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The Pico Island constitutes the easternmost sub-aerial domain of a steepWNW-ESE volcanic ridge, which has de-
veloped within the Nubia-Eurasia diffuse plate boundary (Azores Triple Junction). The island comprises three
volcanic systems, from older to younger: the Topo Volcano, the Fissural System, and the Pico Stratovolcano.
From a high-resolution Digital Elevation Model (10 m), and new bathymetric, stratigraphic, structural, and
high-precision K-Ar data, we reconstruct the main successive stages of growth and partial destruction of the is-
land over the last 200 kyr.We especially concentrate on the central sector of the island, which has recorded grad-
ual movements through slumping and catastrophic flank collapses since ca. 130 kyr. The remmants of the Topo
Volcano are partly exposed on Pico's SE flank, and are here dated between 186 ± 5 and 115 ± 4 ka. Topo was
significantly destroyed by N- and S-directed large-scale flank collapses between ca. 125 and 70 ka. On Pico’s N
flank, collapse seems to have removed all the unstable material, but in the S the collapse structure is composite,
including a major flank collapse and a remnant slump complex that is still active. A first episode of deformation
occurred between ca. 125 and 115 ka along themaster fault of the slump. Between ca. 115 and 69 ka, most of the
unstable material was removed by a major flank collapse, leaving behind a still considerable volume of unstable
material that comprises the active slump. Thisfirst collapsewas catastrophic and generated a large debris deposit
recognized on the high-resolution bathymetry,with aminimum run-out of ca. 17 km. The scarwas partially filled
by volcanic products erupted fromvolcanic cones developedwithin the slumpdepression, and possibly also from
the earlyWNW-ESE Fissural System. Subsequent deformation in the slump area affected in part the filling units,
leading to the individualization of secondary curved faults. Younger volcanic products have graduallymasked the
mass-wasting scars. Unlike thewell-knownHilina slump (Hawaii), Pico's slump evolutionmight be controlled by
an active regional tectonics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The evolution of oceanic islands is generallymarked by the interplay
between volcanic construction and repeated destruction by a variety of
processes, from small (Ramalho et al., 2013 for the Azores) to large
scale, including voluminous mass-wasting. Large-scale lateral flank in-
stabilities have been recognized as a highly hazardous geological phe-
nomenon documented around many volcanic islands worldwide, e.g.
in Hawaii (Lipman et al., 1988; Moore et al., 1989, 1994; Moore and
Clague, 2002), in Cape Verde (e.g., Day et al., 1999; Masson et al.,

2008), in French Polynesia (Clouard et al., 2001; Clouard and
Bonneville, 2004; Hildenbrand et al., 2004, 2006), in Lesser Antilles
(Boudon et al., 2007; Germa et al., 2011), and in the Canaries
(e.g., Carracedo., 1994; Krastel et al., 2001; Masson et al., 2002). Two
main types ofmovement are classically distinguished: slow and gradual
rotational movement along a deep detachment, often referred to as
“slump”, and (2) catastrophic rupture of an island flank, yielding the
sudden generation of voluminous debris-avalanches, which can trigger
destructive tsunamis (Moore et al., 1989; Satake et al., 2002). A slump
can be followed by a catastrophic failure, and both types can affect a
given island (e.g., Lipman et al., 1988; Moore et al., 1989). The volume
of individual failure episodes partly depends on edifice size (Mitchell,
2003). The most extreme debris-avalanches have a run-out sometimes
exceeding 100 km, and an individual volume up to several thousands
of km3. These giant deposits have been extensively recognized along

Journal of Volcanology and Geothermal Research 302 (2015) 33–46

⁎ Corresponding author at: Universidade de Lisboa and IDL, Lisboa, Portugal. Tel.: +351
918318361.

E-mail address: acgcosta@fc.ul.pt (A.C.G. Costa).

http://dx.doi.org/10.1016/j.jvolgeores.2015.06.008
0377-0273/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

j ourna l homepage: www.e lsev ie r .com/ locate / jvo lgeores

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2015.06.008&domain=pdf
http://dx.doi.org/10.1016/j.jvolgeores.2015.06.008
mailto:
http://dx.doi.org/10.1016/j.jvolgeores.2015.06.008
http://www.sciencedirect.com/science/journal/03770273
www.elsevier.com/locate/jvolgeores


the Hawaiian Emperor volcanic chain, which comprises the largest
volcanic islands on Earth (e.g. Moore et al., 1989, 1994). However,
such episodes appear quite infrequent, with an estimated recurrence
of about 100 kyr (Normark et al., 1993). In contrast, smaller volcanic
islands seem to experience smaller but more frequent destabilization
events, which still can amount to several km3 and generate large
tsunamis (e.g. Keating andMcGuire, 2000). Therefore, studying later-
al movements and repeated flank destabilization in relatively small
volcanic islands like Pico is of particular scientific and societal
relevance.

Pico Island is much smaller than most of the Canary or Hawaiian
islands, but, in contrast, is located in an active tectonic setting. Like the
other volcanic islands in the Central Azores, it is located on the diffuse
boundary between the Eurasia (Eu) and Nubia (Nu) plates (Fig. 1A,
e.g. Lourenço et al., 1998; Luis et al., 1998; Miranda et al., 1998;
Fernandes et al., 2006; Borges et al., 2007; Lourenço, 2007;
Hildenbrand et al., 2008; Luis and Miranda, 2008; Hipólito et al., 2013;
Marques et al., 2013a, 2014a; Neves et al., 2013; Trippanera et al.,
2013; Hildenbrand et al., 2014; Miranda et al., 2014), and sits on an
anomalously elevated portion of the Mid-Atlantic Ridge (MAR, Fig. 1A)
known as the eastern Azores Plateau. The inter-plate diffuse deforma-
tion is mostly accommodated by several extensional structures in a ca.
100 km wide area: (1) the Terceira Rift (TR, Fig. 1), and (2) the ca.
WNW-ESE graben-horst-graben structure to the SW of the TR

(Fig. 1B), which comprises the 200 m deep S. Jorge Graben (Lourenço,
2007) and the Faial Half-Graben, with an intervening horst, the S.
Jorge/Faial Horst (Marques et al., 2013a, 2014a).

While the S. Jorge volcanic ridge developed apparently inside a gra-
ben, the Pico-Faial ridge developed in great part on the master fault
bounding the north of the Faial half-graben (Fig. 1B). The sub-aerial
growth of this ridge started ca. 850 ka ago on the eastern part of Faial Is-
land (Fig. 1, Hildenbrand et al., 2012a),which has evolved through short
periods of voluminous volcanic construction intercalated with longer
periods of major destruction by both tectonics and relatively large-
scale mass-wasting (Hildenbrand et al., 2012a, 2012b).The evolution
of these steep volcanic ridges appears intimately related to tectonic de-
formation, which may partly control the successive stages of volcanic
growth and repeated episodes of destabilization, e.g., through large-
scale graben development (Hildenbrand et al., 2012a), flank collapses
(Woodhall, 1974; Madeira, 1998; Nunes, 1999; Mitchell, 2003;
Mitchell et al., 2008; Costa et al., 2014), or large-scale slumping
(Nunes, 1999; Hildenbrand et al., 2012b, 2013; Mitchell et al., 2012a,
2013).

