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ABSTRACT 

Submarine channel-levee systems represent one of the most significant features of sediment transfer 

on Earth and one of the final segments in source-to-sink routing systems. As such, they serve as conduits 

as well as intermediate or final storage for large volumes of sediment, paleoenvironmental signals, and 

pollutants on their way to the deep ocean. Over the years, these systems have been studied through a 

variety of methods, including: (i) outcropping analogs; (ii) seismic data, occasionally integrated with core 

analysis; (iii) numerical modeling and physical experiments, and more recently; (iv) repeated multibeam 

bathymetry and (v) direct measurement of sediment gravity flows. However, as we are able to show in 

this study, there are still questions about the inherent evolution of these systems that need to be addressed. 

In this study, we focus on the sedimentary processes and depositional products of submarine 

channel-levee systems through the characterization, analysis and interpretation at different scales of 

outcropping analog systems of the Upper Cretaceous Tres Pasos and Cerro Toro Formations in the 

Magallanes-Austral Basin. 

In the first research-chapter, Chapter 2, we analyze the transition between laterally offset and 

vertically stacked channels on a previously undocumented, seismic-scale outcrop of the Tres Pasos 

Formation. This change in stacking pattern has been widely recognized in submarine channel systems, 

however, the stratigraphic and sedimentologic details and implications to general conceptual models have 

not been addressed in the past. Our observations indicate that in between these two depositional 

architecture styles there is a significant phase of erosion and bypass at a complex-scale (or larger) and that 

the relief achieved via this deep incision of one or multiple simultaneously active conduits was the 

necessary condition to promote flow stripping processes and associated overbank deposition. In addition, 

we discuss the presence of an unusual intra-channel lithofacies association observed directly overlying 

one of these incisions, which we interpret to represent the along-strike expression of bedforms associated 

with supercritical flow processes that are found in modern channels and some ancient channel-fill 

successions. 



In the next research chapter, Chapter 3, we characterize a 500 m thick fine-grained dominated 

sedimentary succession interpreted as overbank deposits of the Cerro Toro Formation that have been 

affected by synsedimentary faulting and crosscut by an extensive injectite network. The scale of this 

outcrop allows us to resolve the relationship between sedimentary packages and structural features that 

are commonly overlooked or beyond the resolution of datasets derived from other sources by using high-

resolution measurements and quantitative analysis at a cm scale. The orientation of synsedimentary 

normal faults, paleocurrent directions, and characteristics of 10-36 m thick sandstone-prone intervals 

suggest a model of overspilling turbidity currents (from the main axial channel belt to the west) on a large 

levee-slope that might share deformational mechanisms with other depositional slopes. 

Finally, in Chapter 4, we use detrital zircon U-Pb geochronology to determine maximum 

depositional ages of seven sandstone samples attributed to the axial channel-belt of the Cerro Toro 

Formation and shallow-marine deposits of the Dorotea Formation, which extend the chronostratigraphic 

framework for Ultima Esperanza 55 km southward to help reduce the gap between field sites in the Ultima 

Esperanza and Magallanes provinces. Based on these new data, we hypothesize that the conglomeratic-

rich deposits at this location, which have generally similar lithofacies and large-scale stratigraphic 

architecture to the Cerro Toro Formation, are unlikely to represent the southward extension of the well-

studied axial channel belt deposits to the north, and therefore they potentially represent their own sediment 

routing system emanating from erosional catchments in the fold-thrust belt to the west. This chapter 

highlights the value of establishing a chronostratigraphic framework to reconstruct ancient 

paleogeography in addition to interpretation based purely on observable sedimentary parameters. 
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GENERAL AUDIENCE ABSTRACT 

Turbidity currents are one of the most common processes in in deep-marine environments, they are 

sediment-laden flows that move downslope due to an excess of density caused by the sediment they carry. 

They occur under a wide range of geomorphologic configurations, one of such are submarine channel-

levees systems. A submarine channel-levee system is a composite geomorphologic feature in the ocean 

floor consisting of a concave, long-lived sedimentary conduit flanked by parallel depositional highs that 

is orders of magnitude longer in its downslope longitude than its width. These systems have a worldwide 

distribution and can be found in every tectonic setting. They represent one of the final segments in 

sedimentary routing systems and their study is of great importance for numerous reasons, including (i) as 

hydrocarbon reservoirs, (ii) to mitigate submarine geological hazards that might affect human 

infrastructure, (iii) their role in the carbon cycle as they transport and bury organic carbon, (iv) their impact 

to the marine environment as they disperse human-sourced pollutants, and (v) their capacity to preserve 

geochemical proxies that record past climate and tectonic history. 

This dissertation is divided in three research chapters focused on different aspects of the processes 

and depositional products of submarine channel-levee systems through the characterization, analysis and 

interpretation at different scales of analog ancient systems now exposed in the mountains of Southern 

Chile. The use of outcropping sedimentary successions is a common practice to characterize and 

understand modern environments, as they provide an accessible record of their evolution through temporal 

scales of hundreds of thousands or even millions of years. From a geologic point of view, this study is 

located in the Chilean part of the Magallanes-Austral Basin, which in the past was an ocean that reached 

paleowater depths of ~2,000 m during the Late Cretaceous and that was subsequently filled with sediments 

that form the different geologic units of the area. Here, we focus on two geologic units that represent deep-

marine sedimentation in this ancient ocean, known as the Tres Pasos and the Cerro Toro formations. Our 

study ranges from the detailed stratigraphic characterization of the transition between two different styles 

of stacking patterns widely recognized in submarine channel systems and its implications, to the influence 

of sedimentary structures on hundreds of meters of fine-grained sediments deposited in a large levee 



subjected to failure, and the use of tiny minerals known as zircons to constrain the depositional age and 

paleogeography associated to coarse-grained deposits historically attributed to a >150 km long axial 

channel-belt. 

The results presented here do not only serve to better understand the configuration of ancient deep-

marine deposits in this part of the world, but also have implications to improve our understanding of the 

fundamental sedimentary processes and the depositional products in deep-marine environments 

worldwide. 
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1 | INTRODUCTION  

This dissertation consists of three main research chapters (Chapters 2-4) that summarize three 

independent research projects. These chapters are designed and formatted to facilitate future submission 

to peer-reviewed journals. The common theme connecting the three research chapters is the investigation 

of sedimentary processes and depositional products of submarine channel-levee systems through the 

characterization, analysis, and interpretation at different scales of analog ancient systems now exposed in 

the mountains of the Magallanes Region in Southern Chile. 

