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Abstract

Canyons and other sediment conduits are important components of the deep-water
environment and are the main pathways for sediment transport from the shelf to the basin floor.
Using 3D and 2D seismic reflection data, seismic facies and statistical-morphometric analyses,
this study showed the architectural evolution of five canyons, two slide scars and four gullies
on the southern part of the Loppa High, Barents Sea. Morphometric parameters such as
thalweg depth (lowest point on a conduit’'s base), wall depth (middle point), height, width and
base width, sinuosity, thalweg gradient, aspect ratio (width/height) and cross-sectional area of
the conduits were measured at intervals of 250 m perpendicular to the conduits’ pathways. Our
results show that the canyons and slide scars in the study area widen down slope, whereas
the gullies are narrow and short with uniform widths. The sediment conduits in the study area
evolved in three stages. The first stage is correlated with a time when erosion and bypass were
dominant in the conduits, and sediment transferred to the basin in the south. The second stage
occurred when basin subsidence was prevalent, and a widespread fine-grained sequence was
deposited as a drape blanketing the canyons and other conduits. A final stage occurred when
uplift and glacial erosion configured the entire southern Loppa High into an area of denudation.
Our work demonstrates that the morphometric parameters of the canyons, slide scars and
gullies generally have increasing linear trends with down-slope distance, irrespective of their
geometries. The morphometric analysis of the sediment conduits in the study area has wider
applications for understanding depositional processes, reservoir distribution, and petroleum
prospectivity in frontier basins.
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1.0 Introduction

Sediment conduits such as canyons, channels, and gullies are important components of the
deep-water depositional system (Stow & Mayall 2000; Normark & Carlson 2003; Posamentier
& Kolla 2003; Mayall et al. 2006; Posamentier & Walker 2006; Shanmugam 2006; Gamboa et
al. 2012). They represent the principal pathways for transporting sediments from the
continental shelves to the basin floor (Shepard 1963; Shepard & Marshall 1973; Mutti &
Normark 1991; Normark et al. 1993; Stow & Mayall 2000; Normark & Carlson 2003; Flint &
Hodgson 2005; Posamentier & Walker 2006; Deptuck et al. 2007; Kolla 2007; Fildani 2017).
In the last few decades, their architectures, morphometries and the processes leading to their
development have been investigated in different deep-water depositional systems and
geologic settings from marine geophysical data (Friend 1983; Mutti & Normark 1987; Miall
1989; Clark & Pickering 1996; Deptuck et al. 2007; Jobe et al. 2011; Qin et al. 2016). High-
guality marine three-dimensional (3-D) seismic reflection data have allowed the true
dimensionalities and morphometric characters of several sediment conduits to be imaged and
observed. Where proper acquisition parameters and line directions (e.g. perpendicular to the
sediment conduits) are used, two-dimensional (2-D) seismic reflection data can also potentially
capture the true geometries of these sediment conduits (Omosanya et al. 2016). However, the
interpretation of canyons and other sediment conduits from seismic reflection data poses
several challenges that are related to variations in the conduits’ morphometries, limitations in
seismic resolution, line spacing, internal compositional variations, and the influences of
external geologic processes (Deptuck et al. 2007; Gamboa & Alves 2015; Qin et al. 2016;
Ortiz-Karpf et al. 2017).

Several studies indicate that the dominant controls on sediment distributions in basins can be
inferred from the processes and resultant stratigraphic architectures of the deposits (Clark &
Pickering 1996; Deptuck et al. 2008; Paquet et al. 2009; Covault & Graham 2010). While a
cornucopia of stratigraphic architectures and compositions of canyons and other sediment
conduits has been documented, a quantitative description of their morphometric aspects
(especially focused on the character of the base of the sediment conduits) is relatively
unexplored. This provides the impetus to propose and accomplish a holistic description of the
geometries of the sediment conduits and to provide an exhaustive analysis of their controlling
factors. This study aims to a) investigate the seismic stratigraphic architectures and
depositional elements of several types of sediment conduits and their filling deposits, b)
understand their scales and morphometries and c) evaluate the processes that create canyons
and other sediment conduits on a bathymetric high. To achieve these aims, we have used a
case study area in the southern part of the Loppa High, Barents Sea (Figure 1a). The canyons,

gullies and slide scars in this area acted as conduits for the transport of Triassic-Cretaceous



strata, which were deposited as submarine fans in the Northern Hammerfest Basin (Wood et
al. 1989; Faleide et al. 1993; Marin et al. 2016).

The southern part of the Loppa High is a natural laboratory to study the interplays among
geodynamic evolution, erosion, and sediment transport due to its complex geodynamic
evolution (Faleide et al. 1993; Indreveer et al. 2016; Marin et al. 2016). Additionally, the high
guality of the seismic data allowed detailed mapping of the bases of the canyon systems. In
this study, we have applied a statistical approach to the study of canyons, gullies and slide
scars, making it possible to provide detailed insights into their architectures and stratigraphic
variability. Our study provides important information that is useful for hydrocarbon exploration
activities in the study area and other frontier basins, especially on bathymetric high systems.
The paper starts with an analysis of seismic facies (depositional and architectural elements)
and follows-up with thorough morphometric descriptions of the different types of sediment
conduits from a statistical perspective. The results of the development and implications of the
sediment conduits’ morphologies for the paleoenvironment and hydrocarbon prospectivity are
discussed.

2.0 Geological setting

Tectonic rifting and uplift as well as short- and long-term local and regional sea-level variations
have determined the depositional history of the Barents Sea from the Late Palaeozoic to the
Early Cenozoic (Wood et al. 1989; Faleide et al. 1993; Worsley 2008). Due to the complex
interplay of several geologic processes, the Barents Sea has evolved into a number of sub-
basins and topographic highs with significant structural relief from the Svalbard Platform to the
Norwegian coast (Doré 1995). Compressive tectonics forming the Ural Mountains to the east
began in the Late Palaeozoic and ended with continental collision in the Early Mesozoic. These
older tectonic events were followed by the proto-Atlantic extension in the west, opening of the
Euramerican Basin to the north, and finally by transpression, transtension, and opening of the

Norwegian-Greenland Sea in the Cenozoic (Faleide et al. 1993; Doré 1995; Worsley 2008).

The study area encompasses the southern part of the Loppa High, which is a NE-SW oriented
structural feature in the southwestern Barents Sea (Figure 1a). To the south, the Loppa High
is separated from the Hammerfest Basin by the Asterias Fault Complex, while to the west, the
Bjgrngyrenna and Ringvassgy-Loppa Fault Complex delimits the Loppa High from the
Bjgrngya and Tromsg Basins (Figure 1a). The Loppa High grades into the Bjarmeland Platform
to the east. Hence, it forms a triangular basement block with a steep, easterly-dipping eastern

flank and a fault-bounded western flank, which has undergone several phases of uplift,



subsidence, tilting, and erosion (Wood et al. 1989; Faleide et al. 1993; Faleide et al. 1996;
Henriksen et al. 2011a; Henriksen et al. 2011b).

The present configuration of the Loppa High is a result of Late Jurassic to Early Cretaceous
tectonism, but its shape was defined by earlier mid-Carboniferous rifting that was followed by
tectonic uplift and tilting of the flank during the Late Permian and Early Triassic (Gabrielsen et
al. 1990). During the Late Triassic to Early Jurassic, the Loppa High acted as a depocentre
before it underwent another phase of uplift in the Early Cretaceous (Henriksen et al. 2011b).
Renewed faulting and uplift of the Loppa High during the Late Jurassic to Early Cretaceous
led to erosion of the Jurassic and Triassic sediments over the high. Erosion at that time is
demonstrated by deeply cutting valleys, through which sediment was transported and
deposited as submarine fans in the basins to the south and west (Wood et al. 1989; Faleide et
al. 1993; Richardsen et al. 1993). In addition, the global sea-level curve shows a trend of
relative sea-level fall during those times (Figure 1b). On-lapping reflections from the
Hammerfest Basin onto the Loppa High show that the Asterias Fault complex was tectonically
active during the Aptian-Albian (Faleide et al. 1993).

