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ABSTRACT

Submarine lobes have various geometries and stacking patterns, whose differences are
likely to be the result of variations in flow efficiency and degree of confinement. This study
examines four contrasting units with differing flow efficiency and confinement, to evaluate
their roles on bed geometries and stacking patterns. Three of these occur in the Late
Palaeozoic Paganzo basin, NW Argentina: the Las Lajas system is developed in a 0.8 km
wide palaeofjord; the Cerro Bola system (of which two different units were studied) was
deposited in a larger sub-basin, of least 20 km width. The Paine C system of the late
Cretaceous Magallanes Basin in Chile is confined by an incision surface 3 km wide. 78
individual beds in the four units have been chosen to calculate flow efficiency and degree of
confinement. Individual flow efficiency has been estimated semi-quantitatively by a bed’s
outcrop cross sectional area (as a proxy for flow volume) and percentage of mud in the
beds (as a relative estimate for that in the flows). The degree of confinement experienced
by the flows was assessed semi-quantitatively by dividing the flow efficiency by the
maximum preserved basin dimension. It is found that: 1) Degree of confinement (efficiency
divided by maximum preserved basin dimension) influences individual bed geometry,
highly confined flows having a higher tabularity (smaller thinning rate); 2) In highly confined
settings, individual beds stack vertically, whereas in unconfined systems, they stack
compensationally; 3) Highly confined or high efficiency flows have higher tabularity (smaller
thinning rate), which implies that truly sheet-like systems are only developed in highly
confined and high efficiency systems. The generic model of architecture of submarine lobes
and turbidite sheet systems, as a function of flow efficiency and degree of confinement,

could be applied widely to sheet-like systems both at outcrop and in the subsurface.

Keywords Submarine lobes flow efficiency degree of confinement Turbidite sheet

system stacking patterns

INTRODUCTION

The term submarine lobe (or splay) refers to a sediment body developed at the terminus of or lateral

to a submarine channel, typically represented as having a roughly lobate, ovoid or fan-like shape
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(suprafan lobe and lower fan of Normark, 1970, 1978; Mutti and Normark, 1987; Pirmez et al., 2000;
Posamentier and Kolla, 2003). Lobes are generally considered to have broadly sheet-like internal
architectures, at least as far as bed geometries can be discerned in outcrop, and the terms ‘sheet
system’ and ‘lobe’ are often used more or less interchangeably.

In this paper, the term ‘submarine lobe’ has been used to refer to systems in which the internal
architecture is largely if not entirely controlled by the dynamics of the flows that build the lobe rather
than any surrounding topography. We use the term ‘turbidite sheet system’ to refer to any turbidite
depositional system where the individual beds are more or less tabular or are lenticular with very high
aspect ratios (typically well in excess of 102). Neither term implies that the system consists wholly of
turbidites, and either might include a debrite or hybrid component.

The nature of such systems has sometimes been interpreted in terms of ‘flow efficiency’, a
qualitative concept proposed by Mutti (1979) to describe the ability of a flow to deliver sand in a
basinward direction, i.e. the run-out distance. Flow efficiency is controlled by flow volume and
percentage of fine-grained material in suspension (Mutti, 1992). Amy et al. (2000), Samuel et al.
(2003) and Al Ja’aidi et al. (2004) proposed that flow concentration also played a role.

The form of sheets or lobes may be controlled largely by the degree to which they are contained or
confined by the topography. Confinement refers to the degree to which sediment gravity flows are
influenced by the surrounding basin relief (Mutti & Ricci Lucchi, 1978; Thornburg et at., 1990; Weaver
et al., 1992; Kneller, 1995; Smith, 2004; Lomas and Joseph, 2004). Confined settings can occur
wherever there is negative relief on the sea floor. On large scales, they may occur in virtually any type
of structurally-controlled basin, such as fore-arc settings (Vinnels et al., 2010), foreland basins
(Sinclair, 1994; Haughton, 2000; Amy et al., 2007; Felletti and Bersezio, 2010), rift basins (Ravnas
and Steel, 1997), intraslope salt-withdrawal basins (Winker, 1996; Prather, 1998; Beaubouef et al.,
2003), and those affected by salt or shale diapirism (Van Rensbergen et al., 1999). On small scales,
they can occur in the relief on the top of mass-transport deposits (Armitage et al., 2009; Kneller et al.,
2016). Whether flows are confined depends upon on their run-out distance relative to the basin size.

