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ABSTRACT

Submarine canyon-confined overbanks comprise substantial volumes
of thin-bedded sediment gravity flow deposits that were either stripped
or overspilled from adjacent channels and offer more complete records
of canyon evolution than axial deposits. The Punta Baja Formation, Mex-
ico, comprises a rare exhumed canyon fill with kilometer-scale dip and
strike exposures that permit detailed documentation by high-resolution
sedimentary logging and photogrammetric models. The lower overbank
is characterized by laterally variable sandstone bed thicknesses and grain
sizes, indicating that turbulent flows of varying magnitudes overspilled from
channels. Thick sandstone beds contain paleocurrent indicator reversals
and hummock-like bedforms, representing high-energy combined flows
that deflected and reflected against the canyon margin. In the upper over-
bank, as the canyon fill aggraded and widened, fining- and thinning-upward
packages developed, which decay in thickness and grain size away from the
axis. Mud-rich packages contain mixed-grain-size bedforms, where abrupt
lateral changes between different types of bedform support unusually rapid
lateral flow transformations from turbulent to laminar over a distance of
~200 m. Beds with rhythmic bundles of silt-rich, mud-draped bedforms sup-
port reworking by internal tides. This study demonstrates that bed-scale
analysis of confined overbanks can provide vital, yet commonly overlooked,
records of submarine canyon evolution. We show that canyon-confined
overbank successions are more diverse than their basinward counterparts
because erosional confinement and dynamic internal topography promote
a wider range of flow types and magnitudes. These findings suggest the
existing twofold interpretation of internal levee or terrace deposits may
be oversimplified in proximal overbank settings, where such deposits are
unlikely to develop as discrete subenvironments.

William James Taylor @ https://orcid.org/0000-0002-1954-3924

B INTRODUCTION

Submarine canyons are globally important as conduits for sediment and
pollutant transfer from continents to deep-marine basins (Harris et al., 2014;
Amaro et al., 2016; Mountjoy et al., 2018; Zhong and Peng, 2021; Chen et al.,
2025; Keavney et al., 2025b). Particulates, including sediment, are primarily
transported through canyons by sediment gravity flows, which can be powerful
enough to sculpt the canyon floor by tens of meters in a single event (Heezen
and Ewing, 1952; Conway et al., 2012; Mountjoy et al., 2018; Paull et al., 2018;
Talling et al., 2023; Normandeau et al., 2025). Sediment can be further remo-
bilized by internal tidal currents, which become focused and amplified within
the steep walls of canyons (Petruncio et al., 1998; Hall et al., 2017; Li et al.,
2019; Maier et al., 2019; van Haren et al., 2022). Canyon axes are channelized
and commonly dominated by sediment bypass and erosion (Kneller, 2003;
Stevenson et al., 2015; Bouwmeester et al., 2025), while their adjacent overbank
environments within the main canyon confinement surface are sites of depo-
sition and receive sediment from overspill and flow stripping via bypassing
flows (Piper and Normark, 1983; Mutti and Normark, 1987; von Rad and Tahir,
1997; Babonneau et al., 2004; Paull et al., 2013; Clift et al., 2014). Consequently,
canyon-confined overbank settings can accumulate substantial volumes of
thin-bedded sediment gravity flow deposits (Deptuck et al., 2007; Paull et al.,
2013; Jobe et al., 2015; Maier et al., 2018) and preserve a more complete, yet
underutilized, record of sedimentary processes and system evolution than axial
deposits (e.g., Hubbard et al., 2014, 2020; Jobe et al., 2017, 2024).

While many authors have documented the sedimentology of ancient
canyon fills (e.g., Lowe, 1972; Stanley, 1975; Clifton, 1984; Morris and Busby-
Spera, 1988; Millington and Clark, 1995; Cronin and Kidd, 1998; Anderson et
al., 2006; Ito et al., 2014; Bain and Hubbard, 2016; McArthur and McCaffrey,
2019; Janocko and Basilici, 2021), studies are commonly biased toward better-
preserved coarse-grained canyon axes, and few have fully considered the
utility of canyon-confined overbanks as records of canyon evolution (e.g., Satur
et al., 2005; Di Celma et al., 2010; Mercier et al., 2026). At present, much of
the understanding of sedimentary processes in these environments is based
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on studies of channel-levee systems in mid- to lower-slope settings, which
recognize internal levee and terrace deposits (e.g., Kane and Hodgson, 2011;
Hansen et al., 2015). These channel-levee models may not be representative of
canyon-confined overbank settings. This is because canyons are more deeply
incised, record deposition from flows with a short transport distance (Wynn et
al., 2007; Babonneau et al., 2010; Hansen et al., 2015), and are susceptible to
sediment resuspension and transport by internal tides (Shepard and Marshall,
1969; Shepard, 1976; Gardner, 1989). Furthermore, most studies have only con-
sidered deposition from fully turbulent sediment gravity flows. Observations
from modern canyon overbanks (commonly referred to as terrace surfaces)
identify a wide range of erosional and depositional relief generated by scours
(Paull et al., 2013; Symons et al., 2016; Covault et al., 2017; Li et al., 2020) and
mass-transport deposits (Tek et al., 2021; Pope et al., 2022; Talling et al., 2022;
Ruffell et al., 2024). Therefore, sediment gravity flows, which are sensitive to
variations in topography of different scales and orientations (e.g., Baas et al.,
2011; Patacci et al., 2015; Soutter et al., 2021; Taylor et al., 2024), may interact
with seabed relief and undergo rapid transformations in rheology and velocity,
potentially adding substantial complexity to their deposits.

This study aims to document a rare example of an exhumed canyon-
confined overbank from the Upper Cretaceous strata of the Peninsular Ranges
forearc basin complex, Baja California, Mexico. The Punta Baja Formation rep-
resents a well-exposed canyon fill with good dip-oriented and strike-oriented
exposures, which faced the Pacific Ocean in the Cretaceous (Boehlke and
Abbott, 1986; Kane et al., 2022; Bouwmeester et al., 2025). The objectives of
this study are to: (1) identify, describe, and interpret the canyon-confined over-
bank deposits; (2) detail their stratigraphic and spatial distribution within the
overbank succession; and (3) evaluate the influence of canyon confinement
and complex seabed topography on depositional environments and the spatio-
temporal evolution of the canyon fill. Based on the results, we propose a new
sedimentological model for canyon-confined overbanks, providing an effective
tool to aid in reconstructions of deep-water processes and environments in
modern and preserved sedimentary systems and thereby unlocking the depos-
its of canyon-confined overbanks as important records of canyon evolution.

