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Abstract 

We present a multidisciplinary study of the seismic stratigraphy, sedimentology, geochemistry 

and magnetism to characterize the Quaternary mass movement deposits (MMD) and the 

associated deformation in the Portimão Bank (Gulf of Cadiz, offshore SW Iberia).  Two scales 

of approach have been applied. At large-scale (m to km) approach, were recognized and 

characterized a series of important and subsequent slide scars (tens of meters high) and MMD 

(the larger one with 10 km length) related to landslides, more prominent at Portimão Bank’s 

southern flank. At small-scale (cm) approach, we point out on a piston core collected within a 

scar affected by MMD, a replication of the sedimentary column as evidenced by 

geochronological results and corroborated by sedimentology, geochemistry and magnetic data. 

Magnetic fabric data enabled the identification and characterization of the internal structure and 

deformation of MMD along the sedimentary column. For last, geochronology and the 

morphology of Portimão seamount are discussed in order to constraint the factors controlling 

MMD triggering. The multidisciplinary approach is useful in a better characterization of the 

MMD at different scales and improved the understanding of its dynamics. 

1. Introduction 

Submarine slope failure and associated mass movement deposits (MMD) are common processes 

worldwide, found at all scales and water depths in different sedimentary environments. Such 

geological processes are specially favored where sedimentation is dominated by rapid 

accumulation of sediments, such as in river delta fronts and fans, fjords, shelf break, continental 

slopes, and also in submarine canyons and on volcanic island flanks (e.g. Mienert et al., 2005; 

Masson et al., 2006; Alves and Cartwright, 2009; Ramalho et al., 2015; Silva et al., 2012, 2018; 

Quartau et al., 2015; Gavey et al., 2017; Sun et al., 2018). 

These processes are long known as potential geohazards that may have high economic and 

societal consequences (e.g. Mosher et al., 2004), capable of damage or destroy seabed 

infrastructures (e.g. hydrocarbon exploration platforms, pipelines and telecommunication 

cables), marine ecosystems (including the ones essential for fisheries) and triggering tsunamis 
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that might pose at risk coastal areas and communities (e.g. Tappin et al., 2001; Dan et al., 2007; 

Kopf et al., 2016; Omira et al., 2016). Furthermore, slope failure and resulting MMD account 

for almost instantaneous transference of great volumes of sediments and organic material from 

shallow to deep water settings, contributing to a great proportion of the sedimentary successions 

that build-up continental margins (e.g. Talling et al., 2007; Boyd et al., 2010; Giles et al., 2010). 

This aspect leads the hydrocarbon exploration industry to realize the economic importance of 

these processes (e.g. Moscardelli et al., 2006; Beaubouef and Abreu, 2010; Cardona et al., 

2016). 

Submarine slopes failed when the shear stress overcomes the shear strength of marine sediments 

(e.g., Lee and Baraza, 1999; Lee et al., 2007). Several mechanisms have been considered as 

capable of decreasing sediments’ shear strength and thus triggering mass-movements in marine 

environments, among which the most frequently referred are: i) ground acceleration due to 

earthquakes; ii) overloading due to high sedimentation rate; iii) instability related to steep 

slopes; iv) gas hydrates dissociation; and v) elevated pore pressure due to fluid accumulation 

within sediments (e.g. Talling et al., 2014 and references therein). Commonly, the mentioned 

triggers operating at shallower depths are storm waves, tsunami waves and floods (Talling, 

2014). However, the identification of triggering mechanisms for large slides occurring in low 

slope (<2º) context and in areas without seismicity remains controversial. This leads several 

authors to hypothesizing that in such settings failure can be driven by physical properties and 

geotechnical characteristics of sediment itself without any external trigger intervention (e.g. 

Urlaub et al., 2014). During the last decade, the presence of "weak layers” within the 

sedimentary column has been invoked to explain the predisposing of certain areas to failure (e.g. 

Lee et al., 2007; Lee, 2009; Locat et al., 2009; Masson et al., 2010). However, the identification 

of the triggering mechanism responsible for past mass movement events remains a difficult task 

to perform and sometimes speculative (e.g. Shanmugam, 2015). 

Submarine mass-movements have been traditionally studied in a broad scale by means of 

multibeam bathymetry analysis and seismic reflection interpretation and in a detailed scale by 

classical sedimentological analysis (e.g. Lastras et al., 2004; Mulder et al., 2006; Henrich et al., 
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2008; Masson et al., 2011; Li et al., 2017; Brooks et al., 2018). Recently, some few works 

conducted on Integrated Ocean Drilling Program (IODP) cores with some hundreds of meters of 

length identified intervals with significant changes of shape and orientation of the sedimentary 

petrofabric as inferred by studies of anisotropy of magnetic susceptibility (AMS). Such results 

were interpreted as an evidence of deformation associated with landslides (e.g., Meissl et al., 

2011; Kanamatsu et al., 2014; Novak et al., 2014). Moreover, AMS studies have been applied to 

marine sediments as a powerful tool to the determine oceanic bottom currents (e.g., Hamilton 

and Rees, 1970; Ledbetter and Elwood, 1980; Kissel et al., 1998; Liu et al., 2001; Parés et al., 

2007; Hassold et al., 2006; Kanamatsu et al., 2009), appearing as a reliable tool to complement 

detailed characterization and description of sedimentary records (e.g., Hrouda, 1982; Tarling 

and Hrouda, 1993; Borradaile and Henry, 1997). 

With this study, we intent to bring new insights about the development of submarine MMD and 

their mechanical deformation. For that, we selected the Portimão Bank (Fig. 1a), a submarine 

E–W elongated structural high located in the Gulf of Cadiz offshore southern Portugal (Terrinha 

et al., 2009). In this area, preliminary works, supported by acoustic and seismic methods 

allowed the identification of slide scars and MMD (Mulder et al., 2009; Vázquez et al., 2015). 

We conducted on the sediments a multidisciplinary and detailed study comprising, bathymetric 

and seismic data as tools to characterize the main morphological aspects of Portimão Bank 

(broad-scale approach), and sedimentological, geochemical and magnetic analyses on a piston-

core from the center of one scar to decipher the mechanical deformation (small-scale approach). 

2.  Geological setting  

2.1. Tectonic framework 

The Gulf of Cadiz is located in the SW Iberia margin, nearby the Nubia (Africa)–Eurasia 

(Iberia) plate boundary (Fig. 1a; e.g. Purdy, 1975; Zitellini et al., 2009). This region is present-

day characterized by the northwest-southeast convergence between the Eurasian and Nubian 

plates at a rate of 3.8–5.6 mm/yr (e.g., Nocquet and Calais, 2003; Neres et al., 2016). The SW 
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Iberia margin has long been recognized as a high potential hazardous area due to seismogenic 

and tsunamigenic activity (e.g. Baptista and Miranda, 2009; Zitellini et al., 2009), and slope 

instability (e.g. Baraza et al., 1999; Gràcia et al., 2003; Vizcaino et al., 2006; Lebreiro et al., 

2009; Masson et al., 2011). 

The Portimão Bank was formed during the Mesozoic rifting as a graben bounded by E-W 

normal-faults (Fig. 1b). These structures were inverted during the Alpine cycle as thrust-faults 

and reactivated as a pop-up structure during the Pliocene-Quaternary convergence between 

Africa and Eurasia plates (Terrinha et al., 2009). Present-day, the southern boundary of the 

Portimão Bank is characterized by a dextral transpressive fault while its northern boundary 

underwent local extension related to a releasing bend formed by the basement fault (Terrinha et 

al., 2009). The morphological expression of these structures consists of escarpments bounded by 

the D. Carlos Valley to the north and Cadiz Valley to the south, giving to Portimão Bank an E-

W elongated relief that deepens westwards from about 1400 m to 3400 m water depth (Fig. 1c, 

d).  

2.2. Record of MMD in the Gulf of Cadiz 

Slope failure and MMD are widespread over the northern continental slope of the Gulf of Cadiz, 

being found on the continental slope, submarine canyons, flanks of seamounts and within 

contourite drifts and channels (e.g. Baraza et al., 1999; Lee and Baraza, 1999; Mulder et al., 

2006; García et al., 2015; Vázquez et al., 2015; Ducassou et al, 2016).  

Several individual and multiple rotational slumps have been identified on the continental slope 

between 140 and 675 m water depth (Baraza et al., 1999). These features range from tens of 

meters to several kilometers of extension and affect the Pliocene and Quaternary sediments. 