Despite the relatively small volume of the Azorean islands, increas-
ing evidence for large-scale catastrophic destruction in the form of lat-
eral flank collapses has been accumulated (Marques et al., 2013b;
Costa et al., 2014; Sibrant et al., 2014, 2015a, 2015b). Large-scale
mass-wasting on Pico's N flank was interpreted by Costa et al. (2014)

Fig. 1. (A) Location of the Azores archipelago on the diffuse boundary between the North America (NA), Eurasia (EU) and Nubia (NU) plates (lighting fromWSW). Main active structures
represented as: thick white line (Mid-Atlantic Ridge –MAR), thick semi-transparent white line (Terceira Rift – TR); limits of the diffuse Nu-Eu plate boundary represented by dotted lines
and extension orientation indicated by thickwhite arrows; and inactive structure as dashed-dot-dashedwhite line (East Azores Fracture Zone – EAFZ). Yellow dashed rectanglemarks the
area presented inB. (B) 3D surface (viewed fromNWand lighting fromE, vertical exaggeration of approximately 10x) of the sector that includes theWNW-ESE Pico (Pi)-Faial (Fa) volcanic
ridge studied in this paper. TR marked by thick dashed white line. The graben/horst structure SW of the TR is defined according to Marques et al. (2013a, 2014a). SJG – S. Jorge Graben;
SJFH – S. Jorge/Faial Horst; FHG – Faial Half-Graben. SJ – S. Jorge Island; Gr – Graciosa Island. Bathymetric data from Lourenço et al. (1998).
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as resulting from catastrophic collapse(s) towards the N. Pico’s S flank
is currently affected by an active large-scale slumpwith subsidence up
to 1 cm/yr (Hildenbrand et al., 2012b), which comprises the western
remnants of an earlier catastrophic collapse to the S. Though the
current topography shows awell-defined scar extendingmuch further
to the E of the slump, which is suggestive of a flank collapse, there was
until now no evidence of the catastrophic collapse, e.g. a debris
deposit on the ocean bottom as recognized and described in the
present work. Furthermore, the timing of initiation of the slump
and the long-term interactions between gradual flank movement,
catastrophic flank destabilization, volcanic activity and tectonics
remain poorly constrained. Therefore, herewe present the reconstruc-
tion of this sector of Pico Island, with special focus on the long-term
evolution of the currently active large-scale slump that affects its SE
flank (Hildenbrand et al., 2012b). We especially constrain with
unprecedented temporal resolution the successive steps of evolution
of the slump, and the occurrence of catastrophic flank collapse
episodes.

The present study is based on the analysis and interpretation of
high-resolution Digital Elevation Models (DEMs), detailed strati-
graphic and structural observations and measurements, and high-
precision K-Ar dating: (1) the geomorphological analysis from high-
resolution sub-aerial and submarine DEMs allowed the interpretation
of volcanic complexes, mass-wasting scars and offshore debris de-
posits; (2) the detailed stratigraphic observation along sea cliffs and
creeks allowed the recognition of the main volcano-stratigraphic un-
conformities, and therefore to distinguish the main volcanic systems
and their geometry; (3) the structural study, with the recognition
and measurement of attitudes of faults, dykes and lava flows showed
where the main structural discontinuities are, and their effects on the
overall structure and evolution of the central part of the island; (4) the
stratigraphic and structural data were used to carry out strategic sam-
pling for K-Ar isotopic dating, which provides an accurate temporal
framework to constrain the timing of volcanic construction and de-
struction episodes.

2. Geological background

2.1. Pico’s morphology and volcanic stratigraphy

Pico is elongatedWNW-ESE, with maximum length andwidth of ca.
46 km and ca. 16 km, respectively. It is part of the Faial-Pico volcanic
ridge, which continues towards the SE as a submarine NW-SE trending
ridge (e.g. Stretch et al., 2006; Lourenço, 2007; Mitchell et al., 2012b).
The overall linear morphology of Pico Island is interrupted by two
central-type volcanoes: the remnants of Topo Volcano, and the Pico
Stratovolcano, which peaks at 2351 m above sea level (Fig. 2A). Strong
slopes are locally observed over the island (Fig. 2B), mainly correspond-
ing to: (1) coastal sectors where sub-vertical cliffs (maximum height of
ca. 400 m on the northern flank) cut several volcanic successions, and
(2) scarps related to mass-wasting/faulting, often masked by more re-
cent volcanic deposits (Section 2.2). Previous studies have shown that
Pico comprises three main volcanic complexes (Fig. 2A): (1) the relicts
of an old extinct volcano in the SE, generally referred to as the Topo Vol-
cano; (2) a linear chain of strombolian cones in the middle and eastern
parts of the island, known as the Fissural System, which inflects from
W-E in the E to WNW-ESE in the W near Topo Volcano (Nunes, 1999;
França, 2000); the Fissural system becomes wider in the west, with a
flatter top (b5–10°), towards the Pico Stratovolcano, where it is affected
by the so-called Capitão Fault (CF in Fig. 2B, Madeira and Brum da
Silveira, 2003); and (3) thePico Stratovolcano, which makes up the
western half of the island (Fig. 2A). According to previous geochrono-
logical data, the sub-aerial part of Pico has developed during the last
ca. 300 kyr (250 ± 40 ka, 270 ± 150 ka in Demande et al., 1982,
Fig. 2A). Pico’s sub-aerial growth seems to have started in the east,
with the growth of the Topo Volcano (Fig. 2A, Zbyszewski et al., 1963;

Forjaz, 1966; Woodhall, 1974; Madeira, 1998; Nunes, 1999; Nunes
et al., 1999a), interpreted as a shield volcano byWoodhall (1974). Rem-
nants of this early sub-aerial volcano have been unconformably covered
by younger volcanic products poured from scattered scoria cones and
WNW-ESE aligned cones making up the Fissural System (Zbyszewski
et al., 1963; Woodhall, 1974; Madeira, 1998; Nunes, 1999; Nunes
et al., 1999b, Fig. 2). The latest stages of island growth comprise the de-
velopment of the Fissural System and the Pico Stratovolcano, which
have been active through the Holocene, up to historical times (Fig. 2A,
e.g., Zbyszewski et al., 1963; Forjaz, 1966; Woodhall, 1974; Madeira,
1998; Nunes, 1999; Nunes et al., 1999a.

Available K-Ar data on Pico are very scarce (Fig. 2A). A few whole
rock K/Ar ages (Féraud et al., 1980; Demande et al., 1982) on samples
from the three main units have been measured, but most of them are
imprecise and overlap within the range of uncertainties, which can
amount to more than 100 ka (cf. Fig. 2A). These ages, acquired on
whole-rock samples, may also be significantly biased by the unsuitable
incorporation of inherited excess 40Ar trapped in phenocrysts (see
Hildenbrand et al., 2012a). Therefore, none of them is useful to properly
constrain the volcanic stratigraphy and the occurrence of destruction
episodes (see also next section). A few radiocarbon data on charcoal
fragments and/or paleosoils covered by lava flows help to constrain
the age of some of the most recent eruptions (Madeira, 1998; Nunes,
1999). However, these data are also of limited use to study the long-
term evolution of the central part of the island, due to the restricted ap-
plicability of the method (b ca. 50 kyr).

The lack of precise and representative isotopic ages in Pico (França,
2000), the lack of marked lithologic variability betweenmain volcanic
units (França, 2000; França et al., 2006), and the temporal partial
overlap of volcanic activity, have hampered the definition of
Pico’s volcanic stratigraphy. The earlier works relied greatly on the
published K-Ar and radiocarbon ages, on the alteration degree of the
volcanic deposits, and on local field relationships (e.g., Madeira,
1998; Nunes, 1999; Nunes et al., 1999a; França, 2000; França et al.,
2000), which is clearly insufficient for the objectives of the present
work.