B GEOLOGICAL SETTING
The Peninsular Ranges Forearc Basin Complex

The Punta Baja Formation constitutes part of the Mesozoic Peninsular Ranges
forearc basin complex (Fig. 1), which crops out along the Pacific coastal margin
of northwestern Baja California, México, and southwestern California, USA (Gastil
et al., 1975; Busby et al., 1998). The stratigraphy of the Peninsular Ranges forearc
records the evolution of a long-lived convergent plate boundary from an exten-
sional intraoceanic arc system in the Late Triassic, through a fringing island arc
stage during the Early to mid-Cretaceous, to a highly compressional continental arc
in the Late Cretaceous (Engebretson et al., 1985; Glazner, 1991; Busby et al., 1998).

The transition to a compressional stress regime was characterized by
reverse faulting and uplift, followed by batholith emplacement and subse-
quent unroofing (Busby et al., 1998; Busby, 2004). Erosion of the arc basement
rocks led to an influx of coarse sediment across a relatively narrow shelf
into several ocean-facing forearc basins (Busby et al., 1998; Kimbrough et al.,
2001). The orientation and spacing of submarine feeder canyons and slope
channel-levee systems were dictated by right-lateral strike-slip deformation
from oblique plate convergence (Busby et al., 1998; Kimbrough et al., 2001).

The Peninsular Ranges forearc stratigraphy (Fig. 1B) comprises: (1) pre-
batholithic volcanic and carbonate rocks of the Alisitos Group (Busby, 2004);
(2) post-batholithic fluvial channel fills, related deposits, and paleosols of the
La Bocana Roja Formation (Kilmer, 1963); (3) deep-marine canyon-fill deposits
of the Punta Baja Formation (Kilmer, 1963; McGee, 1965; Boehlke and Abbott,
1986); (4) shallow-marine and fluvial deposits of the El Gallo Formation (Kilmer,
1963; Renne et al., 1991); and (5) shallow shelf to deep-marine canyon and
slope channel-levee complexes of the Rosario Formation (Morris and Busby-
Spera, 1988, 1990; Kane et al., 2009; Hansen et al., 2017; Kneller et al., 2020).
The stratigraphic alternation of nonmarine and deep-marine strata and their
unconformable contacts point to alternating periods of uplift, basinward tilt-
ing, erosion, and subsidence, termed “porpoising” by Busby (2004). By the
Paleocene, contraction of the forearc generated a broad syncline across the
axis of the basin complex. This “pinned” the slope at relatively shallow marine
depths and led to the deposition of conglomerates and lesser volcanic rocks
of the Sepultura Formation (Busby, 2004).

The Punta Baja Formation

The Punta Baja Formation is interpreted as a submarine canyon fill (Kilmer,
1963; McGee, 1965; Boehlke and Abbott, 1986; Morris and Busby, 1996; Kane
et al., 2022; Bouwmeester et al., 2025), which crops out around the village of
Punta Baja, 17 km southwest of El Rosario (Figs. 1 and 2). The canyon sys-
tem likely exploited structural lineaments in the underlying bedrock of the
La Bocana Roja Formation, which underwent both syn- and postdepositional
extensional and contractional deformation during the Cenomanian-Turonian,
associated with the releasing and restraining bends of a dextral strike-slip
fault zone (Kane et al., 2022; Bouwmeester et al., 2025). The oblique dextral
strike-slip movement likely ceased by the time of sediment delivery to the
canyon (earliest Santonian), given that the canyon fill was largely unaffected
by syndepositional transpression (Kane et al., 2022).

The preserved canyon fill is up to ~120 m thick and 1.2 km wide, with
downdip (5 km) and across-strike (2 km) constraints, and has a relatively wide
grain-size range that comprises coarse- and fine-grained domains that represent
the canyon axis and overbank environments, respectively (Fig. 3). The coarse
domain comprises conglomeratic and sand-rich channel elements (e.g., Di
Celma et al., 2011; McHargue et al., 2011) that record phases of westward lateral
migration, characterized by numerous erosion surfaces, before a subsequent
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Figure 1. (A) Geological map of Rosario Embayment of Baja California, Mexico, showing main units of Peninsular Ranges forearc basin complex with study area highlighted in
orange. Modified from Morris and Busby-Spera (1990) and Kneller et al. (2020). (B) Stratigraphic column of Rosario Embayment, summarizing main formations and depositional
settings of Peninsular Ranges forearc basin complex. Drawings under “Environment” show the broad shape and architecture of each of the channel and canyon systems in
the Rosario and Punta Baja formations and the distribution of their constituent coarser- and finer-grained lithologies. Modified from Kneller et al. (2020). K-Pg—Cretaceous-
Paleogene boundary; Cenoman.—Cenomanian.
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erate clast imbrication, flutes, grooves, and ripple foresets for each main facies association (FA). (C) Geological map of Punta Baja peninsula, with main formations and
facies associations within Punta Baja Formation overlain onto a drone-captured digital elevation model. Map location is shown in Figure 1. MTDs —mass-transport deposits.
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aggradational phase, represented by vertically stacked channel elements that
onlap onto the western margin of the canyon (Fig. 3A; Boehlke and Abbott,
1986; Bouwmeester et al., 2025). Toward the east, the channel elements tran-
sition laterally into the fine-grained domain, which comprises a 30-70-m-thick
succession of thin-bedded, heterolithic sandstones and mudstones, interpreted
as the overbank, which onlaps onto the eastern canyon margin (Boehlke and
Abbott, 1986). Regional paleoflow was to the southwest, with sediment gravity
flows fed by material eroded from uplifted plutonic rocks of the Alisitos Group
(Kane et al., 2022). The overlying El Gallo Formation sits unconformably on top
of the Punta Baja Formation, characterized by an angular discordance marked
by an extensive transgressive cobble lag deposit that represents a ravinement
surface (Boehlke and Abbott, 1986; Kane et al., 2022; Bouwmeester et al., 2025).