Individual slumps form smooth and convex reliefs on the seafloor showing alternating chaotic 

and discontinuous stratified seismic facies. Multiple rotational slumps consist of a series of 

back-rotated sediment-packages displaying discontinuous stratified seismic facies and bounded 

by inclined surfaces (Baraza et al., 1999). Other features related to slope instability, such as 
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terraces, scarps, slide scars and gullies have also been recognized on the flanks of submarine 

canyons such as Portimão canyon (e.g. Mulder et al., 2009; Marches et al., 2010). The width 

and length of these features vary from one to more than ten kilometers. More recently, were 

identified several evidences of slope instability associated with the Gulf of Cadiz Contourite 

Depositional System (García et al., 2015; Hernández-Molina et al., 2003, 2016).   

The main triggering processes are probably slope over-steepening and high sedimentation rate. 

Moreover, through the identification of numerous failure scars along channels and valleys 

flanks in the Gulf of Cadiz, several authors recognized the importance of interactions between 

the Mediterranean Outflow Water (MOW) shearing and gravity process as triggers failures at 

water depths less than 1200-1400 m (e.g., Habgood et al., 2003; Mulder et al., 2006 and 2009; 

Hanquiez et al. 2007 and 2010). At Portimão Bank the valleys that delimit its southern and 

northern limits act as a pathway for the circulation of Mediterranean Outflow Water (MOW) 

(e.g. Hernández-Molina et al., 2003). The increase of velocity and competence of the bottom 

currents favor sediment accumulation in the head of submarine structural highs accompanied by 

an increase of shear stress that could destabilize sediments, and consequently, trigger gravity 

flows. In the Portimão Bank, the occurrence of slope instability was recognized mostly by the 

presence of several slide scars on both flanks and related MMD (Mulder et al., 2009; Vázquez et 

al., 2015), which characteristics remain poorly known. 

3. Data and methods 

Dataset were obtained using multibeam bathymetry, very high-medium resolution seismic 

reflection profiles and by several analyses conducted on sediments of piston core PC07 (347 cm 

long) recovered at 2876 m water depth (Fig. 1c). In order to characterize the MMD and to better 

understand its dynamics the site of core PC07 was select within an area affected by mass 

movements imaged in the multibeam bathymetry (Fig. 1c). Multibeam bathymetry was recorded 

with an ATLAS system, and data were processed with Caris software and gridded to a 

resolution of 25 m. Seismic profiles were obtained with an airgun system having different tens 

centimeters degrees of resolution. Profiles were integrated into IHS Kingdom Suite project for 
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interpretation.  The core, for practical reasons was initially cut in three sections: 0-120 cm, 120-

250 cm and 250-349 cm, after what was photographed and described under visual inspection, 

which includes lithology, texture, sedimentary structure, color, and ichnofacies. A sediment gap 

of 12 cm (between 58 and 70 cm core depth) was observed at the uppermost section as result of 

sediment rupture and upward displacement of the upper 58 cm of sediments. A careful 

inspection reveals the absence of deformation beyond the first centimeter of the rupture (first 

two centimeters were not sampled by caution), with the sedimentary layering remaining 

subhorizontal. The core was then sampling for sedimentological, magnetic and 

geochronological analyses. Were carried out the following analyses: 

Geomorphological and seismic stratigraphy analysis. Multibeam bathymetry (25 m cell size) 

and interpretation of multichannel seismic profiles were done for the characterization of 

morphosedimentary features. For age constraints of seismic horizons, we based on the regional 

seismic stratigraphy of the Gulf of Cadiz defined by Roque (2007) and Terrinha et al. (2009). 

Water depth presented for geomorphological features imaged in multichannel seismic lines was 

calculated assuming a velocity of 1500 m/s for the water column. 

Ichnological analysis. This analysis was based on the identification of trace fossils by visual 

core inspection and digital photos analysis. The methodology proposed by Dorador et al. (2014) 

for enhancement of photos was applied, providing a better way for trace fossil recognition and 

identification. The bioturbation index (BI) defined by Taylor and Goldring (1993) was used to 

describe the degree of bioturbation observed on core PC07. 

Sedimentological analyses. These analyses were performed on 73 samples collected 

approximately each 5 cm along the core. Color sediments were determined according to 

Munsell chart reference. Grain-size analyses were performed using a Beckman Coulter LS laser 

instrument. Percentages of the main textural types (sand, silt, clay) were calculated, as well as, 

Folk (1968) statistical parameters (mean value, standard deviation – sorting and skewness) by 

using “Geometric method of moments” (Krumbein and Pettijohn, 1938; Friedman and Johnson, 
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1982) through GRADISTAT software (Blott and Pye, 2001). Sediment was classified according 

sand, silt and clay percentages (Blott and Pye, 2012). Carbonate content was estimated with an 

Eijkelkamp calcimeter, which works in accordance with the method of Scheibler. Organic 

matter was quantified by the method of loss on ignition (LOI), where about 200 mg of dry 

sediment was burned at 450ºC for two hours. 

X-ray fluorescence (XRF) geochemical analysis. The relative content of some major elements 

(Fe, Ti, Al, Si, Cl) were measured at 1 cm intervals by an Avaatech XRF core scanner. Each 

individual power spectrum was transformed by a computer-assisted deconvolution processes 

into relative contents expressed in counts per seconds (cps). The split core surface was covered 

with Ultralene1 foil to avoid contamination of the XRF measurement unit and desiccation of the 

sediment. The relative content on Fe, Ti, Si and Al (cps) has been used since these elements are 

considered to indicate terrigenous input, and Cl (cps) as an indication of the relative amount of 

water, which enable us to infer the compaction of the sedimentary column. 

Geochronology. Accelerator mass spectrometry 14C radiocarbon analyses were performed for 

five depths on monospecific samples (Globigerina bulloides) by accelerator mass spectrometry 

at Poznań Radiocarbon Laboratory (Table 1). The radiocarbon ages were calibrated by using 

Calib REV 7.0.4 program and the "global" marine calibration dataset (marine 13.14c) (Reimer 

et al., 2013). The marine dataset (marine 13.14c) uses the global marine age reservoir correction 

(R) of 400 years for the Iberian margin as proposed by Bard et al. (2005). We used 95.4% (2 

sigma) confidence intervals and their relative areas under the probability curve as well as the 

median probability of the probability distribution (Telford et al., 2004) as suggested by Stuiver 

et al. (2005) in all calibration process.  

Environmental magnetic analyses. For these analyses, performed at the Lisbon University, 171 

cubic samples (8 cm3) were collected (every 2 cm). The analyses comprise the following 

measurements: i) Low-field magnetic susceptibility (mass normalized, LF) and its frequency 

dependence (FD) at 976 and 15616 Hz; ii) Anhysteretic Remanent Magnetization (ARM) 
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acquired under the application of a direct field of 50 T and an alternating magnetic field of 100 

mT; and iii) Isothermal remanent magnetization (IRM) acquired gradually up to a magnetic 

field of 1.2 T (here considered as saturation of IRM – SIRM); iv) After SIRM acquisition was 

applied a backfield of 300 mT enabling the quantification of soft versus hard coercivity 

magnetic phases contribution to SIRM, expressed as the S-ratio (Sr0.3=IRM300mT/SIRM). The 

equipment used for all these analyses are, MFK1-FA kappabridge, magnetometer JR6 (used in 

low velocity mode), LDA-3A demagnetizer coupled with PUMP magnetizer (AGICO) and 

impulse magnetizer (IM-10-30; ASC Scientific).  

Magnetic fabrics analyses. Two types of magnetic fabrics were evaluated: anisotropy of 

magnetic susceptibility (AMS measured with the MFK1-FA kappabridge) and anisotropy of 

ARM (AARM, using the magnetometer JR6 and LDA-3A demagnetizer coupled with PUMP 

magnetizer: 100 T and 60 mT of direct and alternating magnetic fields, respectively; design 

with 12 positions). The AMS measurement yields a susceptibility ellipsoid of principal 

susceptibility axes K1, K2 and K3 (K1  K2  K3) and mean susceptibility Km=(K1+K2+K3)/3. The 

intensity and shape of this ellipsoid are characterized by the Jelinek (1981) parameters, 

corrected degree of anisotropy Pj and shape T. The parameter Pj is, at the grain scale, controlled 

by the geometry and orientation of the crystallographic system. Pj expresses the departure from 

a spherical AMS ellipsoid (Pj = 1), measuring the strength of the preferred orientation of the 

magnetic minerals in a rock. In what concerns parameter T, if 0 < T < +1 the AMS ellipsoid is 

oblate (the magnetic fabric is planar); T = +1 means that the AMS ellipsoid is rotationally 

symmetric (uniaxially oblate); if −1< T < 0 the AMS ellipsoid is prolate (i.e., the magnetic 

fabric is linear); T = −1 means that the AMS ellipsoid is uniaxially prolate. AARM fabric study 

was conducted in order to verify if AMS is recording a normal or an inverse fabric (the 

observation of a magnetic susceptibility ellipsoid whose maximum axis corresponds to the 

minimum axis of petrofabric is referred to as an inverse magnetic fabric; e.g. Rochette, 1988). 

