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Abstract

Turbidite channels are final conduits for the transfer of terrigenous detritus to the deep-sea
depositional systems. Studying their morphology and geometric parameters can provide information
on density flow characteristics and sedimentary processes, making it an objective and quantitative
way to differentiate deep-sea deposits they feed, of special interest to the oil industry. In this work,
the morphology is studied, the main geometric parameters are calculated, and the potential
sedimentary fill of a turbiditic channel, the Columbretes Grande channel, located on the Ebro
continental margin (NW Mediterranean Sea), is visualized in 3D. This complete morphometric
analysis, performed by applying a specific methodology, shows a concave and smooth channel
indicating a profile in equilibrium with local evidence of erosion. Considering the height of the flanks
(<150 m), the existence of well-developed levees, the high sinuosity of some of its reaches, and the
relatively low slopes, the channel can be classified as depositional. The sinuosity index closes to 2 in
some courses and the gentle slopes suggest that the fine-grained turbidity currents that episodically
circulate in its interior reach the channel’s end.

Keywords: turbidite channel; Ebro continental margin; morphometric analysis; 3D visualization;
volume calculation

1. Introduction

Submarine canyons and turbidite channels are prevalent on numerous continental margins. The
heads and upper reaches of the canyons are typically embedded within the continental shelf and
slope. Beyond the base of the slope, turbidite channels extend the canyons into the continental glacis.
In such cases, the term “canyon-channel system” (CCS) is commonly used to refer to submarine
canyons that are prolonged by turbidite channels [1-3]. These systems play a crucial role in the
transfer of terrigenous material into deep ocean basins [4,5].

Turbidite channels (TCs) have distinct morphological features. They use to have flanked by two
levees, one at each side of the channel axis. The term levee refers to the positive relief features
bordering a TC, formed by the spill over and proximal deposition of sediment particles supplied from
turbidity currents that circulate around the channel whose thickness exceeds the height of their flanks
[6-9]. The levees are usually asymmetrical, and their rupture can initiate the formation of new
channels and the abandonment of the previous channels downstream of the breaking point. The
encasing of the new channel leaves the abandoned channel hanging downstream of the breaking
point, which will be gradually filled [2]. It is also common for TCs to have a very sinuous trajectory,
which translates into the presence of very marked meanders that can sometimes be cut and
abandoned.

The TCs vertebrate and feed important sedimentary deposits of the distal continental margin,
mainly the large deep-sea fans [10,11]. Sometimes they can also build other sedimentary bodies of
more limited development, called channel-levee systems (CLS), formed by the lateral overflow of
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turbidity currents and both lateral and frontal accumulation of the materials transported by the TCs
[12]. A distinctive feature of the CLS is that the channels are in the highest part of the sedimentary
body which favours, when an overflow occurs, the redistribution of the sediments towards the areas
located at the lowest altitude [13]. The channels of the CLS tend to narrow and be less fitted towards
the most distal and deep sections. Most end up disappearing in the frontal area of the sedimentary
body itself that they contribute to building.

As the turbidite channels preserved in the geological record have a high economic interest as
hydrocarbon reservoirs [14] the study of modern turbidite channels, and the depositional systems
associated with them, has aroused the interest of oil companies [7,9,15-18] for their quality of possible
analogues of reservoirs.

The detailed analysis of the morphology and geometric parameters of current turbidite channels
provides relevant information about the nature of the sedimentary processes responsible for their
formation and evolution. The study of geometric parameters also allows an objective quantitative
approximation to characterize and differentiate deep depositional systems [8,19-26]. In many of these
analyses, the channels are also seen as potential sediment containers.

The goal of this work is precisely to perform an exhaustive 3D morphometric analyse of the
Columbretes Grande channel, a turbidite channel located on the Ebro continental margin (NW
Mediterranean Sea), using swath bathymetric data and a 3D approach methodology in order to well
know its morphology, geometric parameters and potential sedimentary fill (Figures 1 and 2).

2. Geological Setting of the Ebro Continental Margin

The Ebro continental margin (ECM) is located in the southern part of the Catalan-Balearic basin
(Figure 1). This basin displays a clearly asymmetric morphology [27]. The ECM, one of the widest
Mediterranean margins, is primarily terrigenous, with the Ebro River contributing about 5-6 million
tonnes/year during the Pleistocene [28]. To the east, the Balearic Promontory, characterized by
carbonate sedimentation, is relatively narrow [29]. The Valencia Channel, a midocean channel-type
submarine valley [30], separates the margins and serves as the main deep collector for sediments
transported to the northeast [31]. Magmatic structures, including seamounts and emerged volcanic
buildings such the Columbretes Islands, are also present in the area [32].