Various studies have suggested that apparently sheet-like turbidite systems with low flow efficiency
in unconfined settings are more likely to show wedge geometry and compensational stacking
architecture, i.e. individual beds are discontinuous and pinch out rather quickly in response to
thickening of the underlying bed (e.g. Dudley et al., 2000; Deptuck et al., 2008; Jegou, et al., 2008;
Prélat, et al., 2010; Marini et al., 2015), whereas those systems developed in high efficiency, highly
confined settings are more likely to show tabular geometries (continuous beds with a smaller rate of
lateral thinning), typically showing more or less vertical stacking, without systematic offset (Haughton,
1994; Remacha and Fernandez, 2003, 2005; Talling et al., 2007). However, the relationship between
flow efficiency and confinement on the one hand and stacking patterns and individual bed tabularity
on the other have not yet been established.

This paper, for the first time, attempts to quantify flow efficiency and degree of confinement, and
their effects on architectural styles. We present detailed field data from four contrasting systems in

order to demonstrate the effects of these controls on spatial changes and likely lateral continuity of
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individual turbidite beds. Finally, we suggest a generic model for submarine lobe or sheet system

architecture based on flow efficiency and degree of confinement in the system.

GEOLOGICAL CONTEXT

Geographic setting of the three field areas

The datasets are taken from three field areas (Fig.1A). Two of the study areas (Cerro Bola and Las
Lajas), are developed in the Carboniferous Paganzo Basin in northwest Argentina, in the time-
equivalent Guandacol and Jejenes Formations (Bashkirian; Valdez Buso et al., 2017). The tectonic
setting of the Paganzo Basin has been described as a retro-arc foreland basin (Ramos, 1989), a
strike-slip basin (Fernandez Seveso & Tankard, 1995), or half-graben (Milana et al., 2010). The basin
was connected by narrow seaways to the open ocean to the west, with a continental ice sheet to the
east (Fig. 1B). During mid-Carboniferous times, the basin experienced several glacial events, followed

by melting and consequent flooding of the continental landmass (Lopez-Gamundi et al, 1992).

The Cerro Bola area (Figs.1, 2, Table 1), where two of the studied systems occur, is in the northern
part of the basin (Fernandez Seveso and Tankard, 1995; Limarino et al., 2002). The sub-basin width
of at least 20km is constrained by onlap of the more distal parts of the section onto basement in the
northwest, and the width of the exposed section approximately parallel to the palaeocurrents. In
contrast, Las Lajas outcrops, to the SSW (Figs 1, 3, Table 1), occur within a c.1km wide palaeofjord,
incised into the Ordovician San Juan Formation limestones. The onlap onto the fjord walls is well

exposed on both sides of the fjord (Dykstra et al., 2006).

—The Silla syncline, is within the Magallanes Basin, located in Patagonia, southern Chile (Fig. 1C),
in Torres del Paine National Park. It is regarded as part of a N-S retro-arc foreland basin (Biddle et al.,
1986; Wilson 1983. 1991). The Silla syncline includes deposits of the Cerro Toro Formation
(Campanian), which records the southward filling of the foreland basin (Fig. 1C) (Crane and Lowe,
2008), and which we interpret as lower to middle slope deposition. The Cerro Toro Formation is
exposed as a series of generally north to south striking ridges in the fold and thrust belt east of the
Andean Cordillera, and this study focuses on the exposures around the Silla Syncline (Fig. 1C).

The three studied outcrops therefore represent beds deposited in basins ranging in widths of over

an order of magnitude (0.8km to 20km) and within sand percentage sequences ranging by a factor of

2 (0.40-0.99).

Cerro bola study area

Cerro Bola exposes an inlier of upper Palaeozoic section in a large, doubly-plunging, north-south
oriented, hanging wall anticline to a thrust that dips east at about 24° (Fig. 2A) (Milana et al., 2010;
Dykstra et al., 2011) of Neogene to Recent age (Zapata and Allmendinger, 1996; Jordan et al., 2001).

The succession exposed in the Cerro Bola anticline records alternations between fluvio-deltaic

sediments, turbidite intervals and aquatills (Dykstra et al., 2011) (Fig. 2B). The overall shallowing-
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upward succession ranges from Carboniferous to Permian over a total stratigraphic thickness
exceeding 1 km (Fig. 2B, Milana et al., 2010; Dykstra et al., 2011; Fallgatter et al., 2017). Correlative
strata occur at Sierra de Maz, approximately 10 km to the NW, restoring to perhaps 15 km after
removal of thrust displacement (Milana et al., 2010; Valdez Buso et al., 2015), where
Mississippian/Pennsylvanian rocks are seen to onlap metamorphic Precambrian basement, uplifted

along the currently active Valle Fertil fault.

