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A B S T R A C T   

Lithologic variations in deep-water slope channel systems provide critical insight into sedimentary processes on 
deep-water slopes, and are a key control on natural resource distribution and connectivity in subsurface reser
voirs associated with ancient deep-water systems. While many studies have described these variations at outcrop- 
scale along depositional strike (across-channel), few have focused on documenting along-depositional-dip 
changes due to: (1) the dearth of along-slope perspectives afforded by outcrops; or (2) limited resolution and 
coverage of subsurface data sets. In this study, slope channel elements (≤30 m thick; ≤400 m wide) and com
posite channelform bodies composed of ≥2 stacked channel elements (channel complexes and channel systems; 
>30 m thick; >400 m wide) were characterized along a 50-km-long depositional-dip-oriented outcrop belt of the 
Campanian-Maastrichtian Tres Pasos Formation (Chile) to constrain longitudinal changes in channel fill char
acter and stacking patterns. Results show that channel elements become more sandstone-rich downdip. Outcrop 
observations are supported by channel element net-to-gross ratios (measures of sandstone proportion), which 
increase downdip. Sandstone-prone channel elements within channel complexes and channel systems are more 
prevalent downdip; however, variability in lateral and vertical offset between successive channel elements 
downdip results in a poor correlation between net-to-gross values and paleoslope position when composite 
channelform bodies are considered. These findings suggest that the along-slope distribution of coarse-grained 
sediment in channel systems is tied to the degree of coarse-grained sediment bypass and erosion that occurs 
along a slope. The results of this study provide a detailed perspective into downdip changes in slope channel fill 
and stacking patterns, and help clarify aspects of analogous subsurface reservoirs, including sandstone propor
tion trends for several scales of deep-water slope channel architecture.   

1. Introduction 

Deep-water slope channel systems transfer sediment in some of the 
most remote environments on Earth (e.g., Symons et al., 2016; Azpir
oz-Zabala et al., 2017). While the nature and breadth of sedimentary 
processes that occur in these settings has been explored in detail through 
recent seafloor studies and flume experiments (e.g., Straub et al., 2011; 
Xu et al., 2013; Cartigny et al., 2014; Hughes Clarke, 2016; Steel et al., 
2017; Englert et al., 2021; Heijnen et al., 2022), understanding the 
relationship between sedimentary processes in deep-water slope chan
nel systems and the development of lithologic and architectural varia
tions in the stratigraphic record remains a topic of current research (e.g., 

Hage et al., 2018; Vendettuoli et al., 2019; Englert et al., 2020, 2021; 
Reguzzi et al., 2023). Many workers have examined ancient deep-water 
channel systems to better constrain process-product relationships using 
outcrops (e.g., Beaubouef et al., 1999; Flint et al., 2011; Englert et al., 
2018; Nesbit et al., 2021; Bozetti et al., 2023), core and wireline logs (e. 
g., Samuel et al., 2003; Jackett et al., 2014), and seismic-reflection 
surveys (e.g., Abreu et al., 2003; Janocko et al., 2013; Ma et al., 
2020). These studies have provided the basis for numerous facies models 
(e.g., Clark and Pickering, 1996; Sullivan et al., 2000; Macauley and 
Hubbard, 2013), which emphasize the role of sedimentary processes in 
the evolution of slope deposit architecture (e.g., McHargue et al., 2011; 
Hubbard et al., 2020). 
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To date, studies of facies relationships, architectural element ge
ometry, and stacking patterns in ancient deep-water slope channel sys
tems have principally focused on along-depositional-strike (across- 
channel) perspectives of channel systems, which are afforded by most 
outcrops (e.g., Arnott, 2007; Pyles et al., 2010; Çelik and Cronin, 2020), 
and can be readily extracted from some subsurface data sets (e.g., 
seismic cross-sections; e.g., Deptuck et al., 2003). Though the topic of 
downslope changes in channel fill and architecture has been discussed 
previously (e.g., Plink-Björklund et al., 2001; Gardner et al., 2003; Saller 
and Dharmasamadhi, 2012; Bell et al., 2020), studies of 

down-depositional-dip (down-channel) changes in slope channel fill and 
stratigraphic stacking are few in number (e.g., Kneller et al., 2020; Tek 
et al., 2020). Characterization of longitudinal trends in channel fill and 
architecture using deposits from ancient systems has proven challenging 
in many cases, owing to: (1) the paucity of downslope perspectives 
afforded by most outcrops (e.g., Li et al., 2016; Englert et al., 2018); (2) 
the restricted spatial distribution of cores or wireline logs from wells that 
penetrate slope channel deposits in the subsurface (e.g., Jobe et al., 
2011; Zhang et al., 2018); and (3) the nature and limited resolution of 
seismic data sets, which typically cannot resolve bed- to bedset-scale 

Fig. 1. Location of the study area and summary of key geologic features associated with the Tres Pasos Formation. (A) Overview of present day geography of Chilean 
and Argentine Patagonia in the vicinity of the study area (image data: Google, Landsat, Copernicus, 2016, http://www.google.com/earth/index.html, center of image 
coordinates: 50◦54′09.16″S, 72◦32′08.26″W). The location of this region in the context of South America is indicated on the inset map. (B) Perspective image of the 
study area, looking down tectonic dip to the east (image data: Google, Centre National d’Études Spatiales, Astrium, Landsat, Copernicus, 2016, http://www.google. 
com/earth/index.html, center of image coordinates: 51◦15′55.44″S, 72◦31′13.12″W). Key geographic features referenced in this study area are indicated; the base of 
the stratigraphic interval of interest is demarcated with a red line. (C) Stratigraphic cross-section of the strata exposed along the outcrops shown in (B). The extent of 
the Figueroa clinothem, which is the interval of interest for this study, is indicated with red arrows. Within the Figueroa clinothem, slope channel deposit-prone strata 
have been indicated with blue dashed lines. Modified from Daniels et al. (2018) and Bauer et al. (2020). 
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characteristics of individual channel fills (e.g., channel elements; Bakke 
et al., 2011; Pemberton et al., 2018). Documenting downslope changes 
in slope channel fill and architecture is critical for constraining the range 
and relative importance of sediment transfer processes along slopes (e. 
g., bypass, erosion, deposition), and can aid with the characterization of 
subsurface reservoirs associated with ancient deep-water slope systems 
worldwide (e.g., Posamentier and Kolla, 2003; Mayall et al., 2006; 
Morris et al., 2014). 

In this study, Campanian slope channel deposits of the Tres Pasos 
Formation of southern Chile are examined (Fig. 1). Outcrops of the Tres 
Pasos Formation feature near-continuous exposures of slope channel 
systems that can be correlated for up to ~50 km along-depositional-dip 
(Hubbard et al., 2010; Daniels et al., 2018; Bauer et al., 2020). The 
analysis emphasizes characterization of channel elements (≤30 m thick, 
≤400 m wide), as well as composite channelform bodies that are 
composed of ≥2 stacked channel elements (i.e., channel complexes and 
channel systems; >30 m thick; >400 m wide). Outcrop results were 
considered alongside core, wireline log, and 2-D seismic data from other 
high-relief slope systems documented in the subsurface (Porter et al., 
2006; Deptuck et al., 2007; Cross et al., 2009; Morris et al., 2014; Fowler 
and Novakovic, 2018; Sansom, 2018). The primary objective of the 
study is to characterize the downdip facies and stacking pattern vari
ability of slope channel stratigraphy. Results are used to inform how the 
record of fundamental sediment transfer processes are variably pre
served longitudinally, with an emphasis on sandstone distribution. 

2. Geologic history of the Tres Pasos Formation, southern Chile 

Deposits of the Tres Pasos Formation preserve a Campanian- 
Maastrichtian archive of tectonic and sedimentary processes in the 
Magallanes-Austral retroarc foreland basin of Chilean Patagonia (Fig. 1; 
Katz, 1963; Macellari et al., 1989; Romans et al., 2011). The develop
ment of deep-water environments in the basin is related to the 
pre-Cretaceous history of the region, where rifting and extension linked 
to the breakup of Gondwana led to the formation of the Rocas Verdes 
backarc basin (Dalziel et al., 1974; de Wit and Stern, 1981; Fildani and 
Hessler, 2005). During the Aptian, increased spreading rates in the 
South Atlantic Ocean and elevated convergence rates on the western 
margin of South America initiated the closure of the Rocas Verdes 
backarc basin (Calderón et al., 2016; Malkowski et al., 2017). Increased 
Andean uplift, coupled with the loading of attenuated crust inherited 
from the extensional phase, promoted high amplitude and short wave
length basin subsidence and led to the formation of the 
Magallanes-Austral retroarc foreland basin (Fosdick et al., 2014). 
Underfilled deep-water conditions persisted in the basin until the 
Maastrichtian (Romans et al., 2011). 

The Tres Pasos Formation is a 2500 m-thick interval of deep-water 
siltstone and sandstone deposited during the Campanian-Maastrichtian 
(Fig. 1; Katz, 1963; Hubbard et al., 2010; Daniels et al., 2019). The in
terval overlies deep-water units of the Coniacian-Campanian Cerro Toro 
Formation, and is overlain by marginal marine and terrestrial deposits of 
the Campanian-Maastrichtian Dorotea Formation (Fig. 1; Smith, 1977; 
Hubbard et al., 2008; Covault et al., 2009; Schwartz and Graham, 2015; 
Bozetti et al., 2023). Deposits of the Tres Pasos Formation can be traced 
up-depositional-dip into coeval units of the Dorotea Formation (Fig. 1; 
Bauer et al., 2020); together, these formations record the progressive 
infilling of the Magallanes-Austral Basin towards the end of the Creta
ceous (Daniels et al., 2018). 