B METHODOLOGY
Dataset

This study focuses on the fine-grained domain of the Punta Baja canyon fill. The
dataset comprises 36 sedimentary logs (301.5 m cumulative thickness), collected
across strike and downdip, which capture spatial changes in facies and architec-
ture (Fig. 2A). Logs were collected at 1:25 scale and correlated by walking out
marker beds. These correlations were aided by interpretations of photogrammetric
models captured by uncrewed aerial vehicle (UAV), covering an area of 2.3 km2.

Where the exposure allowed, higher-resolution logs (between 1:2 and 1:5
scale) captured measurements of more than 2000 beds. Emphasis was placed
on bed-scale changes in thickness, lithology, grain size, stratal boundaries, and
constituent bedform types and their dimensions (including bedform amplitude
and wavelength). Paleocurrent measurements (n = 798) were collected from
clast imbrication, bedform foresets and planforms, ripple cross-lamination,
and sole structures (flutes and grooves) from different parts of the canyon fill
(Figs. 2A and 2B). Grain size was estimated in the field using a hand lens and
a grain-size comparator card. Because clay- and silt-sized grains are difficult
to measure accurately in the field, mud and mudstone are employed as gen-
eral terms to describe argillaceous laminae and bands (Winterwerp and van
Kesteren, 2004). The color of the deposit also gave a useful indication of grain
size, given that darker-colored rock typically indicates elevated mud content.

Terminology

Hierarchy-based classification schemes help to characterize submarine
canyon and channel fills (e.g., Mutti and Normark, 1987; Sprague et al., 2002,
2005; Di Celma et al., 2011; McHargue et al., 2011). At the largest scale, canyon
fill describes the deposits contained within the main canyon erosion surface.
These can be subdivided into two components: the canyon axis and the can-
yon-confined overbank. The Punta Baja canyon axis comprises a channel belt

(Bouwmeester et al., 2025) that consists of stacked and partially preserved
channel elements, each defined by a channel-form erosion surface and its
infilling sediment (e.g., McHargue et al., 2011). Channel elements are further
organized into channel axis and channel margin facies associations (e.g., Mutti
and Normark, 1987; Sprague et al., 2005; McHargue et al., 2011; Bouwmeester
et al., 2025). The canyon-confined overbank described herein comprises flows
deposited outside of channel elements but within the main canyon erosion
surface. Bed types are identified, which are interpreted to represent depo-
sition from a single sediment gravity flow. Internal divisions are identified
using sedimentary structures that rely on descriptive characteristics defined
by Bouma (1962) and Lowe (1982). Canyon-confined overbanks are referred
to geomorphologically as terraces or benches in modern systems, which are
terms used to describe a relatively flat surface elevated above the canyon thal-
weg within the main canyon erosion surface (e.g., Babonneau et al., 2010; Maier
et al., 2012). In ancient systems, canyon-confined overbanks are comparable
to internal levee or terrace deposits (e.g., Kane and Hodgson, 2011; Hansen
et al., 2015, 2017). We return to the nature of canyon-confined overbanks and
how their stratigraphic relationships relate to modern geomorphic features in
the Discussion section, utilizing the dataset presented herein.

B SEDIMENTARY FACIES ASSOCIATIONS AND BED TYPES

The Punta Baja canyon-fill deposits were subdivided into four facies associ-
ations (Table 1; Fig. 3): FA1 (channel axis), FA2 (channel margin), FA3 (confined
overbank), and FA4 (shallow marine). This study focuses on FA3, which consti-
tutes the canyon-confined overbank setting. Nine bed types were identified in
FA3, including high-density turbidity current deposits (HDTCDs 1 and 2), low-
density turbidity current deposits (LDTCDs 1 and 2), transitional flow deposits
(TFDs 1-3), internal tide-reworked deposits (ITDs), and mass-transport deposits
(MTDs). These bed types have variable occurrence and distribution across the
overbank, and individual beds can vary spatially in their character (Fig. 3). The
bed types and their interpreted flow processes are described in the following
subsections, with sketch logs and photographs shown in Figure 4. Facies asso-
ciations for the axial parts of the canyon fill (FA1 and FA2) from Bouwmeester
et al. (2025) provide further depositional context (Table 1).

High-Density Turbidity Current Deposits (HDTCDs 1 and 2)
Description

In the overbank, high-density turbidity current deposits (HDTCDs) are 15—
50 cm thick (Fig. 4) and medium to coarse grained, with crude normal grading
and erosional lower boundaries (2-10 cm relief) with rare groove marks on bed
bases. Locally, they may contain subangular mudstone clast intervals or pebble
lags in the lower 5-10 cm of beds. HDTCD 1 beds are tabular and comprise a
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Code Facies association

Description

Interpretation Photo

FA1  Thick-bedded
conglomerate and
sandstone packages

FA2 Medium- to thick-
bedded sandstone
and thin-bedded
mudstone packages

FA3 Medium- to thin-
bedded, sand- and
mud-rich heterolithic
packages

FA4 Medium- to thick-
bedded structured
sandstones and
sand-rich heterolithic
packages

Highly amalgamated conglomerates (0.5-3.5 m thick)
and sandstones (0.5-2.0 m thick). Conglomerates have
strongly imbricated fabrics and are either clast supported
and well sorted, or matrix supported and poorly sorted.
They also have steep, erosional basal contacts. Beds
are normally graded with rare inverse grading. They are
sometimes cross-stratified (dune scale) and contain
outsized clasts of the underlying La Bocana Roja
Formation. Sandstones (very coarse to medium grained)
are structureless, poorly sorted, and normally graded,
with mud clasts at the bases of beds. Beds are tabular
with erosive basal contacts and sharp top surfaces
that can contain sporadic pebble cross-stratification.
Packages are preferentially stacked towards the western
canyon margin.