Within the Bashkirian (early Pennsylvanian) part of the Cerro Bola succession is a unit of turbidites
(Milana et al., 2010; Dykstra et al., 2011; Fallgatter et al. 2015; 2017). These turbidites have been
divided into five stages (named TS1 to 5; Fig. 2; Fallgatter et al., 2015, 2017), of which two, TS2 and
TS4 (Fig. 2B) (Fallgatter et al., 2017), have been chosen for detailed bed-to-bed correlation. The
general palaeocurrent direction is towards the northwest, which means the existing outcrop is oblique
to the depositional dip direction. Both TS2 and TS4 are about 25m in total thickness. TS2 is a very
sandy system, with 95% sand, whereas TS4 has 75% sand (Table 1).

Las Lajas study area

Quebrada de las Lajas, near San Juan city, western Argentina, preserves an exactly co-eval
Bashkirian (Valdez Buso et al., 2017) glacial to postglacial succession that was deposited in an over-
deepened palaeofjord (Dykstra et al., 2006) (Fig. 3A). The sedimentary succession has been divided
by Dykstra et al. (2006) into four evolutionary stages: |, an ice-contact delta and proglacial lake; Il, a
relatively quiet, deep-water marine environment punctuated by turbidity currents; Ill, an
aggradational, confined, relatively deep-water turbidite sheet sand system; and 1V, the subaqueous
portion of a progradational, coarsening and shoaling-upward coarse-grained delta (Fig. 3B). The
entire sedimentary succession comprises approximately 350m exposed thickness (Fig. 3C), with the

walls of the palaeofjord being visible at outcrop.

The studied interval is part of the stage Il turbidites and is around 40m thick, with about 40% sand.

The outcrop is very well exposed, and the individual beds we have chosen for the correlation are
virtually 100% exposed observed along the line of correlation. Three dimensionality of the outcrop

confirms the correlations.

Silla syncline study area

The Cerro Toro Formation in the Silla syncline (Fig.4A) is at least 1100m thick and includes three
major conglomerate and sandstone units (the Pehoe, Paine and Nordenskjold members; Crane and
Lowe, 2008) within a background of thin-bedded sandstone and dark grey mudstone (Fig. 4B, 4C).
The Paine member is regarded as part of a confined slope system (Beaubouef, 2004), with an
alternation of channel and lobe deposition (Crane and Lowe, 2008; Bernhardt et al., 2011). The Paine
Member has been divided into three sub-members, Paine A, B and C. Paine C is itself sub-divided
into three phases; phases 1 and 2 represent the channel-fill, while phase 3 represents the succeeding
sandy lobe (Bernhardt et al., 2011) that passively infills the residual channel relief. In this paper, we

use the term Paine C to refer only to the phase 3 sandy lobe infill. This consists of an 80m section of
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turbidites, confined by the erosion surface that bounds the underlying channel fill, with a width of 3km.
Itis a very sandy system, with up to 99% sand. Palaeocurrents are towards to southeast, oblique to

the outcrop we have correlated.

METHODS

Between the four units, eighteen sections (540m in total) were logged at a scale of 1:20 to capture
lithology, grain size, sedimentary structures, silt and mud percentage and bed boundaries. The
correlation framework is constrained by walking bed boundaries between sections where possible,
augmented with high-resolution ground-based and UAV panoramic photomosaics. 78 individual beds

are chosen and correlated in the four studied units, the smallest maximum whole bed thickness of

which are: Paine C 58cm, Las Lajas 56cm, TS2 60cm, TS4 90cm. The cross sectional area of
individual beds at outcrop, A, has been used as a semi-quantitative proxy for the relative volumes of

the parent flows (Talling et al., 2007; Malgesini et al., 2015). It has been calculated using

=% ™ .(B; + B;y1) D; , where n is the number of logs that provide constraints in this study, B, is bed
thickness at log n, and D; is the distance between successive logs in a down-current direction.
Percentage of silt and mud in individual beds, P, is estimated by the thickness of silt and mud in the
individual beds divided by the whole bed thickness, expressed as a percentage.
P=M;+M,+...M,/B1+B,+...B,, M, is the mud and silt cap of individual bed, B, represent the thickness of
the whole bed. Although an imperfect reflection of the proportion of fine-grained material in the parent
flow, it is the best proxy available for the relative proportions. Individual bed average thinning rate
(%/km) in the depositional dip direction has been calculated by the bed thickness variation between
the adjacent logs: T = Y, ;(B;+1 — B;)/D;n, where B.1 and B; are the thickness in successive logs in a
down-current direction log; Di-Distance between the two logs, n-the number of logs taken in this study.
We have not attempted to differentiate thin mud turbidites from the mud caps of thicker beds as this
generally cannot be reliably done. Where it is possible, it is seen that the turbidite mud makes up all
or almost all of the mud thickness. We thus take the top of the mud cap as the base of first
differentiable succeeding event. This is bound to involve some error, but given the substantial
thickness of the beds in question, we argue that the error is small and systematic. In addition,
although mud may have been eroded from the top of some of the beds, especially where sandstone
beds are amalgamated, the error involved will undoubtedly be less than the observed differences

between systems.