2.2. Mass-wasting in Pico Island

Earlier studies in Pico have highlighted the existence of several
large structures affecting the various volcanic complexes (Fig. 2B):
(1) two concave steep zones on Pico’s northern flank (Fig. A.2a);
(2) several nested scarps in SE Pico (Fig. 2C); and (3) a WNW-ESE
scarp on the southern flank of the Pico Stratovolcano (Fig. A.2c).
(1) On Pico’s northern flank, a detailed analysis of high-resolution ba-
thymetry and sub-aerial DEM, coupled with fieldwork and recent K-Ar
dating on separated groundmass led Costa et al. (2014) to report a 4 to
10 km3 submarine debris deposit, interpreted as resulting from a
northwards catastrophic collapse on the N flank of the old Topo Volca-
no, prior to ca. 70 ka. and to report another flank collapse on the west-
ern sector Fissural system, prior to ca. 69 ka. (2) The easternmost scarp
on the northern flank is mirrored in Pico’s southern flank by another
concave and steep main scarp and a series of less-pronounced scars
(Fig. 2B and C). The westernmost scarp (Fig. 2) has been variably
interpreted as: a crater or caldera (Zbyszewski et al., 1963), a “trap
door” type caldera of Topo Volcano (Woodhall, 1974), a landslide
scar (Madeira, 1998; Madeira and Brum da Silveira, 2003; Mitchell,
2003), or a fault constituting the headwall of a slump structure
(Nunes, 1999, 2002; França, 2000; Hildenbrand et al., 2012b). Nunes
(1999, 2002) proposed that this structure is younger than 37 ka and
inactive since the beginning of the Holocene. This hypothesis was
later reinforced by Mitchell et al. (2012a). These authors did not find
evidence for current deformation of the island shelf by the slump
structures, and considered that the lava delta was formed according
to the present sea level. However, GPS data acquired between 2001
and 2006, and InSAR data acquired between 2006 and 2009, indicate
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that the slump structure is currently active, with horizontal displace-
ment of 1.6 ± 1.3 mm/yr, and subsidence ranging between 5 and
12 mm/yr (Hildenbrand et al., 2012b, 2013). (3) The WNW-ESE

scarp on the southern flank of the Pico Stratovolcano (Fig. 2B) has
been interpreted either as an avalanche scar (Woodhall, 1974;
Madeira, 1998; Madeira and Brum da Silveira, 2003) or as a fault

Fig. 2. (A) Shaded relief of the 10m resolution DEM of Pico Island (lighting fromWSW), with coordinates in metres UTM (zone 26N). White squares, triangles and circles mark the K-Ar ages
from Féraud et al. (1980), Demande et al. (1982) and Costa et al. (2014), respectively. Also shown a radiocarbon age (plus sign) fromNunes (1999). The ages are indicated in thousands of years
(ka). Simplified geologic/physiographicmap (modified afterMadeira, 1998). Traces of the Capitão Fault (CF) and Topo Fault (TF) (afterMadeira, 1998;Nunes et al., 1999b;Madeira andBrumda
Silveira, 2003). (B) Slopemap of Pico Island built from the 10m resolution DEM (additional details on the DEM construction are provided in Appendix A and in Costa et al., 2014). Dashed black
lines: scarps interpreted from zones of anomalously steep slopes. The perspectives (yellow eyes) identified as i, and ii are presented as 3D surfaces in Figs. A.2a and A.2c, respectively (Supple-
mentaryData –Appendix A). The perspective C is presented as a 3D surface in (C). (C) View fromESE of the slump structure's topography (lighting fromSW). Image obtained by superimposing
the 3D view of the slump relief (vertical exaggeration: 2x) and the slope map image (color scale indicated for slope angles), obtained from a 10m resolution DEM. Scarps interpreted as white
dashed lines (structures identification and interpretation modified after Hildenbrand et al., 2012b). The clean versions of these maps are presented as Figs. A.1 and A.2b.
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scarp (Forjaz, 1966;Machado et al., 1974; Chovelon, 1982; Forjaz et al.,
1990; Nunes, 1999; Nunes et al., 1999a, 1999b; Mitchell, 2003). This
scarp has been described as being masked by more recent volcanic
products from the Pico Stratovolcano (Chovelon, 1982; Madeira,
1998; Nunes, 1999), and its base covered by recent and thick colluvi-
um deposits (Madeira, 1998; Nunes, 1999).

3. Methods and results

3.1. Geomorphological analysis

A 10 m resolution sub-aerial DEM was complemented with
bathymetric data acquired offshore Pico's SE flank (Figs. 2 to 5).

Fig. 3. Shaded relief maps (lighting fromWSW in 3a., and fromNW in 3b.), and image of the coastal sectionmarkedwith C in 3b. (A) Ages from Costa et al. (2014) are shown in yellow, and
the green dashed rectangle shows the sector onwhichwe focused in this study. (B) Zoom of the slump sector, with indication of top and base of the scarps, identification of the scarps inside
the slump area (after Hildenbrand et al., 2012b), indication of the attitude of lava flows, and location/identification of the new samples. The trace of the Topo Fault (TF) is shown as a green
dash-dotted line. The sea cliff along which were performed the most relevant observations regarding the local stratigraphy is highlighted by a white dashed line labeled "C". The numbers
show themain features addressed in text. (C)WSW-ESE viewof the sea cliffmarked as theC section (white dashed line) in Fig. 3B. Thinwhite lines – local orientation of the volcanic deposits
as observed on the sea cliff. Grey dash-dotted line – possible unconformity. Red dashed lines – structural surfaces. Location/identification of the samples collected on (and in the proximities
of) the sea cliff. Yellow lines – dykes. Green dashed rectangles a and bmark the zoomed images of the sedimentary deposits presented in Figs. A.3a and A.3b, respectively. Td – Recent talus
deposit. A clean version of this figure is provided as Fig. A.4 (Appendix A). Zoom in figures of the sea cliff section are provided as Figs. A.5 and A.6 (Appendix A).
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The submarine data include previously published data (Lourenço
et al., 1998; Mitchell et al., 2012a) and new high-resolution bathy-
metric data with a spatial resolution between 50 m and 250 m,

used here to identify potential debris deposits generated by
catastrophic mass-wasting episodes in SE Pico. The topographic
data were merged into a single grid. Details regarding data sources

Fig. 4. (A) Different data sets used to compose the 50m resolution grid presented in (B): green – 10m resolution sub-aerial DEM; turquoise – 250m resolution bathymetry; grey – 50m res-
olution bathymetry; black lines – depth contours from Fig. 1B in Mitchell et al. (2012a); blue dots – bathymetric data extracted from the 1000 m resolution grid from Lourenço et al. (1998).
(B) and (C) are shaded reliefs from the50m resolution grid,with vertical lighting and lighting fromWNW, respectively. In Cwe interpreted the outline of the proximal sector of the hummocky
terrain area (green dashed line), and the biggest block identified (1). We also indicate the alignments of submarine cones observed to the SW of Topo (light blue dashed lines), and the scars
(yellow lines) identified in the sub-aerial sector adjacent to the submarine debris deposit. The apparent WSW-ENE lineaments visible in the area of interpolation of contours extracted from
Mitchell et al. (2012a) constitute interpolation artefacts. (D) Topographic cross sections of the submarine flank indicated in (C). A clean version of this figure is provided as Fig. A.4.
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and grid construction are provided in the supplementary material
(Appendix A).

