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Abstract

The fining upward trend commonly described on levees of turbidite systems can be either attributed to changes in the sediment
supply (external forcing = allocyclic) or changes in the spillover processes related to the growth of the levee (internal forcing =
autocyclic). However the real causes remain speculative and difficult to demonstrate. Knowledge of vertical change in flow
velocity (or grain size) in turbidity currents, of the turbidity current's height, as well as the growth rate of a levee are theoretically
sufficient to describe the evolution of the grain size of a leveed turbidite sequence deposited by spillover processes.

A piston core (MD99-2344) retrieved on the right levee of the Petit-Rhône neofan, sampled an 8.50 m long turbidite sequence
containing more than one hundred turbidite beds and showing a marked fining upward trend. With the help of two profiles
describing respectively the vertical velocity [Stacey, M. and Bowen, A.J., 1988b. The vertical structure of turbidity currents and a
necessary condition for self-maintenance, Journal of Geophysical Research, pp. 3543–3553.] and the vertical grain size [Migeon,
S., 2000. Dunes géantes et levées sédimentaires en domaine marin profond: approche morphologique, sismique et
sédimentologique. PhD Thesis, Université Bordeaux 1, Talence, France, 288 pp.] of a turbidity current, and a simple graphical
method, we test several hypotheses on the height of the turbidity current and on the grain size at the bottom of the turbidity current
and we attempt to reproduce the vertical fining upward trend.

Our results show that the fining upward trend of the turbidite facies can be explained by the aggradation of the turbidite levee
and the gradual confinement of the turbidity currents in the channel. This is, therefore, an autocyclical phenomenon. However a
high frequency variability of the grain size overprinted on the trend cannot be explained by internal forcing and is believed to be
allocyclical, depending on changes to the sediment input. The vertical grain-size profile allows more realistic flow conditions to be
determined and shows that the vertical velocity profile does not describe the ability of turbidity current to transport sediment.

This simple graphical method allows a better understanding and quantification of the forcing on turbidite deposits and improves
description of the characteristics of the turbidity currents from the grain size of the deposits.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Turbidite deposits show very strong variability of their
grain size. Within a turbidite sequence the variability is
related to hydrodynamic processes in the turbidite current.
Failure-induced currents, decelerating with time, deposit
the so-called normally graded Bouma sequence (Bouma,
1962). Flood-induced currents, accelerating with time,
deposit reversely graded sequences called hyperpycnal
deposits (Mulder et al., 2001) or hyperpycnites (Mulder
et al., 2002). Channels in deep-sea turbidite systems
convey these currents while adjacent levees collect the
overflow and commonly records incomplete turbidite
sequences (Mulder et al., 2001). Leveed turbidite deposits
record the long-term variability of the successive turbidite
currents. Their grain size shows orders of variability in
relation with external forcing such as continental climate
changes, eustatism, (Bouma, 2004) and with internal
forcing such as channel avulsion, entrenchment and
meandering, levee aggradation, and sediment waves
migration (Migeon et al., 2000, 2001).

The grain size of leveed fine-grained turbidite facies
is commonly described and interpreted in terms of
current overspill processes (Hiscott et al., 1997) and
upfan to downfan variability. For instance, in the
Amazon fan, Hiscott et al. (1995) and Piper and Deptuck
(1995), clearly state that the composition of the sediment
overspill and associated hydrodynamic processes is
controlled by the height of a turbidite current and the
channel depth, and that the grain size of overspilled
sediments is negatively correlated to the channel depth.
Also, the fining upward trend of the grain size in the
levee deposits is interpreted as the imprint of the increase
of the channel relief through time related to the levee
growth (Manley et al., 1997). Although the impact of an
increasing channel depth and the gradual confinement of
the successive turbidite current on leveed turbidite facies
has never been fully quantified, it is, for instance, though
to control the built-up (in the case in point the decline) of
sediment waves fields (Carter et al., 1990; Nakagima and
Satoh, 2001).

In this paper we present a 10.77 m long sediment core
collected on the right levee of the Rhône Neofan
comprising a 8.5 m long unit with more than one hundred
turbidite sequences, base cut out Bouma sequence
(Bouma, 1962), whose median grain size at their base
progressively decreases upward. Using a vertical velocity
profile and a vertical grain-size profile of turbidite
currents from the literature, we will quantify the impact
of the aggradation of the levee and the consequent gradual
confinement of the successive turbidite currents on the
grain size of the leveed spillover deposits.
2. Geological setting

TheGulf of Lionsmargin, NWMediterranean (Fig. 1),
comprises a 70 km wide shelf and a slope incised by
several major canyons. Its modern architecture is mainly
controlled by glacio-eustatism (Berné et al., 2001).
During high stands, rivers built-up sub-aqueous deltas
on the inner shelf. During low stands, rivers discharge in
the vicinity of, or directly into, the canyons and the deep-
sea fans like the Petit-Rhône deep-sea turbidite system
(Fig. 1).

The Petit-Rhône Neofan (Figs. 1 and 2) is a lobe-
shaped, channelized, sedimentary body formed after the
last, westward, avulsion of the Rhône deep-sea turbidite
system channel (Droz, 1983; Méar, 1984). It was first
described as a chaotic seismic facies (Droz, 1983;
Coutellier, 1985; Torres et al., 1997; Gaullier et al.,
1998) and consequently interpreted as made of sandy
deposits. (Méar and Gensous, 1993). It lies above 2
major sedimentary bodies described by Droz (1983), (1)
the levee deposits of the Rhône deep-sea turbidite
system (RDTS), and (2) a seismic transparent unit of
regional extent, interpreted as a debris-flow, the Western
Debris-Flow (WDF), (Droz and Bellaiche, 1985)
(Fig. 3).

A recent study, based on high resolution seismic data,
showed that the neofan actually consists of two units
(Bonnel et al., 2005). A lower chaotic, slightly bedded
unit, the Neofan Chaotic Unit (NCU), up to 70 ms two
way time (ms twt) thick (50 to 70 m), corresponding to
the former descriptions, and an upper semi-transparent,
slightly bedded unit, the Neofan Transparent Unit
(NTU), up to 40 ms twt thick (∼30 m), overlaying the
northwest part of the NCU (Figs. 3 and 4). The NTU has
a classical channel-levee shape and is fed by the neofan
channel. Bonnel et al. (2005) interpreted the upper unit
as the channelized stage of the avulsion, following an
early stage of non-channelized deposition of, the High
Amplitude Reflector Packets (HARPs) also described
on the Amazon Deep-sea fan (Flood et al., 1991; Lopez,
2001). The age of the channel avulsion is still in debate.
Méar and Gensous (1993) postulated an age of 15 ky but
this is contradictory with the age of 15.1 C14 ky BP
obtained for the end of spillover deposits on the neofan
(Bonnel et al., 2005) and the possible age of 30 cal. ky
BP suggested by pollen assemblages at the bottom of
core MD99-2344 (Beaudouin et al., 2004).