The geologic record outcropping in this part of the world is the Magallanes-Austral Basin and its 

associated fold-thrust belt, comprising the southern region of Patagonia in Argentina and Chile (Figure 

1.2A). The Magallanes-Austral Basin (MAB) is a retroarc foreland basin formed in response to the Andean 

Orogenesis in a compressive tectonic setting during Late Cretaceous to Paleogene (Katz, 1963; Bruhn and 

Dalziel, 1977; Dalziel, 1981; Wilson, 1991; Fosdick et al., 2011). Unlike most retroarc foreland basins, 

which are typically dominated by shallow-marine and nonmarine strata, the MAB accumulated more than 

~4,000 m of deep-marine strata during a period of ~20 to 25 Myr of its depositional evolution. This long-

lived deep-marine foredeep was the result of a predecessor extensional phase associated with the break-

up of Gondwana during mid-late Jurassic and Early Cretaceous that culminated in the opening of the 

Rocas Verdes back-arc basin (RVB) and the development of an attenuated crust (Natland et al., 1974; 

Dalziel, 1981; Biddle et al., 1986; Wilson, 1991; Pankhurst et al., 2000; Stern and De Witt, 2003; Fildani 

and Hessler, 2005; Romans et al., 2010). 

The studied strata are located between 50°S and 52Á10ôS and are part of the deep-marine Cerro Toro 

and Tres Pasos Formations, which have been interpreted to represent the peak in subsidence and initial 

fill of the MAB during the Late Cretaceous (Figure 1.2B) (Katz, 1963; Scott, 1966; Smith, 1977; Winn 

and Dott, 1979; Shultz et al., 2005; Romans et al., 2011). 

Chapter 2, The stratigraphic expression of early channel-fill deposits during the evolution of 

submarine slope channels in the Upper Cretaceous Tres Pasos Formation, Magallanes Basin, Chile, 

provides new insights into the evolution of submarine channel systems by analyzing the stratigraphic and 

sedimentologic details of the transition from highly amalgamated and laterally offset to aggradational and 

vertically stacked submarine channels. This change in stacking pattern has been widely recognized in 
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similar systems around the world and with various types of data (Labourdette, 2007; Deptuck et al., 2007; 

Hodgson et al., 2011; Englert et al., 2020), however the bed-scale details and implications to general 

conceptual models have not been addressed in the past. 

In this study, we characterize a previously undocumented, seismic-scale outcrop that features those 

widely recognized aspects of submarine channel evolution systems. The boundary between the underlying 

laterally offset and the overlying vertically stacked stacking patterns is defined by a composite erosional 

surface (up to ~35 m relief) with two adjacent element-scale channelized incisions with contrasting 

sedimentary infills: (1) an eastern incision consisting of typical channel-fill deposits and (2) a western 

incision filled with a distinctive mudstone dominated thinning- and fining-upward succession with 

mudclast-rich sandstones at its base. 

Our observations indicate that in between these two depositional architecture styles there is a 

significant phase of erosion and bypass at a complex-scale (or larger) and that the relief achieved via this 

deep incision of one or multiple simultaneously active conduits was the necessary condition to promote 

flow stripping processes and associated overbank deposition. We also document an unusual intra-channel 

lithofacies association observed directly overlying the western incision is interpreted to represent the 

stratigraphic expression of the earliest deposits of an active submarine channel. These strata were 

preserved due to the abrupt abandonment of this specific channel pathway (as the adjacent pathway 

became the main active channel), which resulted in these deposits that record the early stages of channel 

filling being covered with fine-grained overbank deposits. Finally, we discuss the possibility that these 

early-stage channel-fill deposits represent the along-strike expression of bedforms and similar features 

associated with supercritical flow processes that are found in modern channels and some ancient channel-

fill successions. 

Chapter 3, Stratigraphy and syn-depositional faulting of an overbank succession in a large 

submarine channel-levee system, Upper Cretaceous Cerro Toro Formation at El Chingue Bluff, 

Southern Chile, highlights the influence that syndepositional deformational structures can have on 

otherwise uniform overbank deposits. An aspect that has been largely overlooked and that has the potential 

to cause misleading interpretations if not considered. 

Here, we use high-resolution measurements and quantitative analysis at a cm scale to characterize 

an extensive fine-grained dominated sedimentary succession (~500 m thick and 2 km across) affected by 
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synsedimentary normal faulting. The scale of this outcrop allows us to integrate high-resolution 

sedimentologic parameters into a spatial scale comparable to seismic-reflection data and levees associated 

with submarine channels observed on continental margins. Objectives of this study are to: (1) Characterize 

sedimentary parameters of a mostly thin-bedded turbiditic succession coeval to axial channel-belt deposits 

of the Cerro Toro Formation at a location where erosion by sediment gravity flows is interpreted to be 

minimal; (2) Integrate stratigraphic and sedimentologic features and trends into an outcrop with 

dimensions comparable to seismic-reflection data; and (3) Resolve the relationship between sedimentary 

packages and structural features that are commonly overlooked or beyond the resolution of datasets 

derived from other sources. The orientation of synsedimentary normal faults, paleocurrent directions, and 

characteristics of 10-36 m thick sandstone-prone intervals within the ~500 m thick succession suggest a 

model of overspilling turbidity currents (from the main axial channel belt to the west).  Finally, the 

relationship between sediments and extensional features in the context of levee-slope dynamics and 

foreland basin evolution is discussed. 

Finally, in contrast to previous chapters, chapter 4 Deciphering the depositional age of coarse-

grained deep-marine sedimentation in a previously undocumented location in the Magallanes Foreland 

Basin, Southern Chile, relies on detrital zircon U-Pb geochronology to determine maximum depositional 

ages and extend the chronostratigraphic framework of Daniels et al. (2019) 55 km southward to help 

reduce the gap between the field sites in the Ultima Esperanza and Magallanes provinces. The focus of 

this study is a conglomeratic-rich succession historically assumed to be the southward extension of the 

axial channel belt of the Cerro Toro Formation. We also provide maximum depositional ages for the 

shallow-marine Dorotea Formation, which serves an upper boundary for the Tres Pasos Formation, which 

is not exposed in this region. 

We report maximum depositional age data for 9 samples, using an analytical technique that reablates 

the youngest zircon grains in a sample in order to improve accuracy of the statistical determination of a 

maximum depositional age. Based on these new data, we hypothesize that the conglomeratic-rich deposits 

at this location, which have generally similar lithofacies and large-scale stratigraphic architecture to the 

Cerro Toro Formation, are unlikely to represent the southward extension of the well-studied axial channel 

belt deposits to the north, and therefore they potentially represent their own sediment routing system 

emanating from erosional catchments in the fold-thrust belt to the west. In addition, our maximum 

depositional ages from the overlying Dorotea Formation show that these shallow-marine units are 
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generally coeval to similar deposits to the north. Our results highlight the value of establishing a 

chronostratigraphic framework to reconstruct ancient paleogeography in addition to interpretation based 

purely on observable sedimentary parameters. 

