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The eastern Azores Archipelagowith SãoMiguel being the dominant subaerial structure is located at the intersec-
tion of an oceanic rift (Terceira Rift) with a major transform fault (Gloria Fault) representing the westernmost
part of the Nubian–Eurasian plate boundary. The evolution of islands, bathymetric highs and basin margins in-
volves strong volcanism, but the controlling geodynamic and tectonic processes are currently under debate. In
order to study this evolution, multibeam bathymetry and marine seismic reflection data were collected to
image faults and stratigraphy. The basins of the southeastern Terceira Rift are rift valleys whose southwestern
and northeastern margins are defined by fewmajor normal faults and several minor normal faults, respectively.
Since São Miguel in between the rift valleys shows an unusual W–E orientation, it is supposed to be located on a
leaky transform. South of the island and separated by a N120° trending graben system, theMonacco Bank repre-
sents a N160° oriented flat topped volcanic ridge dominated by tilted fault blocks. Up to six seismic units are
interpreted for each basin. Although volcanic ridges hamper a direct linking of depositional strata between the
rift and adjacent basins, the individual seismic stratigraphic units have distinct characteristics. Using these
units to provide a consistent relative chrono-stratigraphic scheme for the entire study area, we suggest that
the evolution of the southeastern Terceira Rift occurred in two stages. Considering age constrains from previous
studies,we conclude thatN140° structures developedorthogonal to the SW–NEdirection of plate-tectonic exten-
sion before ~10Ma. The N160° trending volcanic ridges and faults developed later as the plate tectonic spreading
direction changed toWSW–ENE. Hence, the evolution of the southeastern Terceira Rift domain is predominantly
controlled by plate kinematics and lithospheric stress forming a kind of a re-organized rift system.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Azores Archipelago is located at the Mid-Atlantic Ridge (MAR)
where three major lithospheric plates converge (Fig. 1): the North
American Plate in the west and the Eurasian & Nubian plates in the east,
the last two separated from each other by amajor transform fault (Gloria
Fault). MAR and Gloria Fault are linked by an oblique oceanic rift system
(Terceira Rift), which is accommodating dextral transtension in WSW–
ENE direction caused by the relativemovement of the Eurasian and Nubi-
an plates (DeMets et al., 2010; Fernandes et al., 2006). Northwardmigra-
tion of the triple point and the evolution of the present-day Terceira Rift
involved increased volcanism/magmatism causing the formation of the
Azores Plateau (e.g. Georgen and Sankar, 2010; Luis et al., 1998), a prom-
inentmorphological highwith an abnormal lowwater depth of ~2000m.
The volcanic islands at the northeastern rim of the Azores Plateau repre-
sent the present-day subaerial volcanism. Hence, the Terceira Rift resem-
bles e.g. the Spiess Ridge in the South Atlantic in terms of a volcanically
+49 40 42838 5441.
active and oblique rift system linking a spreading axis with amajor trans-
form fault (Ligi et al., 1999; Mitchell et al., 2000).

Both, the jumpof the triple junction and the strong volcanismare as-
sociated with the existence of a hot spot (e.g. Cannat et al., 1999; Gente
et al., 2003; Schilling, 1975) or an anomalously volatile-enriched upper
mantle (e.g. Bonatti, 1990; Schilling et al., 1980)which once interacted or
is still interacting with the MAR. Yet, the initiation of the Azores Plateau
evolution correlates with changes in the relative plate movements of
Nubia and Eurasia (Luis andMiranda, 2008) and the increased volcanism
is proposed to be caused by stretching of the lithosphere (e.g. Luis et al.,
1994; Marques et al., 2013, 2014a; Métrich et al., 2014). Hence, it is still
up for debate if the tectonic evolution of the elevated seafloor and the vol-
canic ridges ismainly controlled by uppermantle processes or induced by
lithospheric stress due to tectonic plate kinematics.

In this context, the presented study aims for a deeper insight in the
geological evolution of the southeastern Terceira Rift and its submarine
basins and highs in time and space. Based on a unique high resolution
bathymetric and seismic 2D multichannel data set, we mapped the
complex submarine fault systems and identified a seismic stratigraphy
for the sedimentary basins in the São Miguel region. Therefore, the
first objective is to describe the submarine faults and volcanic ridges
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Fig. 1. Azores Plateau and corresponding structures. MAR: Mid-Atlantic Ridge; GF: Gloria Fault; FZ: Fracture Zone.
Bathymetric data from Lourenço et al. (1998) and ETOPO1 from Amante and Eakins (2009). Structural features after Luis et al. (1994).
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before distinguishing between different sedimentation conditions and
the corresponding tectonic and/or volcanic processes. The different
stratigraphic sequences then have to be correlated between the basins.
This will allow us to evaluate a relative chronology of tectonic and vol-
canic processes in the working area, which will ultimately result in an
evolutionary model for the southeastern Terceira Rift. Finally, general
implications will be drawn in terms of structural development and na-
ture of the whole Azores Plate Boundary.

2. Geological context

2.1. Terceira Rift & Azores Triple Junction

The Azores Archipelago consists of 9 islands (Fig. 1). The two
westernmost islands (Corvo, Flores) are located on present-day stable
North American Plate, whereas the central (Graciosa, Terceira, São Jorge,
Faial, Pico) and eastern islands (São Miguel, Santa Maria, Formigas Islets)
are distributed along theNubian–Eurasian plate boundary. The northeast-
ern islands and intercalatedbasins are knownas Terceira Rift,which is de-
fined by the South-Hirondelle Basin, São Miguel Island, the Povoação
Basin and the Formigas ensemble in the working area (Fig. 2).

To the South, the East Azores Fracture Zone (EAFZ) forms the south-
ern boundary of the Azores Plateau (Fig. 1) representing the fossil trace
of the Gloria Fault on the Nubian Plate (Krause andWatkins, 1970; Luis
and Miranda, 2008; McKenzie, 1972; Searle, 1980). At its transition to
the Pico Fracture Zone, the EAFZ originally formed the triple point
with the MAR in a ridge–fault–fault (RFF) setting. Synchronously to
the final stage of the Iberia–Eurasia suture between Oligocene and
lower Miocene (33–20 Ma; Luis and Miranda, 2008; Srivastava et al.,
1990), the triple point moved northward either in one (Gente et al.,
2003; Searle, 1980) or in several steps (Luis et al., 1994; Vogt and
Jung, 2004) possibly forming an interim independent Azores Micro
Plate (Luis et al., 1994). However, significant extension of 4 mm/a
started to occur in the Azores domain at ~20Ma initiating the evolution
of the Terceira Rift in a N50° extensional setting (Luis and Miranda,
2008). While the extension rate is still 4 mm/a (Fernandes et al.,
2006), extensional direction rotated from N50° to the present-day
~N70° direction (DeMets et al., 2010) ~10 Ma ago (Luis and Miranda,
2008). Until 7 Ma, the formation of the Terceira Rift involved the accre-
tion of large volumes of extrusives and intrusives aswell as underplated
material (Cannat et al., 1999; Gente et al., 2003; Luis et al., 1998). This
caused the creation of thickened crust (Dias et al., 2007; Georgen and
Sankar, 2010; Luis and Neves, 2006; Silveira et al., 2010) referencing
to the abnormal elevated seafloor of the Azores Plateau.

