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ABSTRACT

Two Quaternary plastered contourite drifts, with terraced and low-mounded morphologies, make up the con-
tinental slope and base-of-slope in the northwestern Alboran Sea, respectively, between the Guadiaro and Banos
turbidite systems, close to the Strait of Gibraltar.

Considering their significant lateral extent, the link between the contourite drift deposits and landslides may
be particularly important for hazard assessment. The physical properties, composition and geometry of con-
tourite drifts have been proposed as key factors in slope stability, although this relationship still needs to be
better constrained. In this work, new in-situ geotechnical data (cone penetration tests; CPTu) has been combined
with morphostratigraphic, sedimentological, and (laboratory) geotechnical properties to determine the stability
of the Guadiaro-Banos drifts.

For the depositional domains of both drifts, the resulting sedimentary and geotechnical model describes low-
plasticity granular and silty sands on the erosive terraced domain that evolve seawards to silty and silty-clay
deposits with a higher plasticity and uniform geomechanical properties. For the shallower coarse-grained con-
tourite sediments, the cohesion (c’) and internal friction angle (¢’) values are 0-9 kPa and 46-30°, respectively,
whereas for the distal fine contourites the undrained shear strength gradient (VS,) is 2 kPa/m. These properties
allow us to establish high factors of safety for all the scenarios considered, including seismic loading. Slope
failure may be triggered in the unlikely event that there is seismic acceleration of PGA > 0.19, although no
potential glide planes have been observed within the first 20 m below the seafloor.

This suggests that the contourite drifts studied tend to resist failure better than others with similar sedimentary
characteristics. The interplay of several processes is proposed to explain the enhanced undrained shear strength:
1) the geometry of the drifts, defined by an upper contouritic terrace and lower low-mounded shapes; 2)
recurrent low-intensity earthquakes with insufficient energy to trigger landslides, favouring increased strength
due to dynamic compaction; and 3) cyclic loading induced by solitons/internal waves acting on the sediment.
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1. Introduction

Contourite drifts are ubiquitous sedimentary systems, usually with a
significant lateral extent and commonly associated with landslides
(Laberg and Camerlenghi, 2008; Stow and Faugeres, 2008). Sedimen-
tary instability linked to contouritic depositional systems has been
observed along many continental margins (Bryn et al., 2005; Rebesco
et al., 2014; Krastel et al., 2014; Laberg et al., 2016; Martorelli et al.,
2016; Brackenridge et al., 2020; Gatter et al., 2020). Erosive processes
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associated with bottom currents may, in fact, undermine slopes and
cause instability, but contourite sediments may also be prone to failure
because of their composition or geometry (Laberg and Camerlenghi,
2008). The development of excess pore pressure, due to high sedimen-
tation rates of fine-grained material or a high organic carbon content,
has traditionally been speculated to be an important genetic charac-
teristic closely linked to their destabilisation. Weak layers may also play
an important role, as these are where deformation may be initiated, and
along which the slip plane would form (e.g., Laberg et al., 2016;

Fig. 1. Multibeam bathymetric map displaying the
Spanish margin of the Western Alboran Basin (WAB).
Merged bathymetric data from Ercilla et al. (2016),
Fauces and Viatar projects. (A) Airgun profile from
the ICM-CSIC seismic database (http://gma.icm.csic.
es/ca/dades) showings the regional strata pattern
interrupted by turbidite systems. (B) Seismic-hydro-
graphic intersections correlating the temperature
contrast between water masses (AW, WIW + LIW,
and WMDW), the main physiographic domains and
sedimentary systems in the area. The black vertical
lines in the water column represent CTD stations and
the maximum water depth reached for each one.
Water-masses were identified using Ocean Data View
(ODV) software (http://odv.awi.de). Atlantic Water
(AW); Light Mediterranean Waters (LMW) formed by
Western Intermediate Water (WIW) and Levantine
Intermediate Water (LIW); Western Mediterranean
Deep Water (WMDW); Base of Quaternary (BQ).
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Miramontes et al., 2018). Whether these landslide-preconditioning
factors are a widespread characteristic of contourite drifts still needs
to be determined.

Bottom currents play an important role along all the Iberian conti-
nental margins, from the Mediterranean to Cantabrian Sea (Stow et al.,
2002; Ercilla et al., 2011; Palomino et al., 2011; Hernandez-Molina
etal., 2011; Casas et al., 2015; Teixeira et al., 2019; Ercilla et al., 2019a;
Juan et al., 2020). Sedimentary instability affecting the Cadiz contourite
depositional system and Sines Drift, produced by the Mediterranean
outflow water (MOW), is evidenced as slide scars and multiple slumps
(Lee and Baraza, 1999; Hernandez-Molina et al., 2003; Mulder et al.,
2003; Alonso et al., 2016; Garcia et al., 2016; Teixeira et al., 2019;
Garcia et al., 2020; Mestdagh et al., 2020). Mass wasting associated with
drift deposits is observed to the SW of Mallorca (Liidmann et al., 2012),
and particularly on the Palomares margin where the contourites are
highly affected by mass transport deposits, ranging from hundreds of
meters to a few kilometres in scale (Casas et al., 2019; Ercilla et al.,
2019b). In the Alboran Sea, where contourites are ubiquitous, local
landslides have only been mapped in the eastern areas and on the sea-
mounts; in contrast, in the western Alboran Sea, landslides seem to be
practically absent (Casas et al., 2011; Ercilla et al., 2011, 2016; Alonso
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et al., 2014).

The aim of this work is to contribute to the understanding of the
physical characteristics that explain why contourites may, or may not,
be prone to failure. The study focuses on contourites located on the
western Spanish margin of the Alboran Sea, between the Guadiaro and
Banos turbidite systems (Figs. 1 and 2), where no major sedimentary
instabilities have been observed. The study uses conventional sediment
cores, as well as acoustic, geophysical and in-situ measurements, to
characterise the physical and geotechnical aspects of the contourite
deposits. In-situ cone penetration tests (CPTu) of contourite features are
scarce, but are essential for determining the conditions leading to excess
pore pressure or the presence of weaker layers.