Bedforms such as giant scours and sediment waves are
very common on the neofan area (Kenyon et al., 1995;
Bonnel et al., 2005; Droz et al., submitted for publication).
Giant sediment waves (wave length ∼2 km) are located
close to the channel avulsion point (Bonnel et al., 2005



Fig. 1. Location map of the study area in the Gulf of Lions. The box indicates the location of Fig. 2.
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and Fig. 2). Although no detailed study of the sediment
waves exists, their size, orientation and cross-cut by the
neochannel suggest that they are related to spillover
processes before the channel avulsion. Undulating
seafloor (not visible on the bathymetry) and internal
reflectors, suggestive of smaller sediment waves (wave
length∼250 m, height b1 m), are clearly observed on the
chirp profile at the core location (Fig. 4). The upslope
migration of the crest suggests a generation related to
turbidity current overspill and the small wave length and
amplitude is similar towhat can be observed also for distal
location on the Monterey and Hueneme fans (Normark et
al., 2002). Although marked grain-size variability related
to sediment waves migration has been reported (Migeon
et al., 2001; Wynn and Stow, 2002; Migeon et al., 2004),
those were reported for higher wave length and amplitude
sediment waves. We assume that small wave length and
amplitude generates also smaller changes in the grain size.
In addition, the small distance ofmigration recorded in the
sediment core (26 m for 10m aggradation) suggests small
grain-size changes with regard to the wave length.

The field of giant scours is located at the distal part of
the neofan (Bonnel et al., 2005 and Fig. 2) and is
adjacent to the core location. The origin and age of these
scours are still not understood. Bonnel et al. (2005)
suggest that they might be a relict from an ancient
position of the neochannel mouth but the lack of infill as
observed on sub-bottom profiles (Kenyon et al., 1995)
and on piston cores (Dennielou et al., 2003) suggests a
very recent (Holocene) activity. As the sediment core is
located upstream the scour field, it is possible to
postulate that these bedforms are of small influence on
the turbidite spillover processes and deposits.

The sediment core MD99-2344 (Latitude N
41°59.44′, Longitude E4°50.14′, water depth 2326 m)
was retrieved in the NTU (Figs. 3 and 4) on the right
levee (Fig. 2). It sampled 37% of the NTU (Fig. 4),
which is 39 ms twt thick at the core location (∼29 m



Fig. 2. Illuminated bathymetry map of the Petit-Rhône Neofan. Location of the sediment core MD99-2344. AB represents the cross sections presented
in Figs. 3 and 4. The dashed line represents the Petit-Rhône Paleochannel. The continuous line represents the Petit-Rhône Neochannel.
PLR=Pyreneo-Languedocian Ridge.
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assuming a reference sound velocity on sediments of
1.5 km s−1). It is located at ∼1.5 km from the crest of
the levee, where this unit reaches its maximum thickness
Fig. 3. Schematic cross section on the Petit-Rhône Neofan (see Fig. 2 for lo
maps of Bonnel et al. (2005). See location of the neochannel and of sedimen
NCU=Neofan Chaotic Unit; WDF=Western Debris-Flow; RDSF=Petit-R
velocity of 1.5 km s−1.
(52 ms twtt, approximately 39 m); this value of 39 m
corresponds also to the depth of the channel as it does
not incise the chaotic unit beneath the levee (Fig. 3).
cation), created from the swath bathymetry map and from the isopach
t core MD99-2344 on the right levee. NTU=Neofan Transparent Unit;
hône Deep-Sea Fan. Depths were calculated with a reference sound



Fig. 4. Chirp cross section on the Petit-Rhône Neofan (see Fig. 2 for location). See location of the neochannel and of sediment core MD99-2344 on
the right levee. The dashed line shows the base of the Neofan Transparent Unit (NTU) and the top of the Neofan Chaotic Unit (NCU).

195B. Dennielou et al. / Marine Geology 234 (2006) 191–213
Since 15.1 kyrs BP (radiocarbon age) the area
collected only hemipelagic sedimentation and occasion-
al sandy inputs from the adjacent canyon network
(Bonnel et al., 2005).

3. Material and data

3.1. Analyses

X-ray images were acquired with the Scopix system
(Migeon et al., 1999). Processing of the images is partly
based on Lofi and Weber (2001).

Grain-size analyses were performed with a Coulter
LS130 laser microgranulometer. In order to avoid the
mixing of sediments from different beds, samples were
carefully sampled, particularly within the silt laminae
and at the boundary between silt layers and mud layers,.
Clay samples were exposed to gentle ultrasounds until
suspension was complete.

Carbonate contents were measured using an auto-
matic calcimeter developed by University Bordeaux I
and Aquitaine Technologie Innovation (ATI). The
analysis is based on the measurement of the carbone
dioxide overpressure generated by the dissolution of the
carbonates within 4 N HCl acid. Calibration is based on
the analysis of a pure carbonate sample every 19
sediment samples. The accuracy of measurements is
±1%.

Pollen grains and dinocysts were extracted with a
light chemical treatment using cold acids [HCl (33%)
and HF (70%)] and ZnCl2 in order to preserve all
dinocysts [Turon, 1984 #1915]. Abundance of each
pollen species was calculated when a minimum of 150
pollen grains (Pinus excluded) was counted. Dinocyst,
abundance was calculated on a minimum of 100
individuals. Pollen grain and dinocyst concentrations
were calculated using the Cour method (Cour, 1974).

3.2. Sediment facies, palynology and chronology

3.2.1. Facies description
From the bottom to 340 cm the sediment is composed

of alternating silty and clayey beds. The lithology of the
silt beds consists of detrital quartz and calcite, few large
calcareous nannofossils and some heavy minerals. The
lithology of the mud beds consists of clay, with very fine
(b4μm)detrital quartz and calcite, few silty detrital quartz
and calcite, and few calcareous nannofossils. Four facies
are distinguished on the base of the structure (visual
observation and X-ray photographs), grain-size analyses.

Facies 1 (Fig. 5) is composed of ∼3 cm thick coarse
silt beds, overlain by ∼1 cm thick silty clay beds. The
average silt and silty clay bed thickness ratio is about
3.5. The silty beds have a sharp-undulating or erosive
basal contact and are normally graded with a grain-size
median ranging from a very maximum of 75 μm (very
fine sand) to 40 μm. They display horizontal and
oblique-cross laminations (Fig. 10). The silty clay beds
contain colour laminations and some silt laminae. The
transition between the silty beds to the silty clay beds is
gradational consisting either of mud laminae, lenticular
silt laminae or irregular silt laminae.

Facies 2 (Fig. 6) is composed of ∼5 cm thick coarse
silt beds, overlain by ∼3 cm thick silty clay beds. The
average silt and silty clay bed thickness ratio is about
1.3. The silt beds have a sharply undulating or erosive



Fig. 5. Turbidite facies 1. a) X-ray image; b) processed X-ray image; c) photograph; d) median (μm) of the sediment. Open circles indicate the
position of the grain-size samples. Squares indicate the zooms shown in Fig. 10. Note that coarse silt beds are thicker than the clay beds, and the silt
laminae in the clay beds (up to 4 per cm).
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basal contact and are normally graded with a grain-size
median ranging from 60 μm to 35 μm. They display
horizontal and oblique-cross laminations (Fig. 10). The
top of the silty clay beds displays colour banding and is
homogeneous on the X-ray photograph (i-e no density
variations). The transition between the silty beds and the
silty clay beds is gradational or sharp, consisting of
millimetric, continuous to discontinuous, silt laminae.