 
Figure 1.1: (A) Geographic location of the research chapters in the context of the Magallanes-Austral Basin (based 

on Wilson et al., 1991; modified from Romans et al., 2010; Malkowski et al., 2017b). (B) Location of the 

research chapters in the lithostratigraphic context of the Magallanes-Austral Basin in the Ultima Esperanza 

Province (modified from Wilson, 1991; Fildani et al., 2003; Fosdick et al., 2011; Schwartz et al., 2017; George et 

al., 2020). 
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ABSTRACT 

The transition from highly amalgamated and laterally offset to aggradational and vertically stacked 

submarine channels is a pattern that has been widely recognized in seismic reflection datasets as well as 

in outcrop belts of channel systems around the globe. However, the sedimentary and stratigraphic details 

of such an important part of channel evolution and its implications have not been discussed. 

In this study, we address that gap by characterizing a previously undocumented, seismic-scale, 

outcrop of the Upper Cretaceous Tres Pasos Formation that features those key aspects of submarine 

channel evolution systems. The 750 m long by 300 m thick outcrop records the transition between a 

laterally offset/low-aggradational channel complex and a vertically stacked aggradational complex 

associated with the development of an internal levee that further enhanced aggradation. The boundary 

between both complexes is defined by a composite erosional surface (up to ~35 m relief) with two adjacent 

element-scale channelized incisions with contrasting sedimentary infills (an eastern incision consisting of 

typical channel-fill deposits and a western incision filled with a distinctive mudstone dominated thinning- 

and fining-upward succession with mudclast-rich sandstones at its base). 

These observations indicates that, in between these two depositional architecture styles there is a 

significant phase of erosion and bypass at a complex-scale (or larger). The relief achieved via this deep 

incision of one or multiple simultaneously active conduits is interpreted to be necessary to set up the 

conditions for flow stripping and subsequently overbank deposition. In addition, the unusual intra-channel 

lithofacies association observed directly overlying the western incision is interpreted to represent the 
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stratigraphic expression of the earliest deposits of an active submarine channel preserved due to the abrupt 

abandonment of this pathway and the development of an adjacent conduit (the eastern channel), which 

resulted in the former being covered with fine-grained overbank deposits. We also discuss the possibility 

that these deposits represent the along-strike expression of bedforms, cyclic steps, and similar features 

found in modern channels. 

Keywords: Channel architecture, channel early evolution, slope channels, Tres Pasos Formation 

2.1 | INTRODUCTION  

Submarine channels are sedimentary pathways characterized by a downslope longitude orders of 

magnitude greater than their width (Mutti, 1977; Mutti and Normark, 1987). They represent one of the 

most significant features of sediment transfer on Earth and one of the final segments in source-to-sink 

routing systems (Covault et al., 2011; Normark et al., 1993). As such, they serve as conduits as well as 

intermediate or final storage for large volumes of sediment, paleoenvironmental signals, and pollutants on 

their way to the deep ocean (Blum et al., 2018; Castelltort et al., 2017; Fildani et al., 2016; Romans et al., 

2016). Over the years, these systems have been studied through a variety of methods, including: (i) 

outcropping analogs (Bernhardt et al., 2011; Casciano et al., 2019; Englert et al., 2020); (ii) seismic data, 

occasionally integrated with core analysis (Deptuck et al., 2003; Posamentier and Kolla, 2003; Mayall et 

al., 2006; Hubbard et al., 2009; Janocko et al., 2013; Qin et al., 2016); (iii) numerical modeling and 

physical experiments (Straub et al., 2008; Sylvester et al., 2011; De Leeuw et al., 2018) and more recently; 

(iv) repeated multibeam bathymetry (Hage et al., 2018; Heijnen et al., 2020; Hughes Clarke, 2016) and 

(v) direct measurement of sediment gravity flows (Khripounoff et al., 2003; Vangriesheim et al., 2009; 

Paull et al., 2018; Stacey et al., 2019; Maier et al., 2019; Bailey et al., 2021). Each one has served to 

reveal distinct aspects of these systems, for example, the protracted and complex history of sediment 

bypass, erosion, and deposition in intra- and out-of-channel deposits, as shown by abrupt changes in 

lithofacies in outcropping successions (Schwartz and Arnot, 2007; Di Celma et al., 2011; Kane and 

Hodgson, 2011; Macauley and Hubbard, 2013; Bain and Hubbard, 2016; Bell et al., 2021); the changes 

in depositional architecture reflected by the transition from lateral to vertical stacking patterns and 

composite basal surfaces (i.e. diachronous incisional surfaces) seen at numerous scales in seismic-

reflection datasets and large-scale outcrops (Labourdette, 2007; Deptuck et al., 2007; Hodgson et al., 

2011; Englert et al., 2020) (Figure 2.1); or by direct monitoring, the mechanisms by which event-scale 
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processes shape and fill active submarine channels (Hage et al., 2018; Paull et al., 2018; Vendettuoli et 

al., 2019). 

 
Figure 2.1: Examples from the transition from laterally offset to vertically stacked channels in different types of 

datasets. (A) Strike-oriented seismic reflection profile across the Benin-Major channel-levee system, offshore 

Nigeria (adapted from Deptuck et al., 2007). (B) Strike oriented cross-section of the Upper Cretaceous Nanaimo 

Group, British Columbia, Canada (adapted from Englert et al., 2020). Note that, despite the different scales and 

data type, both systems show a similar transition from laterally offset to vertically stacked channel pattern. Dashed 

and continuous red squares represent the scale of figures 2.5 and 2.14 respectively. 

However, despite all the advances, each method has inherent limitations resulting in gaps: the 

depositional products observed in outcrops commonly represent only the final stages of channel evolution, 

and therefore a small, and potentially biased, fraction of the actual history of the channel system 

(McHargue et al., 2011; Stevenson et al., 2014; Hubbard et al., 2014; Bain and Hubbard, 2016; Li et al., 

2018; Englert et al., 2020); seismic datasets lack the stratigraphic and sedimentologic details provided by 

outcrops (Labourdette, 2007; Hubbard et al., 2020); and seafloor surveys, direct observation and 

monitoring of turbidity current conducted daily over weeks/months, seasonally, or even over the course 

of years might still miss the more rare and large magnitude events, which also may exceed the monitored 

area (Vangriesheim et al., 2009; Vendettuoli et al., 2019). 