The sampling of cores of soft sediments could induce unwanted experimental deformation 

responsible for a deviation of AMS maximum principal axes to one direction aligned with the 
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direction of plastic box penetration (e.g., Jordanova et al., 1996; Larrasoaña et al., 2011). In 

order to avoid that, each plastic box was inserted carefully in the sediment and removed after 

inserting a very thin spatula at the base of the plastic box.  

Paleomagnetic analyses. The remanence measurements were made with the magnetometer JR6 

(used in low velocity mode) on 111 samples. The progressive AF demagnetization (with the, 

LDA-3A demagnetizer) was performed up to fields of 100 mT. Obtained Characteristic 

Remanent Magnetization (ChRM) was determined by linear best-fit analyses (Kirschvink, 

1980). Paleomagnetic data were reoriented (rotation around vertical axis) to have a common 

northward declination for the three sections of the core, following the procedure of Parés et al. 

(2007).  

4. Results 

4.1. Portimão Bank geomorphology 

The overall geomorphology of the Portimão Bank is distinct from East to West regarding its 

shape and slope gradients (Fig. 1c, d). In the East, this relief shows an almost convex shape with 

two dome-like reliefs. Towards West, the Portimão Bank displays an asymmetrical morphology 

with an abrupt northern flank and a comparatively gentle southern flank. The northern flank is 

bounded by D. Carlos Valley and the southern flank by Cadiz Valley (cf. Fig. 1c and profiles in 

Fig. 1d). The D. Carlos Valley is an E-W depression ~90 km long and ~12 km wide, which 

deepens towards west from ~2300 m to ~3540 m water depth. It presents a smooth seafloor with 

gradients less than 1.5º. The Cadiz Valley is an E-W depression, which extends for over than 80 

km from ~2600 m to ~3800 m water depth, with gradients varying between 1.0º and 5.0º. Its 

width ranges from ~8.5 km in the east to ~32 km in the west. The northern flank (1600 to 2550 

m water depth) is abrupt and steep, showing slope gradients of 13º-15º, the steepest values being 

in the East (Fig. 1c, d). This flank is incised by a succession of closely spaced, arcuate, 

amphitheater-shape seafloor depressions about 1.0 to 2.1 km wide, resembling the morphology 
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of slide scars. Respective headwall scarps are located successively deeper westwards, ranging 

from about 2160 to 2630 m water depth.  

The southern flank (1800 to 2550 m water depth) displays different morphology and slope 

gradients from East to West. It is steeper (13-17º) to the East, and gentler towards West (3-7º) 

(Fig. 1c, d). Several slope instability features as slide scars and gullies are mapped. Six slide 

scars (Sc1 to Sc6) are characterized by concave-up amphitheater-shape (Table 2). Sc1 is the 

largest and highest slide scar and is characterized by a complex morphology enclosing two 

smaller slide scars, Sc2 and Sc3. The minor slide scar Sc4 is observed downslope nearby the toe 

of Portimão Bank. Slide scar Sc5 developed close to the western sidewall of slide scar Sc1. The 

second largest slide scar incising the southern flank of Portimão Bank is Sc6, located westwards 

from Sc1 and comparatively displays a simple arcuate morphology. Slide scars’ headwall scarps 

and sidewalls Sc1, Sc2 and Sc6 are also imaged in multichannel seismic lines disrupting the 

continuity of uppermost reflections (Fig. 2). Slide scar Sc6 is the largest and is shown on 

seismic record as a symmetrical depression bounded by sub-vertical sidewalls about 0.053-0.06 

s two-way travel time (TWT) (40-45 m) high. The top of eastern and western sidewalls is 

located respectively at water depths of 3.45 s TWT (2587 m) and 3.51 s TWT (2632 m). The 

almost central flat-bottom about 0.053 s TWT (40 m) deep corresponds to the exposed failure 

plane. Western sidewall of slide scar Sc2 is located at about 3.38 s TWT (2535 m) water depth 

and the headwall scarp of Sc1 at about 3.20 s TWT (2400 m) water depth. Core PC07 was 

retrieved downslope from Sc2 and on the top of a chaotic body (Figs. 1c, 2a). 

The MMD resulting from slope failures of Portimão Bank are almost absent near the toe 

northern flank and along the D. Carlos Valley but are widespread downslope of the southern 

flank, as well as at its toe in the Cadiz Valley. The larger one reaches ten kilometers of length 

and seven kilometers of width (Fig. 1c). These deposits consist of mounded bodies with an 

irregular seafloor surface. 
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Other morphologies recognized on the Portimão Bank flank consist of roughly circular to 

elliptical domes surrounded by a circular depression. The most important of these features 

corresponds to the D. Carlos salt diapir, located close to the Sc1 top (SD1 in Fig. 1c). A smaller 

elliptical dome trending NE-SW is also recognized northwestwards of the D. Carlos salt diapir 

(SD2 at Fig. 1c and Table 2). Furthermore, several elongated ridges separated by deep gullies 

forming  badland morphology are mapped southwards of the D. Carlos salt diapir 

4.2. Seismic stratigraphy  

Three seismic units, U1 to U3, from older to younger, have been distinguished based on the 

seismic stratigraphy analysis (Fig. 2). These units are deformed locally by folding and faulting 

at the top of the D. Carlos salt diapir and by the presence of wipeout acoustic zones near this 

feature. Seismic unit U1 corresponds to Late Miocene deposits, reaching an almost constant 

thickness of about, 0.3 s TWT. It is bounded at base by a high amplitude and high continuity 

reflection. Internally, this unit exhibits alternating semi-transparent and parallel-stratified 

acoustic facies, which prevailed to the top.  Seismic unit U2 is assigned to Pliocene deposits 

and is characterized by semi-transparent acoustic facies, showing discontinuous and fainted 

reflections. It reaches about 0.32 s TWT thickness. Seismic unit U3 corresponds to Quaternary 

deposits about 0.2 - 0.3 s TWT thick. This unit shows stratified acoustic facies with parallel, 

high amplitude and high continuity reflections. Within unit U3 several mass-flow deposits have 

been identified. They are characterized by the presence of (i) a mounded body, with chaotic 

facies and pinch-out terminations between 4.52 and 4.67 s TWT (~3390 to 3503 m) water depth 

and (ii) lenticular bodies, about 0.13-0.17 s TWT thickness, with semi-transparent or chaotic 

acoustic facies and pinch-out terminations (Fig. 2).  

4.3. Lithological units  

Four lithological units (A1, A2, B1, and B2) from base to top of core have been identified based 

on sedimentological parameters (color, texture, grain-size parameters and, carbonate and 

organic matter content), ichnological data and terrigenous inputs proxies (Fe, Ti, Al and Si 

elements) and amount of water proxy  (Cl element)  (Fig. 3a).  
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4.3.1. Unit A1  

It is 114 cm thick interval occurring at the base of core (347-233 cm). It consists of dark 

yellowish brown (10YR 4/2) and moderate yellowish brown (10YR 5/4) muds layers. 

Texturally it is essentially constituted by very slightly sandy clayey silt (according to Blott and 

Pye, 2012) (average percentages of 44.2% of clay, 53.4% of silt and 2.4% of sand) with a mean 

grain size of circa 4.3 µm (Fig. 3a and Table 3). The sorting (expressed by the mean standard 

deviation) and skewness are respectively 4.41 µm and -0.29, corresponding to very poorly 

sorted sediments and in general a symmetrical normal grain size distribution (exception to some 

layers at the base unit - 335cm and 343m that are fine skewed). The averages carbonate and 

organic matter contents are 24.7% and 8.4%, respectively. Terrigenous elements decrease from 

base towards the top while Cl increase. An age of 22.46 cal BP kyr is obtained at a depth of 304 

cm (Tables 1 and 3).  

This unit display low and moderated biogenic activity with differences in biogenic activity from 

base to top.  From 347 to 305 cm, no traces of biogenic activity have been found (BI = 0 or 1) 

and these sediments are almost undisturbed (Table 3). From 305 to 300 cm, is only observed 

(BI=1) the presence of a vertical pyritized burrow (Fig. 3b). From 264 to 229 cm, sediment is 

characterized by an increase of trace fossils abundance (BI=3) represented by isolated 

Planolites and several Zoophycos and by dark spots of pyrite indicating anoxic conditions.