Weakly amalgamated sandstone beds (0.5-1.5 m
thick), commonly interbedded with silt-rich mudstones
(0.1-0.3 m thick) and minor conglomerates (<1 m
thick). Sandstones (very coarse to medium grained) are
moderately to well sorted and normally graded. Beds
contain mud clasts and flame structures at the base,
and sand-rich climbing ripples and planar lamination
toward bed tops. Packages are typically fine grained,
thin and decrease in dip angle upward and laterally over
short distances (<10 m), and onlap onto steep erosion
surfaces that truncate other sandstone packages. In
some areas, packages are deformed, typified by slumped
and rotated bedding.

Interbedded sandstone beds (0.01-0.9 m thick) and
faintly laminated mudstone beds (0.01-0.7 m thick).
Sandstones (very coarse to very fine grained) have
variable bed characteristics and paleocurrent directions.
Thin-bedded packages comprise normally graded,
sharp-based sandstones that contain asymmetrical
sand-rich current ripples, rounded biconvex ripples,
and mixed-grain-size bedforms. Packages also contain
rhythmic “bundles” of mud-draped wavy bedforms,
starved laminae, and bidirectional flow indicators above
sharp-topped turbidite beds. Thin-bedded packages are
interrupted by outsized, erosive sandstone beds that
contain structureless lower divisions (0.1-0.3 m thick)
and planar laminated or hummock-like upper divisions
(0.1-0.2 m thick). Locally, packages are disrupted by
mass transport deposits (MTDs).

Thick-bedded sandstones (0.2—1.2 m thick) and thinly
interbedded sandstones and mudstones. Sandstones
(medium to very fine grained) are well sorted and
normally graded. Beds contain abundant sand-rich
bedforms that resemble hummaocky cross-stratification
(HCS). Ophiomorpha and Thalassinoides traces are
common. Palynofacies consist of mixed opaques and
amorphous organic matter with poor recovery and
poor preservation, and deposits are rich in Gonylacoid
cysts. Packages typically thicken upward before they
are truncated by the overlying ravinement surface of the
El Gallo Formation.

Channel axis and/or submarine braid plain (Hein and

Figs. 3C 3D, and 4A
Walker, 1982; Klaucke and Hesse, 1996; Hesse et al.,
2001; Bouwmeester et al., 2025), characterized by
bedload deposits indicating scour, bypass, and fill from
noncohesive debris flows. Interbedded sandstones and
organized conglomerates indicate further deposition

and prolonged reworking beneath turbulent high-density
sediment gravity flows (Lowe, 1982). Amalgamation
suggests multiple stages of scour, bypass, and fill as

the system migrated laterally and aggraded. Preferential
stacking of channel elements towards the western
canyon margin may be in response to dominant
extensional faulting and bedrock subsidence on that side
and away from contractional features to the east (Kane
etal., 2022).

Channel margin (Kane and Hodgson, 2011; Morris et al., Figs. 3C

2016), characterized by rapid suspension settling from
fully turbulent, high-density sediment gravity flows with
sustained bedload transport (Bouma, 1962; Allen, 1971;
Lowe, 1982). Sandstone packages were deposited within
the confines of a channel element that migrated laterally
westwards (Morris et al., 2016). Flame structures at the
bases of sandstone beds are representative of syn- or
postdepositional dewatering (Stow and Johansson,
2000). Mudstone clast intervals are interpreted as lag
deposits, suggesting prolonged erosion (Kneller, 1995).
Deformation indicates slumping and remobilization of soft
sediments on unstable channel margins.

Confined overbank, characterized by turbidity currents Figs. 3B and 3E

(Bouma, 1962; Mutti, 1992), combined flows (Tinterri,
2011), turbulence-modulated transitional flows (Baas

et al., 2009), and internal tides (Normandeau et al.,
2024). High-density turbidity current deposits (HDTCDs)
record channel-unconfined flows, and low-density
turbidity current deposits (LDTCDs) record flows that
were stripped or overspilled from channelized high- to
low-magpnitude turbidity currents, depositing hummock-
like bedforms, which indicate flows that deflected off
steep canyon walls (Tinterri et al., 2022). Transitional flow
deposits (TFDs) are records of flow transformations from
turbulent to laminar across the upper overbank, likely
triggered by abrupt changes in flow confinement and/or
entrainment of cohesive clay from mud-rich substrates
(Baas et al., 2021a). See text for full interpretation.

Shallow marine. Sand-rich HCS is typical of nearshore Bouwmeester et al.
depositional environments (Harms, 1969). The (2025, their figs.
upward-thickening trend might represent progradation 5F, 5G, and 5I)

of shoreface bars. Ichnofacies and palynofacies
assemblages suggest a restricted shallow-marine
environment. These packages are interpreted as
transgressive deposits, preserved below the wave-
ravinement surface of the El Gallo Formation, in the
embayment that the Punta Baja canyon likely formed
prior to deposition (Bouwmeester et al., 2025).

Note: Interpretations here form part of the study by Bouwmeester et al. (2025).
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Figure 4. Sketch diagrams of beds and representative outcrop photographs that highlight internal divisions of: HDTCD 1 beds (A); HDTCD 2 beds (B); LDTCD 1 beds (C); LDTCD 2 beds
(D); TFD 1 beds (E); TFD 2 beds (F); TFD 3 beds (G); ITDs (H). HDTCD — high-density turbidity current deposit; LDTCD —low-density turbidity current deposit; TFD —transitional flow
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hummock-like cross-stratification; LBRs—large biconvex ripples; M—mud; Si—silt; Vfs—very-fine sand; Fs—fine sand; Ms—medium sand.
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massive sand-rich division above the bed base (~20 cm thick) and pass upward
into a thin sand-rich planar laminated upper division (<10 cm thick), with minor
wavy and convoluted lamination at the top. HDTCD 2 beds are similarly charac-
terized by a clean sand-rich lower division and erosional base but instead pass
into an upper division of sand-rich, dune-scale swale- and hummock-like bed-
forms (Fig. 5; amplitude 10-24 cm, wavelength 56-80 cm). These form positive
relief on bed tops, with mounded planform geometries (Fig. 4). Bioturbation is
common in HDTCDs, with abundant Ophiomorpha and Thalassinoides.

