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Abstract: Mass wasting events are the main processes of sedimentary dynamics that affect the
marine environment and which, due to their spatial and temporal variability, are difficult to study
and evaluate. Affecting the marine floor, between the coastline and the abyssal plain, these
processes are triggered by multiple causes, having different magnitudes and causing drastic
changes and impacts on the marine environment and human activities. In this paper, the
submarine landslide susceptibility affecting the upper course of the Aveiro canyon (West Iberian
Margin) is addressed using statistical models which are based on the statistical relations between a
landslide inventory and the landslide predisposing factors bathymetry, sediment cover, slope
angle, aspect and curvature. The statistical methods were the widely proven bivariate information
value (IV) and the multivariate logistic regression (LR). The model results were validated against
the landslide inventory using receiver operating characteristic (ROC) curves and the corresponding
area under the curve (AUC), which provided satisfactory results, with IV AUC =0.79 and LR AUC
= 0.83, in spite of the limitations of the databases used in this study. The results obtained suggest
that these methods may be useful for the preliminary assessment of sea floor slope instability at a
regional scale of analysis, enabling the selection of sites to be studied with much more detailed and
expensive methods.
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1. Introduction

Mass wasting events are the main dynamic process affecting marine sedimentary deposits [1,2],
and are recognized as one of the main marine geohazards that can result in destruction of seabed
infrastructure, collapse of coastal areas into the sea and landslide-generated tsunamis [3,4]. For
economic development and marine resources growing exploration, the instabilities of the sea floor
are of utmost interest. In fact, an increasing number of offshore engineering constructions require a
stable substratum and the knowledge of the processes affecting the bottom sediments’ stability, for
risk and integrity assessments and the evaluation of maintenance costs.

In natural sedimentary processes, the identification and mapping of submarine instabilities is
important for the understanding of the downslope processes that characterize the particle transfer
between the continental shelf and the deep ocean, through creeks, small valleys and submarine
canyons, such as the Aveiro Canyon (Portugal) [5-8]. Submarine landslides are important
mechanisms/agents for modelling and transporting large amounts of sediment along the continental
slope to the deep ocean [3,9], leaving traces and marks in the submarine morphology and
sedimentary deposits distribution.
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Many factors have been suggested as probable or possible causes to the initiation of submarine
landslides [3], which can be divided into the following types [3,10,11]:

(1) Related to the geological characteristics of the landslide material [3];

e  Movements in recent deposits of weak, under-consolidated and metastable soils in areas of
rapid sedimentation (deltas or canyons) [3,10,11];
e  Movements due to the failure of a week layer [3,10,11].

(2) Driven by transient external events [3].

e  Movements in old, normally consolidated deposits, triggered by significant changes in
sedimentation and erosional regimes, which may be caused by sea-level changes (as a
driver of sedimentation or erosion changes) or migration of erosional channels [3,10,11];

e  Movements in old deposits, caused by tectonic processes, such as earthquakes [3,10,11].

It is also noted that human activities can contribute to submarine landslide triggering, with
works such as excavation, loading, or changes in the hydraulic regime which may cause an increase
of erosion or deposition [3,11].

Submarine mass movements (SMM) often result from the combination of more than one factor
[3]. In detail, gravitational load, occurs when stresses in the seafloor soils equal or exceeds the
available shear strength, causing sudden movement [12]. Creep-like movements also occur in
cohesive soils, resulting in a slow and persistent movement over a long period of time [12]. Also, the
seafloor is affected continuously by the dynamic action of currents, tides and surface waves.
Depending on the sediment properties, the wave height and length, and the depth of the water
column, larger waves displacement cause water pressure variations which can affect the stability of
the sea bottom sediments [12]. These bottom water pressure variations caused by severe storm
surges may be enough to cause ruptures in “soft” sediments up to depths of about 120 m [13]. In
earthquake events, cyclic shear stresses caused by the propagation of seismic waves in the
sedimentary layers can originate soil ruptures [12].

Slope movements can be classified in different types (e.g., landslides, flows, rock falls, among
others [14]), regarding the mechanisms involved and with implications on the affected volume,
triggering mechanism and their location. However, in terms of sediment transport volume driven by
gravity-driven processes, only slides, debris flows and turbidity currents make a significant
contribution to the particle transfer between coastal and deeper systems [3]. Some authors [3,15-17]
reported that occasionally, movements in cohesive sediments may evolve downslope from slide to
debris flow, and from debris flow to turbidity current through gradually increasing disintegration
and entrainment of water. Nevertheless, these processes are not fully understood.