Facies 3 (Fig. 7) is composed of∼1 cm thick medium
silt beds, overlain by 4 to 8 cm thick, laminated, silty clay.
The average silt and silty clay bed thickness ratio is in
about 0.25. The silty beds have a sharp or erosional basal
contact. They can be normally graded with a grain-size
median ranging from 35 μm to 15 μm. The thickest silty
beds display cross laminations, while others are too thin
for displaying any sedimentary structure (Fig. 10). The
silty clay beds show very abundant silt laminae with a
median of about 15μm.The contacts between the silt beds
and the silty clay beds are sharp. Several orders of laminae
are visible, from millimetric, with a median of 20 μm, to
infra-millimetric.

Facies 4 (Fig. 10) is composed of mud with medium
silt laminae. Several orders of laminae are visible, from
millimetric with a grain-size median of 20 μm to infra-
millimetric. This facies does not allow identification
single event deposits (Fig. 8).

From 340 cm to 232 cm the sediment is dominantly
composed of clay and silts (quartz and detrital
carbonates) but the marine biological content (dyno-
cysts) tends to increase, witnessing an increase of the
pelagic input. Silt laminae are abundant and suggest
turbiditic depositional processes.

From 232 cm to the top the sediment contains a
significant pelagic contribution (foraminifera and calcareous
nannoplankton). The carbonate content ranges from 34% to
51%and the sediment can be interpreted as foraminifera and
calcareous nannoplankton silty clay according to the
classification from Flood et al. (1995). Up to seven
centimetric silty to sandy beds whose origin is discussed
in Bonnel et al. (2005) are intercalated in this interval.

3.2.2. Sequence description and interpretation
From the bottom to 232 cm alternating silty beds and

clayey beds exhibit a strong grain-size variability (Fig. 9).
The most important variability is observed within the silty
clay/silt couplets where the median typically ranges



Fig. 6. Turbidite facies 2. a) X-ray image; b) processed X-ray image; c) photograph; d) median (μm) of the sediment. Open circles indicate the position of
the grain-size samples. Squares indicate the zooms shown in Fig. 10. Note the equivalent thickness of the coarse silt beds and clay bed, and the laminae.
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between 60 μm (coarse silts) at the bottom of the silty bed,
to 5–10 μmwithin the silty-clay bed (Fig. 5). Silty beds are
commonly positively graded (Figs. 5 and 6), display
parallel and cross stratifications (Fig. 10) and thin upward
(Fig. 9). Clayey beds thicken upward (Fig. 9) and contain
abundant silty laminae. Besides this very pronounced
variability, a very distinct, fining-upward trend of the
median grain size at the bottom of the silty beds is observed
(Fig. 9). The median at the bottom of the silty beds ranges
from 85 μm, at the bottom of the core, to 20 μm at 348 cm
(Fig. 9). The fining-upward of the median is well
represented by three linear trends. From the bottom to
937 cm the fining-up is about −0.12 μm cm−1, from
937 cm to 615 cm it is about only−0.03μmcm−1 and from
615 cm to 348 cm it is about −0.07 μm cm−1. These facies
are interpreted as silt–mud turbidites (Stow and Piper,
1984), deposited from the overflow of turbidite currents
from the neofan channel. Facies 1 to 4 are interpreted as
fine-grained turbidites. According to the nomenclature of
Bouma (1962) and Stow and Piper (1984), facies 1 is made
of divisions C, E1 (T0 to T2) and fewE3, facies 2 ismade of
divisions C, E1 (T2 to T3) and E3, facies 3 is made of
divisions C, E1 (T3) and E3, facies 4 is made divisions E1
(T3) and E3. The ideal sequence as defined by Piper and
Stow (1991) is never fully observed, and the division D
(graded, fine, parallel-laminated silts) is always absent.

From 232 cm to the top the hemipelagic facies
witnesses the sediment starvation of the neofan (Bonnel
et al., 2005). Silty to sandy beds are interpreted as
deposits from instabilities at the shelf break (Bonnel
et al., 2005) conveyed into the deep basin through the
Sète canyon network (Droz et al., 2001) and possible
temporary storage and flush at the canyon heads (Gaudin
et al., this issue).

3.2.3. Palynology
The palynological study focused on the abundance of

dinocysts and pollen grains and is fully detailed in
Beaudouin et al. (2004). In the oceans, the main source
for pollens comes from the rivers, which is 400 times
higher than the input from the winds (Cambon et al.,
1997). As they float on the sea, pollen grains
progressively sink into the sea bottom, their residency
time within the water column depending on the taxa
(Beaudouin et al., 2005). Therefore, pollen is scarce on
the outer shelf and the deep basin. In the upper unit
dinocysts dominate the palynofacies (dynocysts+pollen
grains) (Fig. 9). Their relative abundance ranges from



Fig. 7. Turbidite facies 3. a) X-ray image; b) processed X-ray image; c) photograph; d) median (μm) of the sediment. Open circles indicate the
position of the grain-size samples. Squares indicate the zooms shown in Fig. 10. Note the amount of silt laminae (about 16 per ten cm) whose
thicknesses range from few millimetres to infra-millimetric. The upward convex bending is a coring artefact.
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50% to 20% in the hemipelagic mud to less than 10% in
the ooze and corresponds to a dominantly marine
environment. On the other hand, the low abundance of
pollen grains witnesses the low fluvial input, in
agreement with the remote position of the Rhône river
mouth. In the lower unit pollens dominate the
assemblage. Their relative abundance is N90% from
the bottom to 340 cm and ranges from 80% to 90% from
340 cm to 232 cm (Fig. 9). It shows a fluvial origin for
the lower unit, which, according to the chronology,
confirms the fluvial origin of the turbidite facies, in
relation with the connection of the Rhône River with the
deep-sea fan during the last glacial sea level low stand.

3.2.4. Stratigraphic framework
Five AMS radiocarbon were carried out on tests of

Globigerina bulloides (Table 1). Foraminifera are abun-
dant in the upper unit, while they are almost absent in the
lower unit. The conversion into corrected (calendar) ages
was made with Calib 4.3 and the INTCAL98 marine
dataset (Stuiver et al., 1998), no deviation from global
reservoir age has been used. Ages in the upper unit give a
deglacial age to Holocene age for the Foraminifera and
calcareous nannoplankton silty-clay. The limit between
the turbiditic sequence and the hemipelagic sequence is
dated at 15.11±40 C-14 ky BP (∼17.8 cal. ky BP) and
follows by about 2–3 ky the beginning of the deglacial sea
level rise, estimated at about 20–21 cal. ky BP ky BP
(Lambeck et al., 2002). These ages confirm the
relationship of the sequences with sea-level.