This study is focused on outcrops of the Tres Pasos Formation 
exposed north of Puerto Natales, Chile (Fig. 1). In this area, the forma
tion has been subdivided into five distinct stratigraphic packages 
bounded by regionally extensive stratigraphic surfaces that dip slightly 
southward relative to the regional eastward-dipping structure (Fig. 1; 
Hubbard et al., 2010). These packages represent southward-prograding 
shelf margin clinothems (Hubbard et al., 2010). In some instances, 
bounding clinoform surfaces are overlain by thick, sandstone-rich 

deposits that record periods of prolonged off-shelf transfer of 
coarse-grained sediment (Bauer et al., 2020). The Figueroa clinothem is 
associated with a slope with >1000 m of relief that was >40 km long, 
and is the focus of this analysis (Fig. 1). 

3. Architectural element hierarchy 

Slope channel stratigraphy is commonly characterized by multiple 
scales of channelform bodies, which has promoted hierarchical classi
fication of deposits to inform the long-term evolution of slope systems 
(see Cullis et al., 2018 for a comprehensive overview of different hier
archical classifications for deep-water slope channel deposits). While 
hierarchical frameworks have mainly been applied to assist with un
derstanding predictability, heterogeneity, connectivity, and perfor
mance in deep-water slope reservoirs (e.g., Clark and Pickering, 1996; 
Alpak et al., 2013; Jackson et al., 2019), they are also used to provide 
insight into the nature of sedimentary processes on deep-water slopes (e. 
g., Mutti and Normark, 1987; Di Celma et al., 2011; Bain and Hubbard, 
2016). 

A channel element is a mappable body that is interpreted to record 
erosional and/or depositional processes involved in the sculpting and 
filling of a single geomorphic feature on the seafloor (Fig. 2; Mutti and 
Normark, 1987; Hubbard et al., 2014, 2020). For this study, analysis of 
slope deposits utilized a threefold hierarchical framework that distin
guishes channel elements from larger, more composite features (Fig. 2; 
sensu Sprague et al., 2002, 2005; McHargue et al., 2011). The next 
largest hierarchical order discussed is a “complex” (Sprague et al., 2002, 
2005; McHargue et al., 2011; Pyles et al., 2014), which consists of ≥2 
elements that stack in a consistent pattern (Fig. 2). Complex boundaries 
are marked by abrupt changes in lateral and/or vertical offset between 
successive elements (McHargue et al., 2011). A collection of ≥2 com
plexes represents the largest hierarchical order evaluated, and are 
commonly referred to as “complex sets” (Sprague et al., 2002, 2005; 
McHargue et al., 2011). Herein, we use the term “channel system” to 
describe all stratigraphic intervals that contain ≥2 complexes (Fig. 2). 

4. Data and methods 

4.1. Field data collection and stratigraphic mapping 

Outcropping Tres Pasos Formation deposits were characterized using 
stratigraphic sections (247 sections; total thickness: 10162 m), which 
capture bed thickness and grain size trends, as well as sedimentary 
structures and bedding geometries. Deposits described in measured 
section were correlated along the outcrop belt using differential GPS 
mapping of key stratigraphic surfaces (e.g., erosion surfaces at channel 
element bases), paleocurrent data, and integration of ground- and 
uncrewed-aerial-vehicle-based photography with satellite imagery. 
Stratigraphic correlation efforts also employed a point projection 
workflow optimized for Petrel software (Schlumberger, 2014). This 
workflow involves projection of GPS points according to the bedding 
orientation onto a two-dimensional plane that is perpendicular to 
bedding (striking north-south, dipping west), which enables visualiza
tion of outcropping bodies in space where structural tilt has been 
removed (cf. Englert et al., 2018). All mapping and point projection 
results are the foundation of stratigraphic cross-sections and slope de
posit stacking pattern diagrams at all outcrop locations. 

4.2. Comparisons to ancient deep-water slope systems in the subsurface 

Results from the Tres Pasos Formation were compared with data 
from other high-relief (i.e., >500 m shelf-to-basin relief) slope systems 
documented in the subsurface. Comparison of channel elements and 
channel complexes documented in outcrop and subsurface data sets was 
performed via analysis of net-to-gross ratios computed from vertical 
stratigraphic sections (Tres Pasos Formation), as well as from core 
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descriptions and/or wireline logs (subsurface data sets; Porter et al., 
2006; Cross et al., 2009; Morris et al., 2014; Fowler and Novakovic, 
2018; Sansom, 2018). For analyses of channel elements and channel 
complexes, net-to-gross ratios are computed from the total thickness of 
all coarse-grained units (i.e., sandstone) in a stratigraphic interval 
divided by the gross thickness of that interval (see Appendix A and 
Appendix B for details on net-to-gross calculations). Channel element 
and channel complex boundaries identified in measured sections and 
logs were used to constrain gross interval thicknesses and enable 
hierarchy-specific net-to-gross calculations. 

Comparison at the scale of channel systems focused on an analysis of 
net-to-gross values from the Tres Pasos Formation and a Pleistocene 
channel system from the subsurface offshore of Nigeria (i.e., the Benin- 
major channel system; Deptuck et al., 2007, Fig. 3). Because continuous 
vertical sections through outcrop and subsurface datasets are rare, an 
alternate method for calculating net-to-gross ratios was required. 
High-resolution constraints on the boundaries of the Benin-major system 
are evident in seismic data (seismic frequency: >65 Hz; Fig. 3A; Ap
pendix C), and 15 vertical lines were equally spaced between the lateral 
boundaries of the system in each cross-section. These vertical lines 
extend to the base of the channel system, which is defined by a promi
nent concave-upward high-amplitude reflection (Fig. 3A; Deptuck et al., 
2007). The top is demarcated by a laterally extensive, high-amplitude 
sub-horizontal reflection, which represents the modern seafloor 
(Fig. 3A; Deptuck et al., 2007). Within channel system strata, intervals 
with high-amplitude concave-upward reflections (channel fills) were 
assigned an 85% net-to-gross ratio (Fig. 3A). This 85% net-to-gross ratio 
is the average net-to-gross ratio computed from all channel element 
intervals examined in this study (number of intervals examined = 399; 
see Appendix A for raw data), and it has been applied to intervals with 
high-amplitude concave-upward reflections to capture the apparent 
sandstone-rich nature of the Benin-major channel fills (Deptuck et al., 
2007). Concave-upward reflections are commonly found adjacent to 
intervals with low-amplitude sub-horizontal reflections. These intervals 
are interpreted to reflect siltstone-rich out-of-channel deposits (Deptuck 
et al., 2007), which may be associated with overbank settings (subma
rine levees, terraces). Overbank settings can possess net-to-gross ratios 

that are less than 10% in cases where mudstone-rich successions are 
documented and more than 20% in cases where successions with more 
abundant sandstone beds are documented (Mayall and Kneller, 2021). In 
light of this information, we assigned a net-to-gross value of 15% (the 
average of the aforementioned quoted net-to-gross values) to all in
tervals that contain low-amplitude sub-horizontal reflections (Fig. 3A). 
Intervals of chaotic seismic facies are also observed in seismic 
cross-sections of the Benin-major system (Fig. 3A). These intervals 
largely record submarine mass-wasting processes (Deptuck et al., 2007). 
Since these intervals are thought to be linked to remobilization of 
siltstone/mudstone-rich out-of-channel deposits in the Benin-major 
system (Deptuck et al., 2007), we have assigned a 15% net-to-gross 
ratio to these intervals as well (Fig. 3A). While these assumptions un
doubtedly mask the true net-to-gross variability within each of the 
aforementioned seismic stratigraphic intervals, we apply them here to 
obtain a first-order, data-driven estimation of net-to-gross variability in 
the absence of detailed vertical stratigraphic sections at the channel 
system scale that can be generally considered alongside results from the 
other hierarchical scales previously discussed. 

In the outcrop belt, channel system edges are typically not readily 
identifiable due to vegetative cover of thick sequences of fine-grained 
strata. Following the technique adapted from subsurface analysis, 
calculation of Tres Pasos Formation channel system net-to-gross values 
relied on stacking pattern diagrams. Since the maximum thickness of a 
given channel system is well-constrained at each outcrop location, an 
estimate of channel system width was determined through a survey of 
channel system width-to-thickness ratios (W:T) from a global dataset 
(Fig. 3B). Channel systems considered as a part of this analysis 
commonly have a W:T between 10 and 20, with an average W:T of 15 
(Fig. 3B). We use this average W:T to estimate the width of a given 
channel system along dip in the outcrop belt, as it represents a measure 
of central tendency for W:T that is derived from a global dataset of high- 
relief slope channel systems. Once the width of a channel system is 
established, 15 vertical lines were drawn through each channel system 
documented in a stacking pattern diagram (Fig. 3C). These lines formed 
the basis for a near-identical analysis to that employed for the subsurface 
dataset, where a simplified 85% net-to-gross ratio was applied to the 

Fig. 2. Schematic representation of architectural elements discussed in this study. Fundamental architectural elements are indicated with black text, while complex- 
and system-scale composite architectural elements are indicated with red and blue text respectively. 
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sandstone-rich areas of channel elements as presented in each stacking 
pattern diagram (Fig. 3C), and a 15% net-to-gross ratio was assigned to 
all siltstone-rich or mass-transport-deposit-rich areas (Fig. 3C). 