In the Late Pliocene-Pleistocene, the Barents Shelf underwent repeated glaciations that were
followed by major erosion and uplift (Faleide et al. 1993; Mattos et al. 2016; Zieba et al. 2017).
The late uplift and erosion probably began earlier in the Late Cenozoic, and the net erosion is
estimated to have been approximately 1000—-1500 m in the Loppa High area (Henriksen et al.
2011a). Due to that erosion, the Jurassic and younger sediments are not well preserved
(Figure 1c) on the present day Loppa High (Wood et al. 1989; Faleide et al. 1993). The Jurassic
and later geological evolution of the Loppa High is therefore difficult to interpret. However,
remnants of the Jurassic and younger sediments along the SE flank of the Loppa High may

still be preserved.

3.0 Definition of sediment conduit terminology

The term canyon as used herein refers to relatively steep gradient, steep-walled and deep
incisions cut into both bedrock (continental shelf at the shelf or slope break) as well as partially
indurated substrates that are characterized by V-shaped transverse profiles that indent the
shelf and uppermost slope and were formed by submarine erosive processes (Shepard 1965;
Shepard 1972; Normark et al. 1993; Normark & Carlson 2003; Posamentier & Walker 2006;
Covault 2011; Harris & Whiteway 2011; Talling 2014; Fildani 2017).

A slide scar is a major erosional feature produced by shelf edge slope failure (Normark et al.

1993; Haflidason et al. 2004) or sediment released during a single event of retrogressive sliding



(Bge et al. 2000). These features can form in extremely short periods of geological time
(thousands of years or less) and originate from retrogressive slumping until the slope re-
establishes a stable profile (Normark et al. 1993). Slide scars were probably initiated along a
bedding-parallel weak horizon but propagated upward at points where downslope driving
stresses decreased or resisting forces increased (Lee & Stow 2007). Slide scars that
developed on continental margins by slope failure may evolve into channels through which
sediments are transported downslope by either mass wasting, turbidity currents or both (Farre
et al. 1983; May et al. 1983; Klaus & Taylor 1991; Roep & Fortuin 1996; Stow et al. 1996;
Haflidason et al. 2004).

A gully is a small-scale conduit incision (10s m deep) on the slope (between the shelf edge
and the toe-of-slope) that generally is of low relief, straight, and does not reach base-level
(Field et al. 1999; Stow & Mayall 2000; Posamentier & Walker 2006; Shanmugam 2006;
Lonergan et al. 2013; Talling 2014; Prélat et al. 2015; Shumaker et al. 2016; Amblas et al.
2018). Gullies can be distinguished from channels by their spatial distributions (gullies
commonly occur in evenly-spaced groups), where the gully heads incise the shelf edge or
upper continental slope. The width/depth ratio (W/D) is a dimensionless ratio that provides an
indication of gully shape, and their stacking patterns are dominantly aggradational (Gales et
al. 2013; Lonergan et al. 2013).

4.0 Data and approach
4.1 Seismic dataset

The primary dataset for this study consists of full-stack, 3-D and 2-D seismic reflection data
with wireline logs from ten exploration wellbores (Figure 1a). The 3-D seismic data include two
cubes, SG9803 and OMV09MO01. The SG9803 cube has a line spacing of 12.5 m and a vertical
sampling rate of 4 milliseconds. The dominant frequency for the 3-D seismic survey in the
study area is 25 Hz, with an average velocity of 2600 m/s in the interval of interest (450 — 1250
milliseconds). Hence, the seismic cube has a vertical resolution of 26 m. The data are zero-
phased and displayed in Society of Geophysicists (SEG) normal polarity, where a positive
seismic amplitude or white reflection represents an increase in acoustic impedance (Figure
1b). Decreasing acoustic impedances are shown as black reflections or troughs. Similarly, the
OMVO09MOL1 cube has a line spacing of 12.5 m and a vertical sampling of 4 ms, and the inlines
were acquired at a 0° rotation from north. The dominant frequency in the focus area is 30 Hz,
and the average velocity is 2200 m/s, giving a vertical resolution of 18.3 m in the interval of
interest (600 — 1000 milliseconds). The OMV09MO1 cube is also zero-phased and displayed
with SEG normal polarity as for the SG9803 cube. Additionally, sixty-three 2-D seismic lines



from seven 2-D seismic surveys are available for this study (Figure 1a). Most of the 2-D seismic
lines have vertical sampling intervals of 4 ms and are oriented in several directions, as shown
in Figure 1a. The phases, polarities and dominant frequencies of the 2-D seismic lines are
similar to those of the 3-D data (zero-phased, SEG normal polarity and 30 Hz). The quality of
2-D seismic data in the target interval is considered to be good.

4.2 Wellbore data

Ten exploration wellbores were used in this study in addition to the seismic data (Figure 1a).
Unfortunately, none of them penetrated the canyons and sediment conduits in the southern
part of the Loppa High. The average total-depth for these exploration wellbores is 2500 m, with
the oldest penetrated formation being the Ugle Formation (Late Carboniferous) in wellbore
7220/11-1, whereas most of the wells penetrated the Late Triassic Fruholmen, Snadd, and
Tubaen Formations. Standard wireline logs such as gamma ray (GR), deep resistivity (RDEP),
neutron (NEU), density (DEN), and sonic (DT) were used for the interpretation of lithology and
as checkshot data for the seismic well-tie process. The seismic well-tie process was
undertaken using checkshot, density and sonic log data from the boreholes in order to relate
the seismic horizons to their appropriate depths and formation stratigraphy. The seismic well-
tie process encountered some challenges in the shallow interval as the checkshot and sonic
data are of inferior quality or missing. A further interpretation of the lithology utilized
conventional cores and cutting descriptions from the mud logs. Information on formation

stratigraphy, name, and ages was obtained from Gradstein et al. (2010).

4.3 Seismic interpretation

Faults and five horizons were interpreted using Schlumberger’s Petrel® software. The horizons
(Figure 1b) include the seabed (H5), top of the Kolje Formation (H4), base of the sediment
conduit system (Erosional surface: H3), top of the Snadd Formation (H2), and top of the Kobbe
Formation (H1). Seismic time to depth conversion was performed using a simple velocity model
(interval velocity) that mainly integrated the time-depth (T-D) relationship from the seismic to
well-tie process within the interpreted horizons. This process is important to calculate the

vertical morphometric factors in depth and not in time.

The seismic facies analyses consisted of architectural (erosional surface) and depositional
(filling deposit) element analyses to characterize the canyons, gullies and slide scars in the
study area (Figure 2). In general, the erosional surfaces of the conduits consist of the bases,
walls and flanks of the incisions (Figure 2). A base is a low area on the erosional surface of a

sediment conduit. The lowest point of a conduit is called the thalweg (for canyons and gullies)



and LPS (Lowest Point of Slide scar). A wall is the steep-sided area on an erosional surface,
and a flank is the area outside the overspill point of a sediment conduit. In addition, a canyon
terrace is defined as a topographically flat area between a thalweg and wall (Figure 2). These
architectural elements of the erosional surfaces of sediment conduits have been defined based
on the works of Shepard (1965), Shepard (1972), Goodwin & Prior (1989), Normark et al.
(1993), Stow et al. (1996), Posamentier & Kolla (2003), Babonneau et al. (2004), Haflidason
et al. (2004), Posamentier & Walker (2006), Catterall et al. (2010), Tubau et al. (2013) and
Tubau et al. (2015).

Consequently, there are four depositional elements or filling deposits of the sediment conduits
in the study area, which are the Conformable Reflection Element (CRE), the Massive Low
Amplitude Reflection Element (MLARE), the High Amplitude Reflection Element (HARE) and
the scars (Figure 2). The CRE is characterized by draping seismic reflections (Figure 2) that
are laterally uniform for long distances (> 20 km), and core data demonstrate that they are
comprised largely of clays that mantle the pre-existing topography and are not related to
current activity (Jobe et al. 2011). MLARE includes parallel and subparallel, low amplitude
seismic reflections (Figure 2) that consist of fine grained material suspended into the sediment
conduit system (Posamentier & Kolla 2003). HARE as a filling deposit is predominantly located
at the base of canyon system and is associated with canyon thalwegs (Figure 2). HARE in the
study area consists of high amplitude reflections that are laterally discontinuous (Figure 2) and
are interpreted to result from the presence of coarse-grained sediment (Jobe et al. 2011). The
scars (filling deposits) in the study area are mostly found in the canyon system (Figure 2) and
are characterized by discontinuous and isolated reflections (high and low amplitudes) that sit
on the upper or middle parts of the canyon walls (sensu Sayago-Gil et al. 2008). The scars are
products of canyon wall collapse and, as discussed by Volker et al. (2012), may be explained
either by the (1) absence or presence of weak sediment layers, (2) differences in the activity
and geometry of the canyon systems due to tectonic deformation (bends undercutting canyon
walls controlled by active thrust ridges) or (3) latitudinal shifts in sediment composition and

deposition rate.

