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ABSTRACT: We investigate the relationship between the cross-sectional geomorphic expression of a submarine
channel as observed on the seafloor and the stratigraphic product of long-lived erosion, bypass, and sediment
deposition. Specifically, by reconstructing the time—space evolution of an individual channel fill (i.e., channel element)
exposed in outcrop, we establish a genetic link between thick-bedded channel-element-axis sandstone to thinly
interbedded channel-element-margin deposits. Although the bounding surface between axis sandstone and margin
thin beds is sharply defined, it is composed of a series of geomorphic surface segments of various ages; as such, the
composite stratigraphic surface (~ 17 m relief) was formed from numerous incision events that repeatedly sculpted
the conduit. By demonstrating the origin of the stratigraphic surface, we conclude that geomorphic surfaces with 2—7
m of erosional relief were largely responsible for the observed intra-channel-element architecture (and ultimately, the
composite 17-m-thick element). The widely documented channel element axis-to-margin architecture is a product of
submarine-channel thalweg dynamics, primarily recording interactions between the seafloor and the basal high-

concentration layers of channelized turbidity currents.

INTRODUCTION

Submarine channel systems are important conveyors of sediment,
nutrients, and pollutants from continents to deep-sea basins (Piper and
Normark 2001; Liu et al. 2013; Kane and Clare 2019). They are carved
by gravity-driven density currents, and their sedimentary fills contain a
record of protracted sediment transfer across slopes (Deptuck et al. 2003;
Hubbard et al. 2014; Englert et al. 2020). The inaccessibility of the deep
sea and the large magnitude of sediment-laden currents that shape
submarine channels, however, make formative processes difficult to
observe (Bouma et al. 1985; Normark et al. 1993; Talling et al. 2015).
Recent efforts to: 1) directly monitor flows in channels (e.g., Paull et al.
2010; Xu et al. 2013; Hughes Clarke 2016; Azpiroz-Zabala et al. 2017);
2) record seascape morphodynamics via repeat bathymetric surveys
(e.g., Conway et al. 2012; Hughes Clarke et al. 2015; Hage et al. 2018);
and 3) interpret high-resolution seafloor data (Maier et al. 2011; Jobe et
al. 2015, 2017; Carvajal et al. 2017), have provided new insights that
inspire re-evaluation of traditional datasets, including the stratigraphic
record.

Mutti and Normark (1987) integrated observations from three-
dimensional seafloor mapping with cross sections of channel fills from
outcrop to reconcile the definition of a submarine channel as an
elongated depression on the seafloor actively traversed by flows. Outcrop
studies have shown that channel-filling strata can exhibit a variety of
facies and architectures, from amalgamated sandstone beds interpreted to
have been deposited from high-density turbidity currents (cf. Lowe 1982)
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to more heterolithic thin-bedded successions above channel floors often
attributed to deposition from lower-density tails of turbidity currents
(e.g., Walker 1975; Barton et al. 2010; Hubbard et al. 2014; Stevenson et
al. 2015). Until very recently, what can be observed in outcrop (i.e.,
sedimentary fill of a single channel) was below the resolution of
bathymetric data (Maier et al. 2011; Conway et al. 2012; Jobe et al.
2015; Carvajal et al. 2017).

Channel-form-shaped sedimentary bodies, or channel fills, are common
in the stratigraphic record, at multiple scales and associated with a breadth
of depositional settings. Experimental (e.g., Sheets et al. 2007; de Leeuw et
al. 2018b), modeling (e.g., Strong and Paola 2008; Sylvester et al. 2011),
seismic interpretation (e.g., Deptuck et al. 2003), and outcrop (e.g.,
Reimchen et al. 2016) studies have shown that the basal surfaces of
channel fills are commonly composite and often highly time transgressive
(Fig 1). Outcrops of deposits of sandstone-dominated submarine channel
fills occur in a variety of basin settings through Earth history. Although
their facies and stratigraphic architecture can be highly variable (Wynn et
al. 2007), they are commonly characterized by beds that bidirectionally lap
onto confining erosion surfaces (Fig. 1A; Mutti and Normark 1987,
Beaubouef et al. 1999; Sullivan et al. 2000; Gardner et al. 2003; McHargue
et al. 2011; Fildani et al. 2013; Macauley and Hubbard 2013; Li et al.
2016; Jimenez et al. 2018; Casciano et al. 2019). Large-scale channel-fill
bounding surfaces in the deep-water stratigraphic record are likely to form
through deep incision, mass wasting, or migration and aggradation of a
smaller geomorphic channel-form template (e.g., Sylvester et al. 2011;
Gamberi et al. 2013; Bain and Hubbard 2016; Hodgson et al. 2016). These

Copyright © 2020, SEPM (Society for Sedimentary Geology) 1527-1404/20/090-673

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/90/7/673/5129451/i1527-1404-90-7-673.pdf

bv auest



674 S.M. HUBBARD ET AL.

i
!