Pollen associations in the turbiditic sequence allow
us to postulate an age of 18.6 ky BP (C-14 scale) at a
depth of 7.06 m (Beaudouin et al., 2004).

These ages are in contradiction with the age of 15 ky
BP postulated for the onset of the neofan by Méar and
Gensous (1993). However, turbidite facies are com-
monly characterized by accumulation rates of several
meters per ky (Showers et al., 1997; Migeon et al., 2004)
therefore, the age at the bottom of the core may be no
older than about 19 cal. ky BP and rate of deposition of
the turbiditic bed may more than 1 every 10 yr.

4. Methods

In order to determine whether the grain-size variabil-
ity in the turbiditic sequence is controlled by external



Fig. 8. Turbidite facies 4. a) X-ray image; b) processed X-ray image; c) photograph; d-median (μm) of the sediment. Open circles indicate the position
of the grain-size samples. Squares indicate the zooms shown in Fig. 10. See the millimetric and infra-millimetric silt laminae. The upward convex
bending is a coring artefact.
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and/or internal forcing it is necessary to quantify the
potential impact of these factors on the deposited grain
size. Because we have a good knowledge of the
geometry of the channel-levee at the core location, we
can quantify the relationships between the grain size in a
turbidite sequence (GS), the channel-levee height (CLH)
and resulting confinement of turbidite currents (internal
feedback) and a turbidite current thickness (TCT)
(external forcing).

In order to establish a relationship between a
turbidite facies and a turbidity current, we postulate
that the grain size at the base of a turbidite bed from
core MD99-2344 witnesses the grain size in the
corresponding turbidity current, at a height correspond-
ing to the CLH at the time of the deposition of the bed
(Fig. 11). A vertical velocity profile of turbidite current
is given by Stacey and Bowen (1988b) (Fig. 12), A
vertical grain-size profile in a turbidite current is given
by Migeon (2000) (Fig. 13) and also by Pirmez and
Imran (2003), this later will not be used, but both
profiles show a marked concentration of sand at the
bottom of the turbidity currents. The relationship
between the vertical profiles and the geometry of the
channel-levee is shown on Fig. 11. It should be noted
that our core is not located at the top of the levee,
therefore the present aggradation at the core location
(l=29 m)) is less important than the aggradation at the
top of the levee (L=39 m). The ratio between these
aggradations L

l

� �
, based on seismic data (Fig. 4) is

estimated at 1.34.

4.1. The relationship between current velocity and
grain size

In order to compare the profiles of Stacey and Bowen
(1988b) and Migeon (2000), and to connect the grain
sizes in core MD99-2344 with the velocity profile from
Stacey and Bowen (1988b), we must use a relationship
between the grain size and the current velocity. An
equation for the current velocity (u) is given by Eq. (1)
from Bowen et al. (1984) and Klaucke et al. (1997),
where u⁎ is friction velocity and Cf is the drag coeffi-
cient. In our study, according to the slope of 0.2° in the
neofan channel (Torres et al., 1997) and to Stacey and



Fig. 9. Sedimentary log of core MD99-2344. See the number of graded beds interpreted as fine-grained turbidites, and the corresponding fining
upward of the base of the coarse beds. a) median (μm) for all sedimentary facies; see the remarkable normal grading and alternating coarse/mud beds,
b) median at the base of the silty beds; see the clear fining upward trend and the high amplitude and high frequency variability, c) along core carbonate
content, d) relative pollen and dinocyst content, interpreted as relative continental and fluvial input.
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Fig. 10. Close-up views on Turbidite facies 1, 2, 3 and 4-Left,
processed X-ray image, right, image. Note the scale on the upper right
corner of the photos.

Table 1
AMS radiocarbon ages in core MD99-2344 measured on Globigerina
bulloides

Depth
in core
(cm)

14C years
BP
(−400 yr)

Calibrated
years BP

Accumulation
rates
(cm ka−1)

Method Analysis
#

9–10 2280±40 2,341 4.3 AMS14C LLNL-
73268

144–
145

13,195±35 15,743 10.1 AMS14C LLNL-
87504

195–
196

14,400±35 17,135 36.6 AMS14C LLNL-
87505

215–
216

14,610±40 17,376 83.0 AMS14C LLNL-
87506

230–
232

15,110±40 17,952 27.8 AMS14C LLNL-
73269

Calibrated ages are calculated with Calib 4.3 (Stuiver et al., 1998).
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Bowen (1988a, Fig. 6), the drag coefficient (Cf) is equal
to 0.004.

u2 ¼ u2⁎
Cf

ð1Þ

Bowen et al. (1984) suggest that the friction velocity
(u⁎) can be estimated with Eq. (2) from the settling
velocity (ws) and a factor (k) depending on flow
conditions for transport. For a suspended load, like in
a turbidite current, we have k=1.25.

u⁎ ¼ kws ð2Þ
The settling velocity (ws) is calculated using the

Stockes' law (3) for laminar fluid conditions, where D is
the grain size of a particle, ρg=2650 kg m

−3 for quartz is
the density of the particle, ρf=1024 kg m−3 is the
density of sea water, g=9.81 m s−2 is acceleration due to
gravity and μ=1.202×10−3 PI (kg m−1 s−1) is the
dynamic viscosity of the water at 13 °C, the average
temperature at 2000 m deep in the study area (from
LEVITUS).

ws ¼
D2ðqg � qf Þg

18l
ð3Þ

Therefore, the current velocity (u) can be calculated
with Eq. (4) as a function of the grain size (D) and the
grain size can be calculated with Eq. (5) as a function of
the velocity. The grain size at the base of the turbidite
sequences will be expressed as the median of the grain-
size distribution (Fig. 9).

u ¼
k

D2ðqg�qf Þg
18l

� �
ffiffiffiffiffiffi
Cf

p ð4Þ

D ¼ u18l
ffiffiffiffiffiffi
Cf

p
kgðqg � qf Þ

 !1=2

ð5Þ

For non-laminar conditions the Stokes' law is not
valid and the settling velocity must be calculated with
the Heywood tables (Holdich, 2002). In our study,



Fig. 11. Schematic drawing showing the relation between the several discussed parameters and the channel-levee geometry of the Petit-Rhône neofan.
Note the position of core MD99-2344 in the system. TCT=Turbidity Current Thickness; CLH=Channel-Levee Height; CBGS=Channel Bottom
Grain Size; DC=Depth in the sediment core; WD=Water Depth; lh= Levee height at the location of the core; L=levee aggradation; l=levee
aggradation at the core location.
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Heywood tables must be used for particles larger than
70 μm.

