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Deep-water fold and thrust belts often develop in convergent tectonic margins, creating irregular slope profiles
that control the distribution of deep-water gravity deposits. However, in areas with high sediment supply, the
erosion and sedimentation can minimize structural relief and smooth the slope. Using multibeam bathymetry
with 3D seismic data, we analyze the distribution of deep-water gravity-driven deposits along the convergent
margin of the southern Caribbean of Colombia, comparing areas with different continental sediment supply,
slope profile, and shelf width. We identify three geomorphological zones: The Northern, Central and Southern
Zones. The Northern Zone is characterized by a gentle slope topography, high sediment supply, and large (>100
km length) channel-levee systems traversing the slope and basin floor. In this zone, shelf-attached mass-transport
deposits erode and smooth sea-floor topography. The Central Zone is characterized by low sediment supply and
steep and irregular slope topography. Here, short-runout mass-transport deposits sourced from the crests and
steep flanks of emergent anticlines are common. The irregular relief created by tectonic deformation forms
barriers for sediment transport, leading to tortuous sediment-flow pathways. Submarine canyons incise the
thrust-cored anticlines, transporting sediment through interconnected, adjacent piggyback sub-basins. Finally,
the Southern Zone is characterized by steep slope and moderate sediment supply. Here, tectonic deformation has
been smoothed by numerous shelf-attached mass-transport deposits. The erosional scours carved by mass flows
merge downslope and evolve into submarine canyons that can deliver mass-transport deposits more than 80 km
into the basin. We analyze the impact of slope profile, sediment input and shelf width on the distribution and
morphology of deep-water deposits along the southern Colombian Caribbean margin, and present a predictive
model for the depositional patterns more likely to develop in other continental margins affected by deep-water
fold and thrust belts.

1. Introduction Along compressive margins, deep-water fold and thrust belts create

highly irregular slope topographies that can strongly influence the dis-

Understanding the distribution and morphometry of deep-water
sediment-gravity-flow deposits is of great importance to the energy in-
dustry due to their potential to contain hydrocarbons, and to the threat
that they pose to submarine and coastal infrastructure (Clark and
Cartwright, 2009; Mayall et al., 2010; Morley et al., 2011; Posamentier
et al., 2000; Posamentier and Kolla, 2003; Shanmugam, 2016; Stow and
Piper, 1984).

tribution and morphometry of deep-water deposits (McAdoo et al.,
2000; Smith, 2004). Steep anticlines transition rapidly to piggy-back
sub-basins, both of which hinder sediment transport from the conti-
nental shelf to the basin floor. (Bourget et al., 2011; Cadena et al., 2015;
Clark and Cartwright, 2009; Mayall et al., 2010; Morley et al., 2011;
Morley and Leong, 2008; Romero-Otero, 2009; Vinnels et al., 2010).
Sediment is supplied to the system not only by shelf-edge deltaic
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Fig. 1. Study area of the southern Caribbean of Colombia. (A) Schematic of the northern portion of South America, Central America, and the southern part of North
America. Inset green box shows the location of part B. (B) Plate tectonic map of the South Caribbean Deformed Belt and Sint Fold Belt, from Symithe et al. (2015) and
Martinez et al. (2015). Inset blue box shows the location of part C. (C) Bathymetry map shows the seafloor topography created by tectonic deformation and sedi-
mentation. Note the location of the Northern Sind Fold Belt, Magdalena Fan and Southern Sint Fold Belt. Faults traces are based on Ruiz et al. (2000) and Galindo
and Lonergan (2020). Bathymetry data inside red polygon is multibeam data supplied by Ecopetrol S.A., and other data is provided by the GEBCO model. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Location of the three main rivers within the study area: The Magdalena, Sint and Atrato rivers. Offshore sediment facies adapted from (Rangel-Buitrago and
Idarraga-Garcia, 2010) and surface and bottom currents based on Pujos and Javelaud (1991), Correa-Ramirez et al. (2020) and Moreno-Madrinan et al. (2015). The
sediment discharge data from Restrepo and Kjerfve (2004). Inset B shows the location of part A. Bathymetry data inside red polygon is multibeam data supplied by
Ecopetrol S.A., and other data is provided by the GEBCO model. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Bathymetry showing the sea-bed
morphology of the Magdalena Fan. The red
box shows submarine canyons close to
present-day Magdalena River mouth
indenting the shelf edge; the yellow box
highlights  channel-levee systems that
evolved in the zone of transition between the
continental shelf and the continental slope.
These channel-levee systems are currently
inactive and are interpreted to have formed
in the Pliocene-Pleistocene, before the Mag-
dalena river mouth migrated northward to
its present-day position (Romero-Otero
et al., 2015). The bathymetry corresponds to
the merge of the GEBCO model and the
multibeam data supplied by Ecopetrol S.A.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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systems, but also, from erosive processes on the slope, mainly
comprising the erosion of steep anticlinal crests and mass failures from
over-steepened topography (Mutti, 1985; Posamentier and Walker,
2006; Shanmugam, 2016).

The southern Caribbean Colombian margin is a tectonically-active,
convergent margin with high sediment supply, fed to the coastline by
three major fluvial systems with marked differences in sediment supply:
the Atrato, Sinti, and Magdalena rivers (Restrepo and Kjerfve, 2004,
Fig. 1). The width of the shelf, which varies along strike, is also is a factor
influencing sediment delivery into the offshore basin. Submarine
channels, canyons, and landslides all transport sediments downslope,
depositing sediment aprons that act to smooth the irregular
tectonically-modified submarine landscape (Idarraga-Garcia et al.,
2019; Idarraga-Garcia and Vargas, 2014; Morley and Leong, 2008;
Ortiz-Karpf et al., 2015; Pettinga and Jobe, 2020; Pirmez et al., 2000;
Romero-Otero et al., 2015; Sinclair and Tomasso, 2007; Vinnels et al.,
2010).