McHargue et al., 2011
il 3l

Mutti and Normark, 1987

Channel-element-
margin position

Channel-element-
axis position

2

/)
*\-\\3)\\

~— |

—

Mutti and Normark, 1987;
Sullivan et al.,, 2000

7) —
- S
—

Macauley and Hubbard, 2013

FiG. 1.—Channel-element stratigraphic archi-
tecture. A) Channel elements highlighting the
basal erosion surface overlain by a fill that
includes numerous erosion surfaces (modified
from Mutti and Normark 1987; McHargue et al.
2011). Coarse-grained amalgamated sandstone
beds transition laterally to thinner bedded sand-
stone and siltstone. B) Half channel widths that
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fundamental observations and interpretations have been critical for
developing realistic perspectives of long-term channel evolution on deep-
water slopes (e.g., Englert et al. 2020).

The primary objective of this study is to reconstruct the time—space
evolution of stratigraphic surfaces in the sedimentary fill of a single
submarine channel in the Upper Cretaceous Tres Pasos Formation,
southern Chile. In doing so, we demonstrate the diachronous development
of key surfaces traceable in an outcropping channel fill, highlighting: 1) the

nature of interfingering amongst siltstone and
thick-bedded sandstone at the transition between
the element axis and margin. Approximate scales
of sketches are 15-25 m thick (maximum) and
100-200 m wide.

polyphase history of erosion, sediment bypass, and deposition; and 2) the
linkages between the geomorphic expression of the channel at any one time
and the resultant time-averaged stratigraphic product. The characterization
of diachronous stratigraphic surfaces provide insight into refined
evolutionary models of long-term sediment transfer, as well as the
minimum number of flows necessary to form and maintain an active
conduit on the seafloor.
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SUBMARINE CHANNEL ELEMENTS

The analysis of submarine channel-fill units has been widely couched in
the context of stratigraphic hierarchy (Pickering et al. 1995; Sprague et al.
2002; Mayall et al. 2006; McHargue et al. 2011; Cullis et al. 2018). These
classification schemes have proven useful for delineation and comparison
of deep-water hydrocarbon reservoirs (McHargue et al. 2011), and we aim
to explore aspects of their morphodynamic origins. In these schemes, the
channel fill (Sprague et al. 2002) or channel element (McHargue et al.
2011) is the largest order composed of repeated, or even predictable,
internal facies architecture (Fig. 1). This entails thick-bedded, amalgam-
ated sandstone deposited in the interpreted paleo-thalweg (i.e., channel-
element axis), and thinly interbedded sandstone and mudstone at channel
margins (Mutti and Normark 1987). Overall, a more complete record of
channel evolution is preserved in channel-margin deposits compared to
channel-axis deposits, which has been attributed to higher energy and
erosive processes (i.e., net erosion, low deposition) typical in channel
thalwegs (Conway et al. 2012; Hubbard et al. 2014; Covault et al. 2016).
Hubbard et al. (2014) described the element-bounding surface as a
“primary channel-form surface.”

Hubbard et al. (2014) developed an evolutionary model of protracted
phases of erosion, sediment bypass, and deposition to account for the
widely observed characteristics of intra-channel-element architecture. They
emphasized the importance of 3-5-m-thick channel-form sandstone
bodies, which collectively stack to compose a channel element. These
intra-element features have been observed in outcrops globally, and have
been commonly termed “channel stories” (e.g., Campion et al. 2005; Pyles
et al. 2010; Li et al. 2016); the bounding surfaces of intra-element channel-
forms have been also described as “secondary channel-form surfaces”
(Hubbard et al. 2014). While a channel story represents the sedimentary fill
between two intra-channel-fill erosion surfaces, it is important to note that
they are contained in the larger channel element. Because they are
regularly documented only in 2D, strike-oriented cross sections cannot be
reliably correlated down-dip for greater than hundreds of meters in most
instances, it is plausible that they represent either localized scours or more
continuous channelized features (e.g., Mitchell 2006; Fildani et al. 2013;
Gales et al. 2019; Heijnen et al. 2020). The stratigraphic expression of
these features is variable and inferred to be controlled by the nature,
magnitude, and frequency of erosive events that partially reshape the
conduit (Fig. 1B), as well as the geomorphic asymmetry of the formative
channel (Fig 1A; McHargue et al. 2011; Reimchen et al. 2016; Shumaker
et al. 2018).

METHODOLOGY AND STUDY AREA

The study area is in the Magallanes retroarc foreland basin of southern
Chile in the vicinity of Laguna Figueroa, ~ 40 km north of the town of
Puerto Natales (Fig. 2). The outcrop belt features a Campanian-age deep-
water slope segment located 25-30 km down-dip (southward) from coeval
paleo-shelf deposits, and the relief from paleo-shelf to the Laguna Figueora
area is approximately 1000 m (Bauer et al. 2020; Fig. 2). Regional
mapping of channel elements by Hubbard et al. (2010), Macauley and
Hubbard (2013), Pemberton et al. (2016), and Daniels et al. (2018) has
resulted in the identification of a particularly well-exposed channel element
for analysis in this study, named the “M2 channel element.”

