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Abstract Submarine landslides are common along the
Uruguayan and Argentinean continental margin, but size, type
and frequency of events differ significantly between distinct
settings. Previous studies have proposed sedimentary and
oceanographic processes as factors controlling slope instabil-
ity, but also episodic earthquakes have been postulated as
possible triggers. However, quantitative geotechnical slope
stability evaluations for this region and, for that matter, else-
where in the South Atlantic realm are lacking. This study
quantitatively assesses continental slope stability for various
scenarios including overpressure and earthquake activity,
based on sedimentological and geotechnical analyses on three
up to 36 m long cores collected on the Uruguayan slope,
characterized by muddy contourite deposits and a locus of
landslides (up to 2 km?), and in a canyon-dominated area on
the northern Argentinean slope characterized by sandy
contourite deposits. The results of shear and consolidation
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tests reveal that these distinct lithologies govern different
stability conditions and failure modes. The slope sectors are
stable under present-day conditions (factor of safety >5),
implying that additional triggers would be required to initiate
failure. In the canyon area, current-induced oversteepening of
weaker sandy contourite deposits would account for frequent,
small-scale slope instabilities. By contrast, static vs. seismic
slope stability calculations reveal that a peak ground acceler-
ation of at least 2 m/s> would be required to cause failure of
mechanically stronger muddy contourite deposits. This im-
plies that, also along the western South Atlantic passive mar-
gin, submarine landslides on open gentle slopes require epi-
sodic large earthquakes as ultimate trigger, as previously
postulated for other, northern hemisphere passive margins.

Introduction

Submarine mass movements are widespread on submarine
slopes and play an important role in transporting sediments
across the continental slope to the deep sea. They also pose a
potential hazard for seabed infrastructures (see overview in
Masson et al. 2006). For most submarine landslides, the exact
mechanisms initiating slope instability are often not fully
understood. Preconditioning factors include sediment intrinsic
mechanical stability (e.g. the existence of mechanically weak
layers), and overpressure generated by gas hydrate dissocia-
tion or rapid sedimentation of low-permeability fine-grained
sediments leading to decreased frictional resistance (e.g.
Sultan et al. 2004, 2012; Flemings et al. 2008; Harders et al.
2010). Triggering mechanisms such as dynamic stresses im-
posed by earthquakes, or rapid changes in slope geometry by
undercutting or oversteepening can ultimately initiate slope
failure (e.g. Sultan et al. 2004; Leynaud et al. 2009). To
advance our knowledge of the relationship between precon-
ditioning factors and trigger mechanisms for submarine
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landslide initiation, we require detailed site characterization
and submarine slope stability analyses integrating geomor-
phological, sedimentological and geotechnical data (e.g.
Sultan et al. 2004). Yet, in comparison to the many mapped
submarine landslides in the oceans worldwide (e.g.
Hiihnerbach et al. 2004; Urgeles and Camerlenghi 2013),
the global dataset of such detailed slope stability case studies
remains scarce and is virtually lacking for the South Atlantic,
thus hampering our ability to draw holistic conclusions on
submarine landslide initiation processes. This study contrib-
utes a first detailed geotechnical characterization and subma-
rine slope stability assessment along the passive continental
margin in the western South Atlantic and a comparison with
settings from the North Atlantic.

The general study area is the continental margin off Uruguay
and northern Argentina, which is oceanographically character-
ized by the Brazil-Malvinas current confluence (BMC) zone
(35-38°S) and by localized strong bottom currents related to
various water masses (e.g. Preu et al. 2013). Furthermore, the
shelf and continental slope are influenced by high fluvial dis-
charge and sediment supply from the Rio de la Plata (Fig. 1). As
a result, this has long been recognised as an excellent site to
explore interactions between gravitational downslope and con-
tour current-driven alongslope sediment transport, along with
their influences on seabed morphology. Mass movements are
common in open slope and canyon areas off the Uruguayan and
Argentinean margin (e.g. Lonardi and Ewing 1971; Klaus and
Ledbetter 1988; Krastel et al. 2011). The present study arca
comprises three subareas: the northern-slide (NS) and the drift-
and-scarp (DS) areas northeast off the Rio de la Plata mouth
between 35.7-36.4°S on the Uruguayan slope, and the southern-
canyon (SC) area close to the Mar del Plata Canyon between
37.4-37.7°S on the northern Argentinean slope. For the NS and
DS areas, Krastel et al. (2011) used geophysical and
sedimentological methods to study the morphology produced
by mass movements. Henkel et al. (2011) applied geochemical
methods on surficial mass transport deposits (MTDs) of the NS
area to reconstruct recent (<30 years old) submarine landslide
scenarios, and hypothesized that an earthquake which occurred
in the vicinity in 1988 was possibly the trigger mechanism. For
the SC area, Preu et al. (2012, 2013) used seismic data to explain
the evolution of contourite terraces. Bozzano et al. (2011) and
Voigt et al. (2013) described sedimentary facies and presented
age constraints on sedimentation processes respectively, to re-
construct modes and rates of contourite deposition. These inves-
tigations have provided a strong background for further quanti-
tative slope stability analyses.

The present study is based on physical and geotechnical
data derived from core samples taken from undisturbed slopes
of the NS/DS and SC adjacent to morphological scarps and
the canyon head respectively, to simulate slope stability under
various conditions. The main objective is to investigate how
geomorphological and sedimentological features are linked to
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geotechnical parameters and how these affect submarine slope
stability, both in the general study area and on comparable
continental slopes worldwide. Furthermore, the earthquake-
trigger hypothesis proposed by Henkel et al. (2011) is quan-
titatively tested using seismic slope stability analysis, and
scenarios for future failures are evaluated.

Regional geological, morphologic and oceanographic
settings

The Uruguayan and northern Argentinean margin is a passive
margin which formed during the opening of the South Atlantic in
the early Cretaceous (e.g. Hinz et al. 1999). The Argentinean
margin has been subdivided into four tectonic segments separat-
ed by transfer fracture zones (Franke et al. 2007). The greater
study area is located in the northernmost segment separated by
the Salado transfer zone (Fig. 1a). Present-day tectonic activity is
characterized by active subsidence, which resulted in some in-
traplate seismicity aligned along this transfer zone (Sosa 1998).
Recent documented earthquakes occurred in 1849, 1888 and
1988 AD (for locations of epicentres, see Fig. 1a; Sosa 1998).
The epicentre and magnitude of the 1988 earthquake is not
conclusively defined. The seismological observatory of the
University of Brazil reported 36.5°S, 53.5°W £100 km with a
regional magnitude of 3.9, whereas NEIC (National Earthquake
Information Center) reported 36.27°S, 52.73°W and a body wave
magnitude of 5.2 M, (Assumpg¢ao 1998; Sosa 1998). The latter
scenario has been selected for the purposes of the present study,
in an effort to evaluate if and how that presumably closer and
stronger earthquake affected slope stability.