4.2. Vertical velocity and grain-size profiles

Stacey and Bowen (1988b) have developed a 1D
model describing the properties of a turbidite current in
the vertical distribution. When running their model for
turbidite current composed of two grain sizes (10% fine
Fig. 12. Vertical velocity profile from Stacey andBowen (1988b) (a) and the corr
See the example for the graphical method used to calculate the TCT, according to
curve, in order to enable the calculations via a spreadsheet and Eqs. (7) and (8
sand and 90% fine silt), they show that the vertical
velocity distribution quickly reaches an equilibrium. The
vertical velocity profile shows a big-bellied shape
(Fig. 12, left) that is not significantly influenced by the
grain size. Such a shape is also predicted by a 2Dmodel of
Felix (2002) and discussed in a review article by Kneller
and Buckee (2000). According to these authors, the height
of the velocity maximum is controlled by the ratio of the
drag forces at the upper and lower boundaries and, in
esponding vertical grain-size profile (b) according to Eqs. (1)–(3) and (7).
the CLH and the CBGS or the CBV. The black curve represents the fitted
). CBV=Channel Bottom Velocity, for other acronyms see Fig. 11.



Fig. 13. Vertical grain-size profile from Migeon (2000) (b) and the corresponding vertical velocity profile (a) according to (1)–(3) and (7). See the
example for the graphical method used to calculate the TCT, according to the CLH and the CBGS or the CBV. The black curve represents the fitted
curve, in order to enable the calculations via a spreadsheet and Eqs. (9) and (10). For acronyms, see Figs. 11 and 12.
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many experimental currents, is found to occur at 0.2–0.3
of the height of the current. The corresponding grain-size
vertical profile (Fig. 12, right), calculated with Eq. (5) is
shown for a comparison.

A vertical grain size was drawn by Migeon (2000)
on the Var turbidite system (Western Mediterranean)
(Fig. 13, right). This author collected several cores along
the top of the Var Turbidite Levee at several water
depths and channel-levee heights. For each core and for
equal periods of time, he calculated an average of the
median grain size of the base (coarse sediment) of the
turbidite sequences. Postulating that (1) the levee
deposits are turbidite overspill (2) the levee aggradation
is autocyclic, i-e that the averaged grain size along the
levee is controlled by the CLH, the plot of the median
grain size versus the CLH is assumed to represent
vertical grain-size distribution of the turbidite currents.
We will assume that the shape of the profile does not
depend on the grain size of the sediment load. The
corresponding velocity vertical profile (Fig. 13, left),
calculated with Eq. (4) is shown for a comparison.

4.3. Calculation of the relationship between the grain
size (GS) (or velocity), the channel-levee height (CLH)
and the turbidity current thickness (TCT)

The vertical profiles are normalised (i.e. the shape is
constant, regardless of velocity, grain size or current
thicknesses are) and they need to be calibrated. Values for
a grain size (or converted equivalent in velocity) are given
by the median at the base of the turbidite beds. Values for
the corresponding height in the current (CLH1, = channel-
levee height at the deposition of the turbidite bed) are
given with Eq. (6) by the present channel-levee height
(CLH=39 m) and the depth in core (DC1) of the base of
the turbidite bed corrected from difference in the
aggradation at the core location: Ll ¼ 1:34) (Fig. 11)

CLH1 ¼ CLH2� L

l
DC1

� �
ð6Þ

Next, we need to calibrate at least one axis. In order
to estimate the TCT, we will test several hypotheses on
the grain size at the bottom of the turbidite current
(channel-bottom grain size = CBGS). Therefore,
according to the measured median from a turbidite
sequence (GS) and to the corresponding CLH calculated
with Eq. (6) we can graphically determine the TCT
(Figs. 12 and 13). Also, following the same method, a
grain size (GS) for the base of a turbidite bed can be
graphically determine for a given TCT and CBGS.

In order to optimize the graphical calculations, we
propose a simplification that allows the determination of
equations and the use of a simple Excel™ spreadsheet.
Figs. 12 and 13 show that for CBGS values higher than
the GS measured at the bottom of the tubidite beds, only



Table 2
Coefficients of Eqs. (7) and (8) from the vertical velocity profile of Stacey and Bowen (1988b) for channel bottom grain sizes ranging from 70–
400 μm

Bottom
grain
size

Eq. (7) Eq. (8)

a b c a b c

70 μm 4756.4 −2720.6 338.05 4.53520 10−7 −0.00065 0.16775
90 μm 1862.4 −1702.4 7.24760 10−7 −0.00104 0.26808
120 μm 667.54 −1019.2 1.21060 10−6 −0.00173 0.44777
150 μm 315.12 −700.27 1.76200 10−6 −0.00252 0.65172
200 μm 126.85 −444.29 2.7710 10−6 −0.00397 1.02720
300 μm 42.391 −256.84 4.80390 10−6 −0.00686 1,77690

Table 3
Coefficients of Eqs. (9) and (10) from the vertical velocity profile of
Migeon (2000) for channel bottom grain sizes ranging from 70–
400 μm

Bottom
grain
size

Eq. (9) Eq. (10)

a b a b

70 μm 652.95 73.741
90 μm 690.78 94.463
120 μm 734.08 125.95
150 μm −150.52 767.67 157.44 −0.0064
200 μm 810.97 209.92
300 μm 872.00 314.88
400 μm 915.30 419.83
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the upper part of the profiles is used for the graphical
determinations. Thus, this part of the profiles has a
simple shape that fits properly with a second order
polynomial and a logarithmic curve, on Fig. 12 (left) and
Fig. 13 (right) respectively. The curve fit has been
calculated for several CBGS, from 70 μm to 400 μm
(Tables 2 and 3); each corresponds with a set of
coefficients (a, b and c for the polynomial equation, and
a and b for the logarithmic equation). Eqs. (7) and (9) of
curves fit for the calculation of TCT's from the profiles
of Stacey and Bowen (1988b) and Migeon (2000),
respectively, are given. Eq. (8) of the curve fit for the
calculation of velocities (and GS's through Eq. (5) or
using Heywood tables) is given for the profile of Stacey
and Bowen (1988b). Eq. (10) of the curve fit for the
calculation of GS's from the profile of Migeon (2000) is
given.

TCT ¼ 341 CLH
au2 þ buþ c

; where u is the velocity ð7Þ

ax2 þ bxþ c ¼ velocity;with x ¼ 341 CLH
TCT

ð8Þ

TCT ¼ 500 CLH
alnðGSÞ þ b

ð9Þ

aeð�bxÞ ¼ GS ;with x ¼ 500 CLH
TCT

ð10Þ

5. Results

5.1. Turbidity current thicknesses (TCTs)

The TCTs, shown in Figs. 14 and 15, were calculated
for CBGS of 70 μm, 90 μm, 120 μm, 150 μm, 200 μm,
300 μm. A value of 400 μm for was only used for the
profile from Migeon (2000). The method of calculation
implies the TCTs to be necessarily higher than the
Channel-Levee Height (CLH), as we interpreted the
turbidite facies as overflow deposits. TCTs are always
negatively correlated to the CGBS, which is consistent
with the method, and shows that the coarsest turbidity
currents are the thinnest (Fig. 15). The variability of the
TCTs is important for CGBS below 150 μm and low for
coarser values.

TCTs from profile of Stacey and Bowen (1988b)
(Fig. 14): TCTs range from 25.1 m to 73.5 m. For most
of the CBGS, TCTs are only slightly higher than the
CLH and, therefore, are strongly positively correlated to
the CLH with low variability around the trend. A CBGS
of 70 μm is needed to obtain TCTs not correlated to the
CLH, TCTs are constant at 38 m for CLHs between
24.6 m (the bottom of the core) and 31.1 m, while they
remain correlated to the CLH between CLHs of 31.1 m
and 34.4 m.