The ECM continental shelf extends ~70 km and the shelf break is located at an average depth of
150 m [31].The continental slope is very narrow (~10 km) and relatively steep (~4.5° on average). The
base of the continental slope depth increases from 1300 m to 1800 m towards the SW. This base and
the continental rise are the result of the stacking of CLS and other non-channelled deposits, including
submarine landslides [33]. Further details on the margin and development factors are found in [34—
38].
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Figure 1. Colour-shaded relief map of the southern Catalan-Balearic basin, showing main structural elements
and locations of important CCSs in the ECM. The black box corresponds to Figure 2. To avoid further confusion,
because over the years the main CCSs have been assigned different names by various author, here is used the
general nomenclature of [39]. CCS-CG: Columbretes Grande CCS; CCS-CC: Columbretes Chico CCS; CCS-HI:
Hirta CCS; CCS-TB: Torreblanca CCS; CCS-VI: Vinaroz CCS; CCS-TO: Tortosa CCS; SM-B: Bertan Seamount;

SM-C: Cresques Seamount; SM-B: Bertran Seamount; SM-D: Sa Dragonera Seamount; SM-B: Soller Seamount.

Several CCSs are on the Ebro continental margin (Figure 1). The parallel 40° N divides them into
two groups. North of the 40° N, the CCSs connect directly to the Valencia Channel and their TCs are
longer than 50 km [40]. None of the CCSs located to the south of the 40° N flows into the Valencia
Channel and their TCs do not get 50 km in length. In this group is the CCS of Columbretes Grande,
whose canyon segment begins on the continental shelf at a depth of about 100 m (Figure 2). The
transition from canyon to channel occurs near the base of the continental slope, at about 800 m, and
is marked by levees bordering the TCs.

Other general morphological characteristics of many of these TCs of the ECM were initially
described by [31]. They are often over 100 m high, have meandering courses, and some reach 1400 m
depth, significantly shallower than most current TCs, which typically range from 3000 to 4000 m deep
[7]. All of them are related to CLS, but their dimensions and development vary. Since the Ebro River
is the largest and primary source of sediment, and circulation affects the deep margin uniformly,
morphological differences between TCs result from their sedimentary dynamics and individual
evolution [13].
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Figure 2. General bathymetric map of the CCS of Columbretes Grande. See its position within the ECM in Figure

1. The red box corresponds to channel shown in Figure 7. Isobaths are equidistant at 50 m.
3. Data and Methods

3.1. Data Adquisition and Preparation

Most of the multibeam bathymetry data used for the morphometric analysis of the studied
channel were obtained during the BIG '95 mission, aboard the BIO Hespérides (May 1995). To these
data were added some additional lines acquired by the French vessel L’Atalante during the CALMAR
'97 mission (October 1997), and a complementary coating of the outer continental shelf carried out in
the MATER 2 mission, again on board the BIO Hespérides (September 1999). The data were acquired
with the Simrad EM-12, EM-1000, and EM-1002 multibeam bathymetry systems.

The raw data were processed using the software swathED. Over a million points were edited to
eliminate errors, generating a 2D grid at 50 x 50 m resolution representing the seafloor over 1110 km?.
This grid, in UTM projection, zone 31, ellipsoid WGS84, was used as main input for the applied
methodology.

3.2. Methodology

3.2.1. Software and Tools for 3D Morphometric Analysis

Modern equipment for acquiring high-resolution bathymetric data and new geophysical
techniques for visualizing sedimentary body structures have improved the analysis of turbidite
channels, both fossil and modern. Years ago, the analysis was generally based on inadequate data,
unable to visualize detailed features or quantify channel volumes [7,19].

These recent advances have been complemented by powerful computer packages for treating,
modelling, and better visualizing the acquired geospatial data. In this work, we used earthVision
program [41], known for its capabilities to study irregularly shaped objects [42] such a TC, a long,
narrow, sinuous, and asymmetrical body. Some of earthVision’s analytical tools were also
incorporated into three shell scripts, running under a Linux Red Hat operating system on a Dell
Workstation, in order to improve the 3D morphometric analysis of the studied channel.

These scripts, called Levar, Lemor, and Levol, are based on the automatic generation and analysis
of multiple interpolated sections distributed along the channel from a previous user-defined control
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sections over the 2D grid initially created with the multibeam bathymetry data. Once these
interpolated sections have been generated, each script performs the necessary operations to obtain
the required results, as illustrated schematically in Figure 3. We refer to [43] to better understand the
technical aspects of the methodology used.

INPUT DATA CROSS-SECTIONS GENERATION

2D bathymetric grid Control cross-sections Interpolation of additional sections

I
RESULTS

Levar Lemor Levol

Borders and channel axis Planform and cross-sectional parameters 3D channel visualization and volume

Figure 3. Flowchart of the methodology used (modified from [43]). All representations, including those of the
scripts results, have been created with earthVision using a small sector of the 2D bathymetric grid of the upper
course of the CGC.

3.2.2. Borders and Channel Axis

The Levar script traces the boundaries of the channel by identifying in each cross-section the
points that correspond to the crests of the levees that border the channel. The boundaries of the
channel are represented as a polygon defined by two more or less parallel lines that consider the X-
Y coordinates of the points of each crest of the levees (Figure 4). At the beginning and end of the
channel, the polygon is closed by two lines that correspond, respectively, to the first and last sections
considered. This polygon allows to determine the area occupied by the channel. On the other hand,
the line of the channel axis is defined by the X-Y coordinates of the deepest points of each section.

