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Volcanic, tectonic and mass-wasting processes offshore Terceira
Island (Azores) revealed by high-resolution seafloor mapping

D. Casalbore & C. Romagnoli & A. Pimentel & R. Quartau &
D. Casas & G. Ercilla & A. Hipólito & A. Sposato &
F. L. Chiocci

Abstract Terceira Island, in the Azores Archipelago, lies at
the intersection of four submarine volcanic ridges. New high-
resolution bathymetric and seismic reflection data have been
used to analyze the main volcanic, tectonic and mass-wasting
features of the island offshore. Volcanic features such as linear
volcanic centers, and pointy and flat-topped cones are mainly
concentrated on the narrow western and north-western ridges,
characterized by an overall rugged morphology. Fault scarps
dominate mainly the broad eastern and south-eastern ridges,
which are characterized by an overall smooth and terrace-like
morphology. On the eastern ridge, faults form a series of
horsts and grabens related to the onshore Lajes Graben. The
strikes of the fault scarps, linear volcanic centers and align-

ment of volcanic cones on the ridges reveal two main struc-
tural trends, WNW–ESE and NNW–SSE, consistent with the
main tectonic structures observed on the Azores Plateau. In
contrast, a large variability of strike was observed in inter-
ridge areas, reflecting the relative importance of regional and
local stresses in producing these structures. Mass-
wasting features are subordinate and mostly represented
by hundred meter-wide scars that indent the edge of the
insular shelf surrounding the island, apart from two
large, deeper scars identified on the southern steep flank
of the western ridge. Finally, the remarkable morpho-
structural differences between the western and eastern
ridges are discussed in the framework of the evolution
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spreading rate of the northern MAR branch (e.g., Calais et 
al. 2003; DeMets et al. 2010; Mendes et al. 2013). The 
geodetic data together with the slightly sinuous axial trace of 
the TR, its obliqueness (ca. 40°–65°) and seismic source 
parameters allowed the interpretation as an Bultra-slow^ 
oblique spreading ridge (e.g., Vogt and Jung 2004), similar 
to the Reykjanes Peninsula (Gudmundsson 1986, 2007). 
The TR is character-ized by areas of intense volcanism 
forming giant linear ridges or large central volcanic edifices 
(islands or seamounts), regu-larly alternating (at ca. 80-km 
intervals) with fault-controlled rhombic basins (Fig. 1, see also 
Fig. 4 of Lourenço et al. 1998).

In the Azores region, seismic activity is mainly concentrated 
along (1) the MAR, (2) the TR (sensu stricto, as defined by 
Machado 1959), and (3) the Faial-Pico and São Jorge Ridges 
(Fig. 1 upper-right inset; Buforn et al. 1988; Luís et al. 1998; 
Borges et al. 2007; Dias et al. 2007). Focal mechanisms are 
varied and suggest a prevalence of WNW–ESE to NW–SE 
normal and right-lateral oblique faulting, and NNW–SSE left-
lateral strike-slip motion (Hirn et al. 1980; Buforn et al. 1988; 
Lourenço et al. 1998; Silva et al. 2012). The focal mechanisms 
of the Azores interplate shear zone agree with the structural 
pattern deduced from neotectonic surveys of the islands (e.g., 
Madeira and Ribeiro 1990; Madeira and Brum da Silveira 
2003; Madeira et al., Active tectonics in the central and 
eastern Azores Islands along the Eurasia-Nubia boundary: A 
review, unpublished) indicating the occurrence of alternating 
transtensile and tensile regimes (e.g., Madeira and Brum da 
Silveira 2003; Hipólito et al. 2013). However, the processes 
controlling the structural pattern within the Azorean segment 
of the EU-NU plate boundary, as well as the dynamics of the 
stress regime acting there, remain subjects of debate.