Based on seabed morphology, the Uruguayan slope compris-
ing the mass movement-dominated NS and DS study areas is
distinct from the southern canyon-dominated area (SC) on the
northern Argentinean slope: the Uruguayan margin is character-
ized by a smooth topography and gentle slopes of ~1.5 to 2.5°,
typical of margins where deposition prevails over erosion (e.g.
Ewing and Lonardi 1971; Krastel et al. 2011). However, in
1,200-2,800 m water depth distinct morphological scarps with
heights mostly ranging between 60 and 90 m, but in places
exceeding 100 m, cut across the gentle slope (Fig. 1b, c). The
scarps are 10-20° steep but the orientation of the 2040 km long
scarps varies from contour-parallel to more complex geometries
perpendicular, parallel and oblique to the depth contours in the
DS and NS areas respectively (Krastel et al. 2011). Reflection
seismic and parametric sub-bottom profiles across these scarps
reveal multiple lines of evidence for gravitational slope instabil-
ities and MTDs (Fig. 2a, b). Seaward-dipping discontinuities cut
across the stratigraphic succession and appear to be associated
with scarps on the seafloor. While the scarps in the NS area are
associated with MTDs occurring repeatedly throughout the
stratigraphic succession and suggesting translational sliding
(Fig. 2a; Krastel et al. 2011), there is no clear indication for
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Fig. 1 a Map showing the location of the study area and the oceanograph-
ic setting along the Uruguayan and northern Argentinean margin (modified
after Krastel et al. 2011). A4BW Antarctic Bottom Water, AAIW Antarctic
Intermediate Water, CDW Circum Polar Deep Water, NADW North Atlan-
tic Deep Water, BMC Brazil-Malvinas confluence, BC Brazil Current, MC

MTDs directly associated with scarp formation in the DS area
(Fig. 2b). Rather, the presence of contour-parallel channels
and mounded structures at the base of the scarps points to a

Malvinas Current, M. d. Plata C. Mar del Plata Canyon. Black dashed lines
Distances to 1988 earthquake epicentre. b—d Bathymetric and slope gradi-
ent maps of the NS (northern-slide, b), DS (drift-and-scarp, ¢) and SC
(southern-canyon, d) areas. Red lines Positions of Parasound and seismic
profiles shown in Fig. 2, black squares core locations

close interaction between downslope (gravitational) and

alongslope (contouritic) sediment transport (Krastel
et al. 2011).
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Fig. 2 a, b Reflection seismic and Parasound profiles of the NS and DS areas respectively. ¢, d Seismic profiles of the SC area. For details on seismic
acquisition and processing, see Krastel et al. (2011) and Preu et al. (2012); Parasound profile in b modified after Krastel et al. (2011)

The southern study area SC is characterized by the nearly
flat Ewing Terrace (Fig. 2c), which progressively steepens
seawards into a relatively steep slope with inclinations be-
tween 3° and 7° (Preu et al. 2013). It formed as a contouritic
terrace at the interface between the Antarctic Intermediate
Water and Upper Circumpolar Deep Water (Ewing and
Lonardi 1971; Preu et al. 2013), and is dissected by canyons
without connection to the shelf break (e.g. the Mar del Plata
Canyon and Querendi Canyon, Fig. 1). The SC study area
focuses on the head region of the Querendi Canyon at ~1,400
m water depth (Fig. 1d). Incision depth in the head region is
~150 m and increases downwards up to 700 m. The headwall
is characterized by an amphitheatre-type shape with slope
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inclinations reaching 37° in places. The lateral canyon slope
has inclinations of up to 24° and 21° on the SW and NE flanks
respectively, giving rise to a slightly asymmetric canyon pro-
file (Fig. 2d). The width of the canyon is ~2.5 and 8-10 km in
the headwall region and further downstream respectively.
Most of the canyon area is characterized by a hummocky
surface, and MTDs several tens of metres thick have been
reported from the thalweg of the Querendi Canyon, hypothe-
sized to indicate retrogressive headward erosion by repeated
headwall failures (Krastel et al. 2011).

Today, sedimentation in the greater study area is strongly
influenced by high fluvial discharge from the Rio de la Plata
and by powerful bottom currents. Sediments generally
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comprise hemipelagic clayey silts in the NS and DS study areas
and contouritic sandy silts in the SC study area (Huppertz
2011). Recent sedimentation rates may vary depending on
position relative to the Rio de la Plata and the contouritic
depositional systems, ranging from 80 cm/1,000 years on the
open slope in the northern NS area (Henkel et al. 2011) to 160
cm/1,000 years in the Mar del Plata Canyon (Voigt et al. 2013).
The study areas are located north and south of the present-day
position of the Brazil-Malvinas confluence zone (~37°S), and
are in different water depths and thus affected by different water
masses. North of the BMC, high quantities of terrigenous
sediments (~80x10° ton/year) discharged by the de la Plata
River, consisting of 75% coarse to medium silt, 15% fine to
very fine silt and 10% clay (Giberto et al. 2004), are swept
northwards by alongshore currents to be deposited on the
Uruguayan continental shelf and slope (Piola et al. 2005); here,
sediment transport across the slope is dominated by the
southward-flowing North Atlantic Deep Water in water depths
0f2,000—4,000 m. South of the BMC, coarse fluvial sediments
are trapped within the estuary and occasionally carried directly
downslope by turbidity currents (Garming et al. 2005); most of
the surficial sediments on the northern Argentinean slope have
been reworked and carried northwards by water masses in
different depths, including the Antarctic Intermediate Water
(~500-1,000 m), the Circumpolar Deep Water (~1,000-3,500
m) and the Antarctic Bottom Water (>3,500 m; for more
details, see Piola and Matano 2001).

Materials and methods

The database consists of the results of analyses carried out on
sediment gravity cores and MeBo (German for seafloor dril-
ling rig) cores collected during R/V Meteor Cruise M78/3 in
2009 (Krastel et al. 2012). The present study focuses on
gravity core GeoB13854-1 (core depth of 5.52 m at ~2,120
m water depth) and MeBo core GeoB13860-1 (drill depth of
35.6 m at ~1,220 m water depth with 82% recovery) collected
in undisturbed upperslope sediments adjacent to the scars of
NS and DS respectively, and MeBo core GeoB13868-1 (drill
depth of 21.5 m at ~1,140 m water depth with 34% recovery)
from upperslope sediments of SC (Figs. | and 2).

Shipboard tests

Visual core description was carried out shortly after core
recovery on the split cores. Discrete samples at 50 cm intervals
were taken on the working halves to measure the water
(moisture) content, bulk density and void ratio using the
oven-drying method and a pycnometer (moisture and
density, MAD; Blum 1997).

Undrained shear strength (S,,) was estimated by means of a
Wykeham Farrance cone penetrometer generally at 10 cm

intervals (Wood 1985). Given that the empirical calibration of
fall cone penetrometer measurements is based on fine-grained
sediments, measurement points were shifted by a few centimetres
to avoid sandy sediments in some cases. S, was also directly
measured at 50 cm intervals in fine-grained sediments of cores
GeoB13854-1 and GeoB13860-1 using a Mennerich
Geotechnik (Germany) vane shear apparatus (rotation 90°/min-
ute; Boyce 1977; Blum 1997), also yielding remoulded un-
drained shear strength (S,,) and strength sensitivity (S./S,,). The
two independently measured undrained shear strength datasets
enabled order-of-magnitude comparisons and the identification
of characteristic strength vs. depth trends.

