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Abstract Earthquakes and submarine landslides are re-
current and widespread manifestations of fault activity
offshore SW Iberia. The present work tests the effects
of sea-level rise on offshore fault systems using
Coulomb stress change calculations across the Alentejo
margin. Large-scale faults capable of generating large
earthquakes and tsunamis in the region, especially NE–
SW trending thrusts and WNW–ESE trending dextral
strike-slip faults imaged at basement depths, are either
blocked or unaffected by flexural effects related to sea-
level changes. Large-magnitude earthquakes occurring
along these structures may, therefore, be less frequent
during periods of sea-level rise. In contrast, sea-level rise
promotes shallow fault ruptures within the sedimentary
sequence along the continental slope and upper rise with-
in distances of <100 km from the coast. The results sug-
gest that the occurrence of continental slope failures may
either increase (if triggered by shallow fault ruptures) or
decrease (if triggered by deep fault ruptures) as a result

of sea-level rise. Moreover, observations of slope failures
affecting the area of the Sines contourite drift highlight
the role of sediment properties as preconditioning factors
in this region.

Introduction

Despite their relevance for geohazard assessment, triggering
mechanisms and preconditioning factors for submarine slope
failure are still poorly known. Worldwide compilations of
landslide ages and analyses of landslide-triggered turbidite
recurrence intervals indicate that landslides are temporally
random (their frequency has a Poisson distribution), and that
finding is difficult to reconcile with the cyclic nature of
climate-induced variations (Urlaub et al. 2013; Talling 2014;
Clare et al. 2014) Some authors propose that sedimentation
patterns and pore pressure buildup have a major role in trig-
gering slope failures because of their impact on the sediment
shear strength. For instance, focused compaction-driven fluid
flow along permeable horizons can result in overpressure,
slope failure, and slope seeps along passive margins (Dugan
and Flemings 2000). Loss of sediment structure leading to
rapid compaction can also generate excess pore pressures
and trigger large submarine landslides (Urlaub et al. 2014a).
Nevertheless, the most commonly described trigger of off-
shore slope failure, at least across the Mediterranean Sea and
Gulf of Cadiz, are earthquakes (Urgeles and Camerlenghi
2013).

Most natural earthquakes result from tectonic processes
that act at geologic timescales (~1 Ma). However, other pro-
cesses acting at shorter timescales may induce Coulomb stress
changes (as small as 0.1–1 MPa) capable of triggering earth-
quakes on faults that are already close to failure (King et al.
1994). One important class of such processes comprises the

* M. C. Neves
mcneves@ualg.pt

1 Universidade do Algarve, Campus de Gambelas,
8005-139 Faro, Portugal

2 Instituto Dom Luiz, Universidade de Lisboa,
1749-016 Lisboa, Portugal

3 EMEPC - Estrutura de Missão para a Extensão da Plataforma
Continental, Paço de Arcos, Portugal

4 Louisiana State University, Baton Rouge, LA, USA
5 Instituto Español de Oceanografía, Centro Oceanográfico deMálaga,

Puerto Pesquero s/n, 29640 Fuengirola, Spain
6 Instituto de Ciencias del Mar, CSIC, GMC, P. Marítimo de la

Barceloneta 37-49, 08003 Barcelona, Spain

Geo-Mar Lett (2016) 36:415–424
DOI 10.1007/s00367-016-0459-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s00367-016-0459-1&domain=pdf


impacts of the climatic system on the tectonic system. Sea-
level changes associated with the Milankovitch cycle may
have a significant impact on the seismic cycle of nearshore
faults (Luttrell and Sandwell 2010), particularly in regions of
low tectonic loading rate such as west Iberia (Neves et al.
2015). Brothers et al. (2013) showed that Coulomb failure
stresses across fault systems of passive continental margins
may have increased more than 1 MPa during rapid late
Pleistocene–early Holocene sea-level rise, an amount suffi-
cient to trigger fault reactivation and rupture. Those authors
proposed that landslide frequency may thereby increase as a
result of rising sea level, via flexural stress loading and in-
creased seismicity rates. In contrast, it has been argued that,
once realistic uncertainties in slide ages are considered, either
there is no statistical relationship between rapid sea-level rise
and large slide frequency, or the uncertainties in age dates are
too large for such a correlation to be recognized (Urlaub et al.
2014b).

