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ABSTRACT

The termination of a deep-sea turbiditic channel represents the ultimate sink of
terrigenous sediment in the oceans or lakes. Such environment is characterized by
rapid slope decrease and by loss of confinement of turbidity currents. It results in the
deposition of Channel-Mouth-Lobes that can be separated from the channel mouth

by an erosional (scoured) or by-pass dominated Channel-Lobe Transition Zone.
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Several factors can control the occurrence, extent and morphologic expression of the
area such as the slope break angle, the upslope and downslope angle and the
mud/sand ratio in flows. Disentangling these factors remains challenging due to the
scarcity of outcrops and to the usual faint morphologies and low thickness of
deposits. With bathymetric and seismic data we calculated the morphometric
parameters of 8 channel-levees and their Channel-Mouth Lobes from the deepest
area of the Rhone fan, a mud-sand rich system, and among which the youngest one
(called neofan) was deposited at the end of the Last Glacial Maximum between 21.5
and 18.3 ka cal. BP. Emplacement and shape (finger-shaped or pear-shaped bulges)
of Channel-Mouth Lobes is controlled by the seabed morphology (adjacent channel-
levees and salt diapirs). A less prominent morphology of the neofan is attributed to
premature quiescence related to the post sea-level rise sediment starvation. We
show that the occurrence and expression of a Channel-Lobe Transition Zone is
controlled by the gradient upstream of the channel mouth slope break. The extended
Channel-Lobe Transition Zone and detached lobe of the neofan are attributed to the
high upslope gradient (0.26°) while the less detached or attached lobes of other
channel-levees is attributed to lower upslope gradient (0.13°). We show that scouring
and scours concatenation into flutes at the Channel-Lobe Transition Zone is a major
driver for the inception of channels and further confinement of turbidity current. For
the first time we show that concatenation of scours in shingled disposition developed
an incipient channel sinuosity at this very early stage of channel development. The
channel-levee can extend downslope nearly instantaneously by tens of kilometers

when isolated nascent channels connect to the channel mouth.
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1. INTRODUCTION

In the long journey of sediment transfer from source to sink, the farthest and deepest sink
occurs at the termination of deep-sea turbiditic channels. There, turbidity currents undergo
drastic hydrodynamic changes (Komar, 1971), spread out and die out because they lose
confinement by levees and lose momentum because of too low gradient. In this context
complex sedimentary processes occur. Terminations of turbiditic deep-sea channels are key
areas in the partitioning sand in turbidite systems, in sandy systems indeed but also in
muddy systems (Piper and Normark, 2001; Pirmez and Imran, 2003; Jégou et al., 2008) and
are therefore potential hydrocarbon reservoirs (Piper and Normark, 2001; Zhang et al.,
2017).

One striking and ubiquist feature is the occurrence of shifting lobe-shaped bodies referred to
as Channel-Mouth Lobe (CML) that show as clusters with a nested compensational stacking
pattern reported both in modern and fossil systems regardless of the sediment source type
(muddy or sandy) and of the receptacle morphology. Hence, up to five hierarchical units of
compensational depositional bodies with increasing thickness and size are commonly
described to form clusters named lobe complexes (Deptuck et al., 2008; Prélat et al., 2009;
Mulder and Etienne, 2010; Straub and Pyles, 2012). However bodies size and thickness vary
and seem controlled by the degree of confinement of the receptacle rather than by the grain
size of the sediment (Prélat et al., 2010), though these two characteristics are not
independent.

Another striking feature is the frequent occurrence between the channel mouth and the lobes
of pervasive erosion in the form of scouring interpreted as a bypass-dominated area and
referred to as Channel-Lobe Transition Zone (CLTZ) (Mutti and Normark, 1987). The
occurrence of such area controls the connection between the channel-levee and the lobes,
which is major concern for the quality of potential hydrocarbon reservoirs (Amy, 2019). When
present, a CLTZ is associated to break of slope at the channel mouth and scouring is
interpreted as the result of turbidity currents hydraulic jump at the slope break leading to

rapid flow expansion and increased turbulence (Wynn et al., 2002a). A CLTZ is however not
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always present and its occurrence maybe related to the slope break angle and to the mud-
sand amount and turbidity currents efficiency (Wynn et al., 2002a). The question of control by
slope and slope breaks remains a matter of debate because recent flume tank experiments
have outlined that rather than the angle of the break slope, increased size of a CLTZ is
controlled by increased upslope gradient (Pohl et al., 2020), while scouring results from the
loss of confinement of turbidity current and resulting flow relaxation (Pohl et al., 2019).

CML and CLTZ are evolving dynamic areas as seen by the aggregation of lobes in clusters
both in mud rich and sand rich systems (Twichell et al., 1991; Deptuck et al., 2008; Jégou et
al., 2008; Migeon et al., 2010; Prélat et al., 2010; Dennielou et al., 2017). They are also
areas of fan development and propagation onto the seabed and accompanied by channel
inception. Such a geological process is difficult to image in modern systems owing to the
partial overlap of lobes and faint morphologic expression on very deep seas hardly resolved
by ship hull mounted acoustic tools and whose details are resolved by deep-tow or
autonomous vehicles close to the sea bed (Fildani et al., 2013; Carvajal et al., 2017,
Dennielou et al., 2017; Maier et al., 2020). Detailed bathymetric and outcrop based
descriptions have outlined the occurrence of erosion and maybe the prerequisite character of
erosion and trains of erosional cyclic steps for focusing turbidity currents and initiate
accretion of lateral levees (Fildani et al., 2013).

Yet the factors that control the shape, size as well as duration, connection and interaction
between channel-levee mouth, CLTZ and CML and their role in fan propagation and channel
inception need investigation. In this paper we shed light on the CMLs of the Rhone fan, the
second biggest fan in the Mediterranean, categorized as mud-sand rich (Reading, 1991). We
investigate the morphometric parameters of 8 recent CMLs, including the youngest one, the
neofan, resulting from the channel that developed after the last avulsion near the end of the
Last Glacial Maximum (Droz and Bellaiche, 1985; Torres et al., 1997; Bonnel et al., 2005).
The opportunity to investigate so many CMLs on the same turbidite system in a geologically

short period of time is a great value, as it minimizes the role of external changes and permits
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to investigate the role of local factors such as the slope and the maturity of the avulsion on
the expression of CMLs.

We examine and discuss the origin of the occurrence of a CLTZ and degree of connection
between the channel mouth and the lobes. One aim of the study is to quantify the variability
of CMLs size and shape within a mud-sand rich turbidite system and to see how it fits in a
broad classification scheme (Prélat et al., 2010). We also aim at understanding the role of
external factor such as slope, slope breaks and diapirism on the occurrence and
morphological characteristics of CLTZs. In this line we also address the question of channel-
levee evolution and maturity ensuing an avulsion and possible control on the expression of
CML and CLTZ. Thanks to the exceptional preservation of the CLTZ on the neofan we
address the question of channel inception and propagation as well as of sinuosity at a very

early stage of inception.

2. GEOLOGICAL BACKGROUND

Due to the wealth of geophysical and sedimentological data acquired in the Gulf of Lion since
1965 (Menard et al., 1965), the Plio-Quaternary architecture of the margin and the sediment
sources to the basin are well known (Lofi et al., 2003; Leroux et al., 2014; Rabineau et al.,
2014; Leroux et al., 2017). Deep-sea sedimentation since the Pliocene was dominated by
gravity processes, i.e. turbidity currents and mass-transport processes (Droz and Bellaiche,
1985; dos Reis, 2001; dos Reis et al., 2005; Jallet and Giresse, 2005; Droz et al., 2006;
Jégou, 2008; Dennielou et al., 2019; Badhani et al., 2020) (Fig. 1a).

The outer shelf and slope of the Gulf of Lion are dissected by numerous canyons (Berné et
al., 2002a; Berné et al., 2002b; Baztan et al., 2005) that provided pathways to the deep
Balearic basin for the Rhodanian and Pyreneo-Languedocian detrital sediments, where they
accumulated as turbidite systems since the Plio-Quaternary (dos Reis et al., 2005; Droz et

al., 2006). The Rhéne Fan, situated in the central part of the Gulf of Lion, is the largest of
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these turbidite systems, and comprises a 1500 m-thick accumulation of turbidites and mass-
transport deposits (Droz and Bellaiche, 1985; dos Reis et al., 2005).