2. Geological and oceanographic framework

The Alboran Sea is situated in the south-westernmost Mediterranean
and is characterised by a complex physiography controlled by Miocene
structural changes (Alonso and Maldonado, 1992; Maldonado et al.,
1992; Duggen et al., 2004; Ballesteros et al., 2008; Martinez-Garcia
et al., 2017; Estrada et al., 2018). The Alboran Basin developed in a
convergent tectonic setting during the Upper Oligocene-Miocene rifting
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Fig. 2. Map of the lateral distribution of the contourite drifts studied, based on Ercilla et al., 2016. The bathymetric profiles (1 and 2) show the slope gradient of
different domains and the position of the gravity cores (LG_GC) and CPTu tests in the study area. Sparker (A) and Topas seismic profiles (B) show the general
stratigraphic architecture and eco-facies of the contourites studied. Depths of in-situ tests have also been correlated (and projected) with the seismic profiles. Two-way
travel distance in miliseconds within the sediments measured on the profiles has been converted to meters using an average velocity of 1600 m/s.



M. Yenes et al.

between the Eurasian and African plates (Platt and Vissers, 1989; Comas
et al., 1992; Dillon et al., 1980; Dewey et al., 1989). The Alboran Basin
dried out during the Messinian Salinity Crisis and after the opening of
the Strait of Gibraltar (5.46 to 5.33 Ma) a mega-flood caused prominent
excavation and erosion, defining one of the most important changes in
the history of both the Mediterranean as a whole and the Western
Alboran Basin (WAB) in particular, generating terraces and escarpments
(Estrada et al., 2011; Juan et al., 2020). After this episode, the sedi-
mentation began to be influenced by the Mediterranean waters flowing
towards the Strait of Gibraltar (Juan et al., 2016).

The physiography of the Spanish margin of the Alboran Sea is
defined by a shelf break located at approximately 90-115 m water depth
(mwd), an irregular continental slope that extends down to 575-945
mwd, and a base-of-slope down to 600-945 mwd (Ercilla et al., 2016).
The sedimentation is mostly siliciclastic, generated primarily by coastal
erosion and the rivers that erode the Betic mountains (>3000 m high)
bordering the Spanish margin (Lobo et al., 2014; Lopez-Gonzalez et al.,
2019). From morphological and sedimentary perspectives, the margin is
dominated by turbidite systems (La Linea, Guadiaro, Banos, Torrenueva,
Fuengirola; Fig. 1) and contourite deposits (Ercilla et al., 2019a).
Different water masses define the water column: i) the surficial Atlantic
Water (AW), that enters the Mediterranean Sea through the Strait of
Gibraltar moving towards the N at up to 100 cm/s and extending down
to 150-250 mwd; ii) the Light Mediterranean Waters (LMW),
comprising the Western Intermediate Water (WIW) and Levantine In-
termediate Water (LIW). This extends down to 500-600 mwd, and its
near-bottom layers preferentially affect the Spanish slope, moving to-
wards the Strait of Gibraltar at velocities of up to 14 cm/s; iii) and the
Western Mediterranean Deep Water (WMDW), below 500-600 mwd,
which can move in pulses of up to 22 cm/s. Its near-bottom layer pri-
marily affects the Moroccan margin and deep basins (Gascard and
Richez, 1985; Fabrés et al., 2002; Ercilla et al., 2016).

The long-term action of bottom-current processes during the Plio-
Quaternary have shaped and deeply influenced the sedimentary evolu-
tion of all the physiographic provinces (Ercilla et al., 2016). Recent
stratigraphic, geomorphological, and morphological analyses have rec-
ognised the ubiquity of both depositional and erosive contourite features
(Ercilla et al., 2016; Juan et al., 2016; Fig. 1). Two large plastered drifts
(drift 1 and 2; Figs. 1 and 2), associated with the influence of the LMW
and the WMDW, characterise the Spanish continental slope and base-of-
slope (Ercilla et al., 2016).

3. Dataset and methods

This work is based on the study of combined acoustic (bathymetric),
geophysical (seismic reflection), sedimentological (sediment core), and
geotechnical (sediment core and CPTu) data obtained in the framework
of the FAUCES project, on one cruise aboard the B/O Sarmiento de
Gamboa in 2018 (Fig. 2; Table 1).

Several multibeam echosounder datasets, obtained using Kongsberg-

Table 1
Gravity cores (LG_GC) and in-situ geotechnical tests (CPTu); mwd: meters water
depth.

Sample Latitude (N) Longitude (W) mwd (m) Length (m)
LG_GC-8B 36.253852 —5.121042 336 0.73
LG_GC-12B 36.245266 —5.022043 563 3.05
LG_GC-5B 36.170682 —5.049448 761 3.16
CPTu 3 36.293861 —5.158361 174 4.75
CPTu 5 36.253900 —5.120921 343 11.16
CPTu 6 36.220396 —5.092043 534 19.80
CPTu 7 36.195453 —5.070381 700 18.91
CPTu 8 36.171209 —5.049390 756 19.81
CPTu 12 36.098991 —5.048783 835 19.79
CPTu 13 36.303286 —5.055120 346 19.79
CPTu 14 36.280708 —5.041488 396 19.63
CPTu 15 36.245205 —5.021796 564 19.42
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Simrad EM-120 and ATLAS Hydrosweep DS sounders (14.5 to 16 kHz)
were merged to produce a digital topography model (DTM) with a cell
size of 20 m, as shown in Fig. 2. Parametric profiles (very high-
resolution TOPAS profiles) with <150 m penetration were used simul-
taneously with high-resolution, sparker profiles (Fig. 2). TOPAS employs
primary (15-21 kHz) and secondary frequencies of 0.5-6 kHz, whilethe
Geo-Spark (sparker) sources generate a high-resolution frequency
spectrum of between 150 and 3000 Hz. Seismic records showed in Fig. 1
were obtained with airgun systems (140 to 530 c.i.) and are included in
the database from the ICM-CSIC (http://gma.icm.csic.es/ca/dades).