Although many different factors may precondition a slope
to fail, and many different causes for failure triggering may
coexist, it is important to determine under which conditions
sea-level rise is a good candidate to trigger earthquakes and
landslides. Neves et al. (2015) assessed the impact of sea-level
rise since the last glacial maximum (LGM) on several active
faults in Portugal. In the offshore area of SW Iberia, the con-
nection between increased seismicity and ocean loading was
investigated for the Horseshoe thrust fault (HSF) and the
Southwest Iberian Margin (SWIM) strike-slip fault (Fig. 1).
These faults belong to a vast network of NE–SW trending
thrusts and WNW–ESE trending dextral strike-slip faults that
accommodate the oblique convergence between Eurasia and
Africa through diffuse brittle deformation (Terrinha et al.

2003; Rosas et al. 2012). The impact of sea-level rise on the
Horseshoe fault was found to be extremely small, indepen-
dently of the modeling parameters. The SWIM fault, on the
other hand, experienced positive Coulomb stress changes
(0.25–0.75 MPa) at depths below 30 km, which could trigger
intermediate to deep earthquakes.

The present study extends the work of Neves et al. (2015)
to other faults along the Alentejo margin of SW Iberia. This is
a classic non-volcanic Atlantic-type margin comprising pre-
dominantly N–S and ENE–WSW trending normal fault sys-
tems developed during Mesozoic continental rifting, and
which have been reactivated in the Cenozoic by inverse tec-
tonics. There is extensive evidence of mass movements asso-
ciated with these faults, as demonstrated throughout this work.
Several studies in the area have considered landslides and
turbidite records as proxies of paleoseismic activity (Gràcia
et al. 2010; Masson et al. 2011). Recently, deep drilling during
IODP Expedition 339 at Site U1391 revealed the existence of
several debris flow events interbedded within the sedimentary
succession of the Alentejo margin (Hernández-Molina et al.
2016). Thus, mass movement deposits along the Alentejo
margin seem to be even more conspicuous than previously
thought, making this an ideal setting to test the causal relation-
ship between sea level-induced earthquakes and submarine
landslides. The main objectives of this study are to (1) model
the plate bending due to sea-level rise since the LGM in order
to explore the possible relation between identified slope fail-
ures and sea level-induced fault ruptures, and (2) evaluate the
Coulomb stresses due to sea-level rise on specific target faults,
in the context of a broader search for preconditioning factors
and trigger mechanisms of Holocene slope failure and mass
movement.
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Fig. 1 Simplified tectonic setting
offshore SW Iberia including the
Alentejomargin. Shaded relief:
w3.ualg.pt/~jluis/mirone/data_
links. Fault traces: QAFI database,
www.igme.
es/infoigme/applications/qafi. TAP
TagusAbyssal Plain,HAP
HorseshoeAbyssal Plain,GB
Gorringe Bank,PSF Pereira de
Sousa fault,MPFMarquês de
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Small dotsEpicenters (Mw>3.5) in
the period 1964–2015 (ISC
database, www.isc.ac.uk). Focal
mechanisms: Pro et al. (2013).
ColoreddotsLocations of sediment
cores onHAP (Gràcia et al. 2010)
and TAP (Masson et al. 2011), and
of gravity cores in theMPF area
(Vizcaino et al. 2006)
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Earthquakes and landslides

