
Sedimentary Geology 376 (2018) 72–89

Contents lists available at ScienceDirect

Sedimentary Geology

j ourna l homepage: www.e lsev ie r .com/ locate /sedgeo
Quantitative comparisons of depositional architectures of unconfined
and confined turbidite sheet systems
Qun Liu ⁎, Ben Kneller, Claus Fallgatter, Victoria Valdez Buso
School of Geosciences, University of Aberdeen, AB24 3UE, UK
⁎ Corresponding author.
E-mail address: r01ql14@abdn.ac.uk (Q. Liu).

https://doi.org/10.1016/j.sedgeo.2018.08.005
0037-0738/© 2018 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 May 2018
Received in revised form 9 August 2018
Accepted 10 August 2018
Available online 15 August 2018

Editor: Dr. J. Knight
Degree of confinement refers to the degree to which sediment gravity flows are influenced by the surrounding
basin relief and interact with the basin margins, and is a key controlling factor in determining the depositional
architectures of turbidite sheet systems. Two well exposed late Palaeozoic sandy turbidite sheet systems in the
Paganzo Basin at Cerro Bola, north-west Argentina, termed Stages II and IV (unconfined and highly confined
respectively), provide three-dimensional constraints on facies associations, stacking patterns, depositional
geometries and evolution of these turbidite sheet systems. Cluster analysis has been applied to define facies
associations in these two systems at an appropriate hierarchical level depending on the overall nature of the sys-
tem. The overlap index (OI), OI=A0/A1,where A0 is the overlap area andA1 is the area of underlying depositional
element, is adopted to quantitatively characterise the stacking patterns. The two turbidite sheet systems show
contrasts in that: (1) Stage II is built up by four hierarchical elements, each stacked in a shingled or compensa-
tional waywith themajority of overlap index values of 0.7 and 0.8, to formhigher hierarchical elements,whereas
in Stage IV, individual beds stack vertically with OI = 1, together forming the stage and (2) Four facies associa-
tions have been identified in Stage II by cluster analysis and they occur in a spatial sequence from axis to fringe;
one facies association has been identified in Stage IV and it shows little variation spatially across the basin. In
unconfined systems, depositional elements are self-organized, and autocyclic controls are dominant, whereas in
highly confined systems, confinement has suppressed the autocyclic signal and systems are allocyclically controlled.
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1. Introduction

‘Confined turbidite systems’ are generally defined as systems where
turbidity currents are appreciably affected by the significant basin
topography, and may be deflected by and/or reflected from the basin
margin (Kuenen, 1957; Pickering and Hiscott, 1985; Kneller et al.,
1991; Haughton, 1994; Sinclair, 1994; Lomas and Joseph, 2004; Smith,
2004). The term ‘degree of confinement’ has been proposed to describe
the degree to which sediment gravity flows are influenced by the
surrounding basin relief (Lomas and Joseph, 2004; Smith, 2004;
Felletti and Bersezio, 2010; Marini et al., 2015). Liu et al. (2018) semi-
quantitatively assessed the degree of confinement experienced by
naturalflows by dividing theflow efficiency by themaximumpreserved
basin dimensions. They suggest flows with different flow efficiencies
entering the same basin will be experiencing different degrees of
confinement, and conversely, flows with the same flow efficiency enter-
ing different basins would differ in flow confinement (Liu et al., 2018).
In this paper, the term ‘confined’ has been used to describe systems
where individual turbidity currents have potential widths or lengths
larger than the basin topography, and therefore interact with the basin
margin (deflect and reflect).

The term ‘submarine lobe’ is used only to describe a depositional
sandstone body exhibiting a lobate shape, either found in modern
systems (Gervais et al., 2006; Deptuck et al., 2008; Jegou et al., 2008;
Zhang et al., 2016; Dennielou et al., 2017) or observed (or more
commonly inferred) in ancient systems (Prélat et al., 2009, 2010;
Mulder and Etienne, 2010), which are found in unconfined settings.
The lobes may be physically limited by the topography (Gervais et al.,
2006), but in terms of process (and thus – importantly – architecture)
they are not confined in the sense in which we and many others use
the term. In many ancient systems to which the term ‘lobe’ has been
applied, it is in fact impossible to tellwhether theyhave lobate geometries
or not (e.g., Marini et al., 2011, 2015). In this study, we attempt to identify
whether they are lobate or not objectively (insofar as that is ever possible
in the ancient record). The term ‘turbidite sheet systems’ as discussed in
the literature is very much based on the scale of lateral observation,
thus it does not necessarily imply one style of system or another. The
terminology of turbidite sheet systems has been adopted here instead
of lobes, to describe confined scenarios to avoiding the connotation of a
lobate morphology.
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Depositional architectures of turbidite sheet systems are largely con-
trolled by the degree of confinement (Liu et al., 2018). In unconfined
turbidite sheet systems, depositional architectures aremade up of depo-
sitional elements at a range of hierarchical scales (bed; lobe element;
lobe; lobe complex) stacked compensationally or progradationally
to form higher hierarchical elements. At the lobe scale, spatial variations
in bed thickness, sandstone percentage, facies and inferred flow proper-
ties define depositional environments termed axis, off axis, fringe
and distal fringe (e.g., Savoye et al., 2000; Gervais et al., 2004, 2006;
Deptuck et al., 2008; Jegou et al., 2008; Saller et al., 2008; Prélat et al.,
2009; Marini et al., 2011; Zhang et al., 2016; Dennielou et al., 2017).
However, in confined sheet systems, depositional architectures
are represented by individual beds that are tabular across the basin
with little thinning, and which stack vertically (Weaver et al., 1992;
Haughton, 2000; Hodgson and Haughton, 2004; Amy et al., 2007;
Marini et al., 2015).

