicated by acronyms
(SC — Sete Citades, AP — Água de Pau, FU — Furnas, PN — Povoação-Nordeste). Dashed
lines indicate the areas of structural weakness, characterised by the presence of
numerous basaltic monogenic cones.
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Tuff cones rank among themost commonvolcanic landforms in the
world (Cas and Wright, 1987; Vespermann and Schmincke, 2000;
Schmincke, 2004). They are generated during single-stage eruptions,
marked by variable degrees of interaction between surface water and
ascending magma. Their morphology depends on the variation in the
parameters that control the extent of this interaction (e.g. magma
supply rate, vent radius, degassing rate, magma chemistry and amount
of participating water).

During hydromagmatic eruptions, freshly deposited ash layers are
usually rapidly eroded by wave action (e.g. Castro Bank, Azores, 1720 -
Machado and Lemos, 1998; Sabrina Island, Azores, 1811 - Chaves, 1915;
Ferdinandea/Graham Island, Sicily, 1831 - Washington, 1909; Myōjin-
Shō, Japan,1952–53 - Fiske et al., 1998;Metis Shoal, Tonga,1995 -Taylor
and Ewart,1997;HomeReef, Tonga, 2006 -Vaughan et al., 2007). A rapid
erosion process however, offers the advantage of making large portions
of the innermost sectors of these structures accessible to study in order
to understand their syn-eruptive depositional processes and the
complex contemporaneous and post-eruptive destructive dynamics
(Cole et al., 2001; Sohn and Park, 2005; Németh and Cronin, 2007).

The tuff cone of São Roque, in SãoMiguel Island (Azores)was studied
in detail, both at macro- and meso- scales in order to better understand
the generation of a volcanic cone and its subsequent destruction.

2. Geological setting

The Azores Archipelago consists of nine volcanic islands that formed
in the period fromMiocene/Oligocene to Holocene (Johnson et al., 1998;
Cannat et al., 1999), above the Azores oceanic plateau in the North
AtlanticOcean. Threemajor structures define the tectonicsof the eastern
Azores plateau: the Mid-Atlantic Ridge (MAR) to the west; the East
Azores Fracture Zone (EAFZ) to the south, a westward extension of the
transcurrent/transpressive Gloria Fault; and the dextral transtensional
Terceira Rift (TR) in the northern part of the platform (Machado, 1959;
Searle, 1980; Jiménez-Munt et al., 2001) (Fig. 1). The latter is considered
to be anultra-slow spreading riftwith an extension rate of 2–4mm/year
(Madeira and Ribeiro, 1990; Gente et al., 2003; Vogt and Jung, 2004).

São Miguel Island, on the eastern side of Terceira Rift, has three
caldera lake-dominated volcanoes intersected by fissure systems
(or “Waist Zones” - e.g. Booth et al., 1978), characterized by the
presence of numerous monogenic basaltic scoria- and tuff- cones as
well as tuff rings, along the coasts of the island (Fig. 1).

São Roque tuff cone is located on the southern coast of São Miguel,
b1 km west of Ponta Delgada, the islands main town. It is partially
embedded within lava flows and is related to the fissure volcanism of
“Região dos Picos”.

The stratigraphy of Região dos Picos Waist Zone consists of two
units identified on the basis of their relative position in respect to the
Fogo-A member (e.g. Walker and Croasdale, 1971; Booth et al., 1978),
erupted from Água de Pau volcano about 4700 years ago (Snyder et al.,
2007): Ponta Delgada unit that includes all the basaltic lavas and
pyroclastic rocks produced before Fogo-A, and Pinhal da Paz whose
formation is more recent than Fogo-A and includes basaltic members
produced in the last 4700 years, mainly along the central ridge
(Ferreira, 2000) (Fig. 2).

The stratigraphy around São Roque tuff cone shows that the lava
fountain fallouts of Pico das Faias (to the west), Pico das Canas and
associated lavas to the east, as well as the southernmost lava on the
shoreline, and São Roque tuff cone itself are older than Fogo-A (Ponta
Delgada Unit), whereas the other lava flows that cover this area are
younger and belong to the Pinhal da Paz unit (Fig. 2).

3. Methodology

A preliminary field study was carried out to understand field
relationships among the different volcanic structures present in an
area of about 9 km2 surrounding São Roque tuff cone. Relative ages
were determined on the basis of the stratigraphic history of the
studied area, using the Fogo-A deposit as a stratigraphic marker.

Detailed field studies were then carried out on the outcrops of
the tuff cone and on the surrounding lava platform, including lithofacies
analysis, sampling, determination of bed attitudes, and characterization
of fractures (down to about ~2.5 mm wide). An exhaustive analysis
of the study area was also performed by aerial photo interpretation.

Field observationswere locatedusing aportableGPS receiverwith an
average precision of ±5.6 m and 1:10.000 scale aerial photos. Geo-
graphical datawas handled using a 1:25.000 scale topographicmap and
corrected on high-resolution geo-referenced orthophotomaps.

Studies of the petrographic characteristics of representative hydro-
magmatic sampleswere accomplishedbybinocularmicroscope analysis.

4. Tuff cone morphology

The tuff outcrop of São Roque has a crescent shape in plan view,
opening towards the northeast. It covers an area of about 11,000 m2

and consists of two main eroded bodies and numerous small islets
(eachmeasuring a few square meters), which barely emerge above sea
level (Fig. 2a). The eastern and southern sectors of the cone were
extensively eroded and no longer crop out.