The quantitative analysis of the seismic geomorphology of canyons and other sediment
conduits in the study area followed the methods proposed by Deptuck et al. (2007), Gamboa
& Alves (2015), Qin et al. (2016) and Hansen et al. (2017). Detailed morphological analyses
(Figure 3) of sediment conduits were only performed on the 3-D seismic data, whereas the 2-
D seismic lines were used for regional correlations of horizons and units (Figures 1a, 4a, and
4c). Morphometric parameters of the canyons, slide scars, and gullies were measured at

intervals of 250 m (average) down-dip (the zero points are located in the proximal areas) and



perpendicular to their axis lines (Figure 4). The parameters of importance measured for all
these geomorphic features are shown in Figure 3. These are depth from sea level (defined as
a middle point of a sediment conduit’s walls and the lowest point of the erosional surface),
height (defined as the height of sediment conduits from their base to the overspill point), width
(defined as the perpendicular width of a sediment conduit and its base) and Cross Sectional
Area (CSA, defined as the perpendicular area of a sediment conduit). Furthermore, canyon
gradient was calculated based on changes in thalweg depth along the length of a canyon
(Deptuck et al. 2007; Gamboa & Alves 2015; Qin et al. 2016). The gradients for slide scars
and gullies were calculated in the same way as for canyons in the study area. All the
morphometric parameters are presented in the cross-plot together with the down-sediment
conduit distance. In addition, R is the coefficient of correlation that measures the strength and
the direction of a linear relationship between two variables on the cross-plot, and R?is a
coefficient of determination that measures the proportion of the variance (fluctuation) of one
variable that is predictable from the other variable on the cross-plot (James et al. 2013). The
definitions of the proximal, medial and distal areas of the sediment conduit system were based
on gradient. Additionally, sinuosity index was measured as a ratio between the length of the
lowest point of the erosional surface (thalweg or LPS) and the overall down-system distance
for a given section (Wynn et al. 2007). Therefore, the detailed sinuosity classification by
Reimchen et al. (2016) has been used here. The straight conduit systems are defined by
sinuosities between 1.0 and 1.05, those for the low sinuosity system are defined as being
between 1.05 - 1.2, and those for the high sinuosity system are defined as exceeding 1.2. In
addition, the aspect ratios between the widths and heights of the sediment conduit systems

are also described.

5.0 Morphological analysis of sediment conduits

Three sediment conduit systems, i.e., canyons, gullies, and slide scars, were investigated
within the Late Jurassic-Cretaceous strata in the southern part of the Loppa High (Table 1 and
Figure 4a). These conduits are oriented mainly in NW-SE, NE-SW, and E-W directions,
reflecting the overall configuration of the Loppa High, i.e., that of a triangular basement block
(Figures 1a and 4a). A common attribute of all the conduits is that their bases are erosional
and comprise parts of the Triassic Fruholmen and Snadd Formations, which were deposited

in fluvial environments (Figures 1b, 2, and 4).

5.1 Canyons
Eight canyons were identified in the study area (Figure 4a), and five of them (located on the 3-

D seismic data) were investigated in more detail (Figure 4b). The orientations of the first five



canyons are mainly from NW to SE. The lengths of the canyons vary from approximately 3 km
to 13 km, including the tributary canyons. Most of the canyons are V-shaped, with wider
canyon-widths at the distal parts of the canyon system (Figure 5). Additionally, most of the
canyons have low sinuosities (average sinuosity index of 1.06) at their middle parts and are
relatively straight (average sinuosity index of 1.03) at their proximal and distal parts (Table 1
and Figures S1c — S5c¢). Few of the canyons have tributaries in the proximal or middle parts of
the canyon system (Figures 4a, 4b, S2, S4, and S5). In the proximal and middle areas, the
canyon gradients are > 0.2°, whereas in the distal areas, the canyon gradients are < 0.2°
(Table 1, Figures 6 and S1 - S5).

5.1.1 Depositional elements of the filling deposits

The four main seismic depositional elements identified within the canyons include Conformable
Reflection Elements (CREs), High Amplitude Reflection Elements (HARES), Massive Low
Amplitude Reflection Elements (MLARES), and scars (Figures 2 and 5). Most of the CRESs from
proximal to distal areas are shown as low to medium amplitude units, whereas the high
amplitude CREs are located in the middles of the canyon fill deposits (Figures 2 and 5). The
majority of the CREs are canyon fill deposits with folded strata in the middles of the canyons.
These folded strata of the CREs are also on-lapping to the edges of the canyons and can be
traced with remarkable continuity in the inter-canyon areas (Figure 5). Conversely, the HARE
depositional elements in the study area are located at the bases of the canyons and are
correlated with the first stage of canyon development, i.e., the erosional phase. The lateral
distribution from the proximal to distal areas of the HAREs is continuous and is only
discontinuous when faulted (Figures 2 and 5). MLARESs are among those canyon fill deposits
that are characterized as having low amplitudes and massive, and in some canyons, they show
sub parallel reflections (Figures 2 and 5). Scars in the canyon systems are characterized by
discontinuous and isolated reflections that sit on the upper or middle parts of the canyon walls
(Figures 2 and 5).

5.1.2 Canyon surface architectural elements

The five elements of the canyon surface architectures observed in the study area include V-
shaped canyon-bases (including canyon thalwegs), terraces, canyon-walls and canyon flanks
(Figures 2 and 5). The V-shaped canyon bases are the most common canyon surface
architecture (Figure 5). Dipping reflections (> 20°) are associated with the V-shaped canyon
bases, with the dip angles of the canyon bases decreasing to the proximal parts of the canyons
(Figure 6a). In addition, medium to high amplitudes and continuous reflections dominate the

canyon bases, whereas canyon base steps are present due to faulting (Figure 5). The terrace



architecture is typified by low to high seismic amplitudes (compared to those from the bases
of the canyons) and parallel-subparallel seismic reflections dipping at less than 10° (Figure 5).
In some of the canyons, stepped terraces occur due to faulting (Figure 5). Dipping, low to high
amplitude reflections (> 30°) characterize the canyon walls, which are continuations of the
canyon bases (Figure 5), and in some areas, the canyon walls have discontinuous reflections
that indicate sidewall collapses, erosion or faulting of the canyons (Figure 5). Furthermore, the
canyon flanks in the proximal and middle parts are relatively flat compared to those in the distal
parts of the canyon system (Figure 5). These flanks are parallel-subparallel, have medium to
high amplitudes, are faulted and have discontinuous seismic reflections. In some adjacent
canyons, one flank can be associated with two different canyons (e.g., Figure 6a).

5.1.3 Quantitative morphometric analysis of canyons

In general, proximal canyons show a V-shaped morphology dominated by steep canyon-walls
with terraces, whereas the distal parts have a V-shaped morphology and steep canyon-walls
only (Figures 5 and 6a). The canyon thalwegs and walls in the proximal parts of the SE Loppa
High have depths ranging from 400 m to 700 m with down dip thalweg gradients that are >
1.1°, whereas they have depths of 750 m to 1250 m with gradients that are < 0.1° in the distal
parts of the canyon system (Figure 6b). In the study area, canyon gradients decrease towards
the distal parts (Table 1 and Figure 6). The linear correlation between the depths of the canyon
thalwegs and walls shows that increases in depth are proportional with increasing down-
canyon distances (Figure 6b and Figures Sla — S5a). The canyon heights in the proximal
areas are approximately 30 m to 290 m and range from 150 m to 400 m in the distal areas
(Table 1 and Figure 6¢). The general trend of canyon heights is to increase with down-canyon
distance due to the increasing depths of the canyon thalwegs (sensu Mountjoy et al. 2009;
Brothers et al. 2013; Obelcz et al. 2014; Tubau et al. 2015). Nonlinear correlations exist
between down-canyon distance and canyon height for canyons 1, 3 and 5 (Figures S1b, S3b,
and S5b). These nonlinear correlations are represented by relatively low values (on average:

< 0.6) of the coefficients of correlation and determination (R and R?, respectively).