Shaded-relief and slope maps constructed from the synthetic grid
allow the identification of important morphological features at both
island and more local scales(Figs. 2 to 5, A.1, A.2, A.4 and A.7).

The remnants of the Topo Volcano are partly exposed in the central
part of the island, where they constitute a prominent cape to the S of
the axis of the Fissural System (Figs. 2A, 3A and B). They are partially
masked by more recent volcanic products erupted from a SSW-NNE
alignment of parasitic cones, which partially cover a small morpho-
logical scarp near the present sea level (1 in Fig. 3B). The highest sec-
tor of Topo's preserved flank presents steep slopes up to 20–25°
(Fig. 2B and C). There, the older volcanic sequence crops out, and
the topographic surface truncates the volcanic sequence, suggesting
that significant erosion has occurred. On the sub-aerial remnants of
the Topo Volcano some main scarps can be recognized (Figs. 2C and
3B): (1) In the N, a N-facing scarp (2 in Fig. 3B) that continues further
E, and was interpreted by Madeira (1998) as the Topo Fault −TF in
Fig. 3B). (2) In the SE, a 5 km-long prominent and straight WSW-
ENE sea cliff (3 in Fig. 3B, height up to 160 m a.s.l.), here interpreted
as a fault. (3) In the E, the Main Scarp of the currently active slump
(Fig. 3B, Hildenbrand et al., 2012b). It trends between NNW-SSE in
the south and E-W in the north (where it affects both blocks of TF,
Fig. 3B), and is thus concave to the SSE. Within the slump area, the
Main Scarp and several smaller scarps are nested in one another, all
concave to the SSE, which are designated Sn (Figs. 2C and 3B): S1 pre-
sents a general SSW-NNE orientation, and its height and slope vanish
towards the N. S2 extends much further E than the area currently af-
fected by the slump (as made clear in the slope map presented as
Fig. 2C, and Hildenbrand et al., 2012b). Its trend is parallel to S1 in
the W (SSW-NNE), and parallel to the Fissural System axis in the
east (E-W).S3 trends SW-NE and vanishes towards the SW. Towards
the NE, S3 merges with S2 (Figs. 2C and 3B). These collapse scarps
are partially masked by deposits from monogenetic cones from the
axial zone of the Fissural System and within the slump area, aligned
along the slump scarps (Fig. 3B, monogenetic cones on the uppermost
sector of S1 and on S2).

On the offshore of the slump area (Figs. 4 and 5), submarine align-
ments of small reliefs are interpreted as alignments of volcanic cones,
with trends ranging from SSW-NNE to SW-NE (light blue dashed lines
in Fig. 4C). The new high-resolution bathymetric data show a protuber-
ant area of hummocky terrain extending up to, at least, 17 km from the
coast, along the NW-SE direction, and reaching a minimum depth of ca.

1700 m (Figs. 4B to D, and 5). The large hummocks (largest hummock
identified is ca. 850 m long – 1 in Fig. 4C) are significantly masked by
smaller size material, especially in the domain closer to Pico’s subma-
rine slope (in agreementwithMitchell et al., 2012a, 2013). The imposed
lighting in Fig. 4B and C highlight the irregular shape of these hum-
mocks, here interpreted as large blocks.

3.2. Fieldwork and sampling

Our fieldwork investigations and sampling strategy were devised
to constrain in time themain phases of volcanic growth and partial de-
struction of the central sector of Pico Island, more specifically in the
southern sector (slump area). We concentrated our observations and
sampling on the steep scarps, creeks, and along the high coastal cliffs
where the exposure of the geological units is maximal. We performed
stratigraphic and structural analysis in the field, and sampled for K-Ar
dating the deposits at the base/top of the volcanic sequences separated
by unconformities, especially the units cut by or sealing fault scarps.
The strategy of sampling in the slump area is schematically shown in
Fig. 6, and the exact location of the samples is presented in Fig. 3.

The preserved volcanic sequence of the Topo Volcano is partly ex-
posed along scarp 1, the WSW-ENE sea cliff (3), and Main Scarp
(Fig. 3B). On scarp 1 (Fig. 4), we observed a basal sequence of lava
flows gently dipping towards the W, unconformably overlain by lava
flows and scoriae deposits (Figs. 3B and 6A). We sampled the basal se-
quence and a lava flow from the overlying sequence (Figs. 3B and 6A).
Sea cliff 3 (Figs. 3B and C) comprises a succession of metre to
decametre thick lava flows locally dipping towards the SW, and cut
by sub-vertical dykes striking between N040° and N070° (Fig. 3B and
C). We collected the lowermost accessible lava flows at the base of
the sea cliff and the uppermost flows at the top of the scarp (Figs. 3B,
C and 6A). In this sector, the Topo sequence is intruded by dykes
near theMain scarp, and is locally affected by a recent rockslide depos-
it (Fig. 3C). To the E of the Main Scarp, we observed breccia/coarse
talus deposits at mid-slope and near the seal level (a and b in Fig. 3C,
respectively, with a zoom presented as Fig. A.3). The basal breccia de-
posit is overlain by a sequence of thin S-dipping lava flows (up to 1 m
thick), which get thicker on the contact with the breccia (b in Fig. 3C),
where a pahoehoe lava flow onlaps the basal topographic step of the
Main Scarp (Fig. A.3b). Upwards, the mid-slope talus deposit is fossil-
ized by generally massive lava flows (up to 10 m thick), which
wedge out laterally against the main scarp (Fig. A.3a). Although we
did not observe erosive truncation, the contrasting thickness of these

Fig. 5. 3D surface of the area represented in Fig. 4 viewed from SE, with elevation exaggerated 3x, and with lighting from SW. The sub-aerial domain is presented as a slopemap. The ex-
tended outline and source of the deposit is interpretedwith red dashed line and arrows. The interpreted sub-aerial source area for the debrismaterial interpreted offshore is delimited by a
black dashed line.
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basal and upper lavas may constitute an unconformity (dash-dotted
line in Fig. 3C, and Fig. A.6). This sequence to the E of the Main Scarp
is cut by NNE-SSW-trending thin sub-vertical dykes. Further E, it is af-
fected by the sharp S1 (Fig. 3B and C). We sampled the lowermost and
the uppermost lava flows of the sequence for dating purposes (Figs. 3C
and 6A).

While S1 is exposed on the sea cliff, inland it is masked by cascading
lava flows, except on its topmost sector, where it cuts metre thick lava
flows (Fig. 3B and C). East of S1, the small sea cliff comprises a sequence
of sub-horizontal lava flows intercalated with paleosoils (Fig. 3C). We
sampled the basal and topmost lava flows of the coastal cliff at the
foot of S1, and a lava flow cascading over the scarp (Figs. 3C and 6A).
Eastwards, along S2, we only observed volcanic deposits (mostly lava
flows) strongly dipping towards the sea (Fig. 3B). The eastern sector
of S3 comprises a monotonous sequence of metre thick lava flows, ap-
parently corresponding to the lava flows that cascade over S2
(Fig. 3B). On the western sector of S3, the height and slope of the
scarp decrease, and a sequence of thin cascading lava flows covers S3,
towards the current lava delta (Fig. 3B). We sampled a lava flow from
the sequence exposed on S3, and a lava flow from the lava delta
(Figs. 3B and A.8). We also sampled the basal and topmost lava flows
of the sequence cropping out on the sea cliff E of the slump area (east-
ernmost samples in Fig. 3B).