RESULTS

Individual bed characteristics of TS2 system

TS2 is about 25m thick (Fig.5A). The correlation panel goes from NNE to SSW (Fig.5B), which is
oblique to the main palaeocurrent direction (N-NW) (Fig.5B). The well exposed outcrop (Fig. 5C, 5D)
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and numerous logs in the TS2 interval allow us to capture the pinch-out of individual beds (bed 1-bed
21) along the outcrop (Fig. 5A). Individual beds wedge out along the outcrop, losing both thickness
and sand percentage. Bed packages up to 8m thick (Fig. 5C) with a mean sand thickness of 40cm
and overall sand percentage of 80%, change laterally into thin-bedded turbidites with a mean sand
thickness of 5cm, overall sand percentage 20% and overall thickness of 5m, over distances of about 5
km oblique to palaeocurrent (Fig. 5A). The individual bed generally consists of a minor mud cap,
constituting 2%-5% of the whole bed thickness. The calculated average individual bed thinning rate in
TS2 is 40%/km. In TS2, some individual beds (beds 1 to 14 for instance) exhibit maximum thickness
in the north, whereas some individual beds (e.g. beds 14 to 21) have their maximum thickness in the

south, indicating changes in depocentre.
Individual bed characteristics of TS4 system

TS4 turbidite sandstones are fully exposed in a 7.6km oblique dip direction (Fig.6A) and they onlap
basin margin basement. This restores after removal of thrust displacement to (Milana et al., 2010) to
at least 12km from Cerro Bola in a depositional dip direction, providing a total correlation length of

approximately 20km. The palaeocurrents are mainly towards NW (Fig.6B).

Individual beds exhibit tabular geometry (Fig.6) and all the larger beds (except bed 8) extend the
entire length of the oblique down-current section. This contrasts with TS2, where all the individual
beds pinch out within the 7.6km correlation panel at Cerro Bola. Also, the fact that most of the
individual beds (bed 1-3, 7, 9-11, 13-14) appear near the onlap implies a degree of confinement,

unlike TS2, in which all the beds have pinched out before reaching the onlap.

Individual beds in TS4 always include significant mud caps, generally constituting around 30% of

the total bed thickness. There is no systematic vertical trend-in-the maximum-thickness-of individual
beds-—In general the individual beds aggrade vertically to build the whole TS4 unit.

Individual bed characteristics of Las Lajas system

The measured turbidite interval in Las Lajas is around 40m thick (Fig.7A), and four logs have been
measured in a depositional dip direction. Individual beds typically have a thick mud cap (Fig.7),
indicating the high mud percentage within the flow as well as the highly confined environment which
facilitates the ponding of mud. It could be seen that the individual beds (Bed 1-Bed 18) are tabular at
a scale of 500m (Fig. 7B), and individual beds are easily traced and correlated in the field (Fig. 7C
and Fig. 7D).

Individual bed characteristics of Paine C system

The Paine C turbidite sandstone interval is 32m thick and is stratigraphically situated between
underlying channel-fill conglomerates and a distinctive debrite above, which serve as good
stratigraphic markers (Fig. 8A). The deposits are very sandy and highly amalgamated (Fig. 8B),
pinching out (Fig. 8C), scouring (Fig. 8D) and amalgamation of individual beds (Fig. 8E) are

commonly seen in the outcrop. Amalgamation surfaces (sand-sand bed boundaries) are usually
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marked by granule-grade intervals (Fig. 8D). In general, the individual beds are not sheet-like even at
a horizontal scale of 50m (Fig. 8F). Twenty-five individual beds (beds that are thicker than 60cm)

have been chosen for detailed correlation (Fig.8A).

Individual bed outcrop cross-sectional area and percentage of silt and mud

The beds in Paine C have the lowest percentage of silt and mud of the four systems studied, with a
narrow range from 0.2%-0.5% (Table 2) (Fig. 9), TS2 ranging from 2%-5% silt and mud, TS4 ranging
from 20% to 36%, while the silt and mud percentage is significantly higher in beds of Las Lajas, with a
range from 34%-76%. In order of outcrop cross sectional area, beds in TS4 have the largest outcrop
cross sectional area (ranging from 3680 to 30380 m2), averaging 1.1 x10*m?; Las Lajas (from 1200 to
11600 m?), average 4.1x10° m?; TS2 (from 960 to 4890 m?), average 2.5x10° m?; and lastly Paine C,
ranging from 290 to 1340 m?, average 6 x10% m? (Table 2).