4.3.2. Unit A2

It has been found in 53 cm thick interval (233-180 cm) overlying the A1 unit (Fig. 3a and Table 

3). The boundary between A2 and the overlying B1 unit, located at 180 cm, corresponds to a 

discontinuity surface identified as a conspicuous black, irregular and oblique surface (< 20º), 

which truncates the underlying A2 unit (Fig. 3b).  This unit is composed of much brighter colors 

than the previous one: “pale yellowish brown” (10YR 6/2) with “moderate yellowish brown“ 

layers (10YR 5/4) of predominantly silty clay sediments (Blott and Pye, 2012). They are 

characterized by an average percentage of 53.8% of clay (which is the core highest value), 
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45.5% of silt and 0.7% of sand. With the lowest mean grain-size (3.09 µm) in the core, it is 

finest unit. This unit is predominantly constituted by very poorly sorted sediments (sorting mean 

value of 4.11 µm), with exception of the 221-232 cm layer that is poorly sorted. This unit has 

the highest values of skewness (mean value of -0.16), but like unit A1, express a symmetrical 

normal grain-size distribution. The average contents of carbonates and organic matter are the 

highest values of the whole core, with 31.4% and 8.9%, respectively. This unit also shows the 

lowest values of terrigenous elements and the highest amounts of Cl of the whole core (Fig. 3a).  

Abundant trace fossils characterize this unit. From 186 to 180cm, Planolites and probably 

Thalassinoides are associated with mottled (BI=4) and oxidized sediment. Toward the top high 

biogenic activity (BI=5), mixing zone and mottled bedding with bright orange color (indicating 

highly oxidized sediment) have been observed. Two geochronological measurements (Table 1 

and 3) were determined for this unit, at 181 and 219 cm, given 5.38 cal kyr BP (corresponding 

to the youngest age achieved for the core) and 9.55 cal kyr BP, respectively. 

4.3.3. Unit B1

This unit corresponds to a 106 cm thick interval (180-74 cm) overlying the A2 unit (Fig. 3a and 

Table 3). Unit B1 is characterized by a darker hue similar to A1. It is constituted by a clear 

alternating layers of “pale yellowish brown” (10YR 6/2) and “dark yellowish brown” (10YR 

4/2) becoming homogeneous “dark yellowish brown” (10YR 4/2) towards the top of core. It 

consists predominantly, of very slightly sandy clayey silt, followed by some few layers of 

clayey silt. The average percentage of clay is 42.3%, silt is 54.6% and sand is 3.1%. The mean 

grain-size average is 4.7 µm, with sorting of 4.58 µm and skewness of -0.30, corresponding 

once more to very poorly sorted sediments and symmetrical grain-size distributions. The 

averages values of carbonates (24%) and organic matter (7.7%) contents are lower than the 

observed for unit A2. Terrigenous elements display towards the top an initial increase followed 

by a decrease while Cl shows the inverse pattern (Fig. 3a). An age of 16.84 cal kyr BP was 

obtained at a depth of 103 cm of core (Tables 1 and 3). 
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This unit displays low biogenic activity (Table 3). No trace of significant biogenic activity has 

been observed at the base (from 180 to 117 cm; BI = 0). From 117 cm to 73 cm, the low 

biogenic activity (BI = 1) is represented by an isolated vertical burrow (Diplocraterion) 

extending from 117 cm upwards to 96 cm. 

4.3.4. Unit B2  

This unit corresponds to the 62 cm thick interval located at top of the core (74-0 cm) overlying 

unit B1 (Fig. 3a and Table 3). It comprises, like the B1 unit, a general bright colors with a “dark 

yellowish brown” (10YR 4/2) layer at bottom, which turns to “pale yellowish brown” (10YR 

6/2) with some moderate “yellowish brown” (10YR 5/4) towards the top. Like unit B1, the 

texture corresponds to very slightly sandy clayey silt with some layers of very slightly sandy 

silty clay (Blott and Pye, 2012). It has an average percentage of 50.5% of silt, 46.7% of clay and 

2.8% of sand. It shows a mean grain size (<4.0 µm), a value lower than the observed B1 and A1 

units. This unit, like the other ones, is also constituted by very poorly sorted sediments (average 

of the “standard mean deviation” of 4.64 µm) and similarly, has a symmetrical normal grain-

size distribution (skewness very similar to A2 with mean values of -0.18). The averages 

carbonate and organic matter contents are 28.3% and 9.2%, respectively. This unit shows low 

values of terrigenous elements and high amounts of Cl. An age of 9.24 cal kyr BP was obtained 

at 31 cm (Tables 1 and 3).  

This unit displays high biogenic activity that increases towards the top. From 73 to 27 cm a 

BI=4-5 is represented by Ichnogenera Planolites and Thalassinoides at 27 cm, associated with a 

progressive increase of oxidation upcore and mottled bedding. A BI = 5 from 27 to 7 cm is 

characterized by an unspecific isolated vertical burrow, lighter than the surrounding sediment 

(Fig. 3b).

4.4. Magnetic analyses  

4.4.1. Vertical distribution of magnetic phases and their physical properties 

Rock magnetic analyses identify four magnetic phases with distinct coercivities for each of the 

analyzed samples of the core. According to Cumulative Log-gaussian analyses of IRM data 
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(Robertson and France, 1994; Kruiver et al., 2001) three of them correspond to soft magnetic 

components with medium destructive fields B1/2 (demagnetization field for which is reached 

half of the initial magnetization) clustered around 8, 25 and 70 mT (Fig. 4a, d). Together, they 

are responsible for circa 90% of the remanence (Fig. 4c). The remaining 10% is carried by a 

hard magnetic component with B1/2 values ranging between 300 and 400 mT. These results 

suggest (titano)magnetite (and/or its oxidized member, maghemite) and/or greigite as the soft 

magnetic components, and hematite as the hard component (e.g., Dunlop and Özdemir, 1997; 

Liu et al., 2012). For all core, the stable proportion between soft (90%) and hard (10%) 

magnetic components corroborate Sr0.3-ratio values around 0.9 (Fig. 4e). These stable values 

“along core” indicate that variations of magnetic remanence parameters (e.g., SIRM, ARM and 

their ratio) and FD rather result from changes of the granulometric state and concentration of 

the magnetic components. 

The grain size of ferromagnetic (s.l.) carriers, evaluated by FD and ARM/IRM ratio, displays 

lower values for units A1 and B1 than for A2 and B2. This implies that units A2 and B2 have 

higher amounts of ultrafine particles with superparamagnetic behavior (higher FD values) and 

fine particles within single-domain (SD) able to carry a stable ARM (higher values of 

ARM/IRM and ARM). Additionally to such overall FD evolution, high amplitude oscillations 

are observed above the discontinuity surface (between 180 and 154 cm), in general, denoting an 

increase of the ultrafine ferromagnetic content (Table 3). 

The concentration of ferromagnetic (s.l.) phases evidenced by SIRM values (Fig. 4e; Table 3), 

is lower in units A1 and B1 (SIRM values around 1.510-3 Am2/kg, except for the values 

obtained for the two samples located at the bottom of A1) than in units A2 and B2 (mean SIRM 

around 2.010-3 and 1.810-3 Am2/kg, respectively). ARM values, which are mostly sensitive to 

the concentration of small SD ferromagnetic particles, yield the same difference in 

concentration. SIRM and ARM values show a progressive increase from 330 to 200 cm. 
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Mass normalized magnetic susceptibility LF, which results from a joint contribution of all 

classes of magnetic minerals, shows a cyclic pattern along the vertical column reaching four 

minimums at approximately 34, 142, 226 and 311 cm (Fig. 4e). This distribution is distinct from 

the one observed for IRM and ARM parameters, which only depends from the presence of 

ferromagnetic carriers. Accordingly, paramagnetic minerals play an important role on the 

resultant LF signal, a result that is reinforced by the absence of any linear correlation between 

SIRM and LF values (Fig. 4b). 

4.4.2. Paleomagnetic analyses 

Alternating field - AF demagnetization of test-specimens reveals a gradual decay of the 

remanent magnetization intensity and, after elimination in some samples of a weak parasitic 

viscous component (for AF field lower than 10 mT), different behaviors have been observed 

during demagnetization. Some samples show erratic evolution of the magnetization direction. In 

the lower two-thirds of the core, a well-defined Characteristic Remanent Magnetization (ChRM) 

has been evidenced in most samples (Fig. 5a – PC7-238). That is not the case in a significant 

part of the other samples, where the Zijderveld curves are much "noisier" (Fig. 5a – PC7-74), 

allowing mostly ChRM determination only in few samples and with larger uncertainty. The 

Koenigsberger ratio Q (ratio of the remanent magnetization to the induced magnetization 

obtained by the product of susceptibility and the Earth’s magnetic field strength) presents 

interesting variation along the core (Fig. 5c): 

- At the top of the core, its value slightly increases with depth, as expected according to post-

depositional remanent magnetization lock-in process (Roberts and Winklhofer, 2004). However, 

it regularly decreases from 22 to 116 cm. This part of the core corresponds to samples showing 

noisy Zijderveld curves, but not to other particular sedimentary or magnetic characteristics. 