3.3. K-Ar dating

We here present 24 new high-precision K-Ar ages (Fig. 7 and
Table 1), which together with the 5 ages acquired by Costa et al.
(2014) constitute an unprecedented dataset to reconstruct themain suc-
cessive stages of growth and partial destruction of the island over its
whole eruptive history. Our lava flow samples are fresh, aphyric to
porphyric basalts (olivine, pyroxene and plagioclase phenocrysts), with
low vesicular content. Dating precisely such young and mafic products
requires the capability tomeasure extremely small amounts of radiogen-
ic argon (40Ar*, in Table 1). The Cassignol-Gillot technique, developed at
Lab. GEOPS (University Paris-Sud, Orsay) is particularly suitable for such
purpose (Gillot et al., 2006). It allows dating young, even K-poor, volca-
nic rocks with uncertainties of only a few ka (e.g., Samper et al., 2007;
Hildenbrand et al., 2008, 2012a; Germa et al., 2011; Boulesteix et al.,
2012, 2013; Costa et al., 2014; Ricci et al., 2015).

The sample preparation included the following steps: (1) Careful ob-
servation of thin sections under a microscope to check that the samples
have not suffered significant alteration; (2) crushing and sieving of the
samples in order to obtain an homogeneous granulometry in the range
125–250 μm; (3) systematic removal of the phenocrysts through mag-
netic and heavy liquid sorting in order to extract the microlitic ground-
mass, which in the case of such basaltic samples is the only phase

representative of the eruption age; (4) observation of the resulting sam-
ple under thebinocularmagnifier in order to attest its homogeneity. The
groundmass samples obtained with this procedure present homoge-
neous size (125–250 μm) and density (2950–3050 kg/m3for basaltic
samples).

For each sample, K and Ar were bothmeasured at least twice on dis-
tinct aliquotes of the homogeneous groundmass preparation by flame
spectrophotometry and mass spectrometry, respectively. Details on
the analytical procedure can be found elsewhere (Cassignol and Gillot,
1982; Gillot and Cornette, 1986; Gillot et al., 2006). The decay constants
considered are from Steiger and Jäger (1977), and the age uncertainties
are quoted at the 1σ level.

The volcanic sequence on the sea cliff cutting the Topo rocks was
dated between 186 ± 5 ka and 125 ± 4 ka (Fig. 7). This old sequence
is blanketed on the SW by younger volcanics erupted from parasitic
cones, here dated between 60 ± 2 and 57 ± 2 ka.

Immediately east of theMain Scarp, the lava pile comprises ages be-
tween115±4 and 75±4ka (Fig. 7B). A lavaflow sampled from the top
of this sequence, at the foot of theMain Scarp, yields an age of 47± 3 ka
(Fig. 7). S1 is partially covered by a 49±4 ka lava flow (Fig. 7B). The vol-
canic sequence at the foot of S1was dated between 90±4and 46±4ka
(Fig. 7B). A lava flow cropping out on the eastern sector of S3, and
apparently cascading over S2, was dated as 69± 4 ka (Fig. 7A). Towards
the E, other lavas cascading over S2 were dated between 43 ± 8 ka and
5 ± 3 ka. The lava flow that forms the eastern sector of the delta yields
an age of 10 ± 2 ka (Fig. 7A).

The oldest ages determined for the northern slope of the Fissural
System, published in Costa et al. (2014), correspond to the base of a
prominent coastal cliff in the E, which was dated at 70 ± 4 ka, and to
a lava flow masking an interpreted landslide scar in the W, which was
dated at 69 ± 4 ka (Fig. 3A).

4. Discussion

4.1. Evolution of Pico’s slump

The new K-Ar ages here presented, complemented by the data pub-
lished in Costa et al. (2014), are fully consistent with our field observa-
tions, allow to reconstruct the step-by-step evolution of Pico’s slump,
and the occurrence of catastrophic flank collapses during the volcanic
evolution of the island throughout the last 130 kyr. The new data espe-
cially show that the island has experienced several phases of rapid vol-
canic growth and episodic large-scale collapse(s).

The sub-aerial growth of the Topo Volcano is here constrained be-
tween ca. 186 ± 5 and 125 ± 4 or 115 ± 4 ka (Figs. 7 and 8). Given
the present morphology of the Topo sector and the attitude of the lava
flows (Fig. 7A), the summit of the Topo Volcano should have been

Fig. 6. Schematic illustration of the sampling strategy for (A) the Topo Complex/SE active slump (especially along the WSW-ENE sea cliff presented in Fig. 3C), and (B) the scars on the
northern flank. The position of some of the key samples is shown as white dots (exact position presented in Fig. 3). The possible geometry of the northern flank follows the interpretation
presented in Costa et al. (2014).
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originally located in the topographic depression bounded by the Main
Scarp, which is consistent with the positive gravity anomaly detected
in this area (Nunes et al., 2006).

In the uppermost sector of the Topo volcano, the lateral contrast be-
tween the blocks to the S and N of the inferred Topo Fault (TF in Fig. 7A)
support the existence of a fault that accommodated subsidence of the
northern block (Madeira, 1998), but we could not find evidence for
the strike-slip component proposed by Madeira (1998). Costa et al.
(2014) suggested that the destruction of Topo’s N flank involved grad-
ual deformation along this structure, coupled with catastrophic failure
towards the N more than ca. 70 ka ago. The youngest age of 125 ±
4 ka obtained for the Topo volcanic succession provides a new temporal
bound, which now constrains the occurrence of the northern cata-
strophic flank collapse between ca. 125 and 70 ka.

In Pico’s SE flank, in the currently active slump area, the collapse
structure is much more complex than in Pico´s N flank, in terms of ge-
ometry, unconformities, faults, type of collapse, and ages. Most impor-
tantly, the collapse structure in the SE seems composite, i.e. with an
earlier catastrophic collapse and a remnant still active slump, in great
contrast to the northern collapses. Therefore, it deserves amore detailed
discussion before coming to the conclusions.

At the shore level, there is an apparent discontinuity between sam-
pling sites Pi10AA and Pi10AB (Fig. 3C) in the (downward) prolongation
of the Main Scarp. This discontinuity can thus be interpreted as a fault
segment (Fault 1, Fig. 8). However, the ages of the lava flows on the
base of the sequences affected by this possible fault show an older age
on the hanging wall (Fig. 7A), seemingly inconsistent with a normal
fault. Given the concave shape of the Main Scarp, and that the lava
flows dip to the SW, the ca. N-S part of theMain Scarpmust have a dex-
tral strike-slip component that can justify the ages obtained to each side
of the fault (Fig. 8).