The M2 channel element is 400 m wide and up to 17 m thick (Fig. 2C),
the orientation of which is constrained, in part, by paleoflow measurements
(mean 127°) from sole marks, the edges of scours, and the foresets of
cross-beds and ripple laminae. An 80-m-long-strike-oriented transect
across the left bank was selected for analysis, and characterized with a
series of 17 closely spaced (4—5 m apart) measured stratigraphic sections.
These sections were measured at one-millimeter resolution (82.5 m total)
in order to catalogue a near complete record of sedimentation units

(gravity-flow event beds; Ghosh and Lowe 1993; Hickson and Lowe 2002),
from thick-bedded sandstone in a channel-element-axis position to thinly
interbedded sandstone and mudstone in a channel-element margin position.
Measured sections were correlated with an emphasis on secondary
channel-form surfaces. Channel deposits in the Tres Pasos Formation are
widely observed to onlap and/or drape element-defining erosion surfaces
(Hubbard et al. 2014), although this onlap surface (i.e., primary channel-
form surface) is not exposed in the studied outcrop due to vegetative cover
(Fig. 2D).

RESULTS
Sedimentation Units and Facies

Thick-bedded, amalgamated turbidites (Facies 1) comprise sandstone-
dominated packages up to 15 m thick (Figs. 3A, 4). Individual
sedimentation units range in thickness from 0.5 to 145 cm, and locally
contain mudstone intraclasts overlying the basal contact. The sandstone
deposits are often apparently structureless, attributed to the collapse of
high-density turbidity currents (Lowe 1982) (Fig. 3A). However, diffuse
subhorizontal or wavy stratification is common (Fig. 3B). Cross-
stratification is locally preserved, and is interpreted to be caused by
bedload transport of medium- to coarse-grained sand (Lowe 1982; Postma
et al. 2014).

Thin- to thick-bedded, non-amalgamated turbidites (Facies 2) charac-
terize heterolithic packages up to 5.5 m thick (Fig. 3C). Event beds are
0.2-95 cm thick and are commonly characterized by the low-density
turbidite divisions of Bouma (1962) (Fig. 3D-F). Bioturbation is
moderately abundant in these deposits, particularly in muddy turbidite
caps; ichnogenera present include Ophiomorpha, Palaeophycus, Phyco-
siphon, Planolites, Scolicia, and Skolithos (Hubbard et al. 2012).

Sedimentation units composed primarily of mudstone that overlie
sharply defined erosion surfaces are also present (Facies 3) (Fig. 3G). In
some cases, these beds contain a medium- to coarse-grained basal division
< 5 cm thick, and collectively, mudstone-dominated packages of Facies 3
are 0.1-1 m thick (Fig. 3H). Individual sedimentation units range from 0.2
to 27 cm thick. These bed types are attributed to: 1) deposition from largely
bypassing currents, composed either of mud from the upper part or tails of
otherwise bypassing turbidity flows or of thin lag deposits (Mutti and
Normark 1987; Grecula et al. 2003; Stevenson et al. 2015); or 2) underfit
turbidity flows that only deposited sand in the channel axis (Hubbard et al.
2014; Li et al. 2016).

Chaotically bedded mudstone (Facies 4) is rarely preserved in the strata
studied, and where observed is closely associated with Facies 3 (Fig. 31I).
Deposits are attributed to mass-wasting processes, and consist of either
small-scale slump deposits or an amalgam of mudstone intraclasts.

Distribution of Sedimentation Units

The southwest extent of the outcrop (sections 1-2; Fig. 4) is dominated
by amalgamated, thick sandstone beds of Facies 1. Although cliff
exposures prevented directly measuring the full channel-element thickness
at these locations, we used photomosaics (e.g., Fig. 2D) to confirm
correlation of the top of the sandstone package to other measured sections.
At sections 3—6, the base of the section consists of a mudstone-dominated
unit 20-90 cm thick beneath the thick sandstone package (Fig. 4); this
recessive unit is composed of chaotically bedded deposits (Facies 4) or
thin, sand-poor turbidites (Facies 3) (Fig. 3H, I). We interpret that sections
1-6 occupy an axis position in the channel element, with erosion and
bypass recorded by Facies 3 and 4, followed by a record of collapsing,
depositing turbidity currents (Facies 1). In this part of the outcrop at least
57 distinct sedimentation units are described, the majority of which are
preserved in the fine-grained deposits that drape the primary channel-form
surface (i.e., base of section 6; Fig. 4). These fine-grained deposits were
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Fi6. 3.—Bed-scale sedimentary characteristics of the channel element, highlighting various sedimentation-unit styles preserved in the M2 Channel outcrop. A, B) Thick-
bedded sandstone of Facies 1 in measured sections 1 and 10, respectively. C—F) Thin- to thick-bedded turbidites of Facies 2 in measured sections 12 (lower), 10 (base), 9
(lower), and 14 (middle), respectively. G, H) Mudstone overlying erosion surfaces in measured sections 11 (base) and 5 (base), respectively. I) Chaotically bedded mudstone
of Facies 4 with mudstone of Facies 3 at base of measured section 6.
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removed by subsequent erosion in sections 1-5. Notably, the base of the
channel element (i.e., primary channel-form surface) is characterized by an
abrupt change in slope (i.e., a step or notch) at the approximate location of
section 6, across which it is generally subhorizontal to the northeast (light
blue line in Fig. 4).