The largest outcrop (ca 5300 m2; maximum height 27 m a.s.l.) is
located near the village of São Roque and forms a prominent, SW-
oriented, morphological structure extending along the coastline. Its
depositional units show quaquaversal bedding dips that progressively
rotates from SW towards NE, from N35°E to N75°E, with a maximum
dip angle of 40° on the inner slopes of the cone.While the outer slopes
are smooth, the inner slopes are rough due to numerous fractures and
vertical incisions that extend for several meters into the sea. Some
small collapse scars and overturned beds are visible here. The south-
western edge of this outcrop ends abruptly, exposing a depositional
sequence for several meters (Fig. 2b).
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The other major rocky body (ca 4900 m2; maximum height
32 m a.s.l.) is a N–S elongated island that is separated from the lava
platform that surrounds the tuff by a 7 m-wide shallow-water
channel. The bottom of this channel consists of in-situ pyroclastic
rocks, covered by loose blocks of tuff that fell from the above-
standing cone, and by meter-sized lava blocks that are part of the
adjacent lava platform. In comparison with the former body, this one
shows uneven outer slopes that dip westward by 24°–35°, whereas
its inner slopes form a vertical cliff. Inward-dipping beds are found
(Fig. 2c) only on the southernmost edge of the outcrop.

Between these twomainoutcrops there arenumerous islets arranged
alonga curved line that emerge for about 50–100 cmabove sea level. The
side of the islets exposed to the open sea (i.e. towards the east), is
truncated, whereas the opposite side gently dips outwards (Fig. 2c).

The present curved rim of the São Roque islets are interpreted as
the remnants of the original crater, as indicated by the opposite
dipping of layers on the outer and inner slopes.

There are no detailed bathymetric maps of the area; however,
divers report that the sea floor around the tuff cone deepens rapidly
eastwards, at least to a depth of 8–12m (i.e. the average depth reached
by divers) and it is covered by sand.

5. Facies analysis and interpretation

The São Roque tuff cone consists of a succession of pale-brown to
yellow, and occasionally grey, palagonitized and indurated pyroclastic
layers comprised of varying proportions of basaltic lapilli and ash.
Secondary minerals (i.e. zeolites, calcite and gypsum) are commonly
present, and are responsible for thewhitish colour of some parts of the
tuff cone.

Despite the inaccessibility of the exposures the uppermost deposits
could be reached and studied in two adjacent sections (SR1 and SR2;
Fig. 3), located on the southern (inner) slope of the northernmost ridge
of the cone (Fig. 2a). Section SR1 is located on the rim of the conewhere
bed attitude changes its dipping from inwards to outwards in respect to
the center of the crater. As a result, the beds that form this section are
almost horizontal. Section SR2, which is a 2.30-m-high vertical scar, is
located on the inner slope of the cone, about 2mdistant from SR1. In this
section beds normally dip south-eastwards by 23°. In the lower part of
the section, beneath an erosion surface, beds show a different attitude.

The deposits of these sections where subdivided into seven
lithofacies, as shown in Fig. 3, whose description has been adapted
from the nomenclature schemes proposed by Branney and Kokelaar
(2002) and Solgevik et al. (2007).

5.1. Lithofacies 1 — lapilli-bearing tuff beds

This is the most abundant lithofacies in the two sections studied.
It consists of a succession of yellow lapilli-bearing, coarse ash beds of
variable thickness and grain size (Fig. 4a). These beds are laterally
continuous, and thin over steeper slopes. Individual beds are
commonly reverse graded and are delimited by erosion surfaces and
diffuse layering of coarse grains. Juvenile lapilli (∅=2.0–3.5 cm) are
rounded, dense, non-vesicular and form discrete, continuous layers
within the beds, or 3-to-5-cm-thick lenses, which are either massive-
or reverse- graded. Angular lava lithics and irregularly shapedvesicular
juvenile clasts (volcanic bombs) are also found.

Bomb sags 4 to 6 cm deep are numerous, whereas in the ash layers
on the inner slopes of the cone there are several large bomb sags
(∅=30–35 max cm) that still contain dense bombs. Many large cow
pat bombs (∅=15-35 cm) are found plastered on the inner slopes. In
some places this lithofacies grades into lithofacies 2.

5.1.1. Interpretation
Similar lithofacieswere described by other authors (e.g.Wohletz and

Sheridan,1979; Fisher and Schmincke,1984;Wilson andHildreth,1998;
Valentine and Fisher, 2000; Cole et al., 2001; Solgevik et al., 2007) who
interpreted themas fallout deposits, pyroclastic surge or co-surge fallout
deposits. However, as regards São Roque tuff cone, the following
explanations are proposed: (1) contemporaneous deposition of ash beds
by pyroclastic surges (proximal facies) during continuous ash and
ballistic fallout, concurrent with grain-flow processes, as suggested by
common inverse grading and lateral pinching out of some lapilli layers
(Sohn and Chough, 1993) and; (2) oscillations between magmatic and
hydromagmatic fragmentation. This assumption is supported by the
hybrid character of the thin pinch-and-swell lenses within the laterally
continuous layers and also by the coexistence of fine hydromagmatic
ash, cow pat bombs and vesicular lapilli. Evidence of contemporaneous
hydromagmatic and magmatic fragmentation were also reported for
hydromagmatic eruptions, such as Surtsey (Iceland, 1963–67) and
Capelinhos (Azores, 1957–58), which show that surge and fall deposi-
tions were contemporaneous in the emergent stage of many tuff cones
(Machado et al., 1962; Thorarinsson et al., 1964; Moore et al., 1966;
Moore, 1967; Thorarinsson, 1967; Camus et al., 1981; Fisher et al., 1997;
Cole et al., 2001; Schmincke, 2004).