Some tens of meters farther east, the irregular discontinuity
interpreted as Fault 2 (Fig. 8) is apparently connected to the Main
Scarp. Fault 2 is overlain by old breccia/talus deposits, and it separates
two volcanic sequences of distinct ages (ca. 186 – 127 in the foot wall,
and ca. 115 – 75 ka in the hangingwall). The age of 115± 4 ka obtained
for the base of the hanging wall sequence almost overlaps within the
range of uncertainties with 125 ± 4 ka, the youngest age obtained for
the Topo Volcano. Therefore, the lava flow here dated at ca. 115 ka
may either constitute (1) the top of Topo Volcano edifice displaced by
a (normal) fault, or (2) the base of a volcanic sequence filling a low to-
pography created during an early phase of destruction of Topo Volcano
(Fig. 8). (1) In the first hypothesis, gradual displacement along Fault 2
would imply a cumulative vertical displacement of at least 200 m
(current difference in altitude plus erosion of Topo's top) during a max-
imum period of 115 kyr, which gives an average conservative rate of ca
2 mm/yr. Such value is a minimum, because the lava flows onlapping
the mid-slope talus deposit at the foot of the Main Scarp are here
dated at ca. 78 ka. This suggests that significantmovement on Fault 2 oc-
curred between ca. 115 ka and 78 ka, which would indicate an average
rate of downward displacement closer to 5 mm/yr. Noticeably, the two
rates here estimated are similar to present vertical displacements re-
corded by GPS and InSAR data within the SE Pico slump (Hildenbrand
et al., 2012b). This scenario implies Topo's youngest sequence is pres-
ently under sea level, and without any unconformity separating the
125 from the 115 ka lavas. (2) In the second hypothesis, an early
phase of destruction affected the Topo Volcano between ca. 125 and
115 ka (Fig. 8). A catastrophic collapse seems unlikely, because the sub-
marine slopes offshore Fault 2 seem globally preserved, though slightly
disrupted (Fig. 4), and because if a catastrophic collapse had occurred
between ca. 125 and 115 ka, the volcanic flankwould have had to be re-
constructed in this short time span (we dated a sub-aerial ca. 115 ka

Fig. 7. (A) Geologic map built from the field observations and the new K-Ar data, with units defined as a function of the main unconformities observed in the field, and calibrated by the
isotopic ages. Geology drawn on shaded relief with 10 m resolution DEM. (B) Interpreted profile of the coastal cliff indicated by green dashed line in (A). Grey dash-dotted line shows
possible unconformity. Yellow lines represent dykes. RS corresponds to a recent small rockslide. Td corresponds to a recent talus deposit. Yellow wedge with embedded squares marks
a talus deposit covered by the 78 ka lavas.
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lava flow). Therefore, we prefer the hypothesis of a gradual downward
movement of the island flank close to the Main Scarp. The subsided
sequence of Topowould be presently under sea level, with an unconfor-
mity separating the 125 from the 115 ka lavas. The short time-span
between the age of affected and filling units also means that initiation
of the slump between 125 ka and 115 ka was followed by significant
volcanismfilling part of the former SE depression at ca. 115 ka. This sup-
ports a significant eruptive response to flankmovement, as observed on
other oceanic islands (e.g., Manconi et al., 2009; Boulesteix et al., 2012).
However, in Pico's case, early slumpingwas not followed by the growth
of a large, well-individualized post-collapse edifice. The attitude and the
dip of the 115 ka lava flows filling the depression could suggest that
they were erupted from small cones located on the headwall zone, but
these feeders have not been found.

The ca.115–75 ka volcanic sequence is bounded in the E by a steep
S1, which is partly covered by a cascading lava flow equivalent to our
sample Pi10AD, here dated at 49 ± 4 ka (Fig. 7B). This suggests that S1
accommodated significant deformation between ca. 75 and 49 ka
(Fig. 8). The lava flow sampled at the base of S1's hanging wall is here
dated at 90 ± 5 ka, which is very close to the age of one of the

uppermost lavas from the ca. 115–75 ka succession (sample Pi10J, age
of 78 ± 5 ka), within the range of uncertainties (Fig. 8). This suggests
that, like the Main Scarp, S1 developed in a gradual rather than cata-
strophic way. Consequently, we infer that, locally, the displaced flank
of the old volcano is under the present sea level, immediately at the
foot of S1 (Fig. 8).

In contrast, the submarineflank of the island is clearly interrupted by
a large embayment offshore S2 (Fig. 4), and the debris field recognized
on the distal submarine slope closely matches the sub-aerial extension
of S2 (Fig. 5). This supports the creation of the S2 arcuate structure by
a catastrophic flank collapse, which generated a large debris-
avalanche deposit (Fig. 5). Despite careful inland search in the deepest
valleys, we could not observe the volcanic sequence cut by S2, because
the scar has been covered by more recent cascading lava flows. In the
western portion of S2, especially, cascading lava flows partly formed a
sub-aerial platform that is currently cut by S3. We dated the base of S3
as 69 ± 4 ka, and the base of the coastal cliff farther E as 43 ± 8 ka
(Fig. 7A). From these new data, the catastrophic sector collapse here
proposed occurred prior to ca. 69 ka. The maximum age of the collapse
is more difficult to establish, especially as the possible connection

Table 1
Results of the K-Ar dating in the present study. The ages are presented in thousands of years (ka). The results are reported at the 1σ level. For sample Pi11E, the two Ar analyses did not
overlap at 1σ, and therefore the uncertainty on the mean ages is obtained from the standard deviation to the average.

Samples UTM E UTM N K (%) 40Ar* (%) 40Ar* (1010 at/g) Age (ka) Uncertainty (ka) Mean (ka)