The canyon widths in the proximal areas vary from 70 m to 1800 m, whereas the widths range
from 900 m to 4500 m in the distal areas (Table 1 and Figure 6d). Canyon base widths in the
proximal areas range between 30 m to 150 m, whereas they can vary from 30 m to 1000 m in
the distal areas (Table 1 and Figure 6d). In general, the width profiles of the canyons and
canyon bases show parallel trends from the proximal to distal areas of the canyon systems. In
contrast, the canyons and canyon base widths exhibit no correlation with down-canyon
distance, with R and R? values of < 0.6 (Table 1, Figure 6d, and Figures S1lc — S5c). These

low correlations are attributed to the sinuosities of the canyons (Table 1, Figure 6d, and Figures



Si1c — S5c¢) and local canyon-wall failures. Canyon systems in the study area have width to
height aspect ratios between 2.6 to 16.3 in their proximal parts and 3 to 14 in their distal parts
(Table 1). There is no consistent trend in the aspect ratios of the canyon system in the study
area. Furthermore, there are linear trends in the cross-sectional areas of the canyons, with the
trends becoming higher in the proximal parts of the canyons. The CSA of canyons in the
proximal parts of the Loppa High vary from 0.01 km? to 0.50 km? and from 0.10 km? to 1.8 km?
in the distal parts (Figure 6e). The R and R? values are < 0.6 for the plot of the cross-sectional
areas of the canyons against the down-canyon distances. Regarding canyon gradients, medial
areas have canyon gradients that are 0.3° (on average). Here, low sinuosity canyons (average
sinuosity index of 1.06) with canyon base widths of 100 m to 800 m are present, whereas
straight canyons (average sinuosity index of 1.03) mostly dominate the distal parts, where the
canyon gradients are 0.1° (Figure 6d). In addition, the ratio of the top and base width of the

canyon system in the study area is low (< 0.24).

5.2 Slide scars

Two very wide U-shaped slide scars have been identified within the Late Jurassic-Cretaceous
interval in the western part of the study area (Figures 4a and 4b). The slide scars have a NW
to SE trend and preserved lengths of approximately 3.75 km (Slide scar 1) and 2.6 km (Slide
scar 2). The general sinuosity of the slide scars in the study area is characterized as straight,

with a maximum sinuosity value of 1.05 and a minimum value of 1.00 (Table 1).
5.2.1 Depositional elements of the filling deposits

The two main seismic depositional elements of the filling deposits identified in the slide scar
system include CREs and MLAREs, i.e., Massive Low Amplitude Reflection Elements (Figure
2). Most of the CREs have low to medium amplitudes and folded strata in the middles of the
slide scar fill deposits. The CREs can be traced with remarkable continuity in the inter-slide
areas (Figure 7). On the other hand, the MLARESs are low amplitude reflections underlying the

CREs and are also representative of slide scar fill deposits (Figure 7).
5.2.2 Slide scar architectural elements

The four elements of the slide scar architecture are U-shaped bases (including the lowest
points: LPS), walls and flanks (Figures 2 and 7). The U-shaped bases represent slide
escarpment systems marked by long and wide (> 500 m) dipping reflectors (< 10°). Continuous
and medium to high amplitude reflections dominate the U-shaped bases and occasionally are
abutted by faults (Figure 7). The walls of the slide scars, i.e., continuations of the U-shaped

bases, are characterized by long and wide (> 500 m) dipping reflectors (> 10°) with low to high



amplitude reflections (Figures 2 and 7), whereas occasionally the walls of the slide scars have
discontinuous reflections due to faulting (Figures 2 and 7). The first set of slide scar flanks is
represented by long reflections (> 500 m) that are typified by medium to high amplitudes and
are parallel to subparallel with continuous and discontinuous reflections dipping at 0° - 10°
(Figure 7). Another type is the stepped flanks that are mostly influenced by a series of normal
faults in the study area and are shown as low to high amplitudes and parallel reflections (Figure
7). Furthermore, the slide scar flanks in the proximal and middle parts are relatively steep when
compared to those in the distal parts (Figure 7). In the distal parts of the slide scars, one flank
can belong to two different slide scars (e.g., Figure 8a).

5.2.3 Quantitative morphometric analysis of slide scars

In terms of slide scar geometry, both slides have very wide U-shaped bases and flanks (> 500
m), with Slide scar 1 having steeply dipping side scar walls (Figure 7). Both the proximal and
distal areas of the slide scars are U-shaped and dominated by steep walls with discontinuous,
medium to high amplitude reflections (Figure 7). However, the proximal domains of the slide
scars have faulted bases. The slide scar gradients decrease towards their distal parts (Table
1 and Figure 8). The depth profiles of the LPS and slide scar walls are divided into three
intervals based on changes in depth and slide scar gradient (Table 1, Figures 8a and 8b). The
first intervals (proximal areas) show no significant changes in depth and have gradients of 1.3°
(Figure 8b). The second intervals (medial areas) show significant changes in depths from 20
m to 50 m and slide scar gradients decreasing from 1.3°-0.5°, whereas the last intervals (distal
areas) show significant changes in depths from 20 m to 70 m and gradients decreasing to <
0.3° (Figures 8a and 8b). In general, there are good correlations between LPS and wall depth
with down-slide scar distance (Figures 8b, S6a and S7a). This results in high R and R? values
of 0.99 and 0.98, respectively, for the LPS and 0.93 and 0.86, respectively, for the slide scars’
walls (Figures S6a and S7a). Furthermore, the slide scar height profiles in the study area show
linear trends with down-slide scar distance, with R and R? values of 0.97 and 0.95 (Table 1,
Figures 8c, S6b and S7b). Thus, slide scar height increases with increasing down-slide scar
distance and LPS depth (Figure 8c).

Slide scar widths vary from 840 m to 3000 m in the proximal areas, whereas the widths vary
from 4300 m to 7500 m in the distal areas (Table 1 and Figure 8d). Additionally, the slide scars’
base widths in the proximal areas vary from 380 m to 2000 m, whereas in the distal areas, they
can reach up to 4000 m (Figure 8d). Regarding the correlations between the slide scars’ widths

and down-slide scar distance, Slide scar 1 has low values of R and R?, whereas Slide scar 2



has high values of R and R? (Table 1, Figures S6c¢c and S7c). The ratio of the top and base
width for slide scar 1 is low (0.22), and that for slide scar 2 is relatively high (0.6) (Table 1). In
addition, the general sinuosity of the slide scars in the proximal and distal areas is straight,
with a sinuosity index value of 1.01 (Figure 8 and Figures S6¢c — S7c). The aspect ratios
estimated for Slide scar 1 vary from 12.38 to 22.76, and the values estimated for Slide scar 2
are > 9.64 (Table 1). In addition, the CSA vary from 0.1 km? to 0.9 km? in proximal areas and
from 0.6 km? to 2.5 km? in distal areas, yielding good to high R and R? values of > 0.8 (Figures
8e, S6d, and S7d). The slide scars in the study area have morphometric elements that show
increasing values towards the distal parts of the slide scars.

5.3 Gullies

The four gullies identified in this work are located in the western part of the study area (Figure
4b). The gullies are orientated NW - SE, and the average preserved length of the gullies is
approximately 1500 m (Figure 4b). The four gullies are V- and U-shaped (Figures 9 and 10a).
The general sinuosity of the gullies in the study area is characterized as straight to low, with a

minimum value of 1.00 and maximum value of 1.28 (Table 1).
5.3.1 Depositional elements of the filling deposits

The gullies in the study area are filled by Massive Low Amplitude Reflection Elements (Figures
2 and 9), which are characterized by massive, low to very low amplitude seismic reflections

and parallel to subparallel reflections (Figures 2 and 9).
5.3.2 Gully architectural elements

The four elements of gully architecture observed in the study area are gully bases (including
thalwegs), walls and flanks (Figures 2 and 9). The gully bases for the first type of gully are U-
shaped and typified by dipping reflectors (< 20°). Continuous, medium to high seismic
amplitude reflections dominate the U-shaped gully bases at the distal parts of the gully systems
(Figure 9). V-shaped gully bases form another type and are typified by continuous, low to high
seismic amplitude reflections that are relatively low dipping (< 20°) in the proximal domains
(Figure 9). Gully walls are continuations of the gully bases and are characterized by low to high
amplitude, long (200 - 500 m) dipping reflections (> 10°) that are seldom faulted (Figure 9). In
the study area, two types of gully flanks have been observed and include flat and dipping
flanks, with both types comprising parallel-subparallel, low to high seismic amplitude,

continuous-discontinuous reflections (Figures 2 and 9).