5.2. Lithofacies 2 — stratified lapilli

This lithofacies is moderately common in the stratigraphy of São
Roque tuff cone. It shows two different kinds of beds: (1) continuous
and planar clast-supported beds, commonly poorly sorted and seldom
formed by grey-coloured agglutinated fragments (Fig. 4b). This former
feature is rare and predominantly vesicular and glassy class (∅=2.5–
3.5 cm) are stuck together by plastering. The thickness of the beds is
typically less than 5 cm; (2) Stratified ormassive lapilli layers alternating
with a few thinash layers. Theymantle thepre-existing surfacewith15 to
−20-cm-thick deposits and commonly grade into ash-supported lapilli
layers. The boundary between these lapilli layers and theunderneath ash
layers is frequentlyanerosion surface. Lapilli layers are constitutedbyun-
welded juvenile clasts commonly sub-round (∅=1.2–3.0 cm) angular
lithic lava clasts (∅=1.2–2.5 cm), and loose crystals of olivine and
pyroxene. Vesicular cowpat bombs (∅=4–6 cm) anddense lava lithics of
equivalent size arewidespread on the surface of these layers. A single 35-
cm long fractured dense bombwas found near the base of the sequence.

5.2.1. Interpretation
Vesicular lapilli beds are interpreted as very proximal fallout

deposits produced by continuous Strombolian explosions. The faint
erosion surfaces at the base of the layers are probably due to highly
diluted surges, caused by the air waves produced by the expansion of
gases during blasting (Zanon et al., in press). This lithofacies was
produced when sea water had no access to the disrupting magma and
the eruption was driven by magmatic fragmentation.

5.3. Lithofacies 3 — diffuse-stratified tuff

This lithofacies is found as a 35-cm- thick, complex depositional
sequence near the base of SR1, whereas in the upper part of SR2 it is
present as two distinct beds, with a total thickness of about 50 cm. It is
characterized by planar bedding with alternating continuous and
discontinuous diffuse stratification. It is made up mainly of palagoni-
tized ash (Fig 4c) and clasts arranged in discontinuous trains or lenses
or, seldomly, dispersed within the matrix. Trains are commonly less
than 0.8 cm thick and only a few cm long. Clasts have various
dimensions and are composed of vesicular lapilli, fragmented bombs,
angular lava lithics, fragments of pre-existing tuff, crystals and oxidized
clasts. On steep slopes, this lithofacies shows thinning and its matrix
forms thin planar laminae and lapilli-bearing lenses.

5.3.1. Interpretation
These tuff beds are typically interpreted as facies of intermediate-

to-proximal deposits from pyroclastic surges (e.g. Wohletz and



Fig. 2. (a) Simplified geological map of the area around São Roque tuff cone. The legend reports: [1] recent beach sand; [2] undated recent basaltic lava flow. Deposits aged between
2470 and 4700 years BP are: [3] basaltic lava flow and [4] upper basaltic lava platform. Deposits older than 4700 years BP are represented by: [5] lower basaltic lava platform; [6]
scoriaceous tephra from Pico das Canas and [7] related lava flow; [8] proximal and [9] distal tephra fallout from Pico das Faias; [10] São Roque tuffs. Tectonic lineaments are: [11]
fractures; [12] normal faults; [13] supposed normal faults; [14] transcurrent fault. In the inset it is shown the location of the two stratigraphic logs. (b) View of the northern sector of
the cone dissected by N60°E trending fractures. (c) Photograph taken from the top of the northern rocky body, showing the southern outcrops of the tuff cone, consisting of small
submerged rocks and islets.
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Fig. 3. Schematic stratigraphic columns showing the distribution of seven lithofacies. Thin dashed lines indicate erosion surfaces. The collection location of the three representative
specimens shown in Fig. 8 is also indicated. At the distance of about 8 m eastwards, the SR2 sequence is laterally substituted by lithofacies 7. Coordinates are in UTM zone 26S.
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Fig. 4. Characteristics of pyroclastic deposits in the São Roque tuff cone. (a)Most of the outcrops are represented by lithofacies 1, which is made up of a succession of lapilli-bearing
tuff beds that have a mixed hydromagmatic surge and fall origin. (b) Stratified lapilli fallout and agglutinated scoria constitute lithofacies 2, which is present as numerous
interbedded layers of varying thickness, sometimes grading into lithofacies 1. (c) Diffuse-stratified tuff of lithofacies 3, containing trains of lithics and/or non-vesicular lapilli,
representative of proximal pyroclastic surge deposits. (d) Lithofacies 4 is composed of an alternation of stratified clast-supported layers and laminated ash layers, interpreted as a
medial-to-distal deposit produced by hydromagmatic surges and contemporaneous fallout. (e) Lithofacies 71 is the massive-to-poorly stratified muddy unit related to syn-
eruptive intra-crater landslides. It lies unconformably on a erosive surface of the pre-existing flank slopes or on hybrid lithofacies 7. (f) Lithofacies 72 is a clast-rich matrix-
supported unit containing common intraformational tuff clasts of different types. Evidences of flowage are widespread all over the outcrops and erosion of the embedded
fragments is common.
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Sheridan, 1979; Fisher and Schmincke, 1984; Cas and Wright, 1987;
Carey, 1991; Branney and Kokelaar, 2002). Grain-size variations, the
presence of discontinuous layers and lenses and thinning are
considered to be clear signs of changes in depositional conditions
(e.g. high shear stress, velocity, flow steadiness and particle concen-
tration) which, in turn, suggest the existence of turbulent conditions
during the emplacement of these diluted pyroclastic density currents
(Sigurdsson and Fisher, 1987; Cole and Scarpati, 1993). The presence of
palagonitized basaltic ash confirms the hydromagmatic character of
this lithofacies (e.g. Bonatti, 1965).
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5.4. Lithofacies 4 — planar stratified tuff

