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Abstract

The depositional architecture between unconfined
and confined turbidite sheet systems are increasingly
recognized, but the major differences are not summarized.
This paper aims to summarize the major differences
based on the well-studied published systems with known
degree of confinement and depositional architectures.
The unconfined and confined turbidite sheet systems
differ greatly in four aspects: sedimentary facies, stacking
patterns of individual beds, facies associations and onlap
styles. The sedimentary facies in confined systems are
mainly thick beds, occasionally with grain size breaks,
overlain by thick mud caps; whereas beds in unconfined
turbidite systems present less mud proportion. The stacking
patterns in confined systems in mainly vertically stacked,
whereas compensationally stacked in strike direction,
and progradationally or retrogradationally stacked in dip
direction. One facies association have only been identified
in confined systems and four facies associations are found
in unconfined systems. The vertical log of unconfined
turbidite sheet systems presenting a transition of facies
association, whereas no transitions in confined systems.
The depositional architecture of turbidite sheet systems is
controlled by both sediment supply and basin relief. The
establishment between degree of confinement and various
parameters in this study can be applied in the petroleum
industry.

Keywords: degree of confinement, depositional architecture,
stacking pattern, controlling factors

Introduction

Turbidite sheet sandstone bodies developed at the
terminus of a submarine channel (Fig. 1) may either be
unconfined and exhibit a lobate shape, as observed by side
scan sonar or in 3D seismic (Gervais et al., 2006; Deptuck
et al.,2008; Jegou et al., 2008; Dennielou ef al., 2017) or
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be confined and process a basin-correspondent planform
geometry across the depocentre (Lucchi & Valmori, 1980;
Weaver et al., 1992; Wynn et al., 2002; Amy & Talling,
2006). A generic depositional model of turbidite sheet
systems has not previously been established. In confined
turbidite sheet systems, individual turbidity currents are
efficient enough to reach the basin margin and systems
are built up by the vertical stacking of individual beds
(Lucchi & Valmori, 1980; Weaver et al., 1992; Wynn et
al., 2002; Remacha & Fernandez, 2003; Amy & Talling,
2006; Stevenson et al., 2013). However, in unconfined
turbidite sheet systems, individual turbidity currents are
not big enough to reach the basin margin and systems
are built up by compensational stacking of individual
beds (Dudley et al., 2000; Prélat et al., 2009; Marini et
al., 2015). In this manuscript, the term “turbidite sheet
systems” is used in a broader sense, encompassing sand
bodies developed at the terminus of both unconfined and
confined systems. In contrast, the term “submarine lobe”
implies a lobate shape and is applicable exclusively to
unconfined systems.

Flow efficiency has been defined as the ability of
sediment gravity flow to carry sand in a basinward direction
(Mutti, 1977, 1978). Mutti (1978) further expanded
the concept of flow efficiency to incorporate also the
ability of the flow to segregate its grain populations into
distinct facies types with distance. It thus plays a major
role in determining the location and geometry of sand
deposited from turbidity currents. Factors determining
the efficiency of turbidity currents have been discussed by
several authors (e.g., Mutti 1992; Mutti & Normark 1987;
Normark & Piper 1991; Liu et al., 2018a). Very highly
efficient flows will fully segregate the grain populations
contained within the parental flow with distance, thus
producing relatively well-sorted facies types. Conversely,
very poorly efficient flows will only partly segregate their
different grain populations, thus producing a more limited
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number of facies types characterized by poor textural
sorting.

Implicit in the concept of confinement is the
relationship of flow efficiency to the size of the depocentre
and it has previously only been qualitatively described
(Mutti & Lucchi, 1978; Lomas & Joseph, 2004; Kneller et
al., 2016). Four types of confinement have been proposed
depending on whether sediment reaches the basin margins
and the extent of its interaction with the margins. When
a flow reaches all margins of a basin, it is referred to as
ponded; when only one side of the basin is reached, it
is referred to as laterally or frontally confined depending
on the entry point of the turbidity currents. When no
contact with the basin margin occurs, it is referred to as
unconfined (Figs 1, 2; Tékés & Patacci, 2018).