5.3.3 Quantitative morphometric analysis of the gullies



In contrast to both the canyons and slide scars, the gullies in the study area can have both V-
shaped and U-shaped morphologies (Figures 9 and 10a). The V-shaped gullies are associated
with steep flank and gully walls, whereas the U-shaped gullies are associated with more than
100 m long-distance walls and flanks (Figure 9). In the proximal parts of the gullies, they vary
in depth between 550 m and 700 m and have average gradients of 1.6°, whereas the distal
gullies can reach depths up to 780 m with gradients of 0.4° (Figure 10b). The gradients of the
gullies decrease down slope, giving high R and R? (average = 0.9) between gully depth and
down-gully distance (Figure 10b and Figures S8a — S11a). A similar trend is observed for gully
height and down-gully distance, with high values of R and R? for Gully 2 of 0.97 and 0.94,
respectively, and 0.95 and 0.91 for Gully 4, respectively. The heights of the proximal gullies
can range from 25 m to 70 m, reaching a maximum of 105 m in the distal parts (Figures 10c).
In general, the width profiles of the gullies and gully bases show a parallel trend from the
proximal to distal areas of the gully system, with an increasing trend to distal areas (Figure
10d, and Figures S8c — S11c). From the proximal to distal areas, the gully widths can vary
from 250 m to 600 m, whereas gully base widths are in the range of 45 m to 250 m (Figure
10d). However, there is a poor correlation between gully width and down-gully distance for
Gully 3, with R and R? values of < 0.4 (Figures 10d and S10c). Consequently, the aspect ratios
of the gullies in the study area can reach a maximum of 11 in the proximal areas and 9.8 in the
distal areas of the Loppa High (Table 1). In addition, the ratios of the tops and base gully widths
show relatively low numbers of 0.28 and 0.31 (Table 1). The straight gullies (average values
of 1.02) dominated the medial and distal areas of the gully system (Table 1 and Figure 10). On
the contrary, three sinuosity anomalies are observed in the gully system of the study area: 1)
the proximal part of gully 1, where the sinuosity index is 1.19 (Figures S8c), 2) the proximal
part of gully 2, where the sinuosity index is 1.25 (Figures S9c) and 3) the medial part of gully
3, where the sinuosity index is 1.28 (Figure S10c). These anomalies are also represented as
knickpoints in map view (Figure 10a). Additionally, in proximal areas, the CSA can vary from
0.008 km? to 0.03 km? and reach up to 0.06 km? in the distal areas (Figure 10e). There are
good correlations between gully CSA and down-gully distance, with good and high R and R?

values for Gully 2 and Gully 4, respectively (Figures S9d and S11d).

6.0 Discussion
6.1 Development of canyons and other sediment conduits

The development of the southern Loppa High sediment conduit systems can be divided into
three different stages. The first stage occurred in the Late Jurassic-Cretaceous, when the

currents at the base of canyon eroded the southern part of the Loppa High and transferred



sediments to the basin floor in the south (Faleide et al. 1993; Richardsen et al. 1993). The
deposited sediments are interpreted as submarine fans as identified from present day seismic
data (Figures 1b, 4c and 11a). During the Late Jurassic to Early Cretaceous, uplift and
subsequent erosion of the Loppa High produced large amounts of sediments sourced from
terrestrial areas in the north, which were transferred through the sediment conduits to the basin
in the south (Figures 1c, 4 and 11a). In addition, during most of the Cretaceous, the Loppa
High was an island produced by tectonic uplift, with deep canyons cutting into the Triassic
sequence (Faleide et al. 1993; Richardsen et al. 1993). This hypothesis is further supported
by the regional sea-level curve, which shows that the area witnessed a relative sea-level fall
during the Late Jurassic to Early Cretaceous (Miller et al. 2005). In addition, the deep canyon
in the study area has a height that ranges from 30 m to 417 m (Table 1, Figures 5 and 6¢) and
a canyon width from 237 m to 4409 m (Table 1, Figures 5 and 6d). The erosional events were
responses to footwall uplift along the western boundary of the Loppa High and were possibly
supported by lateral heat transfer from the rift basin in the south and west (Wood et al. 1989;
Faleide et al. 1993). Furthermore, the upward-directed movement of the Loppa High is thus
likely to have been converted into horizontal compressive stress along the flanks of the Loppa
High. Stress generated by this mechanism would propagated perpendicularly in a N-S direction
(Indreveer et al. 2016), possibly triggering slope failures at the flanks of the Loppa High.
Evidence for slope failures during this event includes the initiation of the canyon escarpment

on the edge of the Loppa High and two slide scars (Figures 5, 6a, 7, 8a, 11a and 11b).

By applying the sequence stratigraphic terminology of Posamentier & Vail (1988) to the
Triassic and Jurassic sediments delivered to the basin in the south through the canyon
systems, deposition during a relative sea-level fall implies these sediments are a “Lowstand
System Tract” (Figure 11a). Consequently, lowstand fan deposition occurs when the rate of
tectonic uplift exceeds the rate of eustatic rise at the physiographic shelf or slope break
resulting in a relative decline in sea-level (Posamentier et al., 1991). This created subaerial
exposure on the upper slope where the slope angle was steeper. In response, down cutting of
streams commenced in association with the subaerial exposure of the shelf. The canyon
system in the study area also shows different responses to slope angle; a sinuosity of 1.02
(straight) is dominant on the upper slope (proximal), a sinuosity of 1.06 (low sinuous) is
dominant in the middle slope, and the straight canyon is dominant in the lower slope (distal)
with an average sinuosity of 1.03 (Table 1, Figures 1b, 6 and S1c — S5c). Subsequently, the
sediment load was directly delivered to the stream-mouth or near the shelf edge (Figures 11a
and 11b). The total sediment load delivered to the shelf edge is further supplemented and
enhanced with materials that have been excavated from the submarine canyon (Vail et al.
1977; Van Wagoner et al. 1988; Galloway 1989; Posamentier et al. 1991; Catuneanu 2006).



In addition, the HARE is located at the base of the canyon system and may correlate to the
first stage of erosional phase and compaction. Given a throw of 2 km to 4 km on the western
fault zone of the Loppa High, the amount of section removed in response to the Late Jurassic-
Early Cretaceous uplift and erosion could, in fact, be in the range of 200-1200 m (Wood et al.
1989). In addition, longshore drift distributed the sediments parallel to the shoreline, leading to
a seaward shift of the depocentre to the outer shelf or upper slope (Figures 11a and 11b) and
contributing to an inherently unstable slope (Shepard 1963; Posamentier et al. 1991). This
event might have contributed to the development of the canyons and slide scars in the study
area. In addition, the gully system started after the initiation of slide scars, where the gully
paths were not cut by the slide scars (Figure 8a). The longshore drift on the edge of the paleo
Loppa high (Figures 1a and 11) likely contributed to the development of the gully system on
the proximal and medial domains, which is indicated by the knickpoints and low sinuous pattern
of gullies 1, 2 and 3 (Figures 10a and S8c — S10c).

The second stage occurred in the Paleogene, when regional subsidence centred along the
North Atlantic rift basins produced pull-apart basins in the southwestern Barents Sea, and a
relatively uniform and widespread sequence was deposited as sheets covering the entire
western Barents Sea (Faleide et al. 1993; Faleide et al. 1996). This sequence infilled the
southern Loppa High sediment conduits with MLARE and CRE (Figures 1b and 11c). Seismic
sub-crop patterns, abnormally high interval velocities and well data indicate that more than
1000 m of Paleogene mudstones were deposited on the Loppa High, which were mostly
eroded during the Cenozoic erosion (Wood et al. 1989; Faleide et al. 1993). In addition, Jobe
et al. (2011) showed that the CREs are largely comprised of clay, indicating that they formed
as drapes that blanket pre-existing topography and are not related to current activity. On the
other hand, Posamentier & Kolla (2003) interpreted the MLARE as mud prone debris flow
deposits. Lowstand wedges also occur during relative sea-level rise at the shelf edge and are
characterized by the deposition of sediments within canyons, slopes, and basin floors
(Posamentier & Vail 1985; Posamentier & Vail 1988; Posamentier et al. 1991). This
significantly shifts the shoreline to the landward area, creating less of a denudation area
(Figure 11c). Hence, fine-grained materials (as sheets covered) dominated the southern part
of the Loppa High during this stage (Figure 11c). At that time, sediment loads delivered to the
upper slope decreased as the canyons became depositional sites (Posamentier et al. 1991).
Canyon walls, which were steepened during the interval of active canyon down-cutting
(lowstand fan), became less steep through the processes of mass wasting, as the canyon walls
tended to re-establish an equilibrium profile (Deptuck et al. 2007). During this interval, canyon
widening occurs in conjunction with canyon filling (Figures 11b and 11c). This is indicated by

the relatively low ratios between tops and base widths of the canyons (Table 1).