This lithofacies is somewhat similar to lithofacies 1 and is com-
posed of planar and laterally continuous beds with internal strati-
fication that consists of alternating fine ash layers and matrix-
supported lapilli layers 3 to 7 cm thick (Fig. 4d). Lapilli layers are
commonly stratified and show both normal and reverse grading,
although in some places they are just single trails of poorly sorted
clasts. Finer clasts (∅=1.5–2.5 cm) are commonly angular and non-
vesicular and consist mainly of lava lithics and, secondarily, of dense
juvenile lapilli. Coarser clasts (∅=4.0–6.5 cm) comprise lava lithics
and poorly-vesicular juvenile bombs, but some small oxidized scoria
and fragments of exotic tuff are also present. Thematrix is made up of
palagonite with fragments of olivine, clinopyroxene and plagioclase
settled along the c-axis and by scattered weathered vesicular lapilli
(∅b0.5 cm). Ash layers are 1– 3– cm thick and are laterally
continuous. Small folds frequently occur probably due to the plastic
deformation of ash during consolidation, and it is possible to find also
some small (3–5 cm-deep) fill-in structures composed of fine-to-
coarse ash. Planar lamination is sometimes visible in the less
palagonitized layers; otherwise the matrix looks generally massive.
Commonly the contact between layers is sharp and non-erosive,
although there are also gradational and diffuse boundaries.

5.4.1. Interpretation
On other volcanoes similar deposits were interpreted as fallout

deposits or as pyroclastic surge and co-surge fallout deposits, due to
the contemporaneous presence of characteristics normally pertain-
ing to both fallout and surge deposits (e.g. Wohletz and Sheridan,
1979; Fisher and Schmincke, 1984; Cole et al., 2001; Dellino et al.,
2004).

It is difficult to discriminate between the two depositional mechan-
isms, especially in the absence of a large number of outcrops. Never-
theless, a single couplet constituted by both coarse and fine-grained
layers is interpreted as deposited from a single surge (Sohn and Chough,
1989; Dellino et al., 2004) and This lithofacies is interpreted as inferred
to be a medial-to-distal deposit from hydromagmatic surges and con-
current simultaneous fallouts.

5.5. Lithofacies 5 — thin stratified ash layers

This lithofacies is the least abundant in the studied sections. It
consists of laterally continuous, thin grey-to-yellowish ash layers. It
comprises couplets of coarse ash and, less palagonitized, fine ash
laminae. The thickness of both coarse and fine ash laminae ranges
widely from 0.4 to 1 cm. Contacts between the coarse and fine ash
layers are either sharp or gradational.

This lithofacies is formed by two different depositional beds,
resembling a half-lens, and with a total maximum thickness of 25 cm.
They are found at the base of SR2, are not separated by any erosive
surface. Their bedding is different from the layers above and below.

5.5.1. Interpretation
These stratified planar ash layers are typical of distal pyroclastic

surge deposit of hydromagmatic eruptions in tuff cones and tuff rings
(Cas and Wright 1987). We suggest that syn-eruptive sliding and
tilting of portions of the inner slope of the cone might be involved in
the present bedding, different from the layers above and below.

5.6. Lithofacies 6 — thinly stratified lithic-rich tuff

This lithofacies is rare in the two studied sections and consists of
numerous grey coloured planar laminaewith low-angle cross-stratifica-
tion and rill structures (U-shaped channels) filled with coarse-grained
tuff. There are no vesicular lapilli but small angular lava lithic clasts
(∅b0.8 cm) and crystal fragments (∅b0.4 cm) are present, dispersed
within a partially palagonitized ashy matrix. The thickness of each
lamina ranges from 1 cm to a few mm, totaling about 25 cm. The
boundaries of this lithofacies are characterized by erosion surfaces.

5.6.1. Interpretation
Low-angle cross-stratification is a typical feature of deposits

formed by turbulent pyroclastic density currents with a low particle
concentration (Fisher andWaters, 1970; Sohn and Chough,1989; Sohn
and Chough, 1992) found in tuff cones/rings, not too far from the
source (Chough and Sohn, 1990; Sohn, 1996; Sohn and Park, 2005).
This lithofacies is interpreted as being constituted of proximal-to-
medial deposits from pyroclastic surges.

5.7. Lithofacies 7 — massive lithic breccia

This lithofacies is laterally discontinuous and is only present in the
inner part of the crater, where it forms a steep slope dipping inwards,
lying unconformable over eroded beds dipping outwards. In some
places, it shows plastic deformation where it covers the irregularities
of the underlying layers. Contact with the other lithofacies always
occurs through an erosive surface. Lithofacies 7 is constituted of
variable amounts of lithics contained in an ash matrix. It is massive–
to-poorly stratified, shows variable thickness and contains rounded
fragments of older tuff. Two units, separated by an erosion surface,
were recognized on the basis of their matrix/coarse -clast ratio.
Unit 71 appears as a massive-to-poorly stratified, grey, muddy ash,
with smooth irregular surfaces showing clear evidence of plastic
deformation. It contains sparse angular lava lithics of different size
(∅N9.5 cm) without tractive structures (Fig. 4e). Close to the base,
clasts of smaller size show a poorly developed imbrication.