This study analyses the sedimentary characteristics
of more than twenty well-studied published confined and
unconfined turbidite sheet systems. It aims to 1) summarize
the key differences between these two systems; and 2)
establish proxies that can indicate degree of confinement,
thereby helping to infer depositional architecture.

Material and methods

Nearly twenty well-studied confined and unconfined
turbidite sheet systems have been chosen in this study
and their main characteristics (sedimentary facies,
facies associations, stacking patterns and depositional
architectures) been summarized. The main confined
systems are: Miocene Marnoso Arenacea Formation of
the Italian Apennines; Oligocene Peira Cava Sandstones,
France; Early Costa Grande member;
Crognaleto complex, the Southern Laga Basin, Italy; the

Miocene

10's to 1000's kilometers

main unconfined systems are Fan 2, 3, Tanqua Karoo,
Africa; Stage 11, Cerro Bola; Mt. Bilanciere complex, the
Southern Laga Basin, Italy; Palacogene Zheya Formation,
Saga area, South Tibet. The large dataset could capture a
wide range of basin size and flow efficiency, which adds
the variety of turbidite sheet systems.

Results

The comparisons between unconfined and confined
turbidite sheet systems are focused on four aspects:
sedimentary facies, stacking patterns, facies associations,
and controlling factors, all of which will be discussed in
detail in the following sections.

Sedimentary facies

Sedimentary facies refer to bodies of sedimentary
rock with specific physical, chemical and biological
characteristics (Mutti, 1977). In sedimentary gravity flow
deposits, the scale of individual facies matches the scale
of single flow deposits. Turbidite facies are significantly
different between highly confined and unconfined
turbidite sheet systems in this study due to different
degree of confinement, i.e., the degree of interaction
with the basin margin. The common facies recognized in
unconfined systems are: (F1) normally graded sandstone
with convoluted top; (F2) structureless sandstone with
pipes and dish structures; (F3) normally graded sandstone
with mud-clast rich top; (F4) structureless sandstone
with granule lags; (F5) parallel laminated sandstone with
scattered mudstone clasts; (F6) parallel laminated passing
upwards into rippled sandstone with a centimetre-scale
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FIGURE 1. The physiography of continental margin illustrating the shelf, slope and basin floor environment. This study focuses

on basin floor turbidite sheet sandstone systems (modified from Meiburg & Kneller, 2010).
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FIGURE 2. Four types of confinement. A, Ponded. B, Laterally confined. C, Frontally confined. D, Unconfined (T6kés & Patacci,

2018).

TABLE 1. Summarised stacking patterns in various turbidite sheet systems.

Turbidite sheet systems (cited literature) Stacking patterns

Quaternary Zaire Fan, offshore Congo (Babonneau et al., 2002; Picot et al., 2016); Carboniferous Ross Sandstone P dational
rogradationa

Formation, Ireland (MacDonald et al., 2011); Eocene Central Basin of Spitsbergen (Grundvag et al., 2014). &

Latest Pleistocene Golo fan system, offshore East Corsica, France (Gervais et al., 2006; Deptuck et al., 2008);

Pleistocene basin-floor, offshore Borneo, Indonesia (Saller et al., 2008); Fan 3, Tanqua depocentre, Karoo basin, c tional
ompensationa

South Africa (Prélat et al., 2009); Unit A of the Permian Laingsburg Formation, South Africa (Spychala et al., P

2017b).