In this study, we analyze the distribution and architectures of the
deep-water gravitational deposits in the southern Colombian Caribbean,
by integrating new multibeam bathymetry and 3D seismic data that
cover a larger area than previous studies (Alfaro and Holz, 2014; Ercilla
et al., 2002a; Estrada et al., 2005; Idarraga-Garcia et al., 2019; Idarra-
ga-Garcia and Vargas, 2014; Kolla and Buffler, 1984a; Martinez et al.,
2015; Ortiz-Karpf et al., 2017; Romero-Otero et al., 2015; Vinnels et al.,
2010). We utilize these data to document the variability on the distri-
bution and morphology of deep-water depositional elements in three
areas that have variable boundary conditions (e.g., sediment supply,
shelf width). We discuss the impacts of sediment supply, slope profile
and shelf width on the evolution of seafloor topography, and propose a
predictive model for assessing the interplay between these factors.

2. Study area
2.1. Geotectonic setting

The southern Colombian Caribbean is located, along the north-
western margin of South America (Fig. 1A). The geological evolution of
northwestern South America is linked to the subduction of the Carib-
bean oceanic plate beneath the continental South American plate, which
began in the late Cretaceous and continues today (Barat et al., 2014;
Bernal-Olaya et al., 2015; Cortés and Angelier, 2005; Escalona and
Mann, 2011; Flinch et al., 2003; Spikings et al., 2015; Taboada et al.,
2000). Currently, the Caribbean plate maintains an eastward motion
relative to the South American plate (Symithe et al., 2015). The oblique
convergence of these two tectonic plates has created the South Carib-
bean Deformed Belt (SCDB) offshore of northern Colombia and
Venezuela (Fig. 1B, Bernal-Olaya et al., 2015; Escalona and Mann,
2011). The SCDB displays a convex plainview shape that causes
along-strike variations in the structural styles (Galindo and Lonergan,
2020). The southern area of the SCDB corresponds to the Sint Fold Belt,
a late Cenozoic sedimentary accretionary prism that is constrained to the
east by the Sint lineament (Duque-Caro, 1990, 1979; Martinez et al.,
2015; Ruiz et al., 2000). Uplift and deformation began during late
Cenozoic and continues at present (Bernal-Olaya et al., 2015; Cediel
et al., 2005; Corredor, 2003; Cortés and Angelier, 2005; Duque-Caro,
1990, 1979), with a main deformation stage that occurred during the
Pliocene-Pleistocene, associated with the Andean Orogeny (Duque-Caro,
1979; Flinch et al., 2003; Ruiz et al., 2000). The Magdalena Submarine
Fan, where the slope appears relatively undeformed, segments the Sint
fold belt into a Southern and a Northern portion (Fig. 1C, Martinez et al.,
2015).

2.2. Sediment supply and oceanographic setting

The study area includes three major river systems that supply
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Fig. 4. Data available for this study. (A) Bathymetric surveys merged to build a regional seafloor topography with lateral resolutions from 10 to 50 m along the
southern Sind Fold Belt and Magdalena Fan. (B) 3D seismic surveys in the study area: 1) 3D seismic survey 1, located over the upper Magdalena Fan, 2) 3D seismic
survey 2, over the area of transition between the Magdalena Fan and the Southern Sint Fold Belt. 3) 3D seismic survey 3, located in the Southern Sind Fold Belt. (C)
Insets showing the location of (A) and (B) relative to northern South America. This high-quality regional data was provided by Ecopetrol S.A.

sediment from the continent: from north to south, the Magdalena, Sind,
and Atrato rivers. Additionally, terrigenous sediments are distributed
over the shelf and slope by oceanic currents (Fig. 2, Correa-Ramirez
et al., 2020; Moreno-Madrinan et al., 2015; Pujos and Javelaud, 1991).

The Magdalena River drains the northern portion of the Andean
Cordillera (Fig. 2) and has the highest sediment discharge in the region,
with 143.9 x 10° Mg yr_1 (Restrepo and Kjerfve, 2004). Close to the
present-day Magdalena River mouth, the continental shelf width is very
narrow, ~5 km (Fig. 3, Ercilla et al., 2002a, 2002b; Idarraga-Garcia and
Vargas, 2014; Idarraga-Garcia et al., 2019; Kolla and Buffler, 1984a,
1984b). In this area, submarine canyons indent the shelf edge and
transport sediments to the slope and the bottom of the basin (Romer-
o-Otero et al., 2015). Toward the southwest of the Magdalena River
mouth, the continental shelf is wider ranging from 15 to 32 km (Fig. 3).
In this area, the main depositional systems are large channel-levee

systems which evolve in the zone of transition between the continental
shelf and the continental slope (Fig. 3, Ercilla et al., 2002a, 2002b;
Idarraga-Garcia et al., 2019; Kolla and Buffler, 1985; Romero-Otero
et al., 2015). These channel-levee systems are currently inactive and are
interpreted to have formed in the Pliocene-Pleistocene, before the
Magdalena river mouth migrated northward to its present-day position
(Romero-Otero et al., 2015).

The shelf sediments related to the present-day Magdalena River are
predominantly mud and sandy-mud, including terrigenous and biogenic
components (Fig. 2, Pujos and Javelaud, 1991; Rangel-Buitrago and
Idarraga-Garcia, 2010). These sediments are dispersed by the Panama
counter-current towards the east of the Magdalena River mouth during
the main wet season (September to November), but change direction
during the dry season (December—February) to flow westward (Pujos
and Javelaud, 1991). The regional subsurface currents also flow
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Seismic Facies (SF1) Seismic Facies (SF1)

Description:
High  amplitude, sub-parallel, semi-continuous
confined and erosive at the base.

Interpretation:
Channel fill deposits that may contain sands.

Seismic Facies (SF2) Seismic Facies (SF2)

Description:

High to low amplitudes, parallel, continuous, convex

and high slopes at the proximal edges; the curvature Interpretation:

and slope are attenuated at the distal parts where Inner and outer levees respectively.

they can downlap and make concordance with
previous seismic reflectors.