Unit 72 is a clast-rich,matrix-supported,moderately-sorted deposit
lying below unit 71. It is massive-to-poorly cross-stratified and
individual beds show internal normal grading. Clasts are brown to
grey-coloured, lithologically heterogeneous (vesicular juvenile lapilli
and lava lithics) and range fromangular to sub-rounded, normallywith
a reduced grain size (∅b3 cm). It shows variable thickness and is
sometimes present as large lenses which plastically embed large
fragments of tuff (up to 120 cm in length) from other lithofacies. The
embedded tuff is eroded all around its boundaries, showing curved and
smooth surfaces (Fig. 4f).

5.7.1. Interpretation
Both these units are interpreted as deposits from syn-eruptive

collapses forming debris flows or slumps generated by the remobi-
lization of wet tephra (e.g. Sohn and Chough, 1992; Cole et al., 2001;
Sohn and Park, 2005; Zanon, 2005; Németh and Cronin, 2007). They
can easily erode and carry large tuff boulders.

The difference between the two units is mainly due to different
transport conditions. Grain-size, structure and texture suggest
depositional conditions typical of a hyper concentrated flow for the
lower (72) unit and of a debris flow for the upper unit (71).

6. Location of source vents

The attitude of beds definitely indicates the source of explosions. In
the absence of a pre-existing morphological relief, no predominant
wind conditions and a small localized vent, all deposited strata have
the same radial dip direction (either inwards or outwards), whereas
the presence of pre-existing morphological structures may well have
influenced flow direction of pyroclastic density currents, considerably
changing bed attitude.

As regards São Roque tuff cone, bed attitude changes both along
the crater rim and vertically, across some stratigraphic sections, and
at least one major unconformity surface exists at the base of the SR2
section, clearly indicating that the source location progressively
shifted. Bed attitude on the island, measured from the south to the



Fig. 5. Inferred position of the intruding dyke, obtained from the projection of the attitude of selected beds measured in various locations. Stars show the probable vent source
obtained from the intersection of the majority of the projections of bed attitude. The different grey colours indicate the deposits with different beddings that are probably related to
the various phases of the eruption.
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north, almost following the same stratigraphic level, reveals a
progressive eastward rotation. On the basis of these considerations,
a possible vent source was located at about 230–240 m SE of the
group of islets (Fig. 5).

On themain outcrop bed attitudewasmeasured on the deposits from
the last stage of the eruption, corresponding to the sequence which lies
unconformably over the inner slopes of the tuff cone, and revealed that
another sourceventwaspossibly locatedat about120mSEof theoutcrop.

Evidence suggests that during the course of the eruption São
Roque had several sources aligned along a NNW–SSE trending fissure
(Fig. 5), and the stratigraphic position of the layers is consistent
with a migration of the vents from SSE to NNW. This is in agreement
with the regional fracture pattern of the Waist Zone in this area,
as reported by Ferreira (2000) and also evidenced by some mor-
phological features of the surrounding cinder cones (Corazzato and
Tibaldi, 2006).

7. Fractures and faults

São Roque tuff cone outcrops are crossed by numerous fractures
and faults responsible for the dissection of the cone and the formation
of numerous abrupt truncations with the consequent exposure of the
innermost part of the cone. They consist of single cracks, which appear
to be arranged along a definite direction at amacro scale, whereas they
normally followa zigzag pattern around grains at ameso scale.Manyof
them are 0.5–1 cm wide and are filled with fine debris of uncertain
origin, while others are quite fresh and empty, which probably sug-
gests a recent movement. On the basis of the strike and dip variations,
it is possible to recognize various types of faults/fractures all along the
outcrops (Fig. 6a).

7.1. Radially-arranged fractures

These are the most common fractures. They are long enough to
cross the cone all through its horizontal extension and deep enough to
allow seawater to flow into them.Most of them showonly one vertical
componentwith aminor displacement (generallywithin 4 cm) and are
present on the two main outcrops. Other radial fractures reveal only
horizontal movements, with major displacements (up to 1.8 m) or
show a transtensional component with minor vertical displacement.
They generated numerous islets which show lateral displacement.
These fractures are aligned radially from N15°W in the northern
outcrop to N80°W in the southern outcrop and are prominent in the
vertical exposure of the southern cliff of the major rock body (Fig. 7a).
In rare cases a conjugate joint system developed major vertical
collapses and rock falls, but the length of these fractures is limited.
Many radial fractures, with a vertical dip and a limited displacement
are also present on the exposedwall of the lava flowplatform, showing
the same trend observed in the tuff nearby.

7.2. Tangentially-arranged fractures

This type of fractures is less common and is usually associated with
small collapses. These fractures are represented in the rose diagram of
Fig. 6a. Their directions range from N50°W to N60°E, and they show a
limited development (only in rare cases their length exceeds 15 m).



Fig. 6. Structural framework of the tuff cone evidenced by faults and fractures (6a). R.A. fractures, T.A. fractures and I.C. fractures stand for radially-arranged fractures, tangentially-
arranged fractures and incipient collapse fractures, respectively. The dilatational fractures could not be mapped because of their reduced size and their local distribution. The rose
diagram shows the orientation of the fractures. The gap zone in the rose diagram between N20°E and N50°E is an artefact due to the lack of data from the eastern and southern
portions of the cone. Tectonic activity started after the end of magmatism and developed along NW–SE, NNW–SSE and WNW–ESE trending directions (6b) dissecting the cone and
contributing to present-day morphology.
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Fig. 7. Different types of fractures on the cone. N60°E trending fractures dipping towards SEwith a reduced displacement (b4 cm on average) are the most common fractures on the cone
andare associatedwith basement failure andflank collapses. Thepicture in Fig. 7a shows the southerncliff of themain rocky body, seen fromthemain island.Other radial fractures showing
a transcurrent movement are instead responsible for major displacements. Tangential fractures (7b) are less common are usually associated with small adjustments in the tuff bodies in
response to flank failures. Dilatational fractures arewell localised and shallow and are caused by the diagonal cracking of a lapilli-bearing deposit in response to the plastic deformation of
the underlying layer along a steep slope (7c). This type of fracture is present in a bed located in the central sector of the main rocky body, lying on inward-dipping slopes.
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Usually these fractures exhibit only a vertical component with a
reduced displacement (b15 cm) (Fig. 7b) and are located both on the
inward- and outward-dipping flanks of the cone with an opposite
attitude. Others are located close to the rim of the cone, following its
curved shape and forming a sort of en enchelon structure. They
truncate all sides of the islets.
7.3. Incipient-collapse fractures

