Chapter 34

Submarine Mass Wasting Off Southern
Central Chile: Distribution and Possible
Mechanisms of Slope Failure at an Active
Continental Margin

David Volker, Jacob Geersen, Jan H. Behrmann, and Willhelm R. Weinrebe

Abstract Around 5-6% of the convergent continental margin of Southern Central
Chile (33-42°S) is shaped by a variety of submarine mass wasting processes. We
use swath bathymetric data covering >90% of the continental slope to map and
investigate mass wasting-related seafloor features. In total, 62 submarine landslides
are found that we separate into four categories (slides related to canyons, slides on
open slopes, lower slope collapses and giant slope failures) with different failure
mechanisms, preconditioning factors and time scales.
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34.1 Introduction

With increasing coverage of submarine slopes by swath bathymetry echosounder
data, the importance of downslope transport processes for shaping the seafloor
becomes evident. Along with the increase in the number of described submarine
slides, the knowledge of their variability in size, shape and internal deformation
improves. The background relative to slope failure at convergent continental margins
is fundamentally different from that of passive continental margins, because: (1) uplift
and slope oversteepening are caused by frontal and basal sediment accretion, sub-
duction erosion or seamount subduction; (2) megathrust earthquakes occur with a
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frequency in the range of centuries. In this study we present a dataset on mass-wasting
related features affecting the continental slope of the Southern-Central Chile active
margin (33—42°S, Fig. 34.1); the amount and detail of the data we analyze is compa-
rable with that of datasets from passive margins (Hiihnerbach and Masson 2004). The
digital appendix to this article contains spreadsheet data on dimensions, properties
and positions of these submarine landslides as well as mappable GIS data of detail
features of the individual slides in the GRASS and ArcGIS format.

34.1.1 Geological Setting

The geological framework of the Southern Central Chilean continental margin is
controlled by the subduction of the oceanic Nazca plate beneath South America at a
present rate of 6.6 cm/year and an azimuth of about N78°W (Angermann et al. 1999).
Until late Miocene, subduction erosion has controlled the marine forearc. Since
then, sediment accretion resulted in the buildup of an accretionary prism between
33°S, where the Juan-Fernandez Ridge is subducting, and 46.5°S, where the Chile
Triple Junction is located (e.g., Bangs and Cande 1997, Fig. 34.1). A common mor-
phological feature of the study area is a lower continental slope with steep segments
(up to 30°) alternating with trench-parallel belts of less steep and even landward
verging seafloor. This morphology is caused by the continuous deformation of the
accretionary prism (Contreras-Reyes et al. 2008). In contrast, the upper continental
slope appears smoother and the seafloor here is only interrupted by ridges and
escarpments that are surface expressions of faults (Geersen et al. 2011). Seismic
studies (Contreras-Reyes et al. 2008) show that the transition coincides with a land-
ward increase in seismic velocities. The rocks that underlie the upper slope are
seen as part of a Mesozoic accretionary complex that serves as active backstop
for the presently deforming prism (Bangs and Cande 1997). This general mor-
phological pattern is interrupted offshore Arauco Peninsula (36.5-39°S). Here,
uplift across transpressive upper plate faults, that are aligned oblique to the direc-
tion of plate motion controls the morphotectonic setting on the mainland (Melnick
et al. 2009; Rehak et al. 2008) and likely also affects the marine forearc (Geersen
et al. 2011).

Seven major submarine canyons incise the continental margin in the study area.
From N to S these are San Antonio, Mataquito, Itata, BioBio, Paleo-Pellahuen,
Imperial/Tolten and CalleCalle canyons (Fig. 34.1a). All major canyons are directly
connected to river systems that drain the Andes and the Coastal Cordillera.