The sedimentary characteristics of the gravity cores recovered
(Table 1) were determined from a textural analysis performed using a
Coulter LS 100 laser particle size analyser (Fig. 3). Mineral phases in the
clay levels were also identified through X-ray diffraction using a
BRUKER D-8 Advance with Cu Ka radiation, working at a scan rate of 2
o/min. Oriented aggregates were also prepared to identify the clay
fraction. The physical properties (density) of the cored sediments were
measured over whole core sections, at 1 cm intervals, using a Geotek
Multisensor Core Logger (MSCL) (Fig. 4). The geotechnical properties
(AENOR, 1999) were analysed in selected sections of the gravity cores
(Table 2; Fig. 4); these included water content, void ratio, bulk density,
grain size analyses, and Atterberg limits. The results allowed us to
classify the samples according to the Unified Soil Classification System
(USCS) (ASTM D2487, 2011). To study sediment compressibility, seven
one-dimensional consolidation tests were run using a conventional
oedometer to estimate the compression index (Cc or sediment
compressibility), the recompression index (Cs, or Cc during reloading
stages), and the overconsolidation ratio (OCR) resulting from ¢’,/6’yo,
where ¢’, is the maximum previous effective overburden pressure
(preconsolidation pressure), and 6’y is the in-situ vertical effective stress
(current overburden pressure assuming hydrostatic conditions). In
addition, the oedometric modulus (Ep,) and permeability coefficient (k)
were determined in each test (AENOR, 1999).

Nine sites were tested using a DATEM Neptune 5000 penetrometer
following 2 transects crossing the contourite drifts (1 and 2 in Fig. 2).
This CPTu is able to recover data up to 20 m below the sea floor. It has a
thrust capacity of 35 kN, push rod diameter of 19 mm, and was equipped
with a 5 cm? cone penetrometer. During the tests, a 20 mm/s penetra-
tion rate was applied, with a vertical resolution of 2 cm. Tip resistance
(qy), sleeve friction (f;), and pore water pressure (u, position uy) were
measured during the tests. Before starting the test, the sea bottom pore
pressure was measured (Useabottom)- This reference value was selected as
the “zero value” during the test and, consequently, U = (Uneasured -Usea-
bottom)- At the CPTu sites located at water depths beyond the range of the
cone used (> 500 m), the f; was either not, or only partially, recorded.
Problems have been reported when working in deep water (Lunne,
2012), as all the sensors register a large force at the seabed due to the
hydrostatic pressure.

Using the specific software gINT and the Datgel CPT tool, the pa-
rameters measured during the test allowed us to obtain various derived
parameters.

For many CPTu correlations, the in-situ total unit weight (y) is
required to assess the total overburden stress (6y,). The following
empirical equation, developed by Mayne (2010) and used in Steiner
et al. (2015), was introduced into the calculations:

y¢=11.46 + 0.33 - log (2) + 3.10 - log (f;) + 0.70 - log (g, where (z)
is the penetration depth.

Even though this expression sometimes underestimates the y; at the
seafloor (up to 2.5 m depth), the agreement is much better for deeper
sediments (Steiner et al., 2015). In CPTu performed in water depths
beyond the range of the cone used, an in-situ total unit weight (y,) of 17
kN/m® was assigned for the depth range 0-10 m, and 18 kN/m® for
10-20 m. These values were chosen considering the trend of MSCL
density log.

The sediments tested in each CPTu were classified according to
Robertson Soil Behaviour Types (SBT classification; Robertson, 1990).
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LG_GC12B. The solid lines on the left represent the density calculated from the
MSCL results. On the right: void ratio (e) and water content (w %) obtained
through laboratory tests on selected samples.

This is basically a function of f; and q; or By, which is the pore pressure
ratio defined by the expression:

B — u—u,
- qr — Oy
where (u) is the pore pressure measured, (u,) is the hydrostatic pore
pressure and (6y,) is the vertical overburden total stress at the corre-
sponding depth.
For the strength, a generally accepted equation was applied to

Table 2
Results of geotechnical tests on selected samples.
CORE Depth (cm b.s.f)  Grain size (%) Atterberg Uscs
limits (%)
Sand  Silt Clay LL PI
LG_GC8B 27 59 25 16 28.1 4.1 SM
67 70 17 13 NP NP SM
LG_GC12B 4 1 51 48
47 2 53 45
105 1 53 46 57.5 22.7 MH
147 2 47 51 57.6 23.1 MH
205 4 52 44 52.3 21.9 MH
247 19 54 27 31.9 8.8 ML
295 44.5 17.3 ML
297 4 53 43
LG_GC5B 5 1 38 61 71.3 34.1 MH
105 2 37 61 66.5 31.9 MH
204 2 36 62 65.8 27.5 MH
313 3 46 51 53.5 25.1 CH

cm b.s.f.: centimeters below sea floor. LL, Liquid Limit; PI, Plasticity Index;
USCS, Unified Soil Classification System (SM: silty sand; MH: high-plasticity silt;
ML: low-plasticity silt; CH: high-plasticity clay).

determine the in-situ undrained shear strength (S,) for clayey soils:

qr — Oy

Sy =
N

where Ny is the empirical correlation factor, which typically ranges

from 10 to 18 (a value of 14 was adopted). The shear strength of the

coarse-grained sediments was assessed according to the expression in

Campanella et al. (1983) for the effective internal friction angle (¢’)

using cone penetration resistance (q) and the in-situ vertical effective

stress (6°vo):
{log (q—’,> + 0.29]
{FW)

The in-situ vertical effective stress (6’y,) was calculated considering
the vertical overburden pressure (6y,) according to the in-situ total unit
weight (y;) and assuming hydrostatic conditions for the pore pressure
(uo = Zyw Yw, Where z, is the depth from the sea bottom).

In addition to in-situ tests, various geotechnical analyses were per-
formed on selected samples to study sediment strength. The undrained
shear strength (S,) was obtained from unconsolidated undrained (UU)
triaxial tests performed using a GDS Triaxial Testing System (GDSTTS)
with a 38/50-mm Bishop and Wesley cell. The effective cohesion (c’)
and effective friction angle (¢’) were obtained from the consolidated

¢ 1
tan(¢p) 763
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undrained (CU) triaxial test and consolidated drained (CD) shear
strength tests using a conventional direct shear box.

Slope stability analyses were carried out using the 2-D limit equi-
librium slope stability software Slide 8.0, Rocscience Inc. The General-
ised Limit Equilibrium method (GLE) analyses the forces (or stresses)
that act on a failure surface. To determine the Factor of Safety (FoS: ratio
between the resisting shear strength and the sum of all mobilised shear
stresses) the Bishop simplified method (Bishop, 1955) was selected. A
slope stability analysis for drained and undrained conditions, including
seismic activity, was designed to assess the sediment instability dy-
namics over time. The stability of the slope under seismic load was
evaluated according to a pseudostatic analysis (e.g, Leynaud et al.,
2004). To implement this analysis using the GLE method, the models
must include both the horizontal and vertical static loads to simulate the
inertia generated by the earthquake acceleration; this method assumes
that the pseudostatic forces generated by an earthquake (Fy: horizontal;
F,: vertical) remain constant over long periods of time. The pseudostatic
force value used in the analysis is one-half of the peak ground acceler-
ation (PGA) calculated for the study area (Yenes et al., 2019).