Regarding seismic activity, the area offshore SW Iberia is
dominated by low- to moderate-magnitude events
(Mw≤6.0), although large and destructive earthquakes have
nucleated here (Fig. 1). Recent data based on dense, high-
quality broadband networks have shown that most earth-
quakes occur in well-defined clusters, but only a few coincide
with geologically mapped faults (Custódio et al. 2015). An
important part of the instrumental seismicity occurs in the
vicinity of the Horseshoe (HSF), Gorringe (GRF) and
Marquês de Pombal thrust faults (MPF; Fig. 1). This is also
the probable source area of the 1755 Lisbon earthquake and
tsunami (Baptista et al. 2003). Fault slip rates in this region,
based on thin-sheet neotectonic models, are estimated to be in
the range of 1 to 2 mm/year (Cunha et al. 2012). These values
are in agreement with low rates of tectonic loading inferred
from geological data onshore western Iberia (Cabral 2012),
and support the prediction of long recurrence intervals
(~3,600 years) for large-magnitude (Mw=8) earthquakes in
the Gulf of Cadiz (Matias et al. 2013).

The largest landslides are associated with the GRF and
MPF (Fig. 1). On the Gorringe Bank (GB) several slide scars
have been identified on both flanks, but the largest one is
located on the northern flank at 2,900 m water depth. This
feature is related to a 225 m thick debris avalanche that was
probably triggered by an earthquake in the late Quaternary
(Iacono et al. 2012). Landslides have also been reported in
the central part of the MPF, where a major slide scar has been
identified at 2,575 mwater depth. The related mass movement
deposits consist of a translational slide to the north and a
debris flow to the south (Vizcaino et al. 2006). Instability
processes have been recognized along the Pereira de Sousa
fault (PSF), an NNE–SSW normal fault inherited from
Mesozoic rifting (Fig. 1; Gràcia et al. 2003; Terrinha et al.
2003). The present study reports further evidence of an exten-
sive area of slope failure adjacent to the PSF that has been
recently discovered (Roque et al. 2015). This is the area of the
Sines contourite drift deposited by theMediterranean Outflow
Water circulation around the continental slope of the Alentejo
margin (Hernández-Molina et al. 2016).

Evidence supporting the connection between earthquakes
and landslides comes mainly from turbidite records in the
Tagus (TAP) and Horseshoe abyssal plains (HAP; Fig. 1).
Lebreiro et al. (1997) were the first to suggest that the em-
placement of late Quaternary turbidites on the HAP was not
directly linked to sea-level changes, but probably to seismic
activi ty. Gràcia et al . (2010) applied a turbidite
paleoseismology approach offshore SW Iberia for the first
time along a slow-convergent margin, to determine the recur-
rence interval of large earthquake events during the Holocene.
Turbidite paleoseismology relies on the assumption that tur-
bidity currents that are generated simultaneously in different

areas cannot be generated by purely sedimentological process-
es, but must have an external trigger (Goldfinger et al. 2003).
In seismically active regions, the most likely trigger is a large
regional earthquake. Accordingly, Gràcia et al. (2010) pro-
posed that earthquakes are the most likely triggering mecha-
nism for the widely separated synchronous turbidites found on
the HAP and TAP. A thorough analysis of strategically located
sediment cores (Fig. 1) allowed them to establish the chronol-
ogy of the turbidite deposits, and to conduct a synchronicity
test integrating data from previous studies (Vizcaino et al.
2006). The results revealed a record of episodic deposition
of turbidites with a total of seven widespread (E1, E3, E5,
E6, E8, E9, and E10) events during the Holocene (Fig. 2).
Some of the most recent events correlate with the most impor-
tant historical earthquakes in the area (e.g., events E1 and E3
correlate with the 1969 and 1755 earthquakes, respectively).
Based on the turbidite frequency, Gràcia et al. (2010) pro-
posed a recurrence interval of approximately 2,000 years for
the large earthquakes.