Plate convergence results in large subduction earthquakes (Mw >8.5) by which
the main seismogenic segments have been defined. The recurrence interval of mega-
thrust earthquakes for the individual segments typically lies between 150 and
200 years (Lomnitz 1970). On 27 February 2010, the Central Chilean Maule Region
between Constitucion and Concepcién was hit by such a megathrust earthquake of
Mw 8.8. Strong earthquakes are considered potential triggers for slope failure and
submarine landslides.
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Fig. 34.1 (a) Bathymetric map of the working area, from a compilation of bathymetric cruises.
The centers of submarine landslides are indicated as points (red=canyon wall collapses, blue =failures
of lowermost slope, green=open slope failures, yellow =superscale failures) (b) Spatial distribution
of submarine landslides along the continental slope of Central Chile and distribution with slope
gradient. Size of symbols is log-scaled to the total affected area. The percentage of areas affected
by slides in latitudinal segments of 1° is given as curve
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34.1.2 Methods

Bathymetric datasets have been acquired during successive cruises on board RV
SONNE, RV METEOR and RRS JAMES COOK using deep water echo sounders
(SIMRAD EM-120 and 122); data cover ~90% of the continental slope off Central
Chile. After post-processing, Digital Elevation Models (DEMs) were calculated to
digitize details of the morphology and determine gradients and areal extent of
related features. Bathymetric data acquired prior to and shortly after the 27 February
2010 Mw 8.8 Maule earthquake are available, allowing to image seafloor deformation
related to the earthquake.

The volume of the material involved in the slides can be estimated from swath
bathymetry data alone, if the resulting bathymetric features are well preserved and
the background morphology is simple. In such cases, volumes are calculated by
restoring a (hypothetical) original surface at either the slope scarp or at the place of
redeposition and determining the volume difference between both. This is done
with the numerical tool “the healer” (Volker 2009).

34.2 Results

In total, 62 submarine landslides were mapped with areal extent ranging between 1
and 1,285 km? Roughly, 5.7% of the continental slope between 33°S and 42°S is
affected by mass wasting, but within certain slope sectors this value increases sig-
nificantly; in particular, the zone off Arauco Peninsula (between 37°S and 38°S)
stands out with 31% of failed slope (Fig. 34.1b). Based on their different morphology,
size and area of occurrence, we distinguish four basic groups of sediment failure:
(1) failure related to submarine canyons, (2) failure on open slopes, (3) failure
affecting the lowermost continental margin and (4) failure at the scale of the entire
slope. The latitudinal distribution, the size and the slope gradient for each of the
slides herein documented is shown in Fig. 34.1b, together with the ratio of failed/
unfailed slope area. The distinction coincides with fundamentally different failure
mechanisms. In the following we present details for each of the four types of slides,
providing the base for a discussion of preconditioning factors, possible triggers and
frequency of slope failure.

34.2.1 Slides Related to Submarine Canyons

Half of the slope failures (33) are related to submarine canyons and all of the seven
major canyons are bordered by slides. The slides are small in size (<30 km?, with only
three slides >30 and <90 km?) and appear independent of the water depth (Fig. 34.1).
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Fig. 34.2 Mass wasting at the sides of Mataquito Canyon. The map shows semicircular indenta-
tions of the canyon walls and multiple generations of flat-floored retrogressive failures that extend
from the canyon wall collapses. The sediment echosounder profile shows creep deformation affect-
ing sediment upslope of the failures

They are discernible as retreat of the canyon walls in the form of semicircular
indentations that in places merge into elongate canyon wall collapses (Fig. 34.2).
Often, there are secondary slides that extend from the canyon wall failures onto the
open slope, forming pan-shaped depressions with steep walls (10-27°, Fig. 34.2)
and a flat floor parallel to the undisturbed slope. The walls of secondary slides can
be modified by further generations of semi-circular depressions. Upslope of some
large failures, creep of sediment is obvious in the form of wavy deformations affecting
otherwise parallel strata of hemipelagic sediment (Fig. 34.2).

In some cases, the collapsed material is still present as sagged and rotated
sediment body within the canyons, but more often it is missing, likely because it is
distributed within the canyons or transported into the trench. Within the BioBio
Canyon, material of three consecutive failure events was found in a gravity core,
whereas the San Antonio Canyon floor is devoid of unlithified sediments (Linke
et al. 2011).
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Ash layer:
0-32cm: dark grey sand to gravel
sized volcanic ash clasts of up to
3cm diameter

Transition:
32-46 cm: silty clay matrix with
coarse, sand-sized ash clasts

Background:
46-60 cm: homogeneous silty clay

Fig. 34.3 Valdes Slide on the upper continental slope. This slide developed on the landward side
of a prominent thrust ridge. Gravity core JC23b-GCO8 from the exposed slide scar sampled a
30 cm thick ash clast layer

