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ABSTRACT

The processes within deep-sea sediment-
routing systems are difficult to directly moni-
tor. Therefore, we rely on other means to de-
cipher the sequence and relative magnitude
of the events related to erosion, sediment
bypass, and deposition within channels that
crosscut the seascape, and in particular, con-
tinental slopes. In this analysis, we examine
the nature of slope channel fill in outcrop
(Cretaceous Tres Pasos Formation, south-
ern Chile) in order to evaluate the geological
evidence of the full channel cycle, from incep-
tion to terminal infill with sediment, and we
attempt to provide insight into the enigmatic
deep-sea processes that are critical for a com-
prehensive understanding of Earth surface
dynamics.

In the stratigraphic record, slope channel
fills are typically represented by sandstone-
or conglomerate-dominated deposits that de-
fine channelform sedimentary bodies tens of
meters thick and hundreds of meters across.
Despite the prevalence of coarse-grained
sediment, key information is recorded in the
fine-grained deposits locally preserved within
the channelform bodies, as well as a breadth
of scours or internal channelform stratal
surfaces. These characteristics preserve the
record of protracted sedimentary bypass and
erosion. In many instances, the life of a slope
channel is dominated by sedimentary bypass,
and the stratigraphic record is biased by the
products of shorter-lived channel filling and
abandonment.

INTRODUCTION

Channels on the continental slope and other
high-relief basin margins are important conduits
for sediment transfer from non- and shallow-
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marine environments to deep-water basin-floor
settings. As such, they feed the greatest accu-
mulations of detritus on the modern seafloor at
the ends of continent-draining, sediment-routing
systems, and their deposits hold a wealth of
proxy information about past climate and other
perturbations to Earth systems (e.g., Clift and
Gaedicke, 2002). Moreover, the transfer of nutri-
ents, pollutants, and organic carbon to the deep
sea by the flows that traverse these conduits influ-
ences marine biota, including fisheries valuable
to human communities, and the global inventory
of carbon on Earth’s surface (Lyons et al., 2002;
Syvitski et al., 2005; Galy et al., 2008). Subma-
rine channel deposits can also be hosts for signif-
icant oil and gas resources (Samuel et al., 2003;
de Ruig and Hubbard, 2006; Mayall et al., 2006;
Kane et al., 2013). The history of deep-water
sediment dispersal and channel filling recorded
in sedimentary rocks has the potential to reveal
the relative tempo of processes and associated
conveyance of sediment across seascapes. This
is significant, as up to this point, direct moni-
toring of coarse-grained sediment transport in
our oceans is extremely difficult, and therefore
poorly constrained.

Slope channel deposits preserve a variable
record of sediment transfer across ancient basin
margins. Sandstone-dominated channel fill
tends to bias the stratigraphic record toward the
preservation of channel-filling processes at
the expense of the record of potentially long-
lived sediment bypass. Heterolithic intra-
channel fill is characteristic of numerous slope
systems (e.g., Sullivan et al., 2000; Hodgson
et al., 2011; Pyles et al., 2010). We hypothe-
size that in these heterolithic intrachannel fill
deposits, a more complete record of sediment
transfer is preserved, thereby revealing a more
complete perspective of channelized deep-water
sedimentation, from inception to terminal infill.
That is, the stratigraphic architecture described
and sedimentary processes interpreted from
these heterolithic deposits will shed light on
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the history of a channel as a conduit for sub-
marine sediment dispersal relative to merely
accommodating the deposition of sand. Further-
more, multiscale insights from the stratigraphic
evidence of channelization are necessary to
improve recent efforts to quantify sediment
transfer and deposition within a mass-balance
framework (e.g., Paola and Martin, 2012).

In this study, we consider deep-water channel
strata of the Cretaceous Tres Pasos Formation
that crop out in the Magallanes Basin of Chilean
Patagonia. These outcrops provide three-dimen-
sional exposure at a range of scales, including
scales typically characterized only in seismic-
reflection data sets (up to kilometer scale spa-
tially, hundreds of meters stratigraphically), as
well as the bed and finer scales that are com-
mon to outcrops. With this perspective, fine-
scale facies information can be placed within
the framework of channel architecture, which
allows examination of the relative contributions
of different sedimentary processes in the history
of channelization.

The Tres Pasos Formation channel segment
of interest developed along an intraslope point
on the Cretaceous basin-margin profile, i.e.,
downdip of canyons and updip of turbidite
depositional environments characteristic of the
base of slope (Hubbard et al., 2010). There-
fore, this point is transitional with regards to
erosion-dominated processes upslope and depo-
sition-dominated processes on the basin floor.
This paleoslope position led to preservation of
deposits that provide an inclusive perspective
of channel-fill components, recording wide-
spread evidence for erosion, sediment bypass,
and deposition. We provide recognition criteria
for these fundamental stratigraphic components,
and we assess their broad applicability to slope
channels for a range of submarine settings.
Finally, we consider the temporal significance
of submarine channel fill, and we hypothesize
on the relative longevity recorded by the funda-
mental stratigraphic components.