3.2.3. Determination of the Geometric Parameters of the Channel

The Lemor script determines 17 geometric parameters of the channel. It evaluates most
parameters used by previous authors in river and submarine channels [1,7,19,44—49], and calculates
two groups of geometric parameters (Figures 4 and 5): those of the channel planform (1 to 6) and
those of the channel cross-sections (7 to 17).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Geometric parameters of the planform of a turbidite channel obtained by Lemor. CA: Channel area; CL:
Channel length; VL: Valley length ; SI: Sinuosity index; CS: Channel slope axis; VS: Valley slope.
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Figure 5. Geometric parameters of the cross-section of a turbidite channel obtained by Lemor. DCA: Depth of the
channel axis; DRL: Depth of the crest of the right levee; DLL: Depth of the crest of the left levee; HRF: Height of
the right flank; HLF: Height of the left flank; AHF: Average height of flanks; HDF: Height difference between
flanks ; CSW: Channel section width; CSA: Channel section area; WHR: Width to height ratio in the section.

e  Planform parameters
The parameters obtained from the plant referring to the whole channel between the first and last
control sections are (Figure 4):
1. Channel area (CA). It is the area of the polygon formed by the borders of the channel, between
the first and last sections;

2. Channel length (CL). It is the length of the channel along its axis;

3. Valley length (VL). It is the length of a straight line that directly joins the first and last control
sections of the channel;

4.  Sinuosity index (SI). It is the ratio between the length of the channel and the length of the valley;

5. Channel slope (CS). It is the slope of the axis of the channel;

6. Valley slope (VS). This is the slope of the valley according to VL.

Cross-sectional parameters.

The following section parameters are calculated in all cross-sections (Figure 5):

7. Channel length to section (SDC). It is the length of the channel along its axis between the first
section and the section considered;

8. Depth of the channel axis (DCA). It is the depth of the deepest point of the section;

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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9. Depth of the crest of the right levee (DRL). It corresponds to the depth of the highest point of the
right levee;

10. Depth of the crest of the left levee (DLL). It corresponds to the depth of the highest point of the
left levee;

11. Right flank height (HRF). It is measured with respect to the depth of the channel axis in the
section;

12. Height of the left flank (HLF). It is measured with respect to the depth of the channel axis in the
section;

13. Average height of flanks (AHF). It is the difference between the depth of the channel axis and
the average of the depths of the levees. This parameter is known by some authors as channel
height or relief [26,50];

14. Height difference between flanks (HDF). It is the difference in height between the right and left
flanks;

15. Channel width (CSW). It is the distance horizontally between the lines perpendicular to the
crests of the levees;

16. Channel section area (CSA). Defined by the polygon resulting from the intersection between the
line representing the width of the channel and the section of the channel itself;

17. Width to height ratio of the section (WHR). This parameter represent the ratio between the
channel width and the average height of flanks.

3.2.4. 3D Visualization and Channel Volume Calculation

The Levol script generates the surface representing the top of the channel sedimentary fill for 3D
visualization and volume determination. To define this top surface, the script first identifies, in each
of the sections, the crest of the levee of the lowest height. Then, assigns the depth value of this crest
to all the points along the section (Figure 6A) and adds more points using a cubic interpolation
function between sections, to control the construction of the channel top [43]. The created top 2D grid
adapts to the changes in gradient of the crest lines of the levees and to the variations in height
differences between them. The last step carried out by Levol is the visualisation with earthVision
(Figure 6B) using the surfaces that define the base and top of a sedimentary body that would
represent the minimum potential filling of the channel. The corresponding additional volumetric
calculations can be carried out on this 3D model.

T\\\ o

R

Figure 6. A: Determination of the lines and dots (in blue) from which the surface representing the top of the

channel is calculated. B: Example of the 3D visualization of the potential sedimentary fill of the channel.

4. Results and Discussion

In this section, we will first describe the general morphology of the CCS of Columbretes Grande
channel segment using bathymetric maps, shaded relief images, 3D views, and representative
topographic profiles obtained from the 2D bathymetric grid. Next, we will apply the methodology
and programs mentioned above to quantitatively analyse the channel, and to visualize and calculate
its potential sedimentary fill.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.1. General Channel Morphology

The Columbretes Grande channel (CGC) is easily distinguishable by its high flanks and levees,
and sinuous layout, especially in the upper and middle courses (800-1200 m) (Figures 7-10), with a
general WNW-ESE orientation. These courses contain outstanding morphological elements, such as
a pair of pronounced meanders (Figures 8 and 10).

0°S0'E

0°45'E : 0°55'E 1°00E

Figure 7. Detailed bathymetric map of the CGC. The area corresponds to the red box shown in Figure 2. Isobaths
are equidistant at 20 m.