4. Results and interpretations
4.1. Morphology and stratigraphy

The study area comprises 610 km? where two Quaternary plastered
contourite drifts make up the continental slope and base-of-slope, just as
they do in the rest of the northwestern Alboran Sea, influenced by both
the LMW and the WMDW (Ercilla et al., 2016; Ercilla et al., 2019a; Juan
et al., 2020; Fig. 1). An eastward-prograding contourite drift has
developed between 190 and 600 mwd. This drift is characterised by its
terraced morphology. Seaward, another low-mounded plastered con-
touritic drift has developed on the base-of-slope beyond 600 mwd
(Fig. 2). Erosive features can be observed in the proximal domains of
both plastered drifts (i.e., the terrace and the surface/scarp defining the
transition to the lower plastered drift), whereas the distal domains
present depositional characteristics (Ercilla et al., 2019a). The upper
continental slope morphology is determined by the smooth relief of the
contourite terrace (1-1.75°); this gradient increases seaward as it tran-
sitions to the lower plastered drift, where it reaches 3.9° (Fig. 2). The
base-of-slope presents very low relief, with an average gradient of 0.5°
(Fig. 2).

Contourite drifts represent important accumulations of sediments,
up to 315 ms in thickness (twtt). Drift facies are defined by layered
deposits with internal erosive unconformities, while the terrace and
scarp present continuous subparallel stratified facies and truncated re-
flections (Fig. 2).

4.2. Sedimentological properties

The cored sediments sampled from the plastered drifts have a mean
grain size of between 4 and 160 ym and are poorly and very poorly
sorted (Fig. 3). On the contourite terrace (LG_GC8B) of the plastered
drift, the sediments are basically sands (>60%) with low quantities
(<15%) of clays. Seawards they are mostly muddy but have abundant
sandy layers; the presence of these decreases in the plastered base-of-
slope deposits, where the sediments are more than 95% silty-clays
(Table 2). X-ray diffraction analysis revealed that the muddy sedi-
ments comprise more than 50% clay minerals, among which illite is the
most abundant, accounting for up to 27% (Table 3).

The SBT classification (from the CPTu) allows us to deduce a longer
sedimentary column (almost 20 mbsf, meters below sea floor) due to the
deep penetration of the CPTu tests (Table 1). Only at the shallowest sites
(CPTu3 at 174 mwd, and CPTu5 at 343 mwd) was there low penetration,
associated with the predominance of sand and gravelly sand (Fig. 5). At
CPTul3 (346 mwd) and CPTul4 (396 mwd) there was greater pene-
tration, where sands were crossed in the first 10 m, with silty-clays and

Marine Geology 437 (2021) 106505

Table 3
X-ray diffraction results for samples retrieved from LG_CG-5B at 203 and 313 cm
below sea floor.

LG_GC5B-203 (%) LG_GC5B-313 (%)

kaolinite 10 11
quartz 27 28
smectite 7 4
illite 27 26
calcite 18 16
chlorite 8 10
dolomite 1 2
K feldspar - 1
plagioclase 2 2

clays down to 20 m. This trend changed in CPTu6, 7, 8, 12 and 15 (i.e.,
towards deeper areas) where the sedimentary column is dominated by
silty-clay to clay sediments (Fig. 5).

4.3. Physical and index properties

The results of both the discrete and continuous physical and index
property analyses of the cores are summarised in Table 2 and Fig. 4.
Atterberg limits testing was conducted on several selected samples from
cores LG_GC5B, LG_GC8B, and LG_GC12B. The results indicated an
average liquid limit of 53 and a plasticity index of 21.6, with the lowest
values (i.e., very low plasticity) corresponding to the shallowest core,
LG_GC8B. Most of the samples were therefore classified as MH or ML
soils (i.e., silts of high-low plasticity), except for the sandy LG_GC8B
samples that were classified as SM (silty sand).

Continuous density measurements yielded average values of 1.52 to
1.67 g/cm?® for all the cores, with silty-clay sediments having the highest
densities (up to 1.9 g/cm®). The downcore density trends in LG_GC5B
and LG_GC12B were similar, and we were able to observe the effects of
low-level progressive consolidation due to overburdening. In LG_GC5B,
from 2 to 2.7 m, there was a local increase in density due to the presence
of a silty-clayey level, however from 2.70 the trend became similar in the
two cores (Fig. 4). The measurements of decreasing void ratios and pore
water with depth, presenting typical values for cohesive sediments, were
consistent with this interpretation (Table 2). All the parameters recor-
ded for LG_GC12B indicated a relative increase in the silty-clay character
towards the distal or deepest part of the drift. In contrast, the record for
LG_GC8B was limited, with considerable scatter due to its sandy char-
acter (e.g., e < 1).

4.4. Consolidation and compressibility

The oedometer tests showed that the sediment of the contourite
drifts was normally consolidated to slightly overconsolidated, with an
OCR ranging from 0.90 to 3.50 (Table 4). Higher OCR values (>1),
found within the upper 1 mbsf, could be explained by apparent over-
consolidation (AOC), which is common in surface sediments. AOC is
related to the formation of a structured sediment generated by both
secondary consolidation and ageing processes (Yenes et al., 2020).

The compression and recompression index (Cc and Cs) and the
oedometric modulus (E;,) showed that the coarser sediments from the
slope plastered drift terrace were less compressible (LG_GC8B: Cc =
0.1719, E, = 28,261 kPa) than the finer sediments located in the distal
domain and in the base-of-slope plastered drift (average for LG_GC12B
and LG_GC5B: Cc = 0.5241, E,, = 12,212 kPa).