The last stage occurred in the Neogene-Quaternary, when uplift and glacial erosion occurred
(Wood et al. 1989; Faleide et al. 1993; Miller et al. 2005), modulating the present southern
Loppa High into a denudation area (Figure 11d). Seismic sub-crop patterns and well data
indicate that Late Cenozoic erosion was approximately 500 m to 1000 m, whereas ice-related
erosion during recent glaciation has enhanced the unconformity at the base of the Pliocene-
Pleistocene (Wood et al. 1989; Faleide et al. 1993; Henriksen et al. 2011a).

6.2 Implications of the sediment conduits’ morphologies for paleoenvironment reconstruction

In general, canyons dominate the study area (Figure 4), thus indicating that they are good
sediment conduits (Shepard 1952; Kuenen 1953; Stow & Mayall 2000; Posamentier & Kolla
2003). Their morphologies and architectures also reveal spatial variations as erosion and back
stepping of the shoreline occurred. This is evidenced by the general increases in the widths,
heights, and cross-sectional areas in the distal canyon area (Figure 6). Those increasing
parameters are possibly controlled by system distance, as more frequent and faster flows are
mostly down-canyon, and because down-canyon movement is facilitated by gravity, net
transport from these currents is largely seaward (Shepard & Marshall 1973; Shepard et al.
1974; Shepard 1981). In addition, Canyon 1 has the lowest height and length relative to the
other canyons (Figure 6), a phenomenon that likely reflects the greater distance of Canyon 1
from the fluvial stream mouth of the denudation area (Table 1, Figures 11a, 11b, and 11c).
Hence, only longshore-drift and tidal currents can distribute sediments to Canyon 1 and form
unstable masses subject to slumping, sand flows, and turbidity currents (Shepard 1963;
Shepard & Marshall 1973; Normark et al. 1993; Weaver et al. 2000; Flint & Hodgson 2005;
Covault et al. 2011; Yu et al. 2013). Furthermore, these spatial variations are also indicated by
the ratio of the top and base width of the canyon (Table 1). The lowest ratio found in canyon 1
shows less variation when compared to the highest top and base width canyon ratio for canyon
5 (Table 1). In addition, the U-shaped canyons are mostly located in the proximal part of the
canyon system in the study area (Figures 5 and 6a). The proximal part of the canyon system
is characterized by relatively shallow bathymetry with shallow marine influences (Figure 11),
which affected morphology in the canyon system (Figure 6a). Furthermore, the U-shaped
morphology and the lack of significant changes in the U-shaped morphometry indicate a long-
lived process involving fine-grained sediment that can be carried over the shelf and upper
slope into the canyon heads without significant erosion, e.g., Thornton (1984), Posamentier &
Kolla (2003), Jobe et al. (2011), and Lonergan et al. (2013). Tributaries associated with
Canyons 2, 4 and 5 are located in the upper and middle canyon areas (proximal and distal),

with average sinuosities of 1.05 and 1.08 (low sinuosity), respectively (Figures S2, S4 and S5).



These indicated that they were created by long-lived processes with low flow energy (Shepard
1963; Shepard & Marshall 1973; Posamentier & Kolla 2003; Estrada et al. 2005; Wynn et al.
2007).

The U-shaped, wide, wavy to planar gliding plane slide scars in the study area are
characteristic of slide scars reported elsewhere (Shanmugam et al. 1994; Bge et al. 2000;
Posamentier & Kolla 2003; Shanmugam 2006; Bull et al. 2009; Richardson et al. 2011;
Omosanya & Alves 2013; Jo et al. 2015). The U-shape is narrower upslope and wider
downslope (Figures 7 and 8a). These represent a slope failure at the shelf edge caused by
tectonic activity and a high rate of sedimentation producing instability on the shelf edge (Bull
et al. 2009; Omosanya & Alves 2013; Alves 2015; Omeru et al. 2016; Omosanya et al. 2016).
The scours of the slide scars created irregularities in the paleo-seafloor, thus providing
conduits for sediment gravity currents (O'Leary 1986; Shanmugam et al. 1994; Shanmugam
2006). The slide scars are therefore considered to mark the area of maximum strain endured
by the paleo-seafloor (Omosanya & Alves 2013). Furthermore, the slide scar MLARES with
reflection-free seismic (sometimes continuous) and low seismic amplitudes located above the
gliding planes of the slide scars probably indicate the deposition of suspended, very fine-
grained sediments or mud prone debris-flow deposits that occurred in response to bottom-
current activity and increased accommodation space (Figure 11c) (O’Leary 1995; Posamentier
& Kolla 2003; Gamboa & Alves 2015).

All four gullies in the study area are relatively narrow and have uniform widths (Figure 10) in
comparison with the canyons and slide scars (Figure 2). This is one of the common
characteristics of gullies, according to Field et al. (1999), Stow & Mayall (2000), Jobe et al.
(2011), and Lonergan et al. (2013). The lack of significant changes in gully morphometry in the
study area indicates that they represent a long-lived process on the shelf edge to the slope
(Lonergan et al. 2013). This is most evident by the regularity in the gully-widths (Table 1 and
Figure 10d). In addition, localized mass wasting driven by tectonic activity and spring sapping
processes such as groundwater discharge from a sedimented slope may result in a change in
pore fluid pressure in a radius around each failure (Orange et al. 1994; Pratson et al. 2009;
Shumaker et al. 2016). These processes might also contribute to the prolonged process of
gully development. Since there is no significant change in gully widths from the proximal to
distal parts, it implies that the gully gradients also represent the paleo-slope gradient. In
addition, the height variations for gullies 1, 2 and 3 are likely related to stair steps in the gully

bases (Figures 10a and 10c).

This study has revealed that the morphological parameters (depth, height, width and cross-

sectional area) for the canyons, slide scars, and gullies often increase linearly with distance



along slope, irrespective of their shapes and associated depositional elements. Furthermore,
morphometric analyses of sediment conduits play an important role in quantitative
interpretations of related sedimentary processes and paleoenvironment.

6.3 Implications for hydrocarbon prospectivity in the study area

The interconnections between the sediment conduits and their products such as submarine
fans have wider implications for hydrocarbon prospectivity in the study area and in many other
frontier basins. In the study area, the canyons, slide scars, and gullies are mostly filled with a
fine-grained material (MLARE) that could possibly act as a reservoir and source rocks (Doré
1995; Bouma 2000; Bouma 2001; Henriksen et al. 2011a; Henriksen et al. 2011b; Bohacs et
al. 2013). The canyon HARE is interpreted as a result of the presence of coarse-grained
sediments caused by erosive energetic flows (Jobe et al. 2011) that could form good
hydrocarbon reservoirs, although it is volumetrically smaller than the other depositional
elements in the study area (Figures 2, 5, and 6e). Furthermore, wellbores 7122/2-1 and
7122/4-1 penetrated fine-grained and coarse-grained submarine fans of the Early Cretaceous
Knurr Formation and Late Jurassic Stg Formation and indicated that they have good porosity
and permeability (Sattar et al. 2017). In Figures 1b, 4c and 11, we show classic examples of
submarine fans that are fed by a canyon system and onlap to the slope. The scenario presents
a situation where hydrocarbons can migrate up-dip from the fans on the hanging walls of the
faults into the upper and younger stratigraphic sections in the footwalls, hence increasing the
prospectivity of hydrocarbons in the study area. In contrast, a fault can act as a barrier to
hydrocarbons, creating poor inter-reservoir connectivity, and an additional wellbore would be
required to drain hydrocarbons from each compartment. The continuous CRE in the middle of
the canyons and slide scars could provide potential seal rocks, whereas the bases of the
sediment conduits’ incisions can act as lateral traps (Figures 5 and 7). In terms of volume,
significant amounts of reservoir volume are also achievable from canyons and slide scars, as
indicated by the high values of cross-sectional area (Figures 6e and 8e). Additionally, up-slope
stratigraphic pinch-outs (in the case of submarine fans) could also provide stratigraphic traps
towards the slope and up-dip positions. Sediment transport models indicate that grain size and
grain-size distribution as well as slope gradients are key variables dictating bypass-related
pinch-out development, where systems with steep slopes and relatively fine maximum grain
sizes likely offer the lowest risk for up-dip leakage (McCaffrey & Kneller 2001; Stevenson et al.
2015).