Meander 1 has a radius of 650 m while the radius of meander 2 is 550 m. According to [19], in
this type of channel the radius of the meanders tends to decrease with depth. Regardless of the
geological context in which it is located, a meander constitutes a form of balance between the slope,
the flow, the sedimentary load and the resistance of the channel to erosion. In a TC, turbidity currents
circulate episodically, causing erosion. Meanders exaggerate over time, leading to the abandonment
of the most accentuated curves. An abandoned meander (ox-bow), like the one downstream show in
Figures 8 and 9, has a depth of about 1,200 m, a radius of 600 m, and hangs 45 m above the current
channel.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0971.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2025 d0i:10.20944/preprints202507.0971.v1

9 of 23

0°45'E 0°S0°E 0°55'E TO'E

L ™
{Internaljy

\..te’rrace A

0°45'E 0°50'E 0°55'E 1°00'E
Figure 8. Shaded relief image of the CGC. The location of some of the morphological elements described in the

text is indicated. Two representative topographic profiles mentioned in the text are also shown.

The channel becomes shallower and narrower (Figures 8 and 10B) in the lower course (1200-1300
m), changing to W-E orientation until it disappears into the continental glacis. No distributary
channels are observed, or they would be of little relief. The longitudinal morphological variability of
the channel is well reflected in the representative topographic profiles of Figure 8. The channel’s relief
decreases downward, from a transverse V-profile in the upper sections to a U-profile until
termination. These profiles show the elevation (tens of meters) of the levees of the flanks of the
channel with respect to the surrounding seabed. The levees can be easily traced and show a marked
asymmetry along the channel. The right/southern levee is generally higher than the left/northern
levee. This is due to the combined effect of the Coriolis force [51,52], which deflects flows to the right
in the northern hemisphere, and the general circulation to the southwest. The existence of such
circulation between the Gulf of Lion and the Ibiza Channel has been proven to be at least a thousand
meters deep. The intervention of centrifugal force in the meandering sections of the channel is not
ruled out either [6,53].

Itis thus a channel-levee system whose channel is in a relatively higher position than the seafloor
beyond the system, a circumstance that is clearly seen in the maps and 3-D images in Figures 10-16.
These characteristics would already indicate, according to [7], that the channel would be of
depositional type.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. 3D view from the southeast of the CGC. The view is inclined at 28° and vertically exaggerated by x5.

The shaded relief image and topograhic profile A-A' in Figure 8 show the marked incision of the
channel axis at some point of the CGC. The incision process has led, locally, to the formation of minor
courses and hanging internal terraces, a fact that proves the erosive capacity of the turbidity currents
that have circulated through the channel. The presence of a course less than 300 m wide embedded
in the major course, as well as sand waves and small semicircular scars, especially on the inner left
side of the channel, as been indicated by [54] from side-scan sonar images. These scars, cited in other
turbidite channels [6,55], would be the result of small landslides in the inner slopes of the channels
[56]. The terraces located between the major and minor courses, also identified in other meandering
TCs, would be formed in a similar way to fluvial terraces [53]. Gully erosion have also been observed
in the internal walls of the main course of the channel. All these morphological evidences confirm the
erosive-depositional character of the upper and middle courses of the channel.

4.2. Quantitative Channel Analysis

The quantitative analysis was conducted from 60 control sections distributed across the CGC.
These sections were created according to the requirements described in [43]. Additional cross-
sections were interpolated between these control sections, approximately 100 m apart, resulting in
423 sections covering all the channel (Figures Al and A2). The parameters described above have been
obtained from each of the interpolated sections.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. A: 3D view from the west of the upper CGC course, showing the levees bordering the channel. The
view is inclined at 25° and vertically exaggerated by x5. B: 3D view from the east of the lower course of the CGC,
showing more symmetrical levees with decreased height. The view is inclined at 40° and vertically exaggerated
by x10.

4.2.1. Planform Geometry

Figure 11 and Table 1 show the plan values for the entire channel. The channel plan parameters
were also calculated for intervals or reaches of 50 cross-sections. The number of sections in each reach
is arbitrary. While more or fewer sections can affect the results [7], 50 was chosen as the most
convenient value, as significant morphological changes occur around multiples of 50 sections.

I
eSIE TWE

SI=CLVL =146

T
393N
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| |

Figure 11. Planform geometry of the CGC. The channel area and axis layout were created with Levar. CA:
Channel area; CL: Channel length; VL: Length of the valley; SI: Sinuosity index; CS: Channel slope; VS: Valley
slope.

Table 1. Planform parameters values for the entire channel and the reaches indicated in Figure 11. CL: Channel
length; VL: Length of the valley; SI: Sinuosity index; CS: Channel slope; VS: Valley slope.