Laboratory tests

A GeoTeK multi sensor core logger (MSCL) was employed to
measure bulk density (by gamma-ray attenuation) and magnetic
susceptibility at 2 cm intervals on the archive core halves about 6
months after the cruise. Grain-size analyses were performed
using a Beckmann Coulter counter LS 13320 particle size
analyzer, which covers a size range from 0.04 pum to
2 mm. Sand, silt and clay contents are represented by
the classification scheme of Craig (2004). Atterberg
limits including the liquid limit (wp), plastic limit (wp)
and plasticity index (Ip = wi — wp) served to distinguish
between different types of silts and clays. The liquid limit
was determined with a Casagrande apparatus and the plastic
limit by the rolling thread method (Casagrande 1932).

To evaluate the consolidation history of the sediments, uniax-
ial incremental loading oedometer tests were conducted on whole
round samples taken at different sub-bottom depths. For this
purpose, specimens of 1.5 cm height and 5 cm diameter were
trimmed and incrementally subjected to normal loads from 4.9 to
1,962 kPa (ASTM 2004a). Consolidated drained direct shear
strength tests were performed using a displacement-controlled
direct shear apparatus of Giesa GmbH (Germany) in order to
obtain the drained shear strength of the sediments.
Specimens of 2 ¢cm height and 5 cm diameter were consol-
idated at a specified normal load for at least 24 h. After
complete dissipation of the excess pore pressure, the speci-
mens were sheared at a shear rate of 0.002 mm/minute for
clay and 0.008 mm/minute for silt and sand (ASTM 2004b).

Sample disturbance assessment

Although samples used for the geotechnical analyses were han-
dled with great care, disturbances due to coring effects, transport
of sediment cores, and effects of storage time and trimming in the
laboratory can nevertheless occur. In order to quantitatively
evaluate the degree of disturbance to samples used for consoli-
dation tests (and collocated drained direct shear tests), data from
oedometer tests were examined according to two disturbance/
quality assessment methods. Silva (1974) defined the disturbance
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in percentage of the ratio between Ae and Aey, with Ae being
the change in void ratio () from the initial void ratio (ey) to the
void ratio corresponding to the laboratory compression line, and
Ae, the change in void ratio from the laboratory compression
line to the void ratio at the idealized remoulded baseline. The
higher this Ae/Aey ratio, the higher is the degree of disturbance
(see Table 1 for definition of disturbance classes). In a related
method for assessing sample quality, Lunne et al. (1997) pro-
posed that Ae/ey was more systematically influenced by sample
disturbance, with smaller values indicating better sample quality
(see Table 1 for definition of quality classes).

Overpressure estimation

Overpressure (Au), which impacts the effective stress

(Terzaghi et al. 1996), is defined as fluid pressure () in excess

of hydrostatic equilibrium (ug). Terzaghi’s effective stress

relationship follows:

0, = ov=u=oy~(uy + Au) = (py=p,,)gz —Au (1)
= (v =)z —Au=+z-Au

where o, is the vertical effective stress, o, the total overbur-
den stress, py, the bulk density, p,, the water density, v the unit
weight of the bulk sample, ,, the unit weight of water, ' the
buoyant weight, z the overburden depth, and g the acceleration
due to gravity. Since the in situ pore pressure of deep-sea
sediments is difficult to measure, two methods were used to
estimate overpressure in this study. Preconsolidation stress (¢’
pc) Interpreted from oedometer tests served to estimate over-
pressure based on Casagrande (1936):

!

Au = leh—apc (2)

Table 1 Sample disturbance/quality assessment using oedometer data
following the approaches of Silva (1974) and Lunne et al. (1997): e
initial void ratio, Aeg laboratory compression line — idealized remoulded
baseline, Ae initial void ratio — laboratory compression line. Silva

where o'y, is the vertical effective stress for hydrostatic con-
ditions (¢'y, = 7z). Overpressure due to sedimentation can be
evaluated with the Gibson (1958) one-dimensional solution
under the assumption of a constant sedimentation rate and an
absence of flow along underlying strata. The modelled over-
pressure is controlled by Gibson’s time factor (7g; Flemings
et al. 2008):

m2t
Tg =

(3)

Cv

where m is the sedimentation rate, ¢ represents time, and ¢, is
the coefficient of consolidation defined as ¢, = k/ (m,7y,). The
latter depends on the coefficient of permeability (k) and the
coefficient of volume compressibility (1), both being obtain-
ed from oedometer tests.

Slope stability assessment

According to the low average slope angles of the open sub-
marine slopes (1.5-2.5° and <7° in the NS/DS and SC study
areas respectively), as well as the low ratio between failure
depth (~100 and 150 m in NS/DS and SC respectively) and
the spatial extent of slope instability features (2040 km
alongstrike extent of scarps in NS/DS, and 2.5 km width of
the canyon in the headwall region in SC), edge effects can be
safely ignored and the infinite slope assumption can be
employed to calculate the factor of safety (FS) of the slopes
(e.g. Biscontin and Pestana 2006). The factor of safety deter-
mines whether a given slope is stable (FS>1) or unstable
(FS<1). Slope failure occurs when the failure-inducing stress-
es acting on the slope exceed the failure-resisting strength of
the sediment (Hampton et al. 1996). The shear strength of
sediments depends on the conditions and time of drainage
during shear. It is essential to consider long-term factors such

(1974): Ae/Aey <15 very little, 15-30 small, 30-50 moderate, 5070
much and >70 extreme disturbance. Modified after Lunne et al. (1997):
Aeley <0.04 very good to excellent, 0.04-0.06 good, 0.06-0.09 fair,
0.09—0.14 poor and >0.14 very poor quality

Area Core Depth (m) ey Ae Ae Aele, AelAey (%) Quality Disturbance
(Lunne et al. 1997) (Silva 1974)
NS GeoB 13854-1 2.74 1.96 0.13 0.63 0.07 20.6 Fair Small
4.71 1.96 0.17 0.54 0.09 322 Fair Moderate
DS GeoB 13860-1 8.40 1.20 0.06 0.28 0.05 22.4 Good Small
12.11 1.06 0.04 0.28 0.04 16.1 Good Small
19.33 1.48 0.15 0.37 0.10 39.8 Poor Moderate
26.50 1.10 0.05 0.25 0.04 19.3 Good Small
33.70 1.24 0.08 0.28 0.06 274 Fair Moderate
SC GeoB 13868-1 6.23 0.68 0.04 0.10 0.06 39.5 Fair Moderate
14.45 0.70 0.03 0.06 0.05 57.6 Good Much

@ Springer



Geo-Mar Lett (2014) 34:399-417

405

as overpressure induced by sedimentation (drained condition)
and short-term factors (undrained condition) such as forces
induced by earthquakes. Slope stability was evaluated for four
different scenarios.

Static undrained conditions can be affected by strong
change in slope geometry or fluctuation of pore pressure.
The factor of safety calculation after Morgenstern (1967)
and Laseth (1999) follows:

Su
FS = ~'zsinfcosf “)
where @ is the slope angle (i.e. the assumed angle of the slip
surface inferred from reflection seismic profiles in Fig. 2).

Static drained conditions respond to long-term steady-state
pore pressure (Dugan and Flemings 2002):

' +7'z(cos?0- )+ )tany’

FS
~'zsinfcosd

(5)
where ¢’ is the cohesion, ¢’ the angle of internal friction (both
gained from drained direct shear tests) and A\* the overpres-
sure ratio (A* = Au / o' ,p).