6.4 Morphometry comparison with other sediment conduit systems



The canyons in the study area have heights that range from 30 m — 400 m (Figure 12a) and
are comparable to other canyons documented on the continental margins of Equatorial
Guinea, West Africa (Jobe et al. 2011) and SE Brazil (Qin et al. 2016). The canyons in the
system in the study area are 70 m — 4000 m wide (Figure 12b), whereas those reported in the
works of Jobe et al. (2011) and Qin et al. (2016) are relatively less wide. These differences
may be related to the flow properties, e.g., flow volume, grain size distribution and fluid
saturation (sensu Shepard & Marshall 1973; May et al. 1983; Babonneau et al. 2004; Talling
2014; Qin et al. 2016). Furthermore, this work shows a slide scar system that is 80 m — 350 m
in height (Figure 12c) and 800 — 7600 in wide (Figure 12d). This morphometry characteristic
has also been documented from seismic data in the SW Great Bahama Bank (Jo et al. 2015)
and SW Norway (Bge et al. 2000). The down-slide scar distances in the study area are shorter
than those of Jo et al. (2015), which is an indication that the slide-scar system here has
recorded less slope failure than that on the SW Great Bahama Bank (Jo et al. 2015). Similarly,
the down-gully distances for the gullies in the study area are possibly shorter due to their
locations on a local bathymetric high, i.e., the Loppa High. A parameter that contrasts with
those gully systems has been documented on other continental margins. The gullies in the
study area have heights in the range of 20 m — 100 m (Figure 12e) and widths of 200 m — 600
m (Figure 12f). The gullies documented by Lonergan et al. (2013) on the passive margin of
Gabon (West Africa) and by Gales et al. (2013) on the continental margin of Antarctica have

similar heights and widths to those of the study area but differ in their down-gully distances.

7.0 Conclusions
The following are the main conclusions from this work.

1. Canyons, gullies, and slide scars are the predominant sediment conduits in the
southern part of the Loppa High and formed during the Late Jurassic to Cretaceous.

2. The observed variations in canyon morphology appear to be related to the distance of
the canyon system. The shapes and morphometries of the slide scars in the study area
represent slope failures at the shelf edge caused by tectonic activity and high
sedimentation rates, producing instabilities on the shelf edge. Furthermore, the lack of
significant changes in gully morphometry in the study area indicate that they represent
a long-lived process on the shelf edge to the slope, whereas the gully knickpoints are
related to the longshore drift on the edge of the paleo Loppa high.

3. The morphometry analysis of the sediment conduits in the study area played an
important role in the quantitative interpretation of the related sedimentary processes

and paleoenvironment.



4. The seismic facies and morphology analyses of the sediment conduits in the study area
showed that the canyons, slide scars and gullies have potential for hydrocarbon

prospectivity.
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Table 1. Summary of morphometry data for canyons, gullies and slide scars.

Depth (m) Height (m) Width (m) Width Average (m) Gradient (Deg)
Maximum | Minimum [ Average | Maximum | Minimum | Average | Maximum [ Minimum |Average| Top Base | Ratio |Maximum |Minimum |Average
Canyon
1 847 630 736 265 101 158 1631 393 992 992 157 0.16 3.01 0.18 0.72
2 1256 510 800 409 30 194 2850 240 1297 1479 304 021 | 496 0.06 0.54
3 1023 616 805 392 145 264 2405 579 1465 1465 240 0.16 3.88 0.12 0.63
4 1000 504 701 378 73 202 3730 237 1463 1653 402 0.24 | 3.10 0.04 0.29
5 1094 535 730 417 78 199 4409 537 1656 1989 409 0.21 591 0.03 0.23
Gully
1 763 629 689 76 53 70 477 362 440 440 124 0.28 2.97 0.65 1.48
2 779 616 698 98 35 66 584 238 349 349 108 0.31 2.70 0.44 1.17
3 777 562 630 43 26 35 396 312 352 352 110 0.31 2.45 0.21 0.70
4 785 675 740 104 53 80 592 317 512 512 142 0.28 3.13 0.33 1.03
Slide Scar
1 960 696 815 343 223 290 7600 3131 4663 4663 1032 0.22 2.63 0.24 0.78
2 900 650 772 213 88 152 5109 849 3146 3146 1888 0.6 2.38 0.24 0.77




Sinuosity Aspect Ratio (width/height)| Width vs Dist Height vs Dist
Maximum [ Minimum | Average | Maximum | Minimum | Average R? R R? R
Canyon
1 1.19 1.00 1.03 10.44 2.72 6.46 0.44 0.66 0.41 0.64
2 1.30 1.00 1.04 10.33 3.87 6.81 0.64 0.80 0.83 0.91
3 1.32 1.00 1.02 6.90 2.60 5.41 0.27 0.52 0.43 0.66
4 1.58 1.00 1.07 13.91 2.72 6.92 0.63 0.79 0.66 0.81
5 1.40 1.00 1.09 16.32 4.57 8.05 0.41 0.64 0.54 0.73
Gully
1 1.13 1.00 1.02 6.83 6.08 6.29 0.68 0.82 0.61 0.78
2 1.25 1.00 1.05 6.85 4.10 5.38 0.80 0.89 0.94 0.97
3 1.28 1.00 1.02 13.14 8.44 10.13 0.16 0.40 0.42 0.65
4 1.04 1.00 1.00 8 5.68 6.52 0.78 0.88 0.91 0.95
Slide Scar

1 1.04 1.00 1.01 22.76 12.38 | 15.62 0.79 0.88 0.95 0.97
2 1.05 1.00 1.00 25.11 9.64 19.37 0.95 0.97 0.96 0.98
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Figure 1. (a) Location map of the study area in the southern part of Loppa High with a seabed map from the 3-D seismic data. (b) Stratigraphic
column of the SW Barents Sea area (Gradstein et al. 2010) with regional sea-level curve (Miller et al. 2005) and seismic well-tie in the study area.

(c) Tectonic evolution of the Loppa High (modified after Wood et al. 1989).
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Figure 5. Seismic facies analysis of canyons in the study area, representing the proximal — distal system. See Figure 6a for section location.
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Figure 6. Morphometric analysis of canyons. (a) Dip angle (degrees) map of canyons, with locations of cross-sections (left images) and
perpendicular canyon cross sections (right images). Notation is down-canyon distance. Underline notation is a section on the Figure 5. Red colour
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part of the canyon are at the bottom of the graphs. See supplementary materials for individual canyon plots.
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Figure 9. Seismic facies analysis of gullies in the study area, representing the
proximal — distal system. See Figure 10a for section location.
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Figure 10. Morphometric analysis of gullies. (a) Dip angle (degrees) map of gullies, with locations of cross-sections (left images) and
perpendicular gullies cross sections (right images). Blue star is knickpoint of gully. Notation is down-gully distance. Underline notation is a section
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materials for individual gully plots.



Denudation
0'\

P

M
(¢)
P

c) 500m (Paleogene)

a) 1000m (Late Jurassic — Cretaceous) B Paleogene [ Late Jurassic -
mm Early — Late Early Cretaceous
Cretaceous [ Triassic
] Marine B Non-marine

Figure 11. Evolution of sediment conduits in the SE Loppa High as represented by seismic
depth slices of RMS Amplitude (left image), and its schematic model (right image). C denotes
Canyon; S denotes Slide, and G denotes Gully.