Today, the triple junction is located ~150–250 kmnorth of its former
position (Fig. 1) forming a diffuse triple junction area between the Acor
and North Azores Fracture Zone (Marques et al., 2013, 2014a; Miranda
et al., 2014), where the MAR spreading rate increases from 20 in the
south to 22 mm/a in the north (DeMets et al., 2010). Further to the
east and west of Terceira, extension is mainly accommodated along
N110°–120° striking linear volcanic ridges (with São Jorge and Faial/
Pico representing an extreme case) and N120°–160° trending faults
(e.g. Hildenbrand et al., 2014; Lourenco et al., 1998; Miranda et al.,
1998, 2014), which overprint MAR related N15° fabrics. Southeast of
Terceira, extension concentrates at the southeastern Terceira Rift,
where N140° to N150° trending structures become abruptly prominent
(Fernandes et al., 2006; Lourenço et al., 1998; Miranda et al., 1998).
These different trends are assumed to be the result of plate boundary
effects (Georgen and Sankar, 2010; Neves et al., 2013) and structural
heritage (Navarro et al., 2009). They form a diffuse plate boundary
consisting of several tectonic blocks (Lourenço et al., 1998; Miranda
et al., 1998) and en échelon horst graben structures (Marques et al.,



Fig. 2. Deposition centers and structures in the working area and location of seismic profiles shown in this study. Deposition centers (black): SH: South-Hirondelle Basin; MG: Monacco
Graben; SW: Southwest Basin; S: South Basin; Pov: Povoação Basin. Submarine highs (white): SHH: South-Hirondelle High; SWR: Southwest Ridge; SR: South Ridge; MBMonacco Bank;
BN: Big North High; FH: Formigas High; EFH: East Formigas High. Onshore volcanos (red): SC: Sete Cidades Volcano; NoC: Nordeste Complex.
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2013, 2014a; Miranda et al., 2014). Local seismicity is dominated by
normal and strike-slip faulting (Borges et al., 2007; Buforn et al., 1988;
Grimison and Chen, 1986; Udías et al., 1976) within a right lateral
transtensional regime. However, sinistral strike-slip events have been
recognized as well (Hirn et al., 1980).
2.2. Upper mantle anomaly

Ridge jump and strong volcanism in the Azores domain are attribut-
ed to an interaction of a hot-spot with theMAR by several authors. This
coincides with the observation of geochemical anomalies (e.g. Bourdon
et al., 2005; Schilling, 1975; White and Schilling, 1978) and an anoma-
lous elevated ridge-axis (e.g. Detrick et al., 1995; Escartín et al., 2001;
Schilling, 1985; Thibaud et al., 1998). Based on tomographic studies
(e.g. Montelli et al., 2006; Silveira et al., 2006, 2010; Yang et al., 2006),
corresponding negative seismic velocity anomalies beneath the Azores
are observed. Starting interaction between MAR and a moving hot-
spot initiated the northward migration of the triple junction (Vogt and
Jung, 2004) and caused enhanced volcanism forming the Azores Pla-
teau. After the hot-spot had passed the ridge, the constructed plateau
was rifted and normal seafloor spreading has reestablished (Cannat
et al., 1999; Escartín et al., 2001; Gente et al., 2003). Involvedmantle up-
welling partly accounts for the depth anomaly associatedwith the Azores
Plateau and traction of the mantle flow beneath the lithosphere controls
rifting processes along the Terceira Rift (Adam et al., 2013).

In contrast, other authors refer to the fact that the islands are young
and do not reflect a hot-spot-track in terms of a clear age progression
(Beier et al., 2008). As an alternative, they propose upper mantle do-
mains with an enriched volatile content (Asimow et al., 2004; Bonatti,
1990) or the decompression of a “wet” mantle caused by extensional
tectonics (Métrich et al., 2014) to contribute to the enhanced volcanism.

3. Data and methods

This work is based on high resolution bathymetric data and a 2D
multichannel seismic data set collected byUniversity of Hamburg scien-
tists on board of RV METEOR during cruise M79/2 in 2009 (Hübscher,
2013). The seismic data set consists of profile lines with a total length
of 1000 km spread around São Miguel Island. The seismic signals were
generated by an array of two GI-Guns with a generator volume of
45 in3 and an injector volume of 105 in3 each. For data recording a
600m long asymmetric digital streamerwas used, containing 144 chan-
nels with an average increment of 4.2 m. Shots were released every
25m at a speed of 5 kn. Data processing first encompassed trace editing
and CMP sorting with a CMP increment of 5 m. Subsequently, several
bandpasses with 10/20/300/400 Hz, spike & noise burst filter, FX-
deconvolution and FK-filter were applied before NMO-correction and
post stack time migration.

High resolution bathymetric data were synchronously recorded
using the Kongsberg EM710 and EM120 Multibeam echosounders
installed on board of RV METEOR. During processing, navigation errors
were interpolated and depths/positions were recomputed using sound
velocity profiles. After beam editing was applied for every single
swath to eliminate spikes and noisy data, the data was gridded
with a spacing of 26 × 26 m. However, since the horizontal accuracy
is limited to ~2% of the water depth, effective resolution in water
depth higher than 1300 is less. The background bathymetric infor-
mation is a superposition of a 1 × 1 km grid of data presented by
Lourenço et al. (1998), which can be found under http://w3.ualg.

http://w3.ualg.pt/~jluis/acores_plateau.htm
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pt/~jluis/acores_plateau.htm, and ETOPO1 data (~1.9 × 1.9 km)
published by Amante and Eakins (2009). The topographic data
shown is originated from ASTER GDEM, which is a product of METI
and NASA.

For this study, faults were picked based on the high resolution ba-
thymetry only. Presented rose diagrams summarize the strikes of fault
segments weighted by fault lengths. Counts of picked fault segments are
given in the upper left corner of the diagram inset (Figs. 3, 5 and 12).
Dip angles of fault scarps were measured based on the EM120/EM710
data using the program FLEDERMAUS (© by QPS).

Interveningbathymetric highs and volcanic ridges hamper thedirect
stratigraphic correlation of the sedimentary basins. Nevertheless, char-
acteristics and geometry of seismic units aswell as onlap configurations
between them allow us to identify a relative chronology encompassing
threemajor phases in the evolution of theworking area. An overview of
Fig. 3. Bathymetry and picked faults in the western working area (a) and 3D view (b). Monacc
N160° setting. S marks the synthetic normal faults described in the text (a). White line: Fault.
seismic profiles. SHB: South-Hirondelle Basin; SHH: South-Hirondelle High. Eye symbol denot
of 60°.
Onshore faults based on Carvalho et al. (2006), Ferreira (2000) and Queiroz (1997).
these evolutionary stages, a brief description of the associated geo-
logical processes and the equivalent seismic units are presented in
Table 1. Colors of Table 1 match the colors of the corresponding seismic
units presented in Figs. 4, 6, 8–11 and 13 aswell as the color-code of the
sketches in Figs. 13 and 14. Units associated with two major phases are
described by a gradual transition of the corresponding colors (e.g. SH2-
5b in Fig. 4). The nomenclature of the seismic units is based on the ab-
breviation of the depositional center (e.g. MG for Monacco Graben).
Units of different depositional centers with the same number are asso-
ciated with the same geological phase of evolution and therefore trace
the relative chronology in the working area (see Table 1). Sediment
thicknesses are given in milliseconds [ms] throughout the text, since a
velocity analysis was not performed during data processing. Assuming
interval velocities of 2000 m/s within the sedimentary units, millisec-
onds are equivalent to meters.
o Graben is bounded to the south by an antithetic fault A, which also separates N120° and
Dashed white line: Inferred fault. Red line: Volcanic lineament. Thick black lines indicate
es the viewing direction of the bottom 3D sight. Illumination from N90° with an azimuth

http://w3.ualg.pt/~jluis/acores_plateau.htm


Table 1
Overview of the stratigraphic units, seismic horizons and associated evolutionary stages of the southeastern Terceira Rift. Colors indicate the stage of N50°-spreading (blue), the Pre-/Syn-
Monacco-Bank stage (purple) and the Post-Monacco-Bank stage (green). Stratigraphic units with two colors could not be correlated with one single stage only. Color code is the same as
shown in the line drawings of Figs. 4, 6, 8–11 and 13 as well as in the sketches presented in Figs. 13 and 14.