Seismic Facies (SF3) Seismic Facies (SF3)

Description: Interpretation:
Low to moderate amplitudes, parallel, continuous, flat Mud or fine grain sediments related with low energy
and low slope currents or hemipelagic deposits.
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Description:
Low to moderate amplitudes, discontinuous, curved,
folded, failed, chaotic and erosive at the base.

Interpretation:
Mass transport complexes

Fig. 5. Main seismic facies identified in this study (A, C, E, G, I, K, M) and interpretation (B, D, F, H, J, L, N).
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Seismic Facies (SF5)

Description:

Blocky shaped seismic reflectors; net to angular
edges, normally rotated, not similar to the seismic
amplitudes of the adjacent reflectors.

Interpretation:
Block falls or megaclast.

Seismic Facies (SF6)

Seismic Facies (SF6)

Description:

Erosive contacts towards the base and the sides, U-
shaped and V-shaped profiles, dissimilar to the
seismic amplitudes of adjacent reflectors, erode older
reflectors.

Interpretation:
Edges of the submarine channels and canyons

Seismic Facies (SF7)

Seismic Facies (SF7)

Description:
Continuous,
moderate to high amplitude, curved.

semi-continuous,  wavy, parallel,

Interpretation:
Sediment Waves.

Fig. 5. (continued).

northeastward and eastward over the Magdalena Submarine Fan (Fig. 2,
Correa-Ramirez et al., 2020).

South of the Magdalena, near the center of the study area, is the Sind
River (Fig. 2). It has the lowest sediment discharge among the three
main rivers, with 6.1 x 10® Mg yr~! (Restrepo and Kjerfve, 2004). The
shelf width in this sector varies from 25 to 80 km (Vinnels et al., 2010).
The sediments on the shelf are predominantly muddy (Fig. 2), although
biogenic muddy sands also occur and are concentrated in mounds on the
shelf (Pujos and Javelaud, 1991; Rangel-Buitrago and Idarraga-Garcia,
2010). The sediment distribution during the wet season have a northeast
trajectory, which is influenced by the Panama counter-current (Pujos
and Javelaud, 1991). However, during the dry season, the distribution of
suspended sediments is moved to the southward of the Sint River delta

mouth (Fig. 2, Pujos and Javelaud, 1991).

The third fluvial system, the Atrato River, is located in the south-
ernmost part of the Colombian Caribbean margin, draining towards the
Gulf of Uraba (Fig. 2). It has a moderate annual sediment flux of 11.2 x
10° Mg yr~! (Restrepo and Kjerfve, 2004). The shelf width ranges be-
tween 24 and 113 km. The widest shelf is located in the Gulf of Uraba
(~113 km), coincident with the location of the Atrato River delta, where
sandy mud sediments are predominant (Fig. 2), while mud-sized sedi-
ments are predominant on the open shelf (Rangel-Buitrago and Idarra-
ga-Garcia, 2010). Sediment input from the river to the open shelf
depends upon the circulation inside the Gulf of Uraba (Escobar and
Velasquez-Montoya, 2018). In general, during the main dry season
sediment transfer to the shelf is relatively low, and most sediment is
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lobe morphometry

Fig. 6. Sketch of the morphometric parameters measured for channelized systems (A) and lobes (B). Channel depth, d, channel width, w, straight line joining the first
point and the last midpoint of channel (section A-A’), lobe width, Wy, lobe length, L;, and lobe area, A; 5. Methodology follows Shumaker et al. (2018) for channels

and Pettinga et al. (2018) for lobes.

deposited inside of the Gulf of Urabd, while during the main wet season
the increase of river input produces an outward flux of sediments,
allowing transfer to the open shelf (Escobar et al., 2015; Pujos and
Javelaud, 1991).

3. Methodology

This study analyzed approximately 7736 km? of 3D seismic and
42,500 km? of high-resolution bathymetric data along the southern Sint
Fold Belt and the southern Magdalena Fan (Figs. 1 and 4).

Ten different bathymetric surveys with lateral resolutions from 10 to
50 m were merged to build a regional seafloor topography (Fig. 4).
Additionally, three 3D seismic reflection surveys covering the southern
part of the Magdalena Fan and the Southern Sind Fold Belt were inte-
grated with the bathymetric data. 3D seismic survey No. 1, is located
over the appex Magdalena Fan, and corresponds to a time-migrated
volume, with a bin spacing of 25 x 12.5 m, and 4 ms vertical sam-
pling rate; the average frequency is 40 Hz (Fig. 4). 3D seismic survey No.
2, is located in the area of transition between the Magdalena Fan and the
Southern Sint Fold Belt, and is a Post Stack Depth Migrated (PSDM)
volume, with a bin spacing of 12.5 x 12.5 m and 3 m vertical sampling
rate, the average frequency is 30 Hz. Finally, 3D seismic survey No. 3, is
located over the area of the Southern Sind Fold Belt, and corresponds to
a PSDM volume, with a bin spacing of 12.5 x 12.5 m, and 3 m vertical
sampling rate; the average frequency is 65 Hz. This study focuses in the
interval between the seafloor surface and approximately 1 km below the
seafloor. Seismic attributes and horizon slices were used to complement
the description and interpretation of seismic facies and sedimentary
bodies. These high-quality regional data were provided by Ecopetrol S.
A.

3.1. Interpreted seismic facies
Seven seismic facies were identified in the 3D seismic (Fig. 5):

1) Seismic facies-1 (SF1), characterized by sub-parallel, semi-contin-
uous, high-amplitude reflectors, confined within a basal surface that
has an erosive base, and is interpreted as high-energy, sand-prone
channel-fill deposits (Fig. 5A and B, 10, and 11, Abreu et al., 2003;
Armitage et al., 2012; Jobe et al., 2015; Posamentier and Kolla,
2003).

Seismic facies-2 (SF2), composed of parallel, continuous, seismic
reflectors with variable amplitudes. Occurring at either side of SF1,
reflectors are convex and inclined away from SF1, curvature and
slope are attenuated, and reflectors downlap underlying seismic re-
flectors. This seismic facies is interpreted as proximal and distal le-
vees respectively (Fig. 5C and D, 10, 11, 21 and 22, Armitage et al.,
2012; Deptuck et al., 2003).