Sections 7-9 record the sharp lateral transition from thick-bedded
sandstone (Facies 1) to thin-bedded sandstone and mudstone (Facies 2)
(Figs. 4, 5A, B). The abrupt lateral termination of thin beds demarks the
change from the channel-element-axis position to the margin position.
Thin-bedded turbidites of Facies 2 are pervasive in the northeast end of the
outcrop, with 434 unique turbidite sedimentation units identified (sections
10-17; Fig. 4) in an interpreted channel-margin position. Although
sedimentation units are typically < 1-5 cm thick and characterized by
normal grading from fine or very fine-grained sandstone to siltstone, there
are rare sedimentation units 5-30 cm thick that are composed of upper
medium- to coarse-grained sandstone with subangular to subrounded
mudstone intraclasts (Fig. 3E). Importantly, correlation of the secondary
channel-form surfaces suggests that thin beds in the lower part of the
margin succession (Facies 2) are coeval to axis deposits (Facies 1) in
sections 1-6 (Fig. 4).

The uppermost 4-6 m of the channel element in sections 9-17 is
characterized by amalgamated sandstone (Facies 1), which transitions
laterally across secondary channel-form surfaces to thin-bedded sandstone
and mudstone (Facies 2) to the northeast (Figs. 4, 5C). The base of this
upper section is relatively flat, and is overlain by a cross-bedded sandstone
up to 90 cm thick (Figs. 4, 5D). The upward bed thickening from Facies 2
at the base to Facies 1 at the top is common to channel-element-margin
sequences (Fig. 1; Mutti and Normark 1987; Gardner et al. 2003; Grecula
et al. 2003; Campion et al. 2005; Di Celma et al. 2011; Macauley and
Hubbard 2013).

Stratigraphic Surfaces

Sedimentation units are distributed within a series of mappable packages
that are defined by secondary channel-form surfaces. In the sandstone-
dominated axis position, these surfaces are locally characterized by a grain-
size shift from medium- to coarse-grained sandstone, mudstone intraclast
lags, and/or overlying cross-beds. At the sharp (typically erosional) contact
between the axis sandstone to the southwest and the thin-bedded margin

strata to the northeast, distinct notches, or steps, in secondary channel-form
surfaces record up to 4.5 m of relief over < 2 m laterally (Figs. 4, 5A). At
the element axis-to-margin facies transition, these surfaces contain
evidence for incision and undulating relief: 1) sandstone beds with
mudstone intraclasts (Figs. 3E, I, 5B), 2) mudstone-prone sedimentation
units attributed to bypass of coarse-grained sediment (Figs. 3E, 5C, E), or
3) thin sandstone beds in the channel margin composed of sandstone of
grain size similar to that observed in the channel-element axis (e.g.,
sections 1-6 in Fig. 4).

Direct stratigraphic correlation between channel-element axis and
margin strata is challenging due to erosion and modification of the
surfaces from subsequent phases of channel evolution (Figs. 1, 4). The
basis for these correlations includes: 1) physical correlation at the top of
the succession (e.g., surface S10; Fig. 4), where turbidity currents did not
erode the surface that connects axis-to-margin units. 2) Bed thickness and
grain-size trends in the margin deposits—in particular, the coarsest beds in
the margin could be interpreted to reflect sediment bypass during the
incision of a new secondary channel-form surface (e.g., Fig. 3E). The
similarity in the maximum grain size of some margin and axis beds links
the highest energy phases of sedimentation across the channel transect
(Fig. 4). 3) The same number of mapped erosion surfaces are preserved in
both element-axis and element-margin strata (Fig. 4). 4) The prevalence of
secondary channel-form surfaces and the strata they bound (i.e., channel
stories) in other channel elements at the same stratigraphic level in the Tres
Pasos Formation, which are of similar scale and internal character (Fig. 2;
Macauley and Hubbard 2013).

Outcrop Synthesis

The M2 channel element is characterized by a distinct, abrupt change in
slope along its basal surface, with evidence for deep scour to the SW (i.e.,
towards the axis), and more flat-lying and higher elevation character to the
NE (i.e., towards the left-hand margin) across sections 6-9 (Fig. 4). This
surface records erosion to varied levels during the initial establishment of
the conduit (Fildani et al. 2013). The point of abrupt change in slope of the
basal surface was apparently critical to channel evolution, as it is aligned
with the overlying sharply defined lateral transition from amalgamated
sandstone of the channel-element-axis position to thin-bedded sandstone
and siltstone of the channel-element-margin position (Fig. 4). This is
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Fi6. 5—Photographs highlighting various aspects of intra-channel-element architecture. A, B) Stepped incision surface that defines the lateral boundary between thick-
bedded amalgamated sandstone (Facies 1) and thick- to thin-bedded sandstone and mudstone (Facies 2). C) Mudstone-draped low-angle erosion surface at the northeast end of
the outcrop (measured sections 16 and 17). D, E) Mudstone-draped secondary channel-form surfaces between measured sections 11 and 12. The location of each photo is
indicated in Figure 2D.