Reach CL (m) VL (m) SI CS () VS (°)
1 5,896 4,840 1.22 1.10 1.33
2 5,181 4,607 1.12 0.99 1.15
3 4,481 3,228 1.39 0.68 0.94

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4 4,912 2,431 2.02 0.43 0.93
5 6,413 3,229 1.99 0.51 1.11
6 5,371 4,247 1.26 0.28 0.44
7 5,328 4,559 1.17 0.28 0.32
8 4,891 4,098 1.19 0.36 0.44
9 2,198 2,001 1.10 0.32 0.61
All channel 44,671 30,540 1.46 0.59 0.87

e  Areaand length

The total area of the channel is 50 km? while its axial length is almost 45 km (Table 1 and Figure
11). The length of the valley is slightly over 30 km.
e Slope

The average axial slope is 0.6°, while the average valley slope is 0.87°. By reaches or intervals of
50 sections, it can be observed that the trends of both slopes have an appreciable parallelism except
in the final section of the channel where they diverge (Figure 12A). Both slopes decrease, in general
terms, with depth, although the axial slope decreases more gently for the same reason. The largest
axial gradient is in the first reaches of the channel and gradually decreases, with some local upturn
(reach 5). From reach 6 onwards, the axial slope is very low, between 0.28° and 0.36° (4.9 to 6.3 m/km,
respectively) (Figures 11 and 12A).
e  Sinuosity

The sinuosity index of the channel is 1.46. Following the classification of [57] (low: <1.1;
moderate: 1.1-1.5; high: >1.5), the sinuosity is on the border between moderate and high. However,
the sinuosity varies along the channel. The subdivision into intervals of 50 sections (Figures 11) shows
that the SI increases appreciably from kilometre 11, where the pronounced meanders begin. The
fourth and fifth reaches have sinuosity indices close to 2 (Table 1 and Figure 12A). After these reaches,
the SI decreases to 1.1 in the lowest course of the channel.
e  Slope-sinuosity relationship

The slope and sinuosity parameters are closely linked, and the sinuosity of the TCs is affected
by slope variations [7,19]. The adjusted sinuosity/slope index curve of the channel (Figure 12B)
resembles those obtained in laboratory tests by [58]. It is also consistent with the curves obtained by
[20] for several submarine channels. The shape of the adjusted curve is explained by the fact that as
the slope increases, so does the sinuosity of the channel, thus maintaining an optimal slope that
favours the accommodation of turbidity currents and the evacuation of the corresponding
sedimentary load. This situation is maintained until a threshold slope is reached from which the
channel seeks a more direct route downstream, resulting in a decrease in sinuosity.

SOC (m) [ 4] Channel slope (degrees) (5 )
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Figure 12. A: Comparative graph of sinuosity and slope profiles along the CGC. The abscissa axis represents, at
the bottom, the interpolated section number (ISN). The distance of the section from the beginning of the channel

(SDC) is indicated at the top. On the axis of ordinates, the value in degrees of the slope of the channel (CS) and
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that of the valley (VS) is represented, and on the right, the sinuosity index (SI). B: Relationship between the CS,
in degrees (upper abscissa) and in m/km (lower abscissa), and the SI. The line represents the best fit of the points.

4.2.2. Cross-Sectional Geometry

Table 2 shows the maximum, minimum, and average values for each cross-sectional parameter
considered. Graphics illustrating the relationships between different cross-sectional parameters are
shown in Figure 13. In all graphics, the lower axis of abscissas corresponds to the sequential
numbering of the sections from the beginning of the channel to its end. The upper axis of abscissas
indicates the distance of the sections along the axis of the channel.

Table 2. Maximum, minimum, and average values for each cross-sectional parameter. DCA: Depth of the
channel axis; DRL: Depth of the crest of the right levee; DLL: Depth of the crest of the left levee; HRF: Height of
the right flank; HLF: Height of the left flank; AHF: Average height of flanks; HDF: Height difference between
flanks ; CSW: Channel section width; CSA: Channel section area; WHR: Width to height ratio of the section.

DCA DRL DLL HRF HLF AHF HDF CSW CSA WHR

Cross-sections (m) (m) (m) (m) (m) (m) (m) (m) (m?)

Maxim value -865.6 -673.3 -663.7 1989 202.0 200.1 739 3369 379058 55.91

Mean value -1165.0 -1069.9 -1082.8 95.1 82.2 88.7 12.9 1326 58547 17.97

Minim value -1327.8 -1311.8 -1309.7 104 11.5 132 -581 659 3455 8.67

e Depth of axis channel and levees

The axial depth of the channel ranges from 865 m to 1325 m (Table 2 and Figure 13A). The
resulting profile is slightly concave and quite smooth. The depths of the crests of the levees in the
studied channel are between 663 m and 1311 m. The depth profiles of the crests of the levees are
similar to the axial profile, although they present more and greater irregularities. Since the height of
the flanks of the channel decreases downslope, the profiles of the crest of the levees approach the
axial profile in the same direction. The practical superposition of the depth profiles of the crest of the
levees along the lower course reveals that it is in this lower part where the levees are more
symmetrical.
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Figure 13. Illustrative graphics, generated from cross-sectional data, of the geometry of the CGC. A: Depths of
the axis channel and crests of the levees. B: Height of the flanks of the channel. C: Difference in height between
the flanks of the channel. D: Width along the channel. E: Areas of the sections along the channel. F: Width-to-
height ratio along the channel. The lower axis of abscissas is represented in all graphs by the interpolated section
number (ISN). The upper axis of abscissas indicates the distances from the beginning of the channel (SDC). DCA:
Depth of the channel axis; DRL: Depth of the crest of the right levee; DLL: Depth of the crest of the left levee;
HREF: Height of the right flank; HLF: Height of the left flank; AHF: Average height of flanks; HDF: Height
difference between flanks; CSW: Channel section width; CSA: Channel section area; WHR: Width to height ratio
of the section.

