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Submarine channelmouth settings are hardly preserved in the stratigraphic record. Although they are still poorly
known with respect to other segments of turbidite systems, conceptual models are being refined in the light of
newdiscoveries inmodern and ancient examples. Still, some questions such as the transition between expansion
zones and the traditional Channel-Lobe Transition Zone (CLTZ) remains open in ancient systems. Upper Eocene
deposits of the Colombian Caribbean (San Jacinto Fold Belt) are interpreted here as a fan-delta-fed, submarine,
coarse-grained channel-lobe system. It displays a well-preserved channel inception stage in the shelf break rep-
resented by sigmoidal to lens-shaped gravels, and planar cross-stratified pebbly sandstones (foreset and backset)
interpreted as cyclic steps in an expansion zone. In a later stage, a classical channel-levee complexwas developed,
represented by channel fill elements showing sharp- and erosional-based, fining-upward sequences that areme-
ters thick, having basal massive matrix-supported pebble conglomerates (hard—extrabasinal—clasts, rip-up
clasts, coastal bioclasts), vertically evolving to liquefied massive to planar-laminated coarse-grained sandstones
with phytodetrital carbonaceous laminae. They are interpreted as concentrated flow deposits (high-density tur-
bidites) coming from continental areas or from coastal systems (i.e., delta reworking). Undifferentiated channel
belt thin-bedded turbidites associated with levees and terraces deposits are related to these confined systems.
The channel-lobe transition zone is characterized by debrites from cohesionless debris flow in a channel-
mouth bar setting, representing bypass processes that developed distally into low-angle, planar cross- and sig-
moidally-stratified (upstream antidune) pebble-size to coarse-grained sandstones that fill low-angle scours
(cut-and-fill structures) in an antidunefield settingwith supercritical conditions.When the currents lose channel
confinement, the setting is characterized by changes from Froude supercritical to subcriticalflowconditions in an
inner lobe to lobe off-axis environment. Large seasonal fluctuations in precipitation favor high sediment concen-
trations, promoting the formation of volumetrically significant fan deltas and coarse-grained submarine channels
with high erosive capacity; therefore, their record helps refine interpretations of depositional processes, provid-
ing criteria for recognizing areas of the turbiditic systems that are hardly preserved. The particular aggradational
conditions for the preservation and stratigraphic characterization of the rare exhumed submarine channelmouth
systems make it possible to decipher sediment dispersal patterns and thus connect the models proposed here,
from supercritical systems to the traditional models of turbiditic systems.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Submarine turbidite channel-lobe complexes have been extensively
studied, revealing them to be among the most prevalent hydrocarbon
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reservoirs discovered in deep ocean environments (e.g., Mayall et al.,
2006). Depositional elements (i.e., channel/lobe and levees) have been
the main focus of many recent and ancient sedimentary systems
reported in the literature, unlike the Channel-Lobe Transition Zone
(CLTZ), which is still being explored (e.g., Hand, 1974; Mutti and
Normark, 1987; Parker et al., 1987; Kenyon et al., 1995; Palanques
et al., 1995; Wynn et al., 2002; Van der Merwe et al., 2014; Dennielou
et al., 2017; Brooks et al., 2018; Maier et al., 2018). Because flows are
commonly inferred to be supercritical conditions in channel to lobe
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transitional settings (Postma et al., 2021), a better knowledge of the
sedimentology of supercritical flows is essential to understand the pro-
cesses and their final results along the settings connecting channels and
lobes. A recent revival of sedimentological studies on the supercritical
flow in turbidity currents from flumes (Postma et al., 2009; Sequeiros
et al., 2010; Cartigny et al., 2014; Postma and Cartigny, 2014; Lang
et al., 2021; Ono et al., 2021;Wilkin et al., 2023, among others), modern
systems (e.g., Fildani et al., 2006; Armitage et al., 2012; Covault et al.,
2014; Hughes Clarke, 2016; Symons et al., 2016; Hage et al., 2018,
among others) and outcrops (Ito et al., 2014; Postma et al., 2016,
2021; Lang et al., 2017; Ono and Plink-Björklund, 2018; Postma and
Kleverlaan, 2018; West et al., 2019; Navarro and Arnott, 2020, among
others) has led to a characterization of deposits from supercritical
flows in terms of morphodynamics, erosional structures and bedforms
(i.e., antidunes, chute-and-pools, cyclic steps).

In their wake, further studies have focused on CLTZs both in recent
and ancient systems (e.g., Hofstra et al., 2015, 2018; Postma et al.,
2016, 2021; Lang et al., 2017). However, the identification of channel
mouth settings in the stratigraphic record is complicated by their high
geomorphological dynamism and low preservation potential inmodern
examples (Maier et al., 2011; Hofstra et al., 2018; Hodgson et al., 2022).
This has meant that facies characterization in the geologic record of
these environments is still evolving (e.g., Summer et al., 2012; Postma
and Cartigny, 2014; Slootman and Cartigny, 2020; Tinterri et al.,
2020). A very recent classification of submarine channel mouth settings
highlights the distinction between the traditional submarine CLTZ,
plunge and pools, and Channel Mouth Expansion Zones (CMEZs)
(Hodgson et al., 2022). CLTZs tend to be associated with abrupt breaks
in slope, while CMEZs are characterized by long and broad areas of flar-
ing of the channel and are identified where gradient changes are subtle
to absent, as on a slope (Wynn et al., 2002; Navarro and Arnott, 2020;
Fildani et al., 2021; Hodgson et al., 2022).

In this study, a coarse-grained unit of late Eocene age, embedded in
marinemuddy deposits from a forearc subduction complex (San Jacinto
Formation, Colombian Caribbean; Fig. 1A-B-C) is interpreted as a chan-
nel mouth system, and proposed as an expansion zone from a confined
to unconfined system, thus improving our knowledge of rare exhumed
submarine channel mouth systems. The record of these deposits is
therefore relevant, and together with a worldwide review of examples
of various ages (China, Chile, USA, Nicaragua, Argentina, Spain), it
helps to decipher depositional processes in supercritical to subcritical
flows in the geological record, andmoreover refines sedimentary signa-
tures and facies, which to date have been largely based on data acquired
in modern examples and tank experimentation.

2. Geological setting

The sedimentation of Colombia's Caribbean basins has been influ-
enced by the ongoing interaction of the Caribbean Plate with the north-
west margin of South America since the Cretaceous period (Pindell and
Kennan, 2009; Spikings et al., 2015; Montes et al., 2019; Mora-Páez
et al., 2019; Romito and Mann, 2020; Mann, 2021). Seismic data indicate
that from Late Cretaceous to late Eocene times the convergence of NW
SouthAmerica and the Caribbeanwas oblique,whereas nearly orthogonal
convergence has occurred from the Oligocene until the present day
(Pindell et al., 2005; Villagómez et al., 2011; Bayona et al., 2012; Bernal-
Olaya et al., 2015; Montes et al., 2019; Mora-Bohórquez et al., 2020). A
fore-arc configuration, linked to the interaction between the Farallones
and South American plates during the Late Cretaceous, is the most ac-
cepted model for the origin of this basin (Mora et al., 2017, 2018).

The San Jacinto Fold Belt (SJFB) is a SW-NE trending complex struc-
ture that forms part of the subduction complex of northwestern
Colombia (Mantilla-Pimiento et al., 2009) and is located between anOl-
igocene to Recent fore-arc basin to the east [Lower Magdalena Valley
Basin (LMVB)] and the Miocene to Recent accretionary prism to the
west (Southern Caribbean Deformed Belt) (Duque-Caro, 1984;
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Mantilla-Pimiento et al., 2009; Bernal-Olaya et al., 2015) (Fig. 1). The
SJFB represents the fossilized part of the accretionary prism of the
northwest Colombia subduction complex, which today acts as dynamic
backstop (Mantilla-Pimiento et al., 2009). The Romeral Fault System
(RFS), which is considered to continue from the south to form the east-
ern boundary of the SJFB, appears to be separating the oceanic (SJFB) to
transitional basement under the belt from the felsic continental base-
ment of the South American crust, which floors the LMVB in the east
(Duque-Caro, 1979, 1984; Flinch, 2003; Mora et al., 2017).