Surprisingly all these low Q values have been obtained in the same upper section of the core. 

This seems related to a non-identified ambient magnetic field disturbance having affected only 

this upper section.
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- An abrupt Q increase exists below 120 cm. This transition does not appear with the other 

measured data. For higher depths, Q values show more or less regular evolution (moderate 

increase or almost stable values), except between 240 and 250 cm (deformed levels – see 

magnetic fabric in section 5.4) where Q values are lower. 

Anyway, significant ChRM directions have been determined in the different sections of the 

core. Assuming an original northward direction of this ChRM (as known during the recent 

times), each one of the three sections of the core was rotated to a common northward 

declination (Fig. 5b). This restoring of the in-situ orientation of the core allows a comparison 

between principal directions of the AMS and AARM ellipsoids along the sedimentary column 

in a same initial geographical reference (subject addressed in the next section). 

The paleomagnetic ChRM inclination along the sedimentary column displays distinct patterns 

(Fig. 5d and Table 4). From the base up to 122 cm, mean inclinations values define four 

segments with distinct but coherent inclination values: i) 12.0º ± 6.2° between the base of the 

core and 270 cm; ii) 37.0º ± 2.3° between 270 and 260 cm; iii) 55.9º ± 3.8° between 260 and 

180 cm; and iv) 45.7 ± 6.7º between 180 and 122 cm; v) Above 122 cm, few data and with 

strong variations giving a mean inclination value of 64.1 ± 14.6º. 

The recent magnetic field presents an inclination around 50º (with possible secular variation of 

several degrees) for the geographical position of the core according to the International 

Geomagnetic Reference Field – IGRF2 (Thébault et al., 2015). Assuming geocentric axial 

dipole field, the inclination should be 56°. These inclination values are very distinct from the 

12º obtained at the base of the core (segment i), revealing the presence of a strong inclination 

shallowing of the paleomagnetic direction in this segment. Inclination in segments iii

corresponds to the expected inclination for this period. Segment ii presents an inclination 

between that of segments i and iii and represents to a major transition. The limit between 

segments iii and iv corresponds to the major discontinuity between A and B intervals. 
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4.4.3. Magnetic fabrics – AMS and AARM 

Obtained directions of the AMS ellipsoid, oblique relatively to the penetration direction of the 

box used for sampling, suggest that sampling induced deformation, if exist, was not significant. 

Moreover, coherent AMS mean directions were obtained after rotation to a common northward 

frame according to the results obtained from paleomagnetic measurements. 

Three fabrics have been identified based on the evolution of AMS ellipsoid characteristics along 

the core (Fig. 6):  

- Fabric F1 (between the base of the core and 270 cm) presents the highest anisotropy - Pj, 

ranging from 1.10 to 1.14. Shape parameter T values are remarkably homogeneous and 

high, around 0.92, indicating a strong flattening. The orientation of the magnetic 

susceptibility ellipsoid defines a sub-horizontal magnetic lineation NE-SW trending and a 

sub-horizontal magnetic foliation. The three principal axes are well clustered, particularly, 

the K3 ones (Fig. 6c).  

- Fabric F2 (between 270 and 180 cm) is radically different from the Fabric F1. Pj

remarkably drops from 1.13 just below 270 cm to 1.02. A similar abrupt contrast exists with 

180 cm (values around 1.08). T values are variable, corresponding to shapes from oblate to 

moderately prolate. For this sequence, the minimum principal axes K3, mainly strongly 

plunging, display an elongated distribution due to a variation of inclinations along a SW 

azimuth. This axis passes from a sub-vertical inclination to an almost horizontal inclination 

(5-10º) at 254 cm, followed by a gradual increase of the inclination up to 210 cm. This 

means that magnetic foliation locally departs from sub-horizontal bedding to almost sub-

vertical orientation. The magnetic lineation, K1 axes, mostly presents a mean sub-

horizontally NW-SE trend. However, K1 axes for samples located between 244 and 270 cm 

deviates towards NNE becoming closer to the main azimuth of F1 fabric (Fig. 6c, d). That 

represents a transition between F1 and F2 fabrics (hereinafter denominated sub-fabric F21). 

- Fabric F3 (between 180 cm and the top of the core) has some similarities with F1, namely a 

sub-horizontal magnetic foliation, NE-SW trending magnetic lineation and T parameter, 
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which have, though with some oscillations, high positive values indicating a well-defined 

oblate shape (Figs. 6b, c). Relatively to the F1 fabric, the major differences reside on lower 

Pj values (here around 1.08) with a progressive decrease in the uppermost 100 cm, and a 

lower clustering of principal axes. Samples with F3 fabric located between 180 and 150 cm 

show a preferential NW-SE alignment, i.e., as the azimuth presented by fabric F2. That 

again, shows the presence of a transition between fabrics (hereinafter denominated sub-

fabric F32), but here above the upper limit of fabric F2 domain (Fig. 6b, d).  

We noticed (Fig. 6) that the same mean declination (corresponding to the slope azimuth) has 

been obtained for K1 axes of F1 and F3 fabrics (D=214° and D=216°, respectively) and K3 axes 

of F2 fabric (D=215°). K1 axes of F2 fabric (D=332°) is slightly different to the perpendicular 

to this direction. 

The AARM ellipsoid shows similar orientations and shapes with each type of AMS fabric (Fig. 

7). The comparison between both types of magnetic fabric indicates that AMS fabric does not 

correspond to an inverse fabric, and so, obtained fabrics are independent of what class of 

minerals dominates AMS fabric (paramagnetic – here mainly clay and silt - and/or 

ferromagnetic grains). Both fabrics present the same orientation for their corresponding axes. 

The major difference appears in the degree of anisotropy, which, as usual, presents higher 

values for the AARM ellipsoid. 

5. Discussion 

The two different scales, large and small scales, approaches used for the characterization of 

MMD in Portimão Bank, allow us to discuss about the evidences for the replication of the 

lithological units, sediment dynamics of MMD, deformation of the sedimentary column and 

approach potential factors responsible for MMD triggering. 

5.1. Mass movement deposits 

It was verified that several mass movement episodes affected the Portimão Bank during the 

Quaternary. These episodes disrupted the seafloor creating slide scars and mounded 
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morphologies, interpreted as landslide deposits. Buried lobate bodies record past activity with 

chaotic facies recognized within the sedimentary succession of seismic unit U3 (Fig. 2).  Three 

domains from the source to the accumulation area have been recognized on the southern flank 

of Portimão Bank, the headwall, translational and toe domains (Figs. 1c, 2 and 8). The proximal 

domain constitutes the source area of failed material and can be correlated with the recognized 

headwall domain in the upslope area where slide scars Sc1 to Sc3 were identified. These scars 

occur westwards of D. Carlos salt diapir and are arranged in a downslope-stepped pattern. The 

minor slide scars Sc2 and Sc3 are located inside the larger scar Sc1 suggesting that they 

occurred subsequently to the main failure episode represented by Sc1. The translational domain 

extends downslope from the base slide scar Sc2 and includes the lenticular body with chaotic 

facies imaged in Fig. 2a. Considering its acoustic characteristics and configuration it was 

interpreted as a debris flow and its uppermost sediments were sampled by core PC07. The toe 

domain corresponds to the southernmost end of this body. 

5.2. Replication of lithological units 

We propose a replication of the lithological units (limit at 180 cm) to explain the vertical 

distribution of sedimentological, ichnological, magnetic and geochronologic data of core PC07 

(Table 3). Hereinafter, for simplicity, units A1 and A2 define the interval below the 

discontinuity surface (Interval A) and, units B1 and B2 the one above it (Interval B) (Fig. 3). 

The 180 cm limit represents a discontinuity surface associated with diagenetic millimetric 

laminations onlapping a darker colored surface truncating the underlying sedimentary unit. This 

discontinuity surface has been interpreted as a shear surface along which interval B slid over 

interval A. It is also important to emphasize here that unit A2, located immediately below the 

surface discontinuity, is characterized by the highest amounts of clay (54%) and water contents 

(Cl content) of this core, presenting the most favorable conditions of this core for the occurrence 

of slid. The main evidences for the replication of stratigraphic units are the followings:  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

22

Geochronological evidences (1). The youngest age (5.38 cal kyr BP) found at the top of interval 

A, immediately below the discontinuity surface at 180 cm (Tables 1 and 3). Older ages were 

obtained in the overlying interval B (9.24 and 16.84 cal kyr BP at unit B2). Moreover, the 

coherent progression of ages within intervals A and B indicates that their respective stratigraphy 

is preserved.  