© 2014 Geological Society of America; Gold Open Access: This paper is published under the terms of the CC-BY license.
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Slope Channel Fill

Slope channels and their deposits have been
the focus of extensive research over the past
two decades (e.g., Clark et al., 1992; Peakall
et al., 2000; Gardner et al., 2003; Posamentier
and Kolla, 2003; Sylvester et al., 2011; Kane
et al., 2013), largely in response to challenges
in exploration and development of deep-water
reservoirs on continental margins (e.g., Samuel
et al., 2003; Mayall et al., 2006). Opportuni-
ties to study these deep-water geomorphic and
stratigraphic features on the seafloor and in
the subsurface have historically been limited
because of the inherent difficulty in directly or
remotely accessing modern seascapes. Unlike
flow within rivers on Earth’s surface, large tur-
bulent currents that transport significant vol-
umes of coarse-grained material across conti-
nental slopes have rarely been monitored, with
the exception of indirect means such as seafloor
cable breaks (Piper et al., 1988). Technological
advances in high-resolution seafloor imaging
and three-dimensional seismic-reflection data
acquisition have resulted in unparalleled per-
spectives of deep-water channel systems (e.g.,
Pirmez et al., 2000; Babonneau et al., 2002;
Deptuck et al., 2003; Normark et al., 2009;
Labourdette and Bez, 2010; Dalla Valle and
Gamberi, 2011; Maier et al., 2011; Paull et al.,
2013). These advances have provided insights
into submarine-channel architecture (e.g.,
leveed channels, stratigraphically complicated
slope-valley turbidite systems, and complexes
of nested channels), and inspired reevaluation
of slope channel units that crop out in mountain
belts around the world (Gardner et al., 2003;
Beaubouef, 2004; Campion et al., 2005; Kane
et al., 2007; Crane and Lowe, 2008; Hodgson
et al., 2011; Gamberi et al., 2013).

Conduits on slopes or within slope strata are
considered at multiple physical scales (Fig. 1).
Channelform features mapped in three-dimen-
sional seismic volumes range from hundreds
to thousands of meters across and tens to hun-
dreds of meters thick (e.g., Morris and Nor-
mark, 2000; Samuel et al., 2003; Mayall et al.,
2006; Porter et al., 2006; Cross et al., 2009;
Jobe et al., 2011; Janocko et al., 2013). The
largest of these represent composite features
that consist of numerous smaller channelform
bodies (e.g., Gardner and Borer, 2000; Cam-
pion et al., 2005; Schwarz and Arnott, 2007;
Hubbard et al., 2009; Di Celma et al., 2011).
These smaller channelform bodies are consid-
ered herein as slope channel fills, which are
most commonly observed in outcrop or high-
resolution subsurface data (Fig. 1). Slope chan-
nels are typically less than 400 m wide and
less than 30 m thick (Fig. 1; McHargue et al.,
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Figure 1. Two-dimensional schematic cross sections and map of channelform sedimentary
bodies common in slope strata, emphasizing a broad range of scales. (A) Channelforms
greater than 1000 m across and 50 m thick generally represent composite features, com-
posed of numerous smaller channelform bodies, as well as voluminous deposits attributed
to submarine mass wasting. These large-scale features are commonly observed in seismic-
reflection data. (B-D) Examples of smaller channelforms, generally less than 300 m wide
and 30 m thick. These features stratigraphically stack within the larger channelforms, as
in part A, yet are commonly difficult to resolve in seismic-reflection data. They are most
commonly documented in outcrop. (E) Planform view of channelforms traced from a three-
dimensional seismic-reflection volume (modified from Deptuck et al., 2003).

2011). The fill of these relatively small-scale
conduits, or fundamental slope channels, is the
focus of this study.

STUDY CONTEXT AND
METHODOLOGY

The Magallanes retroarc foreland basin
(known as the Austral basin in Argentina)
formed in response to Andean uplift during
the Late Cretaceous (Biddle et al., 1986; Wil-
son, 1991; Fildani and Hessler, 2005; Fosdick
et al., 2011). Deep-water conditions persisted
in the basin for 20 m.y., attributed to a back-
arc basin heritage (Rocas Verdes basin) and the
formation of underlying attenuated continental
crust (Romans et al., 2010). The deep-water
basin was eventually filled axially, from north
to south, by a prograding clinoform system that
linked slope turbidite systems of the Tres Pasos
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Formation to coeval shelf-edge deltaic strata
of the lithostratigraphically overlying Dorotea
Formation (Hubbard et al., 2010). The strata of
interest in this study are interpreted to have been
deposited at an intraslope slope position along
a high-relief (>900 m) clinoform that formed
as the bathyal Magallanes foreland basin filled
(Hubbard et al., 2010; Romans et al., 2011).
The Upper Cretaceous Tres Pasos Formation
consists of 300 m of slope channel strata in the
vicinity of Laguna Figueroa, Ultima Esperanza
District, southern Chile (Fig. 2; Katz, 1963;
Smith, 1977). The deposits of at least 25 slope
channels are present at Laguna Figueroa, sepa-
rated into two distinct packages of sandstone-
dominated strata (Fig. 2C). The lower of these
was studied in detail by Macauley and Hubbard
(2013). The analysis of a single channel fill, the
“GC channel,” which is present in the upper
stratal package, provides the basis for this study
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Figure 2. Study area overview.
(A) Satellite image of the Tres
Pasos Formation outcrop belt
adjacent to Laguna Figueroa,
with the mapped outline of GC
channel fill. Inset map provides
the location of the study area
in southern Chile. (B) Close-up
perspective of area highlighted
in white box in part A, show-
ing the outline of GC channel
and summarizing paleocurrent
data, which generally indicate
southward flow. (C) Photo-
mosaic of the outcrop belt,
with the GC channel fill high-
lighted near the top of the ex-
posure (the dotted black line
in part A corresponds to the
outcrop intersection of the GC
channel deposit). Note that a
dip-oriented perspective is ex-
posed, which yields numerous
three-dimensional views of the

Laguna
Figueroa

South
America

channel along the 1.5-km-long
transect.