Masson et al. (2011) presented further compelling evidence
of seismic triggering of landslides and turbidity currents along
the SW Iberian margin. Their study demonstrated that
turbidites emplaced at 6,600 and 8,300 cal yr BP on the
TAP correlate with erosional hiatuses in two submarine
canyons on the continental margin. The synchronous
landslides in both canyons require regional triggers
interpreted as earthquakes. On the basis of radiocarbon ages,
Masson et al. (2011) associated their three youngest turbidites
with events E8 (6,690 cal yr BP), E9 (7,880–8,145 cal yr BP)
and E11 (10,175–10,425 cal yr BP) of Gràcia et al. (2010;
Fig. 2). The only event that was directly associated with sea-
level changes was E9, which occurred immediately after the
8.2 ka climatic event (Gràcia et al. 2010). However, previous
events (E10, E11, E12, and E13) may also be associated with
rapid sea-level changes via the impact of ocean loading on the
seismic cycle of nearshore faults. Neves et al. (2015) estimat-
ed that in Portugal, even in the offshore area, the stress accu-
mulation rate due to regular tectonic forcing is of the same
order as the loading rate due to sea-level rise since the LGM.
Hence, there is a plausible cause and effect link between sea
level-induced earthquakes and landslides in this region.

Materials and methods

Acoustic data

Previous studies based on acoustic-backscatter maps, high-
resolution bathymetry, and seismic profiles already provided
comprehensive interpretations of the MPF slide deposits
(Gràcia et al. 2003; Vizcaino et al. 2006). Therefore, the focus
of the present geomorphological analysis is on the central part
of the Alentejo margin, more specifically on the area of the
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PSF and Sines contourite drift (Fig. 3). Here, new evidence of
present and past mass movements has been revealed by
multibeam bathymetry and seismic reflection data.

Multibeam bathymetry data correspond to a 100 m cell-
sized grid obtained from the SWIM compilation (Zitellini
et al. 2009). Seismic profile CL01 (Fig. 4) was acquired in

2014 during the MOWER cruise within the framework of the
CONDRIBER project, using a G-GunII airgun system (610 cu
in with three clusters and 910 cu in with one cluster) and
shooting rate of 6.0 and 10.0 s. The streamer SIG had three
channels with 40 hydrophones each, and was 250 m long. The
lithological information and chronostratigraphic framework of

Fig. 3 Detailed SWIMmultibeam bathymetry (Zitellini et al. 2009), and
geomorphologic interpretation of slope failure in the Alentejo margin. SD
Sines contourite drift, PSF Pereira de Sousa fault, MPF Marquês de
Pombal fault, SVC St. Vicent Canyon. The locations of Site U1391-

IODP Expedition 339 and seismic line CL01 (cf. Fig. 4) are also
shown. Red and yellow dots Locations of sediment cores of Gràcia
et al. (2010) and Vizcaino el al. (2006), respectively
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Fig. 2 Chronology of turbidite events (E3–E13) presented by Gràcia
et al. (2010) based on piston cores (G1–G4) and gravity cores in the
MPF area (Vizcaino et al. 2006). Darker gray bars Seven widespread
turbidite events detected by Gràcia et al. (2010) in cores from at least two

depositional areas. The three events recognized byMasson et al. (2011) in
the TAP area correlate with E8, E9, and E11. Sea-level curve Preferred
ice-volume equivalent sea-level solution from Lambeck et al. (2014)
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the Alentejo margin were provided by IODP Expedition 339
results (Hernández-Molina et al. 2016).

Flexural modeling

The present study uses numerical models of plate flexure
in response to ocean loading to evaluate the impact of sea
level-induced stresses on crustal fault systems. About
21,000 years ago during the LGM, the global mean sea
level was ~120 m below the current level and it has been
rising ever since (Peltier and Fairbanks 2006). To model
the bending of the lithosphere in response to this vertical
water load, this study considers a thick elastic plate over a
Maxwell viscoelastic half-space representing the astheno-
sphere. The plate deflection and the 3D stress tensor are
calculated using the method originally developed by
Smith and Sandwell (2003) to model the earthquake cycle
along the San Andreas Fault system, and later adapted to
compute the ocean loading effects on nearshore fault sys-
tems (Luttrell and Sandwell 2010). Since the focus does
not lie on the absolute state of stress, but rather on stress
perturbations at the timescale of eustatic oscillations (104–
105 years), stress components that act over different time-
scales, such as tectonic stress, are neglected. The response
of an elastic plate to a surface load only involves signif-
icant bending when the wavelength of the load is compa-
rab le to the f lexura l wave leng th of the pla te .
Consequently, the critical factor in the model is the elastic
plate thickness (Te). The larger the elastic plate thickness,
the larger the flexural wavelength and consequently, the
more widespread the stress perturbations around the
coastline (Neves et al. 2015).