The four systems can thus be well differentiated by mean outcrop cross sectional area of the
individual beds within them, and percentage of silt and mud (Fig. 9). The cross sectional area of a bed
at outcrop can be taken as a crude proxy for flow volume, on the assumption that bed thickness
reflects flow size, and that the plan-view shape of the beds is not grossly anisotropic. The inevitable
errors within these estimates are far outweighed by the differences between the diferent systems.
Despite the caveats above, the percentage of silt and mud within a bed is the best available proxy for
proportion of fines in the parent flow, although there may be a systematic bias due to ponding of mud

in more confined settings (Lamb et al., 2006; Marini at al., 2016).
The semi-quantitative representation of flow efficiency and degree of confinement

Flow efficiency is determined by both flow volume and percentage of silt and mud in each flow. We
have attempted to give a semi-quantitative evaluation of flow efficiency, using the simple product of
bed cross-sectional area (as an approximate measure of relative flow volume) and percentage of mud
and silt within the beds (as a rough measure of the relative proportions within the flows). We thus use
the simple expression E=AP (where E is flow efficiency, A is outcrop cross-sectional area, and P is
percentage of silt and mud) to parameterise flow efficiency in these four systems. This assumes that
flow volume and percentage of silt and mud have roughly equal effects on flow efficiency. This
assumption is borne out by the experimental results of Al Ja’aidi (2000), who showed that the
increase in delivery of sediment to the basin floor was more or less equally influenced by changes in

flow volume and percentage of silt and mud.

The degree of confinement in these systems is the degree to which the flows interact with the
bounding topography. Since this will depend on the ability of the flows to reach the margins, it will be
governed by flow efficiency, but it will also depend upon the basin size. Flows that interact with the
basin margins (and may be deflected or reflected) tend to deposit beds whose geometries are
controlled by those interactions (typically tabular), whereas those which are unconfined produce

deposits with architectures and stacking patterns that are more likely to be self-organised. We have
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evaluated confinement semi-quantitatively using the expression: D=E/M, where D is degree of
confinement, E is flow efficiency, and M is maximum preserved basin dimension. As for flow volume,
this also assumes that the basins are not grossly anisotropic. Where these systems are in markedly
elongate basins (long and laterally-confined) it raises the possibility that the stratigraphic organisation
may be a function of orientation, with architectures in a depositional dip direction being controlled by

basin length, while the organisation in a cross-stream direction is controlled by basin width.

Using the expression given above, we find TS4 has the highest flow efficiency (2.8 x 103) and Paine
C the lowest (1.8), and Las Lajas the highest degree of confinement (2700), and Paine C the lowest
(0.6) (Table 3). Thus it can be seen that the degree of confinement is not defined by absolute basin

size, but by its size relative to the efficiency of the turbidite system.
Individual bed tabularity

Thinning rates (%/km), which means the percentage of bed thickness change over distances, could

be best used to describe the geometry and tabularity of individual beds. Individual beds thickness

decay differently in the four studied systems, i.e. exhibit different thinning rates. Taking TS2 and TS4

as examples (Fig.10); individual beds in TS2 follow an exponential decay in thickness, while individual

beds in TS4 obey a power law decay (Fig.10), in which case, beds in TS2 generally pinch out within

4km and beds in TS4 only show decay in the first 3km and maintain nearly the same thickness all the

up to the basin margin.

Also, the four studied systems show large differences in average thinning rates (Fig.40-11 A-C;
Table 3), ranging from 65%/km (Paine C), to 3%/km (Las Lajas). In other words, individual beds in
Las Lajas and TS4 have much higher tabularity than TS2 and Paine C. Also, thinning rates in Paine C
and TS2 are more scattered than TS4 and Las Lajas (Fig.40B11D). The increasing scatter fowards
the left in Fig. 11 A, B and C inPaine-C-and-TS2-areis very likely to be the result of non-linearity of
individual beds thinning rate, which becomes harder to evaluate -which-we-cannot-aceessas bed

correlation lengths decrease.

Outcrop cross sectional area and flow efficiency show negative relationships (R?= 0.72, 0.73) with
individual bed thinning rates (%/km) in TS2, Paine C and TS4, but not in Las Lajas (Fig 46A11A,
40BB). Degree of confinement shows_negative relationship-the-bestit (R2= 0.84) with thinning rates

(%/km) in four systems. Las Lajas is an outlier in these relationships since the cross-sectional area

measurements are limited by the width of the fjord, whereas these beds probably extend for long

distances in a depositional dip direction; they have thus been excluded from the best-fit calculations.