Evolutionary
stage

Seismic
horizon

Time
[Ma]

Description M. Graben SW. Basin S. Basin Pov. Basin S.H. Basin

Stage III

S–Basin first tectonically active,
later inactive;
subaerial evolution of São Miguel

MG4/5 SW4/5

S5

Pov4/5

SH2/5a

SH2/5b

SH2/5c

S ≥0.9

Uniform sedimentation during
tectonic quiescence in the
S–Basin;
tectonic reactivation of the 
Povoação–Basin

S4

R 5.3–4.3?

Formation of Monacco Graben;
evolution of early Santa
Maria Island?

MG3 SW3 S3

Pov2/3

Q ≤5.9

Stage II

Onset of N70° extension;
Formation of Monacco Bank;
Pov.–Basin inactive;
evolution of early Santa
Maria Island?

MG2 SW2 S2

P ~10

Stage I N50° extension – SW1 S1a/S1b Pov1 SH1
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4. Results & interpretation

The working area is dominated by a succession of bathymetric highs
(strongly over-printed by tectonism) and basins. Combined descrip-
tions of bathymetric expression, seismic profiles and the resulting stra-
tigraphy are presented for 5 geographical sub-areas treated in an
anticlockwise manner around São Miguel (Fig. 2): South-Hirondelle
Basin (SH), Monacco Graben (MG) & Monacco Bank (MB), Southwest
Basin (SW), South Basin (S) & southern island flank and Povoação
Basin (Pov). Images of the high resolution bathymetry (Figs. 3, 5 and
12) without any comments and markings can be found in the supple-
mentary material.

4.1. South-Hirondelle Basin

4.1.1. Observations bathymetry
The bathymetry northwest of São Miguel Island is dominated by the

South-Hirondelle Basin (SH) with a maximum water depth of 3250 m
(Fig. 3). To the southwest the basin is bordered by a volcanic ridge includ-
ing the South-Hirondelle High and to the northeast by a further volcanic
ridge, both dissected by numerous normal faults with typical vertical off-
sets of 200/300 m. Fault scarps of the northeastern ridge dip basinwards
with 30–45°. Some of the faults apparently reach the submarine flank of
Sete Cidades Volcano, where they offer/offered a pathway for magma to
ascent resulting in chains of elongated volcanic structures or cones. In
contrast, the southwestern ridge is more complex as it is offset by inward
dipping faults. Corresponding fault scarps again reveal dip angles of 30°–
45°. The basin itself is asymmetric since the northeastern flank shows an
average slope angle of 5°, whereas the southwestern flank is formed by
twomajor fault scarps each dippingwith 25° to 30° and altogether reveal-
ing a vertical offset of 1600 m.

Three dominant strike directionswere identified. Faults at the north-
eastern ridge strike ~N140°. Two faults piercing the seafloor in the basin
and the major fault at the lower slope of the southwestern ridge trend
~N150°. On top of the southwestern ridge, again a comparable N140°
trend is observable, but interfering with a N120° oriented fault system.
These faults continue to the southeastwhere theymergewith themain-
ly N120° trending Monacco Graben.

4.1.2. Observations seismic
Four distinct seismic units are resolvedwithin the basin (Fig. 4). SH1

represents the acoustic basement and is highly offset by normal faults.
The volcanic ridges bordering the basin are both covered by a thin sed-
imentary unit (SH2-5a), which reveals sub-parallel reflections and
masks basement faults south of the data gap. Inside the basin, unit
SH2-5b shows distorted and irregular high amplitude reflections
where the seafloor slightly dips basinward. Where the seafloor is flat,
SH2-5b is characterized by divergent reflections dipping southwest.
On top, the small unit SH2-5c is piercing the seafloor. It is characterized
by strong chaotic and disrupted reflections.

4.1.3. Combined interpretation of bathymetric and seismic data
Due to the high reflection amplitude,we interpret reflection “P” as the

magmatic/volcanic basement (Fig. 4). The lenticular geometry of SH2-5a
and the presence of moats adjacent to escarpments in the basement sug-
gest current controlled deposition (Rebesco et al., 2014 and references
therein) on top of the rift flanks. The lateral variation of the internal strat-
ification of SH2-5b implies a lateral variation of depositional processes.
The northeasternpart represents a talus fan. In contrast, the southwestern
part is well stratified and shows strong internal reflections implying an
obviously alternating acoustic impedance and a vertically alternating suc-
cession of turbidites and hemipelagic sediments, respectively. SH2-5c is
the southeastern tip of a volcanic lineament (red line within the basin
in Fig. 3a) and – consequently – of volcanic origin. The South-Hirondelle
Basin represents a graben with dominant N140–150° oriented normal
faults within the basin. The divergent reflection pattern of southwestern
SH2-5b is a clear evidence for syn-sedimentary tectonics and indi-
cates major vertical movements along the southwestern basin



Fig. 4. Seismic section (a) and corresponding interpretation (b) covering the South-Hirondelle Basin and the adjacent volcanic ridges west of São Miguel Island in a SW–NE direction.
Dashed line: Inferred fault. VE: Vertical Exaggeration. For the section's location see inset, Figs. 2 or 3.
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margin (Fig. 4). The recent activity of the N140° trending faults on top of
the northeastern ridge and its southwestern counterpart is ambiguous.
Depositional voids can be considered either as current induced moats or
as the consequence of recent tectonics. These two processes do not ex-
clude each other, both processes may act simultaneously. Mapped faults
within Sete Cidades region (Ferreira, 2000; Queiroz, 1997) trend N140°
and represent the onshore continuation of the faults shaping the southern
flank of the northeastern ridge (Fig. 3a).

4.2. Monacco Graben & Monacco Bank

4.2.1. Observations bathymetry
The Monacco Graben (MG) separates the island shelf in the north

and the Monacco Bank Plateau (Fig. 3a/b). Several predominantly
circular cones are located within the graben, most of them in the very
southeast where the graben pinches out. The graben flanks are defined
by the smooth 10°–15° dipping slope of the island's shelf in the north
and a steepflank in the south showing slope angles of up to 70° (marked
with A in Fig. 3a).

Monacco Bank (MB) represents a prominent 70 km long bathymet-
ric feature with a maximum width of 25 km (Fig. 5a/b). Being elevated
by 1700–2000 m above the surrounding basin floors, its top is charac-
terized by a plateau slightly ascending to the northwest. This plateau
forms the southern shoulder of the Monacco Graben (Fig. 3b). A
set of normal faults disrupt the western bank from north to south
usually characterized by vertical offsets of 50 to 100 m. The scarps
mostly dip westwards with 30°–45°. To the east, faulting becomes
less obvious.



Fig. 5. Bathymetry and picked faults in the southern working area (a) and 3D view (b). White line: Fault. Dashed white line: Inferred fault. Red line: Volcanic lineament. Thick black lines
indicate seismic profiles. S.C.: Sete Cidades Volcano. Viewing direction of 3D sight from Santa Maria Island to the north. Illumination from N90° with an azimuth of 60°.
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Faults show two orientations:Monacco Graben reveals a clear N120°
main trend (see upper right rose diagram in Fig. 3a); and faults on top of
Monacco Bank strike N160° similar to Monacco Bank itself (see left rose
diagram of Fig. 5a).

4.2.2. Observations seismic
On top of Monacco Bank, sediment cover is thin and seismically

not resolvable (Fig. 6). Accordingly, the basal seismic unit MG2 is
subcropping here. It is characterized by low penetration and strong re-
flection amplitudes. Inside Monacco Graben, two seismic units can be
determined. Lower unit MG3 shows a variable reflection pattern from
sub-parallel to divergent, contorted and tilted. It partly overlies the
basement (horizon Q) unconformably with increasing thickness to the
north-east. Horizon Rmarks the transition from (sub-) parallel to diver-
gent and oblique reflection pattern of unit MG4/5 and also correlates
with the root of two of the cones mentioned in Section 4.2.1.