(Fig. 2). GC is an acronym for “Gabriela Chan-
nel,” after Chilean Nobel Prize laureate Gabriela
Mistral, who wrote a collection of poems while
visiting the area of Laguna Figueroa (Mistral,
1922). The GC channel fill is best exposed in
a series of gullies along a 1.5-km-long outcrop
transect (Fig. 2); two- and three-dimensional
exposures of channel deposits were documented
with diferential GPS surveying, photomosaics,
and bed-scale sedimentological analysis.

The complex of channels that includes GC
channel is up to 110 m thick (Fig. 2C). GC
channel deposits are incised into, and locally
incised by, other similar channel bodies within
this complex (Fildani et al., 2013). The entire,
composite sandstone-prone sedimentary body
is laterally encased by poorly exposed (vege-
tated), mudstone-prone turbidites (Fig. 2C).
The aggradation of channel fills within the
complex suggests that these out-of-channel tur-
bidites are levee deposits (Macauley and Hub-
bard, 2013; cf. Deptuck et al., 2003; Kane and
Hodgson, 2011).

OUTCROP CHARACTERISTICS
Sedimentary Facies

We describe the fill of Tres Pasos Forma-
tion slope channels according to a hierarchy of
stratigraphy in which no a priori interpretive
descriptors are appended to components at any
hierarchical level, and which is open ended at
the largest scale (cf. the tenets of the fluvial
hierarchy of Miall, 1985; the deep-water hier-
archy of Ghosh and Lowe, 1993; and Hickson
and Lowe, 2002). Beds, sedimentation units,
and component sedimentary structures are the
fundamental order of observation. Sedimenta-
tion units are interpreted to represent deposi-
tion from a single sediment gravity flow (e.g.,
a turbidity current or a debris flow). Internal
divisions within sedimentation units rely upon
descriptive characteristics outlined by Bouma
(1962) and Lowe (1982). Grouped beds and
their interpreted sedimentation units of similar
affinity constitute the next order of observa-
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tion, i.e., facies, which are the basic mappable
components of the channelform sedimen-
tary body. Facies are described and inter-
preted next.

Mudstone-Prone Facies

Mudstone-prone facies include sedimenta-
tion units that are 1-10 cm thick and character-
ized by sharp basal contacts (Fig. 3A). Individ-
ual sedimentation units are normally graded,
from very fine— and fine-grained sandstone
to siltstone and mudstone. Proportionally, the
siltstone and mudstone components represent
>70% of each sedimentation unit (Fig. 3A).
Physical sedimentary structures dominantly
consist of current ripples (Bouma T, divi-
sion) in sandstone layers through silty planar
lamination upward (Bouma T, divisions). The
facies is typically <20 cm thick; however, it is
up to 100 cm thick locally. Mudstone-prone
facies are interpreted to preserve the depos-
its of dilute, low-density turbidity currents,
as well as the subsequent suspension sedi-
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Figure 3. Facies of the GC channel fill. (A) Mudstone-prone facies (MPF). (B) Thinly interbedded sandstone and
mudstone facies (SMF). (C) Thick-bedded sandstone facies (TSF). Jacob staff marked with 10 cm increments.
(D) Thick-bedded sandstone bound by amalgamation surfaces (TSF).

mentation of fine-grained material that accu-
mulated between turbulent transport events
(Bouma, 1962).

Thinly Interbedded Sandstone and
Mudstone Facies

Sandstone and mudstone facies constitute
beds that are 5-30 cm thick (Fig. 3B). Indi-
vidual sedimentation units are characterized by
sharp and commonly undulating basal contacts
overlain by fine-grained, and rarely medium-
grained, sandstone. The sandstone is 4-15 cm
thick and normally grades upward into siltstone
and mudstone. The sandstone component typi-
cally makes up the majority of the thickness of

each sedimentation unit (Fig. 3B). Sandstone
is dominated by planar or ripple lamination
(Bouma T, ), and the overlying fine-grained
material is either laminated or massive (Bouma
T,.). The facies is up to 12 m thick. Overall,
it is interpreted to record deposition from low-
density turbidity currents (Bouma, 1962).

Thick-Bedded Sandstone Facies

Sandstone sedimentation units 25-400 cm
thick are characterized by sharp bases that are
commonly undulatory (<1 m relief; Figs. 3C
and 3D). The units are normally graded, with
very coarse-grained sand- to pebble-sized clasts
locally preserved in the strata within 50 cm of
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basal bed contacts. Upward, the sedimentation
units transition from medium- to fine-grained
sandstone, and, locally, a siltstone cap is pre-
served. Nearly the entire thickness of each sedi-
mentation unit is composed of sandstone (Figs.
3C and 3D). Sandstone is largely massive appear-
ing (Bouma T,), with planar and/or ripple lami-
nation (Bouma T, ) sometimes preserved in the
upper 50 cm of sedimentation units. Diffuse
internal stratification within the thick sandstone
is locally apparent. Both angular and rounded
mudstone clasts are locally significant, typically
present overlying bed bases, ranging from 0.1 to
1 m in diameter. These mudstone clast conglom-
erates are rarely associated with low- to high-



Geological Society of America Bulletin, published online on 6 March 2014 as doi:10.1130/B30996.1