DISCUSSION

Controls on individual bed tabularity
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| Scatter plots of degree of confinement and flow efficiency vs. thinning rate (Fig. 40B11B, 40€C) show

that flow efficiency and degree of confinement play a key role in determining the individual bed
depositional thickness change and thus the correlation length of individual beds. As mentioned above,
flow efficiency in each system can be represented by the-flow size (outcrop cross sectional area_in
ancient systems) and percentage of silt and mud in each system (Fig. +4A12A). Turbidite systems in
general are quite diverse, with individual flows differing in percentage of silt and mud and in flow
volume (Cossey and Kleverlaan, K., 1995; O’'Connell et al., 1995; Gorsline, 1996; Badalini et al.,
2000; Gorsline et al., 2000; Haughton, 2000; Johnson et al., 2001; Wynn et al., 2002; Lien et al.,
2003; Hodgson and Haughton, 2004; Amy and Talling, 2006; Gervais et al., 2006; Covault et al.,
2007; Talling et al., 2007; Deptuck et al., 2008; Jegou et al., 2008; Ducassou et al., 2009; Prélat et
al., 2009; Prélat et al., 2010; Etienne et al., 2012; Palacios, 2012; Prather et al., 2012; Picot et al.,
2016; Dennielou et al., 2017;) (Fig. 12A).

We were able to differentiate the four systems based on the average flow efficiency and degree of
confinement (Fig. 12B, Table 3): TS4 being a high efficiency, moderate confined system; Las Lajas is
a moderately efficient and highly confined system; TS2 is a low efficiency, loosely confined sytem;
and Paine C is a low efficiency unconfined system. The average thinning rate ofin each-these
systems decreases from the low efficiency unconfined systems like Paine C (65%/km) to high
efficiency highly confined systems like_ Marnoso Arenacea (1%/km) (Amy and Talling et al., 2006;
Talling et al., 2007) and Las Lajas (3%/km) (Fig. 12B)._Flow efficiency is higher in TS4 than in Peira-

Cava, but Peira-Cava has lessa smaller average thinning rate (10%/km) (Amy et al., 2000a) than in

TS4 (15%/km) due to higher degree of confinement (Fig. 12B). Flows in Peira-Cava and Ross sandy

units (Pyles., 2007) haveare inferred to have nearly the same flow efficiency, but in Peira-Cava the

beds hashows a much essmallser average thinning rate than in Ross (35%/km) due to higher degree

of confinement. Flows in TS4 and Ross sandy units are-experienceding thea similar degree of

confinement, but flowsbeds in TS4 have lesssmaller average thinning rates than Ross sandy units,
due to a higher flow efficiency (Fig. 12B). TS2 and Annot (Etienne et al., 2012) have the-same-similar
thinning rates (40%/km), with TS2 being higher in flow efficiency but less ir-confinedment than Annot.

Note that in all these cases the term unconfined refers to individual flows and their resulting beds with

respect to the bounding surfaces, and not to the geometry of the system as a whole.

The variability of individual bed thickness change rate documented in this study points out the
importance of assessing flow efficiency and degree of confinement in an unknown system. Flow
efficiency could be semi-quantitatively evaluated by bed thickness, correlation length and sand
percentage. Basin size could be reconstructed from seismic data. By knowing flow efficiency and
basin size of the system, a semi-quantitative estimate of degree of confinement could be obtained,
which aids estimation of the thinning rate of individual beds in the system (Fig.11C; Fig.12B)

Turbidite sheet systems architecture and its controls

A simplified cartoon based on the real data has been drawn to represent the architecture of each of

the four systems (Fig. 13). In Paine C, a low efficiency and unconfined system, the sandstones have
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large rates of thickness change (Fig. 11). Even though the system is bounded by an erosion surface,
many of the flows are so inefficient that they did not reach the margin and are thus loosely- to
unconfined. In TS2, a low efficiency moderately confined system, individual beds also have large
rates of thickness change (Fig. 11), and individual beds pinch out into sand-poor thin-bedded
turbidites before reaching the basin margin. Bed packages stack compensationally, as do individual
beds in what we interpret as the axial parts of each package. In Las Lajas, a moderate efficiency
highly confined system, individual beds have little thickness change_(Fig. 11) and very high silt and
mud percentage, which may in part be due to ponding. In TS4, a high efficiency highly confined
system, individual beds also have a tabular character, extending all the way across the exposed part

of the basin.