4.2.3. Combined interpretation of bathymetric and seismic data
The Monacco Graben forms a N120° trending and northeast tilting

half-graben system with a basement sheared by four synthetic normal
faults (marked with S in Fig. 3). Its southern rim is a steep antithetic
fault, which also acts as boundary between the N120° and N160° fault
setting (marked with A in Fig. 3). The faults clearly offset internal strat-
ification, but vanish within unit MG3 indicating that major tectonics
ceased during that time (Fig. 6). In the north-east, one synthetic fault
transects the seafloor. However, sediments of unit MG4/5 southwest
of the fault are neither tilted nor do they show any indications to be
dragged (Fig. 6 bottom, inset). Due to the convex shape ofMG4/5 north-
east of the fault, we rather assume bottom currents to be the reason for
non-deposition along the fault plane instead of recent tectonic move-
ments. This is also in accordance with the fact that Monacco Graben
shows no recent seismicity (Appendix 1). Hence, we interpret MG4/5
as predominantly current controlled post-tectonic sediments. The tilted
and divergent reflection pattern of MG3 reflects growth-strata indicat-
ing syn-tectonic sedimentation conditions during graben formation. A
northward increasing thickness of unit MG3 (Figs. 6 and 7e) refers to
amajor sediment source north of the graben, probably indicating strong
volcanism in the present-day Sete Cidades region. However, the cones
interpreted as to be of volcanic origin (see Mitchell et al. (2012) and
Stretch et al. (2006) for comparable structures southeast of Pico Island)



Fig. 6. Seismic section (a) and interpretation (b) covering theMonacco Graben southwest of São Miguel Island. Dashed line: Inferred fault. Dashed black box indicates location of zoomed
seismic in (b). MG: Monacco Graben; MB: Monacco Bank. VE: Vertical Exaggeration. For the section's location see inset, Figs. 2, 3 or 5.
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show that volcanism also occurred within the graben. Younger MG4/
5-sediments onlap the cone flanks (Fig. 6), thus indicating that volca-
nism stopped at the end of graben formation. Since MG2, interpreted
as volcanic basement, is not covered by sediments on top of Monacco
Bank, it is not possible to derive any kinematic conditions in time
along the N160° trending faults system.

4.3. Southwest Basin

4.3.1. Observations bathymetry
The Southwest Basin (SW) is located southwest of São Miguel Island

and is bounded by the South-Hirondelle High in the north and the
N160° trending Monacco Bank in the east (Fig. 2). In the southwestern
part, an ~N130° oriented volcanic ridge (Southwest Ridge) is observable.

4.3.2. Observations seismic
The basin comprises four seismic units (Fig. 8a–e). Horizon Q traces

the continuation of the flank ofMonacco Bank and represents the top of
unit SW2 (Fig. 8c/e). It shows a strong irregular reflection pattern with
low penetration proximal of Monacco Bank and passes over to parallel
reflections in the distal domain. Horizons Q and SW2, respectively,
onlap the flanks of South-Hirondelle High (horizon P in Fig. 8b) and
the Southwest Ridge (SW1 in Fig. 8e). Overlying unit SW3 shows a
similar spatial reflection pattern, but reflections appear more regular.
It converges towards the east where SW3 merges with the flank of
Monacco Bank. Sediment thickness reaches a maximum of up to 420 ms
in the northeastern part of the basin (Fig. 7e). Horizon R is the base of
unit SW4/5 (Fig. 8b, c, e). It is characterized by a package of low reflection
amplitudes at its bottom. Near the bathymetric highs in the north and
southwest, it reveals truncated and/or converging to parallel reflections.
Further to the east, intercalated packageswithmostly chaotic, hummocky
or contorted reflections are observable (Fig. 8a, marked in yellow in
Fig. 8e) and the overall reflection pattern becomes more irregular. Thick-
ness increases to the south, where it reaches maximum values of more
than 500 ms (Fig. 8a).

4.3.3. Combined interpretation of bathymetric and seismic data
The high amplitudes and highly irregular reflections of SW2 termi-

nating within the flank of Monacco Bank (no onlap) identify this unit
as being generated and deposited during the volcanic development of
Monacco Bank (Fig. 8c/e). This also applies to SW3, as the unit con-
verges towards the flank of Monacco Bank as well, but due to the
more regular reflections we suggest that this unit rather represents
erosional products than in-situ generated volcanic material. Thick-
ness distribution (Fig. 7e) and geometry (Fig. 8c) indicate the bathy-
metric high between the South-Hirondelle High and Monacco Bank
as major sediment source. Distal of the Monacco Bank, sedimenta-
tion became more uniform, which is also reflected by the parallel re-
flection pattern in the western basin (Fig. 8a, b, d). SW2 and SW3
both onlap the flanks of the South-Hirondelle High (Fig. 8b) and
the N130° trending Southwest Ridge (Fig. 8d/e) highlighting that
the N160° trending Monacco Bank must be geologically younger.



Fig. 7. Thickness of seismic units as defined in the text. (a) Units SW4/5 and MG4/5; (b) unit S5; (c) unit S4; (d) unit Pov4/5; (e) units SW3, MG3 and S3. Scale is in ms, isopachs every
100 ms (corresponds to m, if an interval velocity of 2000 m/s in the sediments is assumed). Upward alignment of sub-figures corresponds to the chronology of their deposition. See
also Table 1.
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After the evolution of Monacco Bank, uniform sedimentation in the
basin resulted in the parallel stratified reflection pattern of SW4/5
(Fig. 8a/e). In contrast, disrupted and irregular reflections at the
northeastern basin margin indicate mass transports. The intercalat-
ed packages with chaotic and contorted reflection patterns (Fig. 8a,
marked in yellow in Fig. 8e) reflect the associated rough and blocky
deposits (Bull et al., 2009).
4.4. Lower southern flank of São Miguel & South Basin

4.4.1. Observations bathymetry
The submarine domain south of São Miguel consists of the island's

flank and the South Basin (Fig. 5a). The flank is characterized by the
out-pinching Monacco Graben in its western part and by a ramp of
~500 km2 dipping basinward with 2° to 3° in its eastern part (Fig. 5b).



Fig. 8. Seismic sections in the basin southwest of SãoMiguel Island. (a) Composite plot connecting the South-Hirondelle High (SHH) andMonacco Bank (MB). It shows that theflank ofMB
in (c) and horizon Q, respectively, onlaps the SHH in (b). SW–NE oriented seismic line (d) and its interpretation (e). Note the onlap configuration of horizon Q at the Southwestern Ridge
(SWR). Yellow color indicates mass transport deposits. VE: Vertical Exaggeration. For the section's location see inset or Fig. 2. Vertical black lines indicate course changes (CC).
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The South Basin (S) shows water depths ranging from 1800 m in the
northwest to 2300 m in the south. It is bordered by the Monacco Bank
in thewest, by the Big North High in the east and by the N140° trending
South Ridge (SR)/Santa Maria Island in the south (Fig. 2). Both regions
are separated by a set of faults and tilted blocks.

These faults reveal a strongMonacco Graben related N120° trending
component in the west. In the east, faults trend N100°. They mainly dip
to the south terminating at the northwestern flank of the Big North
High.

4.4.2. Observations seismics
Seismic penetration at the lower flank of São Miguel is low and a

sub-division in multiple stratigraphic units is not possible (Fig. 9a/b).
The reflection pattern shows high amplitudes and distorted reflections.
Downslope, northward dipping reflections are observable before the
flank terminates at a bathymetric high, which reveals weak internal
stratification parallel to its southern slope.