Rhone Neofan (Jegou et al., 2008). Retrogradational

Peira cava, France (Amy et al., 2007), Marnoso Arenacea Formation, Italy (Amy & Talling, 2006); ‘Confined

lobes’ of Lower Messinian Laga Basin Central Apennines, Italy (Marini et al., 2015); Eocene Hecho Group, Spain ~ Aggradation

(Remacha et al., 2005).

mudstone cap; (F7) ripple-cross laminated sandstone to
mudstone top. Three common facies are recognized in
confined turbidite sandstones: (F8) alternation of parallel-
and ripple-laminated sandstone to siltstone and mudstone;
(F9) structureless sandstone passing upwards into thick
mudstone top; (F10) Bouma-like package overlain by
multiple massive sandstone overlain by mudstone top,
sharp grain size breaks at the boundary (Representative
photos are shown in Figs 3, 4).

Stacking patterns

Stacking patterns are mainly controlled by the degree
of confinement, avulsion of the feeder-channels and
sediment supply (Spychala, 2017b, Terlaky et al.,
2016). In general, four types of stacking pattern have
been disclosed in unconfined turbidite sheet systems:
compensational, progradational and retrogradational
(Table 1) (Babonneau et al., 2002; Gervais et al., 2006;
Deptuck et al., 2008; Saller et al., 2008; Prélat et al.,
2009; Grundvag et al., 2014; Picot et al., 2016; Spychala
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Main sedimentary facies occurred
in unconfined turbidite sheet system

Main sedimentary facies occurred
in confined turbidite sheet system
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FIGURE 3. Main sedimentary facies recognized in unconfined and confined turbidite sheet systems (Weaver et al., 1992; Talling
et al., 2007a; Spychala et al., 2017a; Liu et al., 2018a, 2021b).
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FIGURE 4. Main sedimentary facies recognized in unconfined and confined turbidite sheet systems. The description of the facies
is given in Fig. 3. pls, parallel laminated sandstone; sct, siltstone and claystone; rcl, ripple cross lamination (Liu et al., 2018b).

et al., 2017b) and aggradation stacking has been disclosed index (OI) as a parameter to quantify stacking patterns
in confined settings (Haughton 1994; Remacha er al., have been established (Fig. 5). It is represented by Ol =
2005; Amy & Talling, 2006; Marini et al., 2015). Overlap  A0/A1, where AO is the overlap area and Al is the area
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FIGURE 5. Overlap index used to quantify stacking patterns. Cartoon showing the specific overlap index (OI) (OI= 0, 0.3, 1)

of two depositional elements (Al and A2) and their possible stacking patterns. OI is represented by OI= A0/A1, where A0 is the

overlap area and A1 is the area of older depositional element (Liu ef al., 2018b).

of the older depositional element. By estimating the
overlap index values of depositional elements in each
depositional system, we seek to establish a relationship
between overlap index and degree of confinement.

Compensational stacking patterns exhibit a tendency
for sediment gravity flows to fill the topographic lows
created by preceding deposits (Mutti & Sonnino, 1981).
A process-based numerical model has shown the interplay
between unconfined turbidity current and preceding
deposits, resulting in a subtle and evolving depositional
topography, determining the loci of deposition of
subsequent flows (Groenenberg et al., 2010). Deptuck
et al. (2008) observed systematic shifts in the locus
of the thickest deposits at the bedding scale due to the
subtle morphological influence of preceding deposits on
the trajectory of succeeding flows in the turbidite sheet
systems of the Golo system, offshore East Corsica. At lobe
scale, the compensation has been achieved by avulsion
of distributary channels that fed the lobes (Gervais ef al.,
20006; Saller et al., 2008).

Two types of progradational stacking patterns
have been identified at lobe scale due to limited lateral
accommodation or an increase in sediment supply
(Babonneau et al., 2002; Picot et al., 2016). Throughout
the geological record, progradation has been defined

by wvertical facies changes, i.e., an increase in bed
amalgamation, coarsening and thickening upward trends
and erosive scours at lobe element scale (MacDonald et al.,
2011; Grundvag et al., 2014) and at lobe scale (Grundvag et
al., 2014). Retrogradational stacking patterns may occur in
two scenarios, due either to limited lateral accommodation,
or reduction in sediment supply. Lobes in Rhone Neofan
retrograde because of significant decrease in sediment
supply (Jegou et al., 2008).