Earthquake undrained conditions use pseudostatic analysis
for a simplified evaluation of the seismic factor in slope safety.
The earthquake force is represented by a horizontal force and a
pseudostatic seismic coefficient (k). The pseudostatic accelera-
tion (a) is k. times the gravitational acceleration g (a = k.g),
which is assumed to be applied over a time period long enough
for the induced shear stress to be considered constant (Hampton

et al. 1996). The undrained pseudostatic factor of safety is given
by the following expression (ten Brink et al. 2009):

Su

FS =
~'z[sinfcost + ke(y/~")cos?)]

(6)

Earthquake drained conditions only include pre-
earthquake pore pressure (not considering the overpressure
developed during seismic shaking) under the assumption that
shear strength does not decrease during seismic shaking:

4+ +/z(cos*O-Ax)tany
 'z[sinfcosf + ke(y/7')cos26]

FS (7)

Estimation of peak ground acceleration (PGA)

The critical pseudostatic acceleration (a.) is the earthquake
acceleration at which earthquake-induced stress just equals the
shear strength (FS=1 from Egs. 6 and 7). Critical pseudostatic
acceleration, as the average equivalent uniform shear stress
imposed by seismic shaking, represents ~65% of the effective
seismic peak ground acceleration (PGA = a. / 65%; Seed and
Idriss 1971; Seed 1979; Strasser et al. 2011). The median
ground motion of peak ground acceleration was estimated
using the empirical seismic attenuation relationship of
Campbell and Bozorgnia (2008). Absolute PGA values de-
pend on earthquake magnitude, source distance, style of
faulting, etc. Here, only the former two well-known parame-
ters served for PGA determination:

(C() + ClM) + l:(C4 + CsM)h’l(\/RZRUP-i-Cé)] , M<55

h’IPGA = (C() + ClM) —|— Cz(M*S.S) + I:(C4 —|— CsM)lH(\/RZRUP+C6>:| 5 55 < M§65 (8)

(co +c1M) + c2(M=5.5) + c3(M—6.5) + {(04 + csM)ln(\ /RZRUp-i-Ce)] ., M>65

where M is the earthquake magnitude, RRU is the epicentral
distance, and ¢ are empirical coefficients equal to —1.715,
0.5, —0.53, —0.262, —2.118, 0.17 and 5.6 respectively
(Campbell and Bozorgnia 2008).

Results
Physical and geotechnical sediment properties

Visual core description shows that the sediments at the NS and
DS sites (cores GeoB13854-1 and GeoB13860-1) consist

mainly of fine-grained material (silt and clay) with interbed-
ded sand layers, whereas those of the SC site (core
GeoB13868-1) are characterized by contouritic facies associ-
ations including very fine to medium sand (Fig. 3). Magnetic
susceptibility provides a first-order estimate of ferromagnetic
mineral abundance in sediments and is sensitive to grain-size
variations (e.g. Bozzano et al. 2011), with higher grain size
resulting in higher magnetic susceptibility in the cores of the
present study (Fig. 3).

Grain-size distributions and Atterberg limits from whole
round samples give a more refined classification for sediments
(Fig. 4). The representative grain size of sediments from NS
and DS is clayey silt (~20% clay, 10-20% sand) to sandy silt
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Fig. 4 a Grain-size distributions of sediments from the NS (core
GeoB13854-1), DS (GeoB13860-1) and SC areas (core GeoB13868-1).
b Plasticity chart for fine-grained sediments of the NS and DS areas
(classification modified after Craig 2004). The A-line separates clays

(core GeoB13854-1 at 4.71 m) with intermediate to high
plasticity. The representative grain size of sediments from
SC is silty sand (2-8% clay, 18-38% silt).

The bulk density values obtained from MAD are generally
slightly lower than those obtained from MSCL (Fig. 3). Silty
sediments from NS and DS show lower bulk densities (1.5~
2.1 g/em®) compared to sandy sediments from SC (1.7-2.4
g/em®). The high water contents (65-95%) near the surface
(GeoB13854-1 at 5 m) decrease strongly to ~20% at greater
depth (GeoB13860-1 at 35 m). The sandy sediments
(GeoB13868-1) from SC, by contrast, have overall lower
water contents ranging from 20-50%. Void ratios show sim-
ilar trends with highest values (1.6-3.0) in core GeoB13854-1
and lowest ones (0.6-1.2) in core GeoB13868-1.

Undrained shear strengths from vane shear tests are slightly
lower than the values from cone penetrometer measurements
at a given depth (Fig. 3). Sediments of core GeoB13854-1
have high undrained strength (~20 kPa) near the top of the
core, and the values gradually increase to ~30 kPa at 5 m core
depth. The coarse-grained sediments in the top 1.5 m of core
GeoB13860-1 have low shear strengths (0-20 kPa), but these
increase strongly as the sediment gets finer, reaching values of
up to ~200 kPa down to 16 mbsf (metre below seafloor).
Undrained shear tests were not carried out below 16 mbsf
because the sediments were too stiff or even hard. The
strength sensitivity of the sediments from NS and DS obtained
from vane shear tests is low (1.0-2.7). Vane shear tests were
not conducted on the sandy sediments from SC because
undrained tests cannot be performed in such sandy sediments.
The shear strength measurements obtained by cone penetrom-
eter on core GeoB13868-1 range from ca. 0 to 30 kPa. The
ratio of the undrained shear strength to vertical effective stress
(Su/0’'y) gives an indication of the consolidation state of the
sediment. Typical values for normally consolidated sediments

407
| [ "’
@ GeoB13854-12.74m

1 B GeoB13854-14.71m N 60
@ GeoB13860-12.55m 2
A GeoB13860-119.33m &
»  GeoB13860-133.7m ~
o 50
N CH I
N &
AN
A 3
P 408
N Z
o
([ ] ?;\\0 5
i 302
3
Cl 'Y . <
/ O
I
' 20
I
|
) MI
oL X 10
16 | /2|7 A
ML | b
! 0

o1 02 03 04 05 06 07 08 09
Liquid limit WL (%)

0 100

(C) from silts (M); U-line approximate upper limit of wy and wp combi-
nations for natural soils. CH, CI and CL Inorganic clays of high, inter-
mediate and low plasticity respectively; MH, MI and ML inorganic silts of
intermediate—high, intermediate and low plasticity respectively

range from 0.2-0.4 (Locat and Lee 2002). Sediment stiffness
at a given depth indicates that the material at the NS and DS
sites is highly overconsolidated, whereas that at the SC site is
underconsolidated to normally consolidated.