Terceira Island is an ideal location to study the volcano-
tectonic relationships at local to regional scale, due to its size 
and position with respect to the TR, as well as its recent seismic 
and volcanic activity (Miranda et al. 2012). The island comprises 
four central volcanoes aligned over a WNW–ESE en échelon 
fault zone that crosses the island, and which is subaerially repre-
sented by the Basaltic Fissural System (Fig. 1, hereafter BFS), 
with alignments of scoria cones and eruptive fissures (Self 1976; 
Madeira 2005). The oldest edifice is the Serra do Cume–
Ribeirinha Volcano (SCRV in Fig. 1; >401 ka, Hildenbrand 
et al. 2014), which covers the eastern third of the island and is 
dominated by a large eroded caldera (~7 km wide, the largest 
caldera in Azores). The Guilherme Moniz and Pico Alto volca-
noes (GMV and PAV in Fig. 1, >270 ka and >141 ka, 
respectively, Calvert et al. 2006; Gertisser et al. 2010) occupy 
the central part of the island and are superimposed on the SCRV. 
The GMV culminates with a NW–SE trending elliptic caldera, 
measuring 4 km by 2 km in diameter;  while the 
PAV is charac-terized by a large pile of thick lava flows and 
domes that fills a 3.5-km-wide summit caldera. The Santa 
Bárbara Volcano (SBV in Fig. 1, >65 ka, Hildenbrand et al. 
2014) is a conical-shape central edifice that constitutes the 
western sector of the island. Its

summit is truncated by two small overlapping calderas. The 
SCRV and GMV are considered extinct, while the PAV 
and SBV are still active and contemporaneous with the BFS 
(Self 1976; Madeira 2005).

The largest tectonic structure on Terceira is the Lajes 
Graben in the north-east part of the island (LG in Fig. 1), 
which is defined by two major NW–SE trending faults, with 
normal dextral oblique displacement (Madeira 2005). The 
Lajes Graben faults are estimated to slip at 0.2–0.3 mm/
year (Madeira et al., unpublished).

Data and methods

High-resolution multibeam bathymetry and CHIRP seismic 
reflection profiles (1.7–5.5 kHz) were collected during two 
oceanographic cruises within the framework of the 
Eurofleets FAIVI Project (Features of Azores and Italian 
Volcanic Islands) aboard the small launch Haliotis and the R/
V L’Atalante in 2011. Bathymetric data were collected with 
GeoSwath interferometric sonar operating at 250 kHz in the 
first −100 m, whereas at greater depths with Simrad EM 710 
(70–100 kHz) and EM122(12 kHz) multibeam systems. Data 
acquisition and processing are described in detail in Chiocci 
et al. (2013) and Quartau et al. (2014). In this work, marine 
digital terrain models (DTM’s) with cell-sizes varying from 1 
to 50 m were produced for water depth less than 100 m and 
greater than 2,000 m, respectively.

The main morphometric parameters of the submarine volca-
nic and tectonic features were measured, including their length, 
basal diameters (maximum/minimum), height, area, slope gra-
dients, and strike of faults and linear volcanic features. 
Descriptive statistics of the volcanic features are given in 
Table 1. The parameters of the volcanic cones were measured 
using the method proposed by Favalli et al. (2009; see Fig.  1 in 
Supplementary Electronic Material). The average diameter has 
been computed through the planimetric projection of the cone 
basal area. The height of the cone has been measured as the 
elevation difference between the peak and the basal plane of a 
reconstructed cone fitted via morpho-bathymetric profiles, in 
order to avoid overestimation in the case of steep basal surfaces. 
These parameters were used to obtain the aspect ratio (height vs 
average basal diameter, H/W) of the cone, a 
morphometric index widely used in subaerial and submarine 
settings to char-acterize volcanic cones (e.g., Favalli et al. 
2009; Mitchell et al. 2012a). Correlations between the 
morphometric parameters are shown as a Spearman correlation 
matrix in Table 2.

Results

The seabed around Terceira Island is dominated by four 
large, elongated volcanic ridges extending several tens of 
kilometers



















orientations of dykes should retlect the orientations of the 

principal stress axes. Therefore, the common orientation of 

these features would suggest that tectonic stresses were per

pendicular to the large ridges at the times of eruption. 