Aggradational stacking patterns have been observed
exclusively in confined systems (Eocene Hecho Group,
Spain, in Remacha & Fernandez 2003; Miocene Marnoso-
Arenacea Formation, Italy, in Talling, 2007 a, b; Amy &
Talling, 2006; Oligocene Peira Cava, France, in Amy et
al., 2007; confined sheets of Lower Messinian Laga Basin,
Italy, in Marini et al., 2015). In an ideal aggradational
stacking pattern, the maximum bed thicknesses remain
constant, without any variation.

Facies associations

The identification of facies associations (i.e., sub-
environment) in turbidite sheet systems is mainly based
on the degree of amalgamation and presence of associated
lithofacies (Prélat et al., 2009; Spychala et al., 2017a).
Four facies associations are commonly identified in
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unconfined submarine lobes (Fig. 6). These are lobe axis-
thick bedded highly amalgamated turbidite sandstone; lobe
off axis-medium bedded structured turbidite sandstone;
lobe fringe-thin bedded structured turbidite sandstone and
lobe distal fringe-thin bedded siltstone.

In confined systems, only proximal and distal
terminology have been wused and differences are
considerably smaller than those of unconfined turbidite
sheet systems. The thinning rate of turbidite interval
thickness ranges from 0.02 m/km to 0.2 m/km; decreasing
rates of sand percentages range from 0.5%/km to 1%/
km (Table 2). In the example of the Marnoso Arenacea
Formation, Italy, only one facies association could be
recognized with similar properties maintained across the
basin (Fig. 6).

Onlap styles

Sedimentary features of fringe facies associations could be
good indicators of the degree of confinement of turbidite
systems (McCaffrey & Kneller, 2001; Smith & Joseph
2004; Spychala et al., 2017b). Fringe facies associations
change from ‘abrupt onlap fringes’ to ‘aggradational
onlap fringes,” then from ‘facies transitions fringes’ to

‘downlap fringes’ with decreasing confinement from
high to low (Fig. 5; Spychala et al., 2017b). ‘Facies
transition fringes’ are represented by thinly-bedded,
laminated to structureless siltstone and current/climbing
ripple-laminated, very fine-grained sandstone.

Discussion

Sedimentary process

The sedimentary facies transitions from axis to margin are
good indicators for sedimentary processes. In unconfined
settings, flows either change from high-density turbidity
currents to low density turbidity current due to flow non-
uniformity or transition into laminar flow when the flows
are mud-rich and finer grained. An ideal sedimentary
facies model in a turbidite bed was proposed to include
five types of sedimentary structure transitions name Ta-
Te, i.e., Ta graded interval to Tb lower parallel laminae,
Tc current ripple laminae, Td upper parallel laminae and
Te pelitic interval (Bouma et al., 1964). When turbidity
currents enter the basin floor from the channel mouth,
they undergo rapid radial expansion with change of

A
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turbidite sandstone

turb,

[ 1Axis

Medium-bedded

FA2 FA3
Thin-bedded ripple
idite sandstone cross-laminated
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Siltstone-claystone
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FA5
mudstone tops
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Basin margin
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sandstone with thick
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FIGURE 6. Lobe sub-environment with their representative facies associations. A, In unconfined systems, a transition occurs in

the axial part to the distal part of a lobate depositional unit. B, In confined systems, no transition in facies association in depositional

unit, only a slight decrease in total thickness.
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TABLE 2. Summarized facies association characteristics of confined systems.