Sedimentological, ichnological and geochemical evidences (2). Repetition of vertical zonation 

pattern in grain-size parameters, carbonate and organic contents, terrigenous proxies and 

biogenic activity, with A1 presenting similar characteristics with B1 and A2 with B2 (Fig. 3a). 

The distribution of the grain size shows the higher values at the bottom of each interval (around 

4 - 5 µm at A1 and B1) and the smaller ones and their tops (3 – 4 µm at A2 and B2). The 

predominance between silt and clay alternates in a similar way for each interval, silt at the base 

(A1 and B1) and clay at the top (A2 and B2). A2 and B2 show the higher carbonate and organic 

contents. Terrigenous inputs decrease from bottom to top of each interval while Cl content 

shows the inverse pattern. The biogenic activity shows an increase from bottom to top of each 

interval revealed by a) a zone with slight or no bioturbation, b) a zone with moderate 

bioturbation, c) a mottled zone with abundant trace fossil, and d) a mixing and mottled highly 

oxidized zone.  

Magnetic evidences (3). Environmental magnetic parameters indicate that intervals A and B 

underwent similar and contemporaneous chemical processes due to early diagenesis, highlighted 

by the preferential correlation between largest amount of magnetic minerals, including ultrafine 

particles, and largest proportion of silt relatively to clay (Table 3). During these chemical 

reactions, the smaller iron-oxide grains sooner experience a complete dissolution while the 

bigger grains will undergo an effective and gradual decrease of their sizes (e.g., Rey et al., 2000 

and 2005; Evans and Heller, 2003; Roberts and Weaver, 2005; Rowan et al., 2009; Roberts et 

al., 2011; Liu et al., 2012; Roberts, 2015; Duan et al., 2017). From the bottom to top of both 

intervals, A and B, these chemical effects are in line with what environmental magnetism 

records, a) gradual increase of the amount of tiny grains with superparamagnetic behavior, as 
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evidenced by the increase of FD after the first centimeters  (Fig. 4e); b) overall increase of the 

amount of ferromagnetic grains as inferred from the gradual increase of SIRM; and c) relative 

decrease of the mean grain size, as deduced from the gradual increase of ARM and ARM/IRM 

values. Once diagenesis begins as soon as sedimentary grains reach the bottom of the ocean, the 

similarity pattern observed between both intervals, can only be justified if the contact of interval 

A with the oceanic water was suddenly interrupted by superposition of interval B. This 

reinforces the vertical zonation pattern observed for the biogenic activity.  

5.3. Sediment dynamic of MMD 

The seismic stratigraphic and bathymetric analysis together with sedimentological, ichnological, 

geochemical and magnetic data of the PC07 indicate that interval B could corresponds to a 

sliding block, characterized by the preservation of its original stratigraphy and sedimentary 

structure. The presence of individual undisturbed blocks within mass movement complexes has 

been described and classified by several authors as remnant, translated or outrunner blocks (e.g. 

Prior et al., 1984; Ilstad et al., 2004; Bull et al., 2009; Gamboa et al. 2012). Among these 

hypotheses, the ones considering the interval B either as a remnant or translated blocks can be 

discarded based on two evidences. The first resides on the stratigraphic discontinuity that marks 

the contact between units A2 and B1 at 180 cm, which can be interpreted as a shear surface. The 

second, interval A appears to be in situ seafloor, being this interpretation testified by the 

oxidized part located between 180 and 230 cm and followed by the typical succession of 

bioturbation features observed beneath the seafloor and also, by the age succession. Then, 

attending to the sedimentological and magnetic characteristics of the four lithological units and 

their stratigraphic relationship the most probable explanation is to consider interval B as an 

outrunner block that suffered a short transport and has been emplaced abruptly on top of the 

adjacent seafloor. This interpretation agrees with the observations of Prior et al. (1984) who 

consider that outrunner blocks can glide freely downslope through distances up to tens of 

kilometers. Usually, they are deposited beyond the MMD toe when the outrunner block founds 

an abrupt change in the slope and stops gliding suddenly (see interpretative sketch at Fig. 8). 
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This effect may produce a slight internal rotation and deformation, and promotes a compaction 

of the underlying seafloor sediments due to the weight of the block (Ilstad et al., 2004). 

Experimental studies (e.g. Ilstad et al., 2004) showed that the essential factors ruling the 

formation of outrunner blocks are the existence of highly cohesive sediments, i.e., with high 

clay content and lubrification by hydroplaning at block’s base, as observed at the limit between 

intervals A and B (unit A2, cf. Fig. 3a). 

5.4. Mechanical deformation of sediments 

Typically, the settling of sediments in deep-seabed environments and consequent loading 

ensures a planar structure, known as sedimentary fabric and recognized in core PC07 by the 

sub-horizontal layering (Fig. 6a). AMS fabric records such pattern as an oblate ellipsoid with 

weak anisotropy Pj and maximum (K1) and intermediate (K2) principal axes distributed within 

the depositional plane, while the minimum axes (K3) resides perpendicular to this plane (e.g., 

Hrouda, 1982; Tarling and Hrouda, 1993; Borradaile and Henry, 1997; Borradaile and 

Almqvist, 2008).  

Fabric F3, observed in the upper interval B has all the characteristics of a sedimentary fabric 

(Fig. 6), deposited in quiet conditions on a slope. Its K1 axes parallel to the NE-SW down-slope 

direction, suggest a stretching related to deposition under such slope conditions. Despite an 

effect of a paleocurrent (Hamilton and Rees, 1970) parallel to the slope could not be discarded, 

the predominance of westward MOW current lead us to suggest stretching as the more plausible 

scenario. The gradual increase with depth of Pj and a decrease of Cl content reflect an increase 

of the compaction with depth as expected during ongoing lithification processes (compare 

figures 3a and 6b). 

The characteristics of fabric F3 are interrupted at the limit corresponding to the replication of 

the sedimentary column (i.e., in the transition from units B1 to A2 at 180 cm). For a segment of 

90 cm, located between 180 and 270 cm of depth, appears fabric F2, which show, lower 

anisotropy, variable shape, magnetic lineation mostly aligned at right angles with the slope trend 
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(i.e., along a NW-SE azimuth) and a mean pole of the magnetic foliation that departs from the 

vertical to oblique inclination towards SW and for some samples, almost reaching horizontal 

inclination (Fig. 6b, c). The sliding that leads to the replication of the sedimentary column 

imposed, in the segment with fabric F2, a stress regime dominated by a compression direction 

within the sedimentary layer. This compressive context, known as layer-parallel shortening –

LPS (e.g., Averbuch et al., 1992; Sagnotti et al., 1998; Larrasoãna et al., 2004; Robion et al., 

2007; Weil and Yonkee, 2009; Aubourg et al., 2010; Cifelli et al., 2015), leads to the formation 

of a new sub-fabric with foliation perpendicular to compression direction within the 

stratification plane (e.g. Graham, 1986; Cifelli et al., 2015). It is known from many geological 

settings that the superposition of sub-fabrics, as these ones, commonly results in a decrease of 

anisotropy and changes in the ellipsoid shape (e.g., Hrouda., 1982; Henry, 1997; Borradaile and 

Henry, 1997; Hrouda et al., 2000; Silva et al., 2008, 2010; Aubourg et al., 2010; Calvín et al., 

2018). Depending on the relative proportions of the subfabrics, the principal axes orientation 

can also be different (e.g., Henry, 1997; Silva et al., 2014; Cifelli et al., 2015). Considering our 

case study, superposition of sedimentary and LPS originated sub-fabrics should result in an 

intersection lineation with K1 NW-SE aligned (perpendicular to the MMD direction), a 

scattering of K3 axes around a vertical NE-SW plane (aligned with the local seamount down-

slope direction) and, a decrease of Pj and T values. All these characteristics are recognized in 

Fabric F2. Part of these characteristics (orientation of K1 axes) appears at the bottom of the B 

interval (Fig. 6d), evidencing moderate deformation also above the contact with the A interval. 

At 270 cm it is observed another abrupt fabric transition, from fabric F2 (above) to fabric F1

(below), which remains up to the bottom of the core. Fabric F1 has foliation parallel to the 

stratification but unusual high Pj values (the highest of this core) for a sedimentary fabric (e.g. 