Most of the volcanic features occur off the north-western 
sector ofTerceira (area between SR and NWTR, Fig. 2), main

ly trending Nl20°E to Nl50°E, which is consistent with the

strike of the main regional tectonic structures observed at the 

TR and more generally in the Azores Plateau ( e.g., Lourenço 

et al. 1998; Miranda et al. 1998). Nevertheless, alignments of 

cones along different directions from the main regional trends 

were also observed, such as in the inter-ridge areas (northern 

and southern sectors of Terceira). Here, volcanic features oc

cur radially to the tlank of the main subaerial volcanic edi

fices, suggesting that they may result from locai magmatic 

stress due to emplacement ofthe edifice and retlect the inter
actions between regional and locai magmatic stresses (e.g., 

Bacon et al. 1980; Tibaldi and Lagmay 2006). 

Very few lava terraces were observed offshore Terceira 

lsland (in the lower flanks of SR, Fig. 5), similarly to that re

ported for Pico Ridge and Condor Seamount (Stretch et al. 

2006; Tempera et al. 2013, respectively). In contrast, lava ter

races and flat-topped searnounts are more common in other 

volcanic ridges, such as Reykjanes Ridge, Puna Ridge and 

Hawaiian Archipelago, (Parson et al 1993; Smith and Cann 

1999; Clague et al. 2000). ln Galapagos, the formation ofthese 

features characterized by small height/diameter ratios has been 
associated to high effusive rates associated to areas with high 

magma supply (McClinton et al. 2013). In Azores, the paucity 

ofthese features has been tentatively intetpreted as the result of a 

lower volatile content in the Azorean magma, hindering long

lived eruption (Stretch et al. 2006). Typical basaltic eruptions in 

Azores do not exceed O.I km3 dens rock equivalent (ORE) (e.g., 
Self 1976, Booth et al. 1978). Zanon and Pimentel (2015) 

showed that magmas are stored at depth in small, isolated 

batches at fissure wnes. 

Relationship between morphology of volcanic features 

and water depth 

An overall progressive change with decreasing water depths is 

observed offshore Terceira from large and complex volcanic 

Fig. 11 Conceptual sketch 
summarizing the progressive 
cbange in dominant volcanic 
features offshore Terceira witb 
water deptb (see text for 
details) 

Volatile exsolution 

lacditated magma ascent 

features in deep-water, sometimes with an axial depression at 

the summit to LEC, pointy cones and flat-topped tuff cones 

(Figs. 1 and 2). This may be intetpreted as a result ofthe inter

action between different hydrostatic pressures and crostai thick

ness (Fig. 11), sirnilar to the suggestion for Condor Seamount 

by Tempera et al. (2013 ). A higher hydrostatic pressure reduces 

gas exsolution from magma favoring effusive eruptions (e.g., 

Fisher 1984); a thinner homogeneous crust allows intruding 

dykes to reach tbe seafloor more easily, without major obsta

cles, directly feeding fissure eruptions. Togetber, these factors 

may lead to the preferential formation of large elongated ridges 

and LEC in deep-water sectors (Fig. l I). Colman et al. (2012) 

and Mcclinton et al. (2013) found that fissure erupt ions in 

Galapagos were longer when effusion rates were higher. In 

contrast, the progressive increase in crustal thickness and rheo
logical complexity should bave strong effects on the magmatic 

plumbing system (Lourenço 2007) encouraging the establish

ment of more centralized erupt ive systems, preferentially 

forming isolated or aligned voloanic cones (Fig. 11 ). 

Pointy cones are found in ali water deptbs shallower than 

about 2, 500 m (fable l )  and their morphometric 

parameters (Fig 8 and Table 2) do not show any relationship 

with summit depth, suggesting that a common eruption 

mechanism may be respon-sible, similar to that proposed for 

the submarine cones at Pico Ridge (Stretch et al. 2006). 

However, we are aware of the strong limitations of inferring 
eruptive styles based only on the analy-sis ofbatbymetric data. 

Recent marine studies at the Galapagos (e.g., Colman 

et al. 201 2; McClinton et al. 2013) bave shown that the 

style of eruptions and the mode of lava emplacement are 

mostly controlled by the rate of supply of magma to a 

volcanic ridge. Moreover, other factors may locally con

tro! individuai eruptions, as suggested by the large spec

trum of eruption styles occurring within ridge segments 

characterized by similar magma supply (McClinton et al. 