The sedimentary infill of the SJFB consists of rocks deposited from
deep to shallowmarine and continental settings during the Late Cre-
taceous to Recent, separated by regional unconformities related to
tectonic events during the basin evolution (Vallejo-Hincapié et al.,
2023). Deep marine environments were dominant during the accu-
mulation of Upper Cretaceous-Paleocene rocks (Angulo-Pardo
et al., 2023; Giraldo-Villegas et al., 2023; Rincón-Martínez et al.,
2023). Paleocene-lower Eocene deposits have been associated with
deposition from turbiditic processes, followed by a development of
mixed‑carbonate deposits, and finally the accumulation of coarse-
grained deposits related to fan delta settings (Guzmán, 2007;
Salazar-Ortiz et al., 2020b; Domínguez-Giraldo et al., 2023; Plata-
Torres et al., 2023). Shelf and deltaic environments were established
during the Oligocene-Early Miocene, allowing the deposition of thick
muddy and sandy‑carbonaceous sequences (Guzmán, 2007; Celis
et al., 2021, 2023). A deepening of the basin is indicated by the re-
gional accumulation of muddy deposits in shelf settings during the
Early-Middle Miocene (Duque-Castaño et al., 2023). Shallow marine
to fluvial deposits accumulated during the Late Miocene-Early Plio-
cene (Vargas-González et al., 2022; Ospina-Muñoz et al., 2023).
Pleistocene to Recent sequences are poorly known.

2.1. San Jacinto Formation (late Eocene to early Oligocene age)

In northwestern Colombia, a regional magmatic hiatus that took place
during the late Eocene-Oligocene has been associated with margin seg-
mentation resulting from block rotation, basin opening, and deformation
in other parts of the continental margin (Montes et al., 2010, 2019;
Bayona et al., 2012; Cardona et al., 2012). This tectonic activity generated
uplift and exhumation events of the northern regions of the Central and
Western cordilleras (Restrepo-Moreno et al., 2009; Villagómez and
Spikings, 2013; Cochrane et al., 2014; León et al., 2018) as well as in the
basement of the adjacent basins (Mora et al., 2017; Silva et al., 2017), pro-
ducing coarse-grained sedimentation in several of them and explaining
the high production of detrital materials transported to the Caribbean ba-
sins by rivers at this time (Osorio-Granada et al., 2020).

Deposits prior to coarse-grained sedimentation are associated with
the Chengue Formation (Fig. 1C), characterized by basinward sedimen-
tation from the ramp, dominated by hemipelagic claystones and silt-
stones, and small channel-lobe systems in the outer ramp and slope
(Salazar-Ortiz et al., 2020b). Later, coarse-grained siliciclastic sequence
of late Eocene to early Oligocene age, deposited during the tectonic
changes of the basin, is associated with the San Jacinto Formation in
the SJFB (Duque-Caro et al., 1996; Clavijo and Barrera, 2001; Guzmán,
2007; Mora et al., 2017; Salazar-Ortiz et al., 2020a; Celis et al., 2023;
Vallejo-Hincapié et al., 2023) (Fig. 1C). These deposits are interpreted
as ancient submarine deposits in slope failures associated with fan
delta environments (Duque-Caro et al., 1996; Duarte, 1997; Barrera
et al., 2001). Overlying the San Jacinto Formation, El Carmen Formation
(Fig. 1C) is characterized by a predominance of hemipelagic mudstones
deposited in slope settings (Duque-Caro et al., 1996).

3. Methods and data set

This study is based on the sedimentological and photo-panel analy-
sis of exposed rock formations in creeks located in the present-day on-
shore Colombian Caribbean region, specifically the San Jacinto



Fig. 1. A. Location map. Geological map and distribution of the Eocene to Miocene sedimentary units in Colombian Caribbean onshore basins (SJFB - San Jacinto Fold Belt; LMVB - Lower
Magdalena Valley Basin; RFS - Romeral Fault System) (Source:WGS-1984 coordinate system; CIOH, SRTM, NOAA elevation, and ocean models; geology fromGómez et al., 2015).
B. Location of the studied outcrops. C. Simplified lithostratigraphic log of the central SJFB with underlying (Chengue Formation) and overlying (El Carmen Formation) lithostratigraphic
units. M:mudstones (gray); f: fine sandstones (yellow); m:medium sandstones (yellow); c: coarse sandstones (yellow); C: conglomerates (orange). D–F. Inset maps show details of the
stratigraphic record in San Jacinto Creek, Piedra Azul Creek, and Alférez Creek (jet and curve sections).
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Formation within the San Jacinto Fold Belt (SJFB) (Fig. 1D, E; Supple-
mentary material 3). The outcrops were surveyed bed by bed using a
Jacob's staff, encompassing observations of bed geometry and thickness,
lithology, texture, sedimentary structures, fossils, and ichnological as-
semblages. Ichnological attributes such as ichnodiversity, distribution,
and abundance were defined with Bioturbation Index BI sensu Taylor
and Goldring (1993). Paleoflow directions were defined from planar-
and trough-cross stratification, ripple-cross lamination, and clast imbri-
cations. Bed thickness was classified as very thin (<1 cm), thin (1–10
cm), medium (11–30 cm), thick (31–100 cm), or very thick (>100
cm) according to the scheme of Nichols (2009). The gravel-clast fabric
terminology used follows Walker's (1975) classification. Through the
field work and photo panel analysis, the 3-dimensional arrangement
of architectural elements and bounding surfaces was mapped to docu-
ment the larger-scale stacking pattern of facies associations (employing
the terminology of Pickering et al., 1995). Paleoflow conditions and
their spatial changes and temporal evolution were taken into consider-
ation when interpreting facies associations and stacking patterns.
Biostratigraphic data were adopted from previousmicropaleontological
research on foraminifera and calcareous nannofossils carried out in the
same stratigraphic sections in order to have an age control (e.g., Duque-
Caro et al., 1996; Duarte, 1997; Guzmán, 2007; Mejía-Molina et al.,
2010).

4. Results

4.1. Lithofacies and stratigraphy

Twelve lithofacies (L1 to L12) were identified and interpreted in
terms of sedimentary processes in the San Jacinto Formation (Supple-
mentary material 1). The vertical distribution of lithofacies was estab-
lished through four stratigraphic logs (Fig. 2). Then, the lithofacies
were grouped in seven facies associations (FA1 to FA7) and interpreted
in terms of sedimentary subenvironments (Table 1).

4.1.1. San Jacinto Creek
The San Jacinto Creek section is ∼84m thick (Fig. 2). Its contacts with

the underlying Chenge Formation and overlying El Carmen Formation
are not recorded. The base of this section is characterized by medium
to thick beds of coarse-pebble- to boulder-sized conglomerates and
medium to coarse-grained sandstones. Irregular (erosive) surfaces are
common, with coarse-pebble-sized conglomerates infilling scours.
Additionally, thick to very thick beds having tabular andwavy geometry
(boulder- to medium-pebble-sized matrix- to clast-supported con-
glomerates)mark irregular surfaces at the base. Embedded rip-up clasts
are occasionally present. Toward the middle part of the section, flat or
irregularly bounded medium to very thick beds of medium- to coarse-
grained sandstones and conglomeratic sandstones are recorded, with
medium- to coarse-pebble-sized clasts occurring in scour-and-fill struc-
tures. Very fine granules and coarse pebbles (up to 2 cm) are common
along scour surfaces. Near the top of the section, there is a sharp contact
with medium to thick beds of mudstones and fine-grained sandstones.
The mean paleocurrent direction measured in planar cross-bedding
sandstones and conglomerates is to the W, with some degree of varia-
tion to the W-SW and W-NW (Fig. 2).

4.1.2. Piedra Azul Creek
The Piedra Azul Creek section is ∼38 m thick of exposure (Fig. 2), in

which the contact with the underlying Chengue Formation is not re-
corded, nor that with the overlying El Carmen Formation. However, the
top of San Jacinto Formation could be inferred. The San Jacinto
Formation at the base of this section features a centimeter-thick intercala-
tion of mudstones and fine- to medium-grained sandstones; a bed of
cobble-sized conglomerates with normal grading to medium-grained
sandstone is also observed. Above this sandstone-mudstone succession
lies an irregular erosional base of medium- to coarse-grained sandstones
4

with sigmoidal geometry. Different erosional surfaces arefilled bymatrix-
supported cobble- and boulder-sized conglomerates (rounded to angular,
poorly sorted, disorganized rip-up clasts). The matrix consists of very
fine-pebble- to medium-grained sandstones. The clasts are moderately
sorted, having subrounded to well-rounded cobble and coarse to very
coarse pebble-sized sedimentary hard-clasts, rip-up, and bivalve gastro-
pod fragments. Atop these successions are fine to medium sandstones,
and pebble-sized conglomerates interbedding with mudstones. Rip-up
clasts are imbricated to the WSW.