2

~

3) Seismic facies-3 (SF3) contains continuous, parallel, horizontal re-

flectors with low to moderate amplitudes. Facies 3 is contained

within a convex downward shape and is interpreted as low-energy,
mud-prone channel-fill deposits (Fig. 5E and F, 10, 11, 12, 17, and

18 Prather et al., 1998).

Seismic Facies-4 (SF4) is composed of discontinuous, curved, folded,

chaotic seismic reflectors with low to moderate amplitudes, typically

overlying an erosive base. This seismic facies is interpreted to be
imaging subaqueous mass failure deposits and complexes (Fig. 5G

and H, 10, 11, 16, 17, 18, 19, and 22, Moscardelli et al., 2006;

Moscardelli and Wood, 2008).

5) Seismic facies-5 (SF5) is composed of discrete packages of parallel
seismic reflectors with sharp lateral terminations. These packages
are commonly different in internal character and rotated with
respect to adjacent seismic packages. This seismic facies is inter-
preted as blocks derived from gravitational collapse of anticlinal
ridges and basin walls, and canyon margins (Fig. 5 and J, 17 and 21,
Gamboa et al., 2011; Jackson, 2011).

6) Seismic facies-6 (SF6) is characterized by seismic reflectors are

confined within U-shaped and V-shaped concave eroded features,

and that lap out or thin onto the margins of these containers. These
seismic facies are interpreted to filling submarine channels and

canyons that erode the seafloor (Fig. 5K, L, 10, 11, 18, 21 and 22,

Jobe et al., 2011).

Seismic facies-7 (SF7), is composed of continuous, semi-continuous,

wavy, parallel reflectors with moderate to high amplitudes. This

seismic facies is interpreted as sediment waves (Fig. 5M, N and 18,

Faugeres and Mulder, 2011; Posamentier and Kolla, 2003).

4

—

7

—

3.2. Morphometry of deep-water gravitational deposits

To analyze the morphometry of channels, canyons and lobes, we
followed the methodology proposed by Shumaker et al. (2018) and
Pettinga et al. (2018). We measured the depth of channelized system (d)
as the vertical distance between the deepest point of the channel and the
highest point of the levee crests (Fig. 6). The channel margins defined as
the highest points of the crests of its channel borders. The width of the
channel (w) was measured perpendicular to the thalweg line and it
corresponded to the distance between the two channel margins (Fig. 6).
We calculated the sinuosity by dividing the length of the channel along
the thalweg (channel axis) by the distance of a straight line joining the
first point and the last midpoint. Each measurement was then tabulated
and reported in percentiles for each channel (P;¢ and Pgp). For quanti-
fication of submarine lobes (Fig. 6), maximum lobe width (Wpp),
maximum lobe length (L;p) and lobe area (ALB) were measured
following the methodology of Pettinga et al. (2018).



J. Naranjo-Vesga et al.

Marine and Petroleum Geology 121 (2020) 104639

North Zone

Slope profile:
Gentle slope topography (~<2°)

Main sediment supply: | 4
Magdalena River (143.9x10 Mgyr )

Shelf width:
15-32 km

e } Magdalena
J River

¥

&

£i g
Central Zone
4 Slope profile:
;. Steep slope topography (~>5°)
Main sediment supply:
Sinu River (6.9x10 *Mg yr™) 12
Shelf width: £00 -
Gulf of 25-75km 4qoc0f | E
Morrosqulllo/;‘ - o
A T E‘lo - =
/___/{ \\:\\\ 2000 E-
~ I vy 2500 [l 3
1 |
e f Sinua V\\_/\
) s River
v }
South Zone

Slope profile:

Steep slope topography (~2-5%)

Main sediment supply:
Atrato River (11.2x10°Mg yr')
Shelf width: call
24 - 110 km
oF
0 \ 50 100 #
e, K[| OMEtET'S

Fig. 7. Geomorphological zones in the area of study. The Northern Zone is associated with sediment input from Magdalena River. The Central Zone is mainly fed by
the Sint River. The Southern Zone is fed by the Atrato River. Each zone has a unique distribution and architecture of deep-water gravitational deposits. (B) Insets
showing the location of (A) relative to northern South America. Sediment discharge data from Restrepo and Kjerfve (2004).
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Slope
profile 5

Slope
profile 4

Fig. 8. 3D Bathymetric image of channel-levee systems in the Northern Zone. Channels start as gullies (light blue arrows), which merge downslope to become
channel-levee systems (white arrows). Most channels do not impinge upon the shelf edge. E) Insets showing the location of Fig. 8 (light blue box) and slope profiles of
Fig. 9 (yellow lines), relative to southern Caribbean region of Colombia, South America. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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Fig. 9. Slope profiles through the Northern Zone. Slopes are overall gentle, with values ~ <2°. Note that towards the zone of transition between the continental shelf
and the slope, gradients increase to ~5° and then gently decrease in the stream-wise direction. Location of profiles are shown in Fig. 8.

4. Results

Based on the data collected we propose that the study area can be
divided into three geomorphological zones (Fig. 7) with unique sedi-
ment dispersal patterns and depositional architectures.

4.1. Northern Zone (Magdalena Fan)

The Northern Zone (Figs. 7 and 8) is an area characterized by high
sediment supply from the Magdalena River (Restrepo and Kjerfve,
2004). Here, the continental shelf varies in width from 15 to 32 km. In
the area of Galerazamba, the Northern Zone is dominated by the pres-
ence of extensive channel-levee systems with lengths that can exceed
150 km (Figs. 7 and 8, Ercilla et al., 2002a; Estrada et al., 2005; Idar-
raga-Garcia et al., 2019; Romero-Otero et al., 2015). This zone is also
characterized by a gentle slope (Fig. 9, ~ <2°). Toward the south-
western of the Galerzamba area, thrust faults and folds have been eroded
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and covered by the high volumes of sediment provided by the Magda-
lena River, smoothing the seafloor topography (Figs. 7 and 10). These
channels are intepreted to have been active mainly during the
Pliocene-Pleistocene (Romero-Otero et al., 2015).