2013). Tue eruptive styles can be governed by the inter

play of conditions as viscosity of the melt, its composition 
and temperature (e.g., Bonatti and Harrison 1988). In ad

dition, the rapidity of volcanic ascent and eruption leads 

to a number of consequences for the tlow of magma, as 

well as the content and exsolution of volatiles in relation 

to the confining pressure of the water column. 

magm;i ascent progressively hampared by crus1a1 thickness 
and heterogeneity 

. 

• 

·1Well-estaòfished h•gh-efficiency Plumbing S)'Stem 



In contrast, flat-topped cones are mainly limited to shallow 
depths (shallower than 220 m, Table 1) and their morphomet-
ric parameters (height, H/W ratio, and top/basal diameter ra-
tio) show correlations with summit depth (Figs. 8a, e and 
Table 2), suggesting that this may play an important role in 
their formation. Most of the flat-topped cones recognized (es-
pecially on the SETR, Fig. 3) can be interpreted as tuff cones 
formed during surtseyan eruptions. Their flat summits are 
characterized by sub-concentric furrows and ridges, and other 
small circular features, that likely arose from episodic erup-
tions into shallow water and subsequent wave erosion, as ob-
served at Surtla, Iceland (Kokelaar and Durant 1983), or at 
Ferdinandea (Coltelli et al. 2012). Erosion of individual pyro-
clastic layers with varying resistance on their summit may 
leave the concentric furrows and ridges (e.g., Mitchell et al., 
unpublished). Similarly, the small-scale relief commonly 
found on the shallowest parts of the cone summits may be 
interpreted as remnants of the central vent left by differential 
erosion (e.g., Mitchell et al. 2012a). The large amount of 
pyroclasts forming these submarine flat-topped cones could 
have been easily eroded by wave action during Late-
Quaternary sea level fluctuations, leading to the formation of 
summit planar surfaces (Fig. 9a). A recent example of a sim-
ilar process probably occurred at the Baixa da Serreta bank 
(BS in Fig. 5) on the SR, the probable site of the 1867 sub-
marine eruption (Weston 1964). Here, the planar surface 
iden-tified at −30/−40 m can be considered to be result of 
wave erosion of scarcely cohesive volcanic products 
(Quartau et al. 2014), similarly to what was observed at Dom 
João de Castro bank in 1720 (Weston 1964; Pascoal et al. 
2006) or, more recently, at Surtla and other satellite vents of 
Surtsey volcano in 1963–1966 (Kokelaar and Durant 1983). 
Even if erosion is predominantly responsible for the 
modeling of flat-topped cones, other factors such as the 
forced spreading of eruptive columns on reaching the water–
air density barrier may be considered (Cashman and Fiske 
1991; Tables 1 and 2). This mechanism implies a wider 
dispersion of particles away from the  vent in shallow-water, 
as recently proposed for  the  forma-tion of similar flat-
topped cones at the Pico Ridge shallower than −300 m 
(Mitchell et al. 2012a). The combined effect of wave erosion 
and forced spreading of eruptive columns would favor the 
preferential deposition of pyroclastic material on the flanks of 
these cones (Fig. 8c and Table 1).

One of the main parameters used for the morphometric 
characterization of volcanic cones is the ratio between cone 
height and average basal diameter (e.g., the aspect ratio H/W, 
see Favalli et al. 2009). In offshore Terceira, a slight positive 
correlation between these two parameters is seen (Fig. 8f), 
even if their distribution is quite scattered, with H/W values 
ranging between 0.01 and 0.4 (Fig. 8e).  The median value 
of  0.14 for the H/W ratio is low with respect to the classic 
value of 0.18 reported for subaerial volcanic cones (e.g., 
Porter 1972; Settle 1979), but it is within the range (0.1–0.3) 
reported.

for submarine cones in the Azores (Stretch et al. 2006; 
Tempera et al. 2013) and other submarine volcanic settings 
(e.g., Kelly et al. 2014). Moreover, the lack of a constant 
relationship between these parameters (Fig. 8f) suggests that 
the cones do not develop in a simple self-similar way, as 
previously reported for the volcanic cones on Pico Ridge 
(Stretch et al. 2006).