These fractures are up to 2–3 m long curvilinear cracks, about 0.5–
1 cm wide. They are present only on the southern tip of the main
island, on the surface of protruding pyroclastic sequences which lie
on steep slopes, cut by vertical tangentially-arranged fractures. They



287V. Zanon et al. / Journal of Volcanology and Geothermal Research 180 (2009) 277–291
delimit the scar left by landslides (small sector collapses) or areas
prone to collapse.

7.4. Dilatational fractures

These forma setof parallel and locally developed fractures that are too
small to be represented on the rose diagram. They appear only in a small
section of some lapilli-bearing pyroclastic beds (lithofacies 1) and are
orthogonal to themaximumdip of the beds (Fig. 7c). Theymeasure 10 to
100 cm and showa vertical displacement of b3 cmwith a transtensional,
or more rarely, a transpressive component. They become progressively
wider (up to 1.2 cm) towards the base of the bed. These fractures were
seemingly caused by the down-sag deformation of the underlying bed in
a semi-plastic fashion (unconsolidated). The overlying unit accommo-
dated the strain in a semi-brittle fashion, and experienced fracturing.

7.5. Faults

One major fault (N60°W strike, dipping 55°S) crosses the main
outcrop, with a vertical displacement of ~8 cm (Fig. 6a, b) and is
currently contributing to the seaward sliding of some sectors of the
cone. Another fault (N15°W) appear to be concealed in the northern
side of the main outcrop. It is most probably subvertical, with an
estimated downthrow of 12 cm towards the East. Its fault plane was
eroded by the ocean, which caused the enlargement of the fractured
area and its erosion, generating a more than 120 cm-large fracture.
Finally, a vertical dextral-strike slip fault cuts through the southern tip
of the cone, with a displacement of 4 m towards WNW.

These structureswere active between the endof the volcanic activity
and the emplacement of the lava platform where, indeed, no displace-
ment is visible either in its northern nor in its western sectors.

8. Landslides and instability of deposits

The remnants of the tuff cone show evidence of several phases of
reworking and erosion of the deposits: sin-eruptive processes, syn-
eruptive to immediate post-depositional processes and post-lithifica-
tion processes.

Syn-eruptive remobilization is indicated by the presence of hyper
concentrated flows and debris flows found on the inner part of the
cone, as described in lithofacies 7. These deposits form inward dipping
slopes, lying unconformable over eroded beds dipping outwards, and
indicate (1) the occurrence of cone destruction/collapse events, as
indicated by the eroded layers and (2) the reworking of superficial
layers as indicated by the inward sliding of deposits.

Unconformable layers as described in lithofacies 5 may also result
from syn-eruptive sliding and tilting of portions of the inner slope of
the cone.

Syn-eruptive to immediate post-depositional processes refers to
events that cannot be constrained to a syn-eruptiveperiodbut developed
before the lithification of the deposits. At São Roque these processes
corresponds to small-scale slides, originating slumping folds due to the
plastic deformation of wet ash, as described in lithofacies 4.

Post-lithification processes include the development of a network
of fractures that greatly reduced the resistance of the tuff cone. These
weakness planes and the erosion inflicted by the sea waves accel-
erated the development of a range of debris-falls and block-falls, from
small-scale events to large block collapses that produced quite evident
collapse scars and greatly contributed to the present complex mor-
phology of the cone.

These erosive processes are still in progress, mainly along
incipient-collapse fractures and vertical radially-arranged fractures,
as indicated by the blocks and debris deposits found around the cone.

The coastline of São Miguel Island in the proximity of the tuff cone
is rectilinear and does not offer protection against the action of the
ocean. For this reason, the cone has been exposed to wave erosion
since its emergence (N4700 years B.P.), before being partially covered
by more recent lava flows coming from the north (post Fogo-A
eruption, i.e. 4700 years ago). Although lava surrounded the northern
and western sides of the cone, wave action was still able to remove it
from the tuffaceous slopes and isolate the remnants of the cone.
Presently, loose blocks of lava fill the channels and protect what
remains of the cone.

9. Palagonitization of deposits

All the rocks of the São Roque tuff cone show a high degree of
consolidation due to the extensive palagonitization of sideromelane
glass. Even fallout-related deposits are consolidated due to the
contemporary deposition of fine hydromagmatic ash and the presence
of clots of acicular zeolites filling in lapilli vesicles.