Results of the oedometer test are presented in Table 2, and
Fig. 5a shows plots of void ratio versus applied vertical
effective stress (the latter along a logarithmic scale).
Samples from core GeoB13854-1 (NS site) show a large
amount of compression (decrease in void ratio from 2 to
0.6), whereas samples from core GeoB13868-1 (SC site)
show comparatively little compression (decrease in void ratio
from 1 to 0.6). The preconsolidation stress, which is the
maximum effective stress the sediments have ever been sub-
jected to, was determined by the classical graphic method of
Casagrande (1936). The overconsolidation ratio, OCR (ratio
of preconsolidation stress to present-day overburden effective
stress), has been calculated to range between 1.74 and 0.14 for
NS and DS sediments (with the exception of a shallow sub-
surface sample from gravity core GeoB13854-1 suggesting an
OCR 0f 12.73), and between 1.49 and 0.13 for SC sediments.
The compression index (C.), a measure of sediment compress-
ibility, shows an intermediate compressibility (C. = 0.30—
0.39) for the upper 5 m of core GeoB13854-1 and low com-
pressibility (C. = 0.12—0.26) down to 35 mbsf in core
GeoB13860-1 for the dominantly silty material from the NS
and DS sites. Very low compressibility (C. = 0.014-0.039), by
contrast, is found for the sandy sediments from the SC site.
Coefficients of consolidation (c,), a measure of the rate at
which sediment consolidates, are relatively low (¢, = 1.1¢™~
2.2¢”7 m?*/s) for NS/DS materials and higher (¢, = 6.0¢*~2.9¢"
® m?/s) for SC materials. The vertical coefficients of perme-
ability (k), which were back-calculated from c,, are presented
as plots of void ratio versus coefficient of permeability (the
latter along a logarithmic scale; Fig. 5b). The values lie in the
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Table 2 Summary of laboratory oedometer test results: py, bulk density, o'y, hydrostatic vertical effective stress, o', preconsolidation stress, OCR
overconsolidation ratio, C, compression index, ¢, coefficient of consolidation, k coefficient of permeability

Area Core Depth (m) pp (g/em®) o'vn (kPa) e (kPa) OCR C. ¢y (m%/s) k (m/s)
NS GeoB13854-1 274 1.57 15.32 195 12.73 0.389 8.8¢% 8.9¢1°
471 1.56 25.92 45 1.74 0.304 1.1 3.6¢1°
DS GeoB13860-1 8.40 1.82 67.32 75 1.11 0.148 5.7¢% 52¢1°
12.11 1.86 102.29 20 0.20 0.143 2.2¢77 23¢
19.33 1.83 157.20 190 121 0.256 7.1¢% 5.0¢1°
26.50 1.84 217.85 32 0.15 0.125 5.2¢% 4.7¢1°
33.70 1.84 279.02 40 0.14 0.145 4.9¢% 2.8¢1°
SC GeoB13868-1 6.23 1.88 53.60 80 1.49 0.039 6.0¢% 2.6¢1°
14.45 1.96 135.52 18 0.13 0.014 2.9¢% 3.06”

range of 3.6¢'°-2.3¢” m/s for NS/DS sediments and 2.6¢™'°—
3.0e” m/s for SC sediments.

Overpressures estimated from preconsolidation stress have
ratios of 0.8-0.86 in NS/DS and ~0.87 in SC, suggesting that
non-equilibrium consolidation occurs in all study areas. Using
Gibson’s analytical solution for consolidation, the degree of
overpressure controlled by Gibson’s time factor (Eq. 3) is
reported in Table 3. Although previous studies have shown
high sedimentation rates (0.8-1.8 m/1,000 years) in recent

deposits of NS (Henkel et al. 2011) and also high rates (up
to 1.6 m/1,000 years) along the thalweg of the canyon of SC
during the Holocene (Voigt et al. 2013), a reliable long-term
sedimentation rate for the general study area is still lacking. In
the present case, a lower sedimentation rate of 0.1 m/1,000
years has been selected, this being more plausible for averag-
ing long-term sedimentation on the open slope (NS/DS) and in
the contourite depositional systems (SC; e.g. Krastel et al.
2011; Preu et al. 2012, 2013). Calculations are based on a

2 \\\HHI \\\HHI \\\HHI T T T 1T1rIT \\\\HI \\\\HI \\\\HI 2
195 kPa —@— GeoB 13854-1 2.74m
r 45 kPa —#— GeoB 13854-14.71m 1
! —&— GeoB 13860-1 8.4m
—— GeoB 13860-1 12.11m
—A— GeoB 13860-1 19.33m
—¥— GeoB 13860-1 26.5m
16— —»— GeoB 13860-1 33.7m —116
—#— GeoB 13868-1 6.23m
—A— GeoB 13868-1 14.45m
190 kPa
° \
2 <
® 40kPa  75p g
o1.2|- a - —1.2¢
o g
> 20 kPa 5
0.8 18 kP - —0.8
i 80 kPa
i
, = , ,
\_ N
0.4 Ll | | ‘ | ‘ Ll ‘ Ll . loa
11 0 100 1000 10000 1E-011 1E-010 1E-008

Effective stress (kPa)

Fig. 5 a Void ratio (e) vs. vertical effective stress (o'y;) relationships
from oedometer tests with calculated preconsolidation stress (0,,c) for the
NS/DS (cores GeoB13854-1 and GeoB13860-1) and SC areas (core
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Table 3 Gibson parameters for 2 S S

overpressure estimation: ¢, coef- Area Core ¢, (m7/s) m (m/10° years) t (10° years) Ts ¥
ficient of consolidation, m sedi-

mentation rate, ¢ duration of con- NS GeoB13854-1 1.576-08 0.1 500 10.07 0.6
solidation, T Gibson time factor, DS GeoB13860-1 4.17¢°8 0.1 500 3.80 0.5
A* overpressure ratio Ne GeoB13868-1 13067 0.1 500 1.22 03

time span of 500,000 years for all study areas (cf. estimated
overpressure at 50 mbsf). Average coefficients of consolida-
tion were obtained by oedometer tests. The results of over-
pressure ratio estimated by contour plots of Gibson’s time
factor show overpressure ratios ranging between 0.5-0.6 in
NS/DS and of ~0.3 in SC.

Drained direct shear test results (Table 4) are presented as
plots of shear stress versus horizontal displacement (Fig. 6,
panel a), and shear strength versus effective normal stress to
construct the Mohr-Coulomb failure envelope (Fig. 6, panel
b). The stress—displacement profiles for the NS/DS sediments
are characterized by smooth peaks without subsequent drops
in shear stress, whereas the SC sediments are characterized by
distinct peaks followed by drops in shear stress. Values of the
effective cohesion intercept (¢') range from 1.5-20.1 kPa in
NS/DS sediments and 12.9 kPa in SC sediments. Lower
values (30.3-34.3°) of the angle of internal friction (') are
found in the fine-grained sediments from NS/DS, as compared
to those (36.9-41.3°) in the coarse-grained sediments from
SC.

Evaluation of geotechnical data quality and interpretation

The results of the geotechnical laboratory tests presented
above are only an approximation of actual in situ conditions,
and can be biased by sample disturbance or methodological
constraints. For instance, during sampling of granular sedi-
ments such as the silty sands in the SC area, pore fluids may
squeeze out of the sampled volume, resulting in volume
reduction. This could be a possible explanation why density
values obtained from the MAD method are slightly lower than

Table 4 Summary of direct shear test results: ¢’ cohesion, ¢’ angle of
internal friction

Area Core Depth (m) ¢’ (kPa) © (©)
NS GeoB13854-1 0.74 1.52 34.25
471 7.59 31.72
DS GeoB13860-1 2.55 6.33 33.34
19.33 11.53 30.55
33.70 20.07 30.31
SC GeoB13868-1 6.23 1291 36.89
14.45 12.92 41.30

those obtained from MSCL. Also, the partly granular nature of
the contouritic sediments in the SC area may have resulted in
partial drainage of fluid upon fall cone penetration. Although
care was taken to perform these tests only in fine-grained
sediments, partial drainage may explain the relatively low S,
values from core GeoB13868-1 because the fine-grained
contouritic facies can have sand contents up to 10%.
Undrained shear strengths derived from vane shear tests are
lower than those from cone penetrometer measurements at the
same depth. This is interpreted to reflect the different physics
on which the two methods are based in deriving the compres-
sional strength (approximated as shear strength in the fall cone
tests, after Wood 1985), on the one hand, and the strength
from shear deformation in the vane shear test (Blum 1997), on
the other.