In contrast, the sedimentary infill of the South Basin can be separated
into six seismic units. The lowermost units S1a (Fig. 9c/d) and S1b
(Fig. 10) are both characterized by limited penetration, chaotic reflections
and high amplitudes at the top. Unit S2 is poorly imaged, at least a weak
internal stratification can be traced (Figs. 9c/d and 10). In the west, top of
S2 (horizon Q) merges with the flank of Monacco Bank (Fig. 11). Overly-
ing unit S3 shows a sub-parallel stratification, which terminates in an
onlap configuration against S2 (Fig. 11), S1a (Fig. 9) and S1b (Fig. 10) in
the west, south and east, respectively. Top of S3 (horizon R) is defined
by the northwestern basin flank where Monacco Graben pinches out
(Figs. 10/11). Here, S3 shows its maximum thickness (Fig. 7e) and inter-
nal reflections downlap on horizon Q (Fig. 10). In the basin, S3 is concor-
dantly overlain by the well stratified seismic unit S4, showing a constant
thickness of approximately 450 ms (Fig. 8c). S4 onlaps S1a in the south
(Fig. 9c/d) and terminates vertically against a package of disrupted,
contorted and tilted reflections onlapping S3 in the northwest. In the
east, S4 terminates vertically against or onlaps a package of chaotic/
distorted reflections covering unit S1b (see large yellow areas on top of
horizon R in Fig. 10). However, the western base of this package is hardly
detectable, but is possibly coinciding with horizon R. In the basin center,
uppermost seismic unit S5 reveals a parallel reflection pattern and over-
lies unit S4 concordantly (Figs. 9c/d and 10). In the south reflections con-
verge, onlap the tilted part of unit S4 and the unit pinches out (Fig. 9c/d).



Fig. 9. Seismic sections and corresponding interpretations covering the southern slope of SãoMiguel Island (a, b) and the South Basin (c, d) in a N–S direction. Yellow color indicatesmass
transport deposits. SLF: Southern lower flank of São Miguel; SR: South Ridge. VE: Vertical Exaggeration. For the section's location see inset, Figs. 2 or 5. Vertical dashed line marks inter-
section with the W–E directed profile (Fig. 10). Vertical black lines indicate intersection of profiles.
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At the northwestern and eastern basinmargins, reflection pattern chang-
es to a contorted and/or lenticular facies (Fig. 10). Several packages of
mostly chaotic and/or contorted reflections are embedded in or overlain
by S5 (marked with yellow in Figs. 9d, 10b and 11b). Close to the eastern
package showing a chaotic reflection pattern, reflections of S5 getmore ir-
regular (Fig. 10b). A set of faults are traceable in the basin, most of them
terminating at the base of or inside unit S5. Faults piercing the seafloor
are not observable.

4.4.3. Combined interpretation of bathymetric and seismic data
Due to the poor penetration of S1a and S1b, these units are inter-

preted as magmatic basement, which has been erupted/deposited
during the evolution of the South Ridge beside Santa Maria Island and
Big NorthHigh, respectively (Figs. 9c/d and 10). In both cases, the poorly
resolved internal stratification of S2 terminates against S1a/b. Therefore,
we interpret that horizon Q (which is the stratigraphic continuation of
the flank of Monacco Bank and top of S2) onlaps horizon P (which is
the top of the magmatic basement). This implies that Monacco Bank is
geologically younger than these corresponding structures. The onlap
configuration of horizon R (which is the stratigraphic continuation of
the northwestern basin margin flank and the out pinching Monacco
Graben, respectively) at the flank of Monacco Bank (horizon Q, Fig. 11)
shows that unit S3 was deposited after the formation of Monacco Bank
but during the formation of Monacco Graben. The southern flank of the



Fig. 10. Seismic section (a) and interpretation (b) covering the South Basin in aW–E direction. Yellow color indicatesmass transport deposits. SLF: Southern lowerflank of SãoMiguel;MG:
Monacco Graben; BN: Big North. VE: Vertical Exaggeration. For the section's location see inset, Figs. 2 or 5. Dashed line marks intersection with the N–S directed profile (Fig. 9). Vertical
black lines indicate course changes (CC).
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tilted block separating the lower flank of São Miguel and the South Basin
(Fig. 9a/b) is built up by unit S3 (Fig. 9c/d). For this reason, we conclude
that the evolution of the block and the adjacent fault system (Fig. 5) is
linked to the formation of Monacco Graben. Thus, the faults north of the
block (Fig. 9a/b) could be antithetic branch faults of a north facing detach-
ment fault. After the formation ofMonaccoGraben, thewell stratified unit
S4 was deposited in the basin (e.g. Fig. 9c/d). Since thickness of unit S4 is
constant and faults are neither characterized by an upward increasing off-
set of internal reflections nor terminating within the unit, sedimentation
occurred during isotropic sedimentation conditions and tectonic quies-
cence. After S4 times, tectonics initiated faulting and tilting of the basin
sediments (Fig. 9c/d). Due to the fact that faults crop out within S5 and
local vertical movements are compensated by S5 sediments, tectonic ac-
tivity in the basin is interpreted as being limited to early S5 times only.
Additionally, maximum thickness (Fig. 7b) and the contorted/lenticular
reflection pattern of unit S5 in the northwestern and eastern part of the
basin (Fig. 10) indicate an anisotropic, southward directed sediment
transport coming from São Miguel Island. The packages characterized
by a chaotic/contorted reflection pattern are again interpreted as mass
transport deposits (yellow areas in Figs. 9d, 10b and 11b). The huge
deposit in the eastern basin represents a special case (Fig. 10b). Since S4
reflections onlap the lower part of the body and S5 reflections are slightly
irregular close to the upper part of the body, it is likely that it was
generated by several events during S4 and S5 times. Othermass transport
deposits can be dated to S5 times, since they are embedded in S5
sediments (e.g. Fig. 9d) or since the remobilizedmaterial includes S5 sed-
iments (Fig. 10b, at thewestern termination of horizon S). Possible trigger
mechanisms could be gravitational load or tectonic events or a superposi-
tion of both effects.

4.5. Povoação Basin & Big North High

4.5.1. Observations bathymetry
The Povoação Basin (Pov) links SãoMiguel Island and East Formigas

High, a shoal with a minimum water depth of 100 m and covered with
many cones (Fig. 12a/b) similar to those observed in the Monacco
Graben (Fig. 3a). The basin is characterized by a water depth of
2930 m in its center and its conspicuous curved shape. Similar to the
South-Hirondelle Basin, the northeastern margin is crosscut by a large
number of mostly basinward dipping normal faults occasionally forming



Fig. 11. Seismic section (a) and interpretation (b) showing the temporal relationship ofMonaccoGraben andMonacco Bank. Yellow color indicatesmass transport deposits. MG:Monacco
Graben; MB: Monacco Bank. VE: Vertical Exaggeration. For the section's location see inset, Figs. 2 or 5. Vertical black lines indicate course changes (CC).
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small ancillary basins, whereas the southwesternmargin is dominated by
three fault scarps also dipping basinwards (marked asMF in Fig. 12a–c)—
one forming the northeastern slope of Big North High, another between
Big North and the basin and a further one representing the transition
from themargin to theflat basin. To the south, they split up in a set of nor-
mal faults (SF in Fig. 12a/b). Scarps usually exhibit dip angles of 30° to 40°
on both sides. Vertical offsets normally range from 100m to 300m at the
northeastern margin, but vary up to 700 m at the southwestern one.
South of East Formigas High and in prolongation of the northeastern
basin margin two dominant fault scarps are observable. They show the
same dip direction and similar dip angles, but their vertical offsets reach
values of up to 1000 m (marked as DF in Fig. 12a).

Southwest of the Povoação Basin, Big North High shows a flat top
(Fig. 12a) with an average water depth of ~250 m strongly offset by
mainly northeast dipping fault scarps (30° to 60°, vertical offsets of
50 m to 100 m).

The dominant strike direction on top of Big North and along
the southwestern basin margin is N130° to N140° (lower left rose
diagram in Fig. 12a). Volcanic lineaments north of Big North and
two of the major normal faults (faults marked with yellow MF in
Figs. 12 and 13) reveal a N160° trend. In contrast, the northeastern
basin margin can be divided into three zones of strike directions.
North of the basin and close to São Miguel Island, a clear N90° to
N110° trend is evident. In the northeast, a set of faults are oriented
N130° to N140°. Faults and lineaments east of the basin as well as
southeast of East Formigas High are strongly dominated by a
N160° trend (A, B, C/DF, respectively, and upper right rose diagram
in Fig. 12a).