In some samples (Fig. 8a), where the weathering process has not
affected the crystal population (Fig. 8b), it is possible to distinguish two
types of palagonite, as described by Peacock (1926) and Zhou and Fyfe
(1989). Gel palagonite is dark brown, translucent and isotropic; fibrous
palagonite is orange or yellow, transparent, birefringent and fibrous
and it may also contain spherical protocrystallites (Fig. 8c). The latter,
if in great numbers, can form a spongy texture which is characteristic
of a mature stage in the alteration process (Thorseth et al., 1991). A
temporal relationship links these two types of palagonite: immediately
after the emplacement, glass starts to dissolve forming gel palagonite.
Gel palagonite is then replaced by fibrous palagonite (Zhou and Fyfe,
1989). This process is coupled with the formation of secondary
minerals (mainly zeolites and calcite) and clay (Fig. 8d), which fill the
voids, and small fractures inside the palagonitized mass.

10. Basement

The only source of information on the basement of the São Roque
cone are accidental blocks ejected during the eruption. Two types of
accidental lithic clasts were recognized: lava and consolidated pyr-
oclastic rocks (tuff). These arewidespread all over the slopes of the cone,
but they are not equally distributed in a vertical stratigraphic section.

In the lowermost section of the stratigraphic sequence, close to sea
level, pyroclastic beds are characterized by the diffuse presence of
small (b15 cm across) basaltic lava clasts (Fig. 9a). These are angular,
non-vesicular, poorly weathered and zeolite-free and contain a large
amount of olivine andminor pyroxene (Fig. 9b). They clearly represent
samples of a basaltic lava flow from an ancient eruption.

On top of the upper tuff cone sequence, numerous tuff blocks are
present in bomb sags (Fig. 9c). They are relatively large (max 55 cm in
diameter), rounded and extensively palagonitized and zeolitised. They
are also yellowish-to-brown coloured and contain rounded vesicular
lapilli, oxidized scoria, large pyroxene and olivine crystals, and various
small angular fragments of lava, similar to those found in bombs in the
lower parts of the succession (Fig. 9d). These are interpreted as
fragments of tuff from older submerged hydromagmatic centres.

11. Discussion

In consideration of the geological features discussed throughout this
study, namely stratigraphy, attitudes of the beds, and the constitution
and structure of the deposits, São Roque is considered to be a composite
tuff cone, despite the reduced dimensions of its outcrops. It has devel-
oped a complex morphology due to the action of several syn-eruptive
(alternated constructive and destructive phases) and post-eruptive
processes.

11.1. Building of the cone

The eruption of São Roque started offshore São Miguel Island and
vents migrated from SSE to NNW, along a dyke that progressively



Fig. 8. Petrographic features of selected samples from the two stratigraphic sections. Coexistence of gel and fibrous palagonite within the SRL 1L sample (8a). Un-weathered
fragments of clinopyroxene, olivine and plagioclase are also evident, whereas numerous tiny (b0.15 mm) crystals of the same kind are dispersed in the palagonitized glass (8b).
This picture, taken under crossed nicols, shows how the texture of these rocks is not due to flowage after emplacement because iso-orientation of tabular minerals (plagioclase) is
lacking. Globules are produced during early stages of palagonitization (Thorseth et al., 1991) and their presence in clots or trails is indicative of a late stage process – Sample SRL 2E
(8c). Calcite crystals, also of considerable size, are commonly present in all studied samples as globular crystals. They occupy fractures and voids and are sometimes found together
with zeolites – Sample SRL 2G (8d).
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intruded towards the NNW, as indicated by stratigraphic relations and
bed attitude, which allowed descrimination the first deposits on the
south-easternmost end of the island from the most recent ones on the
main outcrop.

The initial shape of the cone resulted from the accumulation of
tephra around the vents caused by explosive hydromagmatism
(lithofacies 1, 3, 5, 6), which generated pyroclastic density currents
that were seldom followed by purely magmatic explosive activity
(lithofacies 2), generating tephra fallout. This alternating deposition of
“wet” and “dry” tephra (i.e. hydromagmatic ash layers and clast-
supported lapilli layers) occurred for a short time in the history of the
cone, and were soon replaced by other phases of “wet” deposition
(lithofacies 3, 4).

11.2. Destruction of the cone

Small syn-eruptive intra-crater landslides commonly occur both in
scoria and tuff cones and are mainly associated with the natural repose
angle of thepyroclasts and the amount ofwater adhering to theparticles
or trapped between them. At São Roque, syn-eruptive intra-crater
landslides and post-eruptive debris-falls and block-falls contributed to
the present morphological structure of São Roque cone. Regarding the
extensive destruction observed at São Roque tuff cone, further
consideration should be given to the destabilizing effect of the rapid
accumulation of tephra over a possibly steep morphological submarine
relief (a pre-existing tuff cone). In this case, it is possible that water-
saturated sediments formed highly unstable deposits which continu-
ously slumped forming submarine debris-flows or, alternatively, there
may have been a post-eruptive lateral spreading of a brittle basement
below the tuff cone. However, the orientation and type of fractures and
the faults observed in the cone do not match the models suggested by
Delcamp et al. (in press) to explain lateral spreading.