— We recognise that in_confined systems (e.g. high flow efficiency systems such as TS4 and Las
Lajas; Fig. 4213; Table 4), individual beds may extend across the entire basin to create basin-wide
turbidite beds with low thinning rates (e.g. Sumner et al., 2012; Wynn et al., 2012).The turbidite beds
in these systems aggrade vertically. In unconfined systems (e.g. low efficiency flows in small basins)
the beds have relatively higher rates of thickness change. In systems such as TS2 and Paine C, the
individual beds have large rates of thickness change over short distances, so they are more likely to

stack in a compensational way (e.g. Rozman, 2000).

CONCLUSIONS

Our study demonstrates that the overall character of sheet-like turbidite systems is determined by a
combination of factors: (A) flow efficiency, which in turn is the product of the percentage of fines within
the flow, and the flow size; and (B) the degree of confinement, which depends on the efficiency of the
flows with respect to the size of the basin, the resulting architecture being dependent on flow
interaction with the basin margins. We have for the first time attempted to quantify these parameters,
using proxies that are crude and relative, but are the best available in ancient deposits. In any case,
we assert that the errors in these measures are likely to be smaller than the differences between
distinct types of system, though they are unlikely to be an accurate reflection of small differences

between similar systems.

Based on these estimates we note a simple correlation between these parameters and the rate of
thickness decay in individual beds, which is a measure of their tabularity. Outliers from these
correlations occur where the basin is small and the estimates of flow size are subject to large

uncertainties (for example due to limited outcrop length relative to the basin width or length).
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These observations suggest that internal architecture of broadly sheet-like turbidite bodies - a
function of flow parameters and basin size — will also determine the nature of their interactions with

the basin margin, and thus their pinch-out character.
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Fig. 4. A. General location map of the study area in southern Chile. B. Geological map of the Silla syncline
showing the main units (modified from Crane & Lowe 2008). Logged transects undertaken in this study are
marked. C. Stratigraphic column of the Cerro Toro Formation in the Silla Syncline (modified from Crane and

Page 18 of 31



Page 19 of 31

oNOYTULT D WN =

Sedimentology

A

J NNE Along oblique dip direction correlation panel Sk
2 3 4 5 7 8 9 10 1" 12
I 620m! 1000m | 1000m ,600m | 600m | 1300m | 600m} GOOm} 600m“

Bed 145

Bed 13 =

| Bed21

| Bed?2

| Bed 19

" Bed 18

key to symbols used in graphic logs
Lithologies
771 Medium to coarse sandstone
I""/ Fine to medium sandstone
[~ Very fine sandstone
[ Siltstone
I Claystone
Sedimentary structures
—— Parallel lamination
—~< Ripple lamination
« Mud Clast
I| Pipes
>~ Amalgamation surface
"= Convoluted lamination
~— Dish structure
—= Pinch out of bed

‘ Paleocurrent direction

Fig.5. A. Correlation panel of TS2 turbidite system. Positions of the logs shown on Fig.5B. Individual beds
(Bed 1-Bed 21) have been correlated. B. Field position of the sedimentary logs. The dark grey arrow
represent the palaeocurrent direction measured at each position. We can see that the correlation section is
an oblique dip direction. C. Detailed sandstone properties of intervals logged, position showed in Fig.5A. The
sand percentage is around 80%. D. Position shown in Fig. 5A. The interval is dominated by thin-bedded

turbidites, at the same horizon with Fig. 5C.
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Fig. 6. A. Correlation panel of TS4 turbidite sheet sandstone, Cerro Bola. Positions of the logs shown on
Fig.6B. Individual beds (Bed 1 - Bed 14) can be well correlated 7.6km in oblique downdip and 12km
downdip to basin margin. B. Locations of logs in 6A, with palaeocurrent directions (marked with grey