4.1.3. Alférez Creek
At the Alférez Creek, two sections (jet and curve) were studied

(Fig. 2). The jet section is 35 m thick of exposure, in which the contact
with the underlying Chengue Formation is not recorded, but the overly-
ing El Carmen Formation is observed above a ∼210 m-thick covered in-
terval. The San Jacinto Formation at the base of this section features a
decimeter-thick intercalation of bioturbated mudstones and medium-
to coarse-grained sandstones having tabular geometry. The sandstones
have irregular bases with load casts and asymmetric flame structures.
This sandstone-mudstone succession is capped by an irregular erosional
base of matrix-supported cobble- and boulder-sized conglomerates
(rounded to angular, poorly sorted, disorganized rip-up clasts) com-
monly occurring above scour surfaces. The matrix consists of very
fine-pebble- to medium-grained sandstones. Additionally, meter-scale
mudstone beds are embedded within the conglomerate packages. Suc-
cessive beds of conglomerates with erosive bases are recognized; they
are clast-supported and moderately sorted, having subrounded to
well-rounded cobble and coarse- to very coarse-pebble-sized sedimen-
tary hard-clasts of ochre coloration. The matrix is granule to medium-
grained sandstone. Atop these successions lie medium- to coarse-
grained sandstones with abundant organic matter marking the lamina-
tions. Asymmetricflame structures showWSWtrends; and some rip-up
clasts are imbricated to the WSW.

The Alférez Creek curve section is 68 m thick of exposure and 90 m
unexposed (Fig. 2). The overlying El Carmen Formation is seen above
a ∼90m covered interval, but the underlying formation is not observed.
This section has a base dominated by matrix-supported conglomerates,
featuring coarse to very coarse to pebble-sized clasts consisting
of ochre-colored sedimentary lithoclasts, and pockets of highly
fragmented bivalves and gastropods. The conglomerates show fining-
upward trends: from 1 to 2 m thick coarse and medium to pebble-size
to very fine-pebbly sandstones and very coarse-grained sandstones,
with irregular erosional bases. Toward the top, where conglomerates
decrease in abundance, there are fining- and thinning-upward succes-
sions of very coarse to medium-grained sandstone with rip-up clasts,
to fine-grained sandstones and mudstones with sharp and erosional
bases. Bed thickness ranges from thin to thick. In some cases, thinly in-
terbeddedmudstones and very fine-grained sandstones occur at the top
of the beds. Bioturbation is seenmainly at the top of the successions. The
mean paleocurrent direction is to the WNW.

4.2. Facies association analysis

Seven facies associations (FA1 to FA7)were defined in the study sec-
tions (Table 1) based on the grouping of characteristic sedimentary
structures, common depositional processes, stacking patterns, architec-
tural features and temporal and spatial evolution.

4.2.1. FA1: matrix- to clast-supported, ungraded conglomerates
This facies association consists of ungraded medium to very thick

sharply-based conglomerates supported by a coarse-grained sandy
matrix (L1), and locally clast-supported (L2). Clasts are subrounded to
subangular, granule- to pebble- and occasionally cobble-sized (Fig. 3A).
Bioclasts of oysters and gastropods were recognized. Rare rip-up clasts
appear with pebble-sizes (Fig. 3B). Two sub-facies associations are distin-
guished mainly based on the bed geometry:



Fig. 2. Stratigraphic sections of the San Jacinto Formation.
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Table 1
Facies associations and distinguishing characteristics of stratal elements.

Facies association Order of occurrence
in stratal complex

Exposed dimensions
(thickness and width)

Basal
surface

Sedimentary
facies

Vertical and lateral trends and architectural
stacking patterns

Interpretation

FA1 FA2/FA3/FA7
→FA1→
FA2/FA4/FA7

Individual: 30 cm–8 m. Sharp and
irregular.

L1, L2. None. Bypass.

FA2 FA1→FA2→FA1 Sets up to 3–8 m. Sharp and
irregular.

L1, L2, L3, L5,
L6, L7, L8.

Amalgamated vertical surfaces, and grading
to FA4. At the kilometer-scale, gradual
lateral changes to FA3/FA5.

Channel expansion.

FA3 FA4/FA5
→FA3→
FA1

Sets up to 10 m. Irregular. L1, L2, L3, L4,
L6, L9.

Amalgamated vertical surfaces. Upward
changes in facies. Nested offset stacking.
Rapid (over a few meters) lateral bed fining,
and overlain to FA5.

Channel fill.

FA4 FA1/FA7
→FA4→
FA3/FA7

Sets up to 12 m. Sharp. L6, L7. Vertical stacking, with subtle vertical and
lateral fining and thinning.

Antidunes field.

FA5 FA5 → FA3 Sets up to 8 m. Irregular. L7, L8, L9,
L10, L11, L12.

Amalgamated vertical surfaces, and erosive
top to FA3. At the kilometer-scale, gradual
lateral changes to FA2.

Levee/terraces.

FA6 FA7→FA6→FA7 Sets up to 15 m. Irregular and
sharp.

L3, L9, L10. Vertical stacking. Inner lobes/lobe off-axis.

FA7 FA1/FA4/FA6
→FA7→
FA1/FA4/FA6

Individual: 30 cm. Sharp. L12. None. Hemipelagites.
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4.2.1.1. FA1a: sheet-like, matrix-supported conglomerate beds. This associ-
ation show tabular geometry (Fig. 3C) up to 5m thick. The basal surface
is irregular (Fig. 3D), andmatrix/clast ratio is low. Rare structureless rip-
up clasts can be identified at the lower part (Fig. 3B), whereas the mid-
dle to upper part is well-bedded by distinct gravel and coarse- to
medium-grained sandstones (Fig. 3E).

4.2.1.2. FA1b: wavy geometry, matrix-supported conglomerate beds. It
shows wavy geometry (Fig. 3F, G) with thicknesses from 30 cm to
1.5m. The basal surface is also sharply irregular. Sharp grain-size breaks
occur between FA1b and the overlying FA4 (see description below)
(Fig. 3F, G). It is found at the upper part of the sequences embedded
into finer grain-size deposits (FA5-FA7; Fig. 3F, G). These facies show
a high matrix/clast ratio.

Interpretation: Basal scour and rip-up clasts in the lower part of the
beds would evidence a turbulent flow regime at the initial stage of bed
deposition (Talling et al., 2012). The presence of sandstones between
conglomerate beds (FA1a) in themiddle to upper part of the succession
marks a density-stratified flow that moved gravel as a bedload. When
the traction currents declined in competence, the gravel-waves ceased
tomigrate, and sand that had previously been in suspensionwas depos-
ited and moved as bedload while the flow was waning (Lowe, 1982;
Hughes Clarke et al., 1990). FA1a and FA1b are interpreted as a debrite
resulting from cohesionless debris flow, vertically evolving to surging
flow (Nemec and Steel, 1984; Ge et al., 2022). The presence of sharp
grain-size breaks, as seen between FA1b and FA4, allows FA1b to be
interpreted as an indicator of sediment bypass (Stevenson et al., 2015;
McArthur et al., 2020).

4.2.2. FA2: normally graded conglomerate lenses that transitionally evolve
upward to planar cross-stratified coarse to pebbly sandstones

This facies association is represented by amalgamated thick to very
thick beds of pebbly sandstones with planar cross-stratified, normal
grading (L3) to fine- to medium-grained sandstones, convex-up low-
angle surfaces (L5, L7), and mound-shaped geometries. The
arrangement can be divided into three parts according to textural
variations (Fig. 4 general view and sketch general view). The lower
(1–2 m thick) consists of lens-shaped conglomerates with extra-pebble
clasts (rip-up clasts are absent), having massive structure (L1), diffuse
low-angle and planar cross-stratified, and sigmoidal geometry infilling
convex-up erosional surfaces where rare load casts are present (Fig. 4A,
B, and sketch B). Typically, clast- or matrix-supported conglomerates
6

(L1, L2) with subrounded to well-rounded pebbles to cobbles —mostly
derived from sedimentary rocks— make up the basal scour infills. Up-
ward, the middle part contains thicker beds (2–4 m thick) of sigmoidal
cross-stratified pebbly sandstone deposits (L7; Fig. 4D) that laterally
may pass into lens- and mound-shaped beds of pebbly sandstones
with low-angle, trough and planar cross-bedding (L6, L7; backsets-
and foresets; Fig. 4C–E, and sketch C). Just upstream, lens-shaped,
massive to crudely planar cross-stratified pebbly sandstone occurs
(Fig. 4D). The enclosing facies of the mound-shaped beds consist of
coarse- to medium-grained sandstones and pebbly sandstones that
appear trough cross-stratified (asymptotic downstream) (Fig. 4E).
Structureless and weakly-bedded sandstone (L8) deposits occur in
the upper bed (top), up to 1 m thick (Fig. 4C and sketch C).