11.3. Formation of fractures and faults

Extensional and shear fractures, common in many scoria and tuff
cones, develop in response to shallow dyke intrusions and/or magma
breakouts (e.g. Gudmundsson et al., 1999; Lanzafame et al., 2003;
Engvik et al., 2005; Gudmundsson and Loetveit, 2005). Evidence of the
shallow emplacement of an intruding dyke during São Roque eruption
is the alignment of vents along theNNW–SSE regional trend. The stress
caused by craterization induced incipient fracturing in the lithologies



Fig. 9. Lithic bomb types in the tuff cone. Small lava fragments are widespread along some layers located at the bottom of the depositional sequence (9a). They are angular, grey-
coloured and poorly weathered, as they probably belong to an older lava flow (9b). Round tuff intraclasts (max length: 55 cm) are commonly found in the products erupted during the
latest stages of activity (9c). These are heavily palagonitized and zeolite-pervaded, highly cohesive and with a brittle behaviour and contain large “loose” crystals of pyroxene and
olivine, small vesicular lapilli, oxidized scoria and angular fragments of a grey, poorly weathered lava flow (9d).
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constituting the basement (with fragile behaviour), along a radial
pattern. The whole of the freshly deposited tephra initially reacted to
syn-eruptive failures of the basement showing a plastic behaviour,
with slumps and tephra remobilization. Since palagonitization in-
creased the resistance of the bulk deposit, the response to each further
basement failurewas a brittle behaviour and thiswas evidenced by the
upward propagation of the radially-arranged fractures (Fig. 7a).

Many of these fractures are extensional and show an inconsistent
statistical distribution in the rose diagram, both due to the total lack of
measurements in the missing sectors of the cone and the progressive
vent migration along the direction of the intruding dyke. The strike-
slip component in these radially-arranged fractures is expressed
mainly by their direction, (i.e. from N30° to N60° westwards) which is
oblique to the direction of the extension (N115°W) (e.g. Jackson et al.
1992; Dowden et al. 1997; Groppelli and Tibaldi 1999; Parfitt and
Peacock 2001).
Tangentially-arranged fractures are present mainly in the northern
outcrop and in the small islets, and they commonly show a normal
component. These are thought to testify to different post-eruptive
collapses of the basement but they may also be produced by the
differential loading and compaction of the deposits. Also, the two lava
flows that are around the conewere intersected by these fractures and
appear to have experienced extensive collapses along the whole
extent of their front, especially where the lava flows surround the
south-western part of the cone. In particular, close to the south-
western tip of the cone, several arcuate fractures on the lava flows
clearly evidence a partial collapse of the front side of the flow.

The faults discovered in the tuff cone are important as regards the
displacement of the outcrop. Ring faults similar to those of other tuff
cones (e.g. Sohn and Chough, 1992; Sohn and Park, 2005) were not
observed. The major NW–SE trending fault caused only minor
morphological changes in the main rock body.



290 V. Zanon et al. / Journal of Volcanology and Geothermal Research 180 (2009) 277–291
11.4. Palagonitization and consolidation

Palagonitization can be almost contemporaneous to tuff deposition
and characterizes nearly all basaltic hydromagmatic geological forma-
tions (e.g. Capelas and Capelinhos tuff cones in Azores - Solgevik et al.,
2007; Cole et al., 2001; Sinker Butte Volcano in USA, Brand andWhite,
2007). Palagonitization is an extremely rapid process, as demonstrated
by somepyroclastic sequences erupted only 50 years ago at Capelinhos
volcano (Faial Island) that are already highly palagonitized and zeo-
litised. This sideromelane transformation induces high secondary
resistance in the tuff (cohesion), thus changing stress response of the
bulk tuff from pseudo-plastic to pseudo-brittle behaviour. As a
consequence, the bulk of the tuff can resist isotropic stress for a long
time, but its response to oriented stress will be an immediate failure,
followed by the formation of fractures. Consolidation is attained
through the slow and progressive expulsion of trapped fluid, particle
re-arrangements and compaction. Freshly deposited tephra, produced
by water-magma interaction, is commonly water-saturated, which
enhances its consolidation. Due to the presence of patches of already
palagonitized tuff and/or heterogeneous material both in constitution
and size, this process is not homogeneous in tuff cones/rings and can
trigger small differential failures of the deposits, together with the
formation of small syn-eruptive and post-eruptive mud flows and
intra-crater post-eruptive landslides. All these phenomena notably
affected the existingmorphology, resulting in the general smoothingof
the edges, crater enlargements and local flank failures. In São Roque,
consolidation and basement failures began immediately after the
deposition of the volcanic tuff and are probably still occurring, as
evidenced by the presence of fresh unfilled fractures.

12. Conclusions

Comparative field studies carried out on other tuff cones coeval to
São Roque (i.e. Ilhéu de Vila Franca, in the SãoMiguel Island andMonte
da Guia in the Island of Faial) showed breaches that follow the trend of
the intrudingdyke, but the cones are, nevertheless, stillwell preserved,
indicating that besides the characteristics of the eruption and the
resulting deposits, a different mechanism operates at São Roque to
promote the destruction of the cone and produce its present structure.

Despite the palagonitization and zeolitisation, that indurate the
pyroclastic deposits soon after their deposition, and the emplacement
of at least two lava flows around the cone, São Roque has been
progressively dismantled and, furthermore, post-eruptive debris-falls,
rock-falls and faulting events continue to produce significant
morphological changes up to recent times.

The presentmorphology of the São Roque tuff cone results from the
concurrence of several processes, involving volcanism (a low-volume
hydromagmatic eruption whose vents progressively migrated along
the direction of the dyke intrusion), tectonics (syn-and post-eruptive
fractures and faults) and structural behaviour of basement (basement
failure). Thedestruction of the eastern and southern sectors of the cone
is certainly relatedwith its exposure to sea erosion but also dependent
on eruptive/depositional factors and/or on deformation/displacement
occurring in the basement, as well as the tectonic setting.

Themain consequence of the basement rupture is the development
of the observed radially-arranged and tangentially-arranged fractures
which produced a network of weakness planes in the cone that led to a
significant acceleration of its destruction. Also the action of NNW–SSE
andNW–SE trending normal faults and of aWNW–ESE strike slip fault,
probably played important roles determining the present structure of
the cone and the destruction of the missing sectors.
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