consistent with observations from other submarine channel elements (e.g.,
Sullivan et al. 2000; Gardner et al. 2003; Hubbard et al. 2014). Although
not a focus of this study, it is interesting to hypothesize that channel
elements which lack the abrupt change in slope along their basal surface do
not develop a well-defined channel-element-facies transition from axis-
sandstone to margin-thin beds. Hubbard et al. (2014) interpreted that early
flows that bypassed or deposited coarse-grained sediment in the deepest
part of the channel were associated with deposition of thin sand beds in the
channel margin. Effectively, the abrupt change in slope of the primary
channel-form surface records initial development of a terrace (cf. Maier et
al. 2012); as subsequent flows bypassed or deposited sediment in the

channel thalweg, this area was the locus for deposition of thin-bedded
turbidites from the upper parts of stratified flows (Hubbard et al. 2014;
Hansen et al. 2015; Li et al. 2016; Jobe et al. 2017). This is consistent with
many numerical and physical experiments, which have demonstrated that
channel confinement through erosional processes is enhanced by
aggradation at channel margins (e.g., Hall et al. 2008; Rowland et al.
2010; de Leeuw et al. 2018a).

The notched, or stepped, profile of the composite channel-element-axis
sandstone body records a series of 2—7-m-thick, vertically stacked channel-
form bodies (i.e., stories) bounded by secondary channel-form erosional
surfaces (Figs. 1, 5). These strata record distinct phases of erosion, bypass,
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and deposition during the protracted evolution of the channel (cf. Hubbard
et al. 2014). Similar steps at the edges of coarse-grained channel bodies
have been described in seismic, outcrop, and experimental datasets, and are
attributed to the generation of composite stratigraphic surfaces through
punctuated stages of channel evolution (e.g., Hubbard et al. 2008; Maier et
al. 2012; de Leeuw et al. 2018a). The erosional bases of these steps are
interpreted to correlate to discrete packages bounded by the erosion
surfaces in the thick, heterolithic channel-element-margin succession (Figs.
1, 5).

Geomorphic data have been used to demonstrate that an individual flow
can contemporaneously deposit thick-bedded (i.e., element axis) sediments
in the channel thalweg and thin-bedded (i.e., element margin) sediments at
a higher elevation (e.g., Normark and Reid 2003; Pirmez and Imran 2003;
Jobe et al. 2017). This makes direct correlations between deposits of the
two settings challenging because of postdepositional erosion, modification,
and compaction. The likelihood of a direct physical correlation between
element axis and margin deposits increases with decreasing scour relief.

The deposition of sand across the top of the thin-bedded margin
succession, including the unique prevalence of cross stratification at the
base of this sandstone succession (e.g., sections 9-11 in Fig. 4), is
interpreted to reflect expansion of turbidity currents during the late-stage
evolution of the conduit as relief is filled. Overall, an upwards trend
towards wider and lower-relief secondary channel-form surfaces is
apparent (Fig. 4), consistent with previous studies (Hubbard et al. 2014;
de Leeuw et al. 2018b).

TIME-SPACE EVOLUTION OF A SUBMARINE-CHANNEL ELEMENT

To examine the time—space evolution of the M2 channel element, we
construct a diagram of channel-element half-width against interpreted
relative time (Fig. 6) (i.e., Wheeler diagram; Wheeler 1958, 1964). There
are several important caveats about the construction of such a diagram.
First, the primary value is to aid investigation of relative timing of
sedimentation events and the temporal nature of composite stratigraphic
surfaces based on the observed and interpreted stratigraphic architecture.
Thus, it is not an independent assessment of the accuracy of that
interpretation. We discriminate three temporal domains: deposition, non-
deposition, and erosion/non-preservation.

Assumptions with such an analysis are inevitable, with critical
assumptions including: 1) secondary channel-form surfaces (e.g., S1, S2,
etc.) are interpreted to have developed over short duration, and thus, are
depicted as instantaneous (i.e., flat) surfaces in the Wheeler diagram (Fig.
6). The sedimentation units are tabulated between these successive erosion
surfaces. 2) Temporal positions of thick sandstone beds in the channel
thalweg cannot be precisely determined due to lateral pinch-out against
erosion surfaces; thus, uncertainty is shown by a vertical line with arrow
heads at each end depicting the relative timing range possible for the beds
(Fig. 6). 3) The events are distributed equally through time simply to show
relative stacking; we do not assume or infer temporal breaks and/or
temporal clustering. While we recognize that the equal distribution of beds
in a unit bounded by secondary channel-form surfaces is simplistic, we
have no temporal data (e.g., flow recurrence intervals) to constrain the
unequal placement of beds within these packages.