Studies addressing the mechanical and rheological struc-
ture of the SW Iberia margin suggest mechanical coupling

between the crust and upper mantle, and the existence of a
strong brittle plate. Flexural models based on gravity anoma-
lies indicate an elastic thickness of at least 30 km in the
Gorringe Bank area (Jiménez-Munt et al. 2010), and of about
35–50 km offshore the Alentejo margin (Cunha et al. 2010).
These values compare well with elastic thicknesses obtained
in other oceanic areas of similar age (Te=35±15 km for a
140 Ma old plate; Watts et al. 2009). The present study as-
sumes Te=40 km, an intermediate value within this
established range. Other model parameters are the Young’s
modulus (70 GPa), the Poisson’s ratio (0.25), and the half-
space viscosity (1020 Pa s) corresponding to a Maxwell relax-
ation time of 200 years (Luttrell and Sandwell 2010). Given
the load timescale (~104 years), only the fully relaxed re-
sponse of the plate is examined. Once the stress in response
to ocean loading is calculated, the induced 3D stress tensor is
used to estimate the seismic potential of suitably located
faults.

The seismic potential of a given fault is estimated by
calculating the Coulomb stress changes (King et al. 1994)
given by Δσc =Δτ + μΔσn, where Δτ and Δσn are the
shear and normal stress changes on a fault plane, and μ is
the effective coefficient of friction. The effective coeffi-
cient of friction incorporates the effect of pore pressure,
and ranges between 0 and 0.75 for most rock types
(Cocco and Rice 2002). Luttrell and Sandwell (2010)
and Neves et al. (2015) have shown that uncertainties in
fault parameters, such as dip angle and friction coeffi-
cient, are of second order relative to the effects of elastic
plate thickness and fault location relative to the coastline.
The dependence of the Coulomb stress changes on the
elastic plate thickness has been computed for several fault
locations by Neves et al. (2015). In general, faults affect-
ed by flexure experience linear increases in Coulomb

Fig. 4 Interpreted seismic line CL01 crossing the Sines Drift showing
evidence of mass transport deposits (based on Hernández-Molina et al.
2016). Q Quaternary, MPD mid-Pleistocene discontinuity, BQD base of

Quaternary discontinuity, mmultiple, U1391 proj. projected Site U1391-
IODP Expedition 339
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stress change with increasing elastic plate thickness (Δσc
varying between 0.1 and 0.5 MPa for Te varying between
25 and 55 km).

Results

Mass movements

The region of the Sines contourite drift affected by slope fail-
ure is ~52 km long and 34 km wide (Fig. 3). Failure is most
intensive in the western sector of this drift, perched on the
footwall of the PSF. In the head area, a succession of step-
like scarps oriented NE–SW to NNE–SSW and extending
over 15 km can be seen. Smaller slide scars oriented NNW–
SSE and as much as about 5 km long show the typical amphi-
theater shape. Several mounded bodies, interpreted as mass
movement deposits, can be observed at the foot of scarps.

Seismic profile CL01 (Fig. 4) illustrates how mass move-
ment processes affect the Quaternary sediments. The main
sedimentary facies consist of calcareous muds with interbed-
ded minor sandy layers (Hernández-Molina et al. 2016). The
mass movement deposits correspond to rotational slides with
stratified parallel acoustic facies and slumps with chaotic fa-
cies. The slide scar at 1,282 mwater depth displays a concave-
upward shape suggesting rotational movement.