Interpretation

HDTCD beds are interpreted as the deposits of high-density turbidity cur-
rents. The basal structureless divisions and crude normal grading within beds
indicate rapid suspension fallout from a waning, high-density, fully turbulent
flow (Kuenen, 1966; Lowe, 1982; Kneller and Branney, 1995; Sumner et al.,
2008). The basal surfaces that truncate underlying strata, overlain by mud clast
layers and pebble lags, indicate energetic flows that reworked, entrained, and
bypassed substrate prior to deposition (Stevenson et al., 2015). The presence
of grooves on bed bases represents bypassing of debritic heads or potentially
previous debris flow events (Peakall et al., 2020; Baas et al., 2021b). The upper
planar laminated division in HDTCD 1 beds likely indicate more dilute flow
conditions via the migration of low-amplitude bedload sheets (Allen, 1984; Best

and Bridge, 1992) or high-concentration conditions from the repeated formation
and collapse of near-bed traction carpets (Kuenen, 1966; Sohn, 1997; Vrolijk
and Southard, 1997; Sumner et al., 2008). Wavy and convolute lamination may
indicate soft-sediment deformation of planar lamination shortly after deposi-
tion (Gladstone et al., 2018) or high rates of suspension settling over inactive
bedforms forming “sinusoidal lamination” (Jopling and Walker, 1968; Ashley et
al., 1982). HDTCD 2 beds similarly record deposition from high-density turbidity
currents given their basal, sand-rich massive divisions but with an additional
combined flow component, as reported by Keavney et al. (2025a). In submarine
settings, beds with distinct hummock-like bedforms have been interpreted as
combined flow deposits from reflection and deflection processes against basin-
scale topography (Pickering and Hiscott, 1985; Tinterri, 2011; Bell et al., 2018;
Hofstra et al., 2018; Tinterri et al., 2022; Keavney et al., 2025a).

Low-Density Turbidity Current Deposits (LDTCDs 1 and 2)
Description

Low-density turbidity current deposits (LDTCDs; 2-15 cm thick) comprise
normally graded, fine- to very fine-grained sandstone. LDTCDs have a thin

(2-5 cm thick), lower structureless sand-rich division with rare planar lami-
nation and a sharp lower boundary, which passes upward into a division of
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sand-rich bedforms (Fig. 4). LDTCD 1 bedform divisions comprise low-angle
climbing, asymmetric sand-rich current ripples (Fig. 5; amplitude 4-20 mm,
wavelength 40-180 mm), with concave-up or planar foreset laminae with high
termination angles (~40°) against the bases of laminasets. Conversely, LDTCD
2 bedform divisions are characterized by sand-rich biconvex ripples (Fig. 5;
amplitude 4-30 mm, wavelength 80-180 mm), with symmetrical to slightly
asymmetrical rounded profiles with a “pinch and swell” geometry. Biconvex
ripples are either low- or high-angle climbing with stoss-side preservation.
Internally, foreset laminae are sigmoidal shaped and drape slightly erosional
lower bounding surfaces (1-2 cm deep). LDTCD 2 beds commonly exhibit a
wide range of paleocurrent directions and reversals in their bedform divisions.
Both LDTCD types have moderate to high bioturbation intensity, with abundant
Scolicia and Phycosiphon. LDTCDs generally grade normally into an upper
mudstone division, characterized by subtle siltstone lamination.

Interpretation

LDTCDs record deposition from low-density turbidity currents. The thin,
structureless lower divisions and normal grading within beds indicate suspended-
sediment fallout and layer-by-layer incremental deposition from a waning, dilute
turbulent flow (Bouma, 1962; Mutti, 1992; Talling et al., 2012). The overlying sand-
rich current ripples indicate deposition under sustained bedload transport (Allen,
1973) and lower rates of suspension settling than HDTCD beds (Jobe et al., 2012).
They also resemble “sandy current ripples” of Baker and Baas (2020), further sug-
gesting that they formed under fully turbulent conditions. LDTCD 2 beds likely
record deposition under combined flows, consisting of oscillatory flows and a
strong unidirectional flow component (up to 180° to the wave direction). These
flows produce the sand-rich biconvex ripples and sigmoidal-shaped foresets
through redistribution of sand by vortices on the lee side of the ripple related to
the uneven forward and backward strokes of the oscillatory flow components.
The top of the lee side of the ripple becomes preferentially “nourished” by sand
and ultimately generates the rounded, biconvex profile. In submarine settings,
these flow components have been attributed to flow interactions with subtle
seabed topography (Tinterri, 2011, 2025), such as scours or bedform-scale relief
(Ge et al., 2017; Hofstra et al., 2018). Upper mudstone divisions possibly indicate
the distal expression of sediment gravity flow deposition, given the presence
of subtle siltstone laminae (Boulesteix et al., 2019, 2022).

Transitional Flow Deposits (TFDs 1, 2, and 3)
Description
Transitional flow deposits (TFDs) are defined following Privat et al. (2024)

as beds with transitional flow components but lacking debritic components
associated with hybrid event beds. Here, TFDs (2-20 cm thick) are normally

graded, fine- to very fine-grained sandstones and siltstones, with sharp to
slightly erosional lower boundaries (Fig. 4). They are distinct in that they con-
tain divisions of mixed-grain-size bedforms, which comprise alternations of
sand-rich and poorly sorted mud-rich laminae and bands (Taylor et al., 2024).

TFD 1 beds typically have a lower structureless, sand-rich division (1-2 cm
thick) with sporadic mud clasts and an upper division of large, asymmetrical
mud-rich current ripples (Fig. 5; amplitude 10-60 mm, wavelength 160-360 mm).
Their internal foreset laminae are thin (1-2 mm) and concave shaped and
consist of alternating very fine-grained sandstone and mudstone. The climb
angle of constituent laminae progressively increases upward, with concomi-
tant bedform wavelength increase and bedform amplitude decrease, before
passing into an upper mixed-grain-size bedform division of low-amplitude
bed waves (LABWs; Baas et al., 2016; Fig. 5; amplitude 2-12 mm, wavelength
200-500 mm). These thin, asymmetrical bedforms contain gently dipping and
alternating sandstone-mudstone foreset laminae.