Interpretation: Altogether, the prevalence of convex-up surfaces,
scour-and-fill structures, planar cross-stratified pebbly sandstone,
lens-shaped geometry with backsets and foresets, and subsequent
draping of these surfaces by onlapping of asymptotic downstream
cross-bedding pebbly sandstones (Fig. 4F) would be associated with a
supercritical high-density turbidity current that generated small cyclic
steps (Cartigny et al., 2014; Hage et al., 2018; Slootman and Cartigny,
2020). Massive or crudely laminated zones just upstream of the lens-
shaped beds could be associated with the hydraulic jump (Postma and
Kleverlaan, 2018). Scour fills display crude and widely spaced low-
angle stratification, indicating a decrease in sediment concentration
and an increase in bedload transport and bed shear stress; it could
occur rapidly downflow of the hydraulic jump, where a velocity maxi-
mum causes higher boundary shear stress and thus more erosive
power (Sequeiros, 2012; Postma and Cartigny, 2014). This transition
may take place swiftly downstream of the hydraulic jump (Postma
and Cartigny, 2014; Postma et al., 2014; Lang et al., 2017). In the
mound-shaped beds, the migration of the crest occurs at an angle of
climb that exceeds the dip of the lee side (Fig. 4D, and sketch D), result-
ing in an overall aggradational state on both sides of the step. This al-
lows the preservation of continuous beds across cyclic steps,
appearing as wave trains in the depositional record (Vellinga et al.,
2018; Slootman and Cartigny, 2020). They are classified as ‘fully deposi-
tional cyclic steps’ following Slootman and Cartigny (2020), in this case
formed under high values of sediment concentration, where amalgam-
ation shows that fine sediment deposition is prevented in the upper
part of the bed. Deposition in fully depositional cyclic steps occurs
from the leeward side in foreset-bedding and aft side in backset-
bedding (Slootman and Cartigny, 2020). However, the angle of



Fig. 3. Facies association 1 (FA1). A. Section showing the vertical transition frommatrix-supported rounded pebble clasts (FA1a) to sigmoidally cross-stratified coarse-grained sandstones
(FA4) capped by sigmoidal-shaped, matrix-supported conglomerate beds (FA1b) (at the top of the picture) (hammer is 32 cm long). B. Large rip-up clasts in the lower part of thematrix-
supported rounded pebble clasts (FA1a) overlying FA2 through irregular contact. C.Mudstones (FA7) in sharp irregular contactwith tabular bed ofmatrix-supported conglomerate (FA1a).
D. Detail of the irregular base (dashed line) of the matrix-supported rounded pebble clasts (FA1a) (chart to scale: 10 cm). E. Sandstone-dominated layers in the middle-upper part of
the matrix-supported rounded pebble clast beds (FA1) (see location in panel A). F–G. Sigmoid-shaped, matrix-supported conglomeratic beds (FA1b) interbedded with sigmoidally
cross-stratified granule to coarse-grained sandstones (FA4) and horizontally laminated dark mudstones (FA7) (see location in panel A).
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migration of the climb that exceeds the dip on the lee side is not per-
fectly preserved; therefore, the lee side could have been eroded —the
rate of sediment removal being less than the rate of deposition on the
stoss side— and the cyclic steps could have been partially depositional
(Slootman and Cartigny, 2020).

The bases of slope breaks, when there are gradient changes at the
basin bottom (continental slopes and related canyons), appear to
7

favor either already subcritical flows or swift transitions from supercrit-
ical to subcritical flow conditions (e.g., Fildani et al., 2021; Hodgson
et al., 2022). Although the bedforms developed in the expansion zones
are generated by turbidity currents in upper flow regimes, the aggrada-
tional and preservation tendencies must occur beneath supercritical to
subcritical flows (Fr close to 1) to prevent erosion (Postma et al.,
2016; Hodgson et al., 2022).



Fig. 4. Facies association 2 (FA2). General view and sketched general view of the lower part of the San Jacinto Creek section. Two-meter-thick pebbly sandstone beds appear amalgamated.
The amalgamation surface stratigraphy hierarchy ismarked by numbers: 1. Cross-bedding coset stratigraphic surfaces, 2. cross-bedding set stratigraphic surfaces (hammer is 32 cm long);
(see figure locations in General view). A. Lens-shaped andmound-shaped structures of normal-graded gravels and sandstone deposits (red arrows), flame structure (black arrow) intrud-
ing into structureless sandy upper interval, and sigmoidal gravel deposits infilling a shallower and longer scour (white arrow). B and sketch B. Detail and line drawing of the lower part
deposits. Note the erosional, scoured basal surface truncating underlying planar cross-bedded sandstones. Gravels show diffuse planar cross-bedding (dipping toward the left) with
scattered pebbles dispersed in sand-dominated laminae. C and sketch C. Detail and line drawing of the middle part deposits. Mound-shaped with backset-bedded pebbly sandstone
deposits cap the amalgamation surface, and a sigmoidal cross-bedded sandstone unit encloses the mound-shaped ones. D. Lens of pebbly sandstone deposits at the lower part of the
sigmoidal cross-bedded unit. It appears overlying the amalgamation surface (dashed line). E. Trough cross-bedded sandstones with scattered very fine and coarse pebbles. F. Schematic
textural variations for FA2.
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4.2.3. FA3: graded and amalgamated matrix-supported conglomerates to
sandstones

This association is represented by vertical and nested offset stacking,
irregular and sharply-based conglomerates supported by amedium- and
coarse-grained sandy matrix, massive and occasionally graded (L3) to
sandstone deposits. Two sub-facies associations are distinguished in
view of the stacking pattern and sedimentary structure:

4.2.3.1. FA3a: vertical stacking, normally-graded, rip-up- and/or hard-clast
conglomerates to sandstones. This is represented by lenticular-shaped
geometry and medium to thick beds, normally graded, consisting of
three intervals (Fig. 5): i) A lower interval exhibiting hard-clast- and
matrix-supported conglomerates with some angular rip-up clasts (L1,
L2, L3; Fig. 5A, B), ii) a sharp-based, planar-bedded granule- to very-
coarse-grained sandstone (L9) interval in the middle part (Fig. 5A, B),
and iii) an upper interval characterized by planar cross-bedded upstream
(backsets) very fine-pebble-size to sandstone deposits (L6; Fig. 5C, D).

Interpretation: These deposits forming upward-fining sequences
represent the channel fill at the channel axis (Kane et al., 2009). Angular
rip-up clasts indicate that these deposits are relatively immature, and
they could evolve downslope into fully turbulent flow where sediment
would break up (e.g., Mulder and Alexander, 2001; Kane et al., 2009).

4.2.3.2. FA3b: nested offset stacking, amalgamated scour-and-fill, rip-up-
and/or hard-clast conglomerates to sandstones. Coarse-grained lags that
Fig. 5. Facies association 3a (FA3a). A. Sharp-based, normally-graded conglomerate to sandston
panel A exhibiting clast-supported fabric and normal grading with scattered large clasts at the
sandstone intervals (lines) (scale = 10 cm). C–D. Vertical transition from planar-bedded to b
intervals (see location in panel A). Sharp transition (lines separating a lower brown interval fro
two different depositional events or surges of an unstable flow. Lasting would support the ver

9

include mudstone breccia with frequent deformed shale clasts are over-
lain by amalgamated thick-bedded conglomerates and sandstones (L1,
L2, L4, nested offset stacking; Fig. 6). Scours are 0.5 m deep and 2–15 m
long (Fig. 6A, and sketch A), and are mostly irregular and asymmetrical.
Scour fills consist of matrix-supported conglomerates (L1) with peb-
bly sandstone or coarse- to medium-grained sandstone as matrix, as
well as bivalve and gastropod fragments (Fig. 6). In some cases, the
bases of the larger scours are characterized by deposits associated
with FA5, having scoop-shaped and smaller-scale scours (see
below in FA5). The composition of the clasts filling the scours can
be divided into rip-up (Fig. 6B) and hard (Fig. 6C), while in rare
cases rip-up and hard clasts are mixed. Rip-up clasts consist of mud-
stone and siltstone ranging from coarse-pebbles to cobbles and rare
boulder size (up to 0.40 m in diameter; Fig. 6D), subangular to
subrounded. The hard clasts range from very fine pebbles to coarse
pebbles, subangular to angular, ochre-colored, derived sedimentary
rocks. The clast fabric is commonly random. In general, the coarsest
grain sizes occur within the largest scours with rip-up clasts, and
even partially complete layers can be part of the backfill (Fig. 6D,
E). Internally, the rip-up and hard-clast scour fills are massive; rip-
up clast scours fills are amalgamated. Yet appearing upward in the
succession are normally-graded rip-up clasts that are pebble- to
cobble-size with imbrication to the SW (L3; Fig. 6F), along with hor-
izontally laminated coarse- to medium-grained sandstones with
plant debris (L9; Fig. 6G).
e deposits (FA3a) (hammer is 32 cm long). B. Detail of the lower conglomeratic interval in
top (arrow). Note the sharp transition between conglomeratic and overlying granule and
ackset planar cross-bedded (dashed lines) fine-pebble size conglomerates to sandstone
m an upper gray one) between intervals could indicate an amalgamation surface between
tical decrease in grain size (hammer is 32 cm long in both pictures).
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Interpretation: Amalgamated coarse-grained scour fills indicate
erosion by a high-velocity water flow, and subsequent filling by
subangular to subrounded intraclasts from highly concentrated flows
that represent significant sediment bypass or a waning phase of the
flow that cuts the scour (Postma et al., 1988, 2014; Peakall et al.,
2020). In submarine channels, the occurrence of vigorous substrate
scouring and ripping-up of partially complete beds, coupled with the
subsequent deposition of unstructured beds, suggests an explosive hy-
draulic jumpphenomenon (Postma et al., 2009). The occurrence toward
the top of normal grading beds rich in laminated plant debrismay be as-
sociated with hyperpycnal flows delivered directly from subaerial set-
tings (Lowe, 1976; Zavala and Pan, 2018; Zavala, 2020; Grundvåg
et al., 2023).