Pi10AA 26393459 4249592 0.864 4.9 16.479 183 5 186 ± 5
5.1 17.048 189 5

Pi10AB 26393316 4249531 0.811 7.5 14.452 171 3 173 ± 3
8.0 14.771 174 3

Pi11B 26390763 4249755 1.042 3.7 14.619 134 4 137 ± 4
3.5 15.303 141 5

Pi11E 26392854 4253249 1.084 6.8 15.482 137 3 133 ± 5
6.8 14.716 130 3

Pi10H 26390851 4249857 1.227 8.6 16.832 131 2 130 ± 2
8.2 16.589 129 2

Pi12A 26392889 4249607 1.04 7.1 14.163 130 3 128 ± 3
7.3 13.724 126 2

Pi10D 26393271 4249709 1.223 4.8 15.951 125 3 127 ± 3
5.3 16.440 129 3

Pi11K 26390641 4251460 1.102 3.6 14.291 124 4 125 ± 4
4.0 14.452 126 4

Pi10B 26393790 4249778 1.029 3.7 12.375 115 3 115 ± 4
3.6 12.437 116 4

Pi11A 26394364 4250173 1.096 2.1 10.414 91 5 90 ± 5
1.9 10.152 89 5

Pi10J 26393403 4249657 2.025 1.7 16.183 77 5 78 ± 5
1.4 16.646 79 6

Pi10L 26393814 4249872 1.085 2.9 8.399 74 3 75 ± 4
1.4 8.544 75 6

Pi11G 26395876 4251479 0.717 1.7 5.247 70 4 69 ± 4
1.9 5.153 69 4

Pi12B 26392279 4249613 1.153 3.0 7.174 60 2 60 ± 2
3.8 7.297 61 2

Pi11L 26390641 4251460 1.074 2.4 6.587 59 3 57 ± 2
2.6 6.251 56 2

Pi11C 26393748 4253573 1.453 4.9 8.342 55 1 52 ± 4
5.7 7.576 50 1

Pi10AD 26394024 4250211 0.912 1.2 4.552 48 4 49 ± 4
1.7 4.693 49 3

Pi10AE 26394268 4250217 0.942 1.1 4.715 48 4 46 ± 4
1.1 4.283 44 4

Pi10O 26393298 4249923 1.12 1.3 5.862 50 4 47 ± 3
2.1 5.267 45 2

Pi11P 26399484 4251796 1.067 0.6 4.830 43 8 43 ± 8
0.5 4.794 43 9

Pi10AF 26396362 4251625 1.077 0.7 1.481 13 2 13 ± 2
0.5 1.309 12 2

Pi11O 26395881 4251008 1.278 0.4 0.951 7 2 10 ± 2
0.5 1.651 12 3

Pi12G 26399372 4253385 1.109 0.1 0.687 6 5 9 ± 4
0.3 1.199 10 4

Pi12H 26400154 4251895 1.15 0.1 0.208 2 3 5 ± 3
0.2 0.691 6 3
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between S1 and S2 remains enigmatic. As S2 affects a domain previously
occupied by Topo Volcano, we establish ca. 125 ka as themaximum age
for S2 formation. The sub-aerial part of S2 truncates the previous lava
succession(s) up to a height of ca. 600 m. From the volcanic
pile(s) exposed immediately to the W of S1, it seems plausible that the
collapse removed not only thewhole SE flank of the old volcanic edifice,
but also part of the filling succession here dated between 115 ka and
75 ka (Fig. 7A). In such hypothesis, the catastrophic flank collapse
here proposed possibly occurred between 75 ka and 69 ka. This narrow
time interval coincides with the development of widespread volcanism
along the whole Fissural System, as massive lava flows concealing the
scars in the northern sector of the island yield similar ages (Fig. 3A,
Costa et al., 2014). Parasitic scoria cones also developed close to the
main scarp, upon the eroded remnants of the Topo Volcano, ca. 60 ka
ago (Fig. 7A). Such apparent synchronicity supports a close link be-
tween volcanismand deformation along the various structures affecting
the central part of the island. More recently, volcanic cones grew on S2
(Fig. 7A), which coupled with the current distribution of subsidence in
the slump area suggest that S2 has accommodated gradual subsidence
recently (Hildenbrand et al., 2012b). Similarly, the steepness of the ex-
posed Main Scarp suggests that it accommodated movement recently.

Finally, S3 constitutes a steep curvilinear scarp (Fig. 7A), whose ori-
entation is compatible with the general orientation of the slump struc-
tures previously described. This scar cuts lava flows here dated at
69 ± 4 ka, and is partially blanketed in the west by volcanic deposits
that form the lava delta here dated at 10 ± 2 ka (Fig. 7A). From the
bathymetric data, it appears quite clear that this portion of the island
flank partly sits on the submarine embayment associated with S2, and
therefore that it may be quite unstable. Therefore, we cannot exclude
that the arcuate scarp S3 formed by repeated detachment of coastal seg-
ments, prior to ca. 10 ka.

It is acknowledged that the evolution of a slump structure can lead to
catastrophic destabilization (e.g., Moore et al., 1989, 1994; Urgeles et al.,
1999). From the step-by-step evolution here presented, we conclude
that Pico's SE flank slump evolved mostly through gradual deformation
during the last 125 kyr, with the occurrence of a catastrophic flank col-
lapse along S2, most probably between ca. 75 and 69 ka. The consecutive
local development of faults most probably potentiated the current focus
of subsidence (Keating and McGuire, 2000; Hildenbrand et al., 2012b).

4.2. Comparison with other slumps and implications for flank movements
on oceanic islands

The dimensions and subsidence rates of the studied slump aremuch
smaller than those reported for the active Hilina slump(Kilauea's S
flank) in Hawaii. Indeed, the Hilina Slump stretches at the surface ca.
50 km, which corresponds to the entire length of Pico Island. The subsi-
dence rates in the Pico Slump are one order of magnitude smaller than

those recorded for Hilina: up to 12mm/yr during the 2006–2009 period
for Pico's slump (Hildenbrand et al., 2012b), and up to 8 cm/yr during
the 1990–1996 period for the Hilina Slump (Owen et al., 2000). The
time constraint for the initiation of slumping in Hilina has been pro-
posed to lie between 90–60 kyr (Smith et al., 1999). However, the geo-
logical record of the activity along Hilina’s structures indicates 43 kyr
(Riley et al., 1999;Okubo, 2004). The geological record and the newdat-
ing indicate that Pico's slump is older than Hilina, tracing the initiation
of slumping in Pico back to, at least, ca. 115 ka. Many factors
favouring/enabling large-scale flank movements on volcanic islands
have been proposed (e.g., Keating and McGuire, 2000). A link between
the occurrence of large-scale gravitational collapse in volcanic islands
and climatic changes has been es pecially proposed (Carracedo et al.,
1999), namely the coincidence of some of these events with transitions
from glacial to interglacial periods (Quidelleur et al., 2008). Quidelleur
et al. (2008) mentioned two occurrences for the glacial-interglacial
transition comprised between ca. 140 and 125 ka: El Golfo 1 in El Hierro,
Canaries (134 ± 6 ka, Carracedo et al., 1999), and Alika 2 in Hawaii
(127 ± 5 ka, McMurthy et al., 1999). Germa et al. (2011) also reported
the occurrence of a flank collapse at 127 ± 2 ka in Martinique Island
(Lesser Antilles). This transitional period also overlaps with the age
here determined for the initiation of Pico Slump: ca. 125–115 ka. On
the other hand, the age constraints of the catastrophic events on the N
and S flanks of Pico Island (ca. 125–70 ka, most probably ca. 75–69 ka
for the collapse on the S flank), and propagation of the secondary
slump structure S1 correspond to a rather gradual/irregular transition
from an interglacial to a glacial stage. This suggests that factors other
than paleoclimatic changes controlled the occurrence of catastrophic
collapse and slump development on Pico.

Unlike islands from archipelagos like Hawaii and Canaries, Pico
Island has developed in a tectonically active area. The tectonic setting
favoured its growth as a steep ridge, and, as shown in Fig. 1, its growth
on top of a master normal fault making up the diffuse boundary be-
tween theNubia and Eurasia plates. Therefore, we infer that the tectonic
setting may have contributed significantly to the triggering of the cata-
strophic collapses here described for Pico, e.g. seismic activity and stress
conditions favourable for dyke injection. For instance, we note that the
composite collapse structure in SE Pico sits on the intersection of two
main trends: (1) theWSW-ENE trend,which corresponds to the sharply
cut sea cliff here interpreted as the result of amajor fault, and to some of
the dykes observed in the field (Fig. 3B). This trend corresponds to the
local orientation expected for the transform faults of the Nubia-
Eurasia plate boundary (DeMets et al., 2010; Marques et al., 2014b).
(2) TheWNW-ESE to E-W trend, which locally corresponds to the align-
ment of the headwall of the slump with the axis of the Fissural System,
and regionally corresponds to the orientation of the main normal faults
making up the diffuse Nu/Eu plate boundary.We note that earlier flank
collapses recently recognized in Graciosa (Central Azores) and in S.

Fig. 8. Interpretative scheme of the slump structure.
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Miguel Island have also occurred along such directions (e.g., Sibrant
et al., 2014, 2015b), reinforcing the role of regional tectonics as a
major factor influencing/controlling flank movements in the Azores.
Our study on Pico extends the record of past flank collapses in the
Azores up to very recent times. As both regional tectonics setting and
flank movements in Pico slump are still active, further catastrophic
flank movements cannot be excluded, reinforcing the need to better
monitor and study recent and present movements on the Faial-Pico
ridge in the near future.

5. Conclusions

From the data/interpretations here presented, coupled with the re-
sults/interpretations presented in Costa et al. (2014), we propose the
following long-term evolution of the slump in SE Pico Island:

1. The sub-aerial development of Topo Volcano lasted between ca. 186
and 125 ka, and possibly up to ca. 115 ka.

2. The destruction of Topo Volcano's N flank occurred between ca. 125
and 70 ka, with gradual subsidence along the Topo Fault and
catastrophic deformation further N (probably already affecting
deposits from the Fissural System, with associated generation of
the submarine debris deposit reported in Costa et al., 2014). The
gradual destruction of Topo's SE flank started between ca. 125 and
115 ka, generating the Main Scarp of the currently active slump
(Hildenbrand et al., 2012b).