5. Outcrop mapping results 

5.1. Lithofacies and lithofacies associations 

Tres Pasos Formation deposits were grouped into eight lithofacies 
(LF) to characterize the record of sedimentary processes along the 
paleoslope (Fig. 4). Lithofacies include: (1) thick-bedded pebbly 

Fig. 3. (A) Visual representation of the methodology used to compute net-to-gross ratios for the Benin-major channel system. Trace diagram has been modified from 
Deptuck et al. (2007); trace diagrams employ the interpretations of Deptuck et al. (2007), and are based on seismic images from the Benin-major system that are 
presented in that study. In all trace diagrams, high-amplitude reflections are indicated with thick black lines, while low-amplitude reflections are indicated with 
thinner gray lines. NTG—Net-to-gross; TWT—Two-way time. (B) Scatterplot showing the range of maximum width and thickness values for a range of channel 
systems documented in the subsurface and outcrop from high-relief slope systems worldwide. In general, width-to-thickness ratios (W:T) plot between 10 and 20 
(average = 15). Data on this plot has been derived from the following sources (indicated with superscripts in the legend): (1) Posamentier and Kolla (2003); (2) 
Deptuck et al. (2007); (3) Armitage et al. (2012); (4) Janocko et al. (2013); (5) Jobe et al. (2015); (6) Catterall et al. (2010); (7) Morris et al. (2014); (8) Hodgson 
et al. (2011); (9) Sylvester et al. (2012); (10) Qin et al. (2016); (11) Saller et al. (2010); (12) Saller and Dharmasamadhi (2012); and (13) Mayall et al. (2006). Raw 
data associated with channel system measurements featured in this plot are provided in Appendix A. (C) Visual representation of the methodology used to compute 
net-to-gross ratios for the Tres Pasos Formation channel systems. The dashed gray line present near the bottom of the stacking pattern diagram represents the base of 
an interval of chaotically bedded strata; the lowest point along this line is interpreted to closely coincide with the position of the master bounding surface associated 
with a given channel system. Since the exact geometry and full extent of this bounding surface is not able to be constrained using available outcrop exposure, 
along-strike net-to-gross calculations employ the maximum documented channel system thickness (indicated with blue dashed lines) in all cases. 
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sandstone (LF1; Fig. 4A); (2) thick-bedded sandstone (LF2; Fig. 4B); (3) 
medium-bedded sandstone (LF3; Fig. 4C); (4) thin-bedded sandstone 
and siltstone (LF4; Fig. 4D); (5) siltstone with very-thin-bedded sand
stone (LF5; Fig. 4E); (6) structureless siltstone (LF6; Fig. 4F); (7) disor
ganized sandy to gravelly mudstone (LF7; Fig. 4G); and (8) mudstone 
with disorganized and/or disturbed sandstone beds (LF8; Fig. 4H). 
Lithofacies descriptions and interpretations are summarized in Table 1. 
Lithofacies reflect the products of high- and low-density turbidity cur
rents, as well as submarine mass-wasting processes (Bouma, 1962; 
Middleton and Hampton, 1976; Lowe, 1982; Talling et al., 2012). 

Observations of lithofacies arrangement patterns in outcrop led to 
definition of six lithofacies associations (LFA). Lithofacies associations 
include: (1) thick-bedded, amalgamated sandstone-rich deposits (LFA1; 
Fig. 5A); (2) medium-to thick-bedded, non-amalgamated sandstone-rich 
deposits (LFA2; Fig. 5B); (3) sandstone-rich interbedded sandstone and 
siltstone (LFA3; Fig. 5C); (4) siltstone-rich interbedded sandstone and 
siltstone with discontinuous sandstone beds and laminations (LFA4; 
Fig. 5D); (5) siltstone-dominated deposits (LFA5; Fig. 5E); and (6) 
disorganized and/or chaotically bedded deposits (LFA6; Fig. 5F). Lith
ofacies association descriptions and interpretations are listed in Table 2. 

Fig. 4. Lithofacies of studied strata within the Tres Pasos Formation. (A) LF1 – Thick-bedded pebbly sandstone; (B) LF2 – Thick-bedded sandstone; (C) LF3 – Medium- 
bedded sandstone; (D) LF4 – Thin-bedded sandstone and siltstone; (E) LF5 – Siltstone with very-thin-bedded sandstone; (F) LF6 – Structureless siltstone; (G) LF7 – 
Disorganized sandy to gravelly mudstone; (H) LF8 – Mudstone with disorganized and/or disturbed sandstone beds. Jacob’s staff (Parts A-B, F-G) is marked with 10 
cm increments. Camera lens cap (Parts C-E) is 5.8 cm in diameter. A summary of all lithofacies characteristics is provided in Table 1. 
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Table 1 
Summary of lithofacies of the Figueroa clinothem (Tres Pasos Formation).  

Lithofacies Lithology description Grading Bed and facies 
thickness 

Basal bounding 
surface 

Key sedimentary features and 
lithologic accessories 

Overall 
bioturbation 

Interpreted sediment transfer 
processes 

References 

LF1: Thick-bedded pebbly 
sandstone (Fig. 4A) 

Pebbly sandstone, 
medium- to very 
coarse-grained 
sandstone matrix 

Normal 
grading 

Beds: 0.5–4.0 m 
Facies: up to 10.0 
m 

Sharp to undulating, 
commonly 
amalgamated, 
commonly erosive 

Massive beds (Ta/S3), 
abundant extrabasinal pebbles 
and/or elongated mudstone 
intraclasts along basal 
bounding surfaces (common 
a-axis measurement range: 
0.01–0.12 m) 

None High-density turbidity current (or 
concentrated density flow); 
deposition following traction and 
turbulent suspension of sediment; 
elevated erosion and scouring 

Bouma (1962); Lowe 
(1982); Mutti and 
Normark (1987, 
1991); Fildani et al. 
(2013); Hubbard et al. 
(2014) 

LF2: Thick-bedded sandstone 
(Fig. 4B) 

Fine- to very coarse- 
grained sandstone (very 
coarse-grained units are 
commonly found 
towards the base of the 
lithofacies) 

Normal 
grading 

Beds: 0.5–6.0 m 
Facies: up to 14.0 
m 

Sharp to undulating, 
amalgamated or 
non-amalgamated, 
commonly erosive 

Incomplete Bouma/Lowe 
sequences (Ta/S3 to Tc), 
mudstone intraclasts 
commonly found along basal 
bounding surfaces (common 
a-axis measurement range: 
0.01–0.05 m) 

None to very 
low 

High- to low-density turbidity 
current; deposition following 
traction and turbulent suspension 
of sediment; reduced erosion and 
scouring compared to LF1 

Bouma (1962); Lowe 
(1982); Mutti and 
Normark (1987, 
1991); Macauley and 
Hubbard (2013);  
Hubbard et al. (2014, 
2020) 

LF3: Medium-bedded 
sandstone (Fig. 4C) 

Fine- to coarse-grained 
sandstone 

Normal 
grading 

Beds: 0.1–0.5 m 
Facies: up to 10.0 
m 

Sharp to undulating, 
rarely amalgamated 

Incomplete Bouma sequences 
(dominantly Ta to Tc), matrix 
is organic-rich in certain 
instances 

None to high 
in organic-rich 
intervals 

Low-density turbidity currents 
with progressively lower 
concentration and velocity; 
deposition following traction, 
saltation, and suspension of 
sediment; reduced erosion and 
scouring compared to LF1 and LF2 

Bouma (1962); Lowe 
(1982); Mutti and 
Normark (1987, 
1991); Macauley and 
Hubbard (2013);  
Hubbard et al. (2014, 
2020) 

LF4: Thin-bedded sandstone 
and siltstone (Fig. 4D) 

Very fine- to fine- 
grained sandstone 
interbedded with 
siltstone 

Normal 
grading 

Sandstone beds: 
0.05–0.2 m 
Siltstone beds: up 
to 0.03 m Facies: 
up to 6.0 m 

Sharp to undulating, 
non- amalgamated 

Incomplete Bouma sequences 
(dominantly Tb to Td) 

Low to high Low-density turbidity currents; 
deposition following traction, 
saltation, and suspension of 
sediment; variable amounts of 
erosion and scouring 

Bouma (1962); Lowe 
(1982); Mutti and 
Normark (1987, 
1991); Macauley and 
Hubbard (2013);  
Hubbard et al. (2014, 
2020) 

LF5: Siltstone with very-thin- 
bedded sandstone (Fig. 4E) 

Primarily siltstone with 
minor fine- to very-fine- 
grained sandstone beds 
and laminations 

Normal 
grading 

Sandstone beds: 
up to 0.05 m 
Siltstone beds: up 
to 0.5 m Facies: 
up to 5.0 m 

Sharp Incomplete Bouma sequences 
(dominantly Tc to Te) 

None to very 
low 

Low-density turbidity currents; 
deposition following saltation and 
suspension of sediment; very little 
erosion and scouring 

Mutti and Normark 
(1987, 1991); Talling 
et al. (2012);  
Macauley and 
Hubbard (2013);  
Hubbard et al. (2014) 

LF6: Structureless siltstone  
(Fig. 4F) 

Siltstone Not graded Beds: up to 4.0 m 
Facies: up to 20.0 
m 

Sharp Structureless beds (possibly 
Te) 

None Hemipelagic and dilute low- 
density turbidity currents; 
deposition following suspension 

Bouma (1962);  
Talling et al. (2012) 

LF7: Disorganized sandy to 
gravelly mudstone (Fig. 4G) 

Sand and granules 
immersed in a mud-rich 
matrix 

Not graded Beds: no bedding 
observed Facies: 
up to 15.0 m 

Sharp Extrabasinal granules None Cohesive mud flows or debris 
flows; deposition following flow 
"freezing" 

Hampton (1972);  
Middleton and 
Hampton (1973, 
1976); Talling et al. 
(2012) 

LF8: Mudstone with 
disorganized and/or 
disturbed sandstone beds  
(Fig. 4H) 

Mudstone, siltstone, 
and fine-grained 
sandstone 

Normal 
grading in 
contorted 
sandstones 

Beds: highly 
variable (beds are 
deformed) Facies: 
up to 10.0 m 

Sharp Chaotic and/or contorted 
bedding 

None Deposition following mass- 
wasting (i.e., slumping) caused by 
depositional overloading or 
gravity induced sliding 

Hampton (1972);  
Middleton and 
Hampton (1973, 
1976); Talling et al. 
(2012)  
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Lithofacies associations are interpreted to record distinct subenviron
ments in deep-water slope systems, including channelized settings 
(LFA1-4; e.g., Hubbard et al., 2014), overbank settings (LFA5; e.g., Kane 
and Hodgson, 2011), and mass-transport-dominated settings (LFA6; e.g., 
Armitage et al., 2009). 