Exceptionally well-exposed sheet-like turbidite systems in the syn-
to postglacial Pennsylvanian of the Paganzo Group at Cerro Bola,
western Argentina, include two intervals deposited in an identical
basin context but with different inferred flow properties, which are
interpreted to be turbidite sheet systems with both unconfined and
confined characteristics (Liu et al., 2018). By comparing the depositional
architectures of these two systems, i.e., characterising the three-
dimensional stacking patterns and variations of facies associations, we
aim to build a relationship between the degree of confinement and
the resultant depositional architecture.
Fig. 1. (A) Palaeogeography of the Paganzo Basin (modified from Buatois andMángano, 1995). (
2015) showing log locations. (C) Outline stratigraphic columnof Cerro Bola (modified fromDyk
focus of this study.
2. Geological background

2.1. Paganzo Basin and Cerro Bola

The Permo-Carboniferous Paganzo basin was located between 60°
and 70° S palaeo-latitude (Fig. 1A) in a retro-arc position at the western
margin of Gondwana (López-Gamundí et al., 1992) and has a present
area of 30,000 km2 (Azcuy et al., 1999). It has been interpreted as a
restricted marine environment (Buatois and Mángano, 1995) that was
influenced by multiple glacial and deglacial episodes (López-Gamundí
et al., 1992).

Cerro Bola is located in La Rioja province, north-western Argentina,
and is part of the eastern Paganzo Basin. It consists of a large, west-
vergent, doubly plunging anticline, oriented north-south (Fig. 1B),
which forms the hanging-wall anticline to the Cerro Bola thrust. The
Guandacol Formation, which is exposed in the core of the anticline
(Dykstra et al., 2011) (Fig. 1C), records three major glacial/deglacial
cycles of Mississippian/Pennsylvanian age (Dykstra et al., 2011; Valdez
Buso et al., 2015, 2017; Kneller et al., 2016).

2.2. Cerro Bola stratigraphy

The interval of interest was depositedwithin the second glacial cycle
of the late Palaeozoic Ice Age (Veevers and Powell, 1987) represented
by repeated regressive and transgressive episodes, followed by a
major flooding thatmarks the end of the glacial cycle. This was followed
B)Geologicalmap of Cerro Bola (Dykstra et al., 2011) and Sierra deMaz (Valdez Buso et al.,
stra et al., 2011). Stage II and Stage IV in theUpper Turbidites (Fallgatter et al., 2017) are the
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by a relative sea-level fall and deposition of turbidites (Lower andUpper
Turbidites of Fallgatter et al., 2017) capped by a thickfluvial-deltaic suc-
cession (Dykstra et al., 2011; Valdez Buso et al., 2015, 2017; Fallgatter
et al., 2017) (Fig. 1C).

The Upper Turbidites are 120 m thick, consisting primarily of sand-
stone sheet turbidites (Fallgatter, 2015; Fallgatter et al., 2017)
(Fig. 2A). The turbidites are divided into five stages (Fig. 2A), Stages
I–V, mainly based on their overall sandstone percentage (Fallgatter,
2015): Stage I is around 50 m thick with sandstone percentage of 50%;
Stage II is around 25 m thick with sandstone percentage of 95%; Stage
III is around 15 m thick with sandstone percentage of 30%; Stage IV is
25 m with sandstone percentage of 75% and Stage V is 20 m thick
with sandstone percentage of 40%. These stages constitute the highest
hierarchical level in the stratigraphy, and each can be traced across
the entire preserved basin outcrop. Stage II and Stage IV, being the
most sand-rich intervals (Fig. 2A), are the main focus of this study
(Fig. 2A).

The exposure occurs principally along the west face of Cerro Bola,
which has a relief of approximately 1 km. It forms a virtually continuous
section with a limited degree of three-dimensionality due to the ridges
and gullies and larger valleys that intersect the slope (Figs. 1, 2).

In the field, the individual beds in Stage II are locally amalgamated
(Fig. 2B–E), whereas the individual beds in Stage IV are easily differen-
tiated because each bed of sandstone is capped by thick mudstone
(Fig. 2C–F). Closely spaced logged sections (Fig. 1B) allowed the
Fig. 2. (A) Stratigraphic column and subdivision of upper turbidites (Fallgatter, 2015). (B) Sedim
view showing the stratigraphic relationships of Stages I–V. The boundaries of each stage are shar
1:20), log position seen in (F). (E) Close-up of Stage II with named packages 1–12. (F) Close-u
comparison of architectures between Stage II and Stage IV at bed
scale. Stage II is composed of twelve packages of thick-bedded amal-
gamated sandstones that are separated by fine-grained thin-bedded
turbidites (Fig. 2B, E); Stage IV is composed of thirteen individual
beds, which can easily be differentiated in the field (Fig. 2C, F).

2.3. Basin confinement and outcrop information

At Sierra de Maz, approximately 10 km to the NW of Cerro Bola
(Fig. 1), the whole Guandacol Formation (including Stages II and IV)
pinches out to the NW against the Precambrianmetamorphic basement
(Valdez Buso et al., 2015, see alsoMilana et al., 2010) (Fig. 1B). The sep-
aration of Cerro Bola and Sierra de Maz increases to approximately
15 km after restoration of the Cerro Bola thrust, the principal contrac-
tional structure between Cerro Bola and Sierra de Maz, based upon the
known thickness and dip of the hanging-wall Permo-Carboniferous
succession.

Stage II is a loosely confined turbidite sheet systemwhereas Stage IV
is a highly confined turbidite sheet system, based on their flow
efficiency differences (Liu et al., 2018), even though they were deposited
in the same basin. In Stage IV, individual beds possessing thick mudstone
caps andmaintaining their thickness across the basin provide evidence of
confinement (Liu et al., 2018).

The palaeocurrents in Stages II and IV are mainly to the NW (Fig. 1B),
with slight variations between units (for definition see below) of Stage II.
entary log of Stage II (measured at scale of 1:20), log positions are seen in (E). (C) Outcrop
p and are represented bywhite lines. (D) Sedimentary log of Stage IV (measured at scale of
p of the Stage IV turbidites with named individual beds (1−13).