In this study, we approach these limitations by characterizing an exceptional, previously 

undocumented outcrop of the Upper Cretaceous submarine slope channel system of the Tres Pasos 

Formation in the Magallanes retroarc foreland basin of Chile that provides the opportunity to discuss the 

sedimentological and stratigraphic expressions of: (i) the transition from laterally offset channels to 

aggradational channels in the context of a seismic-scale channel system and (ii)  the depositional products 

during the early phases of channel evolution. 
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2.2 | GEOLOGIC SETTING  

2.2.1 | The Magallanes-Austral retroarc foreland basin 

The Magallanes-Austral Basin (MAB) contains more than ~4,000 m of deep-water stratigraphy. Its 

origin is attributed to rapid convergence and consequent inception of the Andean orogeny during the Late 

Cretaceous coupled with attenuated lithosphere derived from mid-late Jurassic to Early Cretaceous 

extension (Bruhn et al., 1978; Pankhurst et al., 2000; Fildani and Hessler, 2005; Calderon et al., 2007), 

resulting in the development of a fold-thrust belt linked with a narrow N-S elongated retroarc foreland 

basin that subsided to bathyal water depths (Fosdick et al., 2011). The onset of deep-water sedimentation 

in the MAB is defined by laterally extensive tabular sand-rich turbidites of the Punta Barrosa Formation 

(~100-90 Ma; <1000 m), deposited in unconfined to weakly confined submarine fan systems (Fildani et 

al., 2003; Romans et al., 2011, Daniels et al., 2019). Ongoing convergence and subsidence resulted in the 

transition to the fine-grained deposits of the Cerro Toro Formation (~90-80 Ma; ~2000 m), which in its 

upper section is characterized by a >400 m thick conglomeratic-rich interval, informally called the ñLago 

Sofia Memberò, interpreted to be part of an axial channel-belt system (Katz, 1963; Winn and Dott; 1979; 

Romans et al., 2011; Bernhardt et al., 2011; Malkowski et al., 2018). As basin subsidence diminished, 

accommodation was eventually outpaced by sediment deposition, beginning the filling stage of the deep-

marine phase of the MAB, recorded by the Tres Pasos (~81-72 Ma; 1200 ï 1500 m) and the shallow-water 

Dorotea Formations (~73-63 Ma; ~1250 m thick) (Katz, 1963; Natland et al., 1974; Smith, 1977; Romans 

et al., 2010; Hubbard et al., 2010; Daniels et al., 2018, 2019; George et al., 2020) (Figure 2.2). 

2.2.2 | The Tres Pasos slope system 

Fold-thrust belt tectonics and Pleistocene glaciations resulted in the superb exposure of Late 

Cretaceous sedimentary units in southernmost Chile (Figure 2.2C) (Fogwill and Kubik, 2005; García et 

al., 2018, 2015, 2014). Here, the Tres Pasos Formation is exposed for >100 km along a north-south, east-

dipping monocline that crops out intermittently from the town of El Calafate (Argentina) to the north, to 

the town of Puerto Natales (Chile) to the south. The lithostratigraphic base of the Tres Pasos Formation is 

defined by the first significant sandstone succession overlying shale-dominated deposits of the Cerro Toro 

Formation, whereas its top is marked by the transition into sandstone-dominated deposits of the Dorotea 

Formation (Katz, 1963; Smith, 1977; Macellari et al., 1989; Shultz et al., 2005; Covault et al., 2009; 

Romans et al., 2009). 
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Figure 2.2: Geologic and stratigraphic context. (A) Generalized lithostratigraphic column for the Magallanes Basin 

in Última Esperanza Province, southern Chile. Modified from Wilson (1991), Fildani and Hessler (2005), Fosdick 

et al. (2011), Schwartz et al. (2017); Age constraints from Daniels et al. (2019). (B) Geographic location of the 

studied area and other known outcrops of the Tres Pasos Formation (yellow stars point out populated areas; Satellite 

image from Google Earth). (C) Geologic map of the studied area (modified from Fosdick et al., 2011). Cross-

section A-Aô is shown in figure 2.3. 

Lithologically, this unit is characterized by a basal succession of up to ~800 m of amalgamated 

mass-transport deposits (MTD) with lenticular to tabular sandstone-prone intercalations, interpreted as 

lobe deposits, that onlap onto unstratified MTD deposits at Cerro Divisadero, Cerro Cagual, Sierra 

Contreras, and Cerro Jorge Montt (Shultz et al., 2005; Shultz and Hubbard, 2005; Armitage et al., 2009; 

Romans et al., 2009; Auchter et al., 2016). The middle portion of the formation consists of a ~600 m thick 

succession of fine-grained turbidite deposits with 100s m thick sandstone-rich successions interpreted as 

stacked slope channel and local MTDs (5-30 m thick) deposits exposed in the area of Arroyo Picana, 

Laguna Figueroa, and Sierra Solabarrieta (Shultz et al., 2005; Macauley and Hubbard, 2013; Hubbard et 

al., 2014; Pemberton et al., 2016), whereas the upper part is dominated by silt-dominated turbidite 

successions that transition into thick and coarse-grained deltaic strata of the Dorotea Formation (Covault 

et al., 2009; Bauer et al., 2020) (Figure 2.2A). 
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From a paleogeographic perspective, the Tres Pasos and Dorotea formations form a partially coeval 

high-relief shelf and slope depositional system that records the axial filling of the Magallanes-Austral 

Basin through southward prograding clinoform systems. These clinoforms are represented by a series of 

resistant ridges of turbiditic sandstones or conglomeratic sandstone (i.e. slope channels) that developed in 

paleo-water depths that reached >1000 m during the early fill of the basin (Figure 2.3) (Natland, et al., 

1974; Covault et al., 2009; Romans et al., 2009; Hubbard et al., 2010; Macauley and Hubbard, 2013; 

Bauer et al., 2020). A thorough geochronologic analysis carried out by Daniels et al. (2018) determined 

four distinct phases of slope evolution based on clinoform architecture and linked to basin-scale controls, 

confirming also the diachronous fill of the basin to the south. 

 
Figure 2.3: Location of this study in the context of the Tres Pasos slope system. Interpretative dip-oriented cross 

section is based on outcrop observations by previous authors (modified from Bauer et al., 2020). Rose diagrams 

have been rotated 90° counterclockwise to match the orientation of the outcrop (left = north). 

2.3 | STUDY AREA AND METHODS  

In this study we investigate slope channel deposits of the Tres Pasos Formation exposed in the Tomas 

Rogers Ridge located in the Última Esperanza District (Southern Chile). The studied area is part of a 6.8 

km long, north-south oriented, previously undocumented outcrop belt, that runs parallel to the highway, 

approximately 27 km north of the town of Puerto Natales (here we use the name Sierra Solabarrieta, after 
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the landowner, Mr. Ciro Solabarrieta, to refer to this specific part of the Tomas Rogers Ridge). The 

deposits of this study are located ~10 km south of the exposures previously mapped by Macauley and 

Hubbard (2013) and Hubbard et al. (2014), and ~14 km south from those of Pemberton et al. (2016), along 

the same general sediment pathway (i.e. within the same mapped clinoform system), however precise 

correlation between outcrop belts is hindered by a 1.5 km wide EW oriented glacial valley of the Chorrillo 

Tres Pasos. At Solabarrieta Ridge, the east-dipping Tres Pasos Formation is exposed in north-south scarps 

dissected by east-west oriented gullies, providing exceptional 3D perspectives of sandstone-rich slope 

channel deposits. This study is focused on a 750 m long by 300 m thick exposure along the most 

pronounced gully, in the center of the outcrop belt (Figure 2.4A). 