The Quaternary Rhéne fan is composed of stacked channel-levee systems grouped into
three major complexes (lower, middle and upper complexes from the oldest to the youngest,
Fig. 1a) partly overlapping each other and shifted westwards. The channel-levee complexes
show a basinward divergent architecture (fan-shaped) from the Petit-Rhone Canyon common
point source. The upper channel-levee complex extends from the canyon head to its distal
limit along about 350 km and laterally up to 150-200 km. Time of initiation remains uncertain
and was assigned 200-500 ka (Droz et al., 2006) or 900 ka (Leroux, 2012). Recent seismic
correlations from shelf reflectors related to lowstands of 100,000 years cycles (Rabineau et
al., 2006) and ground-truthed by drill cores (Bassetti et al., 2008) towards the basin allowed
refining the basal age of the upper complex to about 450 ka (Leroux, pers. com.). The fan
was fed mainly by alpine inputs of the Rhéne River (Molliex et al., 2016; Leroux et al., 2017).
Fluvial incision of the shelf occurring recurrently during Late Pleistocene sea-level lowstands
(during glacial maxima) is known to have connected the Rhéne River outlet and the Petit-
Rhéne Canyon head through a deep incised valley on the shelf (Torres, 1995; Berné et al.,
2001; Berné et al., 2002a; Marsset and Bellec, 2002).

Several huge mass-transport deposits (MTDs) described on the Gulf of Lion and Catalan
margins (Droz and Bellaiche, 1985; Bellaiche et al., 1986; Gaullier et al., 1998; Lastras et al.,
2004; Droz et al., 2006; Lastras et al., 2006; Jégou, 2008; Dennielou et al., 2019; Badhani et
al., 2020) attest the importance of repeated periods of slope instability during the Quaternary.
The youngest of these MTDs (Western and Eastern Upper MTDs) rest unconformably on
both sides of the recent channels of the upper complex and were both emplaced during the
last lowstand between 22-20 ka BP (Dennielou et al., 2019; Badhani et al., 2020) (Fig. 1a).
Following this episode of instability, the Rhéne fan underwent a last channel avulsion to the
west that led to the abandonment of the southern part of the fan and diverted the deposition
in a more proximal part of the fan, to develop the so-called neofan located above the

Western MTD. AMS radiocarbon dating indicates that deposits of sediment spillover from the
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neofan channel stopped at 18.3 cal. ka BP (age calibrated after Bonnel et al., 2005), i.e.
during the onset of the post-glacial sea-level rise (Bonnel et al., 2005; Jégou, 2008).
Turbiditic activity persisted upstream of the neofan avulsion until 16.5 cal. ka BP (Lombo-
Tombo et al., 2015) and in the western part of the Gulf of Lion during the Holocene (Droz et
al., 2001; Bonnel et al., 2005; Dennielou et al., 2009) possibly linked to strong hydro-
sedimentary dynamics on the outer shelf (Bassetti et al., 2006) and dense water cascading
processes in the canyon heads (e.g. Canals et al., 2006; Gaudin et al., 2006; Palanques et
al., 2006).

Seafloor mounds related to subsurface salt diapirs influence the topography over a wide area
in the distal parts of the fan (Fig. 1b). Diapirs, which result from movement of the Messinian
salt during deposition of the Plio-Quaternary sediments, deform the seafloor with mounds up
to 250 m high, and show a great variability in plan-view shapes (either rounded or N-S to
NNE-SSW to E-W elongated) and width (from some hundreds of meters to several

kilometers).

3. DATA AND METHODS

In this paper, we document the first complete chronology of the development of the distal
Late Quaternary Rhéne fan. Based primarily on high- and very high-resolution bathymetric
data and sub-bottom profiles (SBP) we show in detail the morphology, seismic facies,
architecture and relative chronology of the distal channels and CMLs extending south of
latitude N42°15'. The description of the neofan relies on new data but also takes into account
previously published work (O'Connell et al., 1991; Kenyon et al., 1995; O'Connell et al.,
1995; Torres et al., 1997; Droz et al., 2001; Wynn et al., 2002a; Droz et al., 2003b; Bonnel et
al., 2005; Jégou, 2008). The description of the channels and terminations of channel-levee-
lobe systems older than the neofan is entirely based on unpublished data.

This study is mainly based on EM300 multibeam bathymetric and backscatter data and sub-

bottom profiler (SBP) seismic data acquired during PROGRES 2003 cruise (Droz, 2003,
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Droz et al., 2003b) as part of EUROSTRATAFORM European Program. Additional EM12

bathymetric and SBP data acquired during SARDINIA cruise (Aslanian et al., 2006), deep-
towed MAK-1M side scan sonar data and 5 kHz sub-bottom profiles acquired during cruise
TTR14 (UNESCO Training-Through-Research program) (Kenyon et al., 2006) complement

the PROGRES data.

3.1. Bathymetric data

The EM300 bathymetric data have been combined to produce a 50 m grid spacing Digital
Terrain Model (DTM) in the neofan area at water depths down to 2000 m. For deeper water
depths the grid spacing of the DTM is 100 m.

In order to enhance the visualization of the low-relief terminal areas of the channels, the
PROGRES DTM was processed (Fig. 2) with the SonarScope software developed at Ifremer

(https://www.flotteoceanographique.fr/en/Facilities/Shipboard-software/SonarScope). The

overall regional slope was subtracted from the DTM (Fig. 2a) by using a polynomial surface
(Fig. 2b) corresponding to the mean water depth surface of the southern terminal reaches of
the fan. The resulting de-trended DTM (Fig. 2c, d), herein called relief map, delineates zones
that are higher and lower than the mean water depth surface (see Picot et al., 2016, for

further details on the method).

3.2. MAK-1M side-scan sonar data

Side-scar sonar data on the neofan were recorded from a deep-towed platform embarking a
MAK-1M 30 kHz side-scan sonar. Data were acquired at 2.5 knots, about 100 m above the
seafloor, allowing a total swath range of 2 km with a resolution varying between 7 and 1 m
across track and along track respectively. Data consist of 9 N-S profiles positioned at the

apparent termination of the neochannel, from N42°02 and N41°41 (Fig. 1b).

3.3. Very high-resolution sub-bottom profiler data

Most of the very high-resolution sub-bottom profiler (SBP) data were acquired from the hull-

mounted system during the PROGRES cruise (Droz, 2003) at a mean speed of 8 knots in the
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chirp configuration (1.8-5.0 kHz). Data were processed using a simple correlation algorithm
(matched filter) followed by an envelope representation (Hilbert transform). SBP data consist
mostly in SW-NE strike profiles with 4 to 8 km of line spacing, crossed by 4 dip lines. SBP
profiles allowed the seismic characteristics (facies, overlapping pattern and relative
stratigraphy) of depositional bodies to be described. However, in the most distal areas with
numerous small depositional bodies intercalated between salt diapirs (Fig. 1), the large
spacing of lines (8 km) did not allow robust stratigraphic correlations.

Our study also benefited from hull-mounted chirp data acquired during the SARDINIA cruise
(Aslanian et al., 2006) and MD114 cruise (Labeyrie et al., 2003) and from a 5 kHz sub-
bottom profiler installed in the deep-towed MAK-1M platform acquired at 2.5 knots during the

TTR14 cruise (Kenyon et al., 2006).

4. RESULTS

4.1. Imaging of faint morphologies of CMLs

The corrected relief map (see Section 3.1, Fig. 2) proved to be a useful tool to enhance
subtle topography that characterizes distal parts of fans. This method helped to overcome
the difficulties in correlating narrow seismic units across a sometimes widely spaced seismic
grid (especially to the southeast) lacking transverse profiles, and allowed the downstream
extension of the channels to be defined. It also shows elongated topographic convexities
called morphological bulges. From the relief map, we were also able to visualize and
characterize small topographic features, such as 10 m deep scours (in > 2500 m water
depth). However, caution must be taken when interpreting morphological bulges in terms of
depositional bodies. The morphological bulges traced from the relief map are positive relief
features compared to a regional slope surface. The existence of a bulge is therefore linked to
a balance between inherited topography and sediment thickness. Where the thickness is

lower than the inherited topographic low between previous units, the deposition is not really



241

242

243

244

245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

visible as a bulge. Although this is an infrequent situation at the most distal part of the fan,

seismic interpretation is necessary to ensure the limit of the depositional units.

4.2. Channel-levee network

4.2.1. Planform morphology and channel chronology numbering

The plan view of the channel network of the Rhéne fan shows a basinward diverging, fan
shape pattern (Figs. 3, 4a) as for many modern mostly unconfined deep-sea fans on passive
margins, such as the Danube Fan (Popescu et al., 2001), the Amazon Fan (Jégou et al.,
2008) or the Congo Fan (Picot et al., 2016).