5.2. Fundamental architectural elements 

Analysis of lithofacies associations and stratigraphic architecture 
informed characterization of fundamental architectural elements along 
the outcrop belt (Fig. 1). These elements include: (1) channel elements, 
which were subdivided into two different types (Type 1 and Type 2; 
Fig. 6); (2) overbank elements (Fig. 7); and (3) mass-transport deposits 
(Fig. 7). 

5.2.1. Type 1 channel elements 
Description: Type 1 channel elements are 10–30 m thick and 

150–400 m wide in depositional strike cross-section (Fig. 6). The basal 
surfaces of these features have a concave-upward channelform shape, 
and truncate underlying strata. An up to 10 m thick interval of amal
gamated sandstone-rich deposits (LFA1-rich units) typically overlies the 
basal surface in the axes of these bodies (Fig. 5A); this interval can 
contain abundant extrabasinal pebbles and mudstone intraclasts 
(Fig. 6D). Sandstone-rich intervals also contain concave-upward sur
faces that roughly mimic basal channelform surfaces. These surfaces 
variably truncate adjacent units and exhibit 3–6 m of relief (Fig. 6). 
Sandstone-rich intervals are overlain by packages of siltstone-rich 
interbedded units with discontinuous sandstone beds (LFA4; Fig. 5D 
and 6). Stratal surfaces within siltstone-rich intervals could not be 
resolved due to the recessive nature of associated outcrop exposures 
(Fig. 6D). Top surfaces of Type 1 channel elements are flat (Fig. 6). Type 
1 channel elements are only seen in the northern portion of the outcrop 
belt (i.e., Cerro Cazador to Alvarez Ridge; Fig. 1). 

Interpretation: Type 1 channel elements record erosion, sediment 
bypass, and deposition within slope channels (Mutti and Normark, 
1987; Gardner et al., 2003; Hubbard et al., 2014, 2020). Truncation 
along basal surfaces records erosion during channel establishment (Fil
dani et al., 2013). Lateral and vertical lithofacies association trends 
suggest relatively high energy in channel axes and lower energy towards 
channel margins (Mutti and Normark, 1991). Truncation along 
concave-upward surfaces within channel elements records multiple 
phases of cut and fill during channel element evolution (Hubbard et al., 
2014, 2020). The limited amount of coarse-grained detritus in these 
elements can be linked to turbidity currents that largely bypassed their 
coarse-grained load basinward (Mutti and Normark, 1987; Fildani et al., 
2013). Under these circumstances, coarse-grained units near channel 
element bases represent a component of the flow that was not trans
ferred further downslope (Fig. 6; Hubbard et al., 2010). Overlying 
siltstone-rich units record deposition from the dilute tails of bypassing 
turbidity currents, or channel abandonment processes (Mutti and Nor
mark, 1987; Stevenson et al., 2015). 

5.2.2. Type 2 channel elements 
Description: Type 2 channel elements are 10–30 m thick and 

150–400 m wide in depositional strike cross-section (Fig. 6). Basal sur
faces are channelform in shape, truncate underlying strata, and are 
sometimes overlain by <1 m thick intervals of siltstone-rich interbedded 
units with discontinuous sandstone beds (LFA4; Fig. 5D). Above these 
intervals, Type 2 channel elements contain amalgamated sandstones 
(LFA1-rich units) in axial positions that transition to non-amalgamated 
and interbedded units (LFA2-and LFA3-rich units) towards their margins 
(Fig. 6). Concave-upward intra-element erosion surfaces, which often 
exhibit 3–6 m of relief, are common. Top surfaces of Type 2 channel 
elements are often flat (Fig. 6); however, due to the stacked nature of 
channel elements, top surfaces are typically truncated by successive 
channel element erosion surfaces. Type 2 channel elements are observed 

at all outcrop locations. 
Interpretation: Type 2 channel elements also record erosion, sedi

ment bypass, and deposition within slope channels (Hubbard et al., 
2014, 2020); however, lithofacies association distributions suggest that 
the evolutionary history of these channel elements is different compared 
to Type 1 channel elements. Basal incision surfaces record erosion 
during channel establishment (Fildani et al., 2013); fine-grained lith
ofacies associations that directly overlie basal surfaces record deposition 
from the tails of turbidity currents that largely bypassed coarse-grained 
material downslope (Stevenson et al., 2015). Axis to margin lithofacies 
association transitions in the overlying units reflect higher-energy 
sediment transfer in channel axes, and lower-energy sediment transfer 
near channel margins (Macauley and Hubbard, 2013). Intra-element 
erosion surfaces record multiple phases of cut and fill during channel 
element evolution (Hubbard et al., 2014, 2020). The prevalence of 
coarse-grained detritus within these channel elements reflects increased 
coarse-grained sediment deposition during channel filling (Mutti and 
Normark, 1987; Gardner et al., 2003). 

5.2.3. Overbank elements 
Description: Overbank elements, which occur lateral to and strati

graphically above channel elements, are up to 25 m thick and are at least 
100s of m wide where exposed (Fig. 7A). Basal surfaces are flat and 
rarely display evidence for truncation of nearby units. Overbank ele
ments are mainly composed of siltstone-rich deposits (LFA5; Fig. 5E and 
7A); however, thicker sandstone beds are sometimes present (Fig. 7A). 
Notable lithofacies changes include: (1) lateral transitions from LF5-rich 
strata to LF6-rich strata with increasing distance away from channel 
elements (i.e., fining away from channel elements); and (2) vertical 
transitions from LF5-rich strata to LF6-rich strata (i.e., 5–10 m thick 
fining-upward packages; Fig. 5E). Top surfaces of overbank elements are 
flat. Overbank elements are observed at all outcrop locations. 

Interpretation: Overbank elements reflect deposition from low- 
density turbidity currents in non-channelized areas (e.g., Pirmez and 
Flood, 1995; Hansen et al., 2015). The lack of truncation along basal 
surfaces suggests limited erosion during their formation. Lithofacies 
trends suggest waning flow energy with increasing distance away from 
channel elements. 

Overbank elements that occur lateral to channel elements record 
deposition in a submarine levee or terrace setting (Kane and Hodgson, 
2011; Hansen et al., 2019). This interpretation is supported by an 
increased proportion of siltstone-rich deposits within overbank elements 
with increasing distance from channel elements, which is observed in 
many submarine levee and terrace settings globally (Hiscott et al., 1997; 
Beaubouef, 2004; Kane et al., 2007). Thick sandstone beds within 
overbank elements found lateral to channel elements may reflect 
coarse-grained splays in overbank regions (Pirmez et al., 1997; Hubbard 
et al., 2009; Di Celma et al., 2011). Overbank elements that overlie 
channel elements record channel avulsion as the channel migrates 
further from the point of observation (McHargue et al., 2011). Similar 
fining upward packages have been linked to channel avulsion processes 
in other systems (e.g., Labourdette, 2007; Mokhtar et al., 2016). 

5.2.4. Mass-transport deposits 
Description: Mass-transport deposits, which typically occur strati

graphically below thick packages of stacked channel elements and 
overbank elements, are up to 15 m thick and are at least 100s of m wide 
where exposed (Fig. 7). The basal surfaces of these deposits display 
irregular geometry that is linked to truncation of underlying strata. 
These bodies primarily contain chaotically bedded intervals (LFA6; 
Fig. 5F) that are sometimes overlain by thin packages of discontinuous 
sandstone (Appendix B, Fig. B6). Top surfaces of these elements show 
irregular geometry. Mass-transport deposits are observed at all outcrop 
locations. 

Interpretation: Mass-transport deposits reflect deposition from sub
marine mass-wasting (e.g., a slump; Moscardelli et al., 2006; Pyles et al., 
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Fig. 5. Lithofacies associations of studied strata within the Tres Pasos Formation. (A) LFA1 – Thick-bedded, amalgamated sandstone-rich deposits; (B) LFA2 – 
Medium- to thick-bedded, non-amalgamated sandstone-rich deposits; (C) LFA3 – Sandstone-rich interbedded sandstone and siltstone; (D) LFA4 – Siltstone-rich 
interbedded sandstone and siltstone with discontinuous sandstone beds and laminations; (E) LFA5 – Siltstone-dominated deposits; (F) LFA6 – Disorganized and/ 
or chaotically bedded deposits. For Parts A-E, dashed white lines indicate the boundaries of key lithofacies that make up each facies association. For Part F, dashed 
white lines indicate the boundaries of contorted beds. Jacob’s staff (Parts A-D, F) is marked with 10 cm increments (total length = 1.5 m). A summary of all 
lithofacies association characteristics is provided in Table 2. 
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Table 2 
Summary of lithofacies associations of the Figueroa clinothem (Tres Pasos Formation).  