The permeability coefficient for the contourites ranged between
1.36 x 10°m/s (high values at the surface) and 8.26 x 10710 m/s, with
an average of 1.09 x 10~? m/s; these are common values for contourite
deposits (e.g., Miramontes et al., 2018). In general, the permeability was
greatest in the terrace and the first few centimeters of the cores, and
decreased towards the deepest areas.
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Table 4
Results of the oedometer tests.
CORE Depth (cm b. Cc Cs En OCR  k (m/s)
s.f.) (kPa)
LG_GC8B 32 0.1719 0.0131 28,261 3.50 1.41 x
10°°
LG_GC12B 102 0.5308 0.0819 12,120 1.70 1.36 x
107°
202 0.4872 0.0730 12,110 1.12 8.26 x
10 10
303 0.3432 0.0614 14,964 0.90 6.37 x
10—10
LG_GC5B 98 0.6511 0.1120 10,761 1.88 2.03 x
107°
202 0.6766 0.1280 10,622 1.06 5.52 x
10 10
313 0.4557 0.0986 12,697 0.98 5.32 x
1010

Cc, compression index; Cs, recompression index; Em, oedometric modulus
(measured for a load between 929.7 and 1910.7 kPa); OCR, overconsolidation
ratio; k, permeability coefficient.

4.5. Strength properties

The strength parameters were determined from the results of labo-
ratory tests performed on selected samples (Table 5). These parameters
obtained in the laboratory are useful for analysing the slope stability as
well as verifying the in-situ CPTu test results. In the only core where a
vertical series was tested (LG_GC12B), the undrained shear strengths
(Sy) from the laboratory triaxial tests (UU) showed a clear trend,
increasing with depth. The values ranged from 4.2 kPa at 2.55 mbsf to
16.9 kPa at 2.6 mbsf; additionally, the S, for LG_CG-5B was lower than
for LG_GC12B at a similar depth below the seafloor (Table 5).

The effective cohesion (c’) and effective friction angle (¢’) for
drained conditions were obtained through direct shear tests (CD) and
the consolidated undrained triaxial test (CU). The results indicated that
the sediments from the contourite terrace (LG_GC8B) present typical
values for sandy sediments (¢’ = 35.9°), while towards the deeper areas
(LG_GC12B and LG_GC5B) the internal friction angle is less (mean values
between 28.7° and 24.8°), due to the prevalence of silty-clay to clay
sediments.

Table 5
Results from the shear strength (CD: consolidated drained test) and triaxial tests
(UU: unconsolidated undrained test; CU: consolidated undrained test).

CORE Depth (cm b.s. TEST Strength Parameters
R Sy(kPa) ¢ (kPa) ¢’ (°)
LG_GC8B 28 Direct Shear - 9.0 35.9
(CD)
LG_GC12B 85 Triaxial UU 5.0 -
95 Direct Shear - 5.3 27.3
(CD)
195 Direct Shear - 3.8 28.2
(CD)
255 Triaxial UU 8.2 -
265 Triaxial UU 16.9 -
273 Triaxial CU - 0 33.4
292 Direct Shear - 7.4 25.9
(CD)
LG_GC5B 105 Direct Shear - 2.7 27.3
(CD)
212 Direct Shear - 4.7 23.7
(CD)
275 Triaxial CU - 5 22.8
295 Triaxial UU 4.1 -
304 Direct Shear - 6.3 25.4
(CD)

Sy, undrained shear strength; c’, effective cohesion; ¢’, effective friction angle.
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4.6. Cone penetrometer test (CPTu)

Three geotechnical facies were differentiated based on the SBT
classification and mechanical response during the in-situ tests (Fig. 5):

Facies A: These correspond to the coarser granular sediments tested
in the area, defined in CPTu 3, the top (0-4 mbsf) of CPTu 5, and the top
(0-2 mbsf) of CPTu 13. This facies mainly corresponds to types 6 and 7
of the SBT classification. The main types of sediment are coarse sands.

Facies B: These correspond to granular sediments found throughout
intervals 4 to 10 mbsf in CPTu 5, 2-10 mbsf in CPTu 13, and the top of
sites CPTu 14 (0-10 mbsf), CPTu 6 (0-9 mbsf), and CPTu 15 (0-1.75
mbsf). They mainly correspond to types 5 and 6 of the SBT classification.
They are predominantly sands.

Facies C: These correspond to the finest sediments found, defined at
the bottom of CPTu 13, 14, 6, and 15, and throughout the entire sedi-
mentary column recorded from CPTu 7, 8, and 12. They mainly corre-
spond to types 3 and 4 of the SBT classification. The main types of
sediment are silty clays and clays.

The tip resistance results for granular sediments gave a high q (up to
15,000 kPa), whereas finer material tended to give a lower q; (up to
1000 kPa at 20 mbsf). The granular sediments presented a q; gradient
from the highest values in the shallow contouritic terrace down to 5000
kPa towards the distal domain of the terrace (CPTu 14, 396 mwd); the
finer sediments presented a linear increase in q; with depth. Sleeve
friction (f;) decreased from values of 100 kPa in shallow granular sedi-
ments to lower values as the sediment became finer (Fig. 5). In water
depths beyond the range of the cone used (> 500 m), the f; was not, or
only partially, recorded.

The pore pressure (u) recorded in granular (high permeability)
sediments tended to be in equilibrium with the hydrostatic pressure (u,),
although at some sites there was negative excess pore pressure (Fig. 5);
they have been interpreted as dilatant layers, where these sudden de-
creases in the pore water pressure (u) with values dropping below the
reference value (Useapottom), resulting u < 0 are not unusual. For the low-
permeability fine sediments, excess pore water pressures were recorded,
of up to 500 kPa at 20 mbsf (Fig. 5).

The geotechnical property (derived from CPTu data) needed to
analyse slope stability under undrained conditions is the undrained
shear strength (S,), whereas the friction angle (¢’) is used for the
drained case (Fig. 5). Drained failure is related to slow loading condi-
tions or the granular character of the sediment, such as those defining
geotechnical Facies A and B. In these cases the ¢’ varied from 24° to 46°,
as seen in geotechnical Facies A. CPTu-based undrained shear strength
gradients (V S,) gave 2 kPa/m (CPTu 7, 8 and 12), and 3.03 and 2.5
kPa/m for CPTu 6 and 15 (Fig. 5). Furthermore, the ratio between the
undrained shear strength and in-situ effective pressure (S,/c’y,) confirms
the overconsolidation of the most superficial sediments (Fig. 5; Dan
et al., 2007), which, as already indicated, could be explained by AOC
(Yenes et al., 2020).