Sediment transfer and deposition in deep-sea slope channels

angle planar to wavy cross-stratification (i.e., T,
of Lowe, 1982). Thick-bedded sandstone facies
sedimentation units stack up to 24 m thick (Fig.
3D). The units can be either in erosional contact
(amalgamated; Fig. 3D), or separated by thin
(<10 cm) beds of mudstone (Fig. 3C). The thick
sandstone sedimentation units are typically flat
lying across the extent of the studied strata, with
differential erosion imparted by subsequent tur-
bidity currents, resulting in bed thickness varia-
tion. A lack of grain-size contrast across many
amalgamated bed contacts limits a more thorough
analysis of their continuity in three dimensions.
Thick-bedded sandstone facies are attributed to
the collapse of high-density turbidity currents,
and bed-load traction reworking of sediment
beneath high-energy turbulent gravity flows (cf.
Lowe, 1982). Recent work has also hypothesized
that massive sandstone and diffuse internal strati-
fication could be attributable to internal hydraulic
jumps within turbidity currents (Postma et al.,
2009). The locally preserved planar and ripple
laminations in the upper sections of sedimenta-
tion units are interpreted to represent traction
sedimentation during a final stage of low-density
turbidity current deposition (cf. Lowe, 1982).

A

Figure 4. Basal surface and in-
trachannel facies distributions
of the GC channel fill. (A) Sand-
stone-dominated channel axis
deposits (TSF) transitioning to
more heterolithic facies (SMF
and MPF) toward the channel
edge. (B) Line-drawing trace
of main stratigraphic features
of section in part A. Note the
presence of overlying mass-
transport deposits (MTD).
(C) Pinch-out of channel show-

Stratal Surfaces

The slope channel fill in the Tres Pasos For-
mation is dominated by recurring stratal sur-
faces that can be correlated and mapped at lat-
eral scales of tens to hundreds of meters (Figs.
4 and5).

Primary Channelform Surface

The most recognizable surface associated
with a channelform sedimentary body is the one
that defines its base and sides (Fig. 4). For the
GC channel, this primary surface separates
the channel fill from genetically unrelated strata,
including older channel-fill deposits. The basal
channelform surface is estimated to be 250—
300 m wide and is characterized by up to 24 m
of relief (concave upward); it can be traced along
the entire length of the outcrop belt examined, or
~1.5 km. This surface is generally smooth, but it
can be characterized by local notches, or steps,
along its margins (Fig. 4).

Secondary, Internal Channelform Surfaces
Secondary surfaces that truncate beds are
present within the channel fill, and they are esti-

= T e - .

mated to be 200-250 m wide and characterized
by 3-6 m of erosional relief (concave upward,
Fig. 5). These surfaces are typically only pre-
served locally and cannot be traced more than
a few hundred meters downdip, along the
channel. The secondary surfaces are generally
smooth. These secondary channelform surfaces
formed within, and are typically aligned or sub-
aligned with, the underlying and larger, primary
channelform surface. An intrachannel sedi-
mentary body defined and separated by these
surfaces has been referred to as a “storey” by
other workers (e.g., Sprague et al., 2005; Cam-
pion et al., 2005; Pyles et al., 2010), based on
previous analyses of similar intrachannel stratal
hierarchical patterns within fluvial strata (Friend
etal., 1979).

Channel Planform

The GC channel deposit is exposed over
1.5 km adjacent to Laguna Figueroa, with
modern erosional gullies providing local three-
dimensional perspectives (Fig. 2B). The channel
intersects the outcrop at a highly oblique angle,
such that only the right bank of the channelform,

i .

ing heterolithic channel mar-
gin facies (SMF and MPF)
onlapping onto the channel
edge. (D) Line drawing trace
of main stratigraphic features
in part C. Photo locations are
shown on Figure 2A.
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secondary
channelform

surface

Figure 5. Secondary, internal channelform surfaces. (A) Erosional contact between a por-
tion of the sandstone-dominated channel axis at left and the heterolithic channel margin to
the right of the photo. (B) Line-drawing trace of area highlighted in part A; note the silt-
stone drape on top of the erosional surface (demarcated by dashed black line). See location
of photo in Figure 4A. (C) Draped internal channelform surface, defined by white dashed

line. Location is section KS 7 (Fig. 6B).

through to its axis, is exposed (Fig. 6). The out-
crop transects an outer bend of the low-sinu-
osity channel (sinuosity ratio = 1.1 over entire
5.5-km-long outcrop; Fig. 2), as mapped from
facies relationships (i.e., axial through marginal
transitions), decimeter-scale-resolution global
positioning system (GPS) surveying of the
channel edge, and paleocurrent measurements
taken from sole marks and ripples (Figs. 2B and
6). The full channel width (300 m) is estimated
from the aforementioned direct observations of
the GC channel deposit, combined with obser-
vations of other channel bodies in the Laguna
Figueroa outcrop belt (Macauley and Hubbard,
2013), and supported with geometrical data
sets derived from outcrop and subsurface strata
(McHargue et al., 2011). The projected low sin-
uosity of the GC channel fill leads to a simpli-
fied channel reconstruction that is near symmet-
rical in strike-oriented cross section (Fig. 1D).

RECORD OF CHANNEL PROCESSES

The facies and stratal surfaces identified in
the Tres Pasos Formation constitute predictable
channel fill, both in a vertical stratigraphic sense
and from axis to margin (Figs. 1 and 6). From
the aforementioned fundamental observations,
a series of channel-forming and channel-filling
gravity flow processes are deduced.