3. Between ca. 125 and 69 ka, the sub-aerial Fissural System grew sub-
stantially. In the same period, eastern Pico suffered catastrophic flank
collapses: (1) on the N flank, with the occurrence of collapses direct-
ed towards the N, prior to ca. 69 ka on the westernmost scar,
andbetween ca. 125 and 70 ka on the easternmost scar (event men-
tioned above, which destroyed the N flank of Topo Volcano); (2) on
the S flank, along eastern S2 (affecting the most distal sector of the
subsided SE flank of Topo volcano) and generating the large debris
deposit on the offshore, between ca. 125 and 69 ka (possibly
between ca. 75 and 69 ka). This catastrophic collapse did not remove
the whole of the unstable material, leaving behind a considerable
volume of creeping rocks comprising the currently active Pico’s
slump.

4. Since ca. 70 ka, volcanic products erupted from the Fissural System,
blanketing in great part the collapse scars. Around ca. 60 ka, parasitic
cones developed unconformably on the SW flank of the Topo
Volcano.

5. A slump is currently active in SE Pico (Hildenbrand et al., 2012b,
2013), possibly re-activating in-depth oldermass-wasting structures.

6. The occurrence of catastrophic and gradual gravitational destabiliza-
tion in Pico Island was conditioned by the active tectonic setting
(interplate diffuse extensional deformation).

Further investigation should require additional onland and offshore
data acquisition (e.g., seismic profiles) in order to constrain the in-depth
geometry of the scars/slump structures, and the detailed configuration/
volume of the inferred debris deposits.

Further modelling of flank instabilities should also be initiated to
better constrain the controlling mechanisms and the susceptibility of
the volcanic flanks to further gravitational collapse events.
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APPPENDIX A  

 

DEM origin and construction 

 The sub-aerial topographic data here presented were produced from the digital 

topographic map of Pico Island (Portuguese Army Geographic Institute), of 1:25,000 scale 

and vertical accuracy of ca. 5 m (Afonso et al., 2002). Details on the sub-aerial DEM 

construction are provided in Costa et al. (2014). The DEMs presented for Pico and Faial 

islands have spatial resolution of 10 and 50 m, respectively. 

 The 50-250m resolution submarine data here presented resulted from a swath 

bathymetry survey with a 12 kHz Kongsberg EM120 multibeam echo sounder system. The 

estimated depth accuracy (RMS, Root Mean Square) is 0.2-0.5% of the water depth 

(Kongsberg, 2007). As the maximum depth of the presented high-resolution area is ca. 1750 

m, the maximum RMS estimated for these data ranges between 3.5-8.75 m. The data were 

processed using CARIS software, clean of noise and converted to an ASCII file. Afterwards, 

these data were converted to a raster structure of either 50 m or 250 m spatial resolution, 

using kriging spatial interpolation. The grid displaying these submarine data (Figs. 4 and 5) 

was built from a composition of data from different sources and of different resolutions (Fig. 

4a): (a) the sub-aerial data of 10 m resolution (green area in Fig.4a); (b) the submarine 50 and 

250 m data (grey and light blue areas, respectively, in Fig. 4a); (c) 100 m spaced depth 

contours for the shallow depths adjacent to the scar on Pico's SE flank (Figs. 2b and 2c), 

obtained from photogrammetry of Fig. 1a in Mitchell et al. (2012) (black lines in Fig.4a); (d) 

1000 m resolution bathymetric data (blue dots in Fig. 4a, Lourenço et al.,1998). First we 

performed a spatial interpolation of 200 m resolution on the submarine domain, considering 

the data distribution represented in Fig. 4a. The WSW-ESE apparent alignments visible on 

the shaded reliefs from Figs. 4b and 4c, are artefacts related to the spatial interpolation of the 



contour levels (Fig. 4a). Afterwards, we composed the final 50 m resolution grid mosaic, 

considering preferentially the 50/250 m resolution bathymetric data and the 10 m resolution 

sub-aerial data, and filling the remaining space with the 200 m resolution data from the 

interpolation performed previously. 

 

Fig. A.1. (A) Shaded relief of the 10 m resolution DEM of Pico Island (lighting from WSW), 

with coordinates in metres UTM (zone 26N). (B) Slope map of Pico Island built from the 10 

m resolution DEM. 3D perspectives indicated as yellow eyes are presented in Fig. A.2. "a." - 

view presented in Fig. A.2a. Perspective "b." - view presented in Fig. A.2b. Perspective "c." - 

view presented in Fig. A.2c.  

 



 

Fig. A.2. Images obtained by superimposing the 3D view of Pico Island relief (vertical 



exaggeration: 2x) and the slope map image (shared color scale for slope angles), obtained 

from a 10 m resolution DEM. Perspectives presented A,  B and C, are indicated in Fig. 2b by 

"i.", "C." and "ii.", respectively. (A) Perspective from E (lighting from NW), of Pico Island's 

topography, with interpretation of the N and S flanks' main scarps as dashed white lines. (B) 

View from ESE of the slump structure's topography (lighting from SW). The interpreted 

slump structures are presented in Fig. 2c. (C) Perspective from SE of Pico stratovolcano's 

strongly dipping southern flank (lighting from SE).  

 

 

 

Figure A.3. (A) and (B) are zoomed pictures of the areas limited by the green rectangles a 

and b in Fig.3c, respectively. (A) Detail of the wedge-shaped talus deposit (Td), covered by 

lava flows (green dashed line - upper contour of the Td; white dashed lines - basal contour of 

the lava flows). (B) Breccia (Br) covering the eastern edge of the footwall block (yellow 

dashed line), and overlain by a lava flow sequence (green dashed line). 

 



 

Fig. A.4. (A) Shaded relief of Pico Island from a 10 m resolution DEM (lighting from 

WSW). (B) Shaded relief of Pico Island from a 10 m resolution DEM (lighting from NW). 

(C) WSW-ENE view of the sea cliff whose extent is indicated as a green dashed line in (B).  

 

 



 

Fig. A.5.  Zoom in on the sea cliff presented as Fig. A.4c. 



Fig. A.6. Interpretation of the sea cliff section presented in Figs. A.4c and A.5. Yellow 



dashed line indicates possible unconformity. Full red line represents a main physical 

discontinuity. The samples collected on this sea cliff are indicated in A. 

 

 

Fig. A.7.  (A) Different elements used to composed the 50m resolution grid presented below: 

green - 10 m resolution sub-aerial DEM; blue - 250m resolution bathymetric data (made 

available by EMEPC); grey - 50m resolution bathymetric data (made available by EMEPC); 

black lines - depth contours from Fig. 1b in Mitchell et al. (2012); blue dots - bathymetric 

data extracted from the 1000 m resolution grid from Lourenço et al. (1998), available at 

http://w3.ualg.pt/~jluis/acores_plateau.htm. (B) and (C) constitute shaded reliefs from the 

50m resolution grid composed as described in (A), with vertical lighting and lighting from 



WNW, respectively. The apparent WSW-ENE lineaments visible in the area of interpolation 

of contours extracted from Mitchell et al. (2012) constitute interpolation artefacts. 

 

 

 

Fig. A.8. (A) View of the easternmost sector of S3. The outcropping sequence locally 

apparently dips towards E. (B) Location of sampling of Pi11G. The lava flow is laterally 

continuous to the sequence visible on (A). 
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