Based on the plan view morphology and on the geometries observed on SBP, 15 main
avulsion nodes with a marked plan view morphological expression and 24 avulsion nodes
with a faint morphological expression have been identified. Main avulsion nodes are
numbered from 1 to 15 from the oldest to the youngest (Fig. 4). A four-order hierarchical
classification of channels developed after avulsion is proposed based on the plan view
clustering (Fig. 4 and 5). Thus the Rhéne fan channel network is composed of 8 channel-
levees clusters that diverge from the Rhdne Valley (Fig. 3). Channel-levees clusters, partially
overlapping each other, have developed after 7 main avulsions and have been labelled 7 to 1
from old to young with the youngest labelled N for neochannel (Figs. 3, 4d, 5a). Further
downstream, except for channels 5, 1 and N, these channel-levees have undergone second
to fourth order avulsions (Fig. 4d), giving rise to a complex network of distributaries.
Channels 7 to N with their distributaries form “groups of channels”, so that eight groups of
channels characterize the distal fan.

It is noteworthy that avulsion nodes of channel groups 7 to 1 (yellow dots in Figs. 4 and 5)
continuously stepped basinwards (Fig. 5b), reaching a maximum distance for avulsion node
14 (from channel 2 to channel 1). Consecutively, the neofan shifted abruptly at the most

upfan location (avulsion node 15, from channel 1 to N). This continuous basinwards
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migration of main avulsions is balanced by downstream-upstream shifts of second order
avulsion nodes (black dots in Figs 4 and 5) defining a higher order of depositional
prograding-retrograding trend in an overall prograding pattern.

The channels show different morphological characteristics possibly as a function of their age,
duration or maturity. To the east, channels 7 to 1 are up to 84 km long, highly sinuous and
have developed between salt diapirs and salt walls (Figs. 1, 4a). Depressions between
diapirs are linear normal fault systems reaching the seafloor and related to salt tectonics. The
vertical offset of faults reach several tens of meters, up to 50 m. These abrupt topographic
variations have affected the evolution of the channels by creating obstacles. Basinward
beyond the salt domes, channels diverge and become straighter toward the Balearic Basin,
at least until latitude N40°10" as indicated by still visible portions of channels in this area
(black lines in Fig. 4a).

In contrast, the neochannel to the west is short, with a length of 20 km from the avulsion
node. It diverges from the abandoned main channel (stacked channels 7 to 1, Fig. 3c) in a
NNE-SSW direction and is rather straight until it bends towards the south, while its imprint on
seafloor morphology gradually diminishes, becoming so faint that it is no longer resolved.
The morphology of the abandoned main channel (AMC used by channels 7 to 1, Fig. 3c),
below the neochannel avulsion node is blurred over about 20 km because of later sediment
infill (Fig. 4b). Droz and Bellaiche (1985) indicate that the infill was due partly to mass-
movement deposition inside the channel that resulted in its obstruction and probably
generated the westward neochannel avulsion. Further infill was by fine-grained turbidites
from flow stripping and overbanking from the neochannel until 18.3 cal. ka BP. Hemipelagic
and/or pelagic deposits probably also contributed to the healing of the relief. Further
downstream, the abandoned main channel has developed to the S-SE and maintained a
clear topographic expression on the seafloor with a clear sinuous incised channel (Fig. 4b),
despite hemipelagic deposition since its abandonment at ca 20 cal. ka. The channel floor is

perched 200 m above the surrounding seafloor (Fig. 4c, bathymetric profile A).
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4.2.2. Channel gradients

The along-channel bathymetric profiles (Fig. 6) show that, prior to abandonment, channels
2cl, 2bn, 2bl, 2al and 1 were at equilibrium state (parabolic estimated channel floor profile,
black dashed line in Fig. 6a). In contrast, the Rhone Valley and neochannel depth profiles
are irregular and comprise a marked knick-point (pink dot in Fig. 6) upstream of the avulsion
node (Torres et al., 1997; Bonnel et al., 2005; Jégou, 2008) where channel slope changes
from 0.52° to 1.42° according to Jégou (2008), indicating that retrogressive erosion inside the
Rhone Valley followed the avulsion and was still active until the neofan was abandoned at
18.3 cal. ka (age calibrated after Bonnel et al., 2005).

The retrogressive erosion reached 120 m of vertical amplitude and propagated 25 km
upstream the avulsion node at an average rate of ca 10 km/ka considering the duration of the
neofan. This is one to two orders of magnitude slower than knick-points migration velocities
measured in presently active channels (Guiastrennec-Faugas et al., 2020; Heijnen et al.,
2020) but it is risky to compare changes at annual and millennial time scales. Downstream of
the knick-point, the neochannel thalweg slope is rather smooth with a convex-up, near-
equilibrium profile and slope gradients decreasing from 0.49° to 0.26° until the point where

the neochannel is not any more visible.

4.2.3. Seismic facies and architecture

Strike oriented SBP lines across the channel-levees systems reveal typical transparent to
stratified wedge-shaped seismic facies in levees and high-amplitude chaotic channel fills that
create acoustic masks (Fig. 7). The channel-levee systems rest locally on high-amplitude
units. By comparison with high-amplitude reflection packets (HARPS) that characterize
avulsion lobes in the Amazon Fan (Pirmez and Flood, 1995; Pirmez et al., 1997; Mansor,
2009; Ortiz-Karpf et al., 2015) and in other fans (e.g. Flood et al., 1991; Popescu et al., 2001,
Droz et al., 2003a; Schwenk et al., 2005) and considering their locations close to the avulsion

nodes, these high-amplitude units are interpreted as avulsion lobes, over which the channel-

12
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levee systems have aggraded and prograded without any evidence of incision into the
HARPs

The neochannel (Fig. 7a) is bordered by external levees up to 40 ms twt (~ 30 m) thick
(Bonnel et al., 2005) and 19 km wide that rest on a 30 ms twt (~ 20 m) thick high-amplitude
avulsion lobe. Torres et al. (1997) showed that the southern limit (more precisely the 10 ms
twt seismic thickness, i.e. the resolution of the high-resolution seismic data) of the neofan’s
HARPs is restricted to Lat. N 41°40. A 2 m thick hemipelagic drape, indicative of the
abandonment of the neofan is observed on seismic profiles (Fig. 7a) and at the top of a core
that sampled the external side of the right neofan levee (core MD99-2344 in Bonnel et al.,
2005). The channel-levee systems 7 to 1 are 30 to 60 ms twt thick (20 to 45 m), including the
basal high-amplitude avulsion lobes, that is 10-15 ms twt thick (8-10 m) and can locally
contribute to nearly half of the total thickness of the system (Fig. 7b-c). Lateral extensions of
these channel-levee systems are not measurable because salt domes interrupt the continuity
of the deposits. A lateral extension of about 30 km has been estimated for system 4b (Fig.

7c).

4.3. Channel mouth areas

The morphology of the channel mouth areas (Figs. 8, 9) is very subtle with relief amplitude
generally not in excess of 10 m and very low average slopes (0.2°-0.1°). The bathymetric
expression of morphological features is partly a function of the thickness of the post-
abandonment sediment cover (i.e. hemipelagic deposition and/or turbiditic overspill deposit
from younger channels) and therefore of the age of the depocenters. The resolution of the
DTMs (50 m for the neofan area and 100 m for older depocenters, see Section 3.1) is
another factor hampering a clear assessment of the topographic expression. Therefore, the
young neofan shows the morphological features with the highest resolution, and the following
description of the morphological features at channel mouths will be based on the

observations of the neochannel mouth.

13



347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

374

4.3.1. General morpho-structural overview of channel mouth areas

The neofan channel-levee system progressively tapers and transitions to a 5 km long smooth
area (Fig. 8a-b) where the seafloor is free of channels. Westward of this smooth area, the
seafloor is characterized by numerous, mostly symmetrical depressions (< 2 m deep) (giant
scours in Fig. 9a) visible on SBP cross lines (Fig. 9a). The seismic facies in this area is
transparent, with some discontinuous reflectors at the top, whose exact origin is unknown. A
comparison with upstream stratified and laterally continuous overbank deposits (Fig. 7a),
suggests that these deposits are different, and related to lobe deposits rather than to levees.
The lack of seismic indicators of channel-levee in this area is consistent with the end of
channel incision (Fig. 8a-b) and suggests that the sediments exiting the neochannel
bypassed (sensu Stevenson et al., 2015) this area to be deposited basinwards.

About 4 km downstream of the sediment bypass dominated area, the seafloor is
characterized by pervasive erosional features (Figs. 8, 9b) of two types, i.e. scour marks and
elongated channel-like features that are not connected to the neochannel. The channel-like
features incise into an almost transparent seismic facies with some discontinuous reflectors
forming wedge-shaped seismic bodies (Fig. 9b), less than 20 m thick and apparently thinning
outwards from the erosive channel axes. Further south, i.e. 30 km from the neochannel
mouth, erosional features are not observed and the seafloor is smooth and generally free of
distributive channel and shows deposits in the form of 10 m thick wedge-shaped seismic
units with highly reflective top surface (Fig. 9c).