Shimono et al, 2014; Maffione and Morris, 2017), high T values and high clustering of the 

principal axes. These characteristics suggest that this fabric also corresponds to a composite 

fabric, clearly not related to LPS but rather by a strong deformational component reinforcing a 

previous fabric F3 type with coincident axes orientation, justifying the high Pj values for a 
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composite fabric.  In order to better understand what fabric F1 records is important to compare 

it with Cl content (Fig. 3a) and paleomagnetic inclination (Fig. 5d).  As part of the lithification 

process, the increase of loading leads to an effective reduction of porosity and consequent water 

content reduction. This is confirmed by the observed Cl reduction (proxy to the relative amount 

of water). Paleomagnetic inclination obtained in this segment of the core presents values around 

12º, approximately 40º shallower than the present-day geomagnetic field inclination for the 

latitude of this region. Despite a shallow inclination of the magnetic remanence is commonly 

observed in sediments and sedimentary rocks (e.g., Deamer and Kodama, 1990; Jackson et al., 

1991; Carter-Stiglitz et al., 2006; Borradaile and Almqvist, 2008), such a difference appears too 

large for simple depositional shallowing (compare paleomagnetic data in A1 and B1 units). This 

feature suggests effect of a strong vertical compaction related to the additional vertical load 

(slide of interval B over A). Moreover, this additional vertical load could also justify the 

uncommon strong flatness, anisotropy and exceptionally good clustering of K3 axes of the AMS 

ellipsoid, but it does not explain the extremely good clustering of K1 axes. This alignment of 

K1 axes could be a relic of the initial sedimentary fabric of F3 type with K1 axes aligned along 

NE-SW down-slope direction, that was latter NE-SW stretched along the same direction due to 

the shearing effect related with the slid of interval B over A, reflecting accommodation of the 

LPS underwent by the overlying levels with fabric F2. F1 fabric could even reflect the presence 

of another discontinuity below unit A1 that should then belong itself to a MMD. Accordingly, 

the deformation within this unit should be then not only attributed to a strong additional vertical 

load but also to a stretching lineation underlined by NE-SW aligned K1 axes.

We propose that fabrics F1 and F2 within the units A1/A2 of the core, reflect different 

deformation regimes that were imposed during the replication of the sedimentary series. The 

bottom segment is characterized by strong vertical compaction in a simple shear context, while 

the top part is dominated by horizontal pure shear responsible for LPS. The lower part of the 

sedimentary sequence with fabric F2 (sub-fabric F21; segment ii in Table 4, Figs 5d and 6b and 
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d), in what concerns the compaction magnitude, represents a transition with the underlying level 

(segment i and fabric F1).  

5.5. Factors controlling MMD triggering 

The overall morphology shown by the Portimão Bank derived primarily from the structural 

control of its flanks by different type of faults. These structures conditioned the slope gradients 

of each flank, and in this way constrained their future evolution by gravity-driven processes. 

The presence of erosional (e.g., scarps, scars) and depositional (lenticular bodies) features in 

both flanks of Portimão Bank reveals that mainly slope failure processes have shaped the latter, 

although in different ways (cf. Fig 1c and interpretative sketch at Fig. 8). 

The northern flank is abrupt and steep slope (13º-15º) mainly due to its strong structural control 

by a blind thrust-fault that folded and uplifted the sediments during the Pliocene and Quaternary 

(Terrinha et al., 2009). The resulting steep slope evolved through the development of a series of 

small (1.0 - 1.2 km wide), closely spaced and coalescent slide scars (Fig. 1c). The dislodged 

sediments were most probably transported down-slope into the D. Carlos Valley, but they are 

absent on present-day seafloor. This could be due to the small volume of displaced sediments as 

suggested by slide scars’ dimensions and/or to their removal by bottom currents circulating 

there, namely the MOW.  

The more complex morphology with different slope gradients shown by the Portimão Bank’ 

southern flank seems to be controlled by an active transpressive structure and the presence of 

salt diapirs, such as the D. Carlos (Terrinha et al., 2009). This flank is strongly affected by slope 

instability in particular nearby the D. Carlos salt diapir, where several larger slide scars (up to 

6.5 km wide) and lenticular seismic bodies interpreted as MMD, testify the repeated occurrence 

of slope failure episodes through the Quaternary as revealed by bathymetric data and seismic 

profiles. The central domain of Sc1, characterized by a rough seafloor, can correspond to the 

translational domain. The distal domain located further downslope and where a lenticular and 

mounded body with chaotic facies is observed, can be interpreted as the toe domain (Figs. 1, 2, 
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8). Considering the potential triggers for sliding event that took place on the Portimão Bank 

after 5.38 cal kyr BP, we must take in consideration earthquake shaking attending that SW 

Iberia margin has been stroke by several earthquakes and tsunamis through Holocene times (e.g. 

Baptista and Miranda, 2009). Moreover, the Portimão Bank is located along an E-W epicenter 

cluster aligned with the Guadalquivir Bank (e.g. Zitellini et al., 2009). The knowledge of paleo-

seismological events in the SW Iberia has been established using as a proxy the synchronicity of 

widespread turbidites and debris flows events identified in separately basins (Vizcaino et al., 

2006; Gràcia et al., 2010). Another indirect evidence of possible paleo-tsunami occurrence 

comes from the presence of high energy deposits found in SW Spain coastal areas. They have 

been interpreted as resulting from seismically triggered events (e.g. Luque et al., 2002; Ruíz et 

al., 2005; Lario et al., 2011).  

Taking these results into account, a rough correlation can be attempted between the 5.38 cal kyr 

BP sliding event at Portimão Bank and, turbidite and tsunami events, reported by several 

authors from SW Iberia. Vizcaino et al. (2006) and Gràcia et al. (2010) found, respectively, 

turbidite events at 5.17±0.55 cal kyr BP in the Infante D. Henrique basin and at 4.960-5.510 cal 

kyr BP in the Horseshoe Abyssal Plain.  Ruiz et al. (2005) and Luque et al. (2002) recognized a 

tsunami event, respectively, at 5.30 cal kyr BP and 5.70-5.30 cal kyr BP. The sliding event at 

Portimão Bank is younger than the majority of these events, being the best correlation obtained 

with the 4.96-5.51 cal kyr BP turbidite recognized by Gràcia et al. (2010) in the Horseshoe 

Abyssal Plain. However, this very rough synchronicity is insufficient to correlate with accuracy 

both events and infer a seismic trigger for Portimão Bank’ slide event.  

Another type of potential trigger to be discussed would be the rising of D. Carlos salt diapir, 

which upward movements deformed and destabilized the covering sediments and might had 

triggered slides. Moreover, a major concentration of slide scars occurs on its southwestern flank 

close to this diapir. A possible linkage between slope instability occurrence and salt diapirism 

has been suggested in other geological settings by several authors (e.g. Cashman and Popenoe, 

1985; Popenoe et al., 1993; Tripsanas et al., 2003; Kovacevic et al., 2012; Gamboa et al., 2012). 
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According to these authors, rising of salt diapir causes over-steepening of overlying folded 

sediments making them instable and prone to failure. The flanks of the rim syncline surrounding 

salt diapirs, which results from local subsidence due to salt withdrawal, can also be the place of 

mass movement occurrence (e.g. Cashman and Popenoe, 1985; Gamboa et al., 2012). 

6. Conclusions 

With the multi-scale approach conducted on the Portimão Bank (offshore SW Iberia), it is 

possible to conclude: 

1. The morphology (Fig. 1c) of Portimão Bank is characterized in both flanks by a series of 

slide scars relatively numerous and small on the northern flank and, less numerous but larger in 

the southern flank, the larger one reaching 10 km in length and 7 km of width;  

2. Seismic stratigraphy show evidences for the occurrence of several mass movement events 

during the Quaternary, represented by lenticular bodies with acoustic chaotic facies buried in the 

sediments; 

3. Geochronological, sedimentological, magnetic and ichnological analyses, confirm that the 

sedimentary column of core PC07 presents a replication, at least the upper part corresponding to 

a MMD;  

4. Deformation associated with the sliding-replication of the sedimentary column, as revealed 

by AMS data, is accumulated below the "abnormal" contact (discontinuity surface). This 

deformation passes unnoticed with the mesoscopic analyses; 

5. In the deformed interval, the maximum axis of the magnetic susceptibility represents an 

intersection lineation perpendicular (related to layer-parallel shortening) to the sliding direction 

in the top part, but a stretching lineation parallel to this direction in the bottom part; 

6. The multidisciplinary approach proved to be useful in the better characterization of the MMD 

at different scales and improved the understanding of its dynamics. In particular, magnetic 
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fabric analyses proved to be a powerful tool in the characterization of the internal structure and 

deformation of the main MMD and underlying seafloor.  
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Figure and Table captions 

Table 1 

Geochronological results of PC07 obtained by Accelerator mass spectrometry 14C. 

Table 2 

Main morphological characteristics of salt diapirs and southern flank slide scars of the Portimão 

Bank. Length units in km. 
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Table 3  

Resume of the ichonological, sedimentological, geochemical, geochronological and magnetic 

results obtained along the PC07 sedimentary core. Values from lithofacies and rockmagnetism 

parameters represent the average of each lithological unit. 