Erosional Turbidity Currents that
Sculpt the Channel Base

The primary channelform surface is inter-
preted to have been created through incision of
the seafloor by a series of high-energy, turbulent

gravity flows (cf. Elliott, 2000; Fildani et al.,
2013). The notched, or stepped, profile may
indicate that the process of channel formation
involved multiple phases of erosion to differ-
ent depths (Fig. 7). Alternatively, the notched
profile may have been created as a result of dif-
ferent degrees of scour, controlled by variable
resistance to erosion by underlying deposits.
Coarse-grained sediment is generally not pre-
served directly overlying the primary channel-
form surface. A thin-bedded unit, typically <2 m
thick, locally drapes the channel base (Figs. 7A
and 7C). This drape deposit largely consists of
mudstone-prone and thinly interbedded sand-
stone and mudstone facies. The drape is prefer-
entially preserved beneath the outer margins of
the channel, such that it is completely absent
or significantly reduced in thickness over the
central third of the cross-sectional channel
width (Fig. 6). Such drape units are attributed,
in part, to deposition from the low-density tails
of the largely bypassing turbidity currents that
eroded the channel (cf. Mutti and Normark,
1987). Locally, rip-up clasts are present within
drape units (Fig. 7C). Instability of thin-bedded
facies on channel margins is interpreted to have
resulted in mass wasting and the local accumu-
lation of slump blocks at the base of the chan-
nel; alternatively, thin-bedded facies could have
been plucked from channel margins by ener-
getic gravity flows and deposited at the base of
the channel. The variety of facies observed just
above the basal erosion surface, associated with
multiple erosion surfaces (Fig. 7C), suggests
that the channel was a dynamic environment
impacted by numerous, varied currents and
processes, long before it was infilled with sand.
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Erosional Turbidity Currents
that Sculpted and Bypassed the
Intrachannel Environment

Substantial erosion within the channel is
recorded by the secondary, internal channelform
surfaces (Fig. 5). The surfaces are commonly
draped with fine-grained, largely mudstone-
prone facies (Figs. 3A and 5), which is also a
common constituent of the drapes deposited
directly overlying the channel base (Figs. 4 and
7C). The origin of these facies is considered
to be the dilute tails of turbidity currents that:
(1) largely bypassed the channel environment
(cf. Mutti and Normark, 1987); or (2) depos-
ited sand only in the axial portions of the chan-
nel (Figs. 8A-8B). This drape is typically not
present in the channel axis setting, because it
has been eroded by subsequent flows (Fig. 5;
Barton et al., 2010). Internal channelform sur-
face drapes attributed to bypassing currents that
are preserved in the channel margin setting are
distinguished from the other thin-bedded facies
because they are much finer grained overall, typ-
ically lacking appreciable sandstone (Fig. 6C).

Depositional Turbidity Currents

Volumetrically, the thick-bedded sandstone
facies dominates the channel fill from axis to
margin (Fig. 6). Individual turbidites are up to
4 m thick and amalgamated in the central por-
tion of the channel fill. They are notably more
tapered and less amalgamated toward the edges
and top of the channel fill (Fig. 8A). Where
the beds taper at the edges of the channel, they
are characterized by more traction structures,
including cross-bedding and planar stratifica-
tion (Figs. 3A and 8C). In these locations, the
erosive bases of sandstone beds are cut into
fine-grained units of thinly interbedded sand-
stone and mudstone facies (Fig. 8). Erosion and
entrainment of relatively fine-grained interbeds
into turbulent currents might have been respon-
sible for enrichment of mudstone clasts within
thick-bedded sandstone in off-channel-axis
positions (Figs. 6C and 8D).

The turbidity currents that are interpreted
to have deposited the thick-bedded sandstone
facies in the channel apparently did not deposit
sand directly against the erosive edges of the
primary channelform surface. Instead, the sandy
portions of the flows were underfit relative to the
full channel width, and deposits of the upper,
more dilute and fine-grained-sediment-bear-
ing portions of the turbidity currents lapped
onto or draped the edges of the channel (Figs.
4C, 6C, and 8A). The deposits of these upper
portions of flows are interpreted to be the domi-
nant constituent of thinly interbedded sandstone
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Figure 6. Overview of the GC
channel fill. (A) Oblique view
of satellite image draped onto
a digital elevation model of
the study area showing the
position of GC channel in the
outcrop belt. Note that paleo-
flow was southward. (B) Cross
section constructed with mea-
sured stratigraphic sections
taken along the length of the
outcrop belt, with six section
locations shown for refer-
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and mudstone facies—prone sedimentary bod-
ies, 6-15 m thick and up to 80 m wide, located
between the primary channelform surface edges
and sandstone-dominated axial fill (Figs. 6B and
6C). These are considered as “‘channel margin”
deposits. These deposits are notably character-
ized by flat stratal geometry, and they are pres-
ent within the channel, and not in an overbank
position. Therefore, we do not interpret them
to be levee units (cf. Piper and Normark, 1983;
Hubscher et al., 1997; Kane and Hodgson,
2011). The composite channel margin sedimen-
tary body is restricted in lateral extent (<80 m,
limited by accommodation within the channel),

which also distinguishes it from levee units (cf.
Deptuck et al., 2003).