The amplitude of the variations is high, about 20 m,
which represents 53% of the average. The variability
over the trends is positively correlated to the median
grain size of the turbidite beds (r2 ranging between 0.32
and 0.39).

The constant increase of TCT, proportional to the
CLH, observed for coarse CBGS is rather unrealistic. A
constant CLH, modulated by a 20 m amplitude, obtained



Fig. 15. Variation of the TCT as a function of the CBGS, calculated
using the vertical profiles from Stacey and Bowen (1988b) (solid line)
and Migeon (2000) (dash line). Note that the currents are thicker for
the profile of Migeon (2000). For both profiles the thickness decreases
with increasing CBGS. For acronyms, see Figs. 11 and 12.
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for a CBGS of 70 μm is realistic. A CBGS of 70 μm
implies that the maximum grain size within the turbidite
current is only 95 μm.

TCTs from profile of Migeon (2000) (Fig. 16): The
TCTs range from 27.9 m to a maximum of 1704 m.
Nevertheless, the average maximum TCTs are around
400 m. They display a constant trend of 87 m, 72 m and
58 m for of 120 μm, 150 μm and 200 μm, respectively,
with respective average amplitudes of 59%, 51% and 43%
of the trend. The variability over the trends is positively
correlated to the grain size of the turbidite beds (r2 ranging
between 0.29 and 0.42). For CGBS between 400 μm and
300 μm and CLH between 24.6 m and 31.1 m the trend is
slightly positively correlated to the CLH. For CLH
between 31.1 m and 34.4 m the trend is negatively
correlated to the CLH. For this interval, for CBGS of
400 μm and 300 μm few TCTs are lower than the CLH.
They correspond to turbidite beds with very lowmedians.
Fig. 14. Calculated thickness of the turbidity currents corresponding to
the turbidite beds described on core MD99-2344. The calculation is
made using the velocity profile of Stacey and Bowen (1988b). a) TCTs
calculated for CBGS values ranging from 150 μm to 300 μm. b) TCTs
calculated for CBGS values ranging from 70 μm to 120 μm. For
acronyms, see Figs. 11 and 12.
They are located on the lower, asymptotic part, of the
fitted curves and, therefore, are not significant.

Because of the shape of the vertical grain-size
distribution (Figs 12 and 13) the TCTs are much higher
than for Stacey and not correlated to the CLH. The
results obtained for CBGS coarser than 120 μm imply a
Fig. 16. Calculated thickness of the turbidite currents corresponding to
the turbidite beds described on core MD99-2344. The calculation is
made using to the grain-size profile of Migeon (2000)., a) TCTs
calculated for CBGS values ranging from 150 μm to 400 μm. b) TCTs
calculated for CBGS values ranging from 70 μm to 120 μm. For
acronyms, see Figs. 11 and 12.
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strong vertical positive grain-size grading within the
turbidity current.

5.2. Grain Size (GS)

The theoretical grain size of levee deposits, accord-
ing to the CLH, was calculated for the same as for the
TCT calculations, and for TCTs of 30 m, 35 m, 40 m,
and 150 m for profile of Stacey and Bowen (1988a), and
TCTs of 38 m, 58 m, 115 m and 500 m for profile of
Migeon (2000). These TCTs were chosen to span and to
illustrate the most significant results. According to Eqs.
(8) and (10), the grain size shows a second order
polynomial fining upward for Stacey and Bowen's
(1988b) profile, and an exponential fining upward for
Migeon's (2000) profile.

Grain size from profile of Stacey and Bowen (1988b)
(Fig. 17): The coarsest deposits are obtained for the
coarsest and the thickest turbidity currents. For TCTs
Fig. 17. Calculated GS of levee turbidite deposits according to the vertical p
TCT. a) GS calculated for a TCT of 30 m and CBGS ranging from 70 μm to
70 μm to 300 μm, c) GS calculated for a TCT of 40 m and CBGS ranging fro
ranging from 70 μm to 300 μm. Note that the best fit with the grain size from c
and 90 μm, and for a TCT of 40 m and a CBGS of 70 μm. For acronyms, s
between 70 m and 150 m the deposits are coarser than
the CBGS, as it is predictable from the big-bellied shape
of the grain-size profile. For thicker turbidity currents
(N150 m) the GS should decrease to reach the value of
the CGBS but it is not observed, as our equations do not
include the bottom of the grain-size profile. The GS
always shows a fining upward. Fig. 17a shows that
turbidity currents cannot deposit sediments on the levee
when the CLH reaches the TCT. This is in agreement
with the non-asymptotic top of the grain-size profile
(Fig. 12). Turbidity currents thicker than 34.4 m are able
to spill sediments over the levee as they always remain
above the CLH. Good representations of the median and
the fining upward measured on the sediment core are
calculated for a TCT of 35 m with CGBS of 70 μm and
90 μm (Fig. 17b) and for a TCTof 40 m with a CGBS of
70 μm (Fig. 17c). Combinations of coarser CBGSs with
TCTs thicker than 50 m always provide TCTs coarser
than measured on the sediment core. A significant fining
rofile from Stacey and Bowen (1988b) for several CGBSs and several
300 μm, b) GS calculated for a TCT of 35 m and CBGS ranging from
m 70 μm to 300 μm, d) GS calculated for a TCT of 150 m and CBGS
ore MD99-2344 is obtained for a TCTof 35 m and a CBGS between 70
ee Figs. 11 and 12.
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upward of the GS is always obtained for TCTs between
35 m and 50 m, thicker TCTs provide an almost constant
GS (Fig. 17d).

Grain size from Migeon's profile (2000) (Fig. 18):
On the contrary to the previous profile, even TCTs lower
than the CLH predict sediment spillover. This is a
consequence of the asymptotic shape of the profile on
the vertical axis (Fig. 13) and that the curve fit does not
describe properly the grain-size distribution at the top of
a turbidity current. As for the previous profile, the
coarsest deposits are obtained for the coarsest CBGS
and the thickest turbidity currents. The GS always
shows a strong fining upward for TCTs lower than
∼200 m. A good representation of the median and the
fining upward measured on the sediment core is only
provided by a TCT of 38 m with a CBGS of 400 μm
(Fig. 18a). Thicker turbidity currents fail to predict
the whole trend of the median, and especially the
abrupt drop in the trend at 5.89 m deep in the core
(corresponding to a CLH of ∼31 m). A good repre-
Fig. 18. Calculated GS of levee turbidite deposits according to the vertical pro
calculated for a TCT of 38 m and CBGS ranging from 70 μm to 400 μm, b
400 μm, c) GS calculated for a TCT of 115 m and CBGS ranging from 70 μm
from 70 μm to 400 μm. Note that the best fit with the grain size from core MD9
CBGS of 58 m and a CBGS of 200 μm. For acronyms, see Figs. 11 and 12
sentation of the fining upward trend from the bottom of
the core to 5.89 m is provided by a TCT of 58 m with a
CBGS of 200 μm, and TCT of 115 m with CBGSs
between 70 μm and 120 μm. TCTs over 500 m provide
GSs coarser than measured on the sediment core and a
weak fining upward trend.