Fig. 3. Cartoon showing the specific overlap index (OI) (OI = 0, 0.3, 1) of two depositional elements (A1 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.
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In Stage II, Unit 1 and Unit 2, a section from log 3 to log 12 runs almost
perpendicular to the palaeocurrent direction, with a small depositional
dip direction component; however, it runs oblique to the palaeocurrent
direction in Unit 3. In Stage IV, a section from log 3 to log 12 is in a
depositional strike direction (i.e., perpendicular to the palaeocurrent
direction); a section from log 3 to log 13 is parallel to palaeocurrent
direction, thus regarded as a depositional dip direction section.
Table 1
Characterisation of deepwater facies exposed in Cerro Bola (see Fig. 3 for representative photo

Facies code and title Thickness
(m)

Facies descriptions

F1
Normally graded sandstone with
convoluted top

0.4 to 1
Fine to medium grained, poorly sort
grading to fine grained moderately s
ripples situated at boundaries betwe
(different events). Sandstones are m
structures are common.

F2
Structureless sandstone with pipes and
dish structures

0.6 to 1
Fine to medium grained, poorly sort
sedimentary structures and no grain
usually have cm-scale erosion at bas
Pipe and dish structures are pervasiv
and always amalgamated.

F3
Normally graded sandstone with
mud-clast rich top

0.6 to 1
Fine to medium grained, poorly sort
grading to fine grained, mud clast ri
elongate, angular and range from 2 c
grooves and loading structures are c

F4
Structureless sandstone with granule lags 0.2 to 1

Coarse grained sandstone with high p
30%) over basal 10 cm or so, normal g
sandstone. Base of sandstone is irregu

F5
Parallel laminated sandstone with
scattered mudstone clasts 0.5 to 1

Fine to medium grained sandstone.
developed throughout the bed. Lam
variations in colour and grain size. M
elongate, have average diameter of
concentrated at the base of the sand

F6
Parallel laminated passing upwards into
ripple-cross laminated sandstone with a
centimetre-scale mudstone cap

0.2 to 0.4

Fine to medium grained, moderately
grading to fine grained well sorted r
sandstone, generally starved ripples
morphology, wavelength ca. 0.2 m,
thickness generally ≤2 cm.

F7
Ripple-cross laminated sandstone to
mudstone top

0.05 to 0.2
Very-fine grained, well-sorted, ripple-
ripple foresets usually defined by brow
material. The mudstone tops usually r
siltstone bands alternating with darke

F8
Alternation of parallel- and
ripple-laminated sandstone to siltstone
and mudstone cap

0.6 to 0.8
Fine to medium graded sandstone, r
passing upwards into parallel lamin
passing upwards into ripple-cross la
grading to siltstone and claystone. T
ripple-cross laminated sandstone an
sandstone is sharp with no obvious

F9
Structureless sandstone passing
upwards into thick mudstone top

0.6 to 4.2
Medium to coarse grained, poorly so
scattered granules, normal grading
then passing upwards into mudston
occupies ca. 25% of the bed thicknes
are common. Flute marks, grooves a
common at the base of the bed. Abu
appears at the top of the bed.
3. Methods

The dataset comprises a total of eighteen sedimentary logs (measured
in the field at a scale of 1:20) and 160 palaeocurrentmeasurements. High
resolution ground-based and drone-based photographs, walking out
of boundaries in the field, and tracing of the marker beds have helped
to improve the log correlations.
graphs).

Interpretation of depositional processes

ed sandstone, normal
orted sandstone. Convolute
en sandstone beds
ica rich. Dish and pipe

Rapid suspension fall-out rate from high density
waning turbidity currents (Lowe, 1982; Kneller, 1995).

ed sandstone. No
size change. Sandstones
e, with scattered granules.
e. Sandstones are mica rich

Rapid suspension fall-out rate from high density
turbidity currents, following or alternating with erosion
(Lowe, 1982).

ed sandstone base, normal
ch top. Mud clasts are
m to 6 cm diameter. Flutes,
ommon at the base of beds.

Rapid suspension fall-out rate from high density
turbidity currents (Lowe, 1982), with angular mud
clasts indicating up-dip erosion (Haughton et al.,
2003).

ercentage of granules (up to
rading to medium grained
lar, indicating erosive flows.

Rapid suspension fall-out rate from high density
turbidity currents (Lowe, 1982).

Parallel lamination
inations are due to subtle
udstone clasts are

5 cm and are mostly
stone.

Rapid sediment fall-out rate from turbulent suspension
(Sumner et al., 2008; Talling et al., 2012)

sorted sandstone, normal
ipple cross laminated
, with well-preserved
then into mudstone with

Deposition from surge-type, short-lived waning turbidity
currents (Kneller, 1995). Current ripples formed through
traction in a decelerating turbulent flow.

cross laminated sandstone,
n argillaceous silt-grade

epresented by brown
r grey claystone.

Slow deposition from non-erosive, waning,
low-concentration turbidity currents. Current ripples
formed through traction in a decelerating turbulent flow.

ipple-cross laminated base
ated sandstone then
minated sandstone, normal
he boundary of the
d parallel laminated
grain size change.

Alternation of parallel and ripple tractional laminations
indicate waxing then waning flow, possibly indicating
hyperpycnal flows (Mulder et al., 2003)

rted sandstone with
to fine grained sandstone
e. The mudstone top
s. Dish and pipe structures
nd loading structures are
ndant plant debris usually

Rapid suspension fall-out rate from high density
turbidity currents (Lowe, 1982). The thick mud top may
indicate flow ponding (Haughton, 1994, 2000).
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3.1. Bed number correlation

In addition to conventional lithostratigraphic correlations, a ‘split
moving window’ method (Webster, 1973, 1980; Chen and Hiscott,
1999; Palozzi et al., 2018) has been applied to all the logs of Stage II.
Mean thickness of the sandstone fraction of the beds was calculated
over a five-bedwindow,whichwas shifted one bed at a time to produce
a running five-bed mean. This method was not applied in Stage IV
because there is an insufficient number of beds for it to be meaningful.
Also the continuity of individual beds in Stage IV is such that we can
be confident of the correlations.