Fig. 12. Bathymetry and picked faults in the eastern working area (a), 3D view (b) and zoom of Big North High (c). The northeastern basin margin shows three zones of strike directions:
N90° to N110° (A), N130° to N140° (B), and N160° (C). Two dominant faults south-east of East Formigas High strikeN160° aswell (DF). Threemajor faults are present at the southwestern
margin trending N140° (MF, white) and N160° (MF, yellow). To the south these three fault planes split up in a set of normal faults (SF).White line: Fault. Dashedwhite line: Inferred fault.
Red line: Volcanic lineament. Thick black lines indicate seismic profiles. Eye symbol denotes the viewing direction of the bottom 3D sight. Illumination from N90° with an azimuth of 60°.
Onshore faults based on Carmo (2004), Carvalho et al. (2006) and Guest et al. (1999).
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4.5.2. Observations seismics
Seismic penetration at the basin margins is again very low and the

corresponding acoustic basement (Pov1) is characterized by chaotic re-
flections with high amplitudes (Fig. 13). While stratified sediments of
unit Pov2/3 concordantly overlie the tilted acoustic basement (Pov1)
within the ancillary basin, they discordantly cover unit Pov1 within
the main basin. Reflections are usually parallel and tilted but slightly
divergent in the inner part of the ancillary basin (Fig. 13c/d). Sediments
of the uppermost seismic unit Pov4/5 onlap both top Pov1 (horizon
P) and top Pov2/3 (horizon R). Pov4/5 is mostly characterized by diver-
gent reflections, but on top of the southwestern margin an oblique sub-
parallel to lenticular reflection pattern dominates (Fig. 13a/b). Unit
Pov4/5 thickens to 150 ms within the ancillary basin and to 450 ms in
the main basin (Fig. 7d).
4.5.3. Combined interpretation of bathymetric and seismic data
Due to the seismic characteristics of the unit, we interpret Pov1

to be the magmatic basement, which developed during the evolu-
tion of Big North High and the present-day northeastern basin mar-
gin. Mostly parallel stratified sediments of unit Pov2/3 filling up
accommodation space which had been created by faulting of the
magmatic basement (Fig. 13b/d), indicate 1) extension of the base-
ment during Pov1 times, and 2) post-tectonic sedimentation during
Pov2/3 times (divergent reflections indicate syn-tectonic sedimentation
in a small part of the ancillary basin and the northern Povoação Basin
only).

East of the basin, N160° trending normal faults offsetting and tilting
the seafloor as well as the parallel Pov2/3 sediments (Fig. 13d and
marked with C in Fig. 12a) denote these faults to be active from the be-
ginning of Pov4/5 times until now. On top of Big North High, N130°/
N140° faults, terminating eastwards against the N160° oriented fault
scarp (marked with yellow MF in Figs. 12a, c/13b), lead to the sug-
gestion that this scarp is younger than the faults on top. Additionally,
diverging reflections of Pov4/5 in the southern basin (Fig. 13d) show ac-
tive subsidence along the N160° trending fault (yellow MF in Fig. 13d).
Extension could also be partly accommodated at the N140° oriented
normal fault west of the N160°-fault (white MF in Fig. 13d). However,
the northwestern continuation of the N140°-fault (white MF in
Fig. 12a) seems not to be active, since uppermost unit Pov4/5
shows no evidence of syn-tectonic sedimentation (white MF in
Fig. 13b).



Fig. 13. Seismic sections and corresponding interpretations covering the Povoação Basin (PB) south-east of São Miguel Island. One seismic line crosses the northern part of the basin in
SW–NE direction (a, b), another one the southern part and the ancillary basin (AB) in an overall W–E direction (c, d). MF marks major fault planes trending N130°–N140° (white) and
N160° (yellow). Dashed line: Inferred faults. VE: Vertical Exaggeration. For the section's location see insets, Figs. 2 or 12. Vertical black lines indicate course changes (CC).
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Therefore, we assume that the Povoação Basin was formed in two
phases (see sketch in Fig. 13d). First, a N130°–N140° trending (proto-)
graben developed during Pov1 times. Corresponding N130°–N140°
trending faults can be observed across the southwestern margin and
on top of Big North High. Faults with the same orientation at the north-
easternmargin are less dominant but can also be found northeast of the
central basin (markedwith B in Fig. 12a). After a time of reduced exten-
sion (Pov2/3), horizon R marks the onset of the second phase (Pov4/5,
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Fig. 13), which is active until today. Extension is mainly accommodated
along N160° trending faults and focuses on the southern and the ancil-
lary basin (marked with C in Fig. 12a). In the northern part of the basin,
less distinct tilted reflections of Pov4/5 within the basin (Fig. 13b) possi-
bly indicate that tectonics in this area are more dominated by transfer
than slip movements.

4.6. Summary of observations

Based on the presented bathymetric and seismic data, we can finally
summarize some major results:

1. Strike directions of faults and structural lineaments group into three
major categories. Northwest of SãoMiguel Island, a N140° trendwith
intercalated N150° trending structures is observable (Fig. 3a;marked
with red and dark blue in Appendix 2, respectively). TheN140° trend
is also present southeast of the island, in particular at the southwest-
ern margin of the Povoação Basin and on top of Big North High
(Fig. 12a). The eastern margin of the Povoação Basin and the East
Formigas High is clearly dominated by a N160° trend (Fig. 12a;
marked with gray in Appendix 2). This trend is also reflected by
Monacco Bank and its fault system on top (Fig. 5a). In between
these two settings, structures mainly strike N90° to N110° (Figs. 5a
and 12a; marked with light blue in Appendix 2) or reflect the
Monacco Graben trend of N120° (Fig. 3a; marked with green in
Appendix 2).

2. The N160° trending Monacco Bank postdates the evolution of the
South-Hirondelle High, the Southwest Ridge, the South Ridge west
of Santa Maria Island and the Big North High, all approximately ori-
ented N140°.

3. The Monacco Graben is younger than the Monacco Bank.
4. The Monacco Graben shows no major recent tectonic activity.
5. Since the evolution of Monacco Graben, the South Basin first

underwent a tectonically inactive period with uniform sedimenta-
tion conditions, followed by a period associatedwith anN–S directed
sediment transport. The transition phase between these periods is
characterized by active tectonics.

6. The Povoação Basin evolved in three steps: 1) formation of aN130° to
N140° trending proto-basin, 2) sedimentation during reduced tec-
tonics, and 3) syn-kinematic sedimentation during a second tectoni-
cally active period with distinct extension along N160° trending
normal faults. This period is lasting until today.

7. Volcanic cones and several mass waste deposits are observable (these
will be addressed in a later publication).

5. Discussion

5.1. Relative chronostratigraphy

Within the South Basin and Southwest Basin, sediments deposited
prior to or during the evolution of Monacco Bank are separated by hori-
zon Q from younger sediments (Figs. 8–11). Horizon Q coincides with
the top of the acoustic basement on top of Monacco Bank and the strat-
igraphic continuation of its flanks. Pre/Syn-Monacco-Bank sediments
(represented by the purple units numbered “2” in Figs. 8–11 and
Table 1) onlap the magmatic roots of the South-Hirondelle High
(Fig. 8b/c), the Southwest Ridge (blue unit SW1 in Fig. 8e), the South
Ridge (blue unit S1a in Fig. 9d) and the Big North High (blue unit S1b
in Fig. 10b). Units numbered “1” are therefore representing the time
of these structures' evolution. S2 and SW2 are postdating this period
and predating the end of Monacco Bank formation.