Coulomb stress

The Coulomb stress changes are resolved along hypothetical
fault planes subdivided into twomain classes: (1) thin-skinned
sub-vertical faults typical of sedimentary layers, striking
roughly parallel to the coastline, and (2) large-scale crystalline
faults affecting the basement (NE–SW trending thrusts, like
the MPF and HSF, and WNW–ESE trending dextral strike-
slip faults, like the SWIM lineament). The effective coefficient
of friction for crystalline and thin-skinned faults are set to
μ=0.6 and μ=0.3, respectively, as thin-skinned faults are ex-
pected to be less capable of resisting sliding. Low frictional
strengths at shallow depths (<5 km) in sedimentary systems
are commonly attributed to a combination of weak minerals
within the fault zone and elevated pore pressures resulting
from low fault zone permeability, particularly in shale-rich
sections (Faulkner et al. 2010, and references therein). The
strike, dip, and rake of the faults were selected as being pre-
dominant in the region and demonstrative of the general re-
sults (Table 1). The Coulomb stress changes allow identifying
areas where rupture is promoted (Δσc>0) or inhibited
(Δσc<0) during and after 120 m of sea-level rise.

Themagnitude and sign of the Coulomb stresses depend on
the depth of observation. This is mainly because the patterns
of tension and compression are generally juxtaposed. Neves
et al. (2015) analyzed the distribution of stress as a function of

depth for the most important kinds of nearshore fault systems.
The present study focuses on observation depths that are com-
patible with maximum fault depths inferred from seismic pro-
files. The Coulomb stress perturbations at thin-skinned faults
are calculated at an observation depth of 3 km, hypothetically
within the sedimentary sequence (Fig. 5). However, the pat-
terns would be very similar if other depths within the sedi-
mentary sequence would have been chosen. Each pattern de-
pends on the specified strike, dip, and rake, independently of
the fault location, although the trace of the representative fault
is depicted for reference. NW–SE trending faults experience
positive perturbations near coastal areas offshore the SW
Iberian margin (Fig. 5a). Conversely, NE–SW trending faults
are unlikely to be reactivated, except in the eastern central area
of the Gulf of Cadiz (Fig. 5b). The largest stress changes
promoting shallow fault ruptures occur around the Cape St.
Vicent (Δσc~0.5 MPa) within a 60 km wide band at approx-
imately 80–100 km from the coast.

The stress perturbations at both the thrust and strike-slip
crystalline faults are computed at an observation depth of
10 km (Fig. 5c, d). This is the maximum depth at which the
NW–SE thrusts and SWIM fault are imaged in seismic reflec-
tion profiles (Terrinha et al. 2009; Zitellini et al. 2009; Rosas
et al. 2012). Model results for a deeper observation depth (35
km) can be found in Neves et al. (2015). At the depths con-
sidered here, the Coulomb stress changes are either negative
or very small (<0.2 MPa), indicating that the seismic activity
related to these faults should be either unaffected or inhibited
by flexural effects. Similar results are obtained for all NE–SW
thrusts in the area (Horseshoe, Marquês de Pombal, and
Gorringe faults), independently of the elastic plate thickness.
Consequently, large-magnitude events occurring along these
structures may actually be less frequent (or have longer recur-
rence times) during periods of sea-level rise.

In order to relate the modeled stress patterns and the
mapped slope failures, the Coulomb stress changes have also
been computed for a crustal section (P1, Fig. 6) across the
Alentejo margin (see Fig. 5a for location). The crustal struc-
ture is based on the interpretation of the IAM5 seismic profile
(Afilhado et al. 2008), selected for modeling purposes because
it is amongst the longest, deepest and best studied in the re-
gion. The main fault types in P1 are (1) thin-skinned normal
faults (dip=60°) in the sedimentary layers; (2) crystalline nor-
mal faults (dip=60°) in the continental crust beneath the con-
tinental shelf and slope; and (3) crystalline normal faults
(dip=120°) in the oceanic crust. All these faults are assumed
to strike at directions nearly parallel to the coastline. The
Coulomb stress changes calculated for these fault types are
displayed at four corresponding domains numbered 1 to 3 in
Fig. 6. The cross-sectional model shows that rupture is pro-
moted for thin-skinned faults at shallow depths and inhibited
for crystalline basement faults, regardless of fault dip. Thus,
variations in dip angle (30–80°) are of second order relative to
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other effects such as the fault location and orientation.
Basement faults, particularly in the oceanic crust, are predict-
ed to experience negative stress changes (Δσc < –0.5 MPa).
Across the continental slope, where the sediment thickness
can be highly variable, the results for thin-skinned faults have

been extended downward and displayed down to a depth of
~5 km (region above domain 2). The largest positive Coulomb
stress changes occur in this region, within ~100 km from the
shoreline, and are maximum in the top 3 km at ~20–80 km
from the shelf edge.