Lithofacies association Recognized 
primary and 
secondary 
lithofacies 

Interval 
thickness 

Interpreted sub-environment of deposition Architectural 
element 
association 

Systematic spatial relationships with 
other lithofacies associations within 
architectural elements 

References 

LFA1: Thick-bedded, 
amalgamated sandstone-rich 
deposits (Fig. 5A) 

Primary: LF2 
Secondary: LF1 

Up to 30.0 
m 

Axis regions of slope channels Type 1 and Type 2 
channel elements 

Underlies LFA4 in Type 1 channel 
elements; sometimes overlies LFA4 in 
Type 2 channel elements; lateral 
transition to LFA2 towards Type 2 
channel element margins 

Mutti and Normark (1987, 1991); Clark 
and Pickering (1996); Beaubouef et al. 
(1999); McHargue et al. (2011); Fildani 
et al. (2013); Macauley and Hubbard 
(2013); Hubbard et al. (2014) 

LFA2: Medium- to thick-bedded, 
non-amalgamated sandstone- 
rich deposits (Fig. 5B) 

Primary: LF3 
Secondary: LF2 

Up to 25.0 
m 

Off-axis regions of slope channels Type 2 channel 
elements 

Lateral transition to LFA1 (towards axis of 
channel element) and LFA3 (towards 
margin of channel element); sometimes 
overlies LFA4 

Clark and Pickering (1996); Beaubouef 
et al. (1999); McHargue et al. (2011);  
Fildani et al. (2013); Macauley and 
Hubbard (2013); Hubbard et al. (2014) 

LFA3: Sandstone-rich 
interbedded sandstone and 
siltstone (Fig. 5C) 

Primary: LF4 
Secondary: LF3 

Up to 20.0 
m 

Margin regions of slope channels Type 2 channel 
elements 

Lateral transition to LFA2 (towards axis of 
channel element); sometimes overlies 
LFA4 

Clark and Pickering (1996); Beaubouef 
et al. (1999); McHargue et al. (2011);  
Fildani et al. (2013); Macauley and 
Hubbard (2013); Hubbard et al. (2014) 

LFA4: Siltstone-rich interbedded 
sandstone and siltstone with 
discontinuous sandstone beds 
and laminations (Fig. 5D) 

Primary: LF5 
Secondary: LF4, 
LF3 

Up to 8.0 
m 

Axis, off-axis, or margin regions of slope channels 
under conditions of coarse-grained sediment 
bypass (Type 1 and Type 2 channel elements) and/ 
or subsequent channel abandonment (Type 1 
channel elements) 

Type 1 and Type 2 
channel elements 

Overlies LFA1 in Type 1 channel 
elements; sometimes underlies all other 
lithofacies associations in Type 2 channel 
elements 

Mutti and Normark (1987, 1991); Barton 
et al. (2010); Macauley and Hubbard 
(2013); Hubbard et al. (2014); Stevenson 
et al. (2015); Hubbard et al. (2020) 

LFA5: Siltstone-dominated 
deposits (Fig. 5E) 

Primary: LF6 
Secondary: LF5, 
LF4 

Up to 25.0 
m 

Overbank regions (e.g., levees, other non- 
channelized slope settings) 

Overbank 
elements 

Lateral and vertical transition to LFA3 
and LFA4 with increased proximity to 
channel elements 

Mutti and Normark (1987, 1991); Piper 
and Normark (2001); Di Celma et al. 
(2011); Kane and Hodgson (2011); Hansen 
et al. (2015, 2019) 

LFA6: Disorganized and/or 
chaotically bedded deposits ( 
Fig. 5F) 

Primary: LF8 
Secondary: LF7 

Up to 15.0 
m 

Areas of submarine mass wasting Mass-transport 
deposits 

No systematic relationships observed Hampton (1972); Middleton and Hampton 
(1973, 1976); Armitage et al. (2009);  
Auchter et al. (2016)  
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2014). The occurrence of mass-transport deposits stratigraphically 
below packages of channel elements and overbank elements suggests 
that mass-wasting is linked to the formation of a conduit on the seafloor 
(cf. Deptuck et al., 2007; Bain and Hubbard, 2016; Ward et al., 2018; 
Cronin et al., 2022), and that the resulting seafloor topography affected 
subsequent sediment routing (Armitage et al., 2009; Kneller et al., 
2016). 

5.3. Complexes of fundamental elements 

Analysis of the distribution of fundamental elements enabled iden
tification of complexes (Fig. 8). Complexes were differentiated via 
documentation of abrupt shifts in element stacking deduced from a 
change in the nature of stacked lithofacies associations (e.g., shift from 

stacked channel axis deposits to out-of-channel deposits). Complexes 
discussed include: (1) channel complexes; and (2) mass-transport com
plexes. Due to vegetative cover along the outcrop belt, complexes of 
overbank elements could not be confidently delineated (Fig. 8). 

5.3.1. Channel complexes 
Description: Channel complexes are up to ~90 m thick and are up to 

~1000 m wide in depositional cross-section where exposed (Fig. 8). 
Basal surfaces of channel complexes truncate underlying strata, and are 
often overlain by mass-transport deposits (Fig. 8). Above the mass- 
transport-deposit-dominated interval, channel complexes contain ≥2 
Type 1 and/or Type 2 channel elements that stack in a consistent 
pattern. Stacking consistency is recognized via consideration of the 
trajectory and degree of lateral offset between successive channel 

Fig. 6. (A) The spectrum of commonly documented channel element fill styles. In each schematic, sandstone is yellow and siltstone is gray. Each channel element is 
commonly 10–30 m thick and 150–400 m wide (channel elements shown in the diagram are 30 m thick and 400 m wide). The relative positions of the channel axis 
(AX), off-axis (OA), and margin (M) regions are indicated. Diagram modified from Pemberton et al. (2016). (B) Interpreted position of channel fill styles along the 
paleoslope. (C–F) Channel element architecture at various locations along the outcrop belt. In each trace diagram, sandstone-rich strata is yellow and siltstone-rich 
strata is gray. (C, D) Photograph and trace diagram of a Type 1 channel element exposed at Cerro Cazador. (E, F) Photograph and trace diagram of a Type 2 channel 
element at Laguna Figueroa. Modified from Macauley and Hubbard (2013). 
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elements (Fig. 8). Stacking patterns vary considerably along the outcrop 
belt; in some cases, stacking is defined by high lateral offset between 
channel elements (i.e., early-stage channel complex, Fig. 8B), while in 
others, stacking is more laterally restricted (i.e., late-stage channel 
complex, Fig. 8B). Top surfaces of channel complexes are commonly flat 
(Fig. 8). Channel complexes are exposed at all outcrop locations. 

Interpretation: Channel complexes record a phase of slope channel 
system evolution marked by consistent or systematic channel migration 
(McHargue et al., 2011). Channel complex thickness and width varia
tions appear to correlate with changes in channel element stacking. 
Wider and thinner complexes (i.e., early-stage channel complex; Fig. 8B) 
are generally linked with marked lateral offset between successive 
channel elements, while narrower and thicker complexes (i.e., late-stage 
channel complex; Fig. 8B) are often linked with laterally restricted 
channel element stacking. Changes in channel element stacking patterns 
reflect variations in channel migration patterns, which are controlled by: 
(1) erosional confinement offered by the basal surface of the conduit 
(Cross et al., 2009; Jobe et al., 2011); and/or (2) constructional 
confinement from overbank units (e.g., Hübscher et al., 1997; Hodgson 
et al., 2011). 

5.3.2. Mass-transport complexes 
Description: Mass-transport complexes are present stratigraphically 

below thick intervals of stacked channel complexes (Fig. 8). Mass- 
transport complexes are at least 15 m thick and are 100s of m wide in 
depositional-strike cross-section where exposed (Fig. 8). Basal surfaces 
of mass-transport complexes can be highly irregular and exhibit marked 
truncation of underlying units (>10 m of erosional relief; Appendix B, 
Fig. B6). Mass-transport complexes are composed of ≥2 mass-transport 
deposits, where boundaries are often delineated by discontinuous 
sandstone units (Appendix B, Fig. B6). Mass-transport deposit stacking 

patterns in these complexes are highly irregular. The top surfaces of 
mass-transport complexes can display variable geometry, which is often 
controlled by truncation from overlying channel elements (Fig. 8). 
Though mass-transport complexes are present at all outcrop locations, 
the best exposed examples are seen at Alvarez Ridge and Laguna Fig
ueroa (Fig. 8). 

Interpretation: Mass-transport complexes record a phase of subma
rine mass-wasting (Frey-Martínez et al., 2006; Alves, 2015). The 
erosional nature of these complexes suggests that mass-wasting was 
related to creation of a channel-system-scale conduit through which 
turbidity currents were subsequently routed (Kneller et al., 2016; Cronin 
et al., 2022). It is plausible that the topography along the tops of these 
complexes provided the template for the evolution of stacking patterns 
observed in channel complexes (Peakall et al., 2000; Moscardelli et al., 
2006). 

5.4. Systems of complex-scale architectural elements 

Analysis of the distribution of complexes enabled identification of 
three discrete channel systems (Channel Systems 0, 1, and 2), which are 
interpreted to contain genetically related complexes (Figs. 2, 8 and 9). 
Identification of channel systems informed construction of a strati
graphic framework (Fig. 9), and fostered systematic analysis of channel 
deposits along the outcrop belt (Figs. 10 and 11). This study is focused 
on Channel Systems 1 and 2 (Figs. 10 and 11). Detailed characterization 
of Channel System 0 was not undertaken due to limited outcrop expo
sure, locally (Fig. 9). 

5.4.1. Channel systems 
Description: Channel Systems 1 and 2 (Fig. 9) are up to ~150 m thick 

and ~2200 m wide; channel system dimensions are constrained by 

Fig. 7. Examples of architecture for overbank elements (A) and mass-transport deposits (B). Overbank elements in (A) contain LFA5-rich strata. The mass-transport 
deposit in (B) is characterized by chaotically bedded siltstone-rich deposits (i.e., LFA6-rich strata; Fig. 4H). Jacob’s staff in (A) and (B) is 1.5 m long. 
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direct outcrop observations (Fig. 9) and interpretive extrapolations 
(Figs. 10 and 11; Appendix A). Basal surfaces of these features are often 
highly irregular and erode deeply into underlying units (>10 m of re
lief). Channel systems often contain at least three distinct intervals of 
variable thickness, which include: (1) a mass-transport complex near the 
base (Fig. 8); (2) a channel complex defined by marked lateral offset 
between channel elements directly above the mass-transport complex 
(Fig. 8); and (3) one or more channel complexes defined by elevated 
aggradation and decreased lateral offset between channel elements to
wards the top (Fig. 8). Top surfaces of channel systems are often flat 
(Fig. 8). 