The apparent absence of summit craters or collapse pits on 
both conical and linear edifices could indicate the lack of drain 
back of magma into the magma chamber and/or an overall low 
explosivity. This latter could be due to the confining pressure 
associated with the water depth, but could also reflect the 
predominantly alkaline composition of the magmas (basaltic 
sensu latu). This is supported by geochemical analyses of 
samples recovered inland (e.g., Beier et al. 2008; Zanon and 
Pimentel 2015) and during the 1998–2001 submarine eruptive 
crisis (e.g., Kueppers et al. 2012; Zanon and Pimentel 2015), 
as well as from similar submarine cones at Pico Ridge and 
Condor Seamount (Stretch et al. 2006; Tempera et al. 2013). 
However, these morphological features may have been 
masked by successive volcanic or erosive-depositional pro-
cesses, or might not be recognizable in deep-water due to 
the decrease of multibeam resolution with depth. The past 
occurrence of highly explosive eruptions at Terceira Island is 
supported by the presence of several caldera-complexes and 
widespread outcropping of tephra and ignimbrite deposits 
(Self 1976; Gertisser et al. 2010).

Tectonic features and morpho-structural differences between 
the ridges

Two main sets of normal faults, trending WNW–ESE and 
NNW–SSE, were recognized offshore Terceira (Figs. 2 and 
10), consistent with the elongation direction of the previously 
described volcanic features (section Distribution of volcanic 
features and tectonic control), and more generally with the 
regional fault systems identified in the Azores Plateau (e.g., 
Lourenço et al. 1998). Within the same ridge only one fault 
system is present and is roughly aligned with each ridge over-
all direction. The WNW–ESE set dominates the ETR and the 
SR and the NNW–SSE set dominates the SETR and the 
NWTR (Figs. 1 and 2). Nonetheless, both structural trends 
were recognized onshore Terceira Island (Madeira 2005; 
Madeira et al., unpublished) that lies at the intersection of 
the  four ridges (Fig.  1). The volcano-tectonic setting of 
the island is yet more complicated, as witnessed by the 
co-existence of previous regional trends of N–S and NE–
SW volcano-tectonic structures (Madeira et al., 
unpublished), and the overall E–W shape of the island, 
resulting from the ov  er lap  ping  of  the  fo  ur  c  ent ra  l 
volc  ano  es  ( s  ee  section Geological setting). The Faial 
Island also has multiple structural trends, lying at the 
intersection of the main regional trend WNW–ESE with the 
minor NNE–SSW trend, and





interpretation of anomalies of the rifted basement can 
conceal the signal of recent and still incipient volcanic 
activity.

Mass-wasting processes

The lack of large-scale instability features around the 
Terceira submarine flanks differs from what is commonly 
reported for other volcanic islands, whose flanks are often 
dominated by large-scale sector collapse scars and related 
debris avalanche and flow deposits (Moore et al. 1994; 
Masson et al. 2002; Oehler et al. 2008; Romagnoli et 
al. 2009a and 2009b; Montanaro and Beget 2011). The 
lack of large-scale instability processes is probably related to 
the low height and relatively gentle slope of the central 
volcanic edifices, as supported by recent studies on the 
susceptibility of mid-ocean ridge volca-nic islands and 
seamounts to large-scale landsliding (Mitchell 2003). In 
addition, the very recent volcanism reported in al-most all 
the islands may contribute to obliterate these evidence 
(Mitchell et al. 2012b). The only case where such process 
has been recently identified is the steep-sided Pico Island 
(e.g., Hildenbrand et al. 2012; Mitchell et al. 2012b; Costa 
et al. 2014). Only a few 1-kilometer wide scars have been 
identified on the steep southern flank of the SR (Fig. 5). 
Here, the stepped morphology observed within the 
landslide deposits can be interpreted as the result of a 
slumping analogous to that observed along the steep 
submarine flanks of volcanic edifices in the South Sandwich 
arc (Leat et al. 2010) and Aeolian islands (Casalbore et al. 
2014a). Minor instability processes were identified at the 
edge of the insular shelf surrounding Terceira Island, 
similar to those reported for other active vol-canic islands 
(Casalbore et al. 2011, 2014b; Quartau et al. 2010, 2012, 
2014; Romagnoli et al. 2013). This is probably because these 
areas commonly have steep gradients and non-cohesive 
sediments near the shelf edge. Triggering mechanisms may 
include eruptive or seismic shacking as well as cyclic load-ing 
due to storm-waves. Some of these mass-wasting events are 
likely very recent, as witnessed by the presence of downslope 
asymmetric waveforms similar in size and morphology to cyclic 
steps observed in active canyon heads at continental margins 
(Paull et al. 2010; Casalbore et al. 2014c) and volcanic settings 
(Babonneau et al. 2013; Casalbore et al. 2014d; Romagnoli 
et al. 2012), considered to be indicators of recent sedimentary 
flows.