The distal portions of channel groups 1 and 2 are characterized on the relief map by positive
reliefs (called bulges) surrounding channels and channel mouths, delineating elongated
bulges, either narrow (2cn, 2c¢, 2b1l), or pear-shaped (2bn, 2b2, 1) (Fig. 10a). In upstream
portions, bulges are 7 to 20 km wide, and a central sinuous channel is generally identifiable
(channels 2c and 1, Fig. 10b) or inferred (channels 2b and 2a, Fig. 10b). The downstream
portions of the widest bulges have widths up to 43 km (bulge 2b,, Fig. 10b). The topographic
bulges of channel groups 1 and 2 correspond to seismic bodies evolving downstream from

channel-levee systems up to 25 ms twt (~ 19 m) thick, with well-identified stratified to
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transparent external levees (Fig. 11a), to wedge-shaped seismic sub-units made of a
combination of chaotic facies with very high-amplitude reflectors, and transparent facies
(Fig.11b-d).

The seismic analysis provided some clues to establish a relative chronostratigraphy for the
identified seismic sub-units (Fig. 4d). However, wedge-shaped sub-units are humerous and,
except for bulges 2b and 2a, due to the low penetration of SBP data and the scarcity of
transverse profiles to correlate these small sub-units, the chronostratigraphic relationships
between the seismic sub-units remain incomplete and/or uncertain. The bathymetric bulges
2b and 2a are sub-divided into at least 2 to 4 successive seismic sub-units, 8 to 20 ms twt (~
6 to 15 m) thick and generally thinning downfan (Figs. 10, 11). Some evidences of back-
stepping geometries are observable at the distal part of this system (Fig. 12, north-western

part of the profile).

4.3.2 Detailed seafloor morphology

The Rhéne fan terminal areas are characterized by erosional features (scours) and
depositional elements (wedge-like features) that can be spatially separated or coeval. In the
neofan, they are clearly linked to changes in slope (Fig. 6). Such erosional and depositional
bedforms are also observed in the terminal parts of channel groups 2b to 1 (Fig. 10).
Longitudinal slope analysis for bulges 2c1 to 1 (Fig. 13) shows small gradients (average ~
0.12°, Fig. 6a), decreasing from 0.18° upstream to 0.09° downstream where the fan merges
with the flat Balearic abyssal plain. Scours and unconnected channels are identified on
slopes (0.13° to 0.10°, Fig. 13) lower than those of the neofan (0.21°, Fig. 6). The
bathymetric profiles of channels 2b to 1 and their lobate extension show more regular
decrease of slopes than the neochannel, with no major slope break, even at the avulsion
nodes. Note that slope of these fossil channel-lobes is measured from straight lines at the
channel axes and do not account for the sinuosity of the channels. Consequently, calculated
slope of the old channel-lobes tends to be overestimated except in the terminal parts where

channels are mostly straight.
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4.3.2.1 Scour marks
Downstream the neofan and neochannel numerous scour marks are observable on
bathymetric data (Fig. 6). The scours are characterized by asymmetrical dip profiles, with
steeper updip flanks. On strike profiles they are either symmetrical or asymmetrical (S or A,
respectively, on Fig. 14). The scours on the neofan occur on a mean slope of 0.21° (Fig. 6)
and show various dimensions. On the right outer levee of the neochannel coalesced giant
scours, 10-30 m deep, 1-2 km wide and 1-5 km long scours (Figs. 8b, 14a) previously
described by Kenyon et al. (1995), Bonnel et al. (2005), Jégou (2008) and Dennielou et al.
(2009) have an updip flank mainly oriented NW-SE. Smaller scours, 5-10 m deep, less than
500 m wide characterize the area of the neofan located off the termination of the neochannel
(Figs. 8h, 14a). The updip flanks of small scours are mainly oriented E-W, i.e. more or less
transverse to the neochannel termination. They evolve downstream to smaller triangular
chevron-like scours that progressively disappear southwards (Fig. 14a).
Scour marks are also observed at the top of bulges 1 and 2 (Fig. 14d) in the form of several
meters deep depressions that are generally symmetrical but can also be asymmetrical in
some cases with flanks sloping at different angles (strike lines in Fig. 14d). The deepest
depressions are 5 m deep and 300 m wide, but most often the width of these features is 100-
200 m, regardless of the symmetry. Scours on bulges are hardly resolvable on SBP sections

where they are mainly expressed as hummocky areas (Figs. 10b, 11b).

4.3.2.2 Channel-like linear erosional features
At the distal part of the by-pass area, at the termination of the neochannel, in an area of low
slope gradient (~ 0.2°), SBP strike lines show 10 m deep erosive features (Figs. 14a, 15)
incising an almost transparent substrate, with few discontinuous reflectors. In plan-view,
these erosional features are elongated (up to 15 km long) and narrow (generally less than

500 m wide) channel-like features (called Ch1l to Ch3, without any chronological order
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inferred). A fourth channel-like feature (Ch4, Fig. 15a) is located upslope at the outer bend of
the first bend of the neochannel.

High-resolution 5 kHz SBP profiles fail to reveal the relative age of these channel-like
features with regard to the neochannel, but show that these conduits do not develop external
levees and appear as purely erosional features. Detailed topographic analysis of the
channel-like features (Fig. 15b) allows numerous E-W oriented < 500 m wide, semi-circular
scours to be identified along their length, similar to those of the small scours field. On very
high-resolution MAK-1M side-scan sonar, these scours show downchannel facing headwall
scarps prolonged by elongated erosional lows. On MAK-1M 5 kHz SBP, the scours are
symmetrical on transverse cross sections (s1 and s2 in Fig. 16b, ¢) and asymmetrical with a
steeper headwall when longitudinally crossed (s3 and s4 in Fig. 16b, c). The maximum depth
of the scours is 14 m at the Ch2 channel head (Fig. 16b), decreasing to 11 m at the southern
part of Ch2 (Fig. 16c). Because of their shape and size, these erosion features can be
named megaflutes (Lonsdale and Hollister, 1979; Elliott, 2000; Kane et al., 2009). Changes
in the channel Ch2 direction are controlled by offsets of the megaflute clusters (about 200 m
wide).

In addition, MAK-1M mosaic reveals NE-SW to NNW-SSE lineations (Fig. 16a) inside the
head of Ch2 and outside this channel, especially on its right hand side. These lineations
slightly diverge downslope from an area that could be the outer part of the first bend of Ch1l,
while Ch2 appears to be superimposed to them.

On the morphological bulges and wedge-shaped seismic units related to channels 1 and 2
(Figs. 11b, 12), small channels, 7 m deep at maximum, also appear to be unconnected to the
main feeder channel of the bulge (Fig. 10). Most of these small, unconnected distributaries
appear on seismic lines as erosional features at the top of the units and could correspond to
channel-like features similar to those identified on the neofan. However, in contrast to the
neofan, the unconnected channels show frequent evidences of associated small external
levees, possibly made of coarse-grained deposits owing to their high amplitude seismic

facies (channel 2al in Fig. 12).

17



458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

474

475

476

477
478
479
480
481
482

4.3.2.3 Depositional features
The distal part of the neofan, downsteam of the chevron-like scours, is characterized by a
very smooth topography on a mean slope of 0.13° (Fig. 6). The seismic profile provided in
figure 9¢ shows wedge-shaped transparent seismic bodies with highly reflective top surface,
less than 7 m thick and 5 km wide, and irregular rounded top morphologies and flat bases.
Jégou (2008) identified a total of 11 of such seismic bodies with mean thicknesses of 10-15
m (minimum few meters and maximum 45 m) in the neofan and extended the distal limit of
the neofan near N40°45, i.e. about 160 km from the neochannel bifurcation point. Terminal
areas of morphological bulges 1 and 2 are characterized by similar wedged-shape seismic
units (Figs. 11b-d, 12), with comparable seismic facies (combination of high amplitude
chaotic facies and transparent facies) and sizes (see Table 2). The most superficial wedge-
shaped units are 15 ms twt (~ 10 m) thick upfan (bulge 2b, Fig. 11b) with a clear tendency to
thin downfan (7 ms twt, i.e. ~ 5 m for bulge 2b1 in Fig. 11c). Several older and buried wedge-
shaped units can be identified on SBP data, but due to loss of penetration in these probably

coarse-grained environments an accurate thickness cannot be constrained.