4.7. Slope stability analysis

A simplified slope model can be constructed by combining the
stratigraphic architecture (Fig. 2) of the two large plastered drifts and
the geotechnical facies, defined using CPTu and core analyses. The
erosive contourite terrace is defined by geotechnical facies A, while the
depositional mounded domain of the slope-plastered drift 1 associated
with the LMW is defined by geotechnical Facies B. The stratigraphically
lower part of this drift (>10 mbsf), as well as the plastered drift 2,
associated with the influence of the WMDW, presents homogenous
geotechnical properties, defined by Facies C (Fig. 6).

Slope stability has been evaluated for various scenarios: 1) consid-
ering the geotechnical properties used for slope stability analysis under
undrained conditions, i.e., the undrained shear strength (S,) and the
submerged unit weight (y’); 2) considering the geotechnical properties
under drained conditions, ie., the submerged unit weight (y’), the
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effective cohesion (c’), and the friction angle (¢°); and 3) considering
that seismic loading develops in undrained conditions (a seismic shock is
rapid enough to prevent the excess pore pressure from dissipating,
Strasser et al., 2007). The results, using the most common slope gradi-
ents in the area (Fig. 2) and the slope gradient needed to reduce the FoS
to <1, are summarised in Table 6.

An analysis of slope stability for static conditions reveals that con-
tourite sediments are stable (FoS > > 1) for the typical slope angles
found (average 3° up to a maximum in the transition to the lower drift of
5°), and for both drained and undrained conditions. The slope stability
assessment shows that even with higher slope gradients than those
observed in the area (except for the canyon walls) the sediment is stable
(Table 6).

Taking a peak ground acceleration (PGA, ap/g) of 0.12 (obtained
from regional data for a 475-year return period (Gaspar-Escribano et al.,
2015), in all locations the sediment remains stable. With a corrected
PGA, in order to consider a potential amplification effect over the
sediment (Roesner et al., 2019), the value increases up to 0.19 (Table 6).

a. = S-p-ap

where (S) is the amplification coefficient and (p) is a hazard coefficient
which can be 1 or 1.3 (NCSE-02, 2009).

Even with this increased shaking effect the sediment comprising the
contourite drift remains stable (Table 6). The model informs us that to
reach values of FoS < 1 slope gradients as high as 13° are necessary.

5. Discussion

This work characterises the sedimentological, physical and
geotechnical features of contourite deposits using conventional sedi-
ment cores in addition to in-situ measurements. This allows us to
compare the results and analyse any discrepancies between the two

Table 6

Factors of Safety (FoS) calculated for the most common slope gradients in the
area (average = 3°; maximum in the transition to the lower drift = 5°) and for
the theoretical slope gradient needed to reduce the FoS enough to trigger fail-
ures. These “extreme” slopes are only present in areas like canyon sidewalls.

Slope angle (°) Static conditions Earthquake loading conditions (UC)

DC ucC PGA = 0.12 PGA = 0.19
3-5 7.990 5.817 2.224 1.629
13-22 2.597 1.612 1.038 0.854

(DC) Drained conditions; (UC) Undrained conditions; (PGA) Peak Ground
Acceleration.

approaches, providing useful insights for geotechnically characterising
similar deposits in future studies, as discussed in Section 5.1. The overall
stability of the contourite deposits in the study area has been deter-
mined, suggesting that factors such as morphology may play a role in the
slope stability, as discussed in Section 5.2.

5.1. Sedimentological and geotechnical properties. In-situ vs laboratory
properties

The sedimentological and geotechnical characteristics of the slope
and base-of-slope plastered drifts located between the Banos and Gua-
diaro turbidite systems have been defined using two convergent
methods, laboratory tests and in-situ measurements, the latter having
almost never been applied in this type of sedimentary environment. The
resulting geotechnical model describes a sandy/granular erosive con-
tourite terrace that evolves at depth to silty or silty-clayey depositional
domains with uniform geomechanical properties (Fig. 6).

Although the sedimentary columns described using sedimentary
tests and SBT classification are generally coherent, there are certain
discrepancies that may be associated with methodological issues. The
SBT classification of CPTu 5 and 8 diverges in terms of grain size results,
defining top intervals with finer (silty for CPTu 5) or coarser (sandy for
CPTu 8) sediments than are, in fact, present (Figs. 5 and 6). This can be
explained by the absence of sleeve friction (fg) during the test, which
reduces the accuracy of the geotechnical stratigraphy. It can also be
explained, for the most surficial sediments, by the AOC effect that occurs
at the top of marine sedimentary successions (Table 4). Minor di-
vergences in the results from the uppermost stratigraphy of CPTu 6 and 7
are also associated with this AOC (Yenes et al., 2020). Pore pressure (u)
helps us to identify the potential artefacts observed in the SBT classifi-
cation. In the case of CPTu 5, (u) tends to be in equilibrium with the
hydrostatic pressure (ug), coinciding with granular deposits (Fig. 5);
here the perturbation of the cone penetration is rapidly dissipated as
water can move quickly through this type of sediment. In the case of
CPTu 8, the excess pore water pressure recorded is compatible with
normally consolidated and fine-grained sediments (Fig. 5); in these low
permeability materials, the recovery of the initial theoretical hydrostatic
conditions requires a longer period of time.

The comparison of strength parameters (in-situ vs tested sediment)
reveals some differences. Although the triaxial and direct shear tests
(Table 5) are in agreement with the CPTu-based shear strength, defining
low values of S, (< 10 kPa), discrepancies can be seen when the results
are compared. The shear strength for LG_GC5B/CPTu 8 is higher when
measured using the in-situ equipment (for example at 3 mbsf), while for
LG_GC12B/CPTu 5, at 2.65 mbsf, the result of the UU test is double the
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value obtained with the in-situ equipment. S, is a non-intrinsic param-
eter, as its value depends on several changing factors, including strain
rate, stress history, type of failure, strength anisotropy, and so on
(Robertson and Cabal, 2014; Low et al., 2010). Consequently, any dis-
crepancies may be related to the unavoidable disturbance of very soft
and soft materials during the preparation and placement of the samples
to be tested, modifying the stress history of the sediment. Consequently,
the correlation between the S, from the CPTu and S, from the laboratory
test depends on the empirical parameter Ny, which is a parameter with a
significative dispersion.