6. Discussion

6.1. Calculated turbidity current thicknesses (TCTs)

The top of a turbidity current is not a sharp limit (like
the bottom) but a progressive upward dilution of the
turbidite plume. Nevertheless, it can be defined as a
threshold where the concentration of the particle
becomes negligible. It is also defined as the limit
between a suspension layer and clear water (Salaheldin
et al., 2000). Our calculations give a wide range of
thickness for the turbidity currents, from a few tens of
metres to several hundreds of metres. High thicknesses
file fromMigeon (2000) for several CGBS and for several TCTs. a) GS
) GS calculated for a TCT of 58 m and CBGS ranging from 70 μm to
to 400 μm, d) GS calculated for a TCT of 500 m and CBGS ranging

9-2344 is obtained for a TCTof 38 m and a CBGS of 400 μm, and for a
.
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are in the same range as those described by several other
authors (Stow and Bowen, 1980; Stacey and Bowen,
1988b; Salaheldin et al., 2000; Felix, 2002) who
predicted thicknesses over 400 m. They are also in
agreement with some turbidite systems like, for
instance, the Var deep-sea fan (Savoye et al., 1993)
and the Zaire deep-sea fan (Savoye et al., 2000), whose
channel depth reaches more than 300 m. Moreover, on
the Petit-Rhône deep-sea fan, downstream of avulsion
point of the neochannel, Torres et al. (1997) described
channel-levee heights of 120 m associated with leveed
turbidite facies and, thus, demonstrated the occurrence
of more than 120 m thick turbidity currents 60 km
upstream of our core MD99-2344.

Our calculations also show that TCTs are negatively
correlated to the CGBS and, therefore, to the coarseness
of the turbidity currents (Fig. 15). This feature is also
postulated by Bowen et al. (1984) or Stow and Bowen
(1980), the latter showing a quasi-exponential drop of
the current thickness according to the modal grain size,
similar to what is shown in Fig. 15. On the other hand,
Felix (2002) and Salaheldin et al. (2000) demonstrated
turbidite current thicknesses positively correlated to the
grain size. However, Felix (2002) also pointed out that
coarse currents have a vertical velocity and concentra-
tion gradient stronger than for finer-grained currents,
meaning that most of the sediment is actually concen-
trated near the channel bottom and, thus, not easily
spilled over a levee. This view is also similar to the two
layer model used by Mulder et al. (1997). In that sense
and according to our calculations, coarse-grained
currents are thinner than fine-grained currents.

Despite these considerations, the velocity profile
from Stacey and Bowen (1988b) fails in the assessment
of TCTs for two reasons. Firstly, for CBGSs higher than
90 μm, TCTs are positively correlated to the CLH. Such
a trend for TCTs would imply a control by an external
forcing such as the deglacial sea-level rise and a gradual
disconnection of the Petit-Rhône River from its canyon,
but this forcing might also imply gradually less
voluminous turbidite currents and, therefore gradually
decreasing TCTs. In the hypothesis that the increase of
the channel depth is controlled by the levee aggradation,
such positive good correlation of the channel depth
(internal forcing) and TCTs (external forcing) is a very
improbable coincidence. In the hypothesis that channel
depth is also controlled by erosion, the positive
correlation with TCT may be realistic and the whole
neofan turbidite system would be under allocyclic
control. Secondly, the trend of TCTs is almost constant
for CBGSs lower than 90 μm. This is a satisfactory and
realistic behaviour, as does not correlate to the CLH.
However, these currents imply a small vertical gradient
for the velocity and the grain size (almost the same grain
size at the bottom of the current and at the top), which is
in contradiction with the models of Felix (2002) and
Mulder et al. (1997).

On the other hand, the grain-size profile from
Migeon (2000) gives TCTs not correlated to the CLH
and seems more adapted for our purpose. Also, the
values of TCTs and CBGS imply a strong vertical grain-
size gradient, which is consistent with models from
Felix (2002) and Mulder et al. (1997). For CBGS of
200 μm the constant trend of TCTs implies constant
volumes and compositions of the turbidite currents that
could, for instance, have occurred during last maximum
low stand of sea level that could be characterized by
frequent (annual?) turbidity currents during a very short
period of time. For CBGSs greater than 200 μm the
slight increase in TCTs could relate to an increase in the
activity of the Rhône river, while for CBGSs lower than
200 μm the decreasing trend could be related to the
deglacial sea level rise and a gradual starvation of the
Rhône Deep-sea fan, related to a gradual disconnection
of the river from its canyon. For CLH N31.1 m the TCTs
behave differently and start to decrease. This behaviour
suggests an external forcing. The high amplitude of the
variability of TCTs over the trends is quite satisfactory
as it respects the variability of the median in the
sediment core, which is believed to reflect the true
variability of the volume and characteristics of turbidity
currents.

TCTs with a constant trend (no external forcing) and a
strong vertical grain-size gradient range between ∼30 m
and ∼90 m. One could argue that such low TCTs may
not be realistic, as they would not enable upstream
sediment overspill, where the CLH is 120 m and where
recent (11 ka) turbidite facies have been described by
Torres et al. (1997). Nevertheless, we believe that they
are coherent with the distal position of the study
area which may experience rather depleted turbidity
currents, enriched with sand and, therefore, rather thin.
Moreover, the shape of the channel near the sediment
core is narrower (V-shaped, height 34 m, maximum
width 500 m) than the channel upstream of the avulsion
(U-shaped, height 120m, bottomwidth 750 m, top width
1250 m), suggesting a possible acceleration and
consequent flattening of the current. The slope value is
almost identical at both locations (Torres et al., 1997).

6.2. Calculated grain sizes of turbidite beds

The calculated grain sizes for the turbidite beds support
the same comments as for the TCTs. Nevertheless, they
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are a convenient way to visualise the impact of the levee
aggradation on the grain size of the levee deposits. The
satisfactory fit of our calculationswith the grain size in the
sediment core, determined with the profile of Stacey and
Bowen (1988b) implies turbidity currentswith an unlikely
rather constant vertical velocity or grain-size distribution.
On the other hand, the satisfactory fit foundwith the grain-
size profile of Migeon (2000) implies turbidity currents
with a likely coarse-bottomed base and a strong vertical
grain-size gradient. Again, the upper part of the turbidite
facies (CLH from 31.1 m to 34.4 m), is slightly outside of
the calculated grain sizes, suggesting an external forcing
(Fig. 18).