5. DISCUSSION

5.1. Significance of morpho-sedimentary domains

The main geometrical characteristics of morpho-sedimentary domains are summarized in
figure 17 and Table 1. The Rhéne fan morphological bulges extend for significant distances,
i.e. 92 km to 158 km, and contribute from 25% to 43% of the 370 km total length of the fan
(Fig. 17, Table 1). Three morpho-structural domains can be identified from upstream to
downstream, which are well expressed in the western young neofan, and tentatively

recognized in the eastern older and more distal bulges.
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In domain 1, depositional processes are dominant in the form of aggradational, up to 30 m
thick channel-levee systems that have developed upstream on top of avulsion lobes
(HARPs) (Flood et al., 1991; Lopez, 2001; Bonnel et al., 2005) close to the avulsion nodes.
Erosional processes are dominant in domain 2, in the form of 10 to 30 m deep erosional
features at different degrees of evolution (scours and slightly sinuous channel-like features).
These erosional features are interpreted as the result of flow transformation associated with
a break of slope and are commonly described in transition areas between well-defined
channel-levees and well-defined lobes (CLTZ) (Mutti and Normark, 1987; Wynn et al., 2002a;
Brooks et al., 2018). In domain 3, depositional processes dominate on a nearly flat seafloor
in the form of stacked 10 m thick (exceptionally 45 m thick) wedge-shaped, possibly
channelized seismic units, interpreted as Channel-Mouth Lobes.

The bypass and erosion dominated domain 2 is well-constrained and well developed in the
neofan at the end of the neochannel. The exceptional preservation of the erosion marks on
the seafloor points to a very abrupt sediment starvation related to the last sea level rise and
disconnection of the Rhdne River and the Petit-Rhdne Canyon (see Section 5.2).
Conversely, domain 2 seems poorly developed or absent at the eastern channel
terminations. However, the bathymetric expression of the CLTZ was possibly altered by
subsequent burial.

Plotting the maximum width versus maximum thickness of domain 3 for channels N, 1, 2al,
2b1 and 2bn (measurements provided in Supplementary Material) allows referring to domain
3 as unconfined lobes of Prélat et al. (2010) classification (Fig. 18a). This is confirmed by
plotting the aspect ratio (length/width) to the maximum thickness/area of these domains (see
Supplementary Material for surface calculation). Maximum thickness/area ratio is ~ 10 (Fig.
18b) similar to that of unconfined lobes of Tanqua Karoo, Amazon and Congo fans with an
average aspect ratio of 2.8 (1.9 to 5.8) (Prélat et al., 2010). These results confirm our

hypothesis that the morphological bulges of domain 3 can be interpreted as lobes.
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5.2. Controls on avulsions

Channel avulsion is a major process in the development of deep-sea fans. It is admitted that
the occurrence and location of avulsions is a nhatural consequence of the development and
growth of a channel-levee that cannot indefinitely increase. Therefore avulsion can be
controlled by external (sea level and climate changes and consequences on type and
qguantity of sediment input to the fan) and internal (slides, breaching, spillover processes,
thalweg aggradation) forcings that are most of the time entangled and is, like for slope
stability processes, a combination of preconditioning factors and trigger mechanisms (see
review in Kolla, 2007). On the Rhone fan distal reaches the lack of chronological constrain
for channel-levees 7 to 1 prevent to conclude on the external factors that controlled avulsions
and their continuous basinward migration (Fig. 5b). One can argue that their emplacement
and development were most probably autogenic though slightly controlled by diapirs growth.
On the other hand, it is noteworthy that avulsion of the neochannel is remarkably different as
it occurred in a very up-dip position on the flank of the Rhéne Valley and that the neofan
have developed on a higher slope gradient (Fig. 6). The emplacement of the neofan is
concomitant with two major external events that could explain the trigger of the avulsion.
The neofan has developed on top of a voluminous mass-transport deposit, the Western
Mass Transport Deposit (WMTD), that emplaced between 21.5 and 19.9 ka cal BP
(Dennielou et al., 2019) and that is deeply incised by the neochannel. Interestingly, the
avulsion node lies right above one of the headscars related to the slide, suggesting a causal
relationship between the slide and the avulsion. This hypothesis is supported by the fact that
external flanks of the Rhéne valley, both to the west and to the east, show several massive
headscars related to these Last Glacial Maximum (LGM) slidings (Dennielou et al., 2019;
Badhani et al., 2020), that nearly reached the inside of the valley and the thalweg, creating
favorable conditions for breaching, crevasse splay and eventually channel avulsion (Torres
et al., 1997). A similar process was suggested for triggering an avulsion on the Magdalena

Fan (Ortiz-Karpf et al., 2015).
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The neofan was emplaced during the LGM, a period of maximum sediment accumulation on
the Rhéne fan (Lombo-Tombo et al., 2015), before the last sea level rise and a sediment
starvation. High sedimentation rates in the valley were also characterized by coarser
deposits (Lombo-Tombo et al., 2015) that could have increased the thalweg aggradation and
lead to increased turbiditic overflow and diversion of turbidity currents. Several evidences of
levee erosion related to flow spillover are found upstream the neofan (Droz et al., 2001,
Bonnel et al., 2005), supporting the hypothesis that several areas of enhanced lateral
spillover were potential candidates for channel avulsion. In the same line, thalweg blocking
by sliding of channel inner flank and also possibly related to enhanced accumulation has
been also invoked for the neochannel avulsion trigger mechanism (Droz and Bellaiche,

1985).

5.3. Mature versus immature channel avulsions

The successive changes of architecture, size and topography of domains 2 and 3 of bulges 1
and 2 are similar to those observed on the neofan (Table 2).

The channel avulsion that formed the neofan occurred in a more proximal position than those
of eastern channels 2 to 1 (Fig. 5b), and consequently the neochannel is characterized by
much higher along-channel gradients (0.26° to 0.13, Fig. 6). It is also characterized by a
major knick-point upstream of the avulsion node indicating that retrogressive erosion did not
result in the establishment of a new equilibrium profile, and that the neochannel was at an
immature stage when it was abandoned. This suggests that the ca. 2-3 kyr duration of the
neofan was insufficient to establish the equilibrium profile in the neochannel after the
avulsion. In contrast, avulsion of channels 7 to 1 occurred in more distal positions and
channels developed on smaller along-slope gradients (0.15° to 0.09°, Fig. 13). No along-
channel knick-point or significant breaks in slope are observed in channels 2c to 1, even
close to avulsion nodes, indicating that these channels had probably reached an equilibrium

profile when they were abandoned. The distal occurrence of these avulsions, i.e. on smaller
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slopes, probably favored a rapid establishment of the equilibrium profile and therefore
durations longer than the neofan duration are not necessarily needed. However, the
existence of small external levees associated with unconnected channels of lobes 2 (Fig.
12), which do not exist in the neofan, suggests that these unconnected channels had
sufficient time to become permanent pathways for turbidity currents and to build external
levees. This leads us to envisage that the eastern channels-lobes 7 to 1 were more mature
than the neofan when they were abandoned. This is also suggested by the sinuosity of the
channels that supports their maturity as seen in other turbidite systems (e.g., Peakall et al.,
2000; Babonneau et al., 2002; Deptuck et al., 2003). Durations of turbiditic lobe activity are
rarely reported in literature. The duration of the neofan, between 1.2 and 3.2 kyr is inferred
from the age of its onset on top of the WMTD, between 19.9-21.5 ka cal. BP (Dennielou et
al., 2019), and the post-seal level rise sediment starvation at 18.3 ka cal. BP (age calibrated
after Bonnel et al., 2005). Migeon et al. (2010), indicate duration longer than 2.5 kyr for the
Nile Fan terminal lobes. In contrast, in the Amazon Fan, Jégou et al. (2008) estimated to 0.6
kyr the duration of individual lobes constituting the youngest lobe complex, whereas Picot
(2015) inferred highly variable durations of channel-lobes systems in the Congo Fan, with the
youngest lobe of the last lobe complex being deposited during 0.46 kyr. These disparities
suggest that channel and lobe durations are highly variable and probably relate to numerous
controlling factors, e.g. sea-level and climate controlled sediment input, frequency and
magnitude of flow, loci of avulsions, accommodation conditions related to previous
depositional and mass-transport episodes and transport capacity of turbidity currents.
However this comparison with duration of other channel-levee-lobe systems is challenging

considering that a common definition of lobes is not provided in these papers.