In the Northern Zone, channel-levee systems are predominantly ag-
gradational (Fig. 11) and stack vertically for more than 350 m (cf. Jobe
et al., 2016). Most channels do not impinge upon the shelf edge, and
typically evolve in the zone of transition between the continental shelf
and the toe of the continental slope. Channels start as gullies, which
merge downslope to become channel-levee systems (Figs. 8 and 12). The
channel systems mainly trend northwest, and less commonly towards
the southwest (Fig. 7). The channels show a reduction in depth from the
slope to the basin floor. On the slope, the channel depths range from 14
to 125 m (P19 to Pgg values). Once the channels reach the basin floor,
channel depth decreases rapidly to values between 10 and 29 m.
Channel widths are more stable, with values from 736 to 2354 m on the
slope decreasing to 877 to 1783 m on the basin floor. The sinuosity
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eroded by gravity flows (red arrows). Erosional scours are healed by sediments provided by the Magdalena River resulting in a smoothing of the seafloor topography
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Fig. 11. Seismic profile showing the main seismic facies identified in the Northern Zone. Channel levee systems stack vertically for more than 350 m in the Northern
Zone, reflecting the high rates of sediment supplied from the Magdalena River (See Fig. 8 for Location).

varies between 1.2 and 1.6 and tends to increase towards the lower slope
and basin floor.

In the Northern Zone, mass-transport complexes (MTCs) are common
(Figs. 11 and 12). The larger deposits are commonly associated with
mass failures starting near the edge of the shelf, the flanks of channel-
levees and gullies where slopes exceed ~5° (Figs. 9 and 12, Idarraga--
Garcia et al., 2019; Idarraga-Garcia and Vargas, 2014; Ortiz-Karpf et al.,
2016; Romero-Otero et al., 2015). These failures translate along
bathymetric lows created between external levees, or along
channel-levee systems, smoothing the seafloor topography (Ortiz-Karpf
et al., 2017). Here, submarine mass failures are important agents that
modify the slope, creating or closing sediment-flow pathways and thus
modifying the architecture of the Magdalena fan (Idarraga-Garcia et al.,
2019; Idarraga-Garcia and Vargas, 2014; Ortiz-Karpf et al., 2016;
Romero-Otero et al., 2015).
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4.2. Central zone

The central zone is the most structurally deformed part of the study
area (Figs. 7 and 13). It contains northeast-southwest trending anticlines
with steep flanks and piggyback sub-basins that form a rugose slope
profile (Fig. 14). This zone is sediment-starved relative to the Northern
Zone, only receiving sediment supplied by the Sinti River. The conti-
nental shelf width of the Central Zone varies between ~25 and 75 km
(Fig. 7).

In the Central Zone, submarine canyons are the main conduits for
basinward sediment transport. Canyons start as gullies on the upper
continental slope, which merge downslope to form wider, erosive sub-
marine canyons through which sediments travel basinward (Fig. 15).
Near their points of initiation, gullies vary in width from 532 to 1,311m
and in depth from 32 to 119 m (P; to Pgg values). Canyons vary in width
between 607 and 2811 m, and in depth between 61 and 316 m. Average
sinuosities are below 1.2 (lower than the channel-levee systems in the
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Fig. 12. (A) Detailed 3D bathymetric image in the Northern Zone showing erosional scours created by mass failures near the edge of the shelf and associated with
steeper channel-levee and gully flanks (~5°). These remobilized sediments are deposited as mass-transport complexes (MTCs). (B) Insets showing the location of (A)

relative to southern Caribbean of Colombia.

Northern Zone). The thalweg slope of these canyons is spatially variable,
with canyons that exhibit high slopes (values over 20°) when crossing
thrusts folds, and lower slopes across piggyback sub-basins (values
lower than 1°). Flows traveling along some canyons erode the forelimbs
of the anticlines, resulting in the interconnection of two or more pig-
gyback sub-basins (Fig. 13). Moreover, erosion along the canyon thal-
wegs can reduce slopes to <5°. Upon reaching the piggyback sub-basins
and basin floor, canyons lose confinement and can evolve geo-
morphologically into submarine channels or lobes (Figs. 15 and 16).

In the Central Zone, fold limbs form steep seafloor slopes (7-22°),
which are prone to mass wasting (Fig. 13, Idarraga-Garcia and Vargas,
2014; Vinnels et al., 2010). These failures generate block falls with in-
dividual blocks reaching maximum sizes of ~450 x 268 m (Fig. 17) and
detached mass-transport complexes (sensu Moscardelli and Wood,
2008), which commonly run out less than 15 km from their sites of
initiation. When the thrust-cored anticlines are not breached by sub-
marine canyons, they act as topographic barriers for the movement of
sediment, resulting in areas basinward of these barriers where sediment
waves are preserved (Fig. 18).

4.3. Southern Zone (southern sinii fold belt)

The Southern Zone (Figs. 7, 19 and 20) is mostly composed of SF4,
interpreted as mass transport complexes (Fig. 21, MTCs). These MTCs
produce failure scars that can be traced to the upper continental slope,
just below the shelf edge (Fig. 19). In this zone, the seafloor has been
greatly modified by mass wasting; anticlinal crests have been eroded and
piggyback sub-basins filled, burying the thrust belt (Figs. 19 and 21).
Mud volcanoes are present and associated with intense compressional
deformation (Figs. 19 and 21, Alfaro and Holz, 2014; Ruiz et al., 2000).

In the Southern Zone, the continental shelf ranges in width between
~24 and 110 km. The widest shelf occurs in the Gulf of Uraba sector
(~110 km), coincident with the location of the Atrato River delta
(Fig. 7). Erosional scours carved on the seafloor by mass failures merge
basinward to become submarine canyons (Fig. 19). These canyons do
not head near the shelf edge (Fig. 19) and are significantly larger than
those in the Central Zone, with widths that vary between 3978 and 7550
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m, and their depths range between 75 and 278 m (P;( to Py values).