 
Figure 2.4: Overview of the studied outcrop. (A) View towards the east showing the location of the study area in 

the context of Sierra Solabarrieta. Overall paleoflow is to the SSE. (B) Photomosaic extracted from drone-based 

photogrammetry showing the stratigraphic interval and measured sections considered in this study. White and 

yellow lines represent the measured stratigraphic sections. 

The outcrop was characterized using a combination of field mapping and observations enhanced 

with aerial imagery and the use of a differential global positioning system (dGPS) for surface correlation. 

The framework is provided by ~1,800 m of measured stratigraphy at 1:40 scale distributed in 32 sections 

that document bed thickness, vertical grain-size variations, sedimentary structures, and bed contacts 

(Figure 2.4B). Correlation between sections, facies interpretation, and depositional architecture 
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characterization were made through observation supported by photomosaic analysis, thousands of data 

points collected across prominent stratigraphic surfaces using a dGPS and improved with structure-from-

motion (SFM) 3D photogrammetry based on ground and unmanned aerial vehicle (UAV) imagery using 

Agisoft Photoscan®. Paleocurrent measurements (n = 499) from sole marks (e.g., flutes, tools and 

grooves; 60%), sedimentary structures (e.g., ripples surfaces and imbricated clasts; 13% and 23%, 

respectively) and erosive surfaces (e.g., scour edges; 4%) show an overall paleoflow azimuth of 175° 

(162° for sole marks). Thus, slope channels at this location can be assumed to intersect the most 

pronounced gully perpendicularly and run subparallel to Solabarrieta Ridge towards the south, allowing 

us to characterize these deposits along their depositional strike and dip (Figure 2.5). 

2.4 | RESULTS 

2.4.1 | Sedimentary lithofacies 

Previous studies have provided a sedimentological framework to describe the deposits of the Tres 

Pasos Formation. Macauley and Hubbard (2013) utilized the term sedimentation unit as an equivalent to 

facies to define the depositional products of individual sediment gravity flows, however, similarly to 

Pemberton et al. (2016), their smallest descriptive order corresponds to sedimentation unit associations 

(i.e., facies associations). Hubbard et al. (2014) divided the fill of slope channels into thick-bedded 

sandstone, thinly interbedded sandstone and mudstone and mudstone-prone facies, which can be 

correlated to Macauley and Hubbard (2013) sedimentation unit associations. 

In this study we describe nine lithofacies (LF), distinguished by bed thickness (as defined by 

Pickering and Hiscott, 2015), dominant grain size (visible in the field), sedimentary structures, and 

turbidite divisions. Each one the result of individual subaqueous sediment gravity flows and its interaction 

(e.g., high- and low-density turbidity current or cohesive density flow) (cf., Bouma, 1962; Lowe, 1982; 

Talling et al., 2012). The lithofacies include: (i) a spectrum ranging from amalgamated thick-bedded 

sandstone with mudstone intraclasts (mudclasts) of LF-1 to siltstone with sparse sandstone laminae of LF-

6; with decreasing levels of sandstone bed thickness, dominant grain size and variable sedimentary 

structures in between LF-1 and LF-6; (ii) structureless siltstone of LF-7; and (iii) disorganized gravelly 

matrix-supported mudstone and contorted beds of LF-9 and LF-9. A detailed description of their physical 

attributes and interpretation of their depositional processes is provided in figure 2.6 and table 2.1. 
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Figure 2.6: Stratigraphic and outcrop expressions of lithofacies at Solabarrieta Ridge (rock hammer is 28 cm long 

and 16 cm wide; lens cap is 7 cm in diameter; Jacobôs staff divisions every 10 cm). (A) Representative lithofacies 

section profiles. (B) Imbricated mudstone intraclasts in thick- to very-thick bedded sandstone of LF-1 overlying 

thick- to very-thick bedded massive sandstone of LF-2. (C) Amalgamated sandstones of LF-1 and LF-2 with erosive 

surfaces defined by mudclast lags. (D) Detailed example of an amalgamation surface marked by flame structures 

above spaced laminated sandstones of LF-2. (E) Extrabasinal clasts and shell fragments occasionally observed at 

the base of LF-1 and LF-2. Inset showing the inner structure of an inoceramid shell. (F) Vertical transition from 

thick- to very-thick sandstones of LF-2 to medium- to thick bedded sandstones of LF-3, overlain by massive 

sandstone of LF-2. (G) Planar lamination and diffuse ripple lamination (Bouma Tb and Tc) with organic-rich matrix 

observed at the top of LF-3. (H) Thin- to medium-bedded sandstones of LF-4 and LF-5 with organic-rich matrix 

interbedded with very-thin siltstone beds. (I)  Very thin-bedded sandstone of LF-5 with ripple lamination. (J) 

Siltstone with starved rippled sandstone laminations of LF-6. Inset showing a magnified starved ripple. (K)  

Structureless siltstone of LF-7, commonly covered by the local vegetation. (L)  Sandy mudstone of LF-8 with 

extrabasinal gravel sized clasts. (M)  Contorted beds in otherwise massive siltstone indicative of LF-9. 
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2.4.2 | Lithofacies associations 

The next order of classification groups mappable, systematic combinations of lithofacies into 

lithofacies associations (LFA). We distinguish six LFAs grouped into three categories based on their 

interpreted location and processes associated with the different subenvironments found in slope channel-

levee depositional systems. A summary of the characteristics for each LFA is provided in table 2.2 and 

figure 2.7. 

Table 2.2: Summary of lithofacies associations of the Tres Pasos Formation in the study area. 

Environment Category Lithofacies Association 
Recognized lithofacies 

in order of abundance 
Subenvironment 

DEEP-MARINE 

 

CHANNEL 

 

and 

 

LEVEE 

Channel-fill  

LFA -1: Very thick- to medium-

bedded amalgamated sandstone 

Primary: LF-2, LF-1 

Secondary: LF-3 
Channel axis 

LFA -2: Medium- to thick-

bedded semi-amalgamated to 

non-amalgamated sandstone 

Primary: LF-3, LF-4 

Secondary: LF-5, LF-2 
Channel off-axis 

LFA -3: Thin-bedded non-

amalgamated sandstone 

Primary: LF-5, LF-4 

Secondary: LF-6 
Channel margin 

LFA -4: Lenticular thin- to 

medium-bedded semi- to non-

amalgamated sandstone 

Primary: LF-6, LF-3, LF-4, 

LF-1 

Secondary: LF-5 

Early channel fill 

Out-of-channel 

LFA -5: Very thin- to thin-

bedded non-amalgamated 

sandstone 

Primary: LF-6, LF-7, LF-5 

Secondary: LF-4, LF-3 

Overbank (Internal 

levee) 