34.2.2 Slides on the Open Slope

Submarine slides on the open slopes have similar dimensions to those related to can-
yons (1-30 km?). Seventeen slides of this category occur in water depths between 200
and 2,300 m where the slope gradient is less than 16° (Fig. 34.1b). The majority does
not show any discernible relationship with the irregular topography and seems to have
formed on gently inclined smooth slopes that are largely unfailed around them. The
evacuation site typically has the form of isolated pan-shaped depressions with clearly
defined lateral and head walls. In most cases, morphological features typical for dis-
placed sediment are not clearly evidenced, perhaps being absent or buried.

Three slides fall out of this scheme as they are related to a trench-parallel thrust
ridge on the middle slope which represents the surface expression of a deep-seated
fault (Geersen et al. 2011) and produced differential uplift at the side of a slope
basin (Contardo et al. 2008). Of those, the Valdes Slide formed at the landward side
of this ridge and transported debris landward (Fig. 34.3). At the slide scar of Valdes
Slide, a 30 cm thick volcanic ash clast layer was exposed (Anasetti et al. 2010).
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34.2.3 Failure of the Lowermost Continental Slope

Steep (~30°) parts of the lowermost continental slope show a number of indentations,
interrupting largely unfailed slopes between 34°S and 37°S (Fig. 34.1). Six slides of
this kind are preserved in water depths between 2,100 and 5,000 m and two smaller
slides lie on the flanks of sediment thrust ridges at the deformation front of the sub-
duction zone. Lower slope collapses are significantly larger than slides related to
canyons (15-217 km?) and form irregular, steep, bowl-shaped depressions that end
at the flat trench floor. In most cases, the displaced rock is either buried in the trench
fill or absent.

Among this category, the Reloca Slide is the most noticeable because of its size
and volume (217 km?, 24 km?, Voélker et al. 2009) and because the displaced rocks
are preserved as prominent features in the Chile Trench. The lower continental
slope facing Reloca Slide is steep (20-30°) and with an arcuate shape reflecting
the slide headscarp, which is characterized by a well-preserved crown at about
2,900-3,000 m water depth, thus forming a steep and straight ramp of 2,000 m
elevation (Fig. 34.4).

The slide deposits consist of three blocks rising some 100 m and about 25 smaller
blocks rising some 10 m above a cone of scattered debris (Fig. 34.4, outlines in yellow).
The debris field has a run-out distance of 18 km and crosses (and partly buries) the
50-60 m deep axial channel of the Chile Trench. The larger blocks appear angular with
steep flanks and lie directly at the foot of the continental slope. The blocks together make
up roughly 90% of the material that is missing at the slope scar. The smaller blocks form
clusters with a number of blocks aligned at the outer rim of the debris cone.

34.2.4 Giant Slope Failures

Offshore Arauco Peninsula (Fig. 34.1), three huge slope indentations ranging in
areal extent 1,285, 924 and 1,145 km?, respectively, shape the continental slope
down to the abyssal plain and notably change the seismic reflection pattern of the
sedimentary trench fill (Geersen et al. submitted, Fig. 34.5 insert). Two of these
failures cause a landward retreat of the shelf break. The volume of material missing
at the slope is in the order of 300—500 km?3 for each of the three slides.

The failure structures are discernible as elongate embayments with steep, up to
500 m high lateral and headwalls and chaotic seafloor morphology in the centers.
The significant morphological differences between failed and unfailed slope suggests
that huge rock volumes have been involved in the failure.