Rate of facies associations change (Dip direction)

Thinning rate of turbidite ~ Decreasing rate of sand

Studied intervals Degree of confinement  interval thickness percentage
Peira Cava, France (Amy e al., 2007; McCaffrey &
Lateral confinement 0.1 m/km 1% /km

Kneller, 2001)
Eocene Hecho Group, Spain (Remacha et al., 2005) Ponded 0.05 m/km 0.5% /km
‘Confined lobes’ of Lower Messinian Laga Basin

. Confined 0.2 m/km 1% /km
(Marini et al., 2015)
Marnoso Arenacea, Italy (Amy & Talling, 2006) Lateral confinement 0.02 m/km 0.5% /km

Decrease in confinement

Abrupt onlap Aggradational onlap

>

Facies transition Downlap

a a

Grés d'Annot Formation

Loma de los Bafos Formation

[

Castagnola Formation & Cenigo Turbidite system '
L

Welsh Basin Silurian systems
L ]

[ ] Sandstone
I Heterolithics

Aggradational deposits

Laingsburg Formation

FIGURE 7. Fringe facies associations with different degrees of confinement. Abrupt onlap: low amount of aggradation on the

slope, abrupt pinch out against structure. Aggradational onlap: moderate amount of aggradation on the slope compared to the basin,

aggradational onlap with draping muds. Facies transitions: low-gradient slope and high aggradation rates, facies transition and

remobilization (Spychala et al., 2017b).

confinement and decrease in slope and are thus most
likely to be depletive and waning flows, resulting in the
rapid deposition of the remaining sediment, forming the
normally graded sedimentary facies.

In confined systems, flows interact with basin
slope by deflecting and reflecting from the basin margin
(Kneller, 1995; Patacci et al., 2015; Southern et al., 2015).
In highly ponded systems, flows ‘slosh’ back and forth in
the basin several times until the energy is fully dissipated
(Fig. 8; Pickering & Hiscott, 1985). A ponded suspension
cloud of mud floccule may be established due to partial
or complete trapping of turbulent currents (Patacci et
al., 2015; Lucchi & Valmori, 1980; Pickering & Hiscott,
1985), thus individual deposits would commonly have a
thick mud cap.

Hierarchy of turbidite sheet systems

Various hierarchical schemes have been proposed to
represent the different level of stacking patterns of
unconfined turbidite sheet systems (Table 3; Gervais
et al., 2006; Deptuck et al., 2008; Jegou et al., 2008;
Saller et al., 2008; Prélat et al., 2009; Mulder & Etienne,
2010; MacDonald et al., 2011; Grundvag et al., 2014;
Terlaky et al., 2016). The hierarchical scheme proposed
by Deptuck et al. and (2008) and Prélat et al. (2009) are
widely accepted afterwards: 1) a ‘bed’ represents a single
depositional event; 2) one or more beds stack to form a
‘lobe element’; 3) several lobe elements that are divided
by thin siltstone intervals form a ‘lobe’; 4) one or more
related lobes stack to form a ‘lobe complex’ (Fig. 9).
The controlling factor on deposition of each hierarchical
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FIGURE 8. Origin of typical facies (F10) produced in confined turbidite sheet systems, which were produced by multiple

deflections and reflections from basin margin slopes. Redrawn from Haughton (1994).

TABLE 3. Comparisons of hierarchies used to describe submarine lobe deposits in outcrop and geological studies.

Authors Dataset Hierarchy scheme proposed in unconfined turbidite sheet systems
Prélat et al., 2009 Lobe complex
) Outcrop Bed/bedset Lobe element  Lobe Lobe complex
Grundvag et al., 2014 set
Mulder & Etienne, 2010  Outcrop Bed Lobe element  Lobe Lobe system Lobe complex
. ) Elementary )
Gervais et al., 2006 Geophysical . Internal unit Lobe Lobe complex
sedimentary body
Deptuck et al., 2008 Geophysical and .
Bed Lobe element ~ Composite lobe Lobe complex
MacDonald ef al., 2011  outcrop
. . Channel-mouth ~ Channel-mouth
Jegou et al., 2008 Geophysical Subunit
lobe lobe complex
. Sheetlike splay
Saller et al., 2008 Geophysical Lobe Fan
elements
Architectural
Terlaky et al., 2016 Outcrop Bed Lobe Lobe complex  Fan
element

element is different: lobe elements are initiated by avulsion
of distributary channels; lobes are initiated by avulsion of
feeder channel; lobe complexes are initiated by avulsion
of channel-levee system; and fans are initiated by avulsion
of feeder canyons. Avulsions at the lowest levels in the
hierarchy likely have an autogenic control and allogenic
controls become more dominant at higher levels (Terlaky
et al., 2016).