Representative end-member channel mar-
gin section KS 3 is characterized by evidence
for 147 turbidite sedimentation units, whereas
representative end-member channel axis sec-
tion GC 8 includes only 27 units (Fig. 9). Strati-
graphic relationships indicate that some thick
sandstone-prone turbidites within the channel
axis can thin dramatically at the channel margin
(Figs. 8A and 8B); however, there is evidence
for significantly more sediment gravity flow
events documented within the record of chan-
nel margin facies, with more than five times
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more sedimentation units. Additional marginal
turbidites, which do not correlate into the chan-
nel axis, are commonly truncated by the sec-
ondary, internal channelform surfaces (Fig. 5).
These additional beds could represent either
deposition from the tails of bypassed gravity
flows and/or the marginal equivalent of a sub-
sequently eroded axial turbidite. Although a
significant proportion of the channel fill consists
of sandstone-prone axial deposits, these units
record a relative paucity of turbidity-current
events. Rather, the channel margin stratigraphic
record better honors the history of channelized
erosion, bypass, and deposition.
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Figure 7. Detailed sedimentological characteristics of the GC channel at section locations GC4 and GCS (Fig. 6).
(A-B) Channel axis through margin transition. (C) Facies that overlie, or drape, the primary channelform sur-
face. Numerous erosion, bypass, and mass-wasting events are often recorded in these deposits, with intradrape
surfaces demarcated by white dashed lines. Location shown in part A.

Terrestrially derived organic material is
locally abundant, typically at the tops of beds
in both channel axis and margin units. Abun-
dant organic material in the axis is restricted
to the upper portion of the channel fill, likely
related to the increased preservation of turbidite
caps where this material is concentrated. The
increased abundance of this detritus in the thinly
interbedded marginal deposits may indicate that
the final phase of channel infill was associated
with increased deposition of organic debris
across the entire channel setting. A trace fossil
suite, consisting dominantly of robust and abun-
dant Ophiomorpha in sandstone and Thalassi-
noides in mudstone, is also locally unique to
these deposits (Hubbard et al., 2012). The trace
fossil suite is likely closely linked to unique
depositional conditions (cf. Callow et al., 2013);
surface grazing structures are absent, and only
opportunistic, deeply penetrating burrowers

were suited to occupy deeper, better-oxygenated
tiers within the substrate (i.e., thicker basal tur-
bidite divisions).

CHANNEL EVOLUTIONARY MODEL

We interpret two broad phases of channel
evolution from the GC channel and its fill.
The first phase is associated with net-erosional
processes and channel inception (cf. Fildani
and Normark, 2004; Fildani et al., 2013), and a
long-lived period of sediment bypass, recorded
by the primary channelform surface and imme-
diately overlying, draping mudstone-prone and
thinly interbedded facies (Figs. 10A—10B). As
proposed earlier herein, the primary channel-
form surface is interpreted to have been cre-
ated by erosional turbidity currents. Draping
thin beds are interpreted to reflect deposition
from the fine-grained tails of largely bypass-
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ing currents or currents that deposited sand
only in the channel axis setting (Fig. 8B). This
phase of channel evolution likely represents a
protracted period, as evidenced by the relief of
the primary channelform surface and the large
number of gravity flow events evident in the
overlying drape (Fig. 7C). However, the pre-
sumed lengthy period over which a channel was
primarily a sediment bypass conduit is poorly
reflected by the meager preserved thickness or
volume of sedimentary rock within the chan-
nel in general, and more specifically, within the
basal drape (cf. Macdonald et al., 2011; Steven-
son et al., 2013). The significance of sediment
bypass might be best reflected by the amount
of sediment present downstream of the GC
channel fill segment studied. Correlations of
downdip strata to GC channel have not been
made; however, the sandstone-rich outcrop
belt extends for greater than 20 km basinward,
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Figure 8. Detailed sedimento-
logical characteristics of the
transition from channel axis to
margin deposits. (A) The coars-
ening-upward stratigraphic
package characteristic of an off-
axis to margin position within
the channel. (B) Line drawing
trace showing turbidites with
sand deposited only toward the

primaty

annelform surface’ -

channel axis, and their muddy
caps extending into the chan-
nel margin setting (to the left).
Location of beds is indicated in
part A. (C) Evidence for trac-
tion transport of sediments at
the point where sands pinch out
marginward, including cross-
stratification in thick sandstone
beds. Location is shown in ¢

I

preserved tops of turbidites/
sands only deposited towards axis

30cm

part A. (D) Enrichment of mud-
stone intraclasts at erosional
contact (dashed white line) be-
tween thick-bedded sandstone
and heterolithic margin facies.
Location is shown in Figure 7B.

until the strata plunge into the subsurface
(Hubbard et al., 2010).

The second broad phase of GC channel evo-
Iution is associated with a greater occurrence of
sand deposition from presumably highly strati-
fied turbidity currents (Figs. 10C-10F). Tur-
bidity-current stratification is implied from the
rapid, lateral intrachannel transition from sand-
sized to finer-grained facies despite a limited
amount of interpreted relief on the channel base
between the axis and margin (Fig. 10). Mul-

tiple erosion events led to the development of
progressively higher-aspect-ratio (width:relief)
secondary channelform surfaces, which modi-
fied the channel base morphology and resulted
in complex channel-fill architecture (Fig. 11; cf.
Pyles et al., 2010). The aspect ratio of the chan-
nel changes as accommodation is filled more
rapidly in the axis relative to the margins as
the channel evolves (number 2, Fig. 11). As the
channel fills, the resultant aspect ratio of space
available for subsequent flows to pass increases
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(number 3, Fig. 11); this change results in the
upward bed thickening in channel margin suc-
cessions (Fig. 6). The development of notches
in the primary channelform surface is largely
coincident with overlying marginward termi-
nations of intrachannel sandstones, suggesting
a possible influence on the fill history of the
channel (Figs. 4A-4B and 6B—6C). In combi-
nation, these factors result in the characteristic
distribution of thick-bedded sandstone facies in
the channel axis and mudstone-prone and thinly
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Figure 10. Schematic evolution
of the GC channel, focused on
the axis to margin transition.
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interbedded facies in the channel margin setting
(Figs. 6 and 11). The channel margin deposits
likely accumulated on a terrace within the chan-
nel, and might be attributed to overbank flow at
the secondary channelform surface level (i.e.,
intrachannel; Fig. 10; cf. Gamberi and Marani,
2007; Normark et al., 2009; Maier et al., 2013).