The purpose of this study is the description of the upper course of the Aveiro Submarine
Canyon, between the head of the canyon and the 3000 m deep lower course of the canyon, in order to
assess the slope instability susceptibility, applying to the submarine slopes the approaches
commonly used in onshore landslide susceptibility assessments (e.g., Reichenbach et al., 2018) [18]
and also to sea cliff failures (e.g., Marques et al., 2013) [19]. Were applied two statistically based
methods (information value and logistic regression) to correlate an inventory of potential landslides
forms and scars, identified by interpretation of a digital bathymetric model (DBM), with a set of
landslide predisposing factors. The final results were validated against the landslide inventory using
receiver operating characteristic (ROC) curves and the corresponding area under the curve (AUC),
and the susceptibility models produced by both methods were compared.

2. Setting

The Aveiro Submarine Canyon is located 50 km off the city of Aveiro (Figure 1) in the West
Portuguese margin. Specifically, the studied area is located between the middle continental shelf
(100 m depth) and the lower course of the canyon (3000 m depth).
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Figure 1. Location of the study area—submarine Aveiro Canyon.

The upper course of the Aveiro Canyon stands out from the other canyons that characterize the
Portuguese Margin, due to its morphology and location. The upper course of the canyon presents a
rather large and wide amphitheatre-shaped morphology, contrasting with the V-shape of the others
Portuguese canyons. The Aveiro canyon starts in the middle shelf, below a depth of 110 m. Its head
is about 60 km wide, being dissected by a dense network of smaller tributary valleys or runoff lines
(Figure 1). It extends for over 150 km through the Valle-Inclan saddle until it reaches the Iberian
Abyssal Plain at depths of 4000 m.

The continental shelf nearby the canyon head is characterized by flatter bottom morphology
with a very smooth slope, around 0.3% where some smaller reliefs are also observed, such as the
Pontal da Galega [20,21]. Geologically, the structure of the continental shelf is characterized by a
strong tectonic control. Rodrigues (2004) [21] reports the presence of (1) rotational gravitational slip
faults formed during the Mesozoic rifting; and (2) filling of structural depressions by a thick tertiary
sedimentary body (Eocene and Neogene bioclastic and detrital limestone formations).

Given the regional setting of the canyon, there is no relationship between the origin and
evolution of this structure with erosional processes, namely those associated with the nearby fluvial
systems. In fact, its origin and the characteristics of the upper canyon was attributed to the geologic
structure of the west Portuguese margin, specifically to the presence of a right lateral strike-slip fault
(WNW-ESE direction), also with normal movement component in which the North block is the
footwall [18]. It is likely that the fault, formed during the Variscan orogeny and reactivated in
younger tectonic phases played an important role in the canyon’s origin and modelling [22].

3. Methods

Two statistical methods were used in this study, in order to assess the canyon slope instability:
the bivariate information value method (IV) [23] and the multivariate binomial logistic regression
method (LR) [24,25]. Both methods consider the relations between the occurrence of a given event or
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state, in this case the occurrence of a landslide, with factors which may have relations with its
susceptibility or triggering.

These methods are data-driven methods that statistically evaluate the combination of the
conditioning/predisposing factors that are better related to the spatial distribution of past and
present instabilities [26]. This type of analysis assumes that the factors that conditioned the past and
present instability will produce the same effects in the future [26-29]. Therefore, it is possible to
make a quantified prediction of susceptibility in as yet non-failing areas [26,30,31].

Due to the available data in this area, the possible predisposing factors were mainly derived
from the hydrographic information (bathymetry) and sediment cover. The considered factors were
bathymetry, geometric parameters obtained on the bathymetric surface (mean slope angle, slope
face direction (aspect) and seafloor curvature) and superficial sediments mapping. These
predisposing factors are also considered to contribute to the occurrence of landslides in slope
instability assessment studies (e.g., [19,32-35]).

In summary, this approach requires the production of an inventory of recognized slope
movements in the study area; the identification and mapping of the predisposition factors; a
comparison between the inventory of movements and the predisposition factors; the production of a
susceptibility map; and the model validation.