Approximately 70-80% of the channel-element exposure consists of
sandstone-dominated (axis) strata, and 20-30% is thinly interbedded
sandstone and mudstone (margin) (Fig. 4). Stratigraphic sections measured
from the channel-element axis through margin transition document the
number and spatial distribution of sedimentation units. Our analysis reveals
that 520 individual, distinct sedimentation units are present in the channel-
element strata assessed. The total number of distinct sedimentation units
represents the minimum number of turbidity currents that passed through
the channel over its lifecycle. While ~ 80% of the area of the exposure are
channel-element-axis deposits, < 10% of the recorded sedimentation units

are preserved in axis deposits (Fig. 6). Particular insight into prolonged
sediment transfer during channel evolution is consequently preserved not in
the axis, but in cross-sectionally (and thus volumetrically) limited channel-
margin sedimentation units (cf. Hubbard et al. 2014). These observations
complement recent depositional-system-scale interrogation of stratigraphic
completeness, which emphasize the use of gaps in the stratigraphic record
to inform paleoenvironmental interpretations (Trabucho-Alexandre 2014;
Mabhon et al. 2015; Durkin et al. 2018; Vendettuoli et al. 2019).

Correlation of secondary channel-form surfaces reveals that thinner-
bedded, finer-grained channel element margin facies are coeval with
thicker-bedded axis facies (Fig. 4). An interpretation of time-transgressive
channel evolution is required to account for these observations (Fig. 7). A
simplistic, two-step, cut-and-fill model (Beaubouef et al. 1999; Camacho et
al. 2002; Kolla et al. 2012) does not represent the prolonged and dynamic
nature of evolutionary processes that resulted in the composite and
diachronous nature of the erosional surface that bounds channel-element-
axis sandstone. Thick-bedded, sand-rich, sediment gravity flows that
deposited in the channel thalweg were episodic, or even rare (< 10% of
flows), against a background of channel maintenance by bypassing and
erosive turbidity currents (Covault et al. 2014). Moreover, repeated deep-
incision events also limit the preservation potential of the thick-bedded
element-axis deposits by removing their sedimentary record (cf. Ven-
dettuoli et al. 2019). During the evolution of the channel, incision events
repeatedly sculpted the bank, with interpreted relief between the thalweg
and margin between 2.5 m and 6.5 m (Fig. 7B—K). In contrast, relief
estimated from the edge of the composite sandstone body is 17.4 m (Fig.
7L). The disparity in these values underscores the importance of
recognizing the stratigraphic expression of channel evolution (cf. Fig.
1B). Despite the smooth appearance of the surface that defines the edge of
sandstone-dominated channel-element-axis strata, this surface never
existed on the seafloor, but rather was formed over a protracted period
and is composed of a series of geomorphic surface segments of various
ages that variably coalesce and diverge (Fig. 7L). Further, the Wheeler
analysis demonstrates the origin of upward bed-thickening patterns in
channel-element margins (Grecula et al. 2003; Macauley and Hubbard
2003), reflecting the decrease in channel relief through time (Fig. 7).

Onlap of thick sandstone beds against low-relief secondary channel-
form surfaces, as well as repeated deposition of thin, coarse-grained
sandstone beds in the channel margin, can be reconciled with flows
characterized by distinct flow stratification (Middleton 1993; Sumner and
Paull 2014; Jobe et al. 2017; Symons et al. 2017). The banks of lower-
relief (< 8 m) channel surfaces are overcome by the basal coarse-sand rich
parts of flows much more readily than in instances where a deep incision
(> 15 m) is present. Recognition that secondary channel-form surfaces in a
channel element record the evolution of the geomorphic channel has
important implications for interpretation of formative flow properties and
morphodynamics from the stratigraphic record. For example, the
characteristic channel depth is thought to be scaled to the high-density
basal parts of turbidity currents that pass through channels (Pirmez and
Imran 2003).

The stratified nature of channelized turbidity currents has been widely
discussed (e.g., Middleton 1993), and recently documented from direct
monitoring (Xu et al. 2014; Hughes Clarke 2016; Azpiroz-Zabala et al.
2017; Stevenson et al. 2018), seafloor core-sampling (Jobe et al. 2017;
Symons et al. 2017), experiments (e.g., Cartigny et al. 2014; de Leeuw et
al. 2018a), and numerical modeling studies (Abd El-Gawad et al. 2012;
Bolla Pittaluga and Imran 2014; Eggenhuisen et al. 2017; Luchi et al.
2018; Traer et al. 2018). These studies all indicate that sand is commonly
confined to the basal part of the flow, and thus primarily deposited in or
near the channel thalweg in many instances. Numerous recent outcrop
analyses have considered the impact of flow stratification on facies
relationships observed in submarine channel fills (e.g., Arnott 2007,
Dykstra and Kneller 2009; Hansen et al. 2015). In particular, the typically
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Fic. 6.—Wheeler-diagram interpretation of the channel element investigated. The horizontal axis corresponds to the lateral extent of the stratigraphic cross-section in
Figure 4. The vertical axis reflects the number of distinct sedimentation units counted in each of the measured sections along the outcrop transect, with each event bed spaced
equally regardless of deposit thickness. The secondary channel-form erosional surfaces described in the outcrop belt are labelled S1-S11.

limited ability of flows to spill coarse-grained sediment into channel-
margin settings is reflected by the sharp lateral facies transitions between
channel-axis and channel-margin deposits (Hubbard et al. 2014). In
submarine channels offshore Nigeria, Jobe et al. (2017) demonstrated
coeval deposition in channel-axis and channel-margin settings, and even
modest elevation changes (~ 10 m) across channel cross-sectional profiles
were associated with significant differences in grain size, event-bed
thickness, and facies.