Evidence for scour and bypassing turbidity
currents is prevalent in the fill of GC channel

(Figs. 10C-10F). This is especially apparent
from the primary channelform surface, which
defines the channel base. This surface is likely
highly composite in nature—the result of innu-
merable incision, bypass, and depositional
events associated with turbidity currents, as well
as channel-wall failure. The secondary, intra-
channel surfaces are probably also the result of
composite incision, reworking, and, less com-
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monly deposition, as evidenced by the record
of scours and heterolithic thin beds of channel
margin and drape deposits. Evidence for point
bar lateral accretion, such as large-scale inclined
stratification or widespread upward grain-size
fining (cf. Allen, 1970), is absent in the outcrop-
ping channel fill.

In the context of eroding and bypassing tur-
bidity-current processes, the disparity of sedi-
mentation unit counts between axis and margin
deposits sheds light onto the true nature of deep-
water channels as conduits for sediment bypass,
as opposed to a common petroleum industry
bias of channels as accommodation for deposi-
tion of sand (Fig. 9). These insights underscore
the role of the GC channel in basin-margin
stratigraphic evolution: The channel was a long-
lived conduit for sediment dispersal to deeper-
water depositional sites. That is not to say that
the GC channel was devoid of sand deposition;
clearly, sandstone constitutes the majority of
channel fill. However, the history of channel-
ized sedimentary processes was dominated by
protracted sediment reworking and bypass.

DISCUSSION: TOWARD A
COMPREHENSIVE UNDERSTANDING
OF SUBMARINE CHANNELS

The GC channel fill records a complex his-
tory of incision and bypass of turbidity currents
across the Magallanes Basin slope. The hetero-
lithic, mudstone-prone and thinly interbedded
sandstone and mudstone facies (Fig. 3), as well
as associated scours of multiple scales, are the
temporally most significant stratigraphic record
of channelization processes. Contrary to the
implication of the most obvious depositional
feature of the GC channel fill (i.e., axis depos-
its composed of thick-bedded sandstone facies),
the role of the channel was not predominantly
accommodation for sand deposition during its
history. The life span of the GC channel was
dominated by repeated sedimentary processes
of bed reworking and erosion, sediment bypass,
deposition of numerous turbidites, many of
which were subsequently removed by erosion,
and deposition of fine-grained tails of bypassing
turbidity currents.

The stratigraphic evidence for dynamic sedi-
mentary processes of channel evolution is con-
sistent with observations of submarine channels
on the present-day seafloor. Recent analyses
of the California Borderland have produced a
breadth of high-resolution autonomous under-
water vehicle bathymetric data of canyons
and channels, providing new insights into the
mosaic of low-relief (<10 m) geomorphology
inherent to submarine sediment-dispersal sys-
tems (e.g., Normark et al., 2009; Paull et al.,
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Figure 11. Simplified morphological characteristics of the GC channel fill in strike section, emphasizing the chang-
ing aspect ratio of the conduit through its fill history. Within package 1, the thickest beds of the entire channel sys-
tem are present in the axis. There is some evidence for traction transport, including cross-stratification. Only rare
mud clasts are preserved, and internal secondary channelform surface drapes are absent. Within package 2, amal-
gamated sandstone, with rare mudstone clasts, dominates the channel axis. Mudstone clasts are most abundant in
the off-axis setting, and they are also more common upward within the channel axis setting. Internal channelform
surface drapes are rarely preserved in the axis to off-axis regions, yet they are common in margin deposits. The
fine-grained tops of turbidites are preserved primarily toward the channel margin. Package 3 is characterized by
some of the coarsest sandstone in the entire channel (Fig. 8), as well as an abundance of mudstone clasts across the

axis to off-axis regions. The fine-grained tops of turbidites are locally preserved in axis and off-axis strata.

2010, 2011; Maier et al., 2011, 2012; Xu et al.,
2013). The resolution of seafloor geomorphol-
ogy revealed in these studies (1 m lateral and
0.3 m vertical; Maier et al., 2011) approaches
that of outcropping sedimentary rocks, such as
the GC channel deposit. A particularly compel-
ling example of the breadth of channelized geo-
morphology and sedimentary processes is the
Lucia Chica turbidite system, offshore of cen-
tral California, which shows at least four chan-
nels in different developmental stages locked
in place on the modern seafloor as a result of
punctuated channel initiation, avulsion, and
abandonment (Maier et al., 2011, 2013). Low-
relief (<10 m) seafloor morphologic features
of the Lucia Chica system include multiple
terrace-like features within channels, where the
seismic-reflection character of the upper ter-
race reflections indicates heterolithic strata (Fig.
12). The most continuous stratal packages are
acoustically transparent, and they suggest wide-
spread draping of fine-grained material that has
settled out of suspension through the water col-
umn (Fig. 12). Channelform-shaped truncations
result in discontinuous sedimentary bodies,
which could be interpreted as remnant channel
margin deposits; we consider these truncations
to be analogous to the secondary, intrachan-
nel surfaces of the GC channel fill (Figs. S, 6,
and 9). Xu et al. (2013) recorded turbidity cur-
rents across 14.5 km of the Monterey Canyon
floor, offshore central California, during a year
of observation. These frequent occurrences of
turbidity currents were hypothesized to be fun-
damentally important mechanisms of sediment
transfer down the continental slope (Xu et al.,
2013). Repeated bathymetric surveys of sub-
marine canyons and channels further underscore

the dynamic nature of channelized geomor-
phology (e.g., Paull et al., 2010; Conway et al.,
2012), and the breadth of sedimentary processes
likely active during channel maintenance and
evolution, including the inferred dynamic,
multiphase processes of bed reworking, local
deposition, and bypass of turbidity currents (cf.
Pickering et al., 2001; Fildani et al., 2006; Mac-
donald et al., 2011; Covault et al., 2014).