3.1. Information Value (IV)

The information value (IV) [23] is a statistical method that correlates the unstable areas with the
predisposing factors. Each predisposing factor is divided into classes or variables (e.g., factor—mean
slope angle, variable—0-5°) [19] in order to compute a score or susceptibility score for each one. The
analysis of each factor is done in geometrical basis (pixels) or in predefined polygons, i.e., terrain
units.

The score of the IV (i) of each variable (Xi) is given by [23]:

Si/N;

Ii = logS/_N

@
where Si is the number of terrain units that are unstable with the variable Xi; Ni is the number of
terrain units with the variable X;; S is the total number of terrain units that are unstable; N is the total
number of terrain units in the study area.

Negative values of Ii mean that the presence of the variable is not favourable to the occurrence
of instabilities, whereas positive values of Ii indicate that there is a relationship between the variable
and the occurrence of instabilities [23].

The total IV (Ij) for a given terrain unit (j) is obtained by the following equation [23]:

m
= Z Xyl 2)
i=1

where m is the number of variables; and Xj is 0 if the variable is not present in the terrain unit j, or 1
if the variable is present. Therefore, the susceptibility of a terrain unit to the occurrence of a
movement is given by the final information value (IV) Ij [32].

The use of this method allows a simple susceptibility assessment of the occurrence of
movements based only on the spatial distribution of the classes of predisposing factors (variables)
and the presence or absence of instabilities in each terrain unit [19]. As a final result, susceptibility
scores are obtained for all the terrain units of the study area.

This very simplified method allows a direct evaluation of results using the variable scores. Its
main limitation results from its bivariate character, i.e., it does not take into account correlations that
may exist between variables [19,32].

3.2. Logistic Regression (LR)

The logistic regression (LR) is a statistical method where one can predict the relationship
between a dichotomic dependent variable (0 without instabilities, 1 with instabilities), and a set of
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independent explanatory variables (predisposing factors) which may be continuous, categorical or
dichotomic [25]. The relation between the occurrence of movements in a given terrain unit and the
variables is expressed as [36]:

1
= <SS <1 3
S 14+e¥ 0=5 = ©)
where S (from 0 to 1) is the probability of a given terrain being in the group of the units affected by

instabilities; and 1 is the logit, which is linearly related to the independent variables:
p
W=10g (7)< Bo+ Buvi() 4t Brvin() + ¢ @

where p is the probability of presence of the characteristic of interest; 3o, 31, ..., pm are the unknown
parameters of the LR model, vo(r), vi(r), ..., vm(r) are the independent variables in each terrain unit;
and e is the error associated with model fitting. The LR calculations and modulations were
performed using IBM SPSS Statistics v26 software. A model was built using the forward conditional
approach, in which after the regression computation, the factors (with all their variables) are added
to the model, one by one, in decreasing order of relevance for model building, until a state is reached
where the remaining factors are no longer relevant [19].

3.3. Model Validation

The results of the predictive model need a validation to its performance in order to give validity
and significance [37] to this type of study. Therefore, ROC curves were computed.

ROC curve analysis is a commonly used method for evaluating the predictive accuracy of a
model [33,38—40]. The curve is a plot of the probability of having true positive (correctly predicted
event response —area classified as movement) versus the probability of a false positive, (falsely event
response —non-movement area) as the cut-off probability varies [28].

The AUC of the ROC curve was calculated as a measure of the overall quality of the predictive
model [33,41-43]. The obtained AUC value will vary between 0 to 1 and the higher the value the
better is the model [26,35,40,44-46].

According to [36,47] curves that obtain AUC of 0.80 to 0.90 should be considered “very
satisfactory”. Although, both studies state that in order for a model to be considered “acceptable”,
must have an AUC as a minimum of 0.75. The AUC value is computed according to the following
equation:

avuC = ) [ - xi).y"“T”l] (5)

where x is the percentage of the study area predicted as susceptible by descending order of
susceptibility, and y is the percentage of correctly classified movements area belonging to the
validation group (inventory).

4. Data Acquisition and Processing

The data used in the present study were obtained within the scope of the SEPLAT program
(Sedimentary Deposits of the Portuguese Continental Shelf; funded by the Instituto
Hidrografico—IH) and the scientific project DEEPCO (West Iberian deep sedimentary conduits,
funded by the Portuguese Science and Technology Foundation (FCT), contract
POCTI/CTA/46367/2002).