In the Southern Zone, MTCs initiate as slope-attached mass failures
(sensu Moscardelli and Wood, 2008) that are considerably larger than
the detached failures seen in the Central Zone, with sizes up to 80 km
long by 20 km wide, and thicknesses exceeding 200 m (Fig. 22).

5. Discussion

The distribution of deep-water gravitational deposits in the Colom-
bian Caribbean margin is the result of the complex interaction between
slope morphology, sediment supply and continental shelf width. Tec-
tonic deformation creates highly irregular slope profiles that can be
smoothed through erosion and sedimentation. In addition, shelf width
influences the transfer and reworking of sediments from the river delta
mouths to the slope, controlling the volume and particle size of the
sediments reaching the shelf edge (Sgymme and Jackson, 2013; Sweet
and Blum, 2016). In the following sections we analyze the role of each of
these parameters on the resulting depositional patterns.

5.1. Slope profile

Previous studies indicate that the slope profile exerts control on the
distribution of deep-water gravitational deposits in the southern Carib-
bean of Colombia (Cadena et al., 2015; Idarraga-Garcia and Vargas,
2014; Romero-Otero et al., 2015; Vinnels et al., 2010). Areas with steep
slope profiles (>2-5°), often located near the shelf-slope break, on the
flanks of anticlines, and on levee flanks, are prone to mass failures
(Figs. 12, 13 and 19; e.g., Idarraga-Garcia et al., 2019). Slope gradient
also influences the development of channels and canyons (Deptuck
et al., 2012; Shumaker et al., 2018). In the Central and Southern Zones,
submarine canyons occur in areas dominated by steep slopes, close to
the shelf edge and across the steep flanks of thrust-cored anticlines
(>2-5°, Figs. 15, 19 and 20). On the other hand, submarine channels are
related with areas of overall gentle slope topography (<2°, Figs. 8 and
9), also across piggyback sub-basins and on the bottom of the basin (<1°,
Fig. 15). This relationship between slope gradient and the development
of canyons and channels has been documented offshore of Angola
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Fig. 14. Slope profiles through the Central Zone. The profile shows an irregular slope topography. Steep slopes (~>5°) are related with anticlines and lower slopes
are associated to piggy-back sub-basins. The locations of the profiles are shown in Fig. 13.

(Oluboyo et al., 2014), also in the Eastern Mediterranean Sea and along
the continental margin of Equatorial Guinea, where the structural
deformation and slope profile exerts a strong control on channel location
and evolution (Clark and Cartwright, 2009; Jobe et al., 2011). In the
study area, channel sinuosity varies between 1.2 and 1.6 and tends to
increase towards the lower slope (<2°, Idarraga-Garcia et al., 2019;
Romero-Otero et al., 2015). Submarine canyons exhibit low sinuosities

(<1.2) that are less variable and likely related to erosion-dominated
processes on these steep slopes.

5.2. Sediment supply

Continental sediment supply constitutes another key control on the
distribution and morphology of deep-water deposits (Catuneanu, 2020,
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2002; Jervey, 1988; Pettinga and Jobe, 2020; Prather, 2003, 2000). The
anticlines and piggyback sub-basins developed by tectonic deformation
can be degraded and filled by the high sediment fluxes along the
southern Caribbean of Colombia (Figs. 10, 19 and 21). The smoothing of
the slope gradient by sedimentation and mass failures enables direct
transfer of sediments from the shelf break to the bottom of the basin
(Figs. 12 and 19). When fine-grained, high sediment supply (>100 x
10 Mg yr'!) occurs with a gentle slope gradient (<2°), large
channel-levee systems can develop, as in the Northern Zone. The large
volumes of fine-grained sediments accumulate in high-relief levees that
confine the flows, allowing flows to travel downslope for hundreds of
kilometers. A similar association between high sediment supply, gentle
slope gradient, and the occurrence of extensive channel-levee systems
occurs in the convergent margin of India, along the Bengal fan (Ma et al.,
2020). Also, large channel-levee systems have been documented in the
salt-diapir-influenced Fuji-Einstein system (Eastern Gulf of Mexico,
Milliman and Meade, 1983; Piper et al., 2012; Sylvester et al., 2012), in
the extensional domain of the upper- and mid-slope regions of the
deep-water Niger Delta (Chima et al., 2019; Jolly et al., 2017) and in the
Amazon Fan, (Pirmez et al., 2000; Pirmez and Flood, 1995).
Conversely, if high sediment supply occurs with a steep slope
gradient, mass failures can occur frequently at the shelf edge, eroding,
covering and smoothing the sea-floor topography as seen in the South-
ern Zone (Figs. 12 and 19). Finally, if low sediment supply coexists with
a steep and irregular slope topography, even though the steep anticline
flanks (7-22°) are prone to erosion and local detached mass failures
(Figs. 13, 17 and 19, sensu Moscardelli et al., 2006), degradation of
tectonic structures is less efficient. In this configuration, submarine
canyons can incise the thrust-cored anticlines and allow the intercon-
nection of two or more piggyback sub-basins, thus creating tortuous
sediment pathways (Fig. 13, Smith, 2004; Vinnels et al., 2010). Upon
reaching the piggyback sub-basins and the basin floor, canyons lose
confinement and can evolve into submarine channels or lobes (Fig. 15,
Oluboyo et al., 2014). Similar depositional architectures are also iden-
tified in the northwestern convergent margin of Borneo, where
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piggyback sub-basins and anticlines develop (Morley and Leong, 2008).
This combination results in the creation of local detached mass failures
and submarine canyons crossing the anticlines. In such settings, sedi-
ments tend to be trapped on the slope piggyback sub-basins, with only
minor volumes reaching the bottom of the basin.