In the Tres Pasos Formation, the: 1) relief of mapped secondary channel-
form surfaces, and 2) coarsest sandstone beds that can be tracked between
thalweg and margin, provide thickness estimates of 2—7 m for the basal,
high sediment concentration layers within the stratified turbidity currents
as the beds observed were deposited. This estimate of the basal high-
concentration layer compares to recent observations from direct monitoring
studies (Sumner and Paull 2014; Azpiroz-Zabala et al. 2017), numerical
modeling (Eggenhuisen et al. 2017), and seafloor core studies (Jobe et al.
2017), supporting the interpretation of the M2 channel element of the Tres
Pasos Formation (Fig. 7).

DISCUSSION
Temporal Scales of Composite Channel Surface Generation

The formation of stratigraphic surfaces through various stages of erosion
and sedimentation in channelized settings is well established (e.g.,

Holbrook 2001; Deptuck et al. 2003; Tornqvist et al. 2003; Hodgson et
al. 2016). Strong and Paola (2008) constructed a particularly insightful
experiment that demonstrated the development of a highly diachronous
incised-valley bounding surface through numerous deepening and
widening episodes during various developmental stages. Sylvester et al.
(2011) suggested that the idea of the fundamental difference between
geomorphic and stratigraphic surfaces also applies to submarine channel
systems. The implications for interpretation of the stratigraphic record are
significant, and specifically that stratigraphically defined valley or channel
shapes often do not represent a former geomorphic (i.e., topographic)
surface. In submarine channel settings, substantial aggradation driven by
constructional overbank sedimentation can lead to formation of a valley-
scale stratigraphic surface that could be misleading and suggest a single
phase of deep incision, followed by protracted infill (cf. Deptuck et al.
2003; Sylvester et al. 2011; Bain and Hubbard 2016; Hodgson et al. 2016).
Various studies have shown that these stratigraphic surfaces could be
generated by multiple flows over thousands (e.g., Jobe et al. 2015) to
millions (e.g., Englert et al. 2020) of years.

Recent outcrop-based studies have examined the generation of
stratigraphic surfaces through coalescing of geomorphic surface segments
at a finer scale and over much shorter time periods. Durkin et al. (2015)
analyzed fluvial point-bar strata and interpreted diachronous stratigraphic
surfaces that were variably sculpted by erosion or modified through
sedimentation around a point-bar reach through changing river stages.
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body. Part L shows that the edge of the sandstone (i.e., the stratigraphic surface) is defined by eight geomorphic surface segments from evolutionary stages presented in B-K.
Fill color gradation records time steps from oldest deposits (lighter, yellow) to younger deposits (darker, gray).

Although these surfaces may have been shaped over a short duration (e.g.,
seasonal river cycle), like the experimental stratigraphic-surface-defined
valleys of Strong and Paola (2008), they never corresponded to a
geomorphic surface that once existed in the meander belt. Reimchen et al.
(2016) compared the primary channel-form surfaces that define deep-water

channel elements to channel surfaces on the seafloor, noting a 16%
discrepancy in the normalized cross-sectional areas of the channel-fill
sedimentary bodies and geomorphic channels. They attributed the larger
cross-sectional area of sedimentary bodies in the rock record to protracted
erosion and sedimentation processes, which sculpted the diachronous
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Fi6. 8. —Comparison of the Tres Pasos Formation outcrop-derived surfaces with A) seafloor and near-seafloor data from Lucia Chica (Maier et al. 2011, 2012)—a scaled
secondary erosion surface is overlaid on a comparable surface in the chirp data (2—15 Kz profile with 10 cm resolution). B) Seafloor and shallow seismic profile (50 Hz data)
from Hansen et al. (2017) (Seismic dataset owner: PGS). Despite the fact that the channel on the seafloor is > 1 km wide, the thalweg (defined by bright amplitude) is the
same scale as the outcrop channel element (D).