4.2.4. FA4: sigmoidally stratified pebbly sandstones
This facies association is represented by 15–30 cm thick, coarse-tail,

normally-graded to low-angle, sigmoidal cross-stratified pebbly to gran-
ule sandstone beds (Fig. 7A, B). Scours are filled by asymmetrical lentic-
ular beds of foresets and concave-up, low-angle backset planar cross-
stratified pebbly to granule sandstones (Fig. 7C, D). The dimensions of
the lenticular to sigmoidal elements are characterized of low amplitude
(5 cm) and relatively long wavelength (30–50 cm) (Fig. 7E, F). Laterally
the thickness pinches and swells slightly due to converging-diverging
stratification (Fig. 7E, F). Asymmetrical sigmoidal stratified sandstones
(e.g., humpback cross-bedding-type) also appear (Figs. 7E, F).

Interpretation: Low-angle backsets and foresets in gravel sandstones
are interpreted as representing deposits of low relief antidunes and chutes
or pools due to internal waves, surges or unstable hydraulic jumps (Lang
and Winsemann, 2013; Ono and Plink-Björklund, 2018). Humpback
dunes are interpreted asdune toupperplanebed transitions inopen chan-
nel flows (i.e., river channels, Fielding, 2006). However, supercritical flow
experiments in density flow showed that humpback dunes may also rep-
resent downslope migrating antidunes with high rates of deposition
(Lowe, 1982; Fielding, 2006; Lang and Winsemann, 2013; Fedele et al.,
2016; Winsemann et al., 2021). The lack of upper plane beds in these de-
posits (which would be common in supercritical flows occurring in open
channel flows; Fielding, 2006) could signal that the density flow did not
reach the high Froude numbers required for upper plane beds (higher
than the open channel flow analogs, as reported by Fedele et al., 2016 ex-
periments). Thus, this facies association is interpreted as the result of an
aggrading antidune-type bedform in granule to coarse-grained sand
beds. It would have formed under supercritical flows, as observed in labo-
ratory flumes (e.g., Alexander et al., 2001; Fedele et al., 2016; Ono and
Plink-Bjorklund, 2018; Winsemann et al., 2021). Steep scours filled by
foreset and backset planar cross-bedding are interpreted as the result of
breaking waves (Ono and Plink-Bjorklund, 2018). The absence of plane
bed zones laterally separating antidunes discounts their stability where
flowbecomes transcritical (fromsupercriticalflowat relatively lowFroude
numbers; Cartigny et al., 2014). Here they are capped by cut-and-fill
(antidune) structures, thus implying rising flow power conditions during
supercritical flow, or deposition by waxing flows that attain supercritical
flow conditions (Lowe, 1982; Saunderson and Lockett, 1983;
Chakraborty and Bose, 1992; Fielding, 2006).

4.2.5. FA5: burrowed (Ta-e) sandstone and mudstone layers
This facies association comprises interbedded thick to very thick

sheet-like beds of massive mudstone, and fine- to medium-grained
sandstone beds (L10, L11, L12; Fig. 8A, B, C) withmassive (L8), horizon-
tally laminated (L9), planar cross-bedding (L7), and ripple lamination
structures, as well as normal grading (L10), having erosional bases
Fig. 6. Facies association 3b (FA3b). A and sketch A. Cross-section of the top of the Alférez Creek
content. B. Abundant concentration of rip-up clasts with boulder-sized particles. C. Coarse-gra
normal grading at the top. D. Abundant concentration of rip-up clasts at the base of the channe
centration of rip-up clasts and whole bed fragments ripped off the previous basin floor, formin
medium-grained sandy matrix. Some clasts show SW imbrication. Chart to scale: 10 cm. G. Ab
cumulation of rip-up clasts, emphasizing normal grading in the succession. Chart to scale: 10 c
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that often contain load casts and flame structures (Fig. 8C, D, E). Sand-
stones present moderate ichnodiversity, low to moderate abundance
(BI = 1–3), and show Ophiomorpha and Thalassinoides (Fig. 8E), while
the mudstones show patches of Nereites and Phycosiphon and locally
Taenidium (Figs. 8F, G), with moderate ichnodiversity and a moderate
to high intensity of bioturbation (BI = 3–4). The top of these succes-
sions is overlain by erosional surfaces associated with FA3, which con-
tains abundant rip-up clasts (Fig. 8D).

Interpretation: Thick to very thick beds of fine-grained sandstones
are attributed to sediment deposition along the channel margin areas
(such as internal levees and terraces) where the low-concentrated tur-
bidity flows slow, or because the flow thickness is greater than the
channel depth, or because of inertia at channel bends or in encounters
with irregularities, leading to escape from themain channel, and some-
times even the formation of minor channels (Kane and Hodgson, 2011;
Pickering and Hiscott, 2015; Bayet-Goll et al., 2023). The distinction be-
tween inner levees and terraces requires awell-defined channel belt ar-
chitecture; so, in our study we consider these systems as
undifferentiated channel belt thin-bedded turbidites (according to
Hansen et al., 2015).

The presence of trace fossils such asOphiomorpha and Thalassinoides
could be related to the Ophiomorpha rudis ichnosubfacies within the
Nereites ichnofacies, associated with deposition from turbidity currents
by the channel (Uchman, 2009; Uchman andWetzel, 2012). In an inter-
nal levee and terrace setting, interbedded bioturbated mudstones tend
to settle out of suspension under lower-energy conditions from clouds
of overflowing turbidity currents, or due to hemipelagic processes
when the system shutdown (Heard and Pickering, 2008; Kane and
Hodgson, 2011; Hansen et al., 2015). Nereites and Phycosiphon must
be related to Nereites ichnosubfacies in the Nereites ichnofacies, com-
mon in lower energy environments or associated with muddy flysch
sediments (Uchman and Wetzel, 2012; Callow et al., 2014; Rodríguez-
Tovar, 2022). It should be noted that the distribution and abundance
of these ichnological associations vary in the presence of cohesive de-
bris flow, which forces organisms to migrate from areas of higher en-
ergy to areas where low-density turbidites predominate (Hubbard
et al., 2008, 2012; Callow et al., 2014; Bayet-Goll et al., 2023).

The observed sedimentary pattern could be the first stage of an
abandonment drape, caused by a number of factors, such as upstream
channel avulsion, relative sea-level rise, or changes in the sediment sup-
ply brought on by tectonic activity or climate shift in the source area
(Clark and Pickering, 1996; Richards et al., 1998).

4.2.6. FA6: prograding successions decreasing from coarse, conglomeratic
sandstones to bioturbated mudstones

This facies association is characterized by tabularfining- and thinning-
upward successions from conglomeratic sandstones to mudstones that
are up to 2 m thick and show sharp and irregular erosional bases (L3,
L10; Fig. 9A, B, C, and sketch B). Occasionally, scours are infilled by gravel
and coarse sandstone, or the basal beds are granule- to pebble-sized
matrix-supported conglomerates, with primarily lithic sedimentary an-
gular clasts and a medium-grained sandy matrix. Rare grooves and flute
marks are observed. Metric packages of poorly sorted medium-grained
sandstoneswith pebble-sized rip-up clasts also occur, predominantly dis-
tributed at the bases of the successions. In some cases, this succession is
repeated, showingerosive bases. In other layers, however, normal grading
(L10) tomedium tofine-grained sandstoneswith horizontally lamination
(L9) are observed, followed by sandstones with ripple lamination and
planar cross-lamination toward the top (Fig. 9D, and sketch D). Syn-
sedimentary deformation structures are sometimes found (Fig. 9D). The
(jet section) showing amalgamation of rip-up- and hard-clast channels with high organic
ined turbidite channel composed of hard sedimentary lithics, with massive structure and
l, with boulder-sized particles overlying another channel consisting of hard clasts. E. Con-
g a basal lag deposit. F. Rip-up clasts ranging in size from pebbles to cobbles floating in a
undant layers of organic matter highlighting parallel lamination toward the top of the ac-
m.