Interpretation: Channel systems record the multi-phase history of a 
large submarine sediment-routing system, which includes: (1) the 
establishment of a channel-system-scale conduit via erosion and mass 
failure; (2) subsequent formation and filling of channels that are defined 
by high lateral mobility, and ultimately, high lateral offset between 
successive elements; and (3) later formation and filling of highly ag
gradational channels, recorded by lower lateral offset between succes
sive elements. This evolutionary framework has been observed in many 
other ancient deep-water channel systems worldwide (e.g., Deptuck 

et al., 2003; Hodgson et al., 2011; Covault et al., 2016; Englert et al., 
2020; Cronin et al., 2022). The general decrease in lateral offset between 
channel elements over the depositional history of the system has been 
attributed to: (1) an overall decrease in the size, caliber, and density of 
flows being routed to the system over time, which triggers a rise in 
equilibrium profile and promotes vertical aggradation of channel ele
ments (McHargue et al., 2011; Jobe et al., 2015); and (2) growth of le
vees resulting from increased deposition of fine-grained detritus related 
to (1), which progressively increases accommodation in portions of the 
conduit, promoting subsequent channel development (Hodgson et al., 
2011). 

6. Downslope changes in slope channel fill and stacking 
patterns 

Establishment of the stratigraphic framework combined with context 
afforded by larger-scale clinoform mapping (Hubbard et al., 2010; Bauer 
et al., 2020) enabled characterization of downslope trends in channel fill 
and stacking patterns for channel elements, channel complexes, and 
channel systems (Fig. 10). Characterization of downslope changes in 

Fig. 8. (A) Outcrop examples of composite architectural elements. Paleocurrent direction is into the page. The boundaries of channel complexes and mass-transport 
complexes are indicated with orange and black lines respectively. Areas of channel systems that are dominated by channel complexes and mass transport complexes 
are indicated with white lines. Channel systems plausibly incorporate overbank elements that are adjacent to these areas (Fig. 2). Thicknesses for each of the 
aforementioned features are provided. (B) Channel element and channel complex stacking patterns within a channel system exposed at Arroyo Picana. Paleocurrent 
direction is into the page. A complex that is dominated by Type 2 channel elements that are significantly offset laterally is present towards the base of this channel 
system, while a complex that is dominated by laterally restricted Type 2 channel element stacking is present towards the top of this channel system. 
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channel fill and stacking patterns involved comparison of net-to-gross 
values from outcrop and subsurface data sets to investigate sandstone 
proportion trends across a wide array of systems. 

6.1. Channel elements 

6.1.1. Results 
Changes in the prevalence of Type 1 and Type 2 channel elements are 

observed down-paleoslope within each studied channel system (Fig. 10). 
In updip regions (e.g., XS-1, XS-2; Fig. 10), Type 1 and Type 2 channel 
elements are observed; Type 1 channel elements account for nearly half 
of the observed elements in some locations (i.e., XS-2). In downdip re
gions (e.g., XS-7 to XS-9; Fig. 10), only Type 2 channel elements are 
present. Due to the elongated nature of the outcrop and common 
depositional-dip- or oblique-dip-oriented exposures, systematic down
slope changes in channel element width are difficult to constrain. 

Channel element net-to-gross values from stratigraphic sections 
range from 15% to 100% (Appendix A); however, most values exceed 
40% (Fig. 12A). The mean and median channel element net-to-gross 
values in Channel System 1 increase downdip; mean values increase 
from ~67% at Cerro Cazador to ~86% at Arroyo Hotel, while median 
values increase from ~80% to ~90% at those localities (Fig. 12A). These 

trends are accompanied by an overall narrowing of the interquartile 
(25th-75th percentile) range and full range of values in the data set 
downdip, which is dominated by higher net-to-gross values (>80%) 
towards Arroyo Hotel (Fig. 12A). Channel element net-to-gross trends 
for Channel System 2 elements are similar to those from Channel System 
1. For Channel System 2, mean values increase from ~67% at Cerro 
Cazador to ~88% at Arroyo Hotel, while median values increase from 
~65% to ~97% at those localities (Fig. 12A). 

Channel element net-to-gross data from outcrop were considered 
alongside data from the Pliocene Giza North channel system offshore of 
Egypt (Morris et al., 2014, Fig. 12A). Net-to-gross values that were 
computed using our calculation methods spanned 36–90% for Giza 
North channel elements (Fig. 12A). 

6.1.2. Interpretations 
The presence of Type 1 channel elements in the updip zones of Tres 

Pasos Formation channel systems reflects a higher degree of coarse- 
grained sediment bypass in those areas (Mutti and Normark, 1987), 
while the prevalence of Type 2 channel elements downdip suggests 
increased in-channel deposition of coarse-grained sediment 
down-paleoslope (Figs. 9 and 10). These interpretations are supported 
by net-to-gross values, which suggest an increase in intra-element 

Fig. 9. Overview of stratigraphic architecture associated with slope channel systems preserved in the Figueroa clinothem. The top image shows the geographic extent 
of outcropping features associated with the Figueroa clinothem (image data: Google, CNES, Astrium, DigitalGlobe, Landsat, Copernicus, 2016; center of image 
coordinates: 51◦17′46.44″S, 72◦22′42.65″W). Paleocurrent data is derived from Daniels et al. (2018) and references therein. Depositional-dip-oriented cross-sections 
of the clinothem are shown in X-X′ and X′-X’’. Stratigraphic correlations enable identification of three distinct channel systems that crop out along the length of the 
transect. The apparently discontinuous nature of some of the sandstone bodies is due to the sinuous nature of the formation of slope channels. Some point sets and 
geobodies appear deformed on the correlation panel; this is a result of localized structural deformation along the outcrop belt that was not removed during point 
projection. Lines denoted by “XS” refer to locations where depositional-strike-oriented cross-sections were constructed to evaluate along-dip changes in channel fill 
stacking patterns (see Figs. 10 and 11). 
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Fig. 10. Depositional-strike-oriented cross-sections that show channel element stacking patterns in the context of interpreted composite channelform bodies (i.e., 
channel complexes, channel systems). Siltstone-rich channel elements (i.e., Type 1) are not documented in cross-sections located south of XS-6; this suggests that 
coarse-grained sediment bypass was an important process in the paleoslope regions located north of XS-7. In these diagrams, individual channel fills are 25 m thick 
and 400 m wide; these dimensions are based on the average of the maximum channel element thicknesses documented at the various outcrop locations, as well as 
estimates for the widths of Tres Pasos Formation slope channels reported by previous workers (i.e., Hubbard et al., 2014). Dashed lines present near the bottom of 
each channel system in each stacking pattern diagram represent the base of an interval of mass-transport deposits. The lowest point along each of these lines 
(indicated with a red or blue arrow) is interpreted to closely coincide with the position of the master bounding surface associated with a given channel system. 
Fine-scale architecture associated with Type 1 and Type 2 channel elements is not shown in these diagrams. Distances from the shelf edge were inferred using the 
position of each cross-section in relation to the position of the Figueroa clinoform shelf edge featured on the regional stratigraphic cross-section shown by Daniels 
et al. (2018). CS—channel system; C—channel complex. 
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sandstone content downdip in both systems (Fig. 12A). Enhanced 
deposition of coarse-grained detritus in downdip areas has been re
ported in other deep-water slope systems globally (e.g., Saller et al., 
2004; Houseknecht et al., 2009; Covault et al., 2012). Though various 
flow properties, such as flow size, caliber, and density, affect the degree 
of bypass along slopes (Mutti, 1992; Heijnen et al., 2022), it is plausible 
that the prevalence of Type 2 channel elements downdip is mainly 
linked to a decrease in average slope gradient downdip, promoting 
deposition of coarse-grained detritus as individual flows waned (Fig. 1; 
Stevenson et al., 2015). 

6.2. Channel complexes 

6.2.1. Results 
Channel complexes exhibit changes in fill and stacking patterns 

along the paleoslope (Fig. 10). In updip regions (XS-1; Fig. 10), the sole 
channel complex documented (CS1–C3) contains three Type 2 channel 
elements that are present amongst a thick interval of mass-transport 
deposits (Fig. 10). Down-paleoslope, the number of documented chan
nel complexes within each channel system increases (e.g., XS-5 to XS-9; 
Fig. 10); channel complexes in these regions are often defined by thick 
intervals of amalgamated Type 2 channel elements. Channel element 

stacking within complexes is defined by high lateral offset in some lo
cations (e.g., CS1–C2; XS-8; Fig. 10), and low lateral offset in others (e. 
g., CS1–C4; XS-9; Fig. 10). 

Analysis of down-paleoslope trends in net-to-gross was performed for 
complexes in Channel System 1, leveraging near-complete exposures 
along the outcrop belt (Figs. 9 and 12B). Channel complex net-to-gross 
values in the updip areas of Channel System 1 generally range from 
~37% to 67% (Cerro Cazador and Cerro Solitario; Fig. 12B). Net-to- 
gross values in downdip regions are higher, spanning ~60–97%. Most 
values from Channel System 1 are within the range of complex net-to- 
gross values from Channel System 2, which span ~45–98% (Fig. 12B). 

Net-to-gross data from outcropping channel complexes were 
compared with data from channel complexes in the subsurface offshore 
of Angola (Porter et al., 2006), Brazil (Fowler and Novakovic, 2018), 
Tanzania (Sansom, 2018), and Egypt (Cross et al., 2009; Morris et al., 
2014). Net-to-gross values from subsurface channel complexes that were 
computed using our calculation methods are highly variable, spanning 
26–100% (Fig. 12B). 