Non-stratified 

and chaotic 

LFA -6: Disorganized mudstone 

with contorted sandstone beds 

and gravelly mudstone 

Primary: LF-8, LF-9 

Secondary: LF-7 

Mass wasting and 

debris flow deposit 

Intra -channel lithofacies associations 

Intra-channel (or channel-fill) LFAs are the result of deposition within long-lived sedimentary 

pathways across the slope. However, despite being volumetrically restricted to a channel at any given time 

when active, the continuous migration, aggradation and coarser grainsize of its deposits summed to the 

unpredictability of the erosion when exhumed, result in prominent and well-exposed successions that 

rarely preserve a channelized geometry. In the studied interval, intra-channel lithofaciaes associations 

reach up to 55 m in thickness when stacked. Lithofacies associations described in this section complement 

the observations made in equivalent deposits by Macauley and Hubbard (2013) and Hubbard et al. (2014) 

for channel-fill deposits (LFA-1, LFA-2 and LFA-3) and adds a new classification (LFA-4) that is relevant 

to the interpreted channel evolution in this area. 
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Figure 2.7: Stratigraphic expressions of lithofacies associations (see figure 2.5 for column location and figure 2.6 

for legend). (A) Thick bedded lithofacies association attributed to channel axis (LFA-1). (B) Medium- to thin-

bedded non-amalgamated sandstones attributed to channel off-axis and margin (LFA-2 and LFA-3). (C) Thickening 

upward transition from non-amalgamated to amalgamated sandstones representative of channel margin to off-axis 

to axis lithofacies association (LFA-3 to LFA-2 to LFA-1). (D) Channel axis lithofacies association overlain by an 

interbedded fining and thinning upward succession attributed to early channel-fill deposits (LFA-1 and LFA-4). (E) 

Thin-bedded, mudstone dominated deposits interpreted as an internal levee (LFA-5). 

LFA-1: Very thick- to medium-bedded amalgamated sandstone 

Description 

LFA-1 makes up most of the described stratigraphic sections in the studied area. It is characterized 

by a combination of amalgamated thick- to very thick-bedded, coarse-grained mudclast-rich sandstone 

(LF-1) and medium- to very thick-bedded structureless sandstones (LF-2 and LF-3) in successions up to 

~35 m thick, with individual beds between 0.25 to 6.5 m thick (Figures 2.6B, 2.6C, 7A and 2.7D). 

Contacts between amalgamated beds are commonly sharp but can be difficult to observe when the contrast 

between the top and basal grainsize is low. The basal surface of this LFA is sharp, flat to undulous, 

composite in nature and may erode into other LFAs producing channelized geometries with >1 m of relief 

(Figures 2.8A and 2.8B), commonly preserving sole marks when in contact with fine-grained deposits, 

whereas the top is commonly sharp and flat without signs of erosion. 

Internally, beds are normally graded, from coarse- to fine-grained structureless sandstone (Ta 

division) with occasional dewatering structures, although in some cases spaced planar lamination may be 

present at the base (S3 division) and planar and ripple lamination at the top (Tb and Tc divisions). Granule- 

and pebble-size grains are commonly present at the base of the thickest beds, occasionally accompanied 

by oyster and/or inoceramid bioclast fragments (Figure 2.6E) and mudclasts. Mudstone intraclasts are 

rounded to subrounded with a prismatic to discoidal shape that range from a few millimeters up to >60 

cm in diameter, occasionally imbricated, forming basal clast-supported conglomerates or restricted lenses 

within LFA-1. 

Interpretation 

LFA-1 is interpreted as the result of focused high-density turbidity currents. Concave-upward 

amalgamation surfaces in sandstone-sandstone contacts and the presence of sole marks in sandstone-

siltstone contacts suggest erosion by turbulent flows, where the fine-grained portion of the deposit is 

removed and/or incorporated into subsequent flows. High energy bedload transport and erosion are also 

recorded by imbricated rounded mudclasts, some of which still preserve internal laminations suggesting 
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ñrip-upò processes that incorporate the muddy substrate, whether hemipelagic or debritic (e.g., Lowe, 

1982; Butler and Tavarnelli, 2006). The presence of mudclasts and extrabasinal gravel-sized grains at the 

base of thick-bedded sandstones has also been interpreted by Stevenson et al. (2015) as the result of 

bypassing flows in axial channel fills (i.e., only the coarsest sediment is left behind). Rapid deceleration 

or collapse of high-density flows is manifested by dish and pillar dewatering structures in otherwise 

structureless sandstone, although tractional processes are also present. 

LFA-1 groups the thickest sandstone beds in the outcrop, with evidence for erosion, bypass, and 

deposition suggesting sediment accumulation along the channel thalweg; thus, representing the channel-

axis (e.g., Mutti and Normark, 1987; Beaubouef, 2004; McHargue et al., 2011; Macauley and Hubbard, 

2013). 

LFA-2: Medium- to thick-bedded amalgamated to semi-amalgamated sandstone 

Description 

LFA-2 is composed of amalgamated to semi-amalgamated medium- to thick-bedded sandstone beds 

of LF-3 and LF-4 in successions that reach up to ~10 m in thickness (Figures 2.6F, 2.7B and 2.7C). 

Individual sandstone beds range from 0.2 to 1.0 m thick and tend to exhibit most Bouma divisions, from 

medium-grained (rarely coarse-grained) structureless sandstone (Ta division) that makes up most of the 

bed to fine-grained planar and ripple cross-laminated sandstone (Tb and Tc divisions), which is 

occasionally capped by very fine-grained sandstone-siltstone laminations and/or siltstone that rarely 

exceed 5 cm thick (Td and Te divisions). In some beds, an organic-rich matrix, commonly accompanied 

by an increase in bioturbation, can be distinguished by an oxidized red to orange color in fine- to very 

fine-grained sandstones (Figure 2.6G). Mudstone intraclasts, when present, are mostly observed as 

isolated clasts <5 cm in diameter dispersed randomly throughout the bed. The base of LFA-2 is commonly 

a sharp contact with LFA-1 or LFA-3 (Figures 2.8A and 2.8B), although it has also been observed to 

transition laterally to these LFAs. 

Interpretation 

The presence of most, if not all, Bouma divisions within LFA-2 suggest that sediment deposition 

results mainly from high- to low-density sediment gravity flows. Structureless sandstones are indicative 

of rapid fallout without the time to develop tractional structures, as the flow energy decrease planar and 

ripple laminations begin to form until mud start falling out of suspension (Lowe, 1982). The spatial 
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distribution and thinner and finer-grained nature of sandstones beds of LFA-2, which are lateral to and on 

occasion truncated by LFA-1, suggest a location that is adjacent to the channel-axis (i.e. channel off-axis; 

Macauley and Hubbard 2013; Hubbard et al., 2014) where deposition prevails over erosion, resulting in a 

higher number of comparatively thinner beds and the preservation of upper Bouma divisions. 