To remove bias due to stratigraphic variation in bed thickness, bed
number has been employed, rather than stratigraphic height, to denote
relative stratigraphic position. In this scheme, if all (time-equivalent)
turbidite beds are present everywhere across the outcrop, true correla-
tions should consist of parallel horizontal time-lines. This pseudo-
chronostratigraphic technique offers an approach to correlation that is
independent of bed thickness variations, and also aids in the identifica-
tion of intervals where beds are missing, either through amalgamation
(in sandy sections) or through mis-counting of thin beds (in muddy
sections).

3.2. Overlap index

The overlap index (OI) is a parameter used to describe the degree to
which the succeeding depositional element overlaps with the previous
one (Fig. 3). It is represented by OI = A0/A1, where A0 is the overlap
area and A1 is the area 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.
Fig. 4. (A–I) Representative photographs of facies F1–F9. Lens cover as scale (7 cm diameter). N
cross lamination.
OI = 0 (i.e., no overlap between the depositional bodies) may occur
with radial stacking from the same entry point, or where progradation/
retrogradation occurs when the younger depositional element is fed by
a channel that entirely bypasses the older; OI = 0.3 occurs with shingled
stacking when the fringe of the next depositional elements is sitting on
the axis of the previous depositional element, or where progradation
occurs when the next depositional element bypasses half of the length
the previous depositional element; OI = 1 occurs when the depositional
body is vertically stacked onto the previous one (Fig. 3).

3.3. Cluster and factor analysis

The identification of the natural facies associations and their lateral
variations within a particular interval, is our main concern in determin-
ing the architectures of Stage II and Stage IV. Cluster analysis (Blashfield,
1980) has been adopted to group facies into objectively-defined facies
associations, and to evaluate the spatial distribution of these facies
associations at an appropriate hierarchical level depending on the
overall nature of the system. Results of hierarchical cluster analysis are
presented in a dendrogram.

Factor analysis is a technique that is used to reduce the number of
measured variables by combining them into a smaller number of under-
lying latent variables or factors (in this case two), in order to explain the
variancewithin and covariance between the variables. Each of the input
variables is loaded (the inverse of weighting) according to howmuch of
the variance of a given variable is explained by that factor (Costello and
Osborne, 2005). The analysis was performed in ‘Statistical Package for
the Social Sciences’ (SPSS) software. Co-plotting these factors permits
the differentiation of categories such as different styles of depositional
systems (i.e., Stages II and IV) and the different facies associations
characterising the lobe sub-environments.
ote that pls = parallel laminated sandstone, sct = siltstone and claystone and rcl = ripple



Fig. 5. Stage II correlation and with twelve interpreted packages (P1–P12) and three units (Unit 1–Unit 3).

Fig. 6. Representative outcrops of Stage II illustrating the characteristics of packages 1–12 and Units 1–3 and their stratigraphic relationships. (A–D) illustrate the lateral changes in
packages and units, their positions in the correlations shown in Fig. 5.
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Sandstone percentage, normalized thickness, and dominant facies of
an interval are each considered as both cluster analysis and factor
analysis variables. The bed thickness data are normalized using the
maximum thickness. Stage II Units 1–3 (for definition see below) and
Stage IV are chosen as intervals of interest.

4. Results

4.1. Sedimentary facies of Stage II and Stage IV

Nine facies were defined based on lithology and sedimentary struc-
tures of individual beds, and interpreted in terms of their depositional
Fig. 7. Stage II correlations based on ‘split moving window’ technique. (A) Twelve sandstone in
moving mean plot, and are separated by thin-bedded intervals with mean 0.02 m five-bed aver
major sectionswheremis-counting of bed numbers have beenmarkedout. (B) Interpretations a
Probable under-counting of beds has been compensated by stretching the section.
process (Table 1, Fig. 4). Seven facies have been recognized within
Stage II turbidite sandstones (Table 1): (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
mudstone cap; (F7) ripple-cross laminated sandstone to mudstone
top. Representative photos are shown in Fig. 4.

Three facies are recognized in Stage IV turbidite sandstones (Table 1,
Fig. 4): (F7) rippled sandstone to mudstone top; (F8) alternation of
parallel- and ripple-laminated sandstone to siltstone and mudstone
tervals are identified (intervals 1–12) based on their distinctive bow-shaped motif on the
age sandstone thickness. Lines have been drawn through these thin-bedded intervals and
ccounting formismatchof bed numbers. Inferredmissing beds have been replaced by gaps.



Fig. 8.Mean normalized thickness of packages 1–8 decays in a linearmanner in depositional
strike direction. Mean normalized thickness of packages 6–8 thickness is assigned a linear fit
in depositional dip direction, where there are fewer constraints. The thickness data are
normalized using the maximum thickness.
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cap; (F9) structureless sandstone passing upwards into thick mudstone
top.

Individual facies descriptions and process-based interpretations are
summarised in Table 1. Sedimentary facies are thus significantly differ-
ent in Stage II and Stage IV, with only F7 appearing in both stages; Stage
II is predominately composed of F1, F6 and F7 and Stage IV is mainly
composed of F9.

4.2. Depositional architecture of Stage II

4.2.1. Hierarchical elements of Stage II
The smallest definable element in these systems is a bed, which

represents a single depositional event. Above this level, beds have been
grouped into the natural subdivisions of the succession that emerge
from the stratigraphic analysis. Where several thicker beds can be
grouped together, separated by intervals of thin-bedded turbidites
(0.02–0.2 m), they are grouped into a package (Fig. 5). Where several
packages with consistent palaeocurrent trends are grouped together,
separated by continuous thin-bedded turbidite intervals (of the order of
0.08m), this groupof packages constitutes aunit (Fig. 5). Several units to-
gether make up the stage (ca. 25 m in thickness), each stage being
persistent across the preserved part of the basin, and having a character
that is recognizably distinct from adjacent stages above and below
(Fig. 2A, C) (Fallgatter, 2015; Fallgatter et al., 2017).