In the southern Caribbean region of Colombia, areas with low sedi-
ment supply and smooth slopes are absent. Such a setting has been
documented west of Ireland in the southern Porcupine basin (Dorschel
et al., 2010). There, sediment transfer from the shelf edge to the bottom
of the basin occurs through the Gollum channels, which merge down-
slope to create wider submarine canyons (Dorschel et al., 2010). The
morphology of the submarine channels in the Porcupine Basin is similar
that of channels that develop in the Central Zone in areas of low slope
gradients (<2) across the piggyback sub-basins (Fig. 15). This observa-
tion suggests that the type of sediment conduit that develops in any
particular setting is greatly influenced by the interaction of the slope
gradient and sediment supply.

5.3. Shelf width

The continental shelf width influences sediment transfer from the
river delta mouths to the shelf edge (Symme and Jackson, 2013; Sweet
and Blum, 2016). In general, on wider shelves sediments tend to accu-
mulate in the shallow marine environments, while narrow shelves
deliver sediments more efficiently to deep-water environments (e.g.,
Catuneanu, 2020). In the southern Caribbean region of Colombia, areas
with narrow shelves (<5 km) exhibit submarine canyons that deliver
sediments directly from the river deltas to the slope (Fig. 3). These
features are observed close to the present-day Magdalena River mouth
(Fig. 3, Ercilla et al.,, 2002a, 2002b; Idarraga-Garcia et al., 2019;
Romero-Otero et al., 2015). Alternatively, in zones with wider shelves
like the Southern Zone, most of the sediment transfer is related with
bottom and surface shelf currents and is mainly fine grained (Fig. 2,
Correa-Ramirez et al., 2020; Moreno-Madrinan et al., 2015; Pujos and
Javelaud, 1991). Most of the coarser-grained sediments in the Southern
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Fig. 17. Seismic profile (A - uninterpreted, B - interpreted) and variance attribute horizon slice (C - uninterpreted, D - interpreted) showing block falls with indi-
vidual blocks reaching size of ~450 x 268 m (yellow arrow), related to steep slopes on the flanks of the thrust-cored anticlines. Location of seismic lines in Fig. 13.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Zone are deposited close to the Atrato River delta (Fig. 2), with coarser
particles only reaching the shelf break sporadically during the rainy
season (Escobar and Veldsquez-Montoya, 2018; Pujos and Javelaud,
1991). These sediment fluxes result in a muddy shelf edge that favours
the development of mass failures. The failure scars created by these mass
failures merge downslope and evolve into submarine canyons (Fig. 22).
Similar configurations, where shelf-attached mass failures smooth
topography created by tectonic deformation, are identified near the
Baram river delta offshore northwest Borneo (Cullen, 2014; Morley and
Leong, 2008).

5.4. Interaction of slope gradient, sediment supply and shelf width

We relate the three geomorphological zones in the southern Carib-
bean of Colombia with different combinations of sediment supply, slope
gradient, and continental shelf width. We summarize these relationships
in a ternary diagram (Fig. 23) that constitutes a predictive tool for the
morphology and distribution of deep-water deposits in other compres-
sional continental margins.

The Northern Zone, represented by the upper part of the ternary
diagram, is characterized by high sediment supply, gentle slope
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topography, and narrow shelf width (Figs. 7 and 23). This zone exhibits
large channel levee systems that cross the slope and continue for hun-
dreds of kilometers through the bottom of the basin. In this zone, mass-
transport deposits also occur, commonly associated with mass failures
starting near the edge of the shelf where steeper gradients exist. The
slope profiles associated with the channels and margin are ‘mature’
(Pettinga and Jobe, 2020), where high sediment supply is able to smooth
out most tectonic deformation.

The Central Zone is represented by the left side of Fig. 23 and is
characterized by a steep and irregular slope topography, low sediment
supply and a moderate shelf width (Figs. 7 and 23). Here, the irregular
relief created by tectonic deformation is the main control on sediment-
dispersal patterns, and sediment supply cannot mature the slope pro-
file (Cf. Pettinga and Jobe, 2020). This geomorphological zone is prone
to mass wasting, with local mass failures from the crest of anticlines and
to the development of submarine canyons cutting the anticlines.

Finally, the Southern Zone lies towards the lower right of Fig. 23,
with high slope gradients, moderate to high sediment supply and a wide
shelf (Figs. 7 and 23). In this zone, shelf-attached mass failures are the
main mechanism for sediment transport. The erosional scours carved by
mass flows merge downslope and evolve into submarine canyons that



J. Naranjo-Vesga et al. Marine and Petroleum Geology 121 (2020) 104639

Depth (m)

Depth (m)

Legend
(52533\2/::3 oFfine grain - (SF6) Submarine channel - Horizon slide
(SF4) Mass transport Cwd| (SF7) Sediment waves \\ Inverse fault
complexes ( )

@\© Strike slip fault

Fig. 18. Seismic profile (upper uninterpreted, lower interpreted) from Central Zone showing thrust-cored anticlines acting as topographic barriers to submarine
canyon development, and creating areas at the bottom of the basin where sediment waves are preserved. See Fig. 13 for location.

18



J. Naranjo-Vesga et al.

Slope

Slope
profile 2

profile 1

Legend

- Mass failure
- Lobe

[ wc

Slope

Marine and Petroleum Geology 121 (2020) 104639

E
.’t‘
i
£

Slope

Slope
i profile 5

profile 4

profile 3

Canyons
(Submarine drainage system)

- Anticline Piggyback Sub-basin

- Mud Volcano
- South Zone Area

Fig. 19. 3D view of the bathymetry of the Southern Zone. Here the thrust belt has been greatly modified by mass wasting events that have eroded anticlinal crests
and filled piggy-back sub-basins. Submarine canyons, which initiate in response to submarine failures, have developed over failure scars to become direct conduits for
the transport of sediments from the slope to the distal basin, where sediments accumulate as unconfined mass transport complexes. The location of the image is
indicated by the blue light box on the inset location map (B). Locations of slope profiles plotted in Fig. 21 and locations of Figs. 22 and 23. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

0 1
-4001 —— Slope profile 1
| —— Slope profile 2
—— Slope profile 3
-12001 —— Slope profile 4 AN
’é‘ ] — Slope profile 5 SIS
<
§_ -2000-
-28001
i
-3600
0 20 40 ' 60 ' 80 ' 100 120

140
Distance (Km)

Fig. 20. Slope profiles through the Southern Zone with slopes ranging between ~2 and 5°. The steeper gradients are related with anticline crests that have not been
degraded. Gentler slopes occur where mass-transport complexes have eroded anticlinal structures and filled piggyback sub-basins smoothing the topography. See

Fig. 19 for location.

deliver mass-flows directly to the basin floor. This zone would be typi-
fied by a maturing or readjusting slope profile (Pettinga and Jobe,
2020).