Results of sample quality assessment are shown in Table 1.
The method proposed by Silva (1974) indicates that most
analyzed samples have experienced small to moderate distur-
bance, whereas the method proposed by Lunne et al. (1997)
classifies the quality of most samples as “good” or “fair’” Only
two samples indicate strong disturbance and poor sample
quality (GeoB13860-1, 19.33 m; GeoB13868-1, 14.45 m).
Neither of these two samples shows outlier values in the
oedometer or direct shear experiments, although the relatively
high angle of internal friction ('=41.3° for the samples from
the sandy contouritic deposits in GeoB13868-1, 14.45 m
might have been compromised by sample disturbance and,
thus, has to be interpreted with caution. Since sample quality
is not excellent throughout, but rather moderate to good, and
since the shape of the void ratio—effective stress (log scale)
relationship does not always enable a profile-specific defini-
tion of the zone of maximum curvature, absolute values of the
presented oedometer data have uncertainties up to 30%,
whereas relative trends are considered as reliable. In particu-
lar, the very low OCR values suggested by some of the tests
could result from having inferred “disturbed”
preconsolidation stresses, which do not reflect the in situ
conditions correctly. This has direct implications for the over-
pressure estimates based on preconsolidation stresses, and
might explain why those estimates show generally higher
overpressure ratios than the estimates from the contour plots
of Gibson’s time factor.

In contrast to the interpretation that samples with particu-
larly low OCR values are potentially affected by sample
disturbance, the very high OCR value of 12.73 from 2.74 m
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Fig. 6 Panel a Direct shear test
protocols showing shear stress vs.
horizontal displacement for the
NS (core GeoB13854-1), DS
(core GeoB13860-1) and SC
areas (core GeoB13868-1). Panel
b Mohr-Coulomb failure planes at
peak shear strengths
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below seafloor at site GeoB13854-1 can be explained by the
effect of apparent overconsolidation. This is typical for the
uppermost section of most marine deposits which have cohe-
sion strengths exceeding those of preconsolidation stress, the
latter being due to weak interparticle bonds or bioturbation
(Lee et al. 1999).

Slope stability analysis

For the slope stability calculations, factors of safety for four
different scenarios were calculated using Egs. 4 to 7 with two
parameters changing within a certain range and other param-
eters being kept constant (Table 5, Fig. 7). The values defining
the present-day situation serve to constrain the factors of
safety for undrained and drained static scenarios, revealing
that the slopes are today stable in both cases. Since slope
geometry plays an important role in slope instability, variable

I I I
200 400 600

Effective normal stress (kPa)

slope angles (1-5°) and variable failure depth levels (10—100
m) were used to calculate FS for the undrained static case. The
undrained shear strength—depth relation was obtained using
cone penetrometer data with linear regression. Seeing that
these data might be slightly underestimating the actual in situ
conditions (particularly for the SC study area; see subsection
above), the slope stability scenarios would rather be conser-
vative estimates of potential instabilities (cf. slope stability
might be slightly higher under in situ conditions).

The results indicate that slope failure depth has less influ-
ence on stability than does slope angle. For other scenarios
with an assumed slope failure depth of 50 mbsf, slopes are
stable in the undrained static case. SC is vulnerable with FS in
the order of 1-2, although low FS values correlated with low
undrained shear strength values, which probably underesti-
mate in situ strength conditions (see subsection “Evaluation of
geotechnical data quality and interpretation” above). For the

Table 5 Parameters used for slope stability calculations: US undrained static, DS drained static, UE undrained earthquake, DE drained earthquake

Parameters NS area DS area SC area

GeoB13854-1 GeoB13860-1 GeoB13868-1

Us DS UE DE Us DS UE DE US DS UE DE
S, (kPa) 0.99z+21.67 71.17 5.332+45.57 312.07 0.92z+5.92 51.92
z (m) 10-100 50 10-100 50 10-100 50
6 1-5 1-5 1-5
¢ (kPa) - 45 - 45 - 125 - 125 - 13.0 - 13.0
@' ©) - 325 - 325 - 30.5 - 30.5 - 40.0 - 40.0
N - 009 - 0.5 - 009 - 0.5 - 009 - 0.5
v (kN/m?) - - 15.21 - - 18.05 - - 19.23
ke - - 0-009 0-0.15 - - 0-036 0015 - - 0-006  0-021
4 (kKNm?) 521 8.05 923
g (m/s%) 9.81 9.81 9.81
FS/k, 7.2/- 8.8/- 1/0.08 1/0.125  26/- 10/- 1/034 1013 49/- 19.5-  1/0.043  1/0.20
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Fig. 7 Slope stability analyses showing variations in the factor of safety
(FS) as a function of slope angle under undrained and drained static as
well as earthquake scenarios for the NS (core GeoB13854-1), DS (core
GeoB13860-1) and SC areas (core GeoB13868-1). Dashed white lines

drained static case, different overpressure ratios (0-0.9) and
different slope angles (1-5°) were chosen for FS calculations.
The results indicate that overpressure is unlikely to trigger
slope failure in static scenarios. Factors of safety for the NS

4
Colour bar of factor of safety

2 1 <1

Present-day mean values of parameters for static analyses, and
pseudostatic horizontal acceleration required to trigger slope failure
(FS=1) at present-day mean slope angles for pseudostatic analyses (see
Table 5 for input parameters, and main text for further explanations)

and DS areas tend to be lower compared to the undrained

situation, the reverse being the case for the SC area.
Pseudostatic infinite slope stability analysis represents a

first-order estimation of seismic ground accelerations which
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affect a given slope. The minimum horizontal acceleration
coefficient required to trigger slope failure (FS=1) was back-
calculated based on Egs. 6 and 7. For the undrained earth-
quake case, high values of horizontal acceleration, i.e. k.=0.08
and 0.34, are needed to trigger slope failure in the NS and DS
areas respectively, whereas a low value (k.=0.04) is needed to
trigger slope failure in the SC area. Given the scatter in the
overpressure estimates and the possibility that high overpres-
sure ratios estimated from uniaxial consolidation tests might
be biased towards excessively high values by samples with
moderate disturbance, a value of 0.5 was assumed in the
drained earthquake case for all areas. The results for SC
indicate that a higher horizontal acceleration (k.=0.20) is
required in the drained case compared to the undrained case.
For NS the horizontal acceleration is slightly higher (k.=0.13)
in the drained scenario, whereas for DS a substantial differ-
ence is observed (k.=0.34 vs. 0.13) between the undrained and
drained case.