Fig. 5 Coulomb stress changes induced by sea-level rise resolved along
a NW–SE and b NE–SW trending normal faults in the sedimentary
layers, c NNE–SSW thrust faults (e.g., GRF, HSF, MPF) and d strike-
slip (SWIM) faults in the crystalline basement. Elastic thickness (Te): 40

km. Observation depth Z: 3 km in sedimentary layers, 10 km in basement.
Positive (red) stress changes promote fault rupture and negative (blue)
stress changes inhibit fault rupture. The location of crustal section P1 (cf.
Fig. 6) to the north of seismic profile CL01 (Fig. 4) is shown in a

Table 1 Fault parameters used to
compute Coulomb stress changes Region Strike Dip Rake Friction (μ) Figure

Sedimentary layers, normal faults –45° 60° –90° 0.3 Fig. 5a

45° 60° –90° 0.3 Fig. 5b

Crystalline crust, thrusts: MPF, HSF, GRF 23° 35° 90° 0.6 Fig. 5c

Crystalline crust, strike-slip: SWIM 105° 90° 180° 0.6 Fig. 5d

Thin-skinned, domain 1 20° 60° –90° 0.3 Fig. 6
Basement, domain 2 20° 60° –90° 0.6

Basement, domain 3 20° 120° 90° 0.6

Geo-Mar Lett (2016) 36:415–424 421



Extrapolation of the above results to seismic profile CL01
(Fig. 6) shows that the Coulomb stress changes are positive
and practically uniform (Δσc~0.8–1.0 MPa) along the whole
extent of the seismic profile. As the induced stress perturba-
tions are uniform along a relatively large region (~100 km
wide), it is evident that other preconditioning factors are re-
quired to explain local ruptures. Moreover, as positive pertur-
bations of thin-skinned faults can cause only small earth-
quakes, the modeled flexural effects are unlikely to induce
large simultaneous submarine landslides and synchronous,
widely separated turbidites.

Discussion and conclusions

The analysis presented above suggests that the most plausible
explanation for large-magnitude earthquakes, capable of pro-
ducing widespread and synchronous turbidites, is regular tec-
tonic loading rather than sea level-induced flexure. Large-
magnitude earthquakes offshore SW Iberia are expected to
be generated by major active NE–SW trending thrust faults,
which are only affected by very small or even negative
Coulomb stress changes (Fig. 5c). Thus, the large-scale thrust
faults in the area owe their seismicity to purely tectonic earth-
quake cycle factors, and are probably as much a hazard today
as they have been throughout the Pleistocene–early Holocene
(Neves et al. 2015). However, the available evidence is insuf-
ficient to refute the link between sea-level rise and the timing
and frequency of mass transport deposits. The models also
show that the extra load created by sea-level rise is a good
candidate to explain shallow fault ruptures (depths<5 km) in
the continental slope and upper continental rise (Fig. 6). In that
case, shallow translational (small) landslides coeval with
small-magnitude earthquakes tend to become more frequent
during and immediately after sea-level rise. This supports the

argument of Brothers et al. (2013) that worldwide submarine
mass transports are more numerous during the rapid late
Pleistocene–early Holocene sea-level rise between 15 and 8
ka. Shallow ruptures promoted by sea-level rise are predicted
to be widespread along the continental margin. It is, therefore,
possible that multiple mass transport deposits could be trig-
gered by distinct but almost simultaneous fault ruptures. In
fact, the uncertainties on the age determination (260–550
years) of the widespread turbidites sampled in the SW Iberia
margin (Gràcia et al. 2010) are larger than the recurrence times
of relatively small mass failures (40 years for failures >1 km3)
estimated from landslide size distributions over the
Mediterranean Sea and Gulf of Cadiz (Urgeles and
Camerlenghi 2013).