TFD 2 beds (5-20 cm thick) have weakly erosional lower boundaries and
comprise a structureless argillaceous lower division with mud clasts and an
upper division of mixed-grain-size bedforms with markedly different geom-
etries than those of TFD 1 beds. These divisions comprise larger mud-rich
biconvex ripples (Fig. 5; amplitude 8-40 mm, wavelength 140-380 mm), with
mixed sandstone-mudstone sigmoidal-shaped foreset laminae, and swale-
and hummock-like cross-stratification (HLCS) banded sets (Taylor et al., 2024).
HLCS banded sets comprise alternating sandstone-mudstone, concave-up
and convex-up bands (>5 mm thick), which represent small-scale swale- and
hummock-like features, respectively. Internally, bands either drape lower
bounding surfaces tangentially at low angles (<10°) or are otherwise fully
continuous throughout individual banded sets. Upward transitions between
large biconvex ripples and HLCS banded sets are typically gradual and contin-
uous, with only minor erosion observed between some laminae and banded
sets. TFD 2 beds typically pass upward into thick, massive mudstone caps.

TFD 3 beds are between 2 cm and 5 cm thick and are observed isolated
in thicker mudstone packages (Fig. 4). They are sharp based and comprise
very thin, gently dipping sandstone-mudstone laminae (<2 mm thick). These
features resemble LABWs like the upper divisions of TFD 1 beds but without
lower mud-rich current ripple divisions. LABWs typically pass upward into
very thin, laterally discontinuous sand-rich laminae that pinch out over 10 cm,
forming a streaky texture above the bedform. Most TFD beds grade normally
into a mudstone division, characterized by subtle siltstone laminae.

Interpretation

TFDs comprise mixed-grain-size bedforms with elevated proportions of
mud in their laminae and banded sets. Currently, there are two process models
that explain the origin of mixed-grain-size bedforms in sandstones: episodic
near-bed turbulence damping (Lowe and Guy, 2000) and bedform develop-
ment under mud-laden transitional flows (Baas et al., 2009, 2016; Stevenson
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et al., 2020). Lowe and Guy (2000) proposed that mixed-grain-size bedforms
develop at the bases of flows that vary between turbulent and laminar regimes
through the cyclic development of near-bed cohesive plugs. These plugs
were hypothesized to form through episodic damping of near-bed turbulence
through electrical charge-induced bonding of clays following disaggregation
of clay flocs (Lowe and Guy, 2000). Examples of bedforms formed under these
conditions are reported from the Lower Cretaceous Britannia Formation (North
Sea) and comprise banded divisions of clean sandstone and mudstone up to
several meters thick containing abundant synsedimentary dewatering features
such as sheared pipe and dish structures (Lowe and Guy, 2000).

While the mixed-grain-size bedforms documented in this study share some
affinity with the banded divisions of Lowe and Guy (2000), they bear closer
resemblance to the thin and sharp heterolithic laminae produced in the experi-
ments of Baas et al. (2016), formed underneath transitional flows. Furthermore,
the constituent grain sizes of laminae and bands observed here are more
mixed (comprising “dirty” laminae and bands rather than clean sandstone)
and lack prolific dewatering structures, which suggests that they were more
likely the product of mud-rich transitional flows with sustained periods of
traction (Baas et al., 2016).

Transitional flow behavior requires consideration of the balance between
flow velocity—controlled turbulent forces and clay-derived cohesive forces
(Baas et al., 2009; Sumner et al., 2009). On undergoing deceleration, cohesive
clay particles in suspension form flocs and gels due to electrostatic forces
between individual particles, which act to increase flow yield strength and
viscosity and modulate flow turbulence (Wang and Plate, 1996; Baas and Best,
2002; Haughton et al., 2003; Talling et al., 2004). This initiates a transitional
flow, characterized by a laminar plug-flow region with a lack of turbulence,
which expands downward from an interval of low flow shear stress, as cohe-
sive forces increase (sensu Baas et al., 2009).

TFD 1 beds are therefore interpreted to have formed under unidirectional
transitional flows. The lower division of mud-rich current ripples resembles
bedforms deposited under rapidly decelerated turbulence-enhanced transitional
flow and lower transitional plug flow conditions (Baas et al., 2016; Baker and
Baas, 2020). Here, a local turbulence enhancement from increased cohesive
forces promoted larger bedforms (compared to sand-rich current ripples) before
turbulence damping, which resulted in the gradual increase in bedform wave-
length and reduction in bedform amplitude. The upper LABW division indicates
deposition under rapidly decelerated upper transitional plug flow conditions
(Baas et al., 2016; Baker and Baas, 2020), given that further increases in cohesion
result in much longer, thinner bedforms (Stevenson et al., 2020). The gradual
transition between mud-rich current ripples and LABWs in a single bed sug-
gests progressive flow transformation from turbulent to laminar as the plug
flow region expanded downward (Baas et al., 2021a; Taylor et al., 2024). TFD 1
beds are therefore interpreted to have formed at locations where turbulent flows
were forced to decelerate and potentially where flows entrained cohesive mud.

TFD 2 beds record flow transformations under combined transitional flows.
Here, flows underwent reflection, deflection, and ponding processes above

subtle seabed topography, as with LDTCD 2 beds, but produced mixed-grain-
size bedform sequences (Taylor et al., 2024). Upon interaction with topography,
transitional flows take on the dynamics of a combined flow and deposit and
rework sediment into large, mud-rich biconvex ripples (under turbulence-
enhanced and lower transitional plug flow conditions) and HLCS banded sets
(under upper transitional plug flow conditions). Mudstone caps further suggest
deposition in topographic lows (Pickering and Hiscott, 1985; Haughton, 1994).
Therefore, TFD 2 beds are indicators of flow transformation from interactions
with topography while undergoing rapid deceleration over mud-rich substrates.

TFD 3 beds record rapidly decelerated upper transitional and quasi-laminar
plug flow conditions. The presence of LABWs and their isolation in thick
mud-rich packages supports an interpretation of higher mud content in the
decelerating flow, suggesting higher flow viscosity and substantial sediment
fallout from suspension while maintaining traction (Baker and Baas, 2020; Ste-
venson et al., 2020). The absence of the lower mud-rich current ripple divisions
found in TFD 1 beds suggests that flows had decelerated and became too slow
moving for lower transitional plug flow conditions or that flow transformation
was too rapid to produce divisions of mud-rich current ripples.