Monacco Bank and Monacco Graben are characterized by a strongly
sheared and offset acoustic basement (Fig. 6). Since volcanism did not
overprint the faults, we can assume that first Monacco Bank evolved
during MG2 times (purple unit in Fig. 6b). Afterwards, its northern
part was rifted and Monacco Graben was formed. Lowermost unit
MG3 in the graben (Fig. 6b) therefore represents early Post-Monacco-
Bank sediments (green colored units in Figs. 6 and 8–10) syn-
tectonically deposited during graben formation. In the Southwest
Basin, reflection pattern (Fig. 8) and thickness distribution (Fig. 7e) of
the lowermost Post-Monacco-Bank unit SW3 identify the northeastern
basin margin between South-Hirondelle-High and Monacco Bank as
major sediment source, where the elevated Monacco Graben's north-
western continuation is located. Top of lowermost Post-Monacco-Bank
unit S3 in the South Basin is defined by horizon R— the stratigraphic con-
tinuation of the northwestern basinmargin (Fig. 11b),where S3 shows its
maximum thickness (Fig. 8e). Hence, it was deposited after the evolution
of Monacco Bank but during the formation of the northwestern basin
margin, which is the out-pinching elevated Monacco-Graben. We there-
fore assume that units MG3, SW3 and S3 altogether reflect the time of
Monacco Graben formation.

In the Monacco Graben and Southwest Basin, these units are over-
lain by unit MG4/5 (Fig. 6b) and SW4/5 (Fig. 8b/e), both reflecting
present-day sedimentation conditions. In contrast, the synchronously
deposited sediments in the South Basin can be sub-divided into two
units: one characterized by homogeneous sedimentation and tectonic
quiescence (S4) and a second one (S5) caused by early tectonics and a
high sediment flux from the north lasting until today (Figs. 9–11).

Low extension rates during Pov2/3 times in the Povoação Basin
(Fig. 13) indicate either a general phase of reduced extension along
the Terceira Rift or that extension was mainly accommodated else-
where. Since there is no evidence for higher and lower extension rates
in the sedimentary infill of the South-Hirondelle Basin (Fig. 4), we sug-
gest a region between the South-Hirondelle Basin and the Povoação
Basin which accommodated stress during that time. Three regions
come into consideration: 1) the area of present-day São Miguel Island,
which is too far north, 2) the South Basin, which in fact underwent tec-
tonic stress in the past but with insignificant extension only (Figs. 9 and
10), and 3) theMonacco Bank andMonacco Graben region. Both are in-
dicating distinct extension, since tectonic stress generates pathways for
magma ascent and initiates rifting, respectively. Therefore, we chrono-
logically correlate Pov2/3 with the time of Monacco Bank and Graben
evolution. Accordingly, syn-tectonic unit Pov4/5 is the temporal equiv-
alent of MG4/5, SW4/5 and S4/S5 in the Povoação Basin, where exten-
sion accommodates again after the formation of Monacco Bank and
Graben had ended.

5.2. Evolution of the southeastern Terceira Rift

Structures consisting of the earliest units numbered “1” (marked
with blue in Figs. 4, 8–11 and 13; see also Table 1) either predominantly
reveal a N140° trend (e.g. Southwest Ridge, see Appendix 2) or are
overprinted by faults with an equivalent orientation (e.g. Big North
High, see Fig. 5). Additionally, it was shown that the Povoação Basin ini-
tially evolved along N130°–N140° normal faults (see Section 4.5.3). For
these reasons, we suggest that the Azores Plate Boundary here primarily
developed within a N40°–N50° extensional regime, which is reflected
by N140° trending structures of the southeastern Terceira Rift (Stage I,
Fig. 14). Following Neves et al. (2013), the ridges southwest of the Ter-
ceira Rift (Fig. 1/Appendix 2) result from volcanism along fissures syn-
chronous with the Rift evolution. Most of them reveal a N140° trend
indicating a time of N50° extension as well, since fissures open perpen-
dicular to the minimum stress axis and do not sustain shear. Further-
more, an early direction of extension of N50° was proved based on an
analysis of a high resolutionmagnetic data set (Luis andMiranda, 2008).

In contrast, younger structures like Monacco Bank (Fig. 5) or the ac-
tive faults east of the Povoação Basin (Fig. 12) reveal a N160° orientation
indicating a rotation in extension to N70°, which is the present-day ex-
tensional direction (DeMets et al., 2010; Luis and Miranda, 2008). This
led to a rearrangement of the tectonic regime within the inherited
N130° to N140° setting (Stage II, Fig. 14). West of São Miguel Island,
the kinematics of the inherited faults probably changed from extension



Fig. 14. Sketch of evolutionary stages of the southeastern Terceira Rift. Terceira Rift started to evolve under SW–NE rifting conditions ca. 25–20 Ma years ago. Fissure type magmatism
occurred synchronously southwest of the plate boundary (I). After rifting has changed to WSW–ENE direction ca. 10 Ma years ago (II), Monacco Bank and early Santa Maria Island rose
up. New faults west of São Miguel were formed in the inherited NW–SE setting. In the east, NNW–SSE trending faults developed. Ceasing magmatism at Monacco Bank at ~5 Ma led to
the formation ofMonacco Graben (III, graben stadium). Afterwards, extensionwasmainly accumulated by normal faulting in the southern Povoação Basin and its ancillary basin (III). Sub-
aerial evolution of São Miguel Island started before 0.9 Ma. See Sections 5.2/5.3 for further details. EAFZ: East Azores Fracture Zone; GF: Gloria Fault.
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to right-lateral transtension and new faults developed being clockwise
rotated by 5°–15° (see faults in the South-Hirondelle Basin in Fig. 3). A
similar phenomenon was discussed by Lourenço (2007) for southeast
Terceira Island. Both, reactivated and new faults thus developed the
N140° to N150° major trend that was described by Lourenço et al.
(1998). Southeast of São Miguel, extension in the Povoação Basin de-
creased andMonacco Bankwas formed southof the island, butMonacco
Bank has never acted as an independent plate boundary since there is
no connection to the East Azores Fracture Zone and Gloria Fault ob-
served in the bathymetry. This possibly indicates Monacco Bank to be
caused by a kind of fissure type volcanism as well — a further evidence
for a formation linked to N70° extension.

After volcanic and tectonic processes at Monacco Bank had ceased,
extension first accumulated north of it causing the opening of the
oblique Monacco Graben (graben stadium of Stage III, Fig. 14). Then,
tectonic stress again concentrated in the Povoação Basin (Stage III,
Fig. 14), where it is still predominantly sustaining rifting along N160°
faults. This thesis is in agreement with focal mechanisms presented by
Borges et al. (2007) also describing present-day normal faulting here,
although they obtained a more SW–NE direction of extension. In the
South Basin, the transition from isotropic sedimentation conditions
to an N–S directed sediment transport (S4 and S5 in Figs. 9–11, re-
spectively) is assumed to indicate the time of subaerial exposure
of São Miguel Island. Since Monacco Bank acts as a bathymetric bar-
rier hampering a direct transport of material from São Miguel into
the Southwest Basin, this transition cannot be traced there. Tectonic
movements in the South Basin could be caused by rearrangement of
the volcanic system associated with the major formation phase of
São Miguel Island.
Distributionof present-day seismicity (Appendix 1), the absence of re-
markable tectonic activity in the Monacco Graben (see Section 4.2.3) and
the lack of active faults in the seismic/bathymetric data of the Southwest
Basin and SouthBasin support the assumption that present-day extension
accumulates along the South-Hirondelle Basin, SãoMiguel Island and the
Povoação Basin only (Fernandes et al., 2006; Gente et al., 2003; Luis and
Miranda, 2008; Vogt and Jung, 2004). In this context, the W–E trending
central and eastern part of São Miguel Island seems to act as a kind
of overstep structure that accommodates the offset between the re-
organized fault setting of the Hirondelle domain and the “pure” N160°
setting in the Povoação Basin. This could be caused by a deep rooted Eur-
asia/Nubia plate boundary related transtensional (leaky) transform. The
associated extensional component could therefore facilitate the ascent
of magma, which ultimately led to the formation of the volcanic body of
São Miguel Island. Leaky transform faults and accompanying volcanism
has been described by Favela and Anderson (2000) and references there-
in. A similar transform fault has also been discussed by Marques et al.
(2014b) for the Pico-Faial area.