Table 4 

Comparison of lithostratigraphic and ichonological facies with paleomagnetic (ChRM 

inclination) and AMS fabric. 

Figure 1 

a and b) Bathymetric maps showing the location of the Portimão Bank; c) Detailed bathymetric 

map showing the location of dataset used in this work. White dashed lines refer to seismic lines 

PO-01 and PO-21, the three N-S dashed yellow lines refer bathymetric profiles presented in 

figure d) and white circle correspond to the location of sediment core PC-07; d) N-S profiles 

showing the bathymetric and slope shapes. 

Figure 2 

a) and b) showing seismic profiles (A figures) and line drawing (B figures) crossing the 

Portimão Bank (see figure 1c for profiles location). a) The Late Miocene (U1), Pliocene (U2) 

and Quaternary (U) seismic units are showed. Also, instability features and MMD (e.g. debris 

flow 1 and 2) are illustrated. 

Figure 3 

a) Vertical distribution of sedimentological data of PC07 including: age (cal kyr BP); Texture 

(color scale: 1 – silty clay, 2 – very slightly sandy silty clay, 3 – clayey silt, 4 – very slightly 

sandy clayey silt, 5 – slightly sandy clayey silt); photo; percentages of sand, silt and clay; mean 

grain size (µm); skewness; sorting (µm); carbonate and organic contents (%); vertical profiles of 

the chemical elements, Fe, Ti, Al, Si and Cl, in counts per second (cps); and lithology; b) 

examples of discontinuity surface and biogenic fossils.  
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Figure 4 

a – d) Rock magnetic properties of PC07 showing the main magnetic phases. a) Gradual 

acquisition of Isothermal Remanent Magnetization – IRM experiments; b) Saturation of IRM –

SIRM versus Low field magnetic susceptibility, mass normalized; c) Medium destructive 

magnetic field B1/2 versus the contribution of each magnetic phase to the SIRM signal; d) 

Cumulative Log-gaussian analyses of IRM data (Robertson and France, 1994; Kruirver et al., 

2001), LAP – Linear Acquisition Field, GAP – Gradient acquisition Plot, SAP – Standardized 

Applied field; e) Down-core evolution of environmental magnetic parameters of PC07 showing 

LF – Low field magnetic susceptibility (mass normalized); ARM – Anhysteretic Remanent 

Magnetization (mass normalized); IRM – Isothermal Remanent Magnetization (mass 

normalized); SIRM – Saturation of IRM; FD – frequency dependence of low field magnetic 

susceptibility measured at 4 kHz and 16 kHz. Sr-0.3 – S-ratio acquired after an SIRM acquisition 

with 1200 mT and a backfield of 300 mT. A core photo and a bar accompany these diagrams 

with sedimentary units.  

Figure 5 

Resume of paleomagnetic results, showing examples of the remanent magnetization evolution 

during alternating field (AF). a) Zijderveld diagrams displaying evolution of paleomagnetic 

directions along two perpendicular plans and demagnetization curves showing the 

magnetization decay along the AF demagnetization procedure; b) Stereographic projection of 

the ChRM directions after rotation of the three segments to a common northward frame; 

c) Down core evolution of the Koenigsberger ratio Q; d) Down core evolution of the ChRM 

paleomagnetic inclinations. Dashed horizontal black lines indicate limits of the intervals with 

distinct paleomagnetic inclinations, which are identified with Roman numeration. Bar on the 

right side indicate the lithological units. 

Figure 6 

Anisotropy of magnetic susceptibility fabric analyses. a) Stereographic equal area projection 

(lower hemisphere) showing the overall distribution of principal magnetic susceptibility axes of 
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the magnetic ellipsoid. K1, K2 and K3 corresponding to maximum, intermediate and minimum 

principal axes, respectively. Jelinek (1978) diagram comparing the shape (T) and anisotropy (Pj) 

of magnetic susceptibility ellipsoid. Pj versus mass normalized low field magnetic susceptibility 

LF; b) down core evolution of Pj, T, K1 azimuth (presented in the northern hemisphere) and K3

inclination with indication of Fabric F1, F2 and F3 limits. Dashed black lines indicate limits of 

the intervals with distinct fabrics, transition zones are indicated by light green. Bar on the right 

side indicate the sedimentary units; c) Stereographic projections for each type of magnetic 

fabric; d) stereographic projections of Fabrics F2 and F3 evidencing sub-fabrics of transition 

zones F32 and F21. Arrows indicate the down-slope direction;  

Figure 7 

Comparison between magnetic fabric ellipsoids achieved by anisotropy of magnetic 

susceptibility – AMS and anisotropy of anhysteretic remanence – AARM for fabrics F1, F2 and 

F3. From this comparison is well visible the similarities between orientation of AMS and 

AARM ellipsoids (a), as well their parameters Pj and T (b), highlighting a higher anisotropy for 

AARM ellipsoids. 

Figure 8 

Three-dimensional interpretative sketch showing the slide scar and respective debris flow. MTD 

– mass transport deposits; ob – outrunner blocks; tb – translated blocks. 
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Table 1

Lab code Core

depth

(cm)

Material Conv. 14C

age AD/BC (yr)

Error

(yr)

95.4 % (2σ) Cal BP

age ranges

Cal BP yr

Median

probability

Poz-67479 31.5 Foraminifera 8590 50 cal BP 9085: cal BP 9394 9244

Poz-67480 103.5 Foraminifera 14300 70 cal BP 16540: cal BP 17094 16837

Poz-67481 181.5 Foraminifera 5035 35 cal BP 5293: cal BP 5471 5383

Poz-70229 219.5 Foraminifera 8900 50 cal BP 9455: cal BP 9685 9549

Poz-70230 304 Foraminifera 18990 120 cal BP 22164: cal BP 22777 22455
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Table 2

Slide scar Width Headwall scarp depth

Sc1 6.5 2.3

Sc2 1.4 2.5

Sc3 1.4 2.4

Sc4 2.5 3.4

Sc5 1.0 2.7

Sc6 3.5 2.5

Salt diapirs Lenght/width/trend Top/heigh

SD1 – D. Carlos 7.1/5.9/NNW-SSE 2.0/0.3

SD2 2.0/1.5/NE-SW 2.2/0.1

SD3 2.8/2.0/WNW-ESE 1.8/0.1
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Table 3 

Unit Depth

(cm)

Age

(cal kyr BP) Color

Ichno-

facies

(BI)

Lithofacies Geochemical data Rockmagnetism

Main Textural types Grain size statistical parameters Carbonate 

content

(%)

Organic

content

(%)

Terrigenous

Fe, Ti, Al, Si

Input

(c.p.s)

Relative 

Water 

amount 

Cl (c.p.s.)

SIRM

(10-3

Am2/kg)

FD

(%)

ARM/IRM Ultrafine

magnetic

particles
Clay

(%)

Silt

(%)

Sand

(%)

Mean

(µm) 

StD

(µm) 
Skewness

B2

0
Layers

10YR 6/2

+

10YR 5/4

Bottom

10YR 4/2

5

46.7 50.5 2.8 <4.0 4.6 -0.18 28.3 9.2 Low High 1.8 8.5 0.08
Lower 

amount

7

31 9.24

55 4 - 5
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B1

74
Top

10YR 4/2

Layers

10YR 4/2

+

10YR 6/2

1

42.3 54.6 3.1 4.7 4.6 -0.30 24.0 7.7

Low



High

High



Low

1.6 7.0 0.05

Largest 

amount

103 16.84

117

0

140 High Low Variation
Strong 

variation
Variation

A2

180 Layers

10YR 6/2

+

10YR 5/4

5

53.8 45.5 0.7 3.1 4.1 -0.16 31.4 8.9 Low High 2.2 8.5 0.08
Lower 

amount

181 5.38

186

219 9.55 4

A1

233

Layers 3

Low



High



High



High



High



Largest 

amount264
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10YR 5/4

+

10YR 4/2

44.2 53.4 2.4 4.3 4.4 -0.29 24.7 8.4 High Low Low Low Low

300

1

High Low

1.6

6.5 0.06

304 22.46

305

0 - 1325
2.6

347

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

55

Table 4 

Core

(cm)

Ichnological intervals Lithological Units Segments

(ChRM inclination)

Fabrics

(AMS)

0 – 120

B

B2 v (64º)

F3

120 - 180 B1 iv (46°)

180 - 233

A

A2

iii (56°)

F2233 - 260

A1260 - 270 ii (37°)

270 -347 I (12°) F1

Highlights 

 Multidisciplinary characterization of Quaternary mass movement events

 AMS fabric identifies and characterizes sedimentary deformation associated with 
MMD

 Understanding of the dynamics of MMD based on magnetic fabric analyses
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