Internal Tide-Reworked Deposits (ITDs)
Description

Internal tide-reworked deposits (ITDs; 5-30 cm thick) have sharp bases
overlain by a lower sand-rich structureless division and an upper planar or
wavy laminated and banded division (Fig. 6). The lower sand-rich division
is typically sharp-topped, recording an abrupt change in grain size. Above
this, the deposit is characterized by a division of wavy fine sandstone and
siltstone laminae and bands that form distinct sand-mud “couplets” (Fig. 6C).
These divisions differ from the banded divisions of TFD beds in that they form
distinct bundles of thicker sandstone-mudstone bands (>5 mm) and thinner
sandstone-mudstone laminae (1-2 mm). Mud-draped starved ripples that
truncate laminae bundles are also observed. These bear resemblance to mud-
rich current ripples in that they contain mixed sandstone-mudstone foreset
laminae, but they are much smaller in size (amplitude 6-30 mm, wavelength
60-140 mm) and do not form high-angle climbing laminasets. The ripples
are draped by mudstone and thin silt-rich laminae. Laterally discontinuous
siltstone laminae that pinch out over 1-2 cm are observed near the top of the
deposit before passing into ungraded mudstones (Fig. 6A).

Interpretation
ITDs resemble sediment gravity flow deposits that have been reworked

by internal tides (May and Warme, 2000; He et al., 2011; Maier et al., 2019;
Normandeau et al., 2024). The structureless divisions within ITD beds suggest
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deposition from waning turbidity currents. However, their sharp tops, grain-
size breaks, and upper divisions of cyclical laminated and banded bundles
suggest reworking by internal tidal currents (Normandeau et al., 2024). The
grain-size breaks at the top of sharp-topped beds might indicate bypass of the
fine-grained fraction of a sediment gravity flow downslope (Stevenson et al.,
2013) or internal tides either preventing the fine-grained tail of turbidity cur-
rents from settling or subsequently winnowing the turbidite after deposition.
The alternation of sand- and mud-rich double laminae in the upper division is
interpreted to record waxing and waning tidal cycles (Dykstra, 2012), where
internal tides resuspend, rework, and deposit sediment across the canyon
floor. Similarly, the starved ripples support reworking from a waxing tidal cycle
before the deposition of mud drapes as the cycle wanes (Dykstra, 2012). The
thick-thin cyclicity of couplets is shown to be genetically unique to internal tide
deposits (Archer, 1996; Dykstra, 2012), supporting tidally forced processes, with
the thicker banded couplets forming during stronger spring tides and thinner
laminae couplets during weaker neap tides. Differentiating the deposits of
internal tide reworking from the deposits of other deep ocean currents such
as transitional flows is not trivial and requires close examination of sedimen-
tary structures and full consideration of their paleogeographic context. This is
examined further in the Discussion section (see the Interpretation of Internal
Tide Deposits from the Ancient Rock Record section).

= T Tidal bundles

Figure 6. Annotated photographs (A, C) and
sketch logs (B, D) of an outcrop section from
upper confined overbank of Punta Baja For-
mation, highlighting characteristics of internal

Fs Ms tide-reworked deposits similar to those of mod-
«——Starved ripples ern examples, including sharp-topped turbidites,
mud-draped ripples, and bundles of thick-thin
planar lamination. M—mud; Fs—fine sand; Ms—
medium sand.
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Mass-Transport Deposits (MTDs)
Description

Mass-transport deposits (MTDs) are between 1 m and 15 m thick and com-
prise a range of characteristics. Chaotic units comprise granule- to pebble-sized
mudstone clasts supported by a poorly sorted sandstone-mudstone matrix.
They lack grading and sedimentary structures and have irregular, erosional
lower and upper boundaries (Fig. 3C). Deformed units range from tightly folded
to overturned heterolithic packages to rotated thin-bedded heterolithic packages
with minor internal deformation. MTDs either are laterally continuous across the
overbank or form thick localized packages at areas close to the canyon margin.

Interpretation

The tightly folded and tilted heterolithic packages are interpreted as slump
and slide deposits that record remobilized stratigraphy that formed positive
relief (Pickering and Corregidor, 2005). The chaotic and poorly sorted matrix-
supported units are interpreted as debrites deposited en masse under laminar
flow conditions by cohesive debris flows (sensu Talling et al., 2012). The
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irregular, erosive bases and top surfaces suggest high-energy scouring and
entrainment of underlying substrate, which likely created rugose erosional
relief on the canyon floor.

B DEPOSITIONAL STAGES

The thin-bedded heterolithic stratigraphy of the canyon-confined overbank
(FA3) is subdivided into a lower (stage 1) and upper (stage 2) succession (Fig. 3).
The stages are distinguished by differences in the proportion and distribution
of bed types, sand-to-mud ratio, bed thickness, grain size, paleoflow direction,
and depositional architecture. These differences are summarized in Figure 7
and Table 2.

Stage 1 (Lower Overbank)

Stage 1 (10-18 m thick) represents the lower overbank (Fig. 3) and com-
prises packages of interbedded LDTCDs, minor TFDs, and mudstones, which
are interrupted by thicker bedded HDTCDs and MTDs (Fig. 8). Stage 1 packages
conformably overlie canyon axis deposits (Fig. 9) and contain a substantial
proportion of sandstone (sand-to-mud ratio of 50:50; Table 2), with variable bed
thicknesses (0.5-98 cm; Table 2). Stage 1 deposits also exhibit a wide grain-size
distribution (medium silt to granule), with a tendency toward coarser grain
sizes when compared to stage 2 (Fig. 7B). Paleocurrent directions obtained
from ripples are generally toward the south-southeast, though a wide range of
directions are documented in areas close to the canyon margin (Fig. 2A). The
proportion of bed types varies little between areas close to channel elements
and areas close to the canyon margin (Fig. 7C).