Conclusions

Morphologic information from high-resolution bathymetric 
data offshore Terceira has enabled us to reconstruct the 
main volcanic and tectonic processes characterizing the 
four sub-marine volcanic ridges, as well as their 
interaction with the island. The strike of linear volcanic 
centers and fault scarps was used as a tectonic marker for 
the stress field, revealing

two main systems trending WNW–ESE and NNW–SSE, 
con-sistent with the regional tectonic structures 
affecting the Azores Plateau and related to a diffuse dextral 
transtensional zone (e.g., Lourenço et al. 1998). Only in the 
inter-ridge areas was there a larger dispersion of strike, 
possibly indicating the interaction between regional and 
local stresses due to the em-placement of the onshore central 
volcanoes.

The submarine ridges show marked differences in their 
size and shape, as well as in the distribution of volcano-
tectonic features, probably reflecting different stages of 
formation. The suspected younger ridge (i.e., the SR) shows 
a strongly elon-gate shape and is punctuated by fresh-
looking volcanic fea-tures, whereas evidence of tectonic 
and sedimentary features is scarce or confined to shallow-
water areas. The intermediate-age ridge (i.e., the NWTR) is 
wider and characterized by an upper part with significant 
sedimentary cover, whereas fresh-looking LEC and 
tectonic features are present at greater depths. Mature 
ridges (i.e., the SETR and ETR) are signifi-cantly larger 
and have a smooth, flatter, terraced morphology. They are 
characterized by large gently sloping areas, with the 
sedimentary cover affected by pervasive fault scarps, and 
sub-ordinate volcanic features (mostly tuff cones, partly 
obliterat-ed by wave erosion).

At a finer scale, a progressive change is observed from 
large and complex, elongate ridges to LEC, pointy and 
flat-topped cones towards the coast (Fig. 11). The type of 
volcanic features offshore seems to be mainly controlled by 
the inter-action between different factors, particularly crustal 
thickness and hydrostatic pressure. At greater depths, the 
thinner crust should favor the propagation of dykes directly 
to the seafloor, whereas the increase in crustal thickness 
towards the island should constrain dyke intrusion into a 
few persisting path-ways, thus leading to more-
centralized eruptions. The hy-drostatic pressure 
predominantly affects the exsolution of volatiles from the 
magma, favoring the formation of more-explosive 
eruptions in shallow water (surtseyan eruptions). Water 
depth also influenced the intermediate-depth erup-tion 
that occurred at SR in 1998–2001, with the emission of 
floating lava balloons (Kueppers et al. 2012).

The main morphometric parameters of the volcanic 
cones show values comparable to those of other submarine 
cones in Azores (e.g., Stretch et al. 2006; Tempera et al. 
2013). The lack of significant correlations between 
different parameters suggests that the volcanic cones 
develop in a complex way and without self-similarity.

In summary, the results obtained have allowed us to 
enlarge the knowledge of volcanic and tectonic processes 
as well as their mutual interaction in a poorly studied 
geological setting, i.e., an ultra-slow oblique spreading axis. 
This study will un-derpin further detailed marine studies 
looking at the volcano-tectonic complexity of this area and, 
more generally, provides a useful comparison for similar 
submarine volcanic settings elsewhere.
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