Fig. 7 compares the friction angle (¢) values obtained from both the
CPTu tests (¢p’CPTu) and laboratory tests (DS and TCU) (¢’LAB). For
each direct shear and triaxial tests 10 cm and 30 cm of sample were used
respectively to prepare the specimens to be tested; the ¢’CPTu consid-
ered is, therefore, the average value calculated from the same depth
ranges in the corresponding piezocone. There is good agreement be-
tween the in-situ and laboratory results. Only the result of one triaxial
test displays a significant difference between the two methods. The
points are distributed on both sides of the fit line, and it cannot therefore
be stated that the test type (in situ or laboratory) conditions the
maximum ¢ value.

5.2. Sediment strength enhancement

Present-day contourites in the WAB show no evidence of large-scale
instability features (Fig. 1; Ercilla et al., 2016; Casas et al., 2011). Only a
few small-scale features have been described, and these are mostly in the
sub-bottom sedimentary record (Fig. 8; Ercilla et al., 1992; Baraza et al.,
1992; Casas et al., 2011). This contrasts with the nearby Palomares
margin, located to the NE on the Iberian margin (Casas et al., 2019),
where the contourites can be correlated with those of the WAB, although
in this case the contourite features of the slope have been intensively
reworked by instability processes (Ercilla et al., 2019a).

The main triggers for submarine landslides are related to decreased
shear strength in the sediments. The sedimentological and geotechnical
properties defining the contourite drifts developed between the Gua-
diaro and Banos turbidite systems explain why the geotechnical model
presents high factors of safety. The contourite drifts are predominantly
defined by granular (low plasticity; very poorly sorted) terraced slope
sediments that evolve at depth to medium- to high-plasticity, low-
permeability and normally consolidated-slightly overconsolidated silty
clayey-sediments. The muddy (cohesive) sediments are rich in illite and
kaolinite (Table 4), which correlates positively with shear resistance
(Miiller-Vonmoos and Loken, 1989). The AOC in the surface layers,
which affects some of the tested areas, may act, locally, as strengthening
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factor. The empirical model suggests that AOC may increase the FoS up
to 61.5% for 5° slopes with a 1 m layer presenting AOC (Yenes et al.,
2020).

One factor favouring the decreased shear strength is the generation
of excess pore pressure. This process can develop due to, among other
causes, gas migration and gas-hydrate dissociation. Neither published
studies nor our seismic data point to the presence of gas flow or reduced
gas-hydrate stability conditions at any depth contributing to this effect
in the area between the Guadiaro and Banos turbidite systems (Fig. 2).

In-situ geotechnical tests show that there are no zones of rapid shear
strength change in which glide planes could develop, at least within the
first 20 mbsf. This is a key issue in this zone and the data can only be
improved by increasing the range of the in-situ tests to detect deeper
weak layers. Although differences may be related to the rate at which
the stresses are applied, the plastered drifts studied do tend to resist
failure better than others with similar lithologies and physical properties
(e.g., Laberg et al., 2016; Miramontes et al., 2018; Casas et al., 2019;
Ercilla et al., 2019b).

Here, we propose various processes that could explain the increased
stability compared to other continental slope drifts in the Western
Mediterranean (e.g., Casas et al., 2019):

5.2.1. Geometry

Plastered drifts are often mounded sediments that form gentle slopes.
Although the gradients resulting from contourite deposition are only
occasionally greater than the previous slope, drifts may generate local
surfaces with slope increases. In the study area, the gentle gradients of
the terraced slope-plastered drift, and the low mound morphology of the
base-of-slope plastered drift may condition the stability of these sedi-
ments and increase the overall strength of the whole system (Puzrin
et al., 2015; Miramontes et al., 2018). Conversely, the erosional scarp
defining the transition to the plastered drift 2 may have the opposite
effect. The slope adjacent to the study area, and linked to the increased
gradient of this surface (> 7°), is the only location where minor mass
flow deposits have been observed in the western part of this margin
(Fig. 8). We used this information to model a new synthetic morphology
for the study area. The results show that if the terraced morphology were
mounded and the basal erosion were greater, the FoS would decrease by
around 28%.

5.2.2. Seismic strengthening

Seismic strengthening is a process by which frequent and low in-
tensity earthquakes that do not have enough energy to trigger landslides
strengthen the sediment via dynamic compaction (Locat and Lee, 2002;
Lee etal., 2007; Strozyk et al., 2010). This process has been postulated to
explain the low frequency of submarine landslides in several sei smically
active areas (McAdoo et al., 2004; McAdoo and Watts, 2004; Camer-
lenghi et al., 2010; Strozyk et al., 2010; Strasser et al., 2012; Sawyer and
DeVore, 2015; Ikari and Kopf, 2015). This seismic strengthening in-
creases the shear strength, or generates sedimentary intervals with
similar compositions but different resistance parameters according to
the frequency of earthquakes in different geological periods (Ikari and
Kopf, 2015; Yenes et al., 2020).

The Central Alboran Sea is a tectonically active area, there have been
significant recent earthquakes (Mw = 6.4; www.ign.es) and it is affected
by submarine landslides (Alonso et al., 2014; Casas et al., 2011, 2015;
Galindo-Zaldivar et al., 2018). Conversely, for the last two decades in
the study area (WAB), more than 200 events have been recorded. The
frequency-magnitude distribution is defined by the median value of Mw
= 2 and 75% of the earthquakes (Q3) lies below Mw = 2.6 (seismic data
from www.ign.es). This low level seismicity in the study area provides
evidence for how seismic strengthening has played a role in controlling
slope stability.