5.3. Age constrains

At 25–20 Ma, a major change in the kinematics of the Azores Triple
Junction occurred when Iberia was finally welded to Eurasia (Luis and
Miranda, 2008). This initiated the northward jump of the triple point
and the evolution of the Terceira Axis. The subsequent rotation in exten-
sion fromN50° to ~N70° (associatedwith horizon P) is stated to ~10Ma
(Luis and Miranda, 2008). This implies that formation of Monacco Bank
started earliest at ~10 Ma (Table 1) and since a rock sample from the
southern top of Monacco Bank was dated 5.9 Ma (Beier et al., 2015), it
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was active at least until that time (horizon Q). (In this context, a second
sample with an age of 39Ma from the very northwest of Monacco Bank
should bementioned. According tomagnetic data, theMARwas located
in the area of São Miguel during that time (Gente et al., 2003; Luis and
Miranda, 2008) casting the dating into doubt.)

Figs. 8 and 9 show a band of low reflection amplitudes with a thick-
ness of ca. 180 ms at the base of units SW4/5 (Southwest Basin) and S4
(South Basin). This possibly correspondswith transparent upperMiocene
hemipelagic sediments within the Atlantis Basin south of the Azores
Plateau described by Alves et al. (2004). Hence, the top of the band
could represent a time marker within the South Basin and Southwest
Basin indicating that formation of the Monacco Bank and Graben ended
prior the Pliocene (~5.3Ma). However, difference in reflection amplitude
is weak, less noticeable in the other two profiles covering the South Basin
(Figs. 10/11) and possibly reflects attenuation of the seismic signal over
depth only. In any case, the base of the Miocene unit cannot be inferred
in the working area, since sedimentation during formation of Monacco
Bank and Graben did not reflect hemipelagic sedimentation conditions.

Sibrant et al. (2015) recently postulated a change in the regional
stress field of Santa Maria Island between 5.3 and 4.3 Ma, which was
possibly linked to the ceasing tectonic activity at Monacco Graben (ho-
rizon R). According to this, the older part of the island evolved prior to
5.3 Ma and synchronously to the Monacco Bank and Monacco Graben.

Maximum ages of 0.9 Ma onshore São Miguel Island are reported by
Johnson et al. (1998). Therefore, the subaerial island evolution started at
or before that time (horizon S).
5.4. Implications for the Azores Plateau Evolution

Themodel presented above allows us to draw some general implica-
tions for the ongoing debate, whether the genesis of the Azores Plateau
is driven by processes inside the upper mantle or if it is controlled by
rigid tectonic plate kinematics.

The chronological order in the evolution of the N140° and N160°
trending structural lineaments (and the intermediate trend), which
could be correlatedwithmodeled relative platemovementswith exten-
sion in N50° and N70° directions, gives clear evidence that the tectonic
and magmatic evolution of the Azores Plateau is strongly controlled by
stress due to the differential plate movement of Nubia and Eurasia. This
confirms the conclusion of Neves et al. (2013), who assume that mantle
processes are eventually responsible for the high magma support, but
arrangement and temporal evolution of the volcanic ridges are mainly
driven by plate movements. Therefore, mantle convection may account
for the initiation of the Terceira Rift (e.g. Gente et al., 2003; Yang et al.,
2006), but it contradicts Adam et al. (2013) who argue stress induced
by mantle upwelling being the prevalent factor for the tectonic regime.
On the other hand, the dependency on platemovements shows that the
evolution of the tectonic architecture is less forced by plate boundary ef-
fects as expected by Neves et al. (2013). However, plate boundary effects
could account for the fact that the “pure”N160° trend solely developed at
the outermost eastern pinnacle of the Azores Plateau.

Between Terceira and São Miguel, new faults with an intermediate
orientation of N140°–160° evolved within the pre-existing N140° set-
ting. This “new” trend is also described based on focal mechanisms
(Miranda et al., 1998), bathymetric data (Lourenço et al., 1998) and
data from onshore Terceira, where it is reflected by faults and volcanic
lineaments interacting with mainly N110° trending structures
(Lourenço, 2007; Montesinos et al., 2003; Navarro et al., 2003). Hence,
N110° and N140°–N160° trending structures as described by Miranda
et al. (1998) as well as inherited (N140°) and new faults (N145°–
N160°) may define small isolated blocks, which possibly show minor
clockwise rotation. This addresses the fact that sinistral seismicity
along NNW–SSE rupture planes within an overall dextral setting
has been recorded (Borges et al., 2007; Grimison and Chen, 1986;
Hirn et al., 1980; Matias et al., 2007).
6. Conclusion

The southeastern Terceira Rift marks the Nubian–Eurasian plate
boundary and comprises the South-Hirondelle Basin and the Povoação
Basin. These basins are rift valleys whose southwestern and northeast-
ern margins are defined by few major normal faults and several minor
normal faults, respectively. In between, São Miguel Island presumably
evolved above a leaky transform that links both basins. South of the is-
land and separated by the N120° trendingMonacco Graben system, the
Monacco Bank represents a flat topped volcanic ridge dominated by
tilted fault blocks.

Based on the characteristics of up to six seismic stratigraphic units
per basin, a relative chronology of the tectonic and magmatic processes
in the working area was deduced revealing three major stages
(Table 1): I) the early volcano-tectonic evolution of N130°/N140 ori-
ented structures before horizon P time, II) the formation of the N160°
trending Monacco Bank, and III) the Post-Monacco-Bank stage including
the formation of the Monacco Graben and the subaerial evolution of São
Miguel after horizon Q times.

Referring to the more detailed stratigraphy of the Post-Monacco-
Bank sediments and in consideration of published age data (Beier
et al., 2015; Johnson et al., 1998; Luis and Miranda, 2008; Sibrant
et al., 2015) and extension rates (DeMets et al., 2010; Luis and
Miranda, 2008), we postulate a model for the volcano-tectonic evo-
lution of the southeastern Terceira Rift. It includes the following
steps:

• Volcano-tectonic evolution of the early Terceira Rift in a N50° orien-
tated extensional setting (seismic units numbered “1”; I in Fig. 14).

• At ~10 Ma, rotation in extension to N70°. Subsequent formation of
Monacco Bank (and early Santa Maria Island?). Rearrangement of
the fault systems in the South Hirondelle Basin (seismic units num-
bered “2”; II in Fig. 14). Tectonics in the Povoação Basin decreased.

• At ≤ 5.9 Ma, formation of Monacco Bank ended. Subsequent opening
of Monacco Graben (seismic units numbered “3”; III in Fig. 14, Graben
Stadium).

• After rifting atMonacco Graben had ended (5.3–4.3Ma?), tectonics of
the Povoação Basin became reactivated. Uniform sedimentation dur-
ing tectonic quiescence in the South Basin (seismic units numbered
“4”; III in Fig. 14).

• At ≥ 0.9 Ma, subaerial evolution of São Miguel Island started initiating
a N–S directed sediment flux into the South Basin. A possible rear-
rangement of the corresponding volcanic system caused minor tec-
tonic activity in the South Basin at the beginning of this period
(seismic units numbered “5”; III in Fig. 14).

Hence, the evolution of the southeastern Terceira Rift domain is pre-
dominantly controlled by plate kinematics and lithospheric stress
forming a kind of a re-organized rift system.
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Appendix 1. Recorded seismicity since 1900

Data from International Seismological Centre (2012). Since the magnitude is known for the younger events only, they are shown without any threshold applied.

Appendix 2. Simplified fault map of the working area

Normal faults symbol denotes areas withmajor vertical offset. Colored dashed lines indicate trends inferred based on bathymetric data published by Lourenço et al. (1998), which are not
considered in the rose diagram. White dashed line represents major onshore trends (after Carmo (2004), Ferreira (2000), Guest et al. (1999), Queiroz (1997)).
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