stratigraphic surface over an extended period (e.g., Sheets et al. 2007; The recognition of a diachronous lateral contact (Fig. 7L) between the
Gamberi et al. 2013; Pemberton et al. 2016). Our analysis builds on  sandstone-dominated channel element axis and adjacent thin-bedded
previous work, outlining the role of intra-channel surfaces (i.e., secondary  element margin in the Tres Pasos Formation has potentially wide-ranging
channel-form surfaces) and the strata that they bound (i.e., channel stories)  implications. Importantly, the submarine-channel-fill style described is
in the overall evolution of submarine channels. widely observed in outcrop and subsurface datasets from numerous basin
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settings around the world (e.g., Mutti and Normark 1987; Sullivan et al.
2000; Gardner et al. 2003; Grecula et al. 2003; Mayall et al. 2006;
McHargue et al. 2011; Macauley and Hubbard 2013; Bain and Hubbard
2016; Li et al. 2016). In many instances, the > 17-m-thick composite
sandstone-rich body (Fig. 7L; channel element axis) would have
historically been considered for estimating paleo-hydraulic conditions on
the ancient slope. However, the geomorphic surface likely never had that
much relief—it evidently formed due to the protracted aggradation of a
smaller channel-form-shaped geomorphic template (Fig. 7). It is this
template, defined by secondary channel-form surfaces in the outcrop,
which records sculpting and deposition by turbidity currents. We suggest
that this template might be most useful for reconstructing formative
turbidity-current properties, including sediment discharge and concentra-
tion (e.g., Azoiroz-Zabala et al. 2017; de Leeuw et al. 2018b; Li et al.
2018; Stevenson et al. 2018).

Linking Outcrops to Seafloor Observations

The challenge of linking the stratigraphic record to observations of deep-
water seafloor geomorphology has been widely discussed over the last three
decades (e.g., Bouma et al. 1985; Normark et al. 1993; Gamberi et al. 2013).
Initially, it was recognized that the scales of investigation were disparate
amongst methodological approaches, with seafloor remote-sensing tech-
niques enabling coarse-scale observations relative to outcrops (Bouma et al.
1985; Mutti and Normark 1987; Clark and Pickering 1996). Remote-
sensing tools, such as seismic-reflection data, have improved since the
1980s; however, despite significant developments in data processing,
resolution limits are demonstrated to result in a composite seismic
expression that masks the fine-scale geometric and stratigraphic details that
might enable insight into formative sedimentary processes (Normark et al.
1993; Abreu et al. 2003; Bakke et al. 2008; Pemberton et al. 2018). Recently,
high-resolution bathymetric data integrated with very high-resolution (up to
0.25 m vertical resolution) seismic reflection or core data have provided
unprecedented perspectives of the seafloor and underlying deposits (e.g.,
Maier et al. 2011; Carvajal et al. 2017; Hage et al. 2018). These data resolve
outcrop-scale features, enabling a fruitful re-evaluation of the linkage
between the surfaces and deposits observed in various datasets.

We posit that the secondary channel-form surfaces with 2—7 m relief
(Fig. 7), and the collective ~ 17-m-thick, sand-rich channel element that
formed through their protracted aggradation (Fig. 4), are likely associated
with the basal part of levee-bounded submarine channel systems that are
widely observed on the modern seafloor (Fig. 8). These deposits are
primarily influenced only by the basal, highest-density parts of thick,
stratified flows (Pirmez and Imran 2003; Arnott 2007). This could help
explain the dimension disparity between channels on the seafloor and
outcropping channel fills. Fine-grained terraces, overbank, and eventually
levees add appreciable depth to active channels, but with limited
preservation (or exposure) potential and compaction significantly influ-
encing diagnostic geometries, they are often poorly exposed or difficult to
reconstruct in outcrops (e.g., Macauley and Hubbard 2013). This has
undoubtedly made linkage between outcrops and modern channel systems
particularly difficult, especially with regard to development of holistic
process-to-product models for submarine channel systems (Mutti and
Normark 1987; Wynn et al. 2007; Gamberi et al. 2013). The stratigraphic
channel element axis-to-margin facies transition captures channel thalweg
dynamics, and should be readily distinguished from coeval, much finer and
thinner-bedded inner levee or levee units.

CONCLUSIONS

Reconstructing the time-space evolution of an individual deep-water
channel element that crops out in southern Chile demonstrates the
polyphase history of erosion, sediment bypass, and deposition that shapes

submarine channel systems. The most striking initial observation of the
outcrop is a sharply defined surface, which demarcates the edge and base
of a sandstone-dominated channel-form body (17.4 m thick). Our fine-
scale analysis demonstrates that this stratigraphic surface is composed of a
series of geomorphic surface segments of various ages; as such, this
composite surface formed over numerous incision events that repeatedly
sculpted the setting. These various incision events were associated with 2—
7 m of erosional relief, indicating that morphodynamics associated with a
relatively small geomorphic template was responsible for the observed
intra-channel-element architecture. This contrasts a perhaps more intuitive
initial interpretation, which is that the measured relief at the edge of the
channel-axis sandstone (i.e., 17.4 m) corresponds to the geomorphic relief
that would have existed on the seafloor. From our analysis, we posit that the
channel-element fill pattern examined, consisting of channel-axis sand-
stone transitioning laterally to thinly-interbedded channel margin deposits
over short distances, is a product of submarine-channel thalweg dynamics,
primarily recording interactions between the seafloor and the basal high
concentration layers of channelized turbidity currents.
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