Fig. 7. Facies association 4 (FA4). A–B. Field picture and line drawing showing normally graded, vertical stacking of centimetric-thick, low-angle cross-laminated pebbly sandstone to sand-
stonebeds. See panel A for location of detailed photos C andE. C–D. Field photo and line drawing showing a lens of gently sigmoidal cross-beddedpebbly sandstone andasymmetrical cross-
laminated granule to sandstone bedwith scouring and filling structure interpreted as unstable antidune (see text for details), E–F. Field picture and line drawing showing gently backflow
cross-bedded and humpback cross-bedding sandstone at the top of a pebbly sandstone bed interpreted as antidunes (see text for details) (32-cm long hammer to scale in all the pictures).
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tops of the successions are bioturbated mudstones with Ophiomorpha,
Scolicia, Taenidium, and Thalassinoides (Fig. 9E).

Interpretation: The repetition of tabular bedding, erosional basal bed
surfaces, and rip-up clasts suggest the presence of high-energy turbiditic
currents generating scours prior to deposition, where angular
12
sedimentary clasts indicate a nearby source (Brooks et al., 2022). Normal
grading is often associated with the waning stage of turbidity currents—
the decrease in flow velocity would allow sediment particles to settle out
of suspension, transitioning from depositional to bypass conditions
(Komar, 1985; Kneller and Branney, 1995; Kneller and Buckee, 2000;



Fig. 8. Facies association 5 (FA5). A. General viewof the internal levee/terrace succession (FA5), overlain at the top by an erosive surface associated with the turbiditic channel (FA3b).
B–C. Interbedding betweenmassive bioturbatedmudstones and fine- tomedium-grained sandstones with ripple lamination, parallel lamination, and erosive basal surfaces highlighting
load-cast structures. Jacob's Staff for scale: 1.5 m. D. Irregular (erosive) surface of a submarine channel overlying internal levee/terrace deposits (FA5), with reworking of rip-up clasts.
E. Irregular erosional basal surface offine-grained sandstonewith abundant ripple lamination and intense bioturbation byOphiomorpha (Op), Thalassinoides (Th) toward the top. The con-
tact with massive bioturbated mudstones displays a gradational transition. F-G. Massive bioturbated mudstones with patches of abundant Phycosiphon (Ph) and Nereites (Ne), showing
cross-cutting relationships with Taenidium (Ta).
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Fig. 9. Facies association 6 (FA6). A. Overview of the outcrop. B. Erosional surface and deposit of medium- to coarse-grained structureless sandstone with accumulations of rip-up clasts
and subsequent fining-upward successions (see sketch B). C. Fining- and thinning-upward successions ranging from poorly sorted granule-sized conglomerates that are matrix- to clast-
supported, passing transitionally to medium- to coarse-grained sandstone and upward fine-grained sandstone and mudstone. Topping beds are generally bioturbated. D. Ripple lamina-
tion is detailed at the base. Irregular surface and detail of the fining-upward succession frommassivemedium-grained sandstone (a), transition to a zone of syn-sedimentary deformation
(b), upward ripple lamination (c), and bioturbated mudstones (e) (see sketch D). Chart to scale: 10 cm. Detail of the top of the fining-upward succession consisting of bioturbated mud-
stone with Scolicia (Sc) and Thalassinoides (Th), in addition to unidentified trace fossils.

S.A. Celis, F. García-García, F.J. Rodríguez-Tovar et al. Sedimentary Geology 459 (2024) 106550

14



S.A. Celis, F. García-García, F.J. Rodríguez-Tovar et al. Sedimentary Geology 459 (2024) 106550
Kneller and McCaffrey, 2003; Stevenson et al., 2014). Fine-grained sand-
stones with parallel lamination toward the base, followed by a develop-
ment of planar cross-stratification, could indicate transport by a not
very strong current of traction. Convolute laminations may be produced
by shear, buoyancy instabilities, and/or water escape (e.g., Allen, 1977,
1985; Gladstone et al., 2018), indicating high suspension fall-out rates.
Laminated fine-grained silt and mud accumulate toward the top when
the flow is very slow and close to stopping. Ophiomorpha, Scolicia,
Taenidium and Thalassinoides at the top indicate a post-depositional
trace fossil assemblage assigned to theOphiomorpha rudis ichnosubfacies,
commonly found in channels and/or proximal lobes of turbidite sys-
tems (Uchman, 2009; Uchman and Wetzel, 2012; Callow et al., 2014;
Rodríguez-Tovar, 2022). Therefore, beds with gradations to finer sedi-
ments, as well as the presence of Bouma divisions, amalgamated sand-
stones, bioturbation to the top, laterally adjacent channel fills, and
fining- and thinning-upward sequenceswould be indicative of thewan-
ing phase of low-density turbidity currents, suggesting deposition be-
tween an inner lobe and lobe off-axis context (Hubbard et al., 2009).
The amalgamated massive sandstones and conglomeratic sandstones
suggest rapid sediment deposition inmarginal sheets of channels by tur-
bidity currents of lower density in internal levees; when there is insuffi-
cient space in the channel for the flow to decelerate and deposit most of
its sediment before reaching the channel boundary topography, confined
sheet deposits or terraces are created (e.g., Babonneau et al., 2004; Kane
and Hodgson, 2011; Paull et al., 2013; Hansen et al., 2015).

4.2.7. FA7: dark-gray mudstones
This facies consists of sheet-like beds of massive to horizontally lam-

inated graymudstones and siltstones (L12), 20–30 cm thick, with a few
thinner interbedded horizontally-laminated siltstones, 3–5 cm (Fig. 3C–
F, G). They contain mainly agglutinated benthic foraminifera.

Interpretation:Massivemudstonewas deposited by suspension, set-
tling in a low-energy environment attributed to hemipelagic sedimen-
tation on the basin floor, where parallel-stratified mudstone beds are
associated with low-energy traction-plus-fallout processes of low-
concentration turbidity currents (Stow and Piper, 1984; Stow, 1985;
Stow and Tabrez, 1998; Potter et al., 2005; Navarro and Arnott, 2020;
Stow and Smillie, 2020).

5. Depositional model

The studied sections of the San Jacinto Formation in Caribbean
Colombia consist of predominantly coarse-grained deposits interpreted
as the result of highly concentrated flows that occurred during the late Eo-
cene. They would range from cohesionless debris flows to high-density
turbiditic currents that persist in both supercritical to subcritical conditions
(and transitions in between). The cyclic steps (FA2), antidune field (FA4),
fining-upward successions (FA5 and FA6), reworking of fossil fragments
from coastal systems (FA3b), benthic foraminiferal assemblages (FA7) as-
sociated with outer shelf to upper bathyal environments (Duque-Caro
et al., 1996; Guzmán, 2007; Garzón Oyola, 2023), and the high content
of organicmatter (FA3b) all lead us to interpret that the flowswith super-
critical conditions were confined in submarine slope channel complexes
that evolved into less confined areas along well-preserved channel
mouth depositional settings, with a final transformation to subcritical
flows in an inner lobe to lobe off-axis context (Figs. 10, 11).

5.1. Stage 1

The lower section in San Jacinto Creek is dominated by deposits of
high-density currents in supercritical conditions represented by cyclic
steps (FA2). The initiation is marked by depositional cyclic steps in an ex-
pansion zone along a shelf break to continental slope from confined flows
(CMEZ using the classification of Hodgson et al., 2022) (Figs. 10, 11).

Sedimentary features of the deposits (amalgamation, lack of fine de-
posits, poorly sorted deposits, and subangular rip-up and extra clast-
15
dominated deposits; FA1 and FA2) indicate that highly concentrated
flows were confined within this submarine transfer routing system;
therefore, it recorded the inception of a submarine channel (i.e., slope
channel) fed directly from continental settings (i.e., alluvial fans or
steep rivers) (Fig. 11).

They are preserved as bypass deposits at the channel thalwegs,
representing amalgamated infill units at the axis of these channels
(Fig. 11). The presence of gravel lenses and planar cross-stratified
coarse-grained sandstone and conglomerate lag facies—as described
here— are interpreted to represent bypass in slope channel fills (Mutti,
1992; Stevenson et al., 2015). Confined high-energy flows over a steep
slopewould impede the deposition ofmuds draping amalgamation sur-
faces, as reported in gentler base-of-slope settings (e.g., Mutti and
Normark, 1987).