arrows). C. Individual beds could be clearly picked out in the field because of the silty mud cap.
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28 Fig.7. A. Correlation panel of Las Lajas turbidite sheet sandstones. Individual beds (Bed 1-Bed 18) could be
29 well correlated. B. Panorama of the Las Lajas turbidite sheet sandstones. C. Close-up of the upper part of
30 Las Lajas sandstone. Individual beds have mud caps. Beds (Beds 14-18) are labelled with numbers shown
on the logs D. Close-up of the Las Lajas turbidite sandstone, position shown on Fig. 7B. Individual beds
32 could be picked out easily on the outcrop image and in the field. Beds are labelled with numbers shown on
the logs.
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Fig. 8. A. Correlation panel of Paine C turbidite sandstone. Individual beds 1 to 25 have been correlated. B.
Panorama view of the Paine C turbidite sandstone. C. Close-up of area labelled C on Fig. 8B. Bed pinch out
and amalgamation can be seen. D. Close-up of area labelled D on Fig. 8B. 50 cm scour can be seen. E.
Close-up of Fig.8D. Beds boundaries are represented by 10cm granule-grade intervals (indicated on figure).
F. Close-up of area labelled F on Fig. 8B.Packages (made up of several beds) change thickness over a
distance of 20m, showing the non sheet-like nature of the Paine C turbidites, even at a scale of tens of
metres.
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26 Fig. 9. Log10 outcrop cross sectional area against silt and mud percentage in the four systems.
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Fig. 10. Mean normalized thickness versus distance diagram for an oblique dip direction. Note that Individual
beds in TS2 have an exponential decay in thickness, while individual beds in TS4 obey a power law decay.
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Fig. 11 A. Scatter plots of thinning rate (%/km) vs. Log 10 outcrop cross sectional area in four systems. B.
Scatter plots of thinning rate (%/km) vs. Log 10 flow efficiency in four systems, thinning rate in Fig 10A, B
is exponential if plotted on a linear scale, C. Scatter plots of thinning rate (%/km) vs. Log 10 Degree of
confinement in four systems, note power law best fit here, in contrast with linear fit in Fig. 10A, B. D.
Histogram of standard deviation of T (thinning rates), A (Log10 outcrop cross sectional area), E (Log10 flow
efficiency) and C (Log10 degree of confinement).
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Fig. 12. A. Simplified diagram based on actual data in this study and approximate estimates of parameters
of other turbidite systems based on published data. Red dashed lines represent equal values of flow
efficiency. B. Schematic model built by combining the eight studied systems (four from this study and four
from the published literature) based on flow efficiency, degree of confinement and average thinning rate.
The colour gradient represent the decrease of thinning rate changing from low flow efficiency unconfined
systems (left bottom corner) to high flow efficiency highly confined systems (right uppermost corner).
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Fig. 13. Schematic cartoons showing the architecture of turbidite beds in the four systems. Paine C turbidite
sandstone represent the low flow efficiency loosely confined system in which individual bed pinch out
quickly. TS2 turbidite sandstone represent the low efficiency moderately confined system in which individual
beds could not be correlated for more than 2km.There is some compensational stacking at bed scale. Las
Lajas represents the moderately efficient highly confined system, in which individual beds could potentially
extend tens of kilometres with little change in bed thickness. TS4 represent the high flow efficiency highly
confined system, in which individual beds could potentially extend tens of kilometres without much change
in bed thickness.
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Table 1. Geological basin settings and outcrop characteristics of the four systems

Sedimentology

TS2 TS4 Las Lajas Paine C
Field area Cerro Bola Cerro bola Las Lajas Silla syncline
Depositional setting Subbasin Subbasin Palaeofjord Confined slope

Evidence of Confinement

One margin seen at
outcrop, tectonic
restoration suggests

minimum basin width

One margin seen at
outcrop, tectonic
restoration suggests

minimum basin width

Palaeofjord walls

seen at outcrop

Bounding surface

seen at outcrop

Studied Interval thickness 25m 25m 40m 40m

Orientation of outcrop Oblique dip Oblique dip Oblique dip Oblique dip
Basin width 20km 20km 0.8km 3km
Studied outcrop length 7.6km 7.6km 2km 4km
%sand 95% 75% 40% 99%
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Table 2. Outcrop cross sectional area range, average outcrop cross section area, percentage of silt and mud in four systems

TS2 TS4 Las Lajas Paine C
Outcrop cross sectional area (m°) 960 t04890 3680 to 30380 1200 to 11600 290 to 1340
Average outcrop cross-sectional
area (m%) 2500 10900 4120 600
Percentage of silt and mud 2% to 5% 20% to 36% 34% to 76% 0.2% to 0.5%
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Table 3.Thinning rate (%/km), average flow efficiency, basin confinement and average degree of confinement in four studied
systems: TS2, TS4, Las Lajas and Paine C.

TS2 TS4 Las Lajas Paine C
Thinning rate (%/km) 30-60 5-23 1-6 45-100
Average thinning rate (%/km) 40 15 3 65
Average Flow efficiency 76 2800 2160 1.8
Basin confinement (km) 20 20 0.8 3
Average Degree of confinement 3.8 140 2700 0.6
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Table 4. Summary of the sedimentary characteristics of the four system.

Studied interval Paine C TS2 Las Lajas TS4
Represented systems Low efficiency Low efficiency loosely Highly efficient highly Highly efficient
unconfined confined confined moderate confined
Individual bed thickness
change rate high high Low Low

Cyclicity

Autocyclic dominated

Autocyclic dominated

Allocyclic dominated

Allocyclic dominated

Individual bed

Correlation confidence

low

low

high

high