Discussion
Preconditioning factors

Preconditioning factors are defined as the physical and geo-
technical properties of sediments resulting from initial depo-
sition and post-depositional alteration, which promote slopes
to be susceptible to instability. Physical and geotechnical
sediment properties depend to a large extent on lithology
and grain size, the latter determining the pore volume-
controlled properties (e.g. bulk density, water content, void
ratio; Baraza and Ercilla 1994). For undrained analysis, shear
strength mainly depends on the grain size and stress history of
the sediment. Thus, already small increases in sand content
can notably decrease the undrained shear strength (Lee et al.
1987). A high overconsolidation ratio commonly results in
higher undrained strength (Hampton et al. 1996). When trans-
lating these findings to the present study, undrained slope
stability analyses attest that the southern-canyon (SC) area is
vulnerable because of its lower undrained shear strength
caused by the coarse-grained nature of the sediments, whereas
the open Uruguayan slope (NS and DS areas) is more stable
because of the higher undrained shear strength caused by the
fine-grained nature of the sediments (see Fig. 3). Even when
considering uncertainties in absolute physical terms due to
sampling and measurement effects (see subsection
“Evaluation of geotechnical data quality and interpretation”
above), this finding should be robust and highlights that the
primary sedimentological differences between the two study
sectors is also expressed by different slope stability conditions
and modes of slope failures.

For drained analysis, the shear strength is governed by
cohesion (c'), angle of internal friction (") and effective
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vertical stress (o'y). Cohesion is regarded as a physicochem-
ical component of shear strength which is independent of the
effective stress (Lamb and Whitman 1969). In general, fine-
grained materials have higher cohesion compared to coarse-
grained materials. On the other hand, the presence of fine-
grained materials can be an important control parameter for
lower angles of internal friction (Huhn et al. 2006). In the
present study, the lowest ' was measured for clayey sedi-
ments, whereas sandy sediments showed stronger frictional
strength from the direct shear test. This trend holds even if the
high ¢’ value of 41.3° for core GeoB13868-1 (14.45 m) is
rejected because of poor sample quality (see subsection
“Evaluation of geotechnical data quality and interpretation”
above). This supports the present findings that the contouritic
deposits in the SC area are more stable under drained condi-
tions than the finer-grained slope sediments in the NS and DS
areas.

Effective vertical stress ¢ is determined by sediment pore
pressure. Some factors (e.g. high sedimentation rates, the
presence of gas bubbles, gas hydrate dissociation and fluid
seepage) could result in overpressure (e.g. Sultan et al. 2004).
In the present case, pore pressure predictions from the
oedometer are probably biased towards too high values (see
subsection “Evaluation of geotechnical data quality and inter-
pretation” above) and those estimated from Gibson’s time
factor rely on uncertainties of long-term sedimentation rates,
for which no reliable data are available in the study areas.
However, conceptually, overpressure induced by sedimentary
processes largely depends on permeability, which also de-
pends on sediment grain size. The slope sediments of NS
and DS have a lower permeability than do the contouritic
sediments of SC, mainly because of grain-size differences.
Therefore, overpressure development is expected to be more
critical on the Uruguayan open slope than in the SC area. This
interpretation is supported by a comparison between the aver-
age slope angles of failure scars (10-20° for the NS and up to
37¢ for the SC) and the internal angles of friction (~31 and 37°
for the NS and SC respectively): the low slope angles (i.c.
lower than the friction angle) within the scar headwall in the
NS area could indeed indicate the presence of excess pore
pressure according to the Mohr-Coulomb failure criteria. The
slope stability analyses, however, suggest that the slopes
appear to be stable under both undrained and drained static
situations today, even if assuming long-term overpressure
development in the NS area. Hence, additional triggers would
be needed to cause slope failure.

Triggering mechanisms

Triggering mechanisms are termed external stimuli which
initiate slope instability processes (Sultan et al. 2004).
Compared to preconditioning factors, these occur on shorter
timescales. For instance, earthquakes are known to trigger
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large submarine mass movements by imposing horizontal
acceleration which is usually confined to undrained conditions
(Locat and Lee 2002). When considering earthquake-induced
acceleration as a static parameter, it is reasonable to also
evaluate scenarios for a drained pseudostatic model (Mulder
et al. 1994). Of the present study sites, SC is more vulnerable
in an undrained scenario where a 0.066 g value of effective
earthquake peak ground acceleration (PGA = 0.043 g /
0.65) is sufficient to trigger the slope failure. As
discussed in the subsection “Evaluation of geotechnical
data quality and interpretation” above, however, these
very low values need to be considered with caution. For
the NS area, PGA in the order of 0.12-0.19 (k.=0.08—
0.125) is required to trigger the slope failure under
undrained as well as drained conditions.

In order to further explore plausible scenarios for such
earthquake events which might induce seismic shaking in this
intensity range along the Argentinean—Uruguayan margin,
PGA is estimated using an empirical attenuation equation
after Campbell and Bozorgnia (2008), which depends on the
combination of magnitude and source distance of a given
earthquake. In general, the study area shows low seismic
activity (Fig. la) and, over the past 160 years, only one
earthquake of magnitude 5.2 has been reported (in 1988).
The epicentre was located 20 km from the GeoB13860-1
and 80 km from the GeoB13854-1 core sites. The PGA
induced by this earthquake (0.06 g) is too low to even trigger
instability at site GeoB13860-1, which is nearest to the pre-
sumed epicentre (Fig. 8). The attenuation relationship indi-
cates that moderate M4 near-field events in epicentre distances
<6 km or very rare strong earthquakes (e.g. M7) in the far-field
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Fig. 8 a Estimated peak ground acceleration (PGA, as fraction of grav-
itational acceleration g; cf. empirical attenuation equations of Campbell
and Bozorgnia 2008) as a function of earthquake magnitude (M4-M7)
and source distance (0—100 km). Dashed white line Presumed magnitude
(M5.2) of 1988 earthquake. Dashed red lines Distances between the two

are required to trigger slope failure on the open Uruguayan
slope. This assessment thus discounts the 1988 earthquake as
a potential slope failure mechanism.

An alternative trigger mechanism may be slope
oversteepening: Since slope stability typically decreases with
increasing slope angle, slope failures can also be triggered
either by rapid asymmetric sediment accumulation on the
upper slope or by erosion of the slope toe by bottom currents.
The SC study area shows evidence for contour current-
induced processes, featuring both high sedimentation rates
(up to 1.6 m/1,000 years) during the Holocene (Voigt et al.
2013) as well as high current speeds continuously reworking
the base of the canyon flanks. Similarly, the scour
below the scarp in the DS area (Fig. lc) points to
strong currents eroding the base of the scarp which
may have repeatedly triggered small-scale landslides,
the deposits of which may subsequently have again
been remobilized by the strong currents. This interpre-
tation would explain why no larger MTD is found
below the SD scarp (Fig. 2b). The presence of strong
contour currents therefore suggests that slope oversteepening
by current-induced erosion may be an important mechanism
triggering small-scale landslides in this setting.