Seismic reflection profiles across the Chile Trench in front of these slope embay-
ments show a chaotic interval embedded into well stratified undisturbed (turbiditic)
sediments (Geersen et al. submitted). This is in marked contrast with the typical
reflection pattern of the trench fill elsewhere, characterized by well-stratified sediment
onlapping onto the subducting Nazca Plate (Fig. 34.5, inserts).
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Fig. 34.4 Reloca Slide: Bathymetry and cross section along the slide complex. The depth profile
runs from point A to B

34.3 Discussion and Conclusion

The flat slope-parallel floor of the evacuation areas of slides related to canyons and
on open slopes suggests translational failure along lithologically defined weak layers
some tens of meters below the seafloor. The most plausible cause for submarine
canyon wall collapse is the destabilization by continuous or periodic canyon incision
by sediment transport. The retrogression by secondary slides as well as the initiation
of creep in slope sediments is a consequence of the removal of support with the initial
collapse. As the canyons seem to have been more active during the last glacial (Volker
et al. 2006), probably many of the features predate the Holocene. Retrogressions
follow the initial wall collapses and often appear morphologically fresh. The youngest
of a series of mass-wasting-related sediment units in the BioBio Canyon has a
minimum age of 0.7-1 ka (Volker et al. submitted).

For slides on open slopes, failure mechanism is less evident. In the vicinity of tec-
tonic features such as the thrust ridges where Valdes Slide is observed (Fig. 34.4), a
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Fig. 34.5 Giant slide offshore Arauco Penisula. The slope indentation is bordered by steep walls,
impinges on the course of the shelf break and reaches down to the sediment-filled Chile Trench.
Inserts show simplified schemes of the seismic reflection pattern along the trench fill in front and
south of the slope embayment

combination of continuous oversteepening and earthquake-induced vertical motion
is possible. For a large number of slides, however, triggering and failure mecha-
nisms are enigmatic, as the morphological conditions do not seem to differ from the
surrounding unfailed slope. While Valdes Slide appears fresh in terms of morphol-
ogy, Taza slide is covered by some 20 m of well-stratified sediment, as can be seen
in sediment echosounder data.

The nature of the weak layers is unknown so far, but they seem to be present at
discrete depth levels. Valdes slide appears to have failed along a thick, coarse layer
of volcanic ash. Tephra layers of the Southern Volcanic Zone of Chile form huge
sediment bodies on land and are found in cores offshore (Volker et al. 2006). They
are considered potential weak layers because of their mechanical behaviour when
subject to earthquake ground motion (Harders et al. 2010). However, neither new
submarine landslides on the open slopes nor fresh failures of canyon or slide walls
seem to have formed as a consequence of the Maule earthquake (Chadwell et al. 2010;
Weinrebe et al. 2010; Volker et al. submitted).

Lower slope collapses and giant slope failures differ from the former groups by
cutting deeper than 100 m into lithified rocks that lie beneath the slope sedimentary
cover. At the lowermost slope this is material of the frontal prism that was accreted
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over the last 6 Ma, while in water depths less than 2,000 m this can be material of a
Mesozoic accretionary complex, of Permian-Oligocene forearc basins as well as of
the Paleozoic continental framework (Contreras-Reyes et al. 2008). The displaced
rock bodies are some 100 m thick and the failure planes are slightly curved, indicating
detachment planes that are not lithologically defined. Also, both types appear only
within given latitudes where the continental margin is affected by particular tectonic
lineaments that determine local to regional uplift of the marine forearc (Geersen
etal. 2011).

The area where large lower slope collapses are present is characterized by local-
ized uplift due to focussed basal sediment accretion. Here, the lowermost slope is
particularly steep and may have reached a critical angle. Reloca Slide postdates
the incision of the central axial channel of the Chile Trench (Fig. 34.3). The channel
is believed to have been carved out about 10—12 ka BP (Volker et al. 2006).

Super-scale failures are restricted to offshore Arauco Peninsula which has been
described as an anomalous stretch of forearc in terms of morphostructural setting,
uplift history and occurrence of continental faults (Rehak et al. 2008; Melnick and
Echtler 2006; Melnick et al. 2009). Uplift of the marine forearc seems to be the
main agent leading to slope over-steepening, finally preconditioning the observed
slope instabilities (Geersen et al. 2011). The thickness of the sediment cover of the
slide-related debris corresponds to a minimum age of 200 ka for the youngest of
these events. To our knowledge, the described slope failures are among the largest
landslide deposits at active margins known to date.

Dating of a large number of the described slides is required to investigate possible
links to climatic cycles as well as for a geohazard analysis. Geotechnical experiments
aiming to understand the nature of weak layers will be carried out for Reloca and
Valdes slide.
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