6.2.2. Interpretations 
Fill and stacking pattern variations within channel complexes along 

the paleoslope are attributable to autogenic processes (Sylvester et al., 

Fig. 11. Along-slope planform correlation of Channel Systems 1 and 2. In each diagram, channel complex widths are considered minimum widths, and are con
strained by observations and interpretations associated with channel element stacking patterns that are shown in depositional-strike-oriented cross-sections (e.g., XS- 
1) in Fig. 10. Channel complexes taper where it is not possible to map sandstone-rich intervals within them any farther (e.g., upslope regions). Channel system 
boundaries (thick black dashed lines) are largely based on interpretive extrapolations from available outcrop exposure; however, at outcrop locations where a given 
channel system contained more than one channel complex, channel system width was estimated using the thickness of the system as a guide (see Fig. 3 for an 
overview of the methodology associated with this approach). Topographic contours were extracted from a differential-GPS-based digital elevation model generated 
using Petrel software (Schlumberger, 2014). CS—channel system; C—channel complex. 
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2012), driven by factors such as sinuosity development amongst suc
cessive channels. However, other factors such as mass-wasting, as well 
as enhanced coarse-grained sediment bypass in updip regions of the 
system and increased coarse-grained sediment deposition in downdip 
regions of the system, can also play a role (Saller and Dharmasamadhi, 
2012). As with channel elements, these changes are likely linked to an 
overall decrease in average slope gradient downdip. Channel element 
stacking pattern variability is controlled by: (1) confinement offered by 
the surface that defines the boundaries of the conduit on the seafloor; (2) 
relief from adjacent overbank units; and (3) mass-wasting within the 
conduit, which can impact the lateral and vertical offset between suc
cessive elements (Fig. 10; Janocko et al., 2013; Bain and Hubbard, 
2016). Net-to-gross values at this scale are tied to: (1) channel element 
net-to-gross, which is linked to the degree of coarse-grained sediment 
bypass occurring at a given along-slope position, and (2) channel 
element stacking patterns, as net-to-gross values from channel complex 
intervals that incorporate thick packages of siltstone-rich out-of-channel 

deposits will be lower than for intervals that are mainly composed of 
sandstone-rich channel elements (Fig. 10). 

6.3. Channel systems 

6.3.1. Results 
Sandstone-rich intervals in the studied Tres Pasos Formation channel 

systems generally become thicker and more amalgamated down- 
paleoslope (i.e., XS-8, XS-9; Fig. 10); however, changes in the thick
ness and the degree of amalgamation of sandstone-rich intervals can be 
quite irregular between adjacent outcrop locations (i.e., CS1 from XS-2 
to XS-4; Fig. 10). Channel complex stacking patterns within channel 
systems are highly variable, owing to channel element stacking pattern 
changes along the paleoslope (Figs. 10 and 11). Net-to-gross values 
reveal marked along-strike variability in sandstone proportion at all 
paleoslope positions (Fig. 13). Maximum net-to-gross values for Channel 
Systems 1 and 2 vary markedly along the paleoslope (range of maximum 

Fig. 12. Box plots that illustrate the range of net-to-gross values for channel elements (A) and channel complexes (B) in Channel System 1 and Channel System 2 of 
the Tres Pasos Formation, as well as for subsurface data sets (see Appendix A for all raw data). For data from the Tres Pasos Formation, each label on the x-axis of each 
plot corresponds to an outcrop location shown in Fig. 1. Data sources associated with published data sets are as follows: (1) Morris et al. (2014); (2) Porter et al. 
(2006); (3) Fowler and Novakovic (2018); (4) Sansom (2018); and (5) Cross et al. (2009). Net-to-gross values from subsurface data sets utilize interpretations 
presented in each study (see Appendix A), which are based on core descriptions (data sources 1, 2, 4, 5) as well as petrophysical logs (data sources 1, 2, 3, 4, 5). 
n—number of channel element/complex intervals used in box plots; IQR—interquartile range. 
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Fig. 13. Net-to-gross (NTG) results for channel systems associated with stacking pattern diagrams from the Figueroa clinothem. For Type 1 channel elements, 
sandstone-rich areas were assigned an 85% net-to-gross ratio, and siltstone-rich areas were assigned a 15% net-to-gross ratio (see text for further explanation). For 
Type 2 channel elements, all areas were assigned a 85% net-to-gross ratio. Net-to-gross calculations were not performed for channel systems in cases where only one 
channel complex was present at a given cross-section location. Numbers above each vertical line in each channel system refer to along-depositional-strike positions 
featured in Fig. 15A and 15B. 
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Fig. 14. Channel element stacking patterns and net-to-gross data associated with the Benin-major channel system, offshore Nigeria. Red lines in the upper image 
show the locations of depositional-strike-oriented cross-sections shown in the lower part of the figure; blue lines show the locations of additional cross-sections 
analyzed in this study, which are featured in Appendix C. In each cross-section, high-amplitude reflections are indicated with thick black lines, while low- 
amplitude reflections are indicated with thinner gray lines. Modified from Deptuck et al. (2007). 
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values at each cross-section location for both systems: 48–75%; Ap
pendix A); notably, the highest values are associated with intervals of 
vertically stacked sandstone-rich channel elements. However, since 
these intervals can be found in both updip and downdip locations (e.g., 
CS1 at XS-3; Fig. 13), a systematic relationship between channel system 
net-to-gross and paleoslope position is not evident. 

Along-strike variability in net-to-gross values for the Benin-major 
channel system is notable at each cross-section location (Fig. 14). 
Maximum net-to-gross estimates for the Benin-major system are highly 
variable down-paleoslope (range of maximum values at each cross- 
section location: 38–62%; Fig. 14; Appendix C), and systematic re
lationships between net-to-gross values and paleoslope position are not 
apparent. 

6.3.2. Interpretations 
Sandstone proportion trends at this scale are related to: (1) the de

gree of coarse-grained sediment bypass occurring at a given point on the 
slope; and (2) architectural element stacking patterns, which control the 

along-strike variability at each cross-section location (Fig. 14). The 
lower range of net-to-gross values for channel systems as compared to 
the range of values for channel elements and channel complexes 
(Figs. 15 and 16) is tied to the larger amount of siltstone-rich overbank 
units incorporated into channel systems (Fig. 2). Though Tres Pasos 
Formation observations suggest that channel systems may be charac
terized by an increased proportion of sandstone-rich channel elements 
downdip, observations from the Benin-major system imply that these 
trends may not always be systematic in other cases (Appendix C). The 
removal of coarse-grained units along certain regions of the slope via 
mass-wasting, or more substantial variations in element stacking pat
terns, may confound identification of linkages between sandstone pro
portion and slope position at this scale. 

Fig. 15. Summary of channel system net-to-gross values from outcrop and subsurface data sets. (A, B) Compilation of channel system net-to-gross values from the 
Tres Pasos Formation (see Appendix A for raw data). Numbers on the x-axis correspond to vertical line locations in Fig. 13. Box plots were created via combining all 
data points associated with a given along-strike location (i.e., vertical line location 1) from all cross-sections (Fig. 13). (C) Compilation of the range of net-to-gross 
values from each cross-section from the Benin-major channel system (see Appendix A for raw data). Numbers on the x-axis refer to vertical line locations in each 
cross-section from Fig. 14 and Appendix C. Box plots were created via combining all data points associated with a given along-strike location (i.e., vertical line 
location 1) from all cross-sections (Appendix C). n—number of data points used to construct box plots; IQR—interquartile range. 
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7. Discussion 

7.1. Controls on the downslope distribution of coarse-grained sediment 

The downslope distribution of coarse-grained sediment within 
channel elements is tied to the sedimentary processes involved in the 
sculpting and filling of slope channels (Mutti and Normark, 1987). A 
higher degree of coarse-grained sediment bypass within channels in the 
updip areas (XS-1, XS-2; Figs. 9 and 10) of the Tres Pasos Formation 
channel system resulted in the development of siltstone-rich channel 
elements with thin intervals of coarse-grained material in those regions 
(i.e., Type 1 channel elements at XS-2; Fig. 10). Increased in-channel 
deposition of coarse-grained sediment is recorded in downdip areas by 
the prevalence of sandstone-rich (i.e., Type 2) channel elements in those 
regions (Fig. 10). It has been shown that the propensity for 
coarse-grained sediment bypass or deposition within slope channels is 
mainly controlled by the properties of turbidity currents (i.e., sediment 
concentration, grain size) routing sediment through the system, as well 
as slope gradient (e.g., Stevenson et al., 2015; Crisóstomo-Figueroa 
et al., 2021; Heijnen et al., 2022; Pope et al., 2022). Though the results 
of this study suggest that the documented changes in channel element 
fill are likely associated with an overall decrease in slope gradient 
downdip (Fig. 1), it is plausible that changes to flow properties may have 
also contributed to the lithologic variations observed (cf. McHargue 
et al., 2011). 

The downslope distribution of coarse-grained sediment within 
channel complexes and channel systems is linked to the propensity for 
development of thick successions of sandstone-rich channel elements 
along-depositional-dip (Fig. 10), as well as channel element stacking 
patterns. While analysis of the average slope gradient of a system may 
inform crude prediction of downslope sandstone proportion trends at 
these scales, the results of this study suggest that thorough consideration 
of the topographic profile of a slope is required to more accurately 
predict downslope sandstone proportion trends and channel element 
stacking patterns for composite channelform bodies (Covault et al., 
2012). As an example, slopes with smooth topographic profiles (e.g., 
prograding slopes in largely tectonically quiescent settings; Greenlee 
et al., 1992; Houseknecht et al., 2009) may promote a systematic shift 
from siltstone-rich channel complexes and systems in updip regions to 
sandstone-rich complexes and systems in downdip regions as the slope 
gradient predictably decreases. In this scenario, channel element 
stacking patterns may become less laterally restricted downdip as 
erosional confinement present in updip regions is lost (e.g., Saller and 
Dharmasamadhi, 2012); however, stacking patterns in downdip regions 
may also be governed by the degree of constructional confinement 
associated with overbank units, as well as the autogenic migration his
tory of the channels (Labourdette and Bez, 2010; Hodgson et al., 2011). 

In contrast, slopes with highly irregular topographic profiles (e.g., slopes 
in tectonically active settings; Heiniö and Davies, 2007; Kendell, 2012) 
may exhibit marked changes in slope gradient over tens of kilometers 
(Beaubouef and Friedmann, 2000; Gee and Gawthorpe, 2006). Variable 
slope gradients promote irregular stacking pattern variations and 
sandstone richness trends, as numerous intraslope regions may be 
dominated by erosion and coarse-grained sediment bypass (e.g., high 
gradient slopes at the heads of slope minibasins; Beaubouef and Fried
mann, 2000), while others may be dominated by coarse-grained sedi
ment deposition (i.e., low gradient regions within slope minibasins; 
Beaubouef and Friedmann, 2000). These considerations emphasize the 
value of documenting the geologic history of deep-water slope systems 
when evaluating sandstone content and stacking patterns, as many 
geologic processes, including autogenic (e.g., shelf edge delta lobe 
avulsion; autogenic slope oversteepening and mass-failure) and allo
genic mechanisms (e.g., tectonism), can affect the profile of any 
deep-water slope (Romans and Graham, 2013). 