Slope failure modes: open slope vs. canyon

In general, low-gradient margins tend to have high sediment
inputs and only few canyons, whereas high-gradient margins
tend to have lower sediment inputs but more canyons
(O’Grady et al. 2000). Low-gradient settings often promote
large-scale, though infrequent, slope failures because of thick

Earthquake magnitude M

0 2 4 6 8 10 12 14 16 18 20
Distance (km)
slope sectors examined in the NS and DS areas and the presumed location
of the 1988 earthquake epicentre, i.e. ca. 80 and 20 km for cores
GeoB13854-1 and GeoB13860-1 respectively. b Zoom-in at 0-20 km
source distance for PGA reported in a
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unstable sediment accumulations which build up over long
time periods. High-gradient settings, by contrast, promote
more frequent small-scale failure events which prevent thick
unstable sediment accumulations to build up (Migeon et al.
2011). Since canyons are important conduits for focused
sediment transport by turbidity currents, the absence of major
canyon systems on open slopes promotes widespread sedi-
ment accumulation (Locat and Lee 2009).

The Uruguayan continental slope is characterized by low
slope gradients (1-3°) and large expanses of fine-grained
sediments. Northward-flowing bottom currents transporting
fine-grained sediments from the Rio de la Plata progressively
decrease in velocity, thereby promoting the formation of clay-
ey contourites on the slope. As a consequence, large-scale
submarine landslide complexes with high headwalls (up to
100 m) and MTDs deposited at the foot of scarps occur
repeatedly. The seismic structures of the NS slope failure
complex (Fig. 2a) reveal deeply buried MTDs associated with
scar S1 on the lower slope, scar S2 with younger MTDs
upslope of S1, and seaward-dipping discontinuities even fur-
ther upslope, possible indicating incipient fronts of future
slope failures. This geometry is interpreted to represent a
retrogressive slope failure system in which successive
landslides are dislocated progressively farther upslope
(Krastel et al. 2014). The slope stability analyses of this
article suggest that the NS area is today stable and
unlikely to experience repeated small-scale failures in
the foreseeable future. This does not exclude the possi-
bility that it may nevertheless reach a large-scale unsta-
ble state if external triggers (e.g. earthquakes) are strong
enough. This interpretation is consistent with a general
model of a low-gradient continental slope characterized
by high sedimentation of fine-grained sediments and
infrequent large-scale slope failures.

The continental slope between 1,400-2,500 m in the SC
area, by contrast, is characterized by steep slopes (3—7°) and
more abundant coarse-grained sediment on the flat Ewing
Terrace, which on the upper slope is dissected by the
Querendi Canyon. In this case, the slope stability analyses
outlined above attest to a generally low stability characterized
by repeated small-scale slope failures triggered by slope
oversteepening and by infrequent seismic events. Strong bot-
tom currents are responsible for the accumulation of asym-
metrical sandy contourites on the upper slope of the steep
Querendi Canyon, where they become unstable and are
redeposited within the canyon. Thus, whereas MTDs are
found in the mouth of the canyon, they are absent in the upper
part of the canyon (Krastel et al. 2011). This suggests that the
material continuously eroded in the course of small slope
failures along the steep headwall is efficiently evacuated along
the channel. As a consequence, the flanks of the canyon are
constantly being reshaped by wall incisions which laterally
retrograde into the adjacent open slope.

@ Springer

Comparison with slope failures on other passive margins

An important result of this study is the finding that the
investigated slopes along the Uruguayan and northern
Argentinean margin are mostly stable under static loading
conditions and that slope failures require additional driving
forces such as earthquakes. This suggests that rare earth-
quakes may play a critical role in initiating slope failure
even along passive margins characterized by generally low
seismicity. Similar conclusions have been reached from
seismic slope stability analyses in intraplate settings world-
wide, such as the upper slope of north-eastern Australia
(Puga-Bernabéu et al. 2013), the Gela Basin in the central
Mediterranean Sea (Ai et al. 2014), the northern Gulf of
Mexico (Stigall and Dugan 2010) and the Norwegian
continental slope (Storegga slide; Leynaud et al. 2004,
2009). Due to different precondition factors in different
geographic settings (e.g. slope gradient, overpressure, grain
size, presence of an intrinsically weak layer), critical peak
ground accelerations generated by earthquakes needed to
initiate slope failure range between 0.02 g for the Gulf of
Mexico (Stigall and Dugan 2010), 0.03-0.08 g for the
Gela Basin (Ai et al. 2014) and 0.1-0.2 g in the vicinity
of the Storegga slide (Kvalstad et al. 2005).

These case studies further attest to the fact that overpressure
generated by strong sedimentation rates is important to pre-
condition the slope towards lower stability (e.g. Sultan et al.
2004) but, in most cases, overpressure alone does not cause
slope failure (Kvalstad et al. 2005; Stigall and Dugan 2010).
Assuming overpressure ratios are 0.5-0.6 (estimated using
Gibson’s equation by integrating sedimentation rate and per-
meability) in the upper 50 mbsf in the NS area of the present
study, PGAs exceeding 0.19-0.2 g are required to trigger
sediment failure. This suggests “triggering conditions” similar
to those for the Storegga landslide, where weak layers have
been identified in contouritic deposits which formed during
interglacial periods and were subsequently rapidly buried
under thick glacial marine deposits (Bryn et al. 2005).
These fine-grained contouritic deposits are probably respon-
sible for the staircase appearance of headwalls and the
retrogressive nature of the Storegga slope failure. Offshore
Uruguay and northern Argentina, bottom currents are
inferred to be responsible for the distinct morphologies
of the NS, DS and SC areas (Preu et al. 2013). The
strong currents control the sedimentation pattern which,
in turn, exerts a key control on the slope stability
precondition. The influence of contour currents on mass
wasting processes and the shaping of continental mar-
gins has also been highlighted by a recent comparison
between submarine landslides off NE Africa and
Uruguay/Argentina (Krastel et al. 2014), showing that
contouritic depositional systems feature smaller but
more frequent landslides.
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Conclusions

Integrating sedimentological, physical and geotechnical data
for quantitative submarine slope stability analysis offshore
Uruguay and northern Argentina, a key finding of the present
study is that distinct differences in primary lithological char-
acteristics (such as grain size) controlled by bottom current
velocities are associated with different slope stability condi-
tions and modes of slope failures. This is reflected by the
occurrence of infrequent landslides associated with retrogres-
sive slope failures on open slopes characterized by fine-
grained and potentially overpressured sedimentary succes-
sions. Sandy contouritic depositional systems, by contrast,
are dominated by smaller but more frequent slope failures as
well as gravity-driven downslope sediment transport within
canyons. It is therefore concluded that the sedimentary and
oceanographic settings represent key factors which precondi-
tion submarine landslide initiation and govern the mode of
sediment mass transport along passive continental margins.

Furthermore, the slope stability calculations reveal that the
continental slope is at present generally stable under static
loading conditions, and that additional trigger mechanisms
would be required to initiate failure. Where strong bottom
currents locally influence the slope profile, oversteepening
can occur and result in frequent small sediment remobilization
events. On the more stable open slope, by contrast, the eval-
uation of static vs. seismic slope stability suggests that rare
earthquakes may play a critical role in initiating slope failure
along passive margins characterized by generally low seismic-
ity. By implication, future submarine landslide studies and, for
that matter, also slope stability hazard assessments for critical
infrastructures offshore the east coast of South America
should consider an integrated approach of combined slope
stability and earthquake analysis, as proposed in this study
for the Uruguayan and northern Argentinean margin.
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