For the purpose of the DEEPCO project, in the upper course of the Aveiro Canyon a multibeam
survey was performed in December 2007, as well as a sediment sampling campaign, carried out in
May 2008, which resulted in collecting 7 superficial (Smith-McIntyre sampler) and 3 vertical
sediment samples/cores (gravity corer sampler). In order to complement the available information in
this study, sedimentological data (57 superficial samples) obtained between 1989 and 1991 under the
SEPLAT program (Sedimentary Cartography of the Portuguese Continental Platform) were also
used (Figure 2).
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Figure 2. Sediment sampling stations in the upper course of Aveiro Canyon (sampled by the Instituto
Hidrografico, under the scope of the SEPLAT program (Sedimentary Cartography of the Portuguese
Continental Platform) and DEEPCO project (West Iberian deep sedimentary conduits)). The black
line indicates the location of profile P1 (see Figure 3).

4.1. Inventory of Mass Movements

The successful output of the IV and LR methods is directly linked to the inventory of the SMM.
This inventory in the Aveiro upper canyon was based on the visual interpretation of digital
bathymetric model (DBM). Slope instabilities were identified from (a) direct observation of the
bottom surface, (b) comparing it with the mean slope angle map and (c) obtaining slide profiles.

Altogether, 31 SMM'’s were identified in the bathymetric surface and its source area delimited,
as shown in Figure 3.

Since the DBM has a grid resolution of 50 m, smaller events may have gone unnoticed and the
represented features should be considered expeditious.

The observed instabilities led mainly to rotational slumps and gravitational flows. These slides
correspond to a movement of material that moves downslope along a curved or concave rupture
plane [12]. Most of these events cause a scoop shaped scar on the surface due to its rotational
movement. Figure 4 shows a rotational slide along the slope that exemplifies well the scoop-shaped
concave rupture surface.

The analysis of the P1 profile that crosses the slide seems to corroborate that it is in fact a
rotational-type slide (Figure 4). It is possible to observe a first movement at about 1200 m depth, and
a largest one located approximately at the 1400 m isobaths (highlighted in Figure 4). This produced a
steep escarpment, with a clear change in its inclination, with a gap of almost 400 m (from the depth
of 1400 to 1800 m).

As mentioned previously, in the canyon upper course, 31 features related to slope instabilities
were identified, corresponding to 44 km? of a total unstable area (almost 4.5% of the total study area),
with a concentration of movements in the Northern sector (Figure 3).
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Figure 3. Delimitation of submarine mass movement (SMM) morphologic evidence, in the upper
course of Aveiro Canyon. The black line indicates the location of profile P1 (see Figure 4).
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Figure 4. (A) Detail of a rotational slide (slump) along the canyon slope in 3D view highlighted with
a red line. Black arrow indicates down slope movement. (B) NE-SW profile on the canyon slope,
transversal to the rotational slide. Location of the P1 profile is in Figure 3.
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4.2. Predisposing Factors

In this study, 5 predisposing factors were considered to have influence in the trigger of
instabilities events along the canyon slopes (Table 1). Since direct observation of the terrain is not
possible, the predisposing factors were recognized in the available information about the study area
and reclassified in a geographic information system (GIS) environment. Each factor was divided into
variables, which resulted in classified maps of categorical variables.

Table 1. Predisposing factors surfaces and its respective classes.

Predisposing Factors Classes Reclassified Maps

Il 2575 - za00
B 2400 - 2100
I 2100 - 1800
[ 1800~ 1500
Bathymetry (m) [] 1500- 1200
[ 1200-900
[ 900- 600
Il 600 - 300
B s00- 131

I
Bl s- 0
B 0-15
I 1s-20
[ J20-25
Mean slope (degrees) I
[ Jao-3s
] s5-40
B «0-45
B 550
| BRSO

[
e
-
Aspect (slope face =
exposure) [ sw
L
~w
Cw

I concave

Curvature I Fat
I convex

- Rock
- Coarse sand N

Medium sand

Fine sand <
Sediment cover Very fie sand

Coarse silt o 5 10Km
I E—
- Medium silt

- Fine silt
- Very fine silt

The most important predisposing factor, the base and from which the others were derived, with
the exception of superficial sediment mapping, was bathymetry (derived from the hydrographic
data). The predisposing factor bathymetry was divided into 9 classes, with an interval of 300 m.
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Mean slope angle, aspect (direction of slope face exposure) and surface curvature were obtained
with the 3D Analyst tool from ArcGIS software. The mean slope angle was reclassified in 5 degree
intervals, originating 11 classes, while the aspect was divided into 9 classes, each within 22.5°
azimuths.