Cyclic steps (lower section in San Jacinto Creek) below and adjacent
to stacking channel elements (Piedra Azul Creek, and upper part of
Alférez Creek – jet section) would record the overall progradation
of a lower slope succession, as interpreted in other ancient records
(e.g., Pemberton et al., 2016) (Figs. 10, 11). Channel fill elements are
interpreted as cohesionless debris flows (bypass) and concentrated
flow deposits (high density turbidites), likewise derived directly from
continental areas or from a reworking of coastal systems (i.e., delta).
The fine-grained sediment fraction of the flows was deposited outside
of the channel belt as undifferentiated thin-bedded turbidites associ-
ated with levees or terraces (FA5) (Figs. 10, 11).

5.2. Stage 2

Confined deposits in expansion zones (supercritical flows) verti-
cally evolve to sigmoidal lens-shaped gravels, foreset and backset
planar cross-stratified pebbly sandstones, and low-angle upstream,
undulated-stratified (antidunes) granule to coarse-grained sand-
stones filling gentle scours (cut-and-fill structures) (FA4), which
would represent the transition from CMEZ to CLTZ (San Jacinto Creek)
(Figs. 11, 10). Coarse-grained mouth-bar migration and antidunes
(FA4) linked to supercriticalflows characterize the CLTZ,where the cur-
rents lose channel (or canyon) confinement in the mouth to antidune
field setting. However, the occurrence of sporadic debrites and channel
fill toward themiddle part of the San Jacinto Creek section (FA1), aswell
as interbedding with hemipelagites in a mixed-foraminiferal assem-
blage (FA7) with species typical of the outer shelf to upper and middle
bathyal zones (Duque-Caro et al., 1996; Guzmán, 2007) would indicate
other periods of slope instability (Fig. 10).

The increased tabular bedding andfining-upwards successions, from
coarse conglomeratic sandstones to bioturbated mudstones (FA6;
Piedra Azul Creek and Alférez Creek – curve section) probably overlap-
ping or adjacent to an antidune field (San Jacinto Creek) may support a
progressive decrease in depositional energy, which is associated with
waning phase of low-density turbidity currents, suggesting deposition
between an inner lobe and lobe off-axis context (Figs. 10, 11).

Thus, the complete stratigraphic succession of San Jacinto Formation
exposes the initiation, progradation and then retrogradation of a coarse-
grained turbidite channel-lobe system (Figs. 10, 11).

The studied sections of this lithostratigraphic unit are interpreted as
the expression of decreasing confinement along a coarse-grained, sub-
marine sediment routing system (Fig. 11). It transferred highly concen-
trated flows from coarse-grained coastal systems (i.e., fan delta) to
deep-water settings. Similar and scarce slope evolution has been docu-
mented in view of recent and ancient examples (e.g., Pemberton et al.,
2016; Brandes and Winsemann, 2018).

6. Discussion - from confined to unconfined flows in coarse-grained
channels: assessing integrative sedimentary facies

The CLTZ is perhaps the geomorphic subregion having the least
available data among modern and ancient turbidite systems given its



Fig. 10. A–B. Sketch cross-section showing dominant facies associations and bedforms of the stage of expansion zone (CMEZ according to Hodgson et al., 2022) from proximal to distal
settings, marking a stratigraphic correlation between San Jacinto Creek (to the north), Piedra Azul Creek, and Alférez Creek (the curve section and the jet section, to the south) based
on sedimentary features recognized in outcrops. Note that the lower part of the sequence (1. CMEZ) is reported only in the San Jacinto Creek; 2. representative channel-levee elements
in Piedra Azul Creek and Alférez Creek (the jet section); 3. antidune field and debrite bypass associated with CLTZ as reported in San Jacinto Creek and Piedra Azul Creek; and toward
the top, 4. Inner lobes to lobe off-axis recognized in San Jacinto Creek, Piedra Azul Creek and Alférez Creek (curve section).
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Fig. 11.A. Supercritical to subcritical flows fromCMEZ to classical CLTZ. Sedimentary facies. B. Cross-sections (A-A′ andB-B′) along and perpendicular to the channel axis showing different
dominant sedimentary structures from channel-confined proximal settings (cyclic-step-dominated) to unconfined distal settings (inner lobes to lobe off-axis).
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high erosive capacity, resulting in poor preservation (Hand, 1974;Mutti
and Normark, 1987; Parker et al., 1987; Kenyon et al., 1995; Palanques
et al., 1995; Wynn et al., 2002; Van der Merwe et al., 2014; Dennielou
17
et al., 2017; Brooks et al., 2018; Maier et al., 2018; Maestrelli et al.,
2020). As a result, knowledge of these zones is still developing world-
wide, and their identification in outcrops is challenging. Studies of
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both modern examples and outcrops have led to new classifications
(e.g., Hodgson et al., 2022). While descriptions to date of CLTZs include
plunge pools, and distinctive long and flared tracts between channels
and lobes, the novel term Channel Mouth Expansion Zone (CMEZ) has
been proposed by Hodgson et al. (2022). Fitting these deposits into fa-
cies models is nonetheless complex, due to the multiple scenarios that
can be generated (e.g., Postma et al., 2014). Multiple allogeneic and au-
togenic factorsmodify the CLTZs: basin architecture (in active or passive
margins); tectonic activity such as subsidence and uplift; sediment sup-
ply; weathering processes; amount of rainfall and runoff; temperature
and sea-level changes; or sediment transport pathways from the source
area. Therefore, the morphology and architecture of CLTZs depend on
internal and external factors of the basin and the function of the Froude
(Fr) number, with supercritical CLTZs differing from subcritical exam-
ples (Postma et al., 2016; McArthur et al., 2020).

Considering the sections visited and previous reports, we consider
that this expansion zone would have a width of about 10 km (from
San Jacinto Creek and transition to Piedra Azul Creek), with a channel
lobe transition area of about 5 km (from Piedra Azul Creek to Alférez
Creek); channel fills related to the backfilling phase have lenticular ge-
ometries with widths of <100 m (Piedra Azul Creek and Alférez
Creek). However, we lack sufficient outcrops to establish the full conti-
nuity of the transition zones or interactions with other systems. Al-
though this expansion system seems small in comparison with other
examples (see Navarro and Arnott, 2020), it must be taken into account
that it corresponds to a single system and that other systems probably
developed along the margin. This study is one of the few that reflects
the expansion and then decrease of confinement along a coarse-
grained sediment routing system. The compilation of different facies as-
sociations and other outcrop examples from deep-sea environments
elsewhere (Supplementary material 2; China, Chile, USA, Nicaragua,
Argentina, Spain) allows us to characterize at the facies level certain ex-
pansion zones and transitions to CLTZ under the domain of high-density
turbidity currents fed by supercritical flows that transition to subcritical
flows at active margins (Supplementary material 2).

6.1. Mouth expansion zone

By studying the evolution of the San Jacinto Formation, several argu-
ments can be derived about sedimentary systems and factors increasing
the likelihood of preservation of ancient expansion zones [CMEZs ac-
cording toHodgson et al., 2022] in the sedimentary record. It is recorded
at the base (stage 1 of the channel evolution) of a submarine channel-
lobe system dominated by highly-concentrated flows (cohesionless de-
bris flows and high-density turbidity currents) coming directly from the
continent with coastal reworking (fossil fragments, abundant sheets of
organic matter). Thus, low-angle, upstream and downstream planar
cross-bedding pebbly sandstones (back- and foresets) as well as lens-
and mound-shaped beds characterized supercritical flows; but near
the boundary subcritical flows occurred at the beginning of the slope
chute to channel dynamics (Fig. 11). Coarse grained submarine slope
systems (from submarine canyons to slope channel and fan complexes)
composed of deposits of high-density turbidity currents are commonly
related to short and steep margins with abrupt relief close to the shore-
line, or high-gradient alluvial-fluvial systems (i.e., fan deltas, Gilbert-
type delta, shelf-edge deltas) attached to them. In this case, they may
have been fed by products from the erosion of mountain range systems
that show contemporaneous faster cooling rates along the entire
paleomargin, related to exhumation and/or uplift during the final mag-
matic shutdown in the late Eocene (e.g., Restrepo-Moreno et al., 2009;
Villagómez and Spikings, 2013). This would constitute one of the first
evidences of coarse-grained deposits associated with the western mar-
gin of the orogen, and could become further evidence that the cooling of
the margin is indeed related to exhumation-erosion.