5.4. Controls on bulges emplacement and sedimentation

The elongated and narrow or pear-shaped (Fig. 17) planforms of the Rhéne fan bulges

(domains 2 and 3), and the compensational stacking pattern of seismic units (Figs. 11, 12)
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support an interpretation that their emplacement was controlled by topographic
compensation through the restricted available space. This is obvious for seismic unit 2b1 and
2bn (Fig. 11) where sub-units have a clear compensational architecture. The neofan also
clearly shows a topographic confinement by the older Rhéne fan to the east and the WMTD
and deposits from the Catalan channels to the west (Fig. 17). A compensational stacking
pattern is also shown by the alternative eastward and westward migrations of the sub-units
(violet dashed arrows in figure 17). However, besides this compensational growth pattern,
CMLs 2b to 1 and N have morphometric parameters compatible with the unconfined lobes of
(Prélat et al., 2010) (Fig. 18), suggesting that topographic confinement is not the principal

controlling factor of the growth pattern.

5.5. Channel-Lobe Transition Zone: characteristics and occurrence

In turbidite systems, channel-lobe transition zones (CLTZ) are critical areas where turbidity
currents undergo hydro-sedimentary changes associated with breaks of slope and loss of
confinement (Wynn et al., 2002a; Dorrell et al., 2016; Pohl et al., 2019). CLTZ are dynamic
areas evolving through time (Brooks et al., 2018) and are commonly bypassed by sediments
and characterized by patchy coarse deposits, abundant erosional features such as scours
and (coarse-grained) sediment waves (Wynn et al., 2002b; Macdonald et al., 2011; Shaw et
al., 2013; Hofstra et al., 2015).

Domain 2 of the recent Rhéne neofan is interpreted as a CLTZ because of the presence of
multiple erosional features which coincides with an abrupt slope break in the prolongation of
the neochannel (Wynn et al., 2002a).The more distal domain 3, free of erosional features,
could therefore be interpreted as a detached lobe(sensu Mutti and Normark, 1987; Van der
Merwe et al., 2014).

In channel-lobes 7 to 1, domain 2 (hummocky scoured seafloor, Fig. 17a) are observed only
at the mouth of channels 1, 2al, 2b1, 2cn (Supplementary Material and Fig. 17a), and are

generally less extended longitudinally (17-26 km, exceptionally 39 km for bulge 2al,
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Supplementary Material) than on the neofan (40 km). This striking difference may come from
lower resolution of the DTM in this area but may also be related to real morphological
differences between these sites. Hummocky morphologies (Figs. 11b, 12b), interpreted as
scour fields, do not appear to be linked to significant slope breaks (slope decreases
progressively from 0.15° to 0.09°) and the average slope of 0.12° is similar to that of the
neofan CML (0.13°). Moreover, we do not identify a sediment bypass-dominated zone at the
end of channels 2 and 1. Unless this absence is related to post-avulsion modifications, this
could indicate that the domains 2 and 3 of eastern lobes formed attached lobes (Wynn et al.,
2002a) where scouring may also occur.

Our results show that drawing a universal model for the occurrence and expression of a
CLTZ is challenging because these can even change in space and time in a given fan. Two
key parameters, generally considered as control factors, are the composition of flow (muddy
versus sand rich) and channel mouth slope break (Wynn et al., 2002a). Slope evolution
along the terminal parts of channels appears indeed as a strong topographic control.
Domains 1 (channel-levee) to 3 (CML) of the neofan show a clear link with slope breaks.
Although slope is very low (0.26° to 0.13°), the rate of change (decrease) is high, i.e. 19 %
from aggradational channel-levee (0.26°) to erosional CLTZ (0.21°) and then up to 38 % to
depositional CML (0.13°). Such low slopes but high rates of change have been demonstrated
to be a major control on thickness variations of turbiditic beds, and behavior of turbidity
currents in the Moroccan turbidite system (Sumner et al., 2012) and Ogooue Fan (Mignard et
al., 2019). The correlation between changes in slope and erosion or deposition of eastern
older lobes is less obvious since longitudinal slopes evolve more gradually without major
slope breaks (Figs. 6a, 13).

Along the neochannel, the backstepping knick-point and retrogressive erosion suggest that
turbidity currents were much sandier than along the eastern channels. According to the
conceptual model in Wynn et al. (2002a), this should have promoted low efficiency flows and
a CLTZ smaller than to the east but this not the case. Therefore, the extra sand eroded from

the neochannel did not significantly modified flow efficiency or change in efficiency was
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largely outpaced by another parameter such as the upper slope and slope break that are
much higher than to the east.

Recent shield scaled flume tank experiments made a breakthrough in the comprehension of
channel-mouth turbiditic processes, showing that lobe detachment and scouring are related
to separate processes (Pohl et al., 2019; Pohl et al., 2020). The occurrence of scours is not
necessary only related to slope break and hydraulic jump but more to the loss of confinement
and subsequent flow relaxation (Pohl et al., 2019). On the other hand, the occurrence and
size of the bypass-dominated area and the thickness of detached depositional area are
controlled by the steepness of upper and lower slopes of the slope break rather than by the
angle of the slope break (Pohl et al., 2020).The morphological expression of CLTZs is
therefore a subtle combination of these controls, keeping in mind that a hydraulic jump will
still promote erosion at a slope break. On the neofan, the large scoured area, possibly
bypass-dominated, is consistent with the steep upper slope (0.26°) as shown by flume
experiment (Pohl et al., 2019) while on eastern channels, smaller of absent scoured-bypass
areas are consistent with the gentle upper slope (0.11-0.15°) (Figs. 6a, 13). As the
expression and extension of scouring may be controlled by degree of detachment of lobes, it
is therefore also indirectly controlled by the steepness of the upper slope. The degree of
scouring may be related to the abruptness of the loss of confinement and flow relaxation
(Pohl et al., 2020) but this is a parameter that we cannot measure. However the much bigger
scours found on the neofan may be a direct consequence of bigger hydraulic jump related to

the channel mouth bigger slope break.

5.6. Erosion in CLTZ: a key parameter for channels and meanders inception

Channels disconnected from the main channel, also called “headless” are common features
and occur at shallow and deep-water, in small and big sedimentary systems like on pro-
deltas (Gales et al., 2019), in fjords (Heijnen et al., 2020), in lakes (Girardclos et al., 2012)

and on deep, basin wide, turbidite systems (Fierens et al., 2019). Here we discuss their
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inception together with the related topic of channel sinuosity that are thoroughly addressed in
scientific publications (Peakall et al., 2000). Channel development is commonly described as
a gradual process dominantly driven by levee development and subsequent erosion
(Sylvester et al., 2011) but also to some extent by erosion in the channel (Babonneau et al.,
2002). Yet, their inception from a flat seafloor is poorly known and rarely addressed. If
gradual confinement of turbidity current by levee aggradation is commonly admitted, it has
also been outlined that seafloor erosion may play a crucial role in initial flow confinement,
subsequent spillover processes and eventually channel inceptions (Normark et al., 2005;
Fildani et al., 2006; Lastras et al., 2011; Fildani et al., 2013; Covault et al., 2014; de Leeuw et
al., 2016; Hodgson et al., 2016; Gales et al., 2019). Scours of various sizes and shapes are
well known on channel floors, overbank areas and CLTZs of many turbidite systems (e.g.
Palanques et al., 1995; Elliott, 2000; Kenyon et al., 2002; Wynn and Stow, 2002; Fildani and
Normark, 2004; Klaucke et al., 2004; Masson et al., 2004; Fildani et al., 2006; Macdonald et
al., 2011; Maier et al., 2011; Fildani et al., 2013; Shaw et al., 2013). In the neofan CLTZ, 15
km long and 10 m deep channel-like features detached from the outlet of the feeding channel
(Figs. 15, 16) are built by longitudinally concatenated megaflute scours (Fig. 16) indicative of
turbulent erosive flows (Kenyon et al., 1995; Wynn et al., 2002a; Peakall et al., 2020) on this
very low gradient seafloor (0.21°) at the termination of the neochannel. In addition to a
longitudinal concatenation, the lateral offset and shingled disposition of megaflutes mimics
an incipient sinuosity (Fig. 19A, B). This leads us to envisage that these megaflutes may not
only play a major role in channels inception but may also control, at a very early stage, a
sinuous pattern that is commonly interpreted as a mature stage channel-levee pattern
(Babonneau et al., 2002). We therefore propose that the megaflutes represent the
elementary structures that serve as guides to develop preferential pathways for repeated
erosive flows. By their constricting effects on unchannelized flows, they will eventually
progressively connect and evolve into immature sinuous channel-like features. The
confinement of turbidity current in such sinuous erosional channels (Fig. 19 B4-5) may

eventually develop external levees through flow striping and overspill processes and evolve
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into channel-levee systems, (as observed for channel 2al for example, Fig. 12). This gradual
development of channel will result in the gradual confinement of turbidity currents, decrease
of flow relaxation and hydraulic jump and, eventually, forestepping of the CLTZ and burying
of the abandoned scour marks and channel-like features under the newly developed levees,
as proposed in the conceptual model of Hofstra et al. (2015).