We postulate that the unfilled channels imaged
offshore continental margins are not merely
in nascent developmental stages. Rather, these
ubiquitous, unfilled, geomorphically complex
features that carve Earth’s continental margins
are in the primes of their existence, with intermit-
tent turbidity currents of a range of magnitudes
and recurrence. This is analogous to the breadth
of floods and sediment-transport events charac-
teristic of terrestrial fluvial systems (e.g., Wolman
and Miller, 1960), reworking the seabed, erod-
ing, locally depositing, re-eroding, and bypass-
ing sediment downslope. These channels of the
present-day seafloor are not incipient features,
with an inevitable subsequent predominance of
sand-rich depositional processes; rather, these
features are serving a prominent role as conduits
for material dispersal across continental margins.

Our analysis of slope channel-fill outcrops
of the Tres Pasos Formation, southern Chile,
includes numerous detailed stratigraphic sec-
tions, differential GPS surveying of stratal sur-
faces for visualization and analysis in three
dimensions, paleoflow measurements, bed
counts, and placement within a robust physical
stratigraphic framework, which is interpreted
within a depositional process framework vetted
by studies of depositional products (e.g., Kuenen
and Migliorini, 1950; Bouma, 1962; Middle-

Geological Society of America Bulletin,

ton and Hampton, 1973; Lowe, 1982; Talling
et al., 2012), and from models based on physi-
cal theory (e.g., Parker et al., 1986; Straub et al.,
2008) and experimentation (e.g., Garcia and
Parker, 1991; Kane et al., 2008; Rowland et al.,
2010). This stratigraphic analysis reveals a his-
tory of channelized sedimentary processes that
is complementary to observations and measure-
ments of the modern seafloor: the GC chan-
nel outcrop provides a unique preservation of
heterolithic intrachannel facies, which reveal
insights into the longevity of sediment bypass
across the Magallanes Basin slope. Bathy-
metrically imaged, open-slope channels on the
modern seafloor have been interpreted to reflect
predominant bypassing and bed reworking by
turbidity currents during periods of increased
terrigenous sediment supply. This phase of chan-
nel maintenance likely represents the majority
of time recorded in the GC channel stratigraphic
record. Improved models of slope channel for-
mation and history constrained by the deposits
and surfaces that are observable in the strati-
graphic record should be integrated with ongo-
ing efforts to quantify mass balance at the scale
of sedimentary systems (e.g., Paola and Martin,
2012). From analysis of the GC channel fill,
integrated with observations and measurements
of the modern seafloor, the ancient stratigraphic
record informs the meaning of channelized
seafloor geomorphology and vice versa. Direct
monitoring of coarse-grained sediment transfer
in the deep-sea remains extremely difficult, and
highly limited, to date. An integrated approach to
deciphering channelized sedimentary processes,
drawing on modern and ancient analogs, pro-
vides a more complete understanding of funda-
mental submarine sediment-routing processes.
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Figure 12. Comparison of the GC channel fill with the Lucia Chica channel system
(“Channel 2”), offshore California (California data modified from Maier et al., 2012).
(A) Multibeam bathymetry data (dip-attribute image) taken from an autonomous underwa-
ter vehicle, highlighting the Lucia Chica Channel. (B) Planform image of the GC channel
deposit presented at the same scale as Lucia Chica Channel in part A, highlighting similarity

in scale and sinuosity (redrawn from Fig. 2A).

(C) Chirp (compressed high-intensity radar

pulse) profile and (D) corresponding line-drawing trace through the Lucia Chica Channel,
highlighting features comparable to those observed in the GC channel outcrop, including
internal channelform (erosion) surfaces. Location is demarcated by thick dashed line in part
A. (E) GC channel-fill cross section presented at the same scale as Lucia Chica Channel 2 in
parts C and D, highlighting similarity in scale and internal stratigraphic architecture (simpli-
fied from Fig. 6C). Approximate location is demarcated by thick dashed line in part B.

CONCLUSIONS

The Cretaceous Tres Pasos Formation of
southern Chile (Magallanes Basin) contains
segments of a sediment-routing system that
facilitated transfer of material to the deep sea.
Despite the prevalence of sandstone within the
outcropping slope channel fills, the local pres-
ervation of fine-grained facies (i.e., thin-bedded
turbidites) and numerous internal erosion sur-
faces suggest a history of protracted erosion
and sediment bypass, which preceded the termi-
nal filling of the channels with coarse-grained
detritus. These interpretations, based on careful
observation and comparison with seafloor data,
emphasize that a primary function of deep-sea
channels that traverse the seascape is sediment
transfer, as opposed to a primary role as a locus
of deposition. These insights from the ancient
record inform our understanding of: (1) deep-

sea sediment transfer, which is inherently lim-
ited by our inability to monitor large gravity
flows; and (2) reservoir distribution and internal
heterogeneity from prolific continental margin
petroleum provinces around the world.
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