The seabed surface curvature represents the shape of the surface of the slope and may be
concave, convex or flat. Positive values indicate that the terrain surface is concave, negatives
represent a convex surface, and zero values correspond to a flat surface. Consequently, the curvature
DBM was reclassified into 3 classes: concave (positive values), convex (negative values) and flat
(zero).

In order to use the sedimentary cover as a predisposing factor, it was necessary to
model/extrapolate to the remaining study area the sediment maps covering the near external shelf
and upper slope (until 700 m depth). This mapping was based on 64 superficial sediment samples
collected by a Smith-McIntyre superficial sampler under the scope of the SEPLAT program and
DEEPCO project. At 2500 m depth, the first 20 cm of 3 cores were also included. Nevertheless, it
must be emphasized that superficial sediment mapping was based in an irregular sampling strategy,
which may induce some local errors, especially in deeper areas.

5. Results, Validation and Discussion

Information value (IV) and logistic regression (LR) modelling results for each of the considered
predisposing factors showed similar results, in terms of score values. However, comparison between
both values must be made with caution since the Ii score, obtained with IV method, only concerns
the respective predisposing factor while the calculated LR values (8 takes into account the other
factors and its importance for the model construction.

The reclassified predisposing factors maps were correlated with the inventory of landslides,
and thus, Ii and {3 scores of each of the variables that compose them were calculated. Table 2
summarizes the obtained results. Overall, variables whose scores have positive values are more
susceptible to instabilities while negative values are less likely.

Results obtained with both methods for the bathymetry factor (Table 2) indicate that the area
most prone to instability is located between the depths of 900 and 2100 m (higher values). This depth
range also represents the “centre” of the canyon slope, where 80% of the slides were identified. As
expected, the lowest values were observed in the shelf. However, below 2400 m depth, the
probability of occurrence of downslope movements is also lower due to the flatter surface of the
slope base.

In general, IV scores for mean slope angle are distributed in a relatively narrow range of values
(Table 2), indicating that the probability for the occurrence of movements does not have a large
variation along the canyon slope. In a more detailed analysis, the 0° to 5° slope angle class, which
corresponds to the area of the canyon head whose surface, is almost flat, unsurprisingly provided
low susceptibility scores; the slope angles from 5° to 20° and above 40° were the more susceptible to
instability. Both classes represent a likely fragility zone with a sudden change in the inclination of
the canyon slope, and therefore more prone to movements. Interestingly, on the other hand, the
25-30° and 30-35° classes scored negatively. This may be due to the following reasons: the area
where the sea bottom surface might be more stable; and/or low resolution of the DBM that masked
some slides and therefore, they are not included in the model.

Regarding the aspect (slope face exposure) factor, the highest scores were obtained in the
classes corresponding to the Southeast and East direction (Table 2). The classes concerning the South
and Northeast orientations also appear with considerable scores.
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Table 2. Information value (Ii) and logistic regression (constant € and {3 values) results for each one of

the variables.

Information Value (IV)

S = 17,668 Pixels;

Logistic Regression
Forward Conditional (LR)

Factors Variables (X) N = 405,714 Pixels. £ =-22.8423
Si Ni Li B

2875-2400 1351 67,236 -0.3359 0.0000
2400-2100 1802 43,209 -0.0188 11.7773
2100-1800 3535 36,300 0.3495 12.3096
1800-1500 2943 30,660 0.3433 13.3058
Bathymetry (m) 1500-1200 4055 30,474 0.4851 13.4463
1200-900 3569 38,720 0.3256 13.9575
900-600 413 32,789 -0.5387 13.6531
600-300 0* 22,924 -2.9997 11.6683

300-0 0* 103,402 -3.6539 6.2134

0-5 1593 126,867 -0.5401 1.1351

5-10 4196 65,889 0.1651 1.2185

10-15 4440 67,270 0.1806 0.8517

15-20 3325 54,280 0.1482 0.5190

Mean slope 20-25 2042 42,099 0.0468 0.1781
(degrees) 25-30 939 25,951 -0.0805 -0.2529
30-35 446 11,472 -0.0493 —0.2454