We also assume that this process may eventually lead to the connection of the channel
mouth with one of the scour-controlled channel which will virtually achieve an instantaneous
progradation of the channel and channel mouth over several kilometers (Fig. 19B4-5). This
hypothesis explains that the two observed scour-fields with scours of different orientations
can be related to instantaneous channel mouths downslope migration (Fig. 19 C), illustrating
that the channel mouths and CLTZ are dynamic area as shown in Brooks et al. (2018). This
prograding process could also explain why CLTZ is not clearly observed at the outlet of
channels 2 to 1.

It is noteworthy that scouring by currents of several kinds (contour currents, turbidity
currents) and concatenation of scours into scour fields seem to be a major driver of channel
and canyon inception in several environments. It is for instance invoked for the inception and
bottom-up development of canyons on the Argentine Continental Margin under the cross
processes of scouring and scours amalgamation by along-slope bottom currents and further
containment and draining of across-slope turbidity currents (Lastras et al., 2011). It is also
invoked for the inception of a channel avulsion on the Monterey Fan (Shepard Meander in
Fildani et al., 2006; Fildani et al., 2013). Our case study has similarities with the channel
inception on the Shepard Meander because it involves scouring by turbidity currents
undergoing a hydraulic jump. It is however different because on the neofan, concatenation of
scours occurs in the CLTZ, on a much flatter seafloor, and is, in addition, a driver for the

development of channel sinuosity and for instantaneous channel progradation.
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6. CONCLUSIONS

The morphology and the depositional architecture of channel mouth lobes of the Rhéne fan,

key architectural elements of turbitite systems, have been documented at high resolution for

the first time via fine processing of DTMs, which appears as a helpful technique to highlight

small topographic variations that are highly relevant to the identification and interpretation of

depositional units in those environments. The opportunity to examine 8 channel avulsions

and ensuing development of channel-levee, CLTZ and CML on a given mud-sand rich fan,

the Rhone fan, have allowed to assume potential minimum external forcing from sea level

and sediment flux changes and discuss the role of internal factors on the expression and

development of channel avulsions, channel-levees systems, CLTZs and CMLs and to draw

the following conclusions:

Channel mouth lobes of the distal Late Quaternary Petit-Rh6ne deep-sea fan appear
as elongated finger-like or pear-shaped bulges at the terminal part of a tree-like
network of channel-levee systems. Their shapes and internal structure show that their
emplacement is controlled by the topography and by compensational processes.

Two main sets of channel-levee systems constitute the Late Quaternary turbidite
system. The youngest, the neofan (21.5 to 18.3 cal. ka B.P.), was deposited upfan, at
lower depths (2000-2500 m) with higher slope gradients (0.26°) and the neochannel
was not at an equilibrium state when it was abandoned. The older channels to the
east, running on the most distal parts of the fan (2500 to 2800 m water depth) on
lower gradient (0.13°) appear to be at equilibrium.

Straighter channel-levee and bad development of external levees along channels of
the CML on the neofan are indicative of a lower maturity than eastern channel-levees
and CMLs

Channel-mouth lobes display noticeable morphosedimentary similarities
independently of their age. The neofan shows three main domains succeeding from
upstream to downstream: (1) the channel-levee system domain dominated by

aggradation and channelization; (2) the Channel-Lobe Transition Zone (CLTZ)
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domain sensu stricto with scours and channel-like features indicative of the
prevalence of erosional or bypass-dominating processes; and (3) a transparent lobes
domain with deposition and possibly channelization.

¢ On the neofan an important extension of the scoured CLTZ and detachment of the
CML to the channel-levee is promoted by a high upslope before the slope break
preceding the CLTZ, while for the eastern channels a low upslope before the slope
break promote attachment (or less detachment) of the CML to the channel-levee.
This is consistent with results from flume tank experiments (Pohl et al., 2019; Pohl et
al., 2020);

e Erosion at the channel mouth and CLTZ was revealed as a major control in the
inception of channel by the concatenation of scours into megaflutes, but also a major
driver of incipient sinuosity at a very early stage of channel development by the

shingled disposition of concatenated scours.
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FIGURE CAPTIONS

Figure 1: Location of the studied area in the framework of the Gulf of Lion, Catalan Margin
and Balearic Basin, modified from Droz et al. (2006). (a): Physiographic map showing the
turbidite systems (light grey) originating from the northern margin of the Western
Mediterranean and mass-transport deposits (dark grey) on the Petit-Rhéne fan. (b): Shaded
bathymetric map of the Petit-Rhdne fan basinal part. The squared areas indicate the location
of maps in figures 8a and 10. N is the youngest channel (neochannel); 1 is the channel that

was active just before N. Blue lines: location of the MAK-1M survey.

Figure 2: Method to reveal faint topographic variations at the termination of the Petit-Rhdne
Fan, using SonarScope software. (a): Original 100 m grid PROGRES DTM. (b): Polynomial
surface calculated by the software that represent the first order trend (slope) of the
bathymetry). (c): Resulting corrected relief map obtained by subtracting (b) from (a). (d): Sun-

shaded relief map.

Figure 3: Main elements of the Quaternary Rhéne fan channel network. (a): Successive
major avulsions divide the network into several branches called, from upstream to
downstream: the Rhdne Valley connected upstream to the Petit-Rhéne Canyon, the
Abandoned Main Channel and the principal channels (7 to 1 and neochannel, N). Grey
dashed lines are the limits of mass transport deposits (MTD) on both sides of the fan,
respectively Western Mass Transport Deposit (WMTD) and Eastern Mass Transport Deposit
(EMTD). (b) Groups of channels (grey, speculative boundaries). Successive minor avulsions
of each principal channel generate distributives channels. Channels N, 1 and 5 do not show
minor avulsions and constitute mono-channel groups. (c): Schematic cross sections

illustrating the sedimentary architecture along five transects (location in a and b).

Figure 4: Topography of the Petit-Rhéne Fan South of the neochannel avulsion nodes

(n°15). (a): Sun-shaded bathymetric map (PROGRES 100 m-grid DTM). Eight groups of
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channels (bold lettering 7 to 1 and N from the oldest to the youngest) made of 1 to 4
successive sub-channels (d to a, from the oldest to the youngest) are identifiable. Yellow and
black dots and numbering of avulsion nodes same as in (d). Modified from Gillet et al. (2006).
(b): Slope map of the bifurcation area between the neochannel (N) and the Abandoned Main
Channel (AMC, 1) (combined PROGRES and MARION DTM). (c): Upfan to downfan serial
bathymetric profiles (see locations in a, lines A to G). Grey: salt domes. Red line: course of
channel 1. (d): Relative chronology of channels established from bathymetric and seismic
analysis. Yellow and black dots refer respectively to main and minor (second, third and fourth
order) avulsion nodes. Bold italic numbers are avulsion node numbers. Light grey area to the
left refers to channels identified on the bathymetric map (a). White area to the right refers to
channels identified either on the relief map (Fig. 10) or by seismic interpretation only (Fig.

11).

Figure 5: Architectural evolution of the Rhéne fan. (a): Relative chronology of deposition of
channel-levee systems 7 (A) to 1 (G) to N (1), from the oldest to the youngest (see Fig. 4d for
the chronology of channels). For each map, the active channel is shown as a bold colored
line; the preceding channels are thinner. The avulsion nodes are indicated as nhumbered
yellow dots (major avulsions) and black dots (minor avulsions). Black arrows: Direction of
channel migrations. The (H) map represents a stop of turbiditic activity during the instability
period when the WMTD and EMTD (Western and Eastern Mass Transport Deposit,
respectively) were emplaced. V: Valencia valley. P: Palamos valley. S: Séte valley. PLR:
Pyrénéo-Languedocian Ridge. (b): Migrations of avulsion nodes through time (relative time
scale) illustrated by the evolution of the distance between major (yellow bars) and minor
(black bars) and a reference point chosen as the last avulsion node (n°15). Grey area and

bold italic numbers are channel groups.

Figure 6: Along-thalweg profiles of the Rhéne fan channels. (a): Neochannel and older

channels 2c1, 2 bn, 2b1, 2al and 1. See Figs. 4d for the numbering of avulsion points. Black
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and yellow dots are the positions of avulsion nodes, the yellow ones being the “major” ones
(see Fig. 4d). The pink dot is the main knick-point observed on the along channel depth
profile of the neofan. Note that the distances of older channels-lobes were measured
straightly and are therefore underestimated. (b): Zoom on the neochannel, modified from

Jégou (2008).