This study shows that slope profile has a clear influence on
morphology and character of deep-water deposits. The Southern Sint
Fold Belt creates an irregular slope in the Central and Southern Zones,
where thrust-cored anticlines act as barriers for sediment transport from
the continental shelf to the bottom of the basin, and piggy-back sub
basins act as sediment sinks (Figs. 13-15). The rate at which the tectonic
structures are degraded, and the slope profile is smoothed, is a function
of sediment supply; these observations are corroborated by Pettinga and
Jobe (2020), who link sediment supply to slope profile ‘maturity’ (i.e.,
roughness). In the Southern Zone, continuous mass-wasting driven by a
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high supply of fine-grained sediments has rapidly buried the fold belt,
while in the Central Zone where sediment supply is lower, a more
gradual degradation, driven by canyons that incise the anticlines and
progressively connect piggy back sub-basins, has resulted in tortuous
sediment-flow pathways (Vinnels et al., 2010) and irregular, immature
slope topography. In the Northern Zone where tectonic deformation is
less pronounced, and there is a high supply of mud-prone sediments, the
system resembles mud-prone submarine fans in passive margins such as
the Amazon Fan (Pirmez and Flood, 1995; Posamentier and Kolla, 2003;
Romero-Otero et al., 2015).

The role of the shelf width on the architecture of deep-water deposits
is less clear. In the Southern Zone where the shelf is widest, most of the
sediments that reach the shelf-slope break are muddy, favoring the
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Fig. 21. Seismic profile (A - uninterpreted, B - interpreted) and variance attribute horizon slice (C - uninterpreted, D - interpreted) showing mass-transport complexes
eroding and burying thrusted anticlines. The MTCs filled the intra-slope basins formed by synclines. Note the presence of megaclasts related with debris flows that
originate in the upper slope and a mud volcano associated with the compressional deformation (horizon slice C, D). See Fig. 19 for location.

development of debris flows. We speculate that coarser (i.e., sandy)
sediment is likely sequestered closer to the coastline, near the Atrato
delta. However, in order to fully understand the impact of the shelf
width on the sediment transfer from the river mouth to the slope, a more
detailed characterization of the riverine sediment input at each of the
river mouths, as well as a detailed study of the marine currents along the
shelf would be required. Also, previous studies have demonstrated that
the grain-size distribution of sediments influences the architecture of
deep-water gravitational deposits (Jobe et al., 2015; Reading and
Richards, 1994). Although we find linkages between sediment supply to
each of the geomorphological zones and their resultant depositional
architectures, the grain size distributions for each river are not available
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and hence the impact of grain-size on depositional architecture is not
well understood.

6. Conclusions

We used high resolution bathymetric and 3D seismic data to analyze
the complex interaction between shelf and slope morphology and sedi-
mentation in a convergent margin with variable sediment supplies
associated with different river systems.

e In convergent margins with deep-water thrust and fold belts such as
the Colombian southern Caribbean, thrust-cored anticlines and
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piggyback sub-basins are the main barriers for sediment transport
from the continental shelf to the basin floor.

e Tectonic relief is degraded and smoothed through erosion and sedi-
mentation. The rate at which the tectonic structures are degraded,
and the slope profile is smoothed, is a function of the steepness of the
slope and sediment supply. Geomorphological zones with low sedi-
ment supply, high slope profiles and steep flanks related to anti-
clines, such as the Central Zone, are prone to mass wasting events
that degrade anticlines and fill piggyback sub-basins. These mass
flows commonly run out less than ~15 km. If areas with steep slopes
receive high volumes of fine-grained sediments as in the Southern
Zone, repeated mass failures attached to the shelf edge erode the
tectonic structures, fill the piggyback sub-basins, and bury the fold
belt. Moreover, if erosional scours carved by mass flows evolve into
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submarine canyons that confine mass flows, runout distances can
surpass 80 km.

e Geomorphological zones where low slope gradients coexist with high
supply of fine-grained sediments, like in the Northern Zone, are
likely to display aggradational channel-levee systems that traverse
the slope and continue onto the basin floor for hundreds of
kilometers.

By comparing the spatial distribution and morphology of the depo-
sitional elements in areas with different shelf morphology and conti-
nental sediment inputs along the southern Colombian Caribbean
margin, this study has enabled us to analyze the impact of three different
factors controlling deep-water depositional patterns: slope profile,
sediment input, and shelf width. These observations can be used as a tool
to predict the depositional patterns more likely to develop in other
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Fig. 23. Ternary diagram for deep-water deposit morphodynamics, showing geomorphological zones end-members associated with the complex interaction of
sediment supply, slope profile, and continental shelf width in the southern Caribbean of Colombia convergent tectonic margin. (1) North Zone is characterized by
high sediment supply (>100 x 106 Mg yr-1), gentle slope topography (<2°) and narrow shelf width (<50 km). (2) Central Zone have steep slope topography (>5°)
low sediment supply (<10 x 106 Mg yr-1), and moderate shelf width (<50-100 km). (3) South Zone corresponds with steep slope topography (2-5°), high sediment
supply (10-100 x 106 Mg yr-1) and large shelf width (>100 km). Modified from Prather (2003).

continental margins elsewhere, particularly those affected by deep-
water fold belts.
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