5.2.3. Oceanographic strengthening
The present-day water depth of the AW/WIW + LIW interface dips
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Fig. 8. Small mass-flow deposits on the slope adjacent to the Guadiaro-Banos system, associated with the presence of the erosive scarp that marks the transition to
plastered drift 2 occupying the base-of-slope. The Topas profile is taken from the ICM-CSIC seismic database (http://gma.icm.csic.es/ca/dades).

southwards along the Spanish slope. This interface is an intense pyc-
nocline, affected by phenomena such as internal waves (e.g., McCave
et al., 2001; Cacchione et al., 2002; Puig et al., 2004). This oceano-
graphic setting could have shifted vertically during the high-frequency
and high-amplitude Quaternary sea level changes, thus affecting
different intervals of the contouritic terraced seafloor (Ercilla et al.,
2016). In addition, large perturbations in the current velocity are
induced by internal waves. Solitons have also been observed propa-
gating from the Strait of Gibraltar into the Alboran Sea, as well as above
the terraced plastered drift, and reaching bottom depths of 400 m (Armi
and Farmer, 1988; Bruno et al., 2002; Vazquez, 2006). Various types of
internal waves are generated within the Strait of Gibraltar: one produces
variations in the pycnoclines according to the tidal period; others are
superimposed, with short periods and large amplitudes (Jacobsen and
Thomsen, 1934, in Vazquez, 2006). This phenomenon produces current
oscillations of up to 0.4 m/s with wavelengths of up to 1500 m, ampli-
tudes between 15 and 100 m, and periods from 10 to 60 min or cycles of
0.001 Hz (Jacobsen and Thomsen, 1934; Frasseto, 1964; La Violette
et al., 1986; Armi and Farmer, 1988; Bruno et al., 2002; Puig et al., 2004;
Vazquez, 2006). Wave trains are not continuous and require certain
conditions, such as high atmospheric pressure in the Mediterranean area
and surficial current speed >1 m/s (Vazquez, 2006).

Because of their cyclic effect, internal waves may strengthen the
sediment. de Rouck and van Damme (1996) developed a method for
measuring the effect of waves and tides on the seafloor, which involves a
time-dependant function to calculate the excess pore water pressures
generated by applying the wave compression:

2mx  2mt 2mt
u (0,1) = u,cos| — —— | = u,cos| —
L L

T
where u, is the pore pressure, depending either

on the tide(u, = 7,,Hyea)

T H
n 22d
2cos (%)

and (Hgea) is the tidal range, (H) is the wave height, (T) is the wave
period, (L) is the wavelength, (d) is the water depth, and (n) is the Grace

or the wave | u, =

11

correction coefficient.

Applying this method adapted to internal waves, and following the
first method (depending on the tide), Hsea would be Hisopynic or the wave
amplitude, which is 60 m in the Strait of Gibraltar (Vazquez, 2006), with
a density difference between AW/WIW —+ LIW of 2 kg/m>:

k N
Aty = Ap,, g Higopic =2 ~o-g-60 m = 1176 — ~ 1.2 kPa
m m

According to the second method (i.e., depending on the wave) where
L =1500 m and d = 170 m, the result is Au, = 0.436 kPa.

In both cases, the excess pore water pressures generated tend to be in
equilibrium with the hydrostatic pressure at a depth that depends on the
permeability and the wave period (Fig. 9). The low excess pore water

Water surface

di | Yw1

—Auo Seabottom

u(2) = (Yw 1xd1) + (Yw2 (d2+ Z)) + Auo

Fig. 9. Diagram of the pore pressure variation at the sea bottom, as a conse-
quence of the passage of internal waves.
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pressures calculated (0.4 to 1.2 kPa) are not enough to affect the stability
of the deposits, although in a similar way to the seismic dynamic
compaction, they may be a strengthening factor (Lee et al., 2007).

The effect of internal waves depends on the geotechnical charac-
teristic of the deposits with which they interact. The internal waves
modelled for this area, when affecting geotechnical Facies A, will pro-
duce more stable and resistant internal structures. The high permeability
and dilatant characteristics observed of this facies (CPTu 3, 5 and 13,
Fig. 5) will facilitate this effect. Small cyclical loads will locally increase
the effective pressure enough to contribute to the rearrangement of
sedimentary particles.

However, if internal waves acted on cohesive sediments (e.g,
geotechnical Facies B and C) there are diverse potential effects. Nor-
mally consolidated sediments under a cyclic load will suffer increased
pore pressure that may or may not dissipate (in function of sediment
permeability and the frequency of the waves). If dissipation occurs, the
sediment will consolidate, improving its resistance. If the frequency of
the waves does not allow the excess pore pressure to dissipate, the
sediment may destabilise. In other settings, for example with over-
consolidated sediments and long-enough periods of wave train cycles,
the excess of pore pressure could also be dissipated (Thian and Lee,
2017).

Internal waves may be considered a strengthening factor for the
upper domain of contouritic drift 1, similar to seismic dynamic
compaction (Lee et al., 2007; Strozyk et al., 2010). However further
observations and more accurate characterisation are needed to better
constrain their effects.

6. Conclusions

Large Quaternary plastered drifts (drift 1 and 2), affected by the
action of the LMW and WMDW, characterise the slope and base-of-slope
in the area between the Guadiaro and Banos turbidite systems. A
terraced contourite drift has developed between 190 and 600 mwd,
which shows both erosional (in the proximal terrace domain) and
depositional features. Seawards, there is another plastered drift influ-
enced by the WMDW, extending from an erosional surface at 600 mwd
to beyond the base of slope. The combination of new in-situ geotechnical
measurements (CPTu) and laboratory testing of the sedimentary and
geotechnical features of these contourite drifts enables us to better un-
derstand the role contourite processes play in slope stability.

The properties of the contourite drifts enable us to establish a
geotechnical model that reveals high factors of safety. The contourite
terrace sediments are defined as granular, low plasticity, and very
poorly sorted; they evolve at depth to medium- to high-plasticity, low-
permeability and poorly sorted silty clayey-sediments, rich in illite and
kaolinite, defining the depositional domain of the drifts. The sedimen-
tary results are in agreement with the three geotechnical facies defined
using the in-situ properties and SBT classification. Together these outline
a geotechnical model that merges the two plastered drifts into
geotechnical units with uniform geomechanical properties. The in-situ
tests detected no potential glide planes, at least within the maximum 20
mbsf tested, and this, together with the other properties of the deposits,
suggests that these contourite drifts tend to resist failure better than
others with similar features. Several characteristics and processes may
explain the increased stability, including the geometry of the drift,
recurrent low intensity earthquakes, and cyclic loading induced by in-
ternal waves.

In the study area, the classical mounded geometry of the plastered
drifts has been modified by erosive processes that have resulted in a high
degree of stability throughout the entire sedimentary body. The recur-
rent low-intensity earthquakes registered in the area, which do not have
enough energy to trigger failures, may dynamically compact the sedi-
ment. A similar effect may be produced by the interaction of the sedi-
ments with internal waves.

Our study shows that the rarely gathered in-situ CPTu data is critical
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for better characterising the drifts in a geotechnical sense. Moreover, the
geotechnical approach must be seriously considered in order to fully
understand the characteristics that condition the stability of contourite
drifts.
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