35-40 257 5250 0.0508 0.0311

40-45 197 3078 0.1672 0.3864

45-50 114 1704 0.1865 0.2917

50-78 119 1854 0.1685 0.0000

N 821 18,354 0.0116 0.2859

NE 1024 14,686 0.2044 0.7079

E 386 4361 0.3080 0.9623

Aspect (slope SE 779 8720 0.3121 0.9770
face exposure) S 2914 39,312 0.2310 0.7409

SW 3745 76,858 0.0488 03921

w 4253 114,122 -0.0676 0.4504

NW 2782 97,739 -0.1847 0.0757

N 964 31,562 -0.1541 0.0000

Concave 8673 146,324 0.1339 0.1545

Curvature Flat 1361 112,680 -0.5570 0.1189
Convex 7634 146,710 0.0773 0.0000

Coarse sand 0* 8218 —2.5542 0.2279

Medium sand 0* 45,612 -3.2985 -00449
Fine sand 0* 42,355 -3.2663 -3.2677
Very fine sand 0* 9272 -2.6066 -5.4053

Sediment cover Coarse silt 0* 392 -1.2327 -75024
Medium silt 6057 107,362 0.1124 5.8967

Fine silt 10,803 125,013 0.2976 6.1883

Very fine silt 808 63,718 -0.5358 5.3359

Rock 0* 3772 -2.2160 0.0000

* No instabilities identified in the terrain unit of the variable. A value of 0.999 was assumed to avoid

undetermined values and to prevent an excessive increase in the obtained negative score values (I).

Seafloor curvature of the slopes presents the concave class as the most prone to the occurrence
of slides (Table 2). This class has a relationship with the type of instabilities that were detected in the
present study. Rotational slides, or slumps, have the particular characteristic of displaying a concave

surface, which corroborates the score obtained for this class.

The last predisposing factor analysed, regarding the superficial sediment characteristics,
indicates that the type of sediment most prone to instability is fine silt, followed by medium silt
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(Table 2). In fact, according to the landslides inventory, only these types of sediment showed
instabilities. However, it should be noted once again that this map is an extrapolation of a limited
database of the available sample points.

In summary, considering the scores obtained (Table 2), the most favourable conditions for
triggering downslope mass movements in the Aveiro Canyon are as follows:

(1) depths larger than 900 m;

(2) mean slope angle between 5° and 20°, and above 40°;
(3) slope face exposed to the east quadrant (E-SE);

(4) bottom surface with concave profile;

(5) sedimentary deposits composed by medium to fine silt.

Relevance of the predisposing factors in the construction of the logistic regression (LR)
predictive model, which consists in adding, step by step, each factor according to its importance,
indicate that the most relevant factor was “Bathymetry”, followed by “Mean slope”, “Aspect”,
“Sediment cover” and “Curvature” being the last one added.

As for the IV approach, the relevance of each of the predisposing factors and their influence was
tentatively analysed by: (1) calculating the absolute value of each score (li), obtained in each of its
classes, and subsequently calculating the mean of the absolute values of the scores of the variables of
each factor; (2) and calculating a success rate AUC.

The results obtained (Table 3) indicate that, according with the mean absolute Ii values, the
factor that has the higher influence in the occurrence of instability is “Sediment cover”, followed by
“Bathymetry”. “Mean slope” is the factor that has the lowest preponderance.

Table 3. Absolute mean values and area under the curve (AUC) values for each one of the
predisposing factors, based on the information value (IV) method.

Factors Ii Absolute Mean Values Success Rate Curve AUC
Bathymetry 0.8315 0.7930
Mean slope 0.1876 0.6553
Aspect 0.1888 0.6030
Curvature 0.4742 0.5838
Sediment cover  1.7697 0.7120

Nevertheless, these results may be influenced by the relative weight of the number of terrain
pixels affected by slope movements in each variable, compared to the number of pixels in the total
area (Table 2). In contrast, the calculated AUC’s for each one of the analysed factors revealed better
and more meaningful results, and more closer to the ones obtained by the logistic regression (LR)
method (in order: “Bathymetry”, “Sediment cover”, “Mean slope”, “Aspect” and “Curvature”).