4.2.2. Lithostratigraphic correlation of Stage II
Stage II is composed of twelve packages making up three units

(Fig. 5). Unit 1 has a maximum thickness of 10 m, and thins to 4 m
from the SSW to NNE. It is composed of packages 1 to 4; packages 1, 3
and 4 have their maximum thicknesses and highest sandstone percent-
ages in the SSW and pinch out to the NNE (Fig. 5), whereas package 2
has itsmaximum thickness above the thinnest exposedpoint of package
1. Individual packages 1–4 are each composed of eleven individual beds
and the maximum thickness of packages in the field are 3 m, 4.5 m,
3.3 m and 3.3 m respectively. Unit 2 has a maximum thickness of
11 m, and pinches out to SSW (Fig. 5). It is composed of packages 5 to
8, which all pinch out to SSW. Individual packages 5–8 are each com-
posed of eleven individual beds, except package 6 which is composed
of twenty beds, and the maximum thickness of packages in the field
are 2.8 m, 3.5 m, 3 m and 4 m respectively. Unit 3 has a maximum
thickness of 9.4 m, and it thins to 5 m towards the NNE. It is composed
of packages 9 to 12; package 9 pinches out towards the NNE; package
10pinches out towards the SSWandpackages 11 and 12 thin in both di-
rections with the maximum thickness and highest sandstone percent-
age in the middle of the correlated section. Individual packages 9–12
are each composed of eight individual beds and themaximum thickness
of packages in the field are 2.3m, 2.6 m, 1m and 2.8m respectively. The
high quality exposure provides the opportunity to identify individual
units and packages from high resolution field photographs (Fig. 6).

4.2.3. Bed number correlation of Stage II
The individual logs are composed of sandier intervals which are

separated by thin-bedded turbidite intervals with mean bed thickness
of 0.02 m (Fig. 7A) and facies F6 and F7. Each of these sandy intervals
has a distinctive bow-shaped motif on the plot of moving average of
bed thickness (Fig. 7A). The correlation lines are drawn through the
thin-bedded turbidite intervals and are parallel to each other except in
few places where bed numbers have been mis-counted. There are four
possible reasons for intervals where beds are apparently missing:
amalgamation; mis-counting of thin-bedded turbidite bed numbers
(silty layers of just few centimetres); individual beds have pinched
out entirely; or simply non-deposition.

The sandy intervals (intervals 1–12) defined by this technique
correspond to the packages (packages 1–12) defined earlier (Fig. 5).
This method thus complements the identification and lithostratigraphic
correlation of sandstone packages.
4.2.4. Stacking patterns of Stage II

4.2.4.1. Geometries of packages. Thinning rate, i.e., the percentage of bed
thickness change over distance (%/km), is used here to characterise the
geometries of packages.Meannormalized package thickness decays in a
linear manner in depositional strike direction, and a linear fit has
also been found in depositional dip direction, where there are fewer
constraints (Fig. 8). The thinning rate is three times higher in deposi-
tional strike direction than dip direction, being 15%/km in depositional
strike direction and 5%/km in depositional dip direction (Fig. 8). In
depositional strike direction, the packages with maximum thickness
decay in both strike directions, but unidirectionally in depositional dip
direction. Thus these packages are elongate sandstone bodies, with
length/width ratio close to 2:1. This ratio and thinning rate has been
applied to other packages where their depositional dip direction thick-
ness are zero in log 13, themost distal log, at Sierra deMaz. Even though
there might be a discrepancy of length/width ratio in the same system,
the similarity in depositional strike direction thinning rates suggests
that they are broadly similar sandstone bodies.
4.2.4.2. Stacking patterns of packages and units. Based on the large thin-
ning rates of packages across depositional strike and along depositional
dip (Fig. 8), lobate planform geometries have been applied to represent
these packages as a rough approximation to many seen on the modern
sea floor (Babonneau et al., 2002; Savoye et al., 2000; Deptuck et al.,
2008; Jegou et al., 2008; Picot et al., 2016; Zhang et al., 2016;
Dennielou et al., 2017), without implying equivalence to ‘lobes’ as de-
fined by Prélat et al. (2009). The orientation and shape of individual
packages as well as package entry points have been estimated based
on the palaeocurrent data and thickness isopachs (Fig. 9). Packages 1–
4 show a compensational stacking pattern with the packages migrating
north-eastwards and then south-westwards to form Unit 1; packages
5–8 show a shingled stacking pattern with the packages migrating
continuously north-eastwards to form Unit 2; packages 9–12 show a
compensational stacking pattern with the packages migrating north-
eastwards and then south-westwards to form Unit 3 (Fig. 9). Inferred
entry points for packages in Stage II migrate mainly across strike direc-
tion (Figs. 9, 10A) and thus they are referred to as compensationally
stacked, or shingled.

Units are built up of packages, thus the plan-view dimensions of
units are best estimated by delineating the boundaries of their constitu-
ent packages (Fig. 10). Units are found to have similar dimensions
(thickness × width × length) to one another: Unit 1, 10 m × 15 km
× 20 km; Unit 2, 12 m × 14 km × 20 km; and Unit 3, 8.7 m × 15 km
× 20 km (Fig. 10). They stack compensationally to form Stage II with



Fig. 9.Maps of the Stage II packages 1–12. The shapes of the packages are represented by isopachs (equal value of thickness) constructed so that the long axis of the package is parallel to
palaeocurrent direction. Most of the isopachs are inferred based on the thinning rate.
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the units migrating north-eastwards and then south-westwards and
OIU1–2 = 0.5 and OIU2–3 = 0.9 respectively (Fig. 10).

4.3. Depositional architecture of Stage IV

4.3.1. Hierarchical elements of Stage IV
The individual beds in Stage IV (Beds 1–13)were correlated for 8 km

across depositional strike direction and 15 km in depositional dip
direction (Fig. 11). The exceptional degree of exposure offers the oppor-
tunity to identify and correlate individual beds from high resolution
field photographs (Fig. 11B–D).

4.3.2. Stacking patterns of individual beds
Spatial thickness variations of individual beds (except beds 1–3) in

Stage IV display a power law decay in both depositional strike and
depositional dip directions, with a higher decay rate in depositional



Fig. 10. (A) Packages 1–12 in Stage II are dominated by shingled and compensational stacking. Overlap index values range from 0.2 to 0.8 with the majority 0.7 and 0.8. (B) Units 1–3 in
Stage II are compensationally to nearly vertically stacking with overlap index values 0.5 and 0.9 respectively.
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dip direction (Fig. 12). Beds 1–3 are not taken into account in the decay
curves because they are significantly thicker near the onlap. We do not
have sufficient control to determine whether the deposits thicken
progressively across the basin or whether the thickening is restricted to
the area immediately adjacent to the onlap as described by McCaffrey
and Kneller (2001).