e  Channel height

The average channel flank height is 95 m, with a maximum of 202 m on the left flank and a
minimum of 10.4 m on the right flank (Table 2). The average height profile of the channel flanks is
divided into three segments (Figure 13B). The segment A, 15 km long, reaches section 150, in the
middle of meander 1 (Figures 8 and 9), with a total descent of 150 m (from 200 to 50 m) in the height
of the flanks of the channel. This descent is particularly steep in the last 5 km of the segment. With a
gradient of loss of flank height of 1 m every 100 m. The segment B, 19 km long, is marked by an initial
ascent of flank height, followed by several marked oscillations, and a steep drop shortly before
section 300 (Figure 13B). In this second segment, the average height of the flanks of the channel is 75
m. After a short initial ascent, in the third and final segment C, the average height of flanks descends
progressively, although not without ups and downs, being clearly below 50 m. The average height
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of the channel flanks is only 13 m in the lowest course. In this segment, the gradient of height loss is
1 m every 400 m.
e  Height difference between flanks

The graphic of this parameter shows that the right flank is higher (positive values in Figure 13C)
than the left along almost the entire CGC, especially in the straighter sections. This is due to the
Coriolis force [52,59]. Negative values are concentrated in the channel’s meanders and curves, where
centrifugal force is predominant.
e  Width

Channel widths range from 3370 m to 660 m, with an average width of 1325 m. The greatest
widths are in the upper course of the channel. The main variations in width are reflected by
prominent ridges in the graphic of Figure 13D. The main decrease in width occurs between sections
100 and 140, coinciding with the beginning of the first marked meander and, practically, with the
lower course of segment A (Figure 13B). Downstream, the channel width presents minor oscillations,
averaging 1,000 m.
e  Section area

The average value of the area of the section is 58500 m?, with a maximum value of 379000 m? at
the beginning of the channel and a minimum of 3455 m? in one of the cross-sections of the lower
course. Figure 13E shows the section area variations, similar to flank height and channel width
profiles but smoother. Segments A, B, and C identified in Figure 13B can also be differentiated with
a slight lag.
e  Width-to-height ratio

The average value of this parameter for the entire channel is 18. It is interesting to note that in
the graph in Figure 13F the width-height relationship remains within a narrow range of variation (10-
20) for segments A and B, with only two peaks exceeding the value 20, corresponding to the central
part of meanders 1 and 2 (Figure 8). In segment C, the ratio increases with ups and downs, reaching
over 50 in the most distal sections. The relatively high values obtained are typical of modern turbidite
channels [60,61].

4.3. 3D Visualization and Channel Volume

The 3D visualization of the potential sediment fill of the CGC is illustrated in Figure 14. The
calculated volume (2.2 km?) of this geobody corresponds to the capacity of the channel in accordance
with the considerations set out above. Consequently, neither the nature of the filling material nor its
porosity has been taken into account. However, in this type of channel, the infill is usually dominated
by fine-grained sizes, with varying proportions of sands [62]. The volume obtained corresponds to
the modern geometry of the channel and, therefore, the hypothetical presence of materials that could
have begun to fill it has not been considered either.
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Figure 14. 3D view from the southwest of the potential sedimentary fill of the CGC. The calculated fill volume
is indicated. Note the progressive decrease in channel size with depth. View inclination: 25°, vertical

exaggeration: x5.

4.4. Morphosedimentary Interpretation

The studied channel, though small, exhibits morphological features similar to other turbidite
channels fed by extensive river basins and dominated by mud inputs [4,63]. The high sinuosity index
of some of its reaches and its relatively low slopes would lead to classify it mainly as a depositional
type channel [7]. Flank heights, usually less than 150 m, and well-developed levees are also
characteristic of depositional channels [20,22].

The analysis of some of the geometric parameters of the CGC allows estimating the
characteristics of the density flows responsible for their formation, maintenance, and modification.
Sinuosity index close to 2 and gentle slopes such as those observed (Figure 12B) would be typical of
systems fed by turbidity currents that mainly transport fine-grained materials that are easy to
resuspend [64]. The thickness of the turbidity currents that have circulated through the channel must
have been, at least, somewhat greater than the height of its flanks, a circumstance that would have
made possible the accumulation by overflow of the sediments that form the levees and wings of the
channel-levee system.

The general trend towards a decrease in the height of the channel flanks in a downward direction
is in line with the decrease in the size of the channel in the same direction. This decrease would be a
consequence of the progressive loss of energy and much of the material transported by the turbidity
currents as they advance within the channel. According to [1], as a result of the gradual loss of its
finer components, the turbidity currents would become thinner and more concentrated towards the
final reaches of the channel, where the slopes are lower. However, the presence of levees, although
less developed, in the lower course of our CGC indicates that at least part of the fine-grained
sedimentary load reaches the end of it.