LFA-3: Thin-bedded non-amalgamated sandstone 

Description 

LFA-3 is dominated by interbedded fine to very fine-grained sandstone and siltstone of LF-5, non-

amalgamated thin- to medium-bedded sandstone of LF-4 and occasional siltstone with sparse sandstone 

laminae of LF-6 and structureless siltstone of LF-7 (Figures 2.6H, 2.7B and 2.7C). Thicker sandstone 

beds of LF-3 are rarely present in between thinner beds. Individual sandstone beds are normally graded 

and less than 15 cm thick. They are rarely structureless, sometimes exhibit planar lamination (Tb), but 

more commonly ripple lamination (Tb) and are capped by thinner siltstone-sandstone laminations (Td) 

and/or siltstone beds of less than 3 cm thick (except where LF-6 is present). Thin-bedded sandstones of 

LF-5 and sometimes LF-4 are often highly bioturbated and contain oxidized organic material in the matrix, 

giving them a red to orange color. Undulating bases due to ripples of underlying beds are common. The 

base and top surfaces of LFA-3 are sharp and commonly flat, although LFA-3 have been observed to fill 

erosive surfaces as well, with thin-bedded sandstones onlapping on thick-bedded sandstones of LFA-1 

(Figure 2.8A and 2.8B). 

Interpretation 

We interpret LFA-3 as the product of low-density sediment gravity flows, whether by themselves 

or as the lateral or tail portion of bypassing high-density turbidity currents, resulting in thin-bedded planar 

and ripple laminated sandstones and sandstone-siltstone laminations deposited by traction of sand grains 

and silt falling out of suspension simultaneously from a waning flow. The depositional product will be 

oftentimes eroded by subsequent flows, causing abrupt lateral facies changes from thick-bedded 

sandstones of LFA-1 to the thin-bedded sandstones of LFA-3, although on occasion a gradual lateral 

transition from LFA-2 is observed. Based on these observations, it is interpreted that these deposits 

represent the laterally furthest region of the channel-fill ( i.e., the channel-margin; Macauley and Hubbard 

2013; Hubbard et al., 2014). 
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Figure 2.8: Intra-channel lithofacies association as seen in the field (see figure 5 for picture location). (A) Vertical 

transition from non-amalgamated to semi- and amalgamated sandstones beds interpreted as a margin, to off-axis to 

axis succession. Note the erosive surface that defines the base of axial deposits. (B) Amalgamated thick-bedded 

axial sandstone deposits overlain by margin and off-axis non- to semi-amalgamated sandstones. Note the composite 

erosional surface within LFA-3 and below mudstone dominated deposits of LFA-5 (C) Amalgamated thick-bedded 

sandstones of LFA-1 truncated by a composite incisional surface filled with lenticular thin- to medium-bedded 
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semi- to non-amalgamated sandstones of LFA-4. (D) Lenticular sandstone beds onlapping towards the incisional 

surface. (E) Detail of onlapping beds. 

LFA-4: Interbedded mudstone with lenticular thin- to medium-bedded semi- to non-amalgamated 

sandstone 

Description 

LFA-4 is observed overlying a sharp incisional surface with ~25 m of relief over thick-bedded 

structureless sandstones of LFA-1 between sections 12 and 20 (Figures 2.5 and 2.8C). Unlike other LFAs, 

its spatial distribution is limited to just this location. The deposits of LFA-4 are characterized by an overall 

upward fining and thinning succession that ranges from non-amalgamated, thick-bedded, very coarse- to 

coarse-grained, mudclast-rich structureless sandstone of LF-1 to siltstone with sparse sandstone laminae 

of LF-6 (Figure 2.7D). The basal portion of this LFA, directly overlying the lowest areas of the incisional 

surface, is dominated by very coarse-grained sandstones with occasional granule- and pebble-sized 

extrabasinal clasts and mudclast rich LF-1, whereas upwards sandstone beds are considerably decreased 

in thickness, grainsize and mudclast content. The middle portion is characterized by an intercalation of 

amalgamated and non-amalgamated structureless and planar laminated (Ta and Tb divisions) sandstone 

beds of LF-2, mostly non-amalgamated thin- to medium-bedded, planar laminated (Tb divisions) 

sandstones of LF-3 and LF-4, and intervals of siltstone with sparse sandstone laminae of LF-6. Finally, 

up section, very fine-grained thin-bedded sandstone of LF-5 and laminae in LF-6 are minor in comparison 

to mudstone. Sandstone beds within this LFA were observed to systematically pinch and onlap on 

siltstone-dominated deposits of LF-6 and LF-7 towards the incisional surface and truncated on the other 

end (Figures 2.8D and 2.8E). 

Interpretation 

Lithofacies in LFA-4 record a combination of bypassing high- and low-density sediment gravity 

flows (Stevenson et al., 2015). Basal mudclast lags in thick-bedded sandstones of LF-1 at the base of 

LFA-4 are interpreted to be the product of bypass and erosion from successive high-density turbidity 

currents that resulted in the stepped composite incisional surface over which this LFA is found, whereas 

thin-bedded sandstones and siltstone-dominated deposits of LF-5 and LF-6 represent deposition from low-

density turbidity currents that drape underlying beds. The progressive transition into thin-bedded 

sandstone and siltstone-dominated deposits suggest a gradual waning from bypassing flows (Bouma, 

1962; Talling et al., 2012; Mutti and Normark, 1987). 
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Based on the location of this LFA, at the base of a ~25 m deep composite incisional surface, 

paleoflow measurements (156°) generally consistent with the overall paleoflow trend of the studied 

interval (175°) and onlapping sandstones towards the erosive surface, we interpret that LFA-4 represents 

the fill of a sedimentary conduit. Repeated cut and fill events record a history of high energy sediment 

transport, erosion, bypass and ultimately sediment deposition within an active channel. Therefore, this 

particular combination of lithofacies represents early deposition within a channel (i.e., early stage channel-

fill deposits) that was not subsequently filled by thick- to thin-bedded sandstone (e.g., LFAs 1, 2 and 3). 

Out-of-channel facies association 

Undifferentiated out-of-channel successions comprise a significant portion of the studied outcrop 

belt, however, due to their inherent nature, fine-grained deposits tend to be heavily weathered and/or 

covered by a layer of soil and vegetation that makes them difficult to characterize (Macauley and Hubbard, 

2013; Thomas and Bodin, 2013; Nesbit et al., 2021). 

LFA-5: Thin-bedded mudstone dominated deposits 

Description 

LFA-5 is the dominant association in stratigraphic sections 21 and 33A (Figures 2.5 and 2.7E). Its 

deposits range from structureless siltstone with or without sandstone laminae of LF-6 and LF-7 to 

interbedded thin-bedded sandstone and siltstone of LF-5 (Figures 2.6I and 2.6K). Sandstone beds are 

fine to very-fine grained and are commonly ripple laminated (Tc division), although planar laminations 

(Td division) are also present (Figure 2.6J). Medium- to thick-bedded sandstone facies (LF-3 and LF-2) 

are found as isolated, non-amalgamated, tabular beds. Internally they range from coarse to fine-grained, 

arecommonly structureless (Ta division) with a moderate to low content of mudclasts at the base, with 

planar and ripple laminations towards the top (Tb and Tc divisions). 