Based on the obtained AUCs for the IV method, and knowing in advance the hierarchy of
predisposing factors to the occurrence of slope movements, susceptibility maps were produced, with
the addition of the most important factors at each step [34], one by one, until obtaining the best
model. In case of the LR, the calculations started with the 5 factor model and removing one factor at
each operation in order of its relevance to the model. ROC curves of all the calculated models were
produced, using false positives against true positives, and were computed their corresponding AUC
(Table 4, Figures 5 and 6).

Analysing the results, the IV and LR models that include all factors, provided AUC values of
0.7908 and 0.8296 respectively (Table 4). From the analysis of the results obtained, it is clear that LR
(AUC of 0.8296) produced more consistent results than the IV (AUC of 0.7908). This statement was
somewhat expected, since the LR model considers the relationships between factors, rather than the
individual evaluation. In that sense, models computed with IV method are classified as
“acceptable”, while the ones produced with the LR method are classified as “very satisfactory” [44].
In general, these values mean that the models predicted approximately 79% (IV) and 83% (LR) of the
instability events. Observing the Figure 5, it is possible to verify that at the beginning of the curve,
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the first 5% of the susceptible area (false positives) corresponds to approximately 21%, for the IV
curve, and 33%, for the LR curve, of the inventoried movements (true positives). However, both
curves end up converging when 45% of the total area returns about 90% of the instability inventory.

Table 4. Receiver operating characteristic (ROC) curves area under the curve (AUC) values for the
different models produced with 1 to 5 predisposing factors, according to their relevance. Models
computed with the information value (IV) and logistic regression (LR) methods. Higher values are

highlighted in bold.
Model v LR
5 factors: Bat.; Slope; Asp.; Sed.; Curv. 0.7908 0.8296
4 factors: Bat.; Slope; Asp.; Sed.; 0.7955 0.8269
3 factors: Bat.; Slope; Asp. 0.7971 0.8246
3 factors: Bat.; Slope; Sed. 0.7920 0.8217
2 factors: Bat.; Slope 0.7936 0.8189
2 factors: Bat.; Sed. 0.7875 0.7942
1 factor: Bathymetry 0.7930 0.7930
100 = 7
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[=] s
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Figure 5. Receiver operating characteristic (ROC) curves for the models with all factors, produced
with the corresponding areas under the curve (AUC). In blue, logistic regression (LR) and in red,
information value (IV).

Based on the outputs of the IV and LR models, susceptibility maps to the occurrence of slope
movements were produced (Figure 6).

In order to make the results comparable, the predictive maps correspond to the models
integrating all 5 factors. In the case of the LR model, the obtained map presents the best model, while
the IV map presents the model with the worst AUC result between all of the method’s models (Table
4) The degree of susceptibility was assessed in 5 classes based on the percentage of susceptible area,
i.e., the percentage area affected by SMM: very low (<5%), low (5-20%), moderate (20-35%), high
(35-50%) and very high (>50%).

In this study, considering only the forward regression method, with the exception of the
curvature, all factors contributed to the increase in the success rates of the models, with AUCs
ranging from a minimum 0.79 with one factor, to a maximum 0.83 with 5 factors (Table 4).
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Figure 6. Susceptibility maps based on the information value (IV) model with all factors (on the left),
and on the logistic regression (LR) model with all factors (on the right). Black polygons correspond to
the delimitations of the identified instabilities.

As for the IV method, the addition of more predisposing factors does not necessarily
correspond to an improvement on the susceptibility model output. The best models were obtained
with a maximum of 4 factors (bathymetry, superficial sediments, slope and aspect). The increase in
more factors resulted in a decrease in the quality of the obtained models, which may be attributed to
the poor correlation of some factors with the occurrence of landslides. In fact, in the single model
category it appears that the one considering bathymetry presents the highest AUC value. The
models that produced the best AUC results (0.7971 and 0.7955, respectively) are those using
bathymetry, slope and aspect. The remaining models, although presenting satisfactory results,
showed lower AUC scores, ranging from 0.7875 to 0.7936.

In spite of the differences between the results, both methods indicate that bathymetry is the
most important factor in the prediction of the instabilities in the Aveiro Canyon slopes. In fact, it
makes sense because not only dynamic processes, in marine environment, are strongly controlled by
depth, but this variable is also expressed in others important factors such as slope, roughness,
aspect, the presence/absence of rocky outcrops and the distribution of marine sediments (which are
controlled also with the distance to the particle sources).