On the other hand, the concave and relatively smooth shape of the depth profile of the CGC axis
(Figure 13A) suggests that an equilibrium profile has been practically achieved [50]. The generation
of meanders has undoubtedly contributed to the development of this equilibrium profile. The
existence of such a situation of equilibrium in a longitudinal direction would imply that the profile
of the channel would also be in equilibrium [26]. However, the abandoned and hanging ox-bow
(Figures 8 and 9) and local evidence of erosion would indicate episodes of rupture of the equilibrium
profile in the recent past.

This channel, like the rest of the TCs of the ECM, has a relatively ephemeral life geologically
speaking, since the same processes responsible for its formation generate new channels and leave the
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old ones abandoned as a result of episodes of avulsion and excavation of the thalweg, as evidenced
by numerous evidences [31]. The increasing embedding of the active channel tends to leave
abandoned sections hanging, as can be seen in the case of the strangled and hanging ox-bow in
Figures 8 and 9. The abandoned sections are progressively disfigured by internal and external
landslides, filling with the contribution of hemipelagic materials, and phagocytosis by younger
channels. The channel would be active episodically and the turbidity currents that circulate inside
are responsible for rejuvenating it morphologically and keeping it open as a preferred route for
transporting sediments to the deep basin.

5. Conclusions

The results of this work contribute to the quantitative characterization and 3D modelling of
turbidite channels. The methodology accurately describes the morphology of the Columbretes
Grande channel, located on the Ebro continental margin, and calculates its geometric parameters.
Furthermore, the extraction and 3D visualization of the channel geobody is realistic and allows
precise volumetric calculations. The morphosedimentary interpretation of the channel, whose
concave and smooth profile, high sinuosity of some of its reaches, and relatively low slopes, the
presence of levees, and the height of its flanks, allow it to be classified as depositional type.

In addition to the quantitative aspects analysed, the resolution and quality of the 3D
visualizations also contribute to improving the interpretation and understanding of the processes
that generate and modify this type of channels. All this provides a precise answer to the need
expressed by several authors to use the geometric parameters of the channels for a more quantitative
and objective classification of the sedimentary systems that these morphologies feed [7,19,20,61].

Precisely, many of these sedimentary deposits are in fact the main hydrocarbon reservoirs in the
world. As it will be increasingly necessary to go into deep environments to find new reserves [17,65],
3D morphometric analysis, both of fossil turbidite channels but also of their modern analogues, will
be more and more important to develop predictive models that allow planning the exploration and
exploitation of those reservoirs [48,62,60].
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Abbreviations

The following abbreviations, listed in alphabetical order, are used in the main text of the
manuscript:
AHF Average Height of Flanks
CA  Channel Area
CCS Canyon-Channel System
CGC Columbretes Grande Channel
CL  Channel Length
CLS Channel-Levee System
CS  Channel Slope
CSA Channel Section Area
CSW Channel Section Width
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DCA
DLL
DRL
ECM
HDF
HLF
HRF
ISN
SDC
SI
TC

Depth of the Channel Axis

Depth of the crest of the Left Levee
Depth of the crest of the Right Levee
Ebro Continental Margin

Height Difference between Flanks
Height of the Left Flank

Height of the Right Flank
Interpolated Section Number
Section Distance since the beginning of the Channel
Sinuosity Index

Turbidite Channel

VL  Valley Length

VS  Valley Slope

WHR Width to Height Ratio of the section
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cross-section number is indicated in intervals of 10 sections.
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eC e [#] CGC_lemor_list.dat
““““““““““““““““““““““ : GEOMETRICS PARAMETERS OF TURBIDITE CHANMEL RHRHRRRRERER AR FRRERE
PLANFORM