6.3. Significance of the shape of the velocity/grain-size
vertical profile

Our results show that the shape of the velocity/grain-
size vertical profile used is crucial to assess the impact
of the channel-levee height on the grain size of a levee
Fig. 19. Schematic cross section of a turbidity current and spillover processes
Current Thickness (TCT) and the Grain Size (GS) of leveed deposits. The thi
levee. Marked fining up trend in turbidite facies is obtained for TCT much h
grain size because they deposit particles from the upper part (low gradient)
deposits. The shape of the profile of Stacey and Bowen
(1988b) is very similar to those described in most of
models such as those of Felix (2002) or Kneller and
Buckee (2000). It corresponds to currents with contin-
uous concentration, characteristic of the equilibrium of
weakly depositional turbidity currents on low slopes, as
presented in Peakall et al. (2000). Noteworthy is the
similarity between the grain-size profile from Migeon
(2000) and the concentration profiles shown in Stacey
and Bowen (1988b), Kneller and Buckee (2000) and
Felix (2002). It actually corresponds to the continuous
concentration profile shown in Peakall et al. (2000).
This shows that the velocity profile of a turbidity current
does not describe the vertical grain-size distribution. It
demonstrates the close relationship between the con-
centration profile and the grain-size profile, as men-
tioned by Peakall et al. (2000). This relationship
involves grain–grain interactions that improve the
ability of a turbidity current to carry coarse sediment
at low velocity. This ability is an equilibrium between
. Relationship between the Channel-Levee Height (CLH), the Turbidity
ck line shows relative expected fining upward on the upper part of the
igher than the CLH. Low TCT does not imprint a marked trend in the
of the turbidity current.



210 B. Dennielou et al. / Marine Geology 234 (2006) 191–213
the vertical density profile of the current (i-e, its
concentration) and its vertical velocity profile. As the
profile of Migeon (2000) is a “sedimentological”
profile, it obviously takes these interactions in account.
It is, therefore, the most suitable profile for assessing the
impact of the levee aggradation on the grain size of
sediments deposited by overflow processes. The
calculations based on the profile of Stacey and Bowen
(1988b), should incorporate in Eq. (3) a variable fluid
density, correlated to the concentration profile.

6.4. Autocyclic versus allocyclic control on the vertical
trend of the turbidite facies?

We obviously have too many unknown parameters
(CBGS, the real behaviour of the CLH through time,
transport processes on the surface of the levee, and of
course the real significance of the velocity/grain-size
profiles) to fully determine the impact of the levee
aggradation on the turbidite facies. Nevertheless, with
realistic parameters and the bathymeric constraints, we
can affirm that, according to the vertical grain-size
profile of Migeon (2000), the vertical fining-up trend of
the median grain size at the bottom of the turbidite beds,
observed in core MD99-2344, can be fully explained by
the progressive confinement of the turbidity currents, in
relation to levee aggradation. However, the super-
imposed high amplitude variations are not described
by our calculation and must be controlled by some
external forcing. In other words, the progressive
confinement of turbidity currents has impact only the
trend (fining-up) of the grain size of spillover deposits
but enables recording the relative random variability
(external forcing) of TCTs. In addition, from 5.81 m to
3.50 m the fining-up trend is slightly different and
cannot be predicted by our calculations, so may also be
related to external forcing, possibly the deglacial sea
level rise, as suggested by the age of 18.6 ky BP (C-14
scale) postulated by Beaudouin et al. (2004) at the depth
of 7.06 m. During that period TCTs may not vary
randomly and progressively decrease, for instance. This
externally forced trend will overprint the upward fining
trend driven by the levee aggradation and consequent
progressive confinement of the turbidity currents.

The calculations based on the profile of Migeon
(2000), have shown that for TCTs higher than the CLH,
the grain size of leveed turbidite deposits decreases
exponentially when the CLH increases linearly, as shown
by Eq. (10), and that when the CLH reaches about half of
the TCT, the decrease of the grain size of deposited
sediments becomes very slow. At this point, the impact of
the aggradation of a levee on the grain size of turbidite
facies becomes almost undetectable (Fig. 19). This
explains why leveed turbidite facies with very high
CLH do not display any fining upward, as in proximal
area of the Zaïre deep-sea fan (Gervais et al., 2001) and
the Var sedimentary ridge (Migeon et al., 2000). This
internal forcing must be recorded at the termination of
turbidite channels where levees are poorly developed. In
well-developed levees or fossil deep-sea fan it may be
recorded at the base of the levees during the early stage of
growth.

7. Conclusions

Our study shows that, according to the grain-size
vertical profile of Migeon (2000), the fining upward of
the median can be solely explained by the aggradation
of the turbidite levee of the Petit-Rhône neofan.

The record of this internal variability for the turbidite
facies depends on the ratio of turbidity current thickness
and the channel-levee height. This internal variability is
visible on the turbidite facies (upward fining up of the
bottom of the successive turbidite beds) on a few metres
when the channel-levee height is less than half of the
turbidity current thickness. Otherwise, the impact on the
turbidite facies is almost insignificant. Therefore, for
distal turbidite systems with low channel-levee heights,
like the Petit-Rhône neofan, the aggradation of the
turbidite levee has a preponderant control on the vertical
(temporal) variability of the turbidite facies. It results in a
low frequency variation of the grain size, corresponding
to a fining upward.

Strictly speaking, the growth of the levee is
externally forced by the sediment input from the source
expressed as TCT in our calculations. Nevertheless, the
grain size in the turbidite facies shows two orders of
variability: (1) a high frequency variability interpreted
as allocyclic and forced by the source of the sediment,
(2) a low frequency variability (trend) interpreted as
autocyclic and forced by the growth of the levee and
gradual confinement of the turbidity currents.

The choice of the vertical grain-size/velocity profile
for characterizing a turbidity current is crucial. It
appears that vertical velocity profiles from models do
not describe the true ability of turbidity currents to
transport coarse sediments. The concentration of
sediment is preponderant, as it controls the density of
a turbidite current and, therefore, its ability to transport
coarse sediment. This explains why the shape of vertical
grain-size distribution from Migeon (2000) is similar to
the concentration profiles from other models.

The high frequency and high amplitude, variability
of the grain size are controlled by external forcing
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(allocyclicity) probably related to continental climate
change and/or changes in the position of the river delta.
They may also be related to processes driven by the
interaction between the spillover flow and the channel-
levee morphologies such as meanders or bedforms.

This simple quantification of the impact of the levee
aggradation on the turbidite facies allows to predict the
grain size of such deposits when the channel-levee height
and the grain size in the turbidite channel are constrained.
Thus, it allows a better quantification of the reservoir
potential of the turbidite leveed facies identified on
seismic data.
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Appendix A. List of acronyms

CBGS Channel Bottom Grain Size (μm)
CBV Channel Bottom Velocity (m s−1)
CLH Channel-Levee Height (m)
CLH1 Channel-Levee Height at deposition of a given

silt bed (m)
CLH2 Present Channel-Levee Height=39 m
DC Depth in the sediment core (m)
GS Sample Grain Size (μm)
l=DC2−DC1 Levee aggradation at the location of core
MD99-2344 (m)

L=CLH2−CLH1 Levee aggradation at the crest of
the levee (m)

L
l 1.34
lh Levee height at the location of core MD99-

2344 (m)
TCT Turbidite Current Thickness (m)
V Sample velocity (m.s−1)
WD Water depth (m)
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