In the predictive models, the mean slope angle and aspect play important roles as well. These
two factors, derived from the DBM, represent, not only the bathymetric spatial variation, but also the
expression of geologic internal structures. In fact, the morphologic analysis of the Aveiro Canyon
[48,49] revealed three important variations in the slope gradient, explained by the outcrop of
intercalated geologic formations, with different resistance to the marine erosion processes. In fact,
the existence of alternation of soft layers with more resistant layers of the Cenozoic detrital
formations was identified in this sector of the Portuguese margin [20,21] and explains the different
levels of erosion. The existence of bottom currents, specifically upwelling currents [50,51], is
probably one of the erosional agents that carves the canyon slopes and promote the variation of
mean slope angle and slope direction, contributing to the instability of sediments located nearby.
Lastly, the sediment cover is the fourth most important factor (second in the IV method model) and
the remaining factor, curvature, did not make any significant contribution to either model.
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Even though there are some expected differences, both susceptibility maps showed good
agreement with the inventories of the movements that supports them, as success rate curves
returned good results. The IV susceptibility map highlights the probability of the occurrence of
downslope movements in the centre of the canyon slope, where the variables of the predisposing
factors scored larger values, contrasting with the outer shelf and the base of the upper course of the
canyon (~2500 m), where very low susceptibility is found. The LR susceptibility map show that most
of the area bellow the shelf break has moderate to high probability to the occurrence of instabilities,
and that areas with higher probability are mainly located in the northern sector.

Unfortunately, the model’s predictive capacity was not analysed due to the lack of a second
bathymetric survey of the study area, (an older and/or a more recent one), which is necessary to
compare and quantify the SMM'’s displacement between the two surveys. Also, this second survey,
preferentially with resolution better than 50 m, will allow a more accurate, substantial and robust
landslides inventory which could provide representative training and validating sets.

6. Final Considerations

The assessment of the susceptibility to the occurrence of movements in the Aveiro Canyon
slopes followed methodological principles, well tested onshore [18,28,29,52-54] with the necessary
adaptations to the marine environment, where few studies using these kinds of statistical method
are known (e.g., [2,34,35]). This paper aims to take one step further into the study of landslides in
marine environment, one of the main dynamic processes promoting the sediment transfer to deeper
domains.

The statistical methods used in the present study, information value (IV) and logistic regression
(LR), proved to be an adequate approach, considering the available low-resolution data. With these
methods, it was possible to relate the identified instabilities with factors that may be associated with
the generation of slope movements (predisposing factors). In the end, resulting models were
assessed and validated through a standard statistical technique, which corresponded to the
construction of a ROC curve, and calculating the respective AUC.

It was also possible to verify, through the preparation of the inventory of instabilities, that they
can be mainly classified as rotational slides or slumps and affects an area of about 44km? of the
seafloor, which represents 4.3% of the study area.

Overall, the predisposing factors considered in this paper contributed to a good performance of
both models. Bathymetry was revealed to be the most important factor in the study area, followed
by mean slope angle and aspect. Although, as mentioned before, there are only a few studies made
in submarine slopes, this finding is in line with the conclusions of a similar study done in Espirito
Santo Basin (Brazil) [34], where bathymetry (elevation) and slope gradient were the most important
factors.

Although the superficial sediment mapping below the 500 m depth was extrapolative, it is clear
that the type of sediments has direct influence on the triggering process of slope movements.

In spite of the limitations of the database available for this work, the validation of the models
obtained AUC values of 0.79 (IV) and 0.83 (LR) which is acceptable and very satisfactory models
[47], respectively. LR provided better results, while IV gave another perspective on what is the
weight of each factor in computing the susceptibility models.

Considering that the study was addressed to marine environment, where direct observation
and confirmation is not possible, the results obtained are quite promising for the assessment of
submarine slope-failure susceptibility on a regional scale, enabling a preliminary assessment based
on limited databases, which requires, as a minimum, bathymetry and sea bottom sedimentary cover
maps. This approach may be useful for the selection of zones to be studied in more detail using
purpose made site investigations (including geophysical investigations, drilling, sample collection
and “in situ” and laboratory testing) required to support physically based slope stability analysis for
specific projects.
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