No hierarchical scheme has been proposed for
confined turbidite sheet systems (with confinement at the
bed scale) (Mutti, 1977; Lucchi& Valmori, 1980; Pickering
& Hiscott, 1985; Haughton, 1994; Wynn et al., 2002,
Remacha & Fernandez, 2003; Remacha et al., 2005; Amy
& Talling, 2006; Talling et al., 2007a, b; Marini et al.,

2015; Fonnesu et al., 2016; Muzzi Magalhaes & Tinterri,
2010). It is thus advocated here that the hierarchical
scheme does not apply to confined systems and such
terminology should be avoided in confined systems.

Allogenic and autogenic controls on unconfined and
confined turbidite sheet systems

In confined turbidite sheet systems, individual turbidity
currents are efficient enough to reach the basin margin
and systems are built up by the vertical stacking of
individual beds (Lucchi & Valmori, 1980; Weaver et al.,
1992; Wynn et al., 2002; Remacha & Fernandez, 2003;
Amy & Talling, 2006; Stevenson et al., 2013). However,
in unconfined turbidite sheet systems, individual turbidity
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FIGURE 9. Schematic model of a fourfold hierarchical scheme proposed in unconfined turbidite sheet systems (Prélat et al.,

2010).

currents are not powerful enough to reach the basin margin
and systems are built up by compensational stacking of
individual beds (Dudley et al., 2000; Prélat et al., 2009;
Marini et al., 2015).

Depositional architectures of turbidite sheet systems
are controlled by allogenic and autogenic factors (Prélat et
al., 2009, 2010; Groenenberg et al., 2010; Cullis et al.,
2018). Allogenic controls include climate change, sea
level fluctuation, and/or tectonic forcing (Cullis et al.,
2018; Terlaky et al., 2016), which determine sediment
supply and accommodation of the depositional systems.
Autogenic controls include examples such as the frequency
and occurrence of channel avulsion and depositional
relief on the sea floor (Deptuck et al., 2008; Terlaky et al.,
2016), which determine the auto-compensational style of
the sand body.

It is found that both sediment supply and
accommodation control the development of lobes (Fig.
10). Sediment supply is determined by climate, tectonic and
sea level variations. Degree of confinement is determined
by both the sediment supply (flow property) and local
topography. Flows are unconfined and compensationally
stack when sediment supply is small compared to basin
size; flows are confined and vertically stack instead of
compensating when sediment supply is large compared

to basin size. Prélat et al. (2009) and Terlaky et al. (2016)
invoked internal factors as playing a dominant role below
lobe complex level (terminology may vary between
systems) and external factors are dominant above lobe
complex level.

Conclusion

Turbidite sheet systems are a general term used to
describe the deposits at the terminus of submarine
channels, characterized by high aspect ratios. The
depositional architecture of turbidite sheet systems is a
key research area with not only scientific interesting but
also economic importance. This study examines about
twenty well-studied turbidite sheet systems to compare
their sedimentary characteristics. At the two ends of
the spectrum—confined and unconfined turbidite sheet
systems—there are notable differences in sedimentary
facies, stacking patterns, facies associations, and overall
depositional architectures. These different parameters can
serve as indicators of the degree of confinement, aiding
in the prediction and understanding of an unknown
turbidite sheet system.
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FIGURE 10. Summarized controlling factors of turbidite sheet systems (Jegou, 2008).
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