Down-canyon distance (m)

10000 20000 30000
0 1 1 !
— Canyonl
_--7|— Canyon2
L= — Canyon3
100 ’ — Canyon4
€ s Canyon5
~ e -- Type2CanyonofJobeetal.(2011)
= 200 /S -~ TypelCanyonof Jobeetal. (2011)
R ! -- CanyonofQin et al. (2016)
5] -——-2
E [ AgE -7 T~ _-
300

400

Height (m)

0 1000

Down-slide scar distance (m)

2000 3000 4000 5000 6000 7000

100 A

200 ~

300 -

— Slidescar 1

— Slide scar 2

-~ Slide scarof Jo etal. (2015)
- - Slide scar of Bge et al. (2000)

®

Height (m)

120

Down-gully distance (m)

— Gully 1

— Gully 2

— Gully 3

— Gully 4

== Gully of Lonerganetal. (2013)
=~ Gully of Gales et al. (2013)

0 10000 20000 30000
0 . . .
\\\ -
)
1000 \W] .
€ oo L VW I .
< 2000 -
§ — Canyon1l
= — Canyon2
3000 — Canyon3
— Canyon4
Canyon5
-- Type2CanyonofJobeetal.(2011)
4000 + -- TypelCanyonofJobeetal.(2011)
-- CanyonofQin et al. (2016)

®

Width (m)

Down-slide scar distance (m)

0 1000 2000 3000 4000 5000 6000 7000
300 . . . . . . )
— Slidescar1
3300 Slide scar 2 n
-~ Slide scar of Jo et al. (2015)
- - Slide scar of Bge et al. (2000)
6300
9300 {
12300 1 e

width (m)

200

400

600

800

5000

Down-gully distance (m)

10000 15000

— Gully1

T — Gully 2

S~ — Gully 3

Gully 4

Gully of Lonerganetal. (2013)|
=~ Gully of Gales et al. (2013)

Figure 12. Morphometry comparison of sediment conduits on the study area with Jobe et al. (2011) and Qin et al. (2016) on the canyon system, Jo et al. (2015)
and Bge et al. (2000) on the slide scar system, Lonergan et al. (2013) and Gales et al. (2013) on the gully system.




Morphometric plots of sediment conduits on a bathymetric high: implications
for paleoenvironment and hydrocarbon prospectivity

Dicky Harishidayat, Kamaldeen Olakunle Omosanya, Stale Emil Johansen, Ovie
Emmanuel Eruteya, Yakufu Niyazi

Supplementary Materials

Contents:

e Figure S1. Plots of morphometric parameters measured for Canyon 1

e Figure S2. Plots of morphometric parameters measured for Canyon 2

e Figure S3. Plots of morphometric parameters measured for Canyon 3

e Figure S4. Plots of morphometric parameters measured for Canyon 4

e Figure S5. Plots of morphometric parameters measured for Canyon 5

e Figure S6. Plots of morphometric parameters measured for Slide scar 1
e Figure S7. Plots of morphometric parameters measured for Slide scar 2
e Figure S8. Plots of morphometric parameters measured for Gully 1

e Figure S9. Plots of morphometric parameters measured for Gully 2

e Figure S10. Plots of morphometric parameters measured for Gully 3

e Figure S11. Plots of morphometric parameters measured for Gully 4



Down-canyon distance (m) Down-canyon distance (m)
0 1000 2000 3000 0 1000 2000 3000
600 : : : 10w g - .
u |
120 A
650 .. . R2 = 0.9495
R =0.9744 140 4
|
_ 700 A 160 A
3 —
E 180 1 R? = 0.4149
2 750 - (©) = e
() -
& _% 200 - R = 0.6441
I
800 - 220 - " =
@ Canyon 1 Wall ()
M Canyon 1 Thalweg B 240 - W Canyon 1
0.2°
850 1 Distal
1.40 0.4° 0.20 260 1 44 0.4° [
Proximal Medial Distal @ Proximal Medial @
900 - 280 -
Down-canyon distance (m) Down-canyon distance (m)
0 1000 2000 3000 0 1000 2000 3000
30 : : — 0 0.035 m : : :
“ w. E -
g @canyon 1Base | ’cg -
530 | M Canyon 1 .L o % 0.135 -
i )
= " 2|5 o185
£ : o ||
- F 0.6 S c
5 - . E || £ 002354 |RE=04548
S 1030 | Re=0.4454 x 9|8 R = 0.6743
R = 0.6673 r 0.8 3
im = @ 0.285 - |
| E 1 5 W Canyon 1
TN N g 0.335 ~
v - 0.20
1530 1 1.0 \\’l ‘\)‘/?_140 O.: E 1.40 0.4 u Distal
Proximal ! e’ Distal E_ 1 2@ 0.385 | Proximal Medial - @

Figure S1. Morphometric plots for Canyon 1. (a) Depth profile of canyon thalweg and
canyon wall. (b) Canyon height profile. (c) Sinuosity of the canyon (Dashed line)
together with width of canyon and canyon base. (d) Cross-sectional area of canyon.
Average canyon gradients (degree) for each part of the canyon are at the bottom of
the graphs.
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Figure S2. Morphometric plots for Canyon 2. (a) Depth profile of canyon thalweg and
canyon wall. (b) Canyon height profile. (c) Sinuosity of the canyon (Dashed line)
together with width of canyon and canyon base. (d) Cross-sectional area of canyon.
Average canyon gradients (degree) for each part of the canyon are at the bottom of
the graphs. Tributary canyons represented by small symbols.
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Figure S3. Morphometric plots for Canyon 3. (a) Depth profile of canyon thalweg and
canyon wall. (b) Canyon height profile. (c) Sinuosity of the canyon (Dashed line)
together with width of canyon and canyon base. (d) Cross-sectional area of canyon.
Average canyon gradients (degree) for each part of the canyon are at the bottom of
the graphs.
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Figure S4. Morphometric plots for Canyon 4. (a) Depth profile of canyon thalweg and
canyon wall. (b) Canyon height profile. (c) Sinuosity of the canyon (Dashed line)
together with width of canyon and canyon base. (d) Cross-sectional area of canyon.
Average canyon gradients (degree) for each part of the canyon are at the bottom of
the graphs. Tributary canyons represented by small symbols.
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Figure S5. Morphometric plots for Canyon 5. (a) Depth profile of canyon thalweg and
canyon wall. (b) Canyon height profile. (c) Sinuosity of the canyon (Dashed line)
together with width of canyon and canyon base. (d) Cross-sectional area of canyon.
Average canyon gradients (degree) for each part of the canyon are at the bottom of
the graphs. Tributary canyons represented by small symbols.
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Figure S6. Morphometric plots for Slide scar 1. (a) Depth profile of slide scar wall
and the LPS. (b) Slide scar height profile. (c) Sinuosity of slide scar (dashed line)
together with width of slide scar and slide scar base. (d) Cross-sectional area of slide
scar. Average slide scar gradients (degree) for each part of the slide scar are at the
bottom of the graphs.
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Figure S7. Morphometric plots for Slide scar 2. (a) Depth profile of slide scar wall
and the LPS. (b) Slide scar height profile. (c) Sinuosity of slide scar (dashed line)
together with width of slide scar and slide scar base. (d) Cross-sectional area of slide
scar. Average slide scar gradients (degree) for each part of the slide scar are at the
bottom of the graphs.
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Figure S8. Morphometric plots for Gully 1. (a) Depth profile of gully thalweg and gully
wall. (b) Gully height profile. (c) Sinuosity of gully (dashed line) together with width of
gully and gully base. (d) Cross-sectional area of gully. Average gully gradients
(degree) for each part of the gully are at the bottom of the graphs.
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Figure S9. Morphometric plots for Gully 2. (a) Depth profile of gully thalweg and gully
wall. (b) Gully height profile. (c) Sinuosity of gully (dashed line) together with width of
gully and gully base. (d) Cross-sectional area of gully. Average gully gradients
(degree) for each part of the gully are at the bottom of the graphs.
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Figure S10. Morphometric plots for Gully 3. (a) Depth profile of gully thalweg and
gully wall. (b) Gully height profile. (c) Sinuosity of gully (dashed line) together with
width of gully and gully base. (d) Cross-sectional area of gully. Average gully
gradients (degree) for each part of the gully are at the bottom of the graphs.
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Figure S11. Morphometric plots of Gully 4. (a) Depth profile of gully thalweg and gully
wall. (b) Gully height profile. (c) Sinuosity of gully (dashed line) together with width of
gully and gully base. (d) Cross-sectional area of gully. Average gully gradients (degree)
for each part of the gully are at the bottom of the graphs.