The individual beds of Stage IV are interpreted to have ellipsoid
planform geometry based on the depositional strike and dip direction
decay curves (Fig. 13). On the assumption that deposits thin downflow,
isopachs are drawn perpendicular to the local palaeocurrent, and their
geometries are calculated according to the decay curves (Fig. 13). The
positions of maximum thickness of individual beds change randomly by
ca. 2 km, with OI values of adjacent beds nearly 1 (Fig. 13). The system
is thus vertically aggrading.

However, adjacent beds stack in a slightly compensational way across
depositional strike direction (Fig. 14). The thicknesses of stratigraphically
adjacent beds are negatively correlated (as, for example, beds 1 and 2, and
beds 11 and 12; Fig. 14).

4.4. Quantitative analysis on variations in Stage II and Stage IV

4.4.1. Variations of key variables in Stage II and Stage IV
In Stage II Units 1–3, in an approximate depositional strike direction

(section log 3–12), there is a consistent decay in normalized unit thick-
ness, sandstone percentage and mean bed thickness (Fig. 15), accompa-
nied by a consistent transition from thick-bedded F1 sandstones to
thinner bedded F6 and F7 facies (Fig. 15). Facies F1, F6 and F7 are the
dominant facies in Stage II, accounting for at least 80% of beds. In Stage
IV, there is little variation in facies, normalized thickness, sandstone
percentage andmean bed thickness in either depositional strike or depo-
sitional dip direction. F9 is the dominant facies in Stage IV, occupying
N85% of beds. Overall, F1, F6, F7 and F9 are the dominant facies in Stage
II and Stage IV, and their relative proportions are thus chosen as cluster/
factor analysis variables in addition to sand percentage and normalized
bed thickness. Stage II Units 1–3 and Stage IV with their values of
cluster/factor analysis variables are shown in Table 2.
4.4.2. Cluster analysis undertaken in Stages II and IV
Five groups have been identified by hierarchical cluster analysis and

are shown in the dendrogram (Fig. 16). The distances between groups
represent the magnitude of differences between them, the bigger the
distance value, the larger the differences between groups (Fig. 16).
The SPSS dendrogram rescales the distances between groups to num-
bers between 0 and 25. Each group possesses similar characteristics in
sandstone percentage, overall thickness, and dominant facies, i.e., they
represent a facies association; thus five facies associations have been
identified (Fig. 16). Stage II is composed of four facies associations
FA1–FA4 and Stage IV is composed only of a single facies association,
FA5 (Fig. 16).

The distance value between Stage IV (Group 5) and Stage II (Groups
1–4) is the largest, with a distance value of 25, i.e., Stage II and Stage IV
are significantly different. The distance value between Groups 1–2
(FA1–2) and Groups 3–4 (FA3–4) are the second largest, with the
distance value of 15. The smallest distance value are between Group 1
and Group 2; Group 3 and Group 4, being 5, which means Group 1



Fig. 11. (A) Individual bed-to-bed correlation of Stage IV turbidite sandstones. (B–D): show representative outcrops of Stage IV individual beds in the field; their positions are shown in
panel A.
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(FA1) bears more similarities with Group 2 (FA2), and Group 3 (FA3) is
more similar to Group 4 (FA4).

4.4.3. Factor analysis undertaken in Stages II and IV
Two factors were identified (the criterion for validity being an

eigenvalue of N1), to best represent the six variables. The first factor,
consisting of normalized thickness, sandstone percentage, and F1,
represents 90%, 90% and 60% respectively of the variance in these
parameters; the second factor consisting of proportions of F6, F7,
and F9, represents 80%, 80% and 90% respectively of the variance
(Table 3). Two groups, Stage II and Stage IV, are well differentiated by a
scatter plot with factor one (normalized thickness + sandstone
percentage + F1) on the x axis, and factor two (F6 + F7 + F9) on the y
axis (Fig. 17A). In Stage II Units 1–3, units trend fromhigher values of fac-
tor one to higher values of factor two, whereas no systematic difference
could be found in Stage IV (Fig. 17A).



Fig. 12. Stage IV mean normalized individual bed thickness decay in depositional strike
and depositional dip direction; both have power law best fit.
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The four facies associations within Stage II, FA1 to FA4, derived from
the hierarchical cluster analysis, have been combinedwith the results of
the factor analysis, and these facies associations are clearly differenti-
ated on the factor analysis cross-plot (Fig. 17B). The terminology ‘axis’,
‘off-axis’, ‘fringe’ and ‘distal fringe’ (Prélat et al., 2009; Grundvåg et al.,
2014; Zhang et al., 2016; Spychala et al., 2017a, 2017b) has been
adopted here to describe the unit sub-environments, corresponding
directly with FA1-FA4 respectively (Fig. 17B). Detailed schematic logs
of the facies associations (and thus unit sub-environments) are shown
Fig. 13. Stage IV individual bed thickness contours for beds 8 to 12, drawn based on depo
palaeocurrents. The isopachs are drawn approximately perpendicular to the local palaeocurren
in Fig. 18, with five key quantitative indices: dominant facies, total
thickness, average bed thickness, sandstone percentage and amalgam-
ation percentage. Representative photographs are shown in Fig. 19.

4.5. Depositionalmodels of unconfined and confined turbidite sheet systems

In Stage II, there is a gradual lateral transition from FA1 to FA4 at the
unit scale, i.e., from thick-bedded amalgamated turbidite sandstone to
medium-bedded turbidite sandstone to thin-bedded ripple cross-
laminated turbidite sandstone to siltstone-claystone dominated
deposits (Fig. 20A). It is notable that there are no hybrid beds (sensu
Haughton et al., 2009) at the fringe.