Interpretation 

Siltstone deposits make up the bulk of LFA-5, with minor sandstone beds and laminae in LF-5 and 

LF-6, suggesting the prevalence of low-density sediment gravity flows where fall out from suspension 

dominates over bedload transport and tractional processes (Figure 2.9A). Based on the specific location 

of LFA-6, above and lateral to intra-channel lithofacies associations (located 10s of meters eastward), its 

fine-grained nature, and the absence of erosive surfaces we interpret this succession as an overbank. Under 
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this assumption, the high-density portion of the sediment gravity flows remained confined in the 

sedimentary pathway (i.e., intra-channel deposits), whereas the low-density portion would overspilled 

from the main current and lead to further confining of the channel (Kane et al., 2007; Kane and Hodgson, 

2011; Hansen et al., 2015). 

Thicker and coarse-grained sandstone beds with tabular geometries and no amalgamation suggest 

sporadic overspill of high-density currents resulting in splay deposits in the overbank (Figure 2.9B). 

Paleoflow measurements on ripples within this LFA show an overall direction of 74°, which is oriented 

towards the channel deposits. Such paleoflow deviation in thin-bedded turbidites in channel-levee systems 

have been attributed to flow reflection and deflection caused by larger-scale external confinement (i.e., an 

external levee). Thus, based on the characteristics described above, we interpret deposits of LFA-5 as 

being deposited in an internal levee (Kane and Hodgson, 2011; Hansen et al., 2015; 2017a). 

Non-stratified and chaotic lithofacies associations 

In the studied interval, non-stratified and chaotic lithofacies associations are commonly found 

underlying coarse-grained thick-bedded intra-channel sandstones, range between 5 and 15 m in thickness, 

and contain isolated lenticular or contorted bodies of stratified sandstone beds. 

 
Figure 2.9: Out-of-channel lithofacies association as seen in the field (see figure 2.5 for picture location). (A) Thin-

bedded mudstone dominated deposits interpreted as an internal levee. (B) Detail of local medium-bedded sandstones 

interpreted as splay deposits on the internal levee. 

LFA-6: Massive and chaotic mudstone-rich deposits 

Description 
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LFA-6 groups two types of disorganized lithofacies where structureless mudstone makes up the bulk 

of the succession (LF-8 and LF-9). LF-8 consists of structureless gravel-rich to sandy mudstones. Gravels 

within this LF are poorly sorted, well rounded and made up largely by extrabasinal granules and pebbles, 

although mudclasts may also be present. Sand is medium- to coarse-grained, with both grain sizes 

randomly distributed randomly throughout the lithofacies. The basal contact is commonly characterized 

by an erosive surface on intra-channel sandstones. 

Deposits of LF-9 correspond to disorganized mudstone with blocks of contorted sandstone beds. 

They present a patchy texture defined by discrete changes in color and may contain poorly sorted gravels. 

The contorted sandstone beds enclosed in this lithofacies are discontinuous, chaotically folded, non-

amalgamated and range from thin-bedded fine-grained to medium-bedded medium-grained, with 

dimensions of 10s cm to meters long and up to 10s cm thick. The upper contact of LFA-6 is sharp and 

erosive, overlain by intra-channel sandstones or concordant siltstone of LF-7. 

Interpretation 

Both lithofacies included in LFA-6 are the product of en masse deposition (i.e., by ócohesive 

freezingô of the sediments) due to a decrease of the shear stress below the cohesive strength leading to an 

almost instantaneous cessation of movement (Lowe, 1982; Talling et al., 2012). Deposits of LF-8 are 

attributed to debris flows. Studies on these types of deposits have shown that debris flows can travel as 

far as 10s to 100s kms downslope from their source and can make up an important portion of submarine 

channel fills (Georgiopoulou et al., 2009; Bernhardt et al., 2012). The presence of extrabasinal gravels, 

larger than the coarsest grains within sandstones of LF-1 and LF-2, suggest that some debris-flow deposits 

could potentially be derived from the collapse of coeval shelf to shelf-margin regions located >40 km 

north (Figure 2.3) (Bauer et al., 2020). Because of the irregular topography of debris-flow deposits, 

sandstone deposition would initially occur as lenticular bodies forming scour fills in the form of 

concordant amalgamated and non-amalgamated isolated turbiditic successions. 

On the other hand, mudstone-rich deposits of LF-9 are attributed to mass-wasting processes such as 

slumping, sliding, and rafting of previously deposited successions. The partially preserved but deformed 

strata of thin- to medium-bedded sandstones contained in this lithofacies is similar to lithofacies found in 

LFA-3 (channel margin) and LFA-2 (channel off-axis). Thus, we suggest that they result from the 
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destabilization of mudstone-rich inner overbank deposits, and channel off-axis and margin deposits 

accumulated by previous flows inside the channel conduit. 

2.4.3 | Stratigraphic hierarchy and architecture 

The use of a hierarchical approach to describe stratigraphic patterns in submarine channel systems 

provides a common framework to link channelized deposits at different scales and to compare them with 

equivalent deposits in other locations and/or derived from different data sets (Mutti and Normark, 1987; 

Sprague et al., 2005; Di Celma et al., 2011; Macauley and Hubbard, 2013; Bell et a., 2021). The objective 

of a hierarchical description in our study is to subdivide stratigraphic architecture that includes larger 

composite features with smaller-scale and geometrically similar component bodies. Our approach largely 

resembles the scheme proposed by Sprague et al. (2005), McHargue et al. (2011) and other subsequent 

studies (see Cullis et al., 2018 for a review on hierarchical classifications). Under this classification, 

spatially related intra-channel lithofacies associations form the fundamental building blocks, termed 

channel elements (Macauley and Hubbard, 2013; Hubbard et al., 2014; Hansen et al., 2015). The transition 

between one channel element and another is, in most cases, marked by an abrupt vertical change in 

lithofacies association. However, closely stacked channel elements may be separated only by discrete 

erosion surfaces without changes in lithofacies associations making the distinction uncertain. Genetically 

related channel elements (i.e., similar architectural and stacking patterns) compose larger-scale units 

referred to as a channel complex, separated by a composite erosional surface and thick successions of 

chaotic mudstone-rich deposits. In conventional seismic-reflection data, channel complexes are 

commonly the finest resolvable unit. Finally, genetically related channel complexes (i.e., deposited in the 

same channel belt) can then be grouped into a channel complex set (Campion et al., 2000; Beaubouef, 

2004; Sprague et al., 2002; McHargue et al., 2011). 

The studied interval consists of approximately 300 m of stratigraphy in which the distribution of 

lithofacies associations and architectural patterns allowed us to define four channel complexes (designated 

in relative stratigraphic order as CC-I, CC-II, CC-III and CC-IV) consisting of multiple channel elements 

(designated in relative stratigraphic order as A, B, C and D) (Figures 2.10, 2.11 and 2.12). 
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