On the contrary, deep crystalline faults affected by negative
Coulomb stress changes should have their regular seismic
cycle delayed. The frequency of large earthquakes associated
with deep fault ruptures is therefore expected to decrease dur-
ing periods of sea-level rise. If large landslides were a direct
consequence of large earthquakes, then the present results
support the argument that landslides are actually less frequent
during sea-level rise (or more frequent during sea-level fall).
This would be in clear contradiction with Brothers et al.
(2013), but in agreement with other inventories of dated sub-
marine slides (Maslin et al. 2004; Owen et al. 2007; Lee
2009). Urgeles and Camerlenghi (2013) point out that, from
the 696 mass transport deposits compiled in the
Mediterranean Sea, only 70 have relatively accurate age de-
terminations, but those available suggest that the largest fail-
ures occur during lowstand periods. They also emphasize that
the database is biased toward landslide events of large magni-
tude, mainly because larger landslides are most easily detected
and tend to attract more interest.

The statistical analysis of landslide databases also re-
veals that the largest slope failures occur along passive

Fig. 6 Coulomb stress changes resulting from 120 m of sea-level rise
along crustal section P1 (see Fig. 5a for location). The Coulomb stress
scale bar is the same as in Fig. 5. Fault rupture is promoted in the
sedimentary layers (domain 1) but inhibited in the crystalline crust.

Shallow basement faults having a lower than usual frictional resistance
to slip (μ<0.6) may also be reactivated (red region above domain 2). The
extent of seismic profile CL01 is depicted for comparison
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margins, where earthquakes of large magnitude are
scarce and recurrence intervals are typically very long
(Urgeles and Camerlenghi 2013; Urlaub et al. 2013).
The evidence suggests that, along these margins, process-
es other than earthquakes that precondition the slope for
failure become more important than the eventual trigger-
ing processes (Scholz et al. 2016). For instance, in the
case of the Alentejo margin, the present interpretation
indicates that the nature and physical properties of sedi-
ments are an important preconditioning factor. The
Pliocene–Quaternary record of the Alentejo margin is
dominated mostly by the deposition of contourite sedi-
ments corresponding to calcareous mud interbedded with
minor sandy layers, turbidites, and debrites (Hernández-
Molina et al . 2016). According to Laberg and
Camerlenghi (2008), the occurrence of mass movements
in contourite drifts is partly favored by the composition,
distribution and physical properties of the sediments
themselves. These sediments are typically characterized
by high sedimentation rates and high values of water
content, plasticity index and porosity, which make them
prone to slope failure and mass movements. This could
explain, at least partially, the extensive area of the Sines
contourite drift on the Alentejo margin affected by slope
failure.

Moreover, since paleo-earthquakes are revealed from tur-
bidites and mass movement deposits, their own existence is
concealed behind other major potential factors controlling ini-
tiation of slope failure. According to the present results, the
occurrence of landslides along the Alentejo margin may either
increase (if triggered by shallow fault ruptures) or decrease (if
triggered by deep fault ruptures) as a result of sea-level rise.
The analysis of landslide databases searching for statistically
significant patterns, trends or clusters in landslide frequency is
unable to resolve this ambiguity. Instead, the search for trig-
gering mechanisms and preconditioning factors of slope fail-
ure needs to be made locally on an individual basis. Slope
stability analysis and numerical modeling is the best way to
effectively determine the relative importance of endogenic
(for example, steepening from tectonic, diapiric or erosional
activity, excess pore pressure, the presence of weak layers,
hydrate dissociation) versus exogenic (particularly earthquake
loading) processes in conditioning a slope for failure. The
present work reinforces the need to conduct integrated studies
on specific targets offshore SW Iberia in order to establish
with confidence if paleo-earthquakes are the final trigger of
the observed mass movement deposits and turbidites and, if
so, provide insights into the relative forcing of sea-level rise
and regular tectonic loading.
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