In Stage IV, beds have smaller thinning rates in depositional strike
direction than in depositional dip direction. The whole stage is built
up by individual beds with inferred ellipsoid planform thickness
distributions and based on thinning rates alone, the NE-SW dimension
is predicted to be much larger than NW-SE, stacking almost vertically
to form approximately tabular depositional architectures without
significant facies association variation (Fig. 20B).

5. Discussion

5.1. Usage of terminology and models in turbidite sheet systems

In Stage II, the mean width to maximum thickness ratios of different
hierarchical elements are: individual bed 5000:1; package 3000:1; unit
2000:1 and stage 1000:1 (Fig. 21). These ratios are similar to ‘unconfined
lobes’ (e.g., Amazon, Tanqua Karoo and Zaire) (Babonneau et al., 2002;
Jegou et al., 2008; Prélat et al., 2009) as defined in Prélat et al. (2010),
sitional strike and depositional dip direction decay curves (Fig. 12) and the observed
ts.



Fig. 14. Normalized thickness of adjacent individual beds (Bed 1 thickness vs Bed 2 thickness, and Bed 11 vs Bed 12 thickness) measured at a depositional strike direction section (L3 to
L12) in Stage IV. Note that there is a negative relationship.

Fig. 15. (A–C) Stage II individual units (Unit 1–Unit 3) normalized thickness, sandstone percentage, average bed thickness and facies proportion along section log 2–log 12 (positions of
logs shown in Fig. 1B). (D) Stage IV normalized thickness, sandstone percentage, average bed thickness and facies proportion along dip direction section log 3–log 13 and strike direction
section log 3–log 12.
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Table 2
Studied intervals with their cluster/factor variables.

Studied intervals Normalized thickness Sandstone percentage F1 F6 F7 F9

Stage II Unit 1 log 2 0.53 0.65 0.00 0.30 0.70 0.00
Stage II Unit 1 log 4 0.64 0.75 0.18 0.52 0.30 0.00
Stage II Unit 1 log 7 0.80 0.80 0.22 0.43 0.35 0.00
Stage II Unit 1 log 9 0.90 0.89 0.25 0.35 0.25 0.00
Stage II Unit 1 log 10 0.98 0.98 0.27 0.23 0.18 0.00
Stage II Unit 1 log 12 1.00 0.99 0.39 0.29 0.07 0.00
Stage II Unit 2 log 2 0.92 0.90 0.19 0.16 0.51 0.00
Stage II Unit 2 log 4 0.88 0.87 0.15 0.14 0.54 0.00
Stage II Unit 2 log 7 0.62 0.45 0.10 0.33 0.50 0.00
Stage II Unit 2 log 9 0.58 0.40 0.02 0.38 0.60 0.00
Stage II Unit 2 log 10 0.54 0.20 0.00 0.25 0.75 0.00
Stage II Unit 2 log 12 0.50 0.15 0.00 0.09 0.91 0.00
Stage II Unit 3 log 2 0.57 0.60 0.20 0.26 0.35 0.00
Stage II Unit 3 log 4 0.66 0.62 0.16 0.28 0.36 0.00
Stage II Unit 3 log 7 0.73 0.65 0.20 0.20 0.40 0.00
Stage II Unit 3 log 9 0.74 0.77 0.35 0.18 0.30 0.00
Stage II Unit 3 log 10 0.78 0.78 0.43 0.21 0.30 0.00
Stage II Unit 3 log 12 0.85 1.00 0.42 0.08 0.30 0.00
Stage IV log 13 0.89 0.80 0.00 0.00 0.00 1.00
Stage IV log 1 0.93 0.82 0.00 0.00 0.07 0.86
Stage IV log 2 0.94 0.74 0.00 0.00 0.07 0.86
Stage IV log 3 0.97 0.76 0.00 0.00 0.07 0.89
Stage IV log 6 0.95 0.89 0.00 0.00 0.20 0.80
Stage IV log 10 1.00 0.78 0.00 0.00 0.08 0.87
Stage IV log 12 0.99 0.75 0.00 0.00 0.10 0.90

85Q. Liu et al. / Sedimentary Geology 376 (2018) 72–89
with the mean width to maximum thickness ratio close to 1000:1. The
mean width to maximum thickness ratio of individual beds in Stage IV
is 10,000:1, in the Miocene Marnoso Arenacea, Italian Apennines, it is
20,000:1 (Amy and Talling, 2006) and in the Oligocene Peira Cava sand-
stones, SE France, it is 5000:1 (Amy, 2000), whose data show maximum
thickness vs width ratios spanning the fields of lobe element and lobe,
as defined by Prélat et al. (2010).
Fig. 16. Hierarchical cluster analysis applied in Stage II Units and Stage IV represented by
dendrogram. The horizontal axis is the distance between groups. Five groups (Groups 1–5)
are identified with their distance value b4.
Stage II follows a four-fold hierarchy scheme: bed; package; unit;
stage. The way these elements build up higher hierarchical depositional
units is similar to other unconfined turbidite sheet systems (e.g., Gervais
et al., 2004, 2006; Deptuck et al., 2008; Jegou et al., 2008; Saller et al.,
2008; Prélat et al., 2009, 2010; Groenenberg et al., 2010; Marini et al.,
2011, 2015; Grundvåg et al., 2014; Picot et al., 2016; Zhang et al.,
2016; Dennielou et al., 2017; Spychala et al., 2017a, 2017b). Based on
the similarities inmeanwidth tomaximum thickness ratio and stacking
patterns, Stage II is considered consistent with the ‘unconfined lobe’
model proposed by Prélat et al. (2009), i.e., the package is hierarchically
equivalent to a lobe element, the unit is to a lobe, and the stage is to a
lobe complex (Table 4).

However, Stage IV is built up by individual beds, without any pack-
ages/lobe elements or units/lobes. Analogous systems, like Marnoso
Arenacea, Italian Apennines (Amy and Talling, 2006) and Peira Cava,
SE France (Amy, 2000) are also built up by basin-scale individual beds
with small thinning rates. They do not conform to such a model and
thus the terminologies of lobe element, lobe and lobe complex should
not be applied in these systems (Amy, 2000; Amy and Talling, 2006).