All of the aforementioned controls on the distribution of coarse- 
grained sediment along deep-water slopes are expected to apply to 
slopes that develop in a variety of tectonic settings. As a result, it is 
plausible that if two deep-water slopes in different tectonic settings 
possessed analogous characteristics (e.g., relief, gradient, topographic 
profile, run-out length), and the turbidity currents that were routed 
through those systems were similar, downslope changes in sandstone 
proportion in both systems may follow similar trends. Because the 
foredeep of the Magallanes-Austral Basin developed atop attenuated 
lithosphere (Fosdick et al., 2014), deep-water slopes of the Figueroa 
clinothem have characteristics that resemble deep-water slopes on 
passive continental margins (e.g., the Nigeria X slope system; Covault 
et al., 2012). In particular, the basin was >1 km deep, yielding long 
run-out channels that developed channelized stratigraphy shown to be 
analogous in scale and character to ancient deep-water channel systems 
on continental margins globally (e.g., Macauley and Hubbard, 2013; 
Reimchen et al., 2016; Meirovitz et al., 2020). As a result, sandstone 
proportion trends for slope channel systems of the Figueroa clinothem 
could aid with prediction of sandstone proportion trends for other sys
tems with similar morphometric characteristics worldwide. 

7.2. Application of computed net-to-gross values to reservoir prediction 

7.2.1. Relationships between net-to-gross values and reservoir connectivity 
For all net-to-gross calculations reported in this study, net thickness 

values were calculated using the total thickness of all coarse-grained 
units (e.g., sandstone) documented within a stratigraphic interval. 
This approach has been employed in many studies that aim to use net-to- 
gross values as a way to predict reservoir connectivity and performance, 
as high-quality natural resource reservoirs frequently consist of thick 

Fig. 16. Comparison of the net-to-gross ranges for channel elements, channel complexes, and channel systems for outcrop and subsurface data sets featured in this 
study. Sources of subsurface data include Porter et al. (2006), Deptuck et al. (2007), Cross et al. (2009), Morris et al. (2014), Fowler and Novakovic (2018), and 
Sansom (2018). Asterisks are used to denote data distributions that were not directly obtained from measured section, core, or wireline log data (see text for 
explanation). n—number of data points used to construct box plots; IQR—interquartile range. 
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and continuous sandstone-rich units in many areas worldwide (e.g., 
Samuel et al., 2003; Dailly et al., 2012; Mayall and Kneller, 2021). While 
linking high net sandstone thicknesses to highly prospective reservoirs 
has proven to be a successful exploration strategy in many instances (e. 
g., Sullivan et al., 2000; Mayall et al., 2006; Cronin et al., 2022), there 
are many other factors that can affect the ability of a sandstone-rich unit 
to act as a high-quality reservoir. As an example, Bell et al. (2018) 
showed that porosity and permeability within discrete sandstone-rich 
units in deep-water slope channel fills is primarily tied to: (1) the 
grain size distribution in each sandstone-rich unit; and (2) the propor
tion of detrital clay-sized material within the matrix of each unit. In 
cases where sandstone-rich units were dominantly coarse-grained and 
contained little detrital matrix material, porosity and permeability were 
found to be higher overall (Bell et al., 2018). However, even in situations 
where favourable porosity and permeability conditions exist in 
sandstone-rich units, other lithologic accessories (e.g., mudstone intra
clasts) may be present and act as baffles or even barriers to flow (Mayall 
and Kneller, 2021). In many cases, such grain-scale textural aspects are 
not systematically characterized and a net-to-gross calculation empha
sizes the presence and abundance of sandstone or sandstone-rich de
posits (e.g., the calculation approach used in this study). As a result, 
establishing a direct link between high net-to-gross values and strong 
reservoir performance may prove challenging in some instances. 

Architectural variations between discrete sandstone-rich units will 
also impact connectivity (Alpak et al., 2013; Jackson et al., 2019). As a 
demonstration of this point, consider an interval of stacked 
non-amalgamated sandstone-rich deposits from the Tres Pasos Forma
tion. Though this interval may yield a high net-to-gross value, individual 
sandstone beds will be separated by thin siltstone-rich beds (Fig. 6). 
These intervals do not markedly impact net-to-gross values and are 
sub-seismic in scale, and therefore can be overlooked in subsurface 
studies with limited well control (Barton et al., 2010). 

7.2.2. Relationships between net-to-gross values and slope channel 
hierarchy 

Net-to-gross values reveal that measures of sandstone proportion are 
tied to hierarchical order, as channel elements and channel complexes 
tend to yield higher net-to-gross values than channel-system-scale 
bodies (Fig. 16). This is due to the increased proportion of siltstone- 
rich out-of-channel deposits that are included in net-to-gross calcula
tions at larger scales (Fig. 2). Given this relationship, it is plausible that 
the featured compilation of net-to-gross values (Fig. 16; Appendix A) 
could inform forecasting of sandstone proportion trends at various scales 
in other analogous slope channel system reservoirs. This application 
may be especially valuable for systems that lack abundant data, and may 
be used to help estimate initial reservoir volumes. 

The hierarchical framework used in this study to distinguish indi
vidual channel elements and composite channelform bodies (i.e., 
channel complexes and channel systems) is broadly comparable to the 
hierarchical schemes proposed by Pickering et al. (1995), Beaubouef 
et al. (1999), Sprague et al. (2002, 2005), Di Celma et al. (2011), 
McHargue et al. (2011), and Pickering and Cantalejo (2015). This 
framework was employed because it has been used by previous workers 
to characterize deep-water slope channel fills in other parts of the Tres 
Pasos Formation (e.g., Macauley and Hubbard, 2013; Hubbard et al., 
2014). While many other published deep-water slope channel hierar
chical frameworks identify similar orders of slope channel fill architec
ture (e.g., individual channel fills and composite channelform bodies), 
there can be considerable variation in: (1) the width and thickness of 
architectural elements linked to each order; and (2) the facies and 
stratigraphic architecture thought to be characteristic of each order (see 
Cullis et al., 2018 for a comprehensive review of hierarchical frame
works). Given this variability, we acknowledge that the net-to-gross 
values reported here may only be immediately applicable to other sys
tems that are defined using a hierarchical framework that is very closely 
related to ours. Should future workers want to compare our net-to-gross 

values to data computed using either a different hierarchical framework 
or a different conceptual model altogether, we encourage reinterpreta
tion of our stratigraphic data (see Appendix 1 and 2) and recalculation of 
net-to-gross values in the context of that framework or conceptual model 
to ensure that net-to-gross values can be assessed in a consistent way. 

8. Conclusions 

Analysis of deep-water slope channel fill and stacking patterns from 
the Tres Pasos Formation alongside data from subsurface slope systems 
yielded key insights into controls on the distribution of coarse-grained 
detritus along a slope. The abundance of sandstone-rich channel ele
ments in downdip areas in the Tres Pasos Formation reveals that the 
degree of coarse-grained sediment bypass is a primary control on 
channel fill along a deep-water slope. It is concluded that the degree of 
coarse-grained sediment bypass that occurs at a given position on the 
slope is largely related to the gradient of the slope in that region; 
however, it is likely that turbidity current flow properties (e.g., grain 
size, flow size, sediment concentration) will also play a role in deter
mining where coarse-grained sediment bypass will occur. For channel 
complexes and channel systems, sandstone proportion trends and 
stacking patterns are strongly linked to the topographic profile of the 
slope. It is predicted that channel complexes and channel systems that 
develop along slopes with smooth profiles will exhibit a systematic in
crease in sandstone proportion downdip, while complexes and systems 
that develop along slopes with irregular profiles will exhibit highly 
variable sandstone proportion trends downdip. 

The compilation of net-to-gross data may offer a predictive template 
for assessment of reservoir volumes in analogous settings at various 
scales, which may aid with current natural resource exploration efforts. 
However, since net-to-gross values may not comprehensively capture 
variations in porosity and permeability within a subsurface reservoir, 
additional detailed analysis of geologic features that commonly affect 
porosity and permeability (e.g., grain size, proportion of matrix mate
rial, intra- and inter-reservoir unit architecture) is recommended for 
thorough characterization of reservoir connectivity wherever possible. 

CRediT authorship contribution statement 

Benjamin G. Daniels: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Stephen M. Hubbard: 
Writing – review & editing, Supervision, Project administration, Inves
tigation, Funding acquisition, Formal analysis, Conceptualization. Lisa 
Stright: Writing – review & editing, Visualization, Validation, Investi
gation, Funding acquisition, Formal analysis, Data curation, Conceptu
alization. Brian W. Romans: Writing – review & editing, Visualization, 
Validation, Investigation, Funding acquisition, Formal analysis, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

All qualitative and quantitative data referenced in the manuscript 
text are presented in the figures, tables, and supplementary files that are 
associated with the manuscript. 

Acknowledgements 

Funding for this work was generously provided by the sponsors of the 
Chile Slope Systems Joint Industry Project (Anadarko, BHP Billiton, 

B.G. Daniels et al.                                                                                                                                                                                                                              



Marine and Petroleum Geology 165 (2024) 106869

23

Chevron, CNOOC, ConocoPhillips, Equinor, Hess, Repsol, and Shell), as 
well as via a Natural Sciences and Engineering Research Council of 
Canada (NSERC) Discovery Grant (RGPIN-2018-04223) to Hubbard, 
and by the University of Calgary Silver Anniversary Fellowship and 
Queen Elizabeth II graduate scholarships to Daniels. We wish to thank 
Mauricio Álvarez Kusanovic and Hella Roehrs Jeppesen, Armando 
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