Coarse-grained submarine slopes derive from tectonically-active
settings such as forearc basins (e.g., La Jolla Group; Maier et al., 2020,
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or Otadai Formation; Brooks et al., 2022) and from passive-margin con-
texts (e.g., Azpiroz-Zavala et al., 2017; see review in Navarro and Arnott,
2020). Tectonically active margins, generally with steep gradients and
high sediment supply, provide a landscape where strong Froude super-
critical flow turbidity currents can occur (e.g., Supplementary material
2; Ono and Plink-Bjorklund, 2018). This study strongly supports that
tectonically active basin fills—such as the Colombian Caribbean forearc
basin—represent a favorable host of expansion zones given their steeper
slopes than those of relatively tectonically-quiescent ones. In addition,
aggradational cyclic steps resulting in bed amalgamation in expansion
zones (see FA2) require variability in river discharge, favored by the
tropical humid conditions that involved large seasonal fluctuations in
rainfall during which the deposits were formed (e.g., Martínez et al.,
2021).

Hence, early-stage successions having a high proportion of super-
critical bedforms and erosion surfaces could be candidates for sedimen-
tary facies of expansion zones (Supplementarymaterial 2; Postma et al.,
2014; Gong et al., 2017; Lang et al., 2017; Cornard and Pickering, 2019;
Postma et al., 2021). Notwithstanding, some examples of early expan-
sion zone stage candidates could be from aggradational systems,
where the onset of flow at lobe initiation stages may entail antidune fa-
cies associations and subsequently initiate a prograding cycle associated
with cyclic steps (e.g., Supplementary material 2; Postma and
Kleverlaan, 2018; Postma et al., 2021).

6.2. Channel-levee complex

Amalgamated scour-and-fill, rip-up- and/or hard-clast conglom-
erates to sandstones with nested offset stacking, and burrowed
(Ta-e) sandstone and mudstone layers below and adjacent to the
expansion zone represent channeled high-density turbidites, as
well as its levees and terraces, marking the onset of gravity flow
deconfinement/transit.

Other examples of high gradient slopes and confined settings are
known to form the feeder systems that subsequently generate large-
and small-scale cyclic steps (e.g., Supplementary material 2; Ponce
and Carmona, 2011; Postma et al., 2014, 2021; Cornard and
Pickering, 2019). Apart from tectonics, climate is an important factor
contributing to the development of the channel-levee complex and
expansion zones, as highly concentrated flows coming directly
from the continent are generated by river floods (e.g., Gábris and
Nagy, 2005; Vellinga et al., 2018). Variable discharge rivers have
been shown to support high sediment concentrations, promoting
the formation of volumetrically significant fan deltas and coarse-
grained submarine channels (Gábris and Nagy, 2005; Wagreich and
Strauss, 2005; Lang et al., 2017; Yang et al., 2017; Brandes and
Winsemann, 2018; Grundvåg et al., 2023). On many occasions, this
variability generates re-accelerated flow in the first stages of amal-
gamation of cyclic steps, hence a repetition of hydraulic jumps
from supercritical to subcritical, and back to supercritical flows
(e.g., Supplementary material 2; Lang et al., 2017). Although no rep-
etitions or variations in the cyclic steps could be identified here, the
tropical context would favor such scenarios of systems fed by
hyperpycnal flows (Supplementary material 2; Yang et al., 2017;
Martínez et al., 2021). Coarse- to medium-grained sandstones with
inverse and then normal grading, horizontally laminated with plant
debris (FA3b), are considered diagnostic facies of hyperpycnal flow
origin (Mulder et al., 2003; Zavala et al., 2011, 2012; Yang et al.,
2017; Grundvåg et al., 2023).

6.3. CLTZ: mouth bar (debrite bypass and antidune field)

CLTZs are the passage zones between channel-levee systems and
well-defined lobes (Hansen et al., 2021; Hodgson et al., 2022). There-
fore, they encompass facies associationswith depositional and erosional
bedforms ranging from cyclic steps to antidunes. Yet using the new
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classification by Hodgson et al. (2022) and based on the literature re-
view, our study proposes integrative sedimentary facies from confined
to unconfined systems. Accordingly, CLTZwould be linked to the second
stages of supercritical bedforms, and characterized by sigmoid-shaped
centimeter-thick, normally-graded pebbly sandstone to medium-
grained sandstone deposits having sigmoidal symmetrical or asymmet-
rical cross-bedding; low-angle bedding at the topwith humpback cross-
bedding capped by sheet-like and lenticular-like matrix-supported
conglomerate beds represent the progressive deconfinement of the
flow in a transition zone between supercritical to subcritical flows
(Fr ∼ 1). The vertical stratal stacking pattern of the succession is
another key to explain the low preservation of the expansion zones
(CMEZ, according to Hodgson et al., 2022) in the ancient record.
Candidate San Jacinto expansion zone and other outcrops (i.e.,
Supplementary material 2; Ponce and Carmona, 2011; Postma et al.,
2014; Gong et al., 2017; Lang et al., 2017; Yang et al., 2017; Ono and
Plink-Bjorklund, 2018; Postma and Kleverlaan, 2018; Cornard and
Pickering, 2019) are preserved at the base of a succession exhibiting a
retrogradational pattern represented from bottom to top by a candidate
expansion zone-channel/levee, and initial stages of unconfinement
in CLTZ (Fig. 11; Supplementary material 2; Postma et al., 2014;
Pemberton et al., 2016; Lang et al., 2017; Cornard and Pickering,
2019). Perhaps the most documented prograding slope settings are
not very favorable for expansion zone preservation because of a highly
erosional depositional history,meaning the transit of flowdecelerations
to the antidune field is often not well preserved (Supplementary mate-
rial 2; Ponce and Carmona, 2011; Pemberton et al., 2016; Postma et al.,
2016; Gong et al., 2017). Furthermore, in some zones the first stages
of the flow may be completely aggradational (antidune), but
progradation begins later (e.g., Postma and Kleverlaan, 2018; Postma
et al., 2021).

6.4. Overbank to inner lobes

A prograding stacking pattern of successions—decreasing from
coarse, conglomeratic sandstones to bioturbatedmudstones— is associ-
ated with the zones best preserved in the stratigraphic record, and on
this basis the faciesmodels of channel-lobe transition zones in deepma-
rine environments are put forth (Postma et al., 2014; Brooks et al.,
2022). Typical successions with gradual energy decay —often biotur-
bated at the top under subcritical conditions in a deconfined state—
have allowed us to observe numerous study sequences (e.g., Summer
et al., 2012; Postma and Cartigny, 2014; Tinterri et al., 2022). Even facies
models and stacking patterns of fine-grain sizes under supercritical con-
ditions have been proposed (Normark et al., 2009; Mukti and Ito, 2010;
Postma and Cartigny, 2014; Postma et al., 2014). In this case, however,
such successions represent the end of the retrograding pattern, and
link the previous facies with models established outside the confined
channel suggesting deposition between an inner lobe and lobe off-axis.

7. Conclusions

Coarse-grained deposits of the San Jacinto Formation (late Eocene,
Colombian Caribbean forearc subduction complex) are interpreted to
record an exceptionally complete history of inception and evolution of
a submarine channel system dominated by cohesionless debris flow to
high-density turbidity currents with highly variable (Froude number)
flow conditions. Gravelly amalgamated depositional cyclic step sets
developed by highly concentrated flows in supercritical conditions are
related to the onset of the confined segment becoming a submarine
channel. Laterally, beyond the expansion zone (CMEZ), an aggrading
undifferentiated channel belt thin-bedded turbidites associatedwith le-
vees and terraces complex is built. Distally evolving to the expansion
zone, bypass debrite capped by antidunes alternating with mudstone
layers can be interpreted as the slope channel-mouth bar and the
antidune field of a Channel-Lobe Transition Zone (CLTZ) dominated by
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cohesionless debris flows to high-density turbidites under supercritical
conditions. Finally, the transition to the subcritical domain is deter-
mined by the record of bioturbated inner lobe to lobe off-axis deposits.
The stratigraphy of the San Jacinto Formation in this area reflects an
expanding and then decreasing confinement along a coarse-grained
sediment routing system, from the channel mouth expansion zone to
channel-lobe transition zone in the shelf-break context. Clast textural
features, abundant organic matter, and reworked coastal bioclasts
found within the coarse-grained deposits reveal that the head of the
slope channel/canyon cuts across a shallow marine system fed by a
fairly high-gradient fluvial system and immature source. This occurred
along a tectonically-active, short and abrupt basinmargin,with seasonal
rainfall variations during the Eocene-Oligocene transition in the forearc
subduction complex. The development of expansion zone deposits in
the form of cyclic steps takes place in the framework of concurrent ac-
tive sediment transport, bypass, and deposition of coarse-grainedmate-
rial from a channel-levee system; the antidune field (transition from
expansion zones) and loss of confinement in inner lobes to lobe off-
axis context are compared with further examples of deep marine envi-
ronments having expansion zones. Thus, the facies evolution proposed
here can be linked with traditional facies models in turbiditic systems,
to propose advances in our knowledge of the transition from supercrit-
ical to subcritical flows.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2023.106550.
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