Channel Area (CA): 58.81 km2

Channel length (CL): 44.67 km

Valley length (VL): 38.54 km

Sinuosity index (SI): 1.46

Channel slope (CS): @.59 degrees

Valley slope (¥S): f.87 degrees

CROSS-SECTIONS

ISN sDC DCA DRL DLL HRF HLF AHF HDF CSwW CSA WHR.
1 4] -B65.6 -673.3 -663.7 192.3 201.9 197.1 -9.6 3360 3168 3608563
] 1556 -B94.8 -7@1.7 -717.4 183.@ 177.3 185.2 15.7 2778 2618 2B257@
20 2656 -021.4 -728.7 -776.7 192.7 144.7 168.7 47.9 2026 1854 176782
3@ 3813 -938.4 -747.5 -Bl4.6 181.@ 123.8 157.4 67.2 1936 1691 186843
48 4914 -865.5 -772.8 -B3i6.® 192.B 129.6 161.2 63.2 1891 1438 B7455
58 5896 -978.3 -B@5.8 -Be2.9 172.5 115.4 143.9 57.1 1716 1531 182929
1% 6937 -1g@8.1 -832.7 -BBl.8 175.5 126.32 158.9 49,1 1712 1359 1e4884
78 BB23 -1818.1 -B47.7 -913.2 178.4 1e84.9 137.6 65.5 1613 1283 78851
=10} ap44 -1830.3 -878.8 -8936.2 151.5 94.1 122.8 57.4 1816 1416 6R372
L1 9884 -1859.5 -982.8 -947.8 156.7 111.7 134.2 45.8 2482 1612 98791
1e8 11877 -1871.8 -929.9 -846.3 141.1 124.7 132.9 16.4 2438 2198 168937
118 12183 -1898.3 -967.1 -852.2 123.2 138.1 138.7 -14.9 1949 1738 188331
128 13178 -1185.7 -998.4 -8969.2 187.4 136.5 122.8 -29.1 1789 1315 74575
138 14146 -1169.5 -1858.6 -1018.8 50.9 98.7 74.8 -47.8 963 T45 23855
148 14687 -1118.3 -1@66.6 -1852.3 51.7 66.8 58.8 -14.3 827 51T 19757
158 15558 -1124.1 -1859.8 -1865.1 64.3 53.0 61.7 5.3 1288 1153 35646
168 16684 -1138.5 -1@85.8 -1863.5 133.5 75.8 104.3 58.5 1218 8B5S 36846
178 17616 -1142.4 -1854.9 -1858.8 B7.5 83.6 B85.5 3.9 1184 1e39 46583
188 18525 -1165.5 -1867.1 -1863.1 9B.4 182.4 100.4 -4.8 947 278 48207
198 19487 -1157.@ -1865.8 -1@66.3 21.3 908.7 01.@ B.6 1e82 992 58191
208 28478 -1163.6 -1@82.8 -1892.1 EBR.B 71.5 76.1 9.3 1418 1363 66162
21e 22364 -1188.9 -1879.4 -1125.4 183.5 63.5 B6.5 46.0 1838 1685 76003
228 23873 -1199.8 -1183.7 -1118.2 95.4 BEB.B 92.1 6.6 1321 1246 55620
238 24829 -1199.1 -1115.7 -11@3.5 B3.5 95.6 BO.6 -12.2 oa7 865 42266
248 25832 -1285.2 -1129.8 -1125.6 75.4 79.7 7.5 -4.3 1114 lees 34225
258 26883 -1226.2 -1120.8 -1136.8 185.4 9@.2 a7.8 15.2 lee8 874 48615
268 28857 -1245.1 -1174.8 -1142.5 71.1 182.5 BB.B -31.4 1247 835 323086
278 29215 -1240.3 -1140.4 -1143.9 99.9 96.4 0g.1 3.5 0g8 835 45671
288 3@lge -1251.7 -1168.9 -1284.1 98.9 47.6 69.3 43,2 934 614 17186
298 31219 -1265.6 -119@8.6 -119@.4 75.0@ 75.1 75.1 -8.2 1189 1@85 43553
3e8 32254 -1258.5 -1282.4 -1227.6 56.8@ 30.8 43.4 25.2 1113 698 12131
3le 33245 -1265.@ -1223.9 -1227.8 41.1 37.3 30.2 3.9 769 679 14571
328 34243 -1278.6 -1229.8 -1234.1 41.6 36.5 39.1 5.1 794 714 14254
338 35388 -1289.3 -1231.7 -1228.1 57.6 61.2 50.4 -3.7 0g3 279 27665
348 36628 -1281.1 -1254.4 -1237.8 26.7 44.1 35.4 -17.4 793 638 1a76@
358 37582 -1284.1 -1237.3 -1245.8 46.8 3B.3 42.6 B.5 784 511 13942
368 38513 -1292.9 -1248.9 -1254.8 44.1 38.2 41.1 5.9 1311 le4a 16145
37e 39538 -1311.4 -1279.4 -1278.8 32.8 41.4 36.7 -9.4 B77 718 11768
388 48468 -1388.5 -1283.1 -1274.9 25.4 33.6 29.5 -B.2 769 e 9237
398 41480 -1318.2 -1285.6 -128B5.9 24.6 24.3 24.5 B.3 787 758 9973
488 42473 -1315.5 -1285.8 -1292.8 29.8B 22.8 26.3 7.8 1826 B@s 11159
418 43383 -1319.4 -129@.4 -1382.3 29.0 17.1 23.8 11.9 1813 728 6515
A28 44377 -1324.1 -1389.4 -1382.7 14.8 21.4 18.1 -6.6 794 645 5718

Figure A2. Output ASCII file with values resulting from Lemor's calculations. The interpolated cross-section
number is indicated in intervals of 10 sections. DCA: Depth of the channel axis; DRL: Depth of the crest of the
right levee; DLL: Depth of the crest of the left levee; HRF: Height of the right flank; HLF: Height of the left flank;
AHF: Average height of flanks; HDF: Height difference between flanks ; CSW: Channel section width; CSA:
Channel section area; WHR: Width to height ratio of the section.
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