5.2. Nature of the stratigraphic hierarchy in turbidite sheet systems

Unconfined turbidite sheet systems are dominated by autocyclic con-
trols below the stage hierarchical level, i.e., the flows are self-organizing
and controlled mainly by local topographic relief (Prélat et al., 2009;
Groenenberg et al., 2010; Picot et al., 2016; Zhang et al., 2016;
Dennielou et al., 2017); confined turbidite sheet systems are allocyclically
controlled,which is very likely due toflow confinement. The thin-bedded
Table 3
Two factors identified by factor analysis with their composed variables.

Factor 1 Factor 2

Normalized thickness 90%
Sand percentage 90%
F1 60%
F6 80%
F7 80%
F9 90%



Fig. 17. (A) Scatter plots showing the distinction of Stage II and Stage IV by factor analysis; x and y axes represent two categories of variables, classified by the factor analysis.
(B) Differentiation of four clusters in Stage II and one cluster in Stage IV identified by hierarchical cluster analysis (see Fig. 16). The five clusters are defined as facies associations FA1-FA5.
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turbidite intervals that separate packages and units in Stage II (Fig. 5)
have facies characteristics similar to those of FA5 (unit distal fringe facies
associations) defined in this paper. Were they due to allocyclic abandon-
ment, then theywould be expected to be present also in Stage IV,which is
not the case here.

If the two stages have the same lithostratigraphic status, they may
represent periods of time of roughly the same order of magnitude,
given that the stages are parts of the same depositional system
deposited in the same basin and similar depositional environment.
Since the total number of beds in Stage IV (thirteen beds) is far fewer
than in Stage II (approximately one hundred and fifty beds), the turbid-
ity currents would have been far less frequent during deposition of
Stage IV than in Stage II. This may account for their larger volume (Liu
et al., 2018).
5.3. Basin confinement

Individual beds in Stage IV have a lower thinning rate in depositional
strike direction than in depositional dip direction (Fig. 12). This is con-
sistent with other systems where the basin width is significant smaller
than basin length (Amy, 2000; Amy and Talling, 2006). Stage II and
Stage IV in Cerro Bola were deposited in a sub-basin in which the
Fig. 18. Stage II Facies Association FA1-FA4 and Stage IV Facies Association FA5 shown by sc
thickness, sandstone percentage and amalgamation percentage.
southwestern side is likely to have been controlled by the Valle Fertil
fault (Milana et al., 2010). If the lateral confinement in this sense is
smaller than the frontal confinement, it may be conjectured that the
NE confinement, i.e., the basin margin, is located b15 km away
(Fig. 22). The estimated original sub-basin is either an enclosed basin
with dimensions roughly b15 km × 15 km, or an elongate basin with
width (NE-SW) b15 km and length unknown (Fig. 22). In whichever
sense, flows in Stage IV are confined both laterally and frontally, thus
Stage IV could be referred to as a ponded system (Haughton, 1994;
Hodgson and Haughton, 2004). The inferred width of individual beds
in Stage IVwould have to be adjusted to equal the basin width (Fig. 22).
6. Conclusions

The degree of confinement is a key controlling factor in determining
the depositional architectures of turbidite sheet systems. The compari-
son of depositional architectures of Stage II (unconfined to loosely con-
fined turbidite sheet system) and Stage IV (confined turbidite sheet
system) in the Paganzo Basin at Cerro Bola, north-west Argentina, al-
lows us to identify the relationship between degree of confinement
and the resultant depositional architecture. In highly confined systems,
the autocyclic signals have been greatly suppressed and the systems are
hematic logs representing the five key indices: dominant facies, thickness, average bed



Fig. 19. Pictures of representative Facies Associations in Stage II and Stage IV (FA1-FA5). (A) FA1-Axis: thick-bedded amalgamated turbidite sandstone. (B) FA2-Off axis: medium bedded
turbidite sandstone. (C) FA3-Fringe: thin-bedded rippled cross-laminated sandstone. (D) FA4-Distal Fringe: siltstone-claystone dominated intervals. (E) FA5: intervals dominated by
normally graded thick sandstones bed with thick mudstone tops.
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more allocyclically controlled, due to limited accommodation space. The
individual beds have their planform geometries corresponding to basin
geometries and stack vertically to form simple ‘sheet-like’ architectures
Fig. 20. Cartoon showing (A) the depositional model of a unit in Stage II and (B) hypothe
with little variation in facies association. In unconfined systems, the
autocyclic signals are dominant. Sandstone bodies exhibit lobate shapes
and are self-organized, e.g., compensational stacking.
tical geometry of an individual bed in Stage IV based on thinning rates (cf., Fig. 22).



Fig. 21. Log-log plot of width vs. maximum thickness for different hierarchical levels of
depositional elements in unconfined lobe systems (Tanqua Karoo, Amazon, Zaire)
summarised in Prélat et al. (2010), and systems summarised in this study (Marnoso
Arenacea, Peira Cava, Stage II and Stage IV).

Table 4
Comparisons of hierarchical elements used in previous and this study.

Studied system Hierarchical elements

Stage II Bed Package Unit Stage
Stage IV Bed x x Stage
Previous studies Bed Lobe element Lobe Lobe complex
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Three new techniques have been applied in this study: bed number
correlation; cluster and factor analysis and overlap index. The ‘bed
number correlation’ technique introduced in this study is an aid to cor-
relation in depositional systems like Stage II where there is large lateral
Fig. 22. Individual bed normalized thickness isopach in Stage IV taking account of possible
lateral confinement. The inferred basin margin is b15 km away from the Valle Fertil fault.
In this figure, a distance of 12 km has been drawn.
variation of turbidite facies and thickness. Cluster analysis and factor
analysis together offer an objective and effective way of defining facies
associations in turbidite sheet systems, and classifying different styles
of depositional systems. The ‘overlap index’ that has been developed
in this study may be used as a quantitative index to represent the
relationship of the degree of confinement and depositional architecture
in turbidite sheet systems.
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