Figure 7: Architecture of the channel network feeding the distal lobes. Very high-resolution
SBP profiles (see insets for locations). (a): Strike line across the neochannel, modified from
Bonnel et al. (2005). (b-c): Strike lines across channels 4b and 3 to 1, PROGRES data (Droz,

2003). Location of SBP lines on insets.

Figure 8: Morphology of the neofan. (a): Shaded bathymetric map. Combined 50 m-grid DTM
from CALMAR 1997 (Loubrieu, 1997), MARION 2000 (Berné, 2000) and PROGRES 2003
(Droz, 2003) cruises. See location of the figure in Fig. 1b. White lines: location of SBP
profiles in figures 7a and 9. Box: location of figure 14a. (b): Interpretative map of a. (c): 3D
bathymetric view of the neofan (observed from the southwest). Blue lines (S and D) in (b) are

topographic profiles shown in Fig. 14b).

Figure 9: Very high-resolution SBP seismic profiles crossing the neofan (see Fig. 8a for
location). PROGRES data (Droz, 2003). (a): Termination of the neochannel, showing a by-
pass area. (b): Area with erosional channels and small scours. (c-d): Area where wedge
shaped seismic units dominate (d is a zoom on a wedged shape unit). Small scours are

visible at the NW part of the line c.

Figure 10: Detailed morphology of the distal part of the Rhéne fan. (a) Sun-shaded corrected
relief map (see Section 3.1 and figure 2 for the method used to produce this map). The doted
lines outline bulges. (b) Interpretation of a. Blue continuous lines: well identified incising

channels. Blue dashed lines: inferred channels. Black lines: unconnected channels. Straight

33



874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901

black lines indicate the locations of profiles shown in figures 7b, 7c, 11 and 12. Dashed-

dotted box is the position of the maps shown in Figs. 6a and 13.

Figure 11: Upstream to downstream architectural evolution of seismic units observed under
the topographic bulge associated to channel 2b. Very high-resolution SBP seismic profiles,
PROGRES data (Droz, 2003), see Fig. 10b for location. Note on b and d the hummocky
areas, with symmetrical (S) and asymmetrical (A) lows that evoke scours. Vertical and

horizontal scales are the same in a to d and different in zooms of a, b and d.

Figure 12: Stacking pattern of terminal area of channels 2a and 2b. (a): Very high-resolution
3.5 kHz profiles. SARDINIA data (Aslanian et al., 2006). See Fig. 10b for location. (b): Close

up of a and its interpretation.

Figure 13: Slope of channels older than the neofan and their lobate basinward extensions.
(a) Topographic profiles of channels 2c1, 2bn, 2bl, 2al and 1, indicating the position of the
observed scours (S) and unconnected channels (UC). (b) Location of the depth profiles
shown in a. Distances do not account for meanders (straight distances) and are measured
from the uppermost avulsion node (n°14). Bold italic numbers (12, 13 and 14) refer to
avulsion node numbers indicated as yellow (major avulsion) and black (minor avulsion) dots
(see Fig. 4d for the complete numbering of avulsion nodes and Fig. 10a for the location of

the map).

Figure 14: Erosional features observed at the channel terminations. (a) Close up of the
bathymetric map of the neochannel mouth (location in Fig. 8a). (b) Topographic profiles
(strike line, S and dip line, D, location in a and in Fig. 8d) across the small-scours field. S:
symmetrical scours. A: asymmetrical scours. (c): Zoom of the relief map showing hummaocky
areas at the terminal parts of channels 1 and 2 (location in Fig. 10) and location dip profiles

shown in d. (d): Dip topographic profiles (D1 and D2), showing mainly asymmetrical
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topographic features, similar to that of the neofan, even if smaller (compare with b, same

vertical and horizontal scales).

Figure 15: Shaded bathymetry of the neofan area (illumination from the East). Compilation of
DTM from MARION (Berné, 2000) and PROGRES (Droz, 2003) cruises at a grid spacing of
50 m. (a): Bathymetry of the neochannel and its termination. (b) Close up of channel-like
features associated to semi-circular scarps some km from the termination of the neochannel;
Ch1 to Ch4 are numbered without age inference. (c) Close up of chevron-like features in the

distal part of the neofan.

Figure 16: Detailed topography of channel-like Ch2 downwards its bifurcation from Chl. (a):
MAK-1M mosaic and its interpretation. See location in figure 15b. (b) and (c): MAK-1M
profiles (not corrected for navigation) and associated 5 kHz profile at the head (b) and the
distal part (c) of Ch2 (location in a). S1 to S4 refer to scour numbers (no chronological

inference).

Figure 17: Morpho-structural interpretative maps. (a): Synthesis of studied channel-levee
systems replaced in the context of the Late Quaternary depositional systems of the Gulf of
Lion (see Fig. 1a for legends about depositional systems other than the Petit-Rhone turbidite
system) showing the proposed extension of the 3 main morpho-structural domains. Bold
numbers refer to groups of channels. Arrows indicate the directions of lateral migration
consecutive to avulsions for different hierarchical orders. (b): Chronology of seismic bodies
identified in the distal parts of the Rhbne fan, established from overlapping relationships
observed on SBP profiles. (c): Main dimensions measured and reported in Tables 1 and 2.
Lengths are measured straightly and therefore are underestimated. TL and TW: total length
(measured from the Petit-Rhéne canyon head) and maximum total width of the fan,

respectively; L1, L2 and L3: length of domains 1 (measured from the avulsion node from
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which the channels are issued), 2 and 3, respectively; W1, W2 and W3: maximum width of

domains 1, 2 and 3, respectively.

Figure 18: Morphometric analysis of domains 3 of the morphological bulges 2bn, 2b1, 2al, 1
and N. (a): Log-Log plot of the maximum width to maximum thickness. (b): Log-Log plot of
the length/width (aspect ratio) to maximum thickness/maximum area. Inspired from Prélat et
al. (2010). See Supplementary Material for details of measurements. Due to incomplete

coverage, maximum width and maximum area for domain 3 of bulge 1 are minimum.

Figure 19: Proposed formation of sinuous channel-levee systems on a very low gradient
seafloor, ultimately leading to basinwards propagation of the channel. (A) Conceptual
evolution of the scours field during progressive flow containment. (B) Application to the
Rhone neofan.(1 to 3): scour controlled initiation of a sinuous channel (based on
observations in the neofan, see Figs. 15, 16). (4 and 5): hypothesized further evolution
towards a sinuous channel-levee system (4) that could prograde basinwards by connection
with the previous neochannel mouth (5). The box inside (5) locates sketches 1 to 4. (C)
Evolution through time of the neochannel mouth (CM 1 and CM 2) and associated scour
fields (CLTZ 1 and CLTZ 2), showing a possible next CM (if the neofan was not abandoned

after CM2).

TABLE CAPTIONS
Table 1: Architecture and known ages of the Rhéne fan and CMLs (neofan and older CMLs

2c to 1). See Fig. 17b for explanations of measured dimensions TW and TL, D14 and D15.

Table 2: Sizes of the Rhdne CMLs (systems 2c to 1 and neofan) and of the erosional
features (scours and unconnected channels) and wedge-shaped seismic units. See Fig. 17b

for explanations of measured dimensions W and L.
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Late Quaternary Rhone fan (Late Upper Complex)

Total width (TW, km)

Total length from the
canyon head (TL, km)

Water depth (m)
Mean slope (°)

Age (cal. ka)
Distance from canyon

head to avulsion nodes
(km)

190
370
Neofan 2ctol
2000-2600 2100-2855
0.20 0.12
21-18.5 >21
D15: 119 D15+D14: 208
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Geometry _ , , h | shaped
Giant scour field Small scour field channeils units
2
g S Slope W L T Ds Ws Ls Ds Ws Ls Dc Lc  Thickness
3] § ) (km) (km) (m) (m) (km) (km) (m) (km) (km) (m) (km) (m)
1 0.26 17 29 30 - - - - - - - - -
c
€ 2 o210 W 4 . 00 445 1105 51010 <05 03+ 10 15 .
S 29 30
z
10 to 15*
3 0.13 22 89 - - - - - - - - (rarely 45%)
0.15 8to 46to
1 to 59 ‘g 30 - - - - - - - - -
0.13
o , %5 1710 1710 .. 51 0lto . upto 10t
N 0.10 25 39 0.2 7 20
~ 11to 29to
3 010 26 80 ; ; ; ] S - 10120
1390  *from Jégou (2008); -: not applicable or unknown; W, L, T: width, length and total thickness; Ds, Ws,
1391  Ls: scours depth, width and length, respectively; Dc, Lc: unconnected channels depth and length,
1392  respectively.
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