LDTCD beds compose ~20% of the total measured thickness of stage 1
(Fig. 7C). LDTCD 1 beds are thin (<10 cm thick), laterally continuous, and evenly
distributed across the lower overbank with little lateral variation in sand-to-mud
ratio (Fig. 7). LDTCD 2 beds are more clustered, forming thicker beds (10-20 cm
thick), which thin upward from the base of the lower overbank, above laterally
stacked channel elements (Fig. 8). They also cluster above HDTCD 2 beds near
the canyon margin at the eastern edge of the overbank (Fig. 10). These beds
commonly exhibit a wide range of paleocurrent directions, especially within
packages close to the canyon wall (Fig. 10). TFDs compose ~10% of the total
measured thickness of stage 1 (Fig. 7C), and TFD 1 and 3 beds are clustered
toward the top of stage 1 while TFD 2 beds are typically clustered above MTDs
and scour surfaces (Fig. 8). ITDs are rarely observed in stage 1.

HDTCDs compose ~29% of the total measured thickness of stage 1. They
form discrete, outsized beds that are either laterally continuous for hundreds
of meters with only minor changes in bed thickness (Fig. 9) or otherwise
form isolated, highly bioturbated lenses, which pinch out laterally over tens
of meters (Fig. 8C). HDTCD 1 beds are common near adjacent channel margin
deposits on the western side of the lower overbank, where they are typically
tabular with erosional bases and pebble lags (Fig. 9E). With increasing lateral
distance away from channel elements, they gradually become less erosional
and increasingly resemble hummock-like HDTCD 2 beds at locations within
10-20 m of the canyon margin (Fig. 10B). HDTCD beds pinch out abruptly at
the canyon margin boundary.

Locally, thinner-bedded packages between HDTCD beds are disrupted by
MTDs (~11% of the total measured thickness of stage 1). These mostly occur
as mud-rich debrites, which are 4-5 m thick near canyon margins (Fig. 10D)
but thin to form discontinuous lenses toward the canyon axis. Debrites either
are observed near slumped packages of tightly folded and locally overturned
LDTCD beds near the canyon margin (Fig. 10D) or otherwise underlie laterally

TABLE 2. THICKNESS, NUMBER OF BEDS MEASURED, SANDSTONE BED THICKNESS MEAN AVERAGE, RANGE, AND STANDARD DEVIATION,
AND SAND-TO-MUD RATIO FROM PROXIMAL AND DISTAL AREAS OF THE CONFINED OVERBANK DEPOSITIONAL STAGES

Depositional stage Proximal or distal to Thickness No. of beds measured Mean average, range, and standard deviation ~ Average sand-
channel elements (no. of sandstone beds) (StDev.) of sandstone bed thickness to-mud ratio
Stage 1: Lower overbank Proximal 10m 590 Average = 5.7 cm 50:50
(296) Range = 0.5-98 cm
StDev.=12cm
Distal 7m 297 Average = 8.1 cm 50:50
(148) Range = 1-50 cm
StDev.=9.6 cm
Stage 2: Upper overbank Proximal 28 m 901 Average = 2.6 cm 41:59
(449) Range = 0.2-30 cm
StDev.=5.1 cm
Distal 12m 239 Average = 1.6 cm 30:70
(120) Range = 0.1-15cm
StDev.=2.5cm

Note: Data are compiled from 2027 beds measured across the Punta Baja confined overbank (facies association 3 [FA3]). StDev.—standard deviation.
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Figure 7. (A) Box plot showing distribution of sandstone and mudstone beds from upper and lower confined overbank. (B) Violin plot showing median grain-size distribution of
sandstone beds from upper and lower confined overbank. (C) Bar plot showing proportions of different bed types by total measured stratigraphic thickness of upper and lower con-
fined overbank. HDTCD —high-density turbidity current deposit; LDTCD —low-density turbidity current deposit; TFD —transitional flow deposit; ITD —internal tide-reworked deposit;
MTD —mass-transport deposit.
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Figure 8. Composite log, bed type proportions, and representative photographs through lower confined overbank section (stage 1). (A) LDTCD 2 beds with structureless
and biconvex ripple divisions. (B) Structureless LDTCD 1 bed which passes into sand-rich starved ripples. (C) HDTCD 1 bed thickening into a MTD. (D) HDTCD 1 bed with
lower structureless and upper planar laminated divisions. (E) LDTCD 2 beds containing sand-rich biconvex ripples. HDTCD —high-density turbidity current deposit; LDTCD —
low-density turbidity current deposit; TFD —transitional flow deposit; ITD—internal tide-reworked deposit; MTD —mass-transport deposit; M—mud; Si—silt; Vfs—very-fine
sand; Fs—fine sand; Ms—medium sand; Cs—coarse sand; Vcs—very-coarse sand.
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discontinuous and wedge-shaped HDTCD beds (Fig. 8C). Slides are common at
locations close to channel elements and comprise rotated packages of LDTCD
beds that dip away from the canyon axis and lack internal deformation or
disaggregation (Fig. 10E).

Stage 2 (Upper Overbank)

Stage 2 (20-50 m thick) represents the upper overbank (Fig. 3) and is marked
by changes in bed type proportions compared to stage 1; TFDs are more
common, with fewer HDTCDs and LDTCDs (Fig. 11). Thin-bedded packages
of LDTCDs and TFDs between HDTCD beds have distinct fining- and thinning-
upward trends (Fig. 11) and decay in thickness and grain size eastward toward
the canyon margin (Fig. 10). Stage 2 is more mud prone than stage 1 (Table 2;
sand-to-mud ratio of 41:59). Sandstone beds are thinner (2.6 cm thick on aver-
age), less variable in thickness (0.1-30 cm thick), and finer grained (Table 2).
Overall, paleocurrent directions from ripples and grooves are toward the south,
with a narrower range of directions and fewer examples of paleocurrent rever-
sals than observed in stage 1 (Fig. 2A).

TFDs compose ~27% of the total measured thickness of stage 2, while tur-
bidites (LDTCDs and HDTCDs) compose ~10% (Fig. 7C). TFD 1 beds are most
common with an even stratigraphic distribution throughout stage 2, with some
clustering of thicker beds near aggradationally stacked channel elements
(Fig. 12). With lateral distance away from channel elements, the proportion
of TFD 1 beds decreases, and beds gradually become thinner and muddier
before transitioning into TFD 2 and 3 beds over ~100 m (Fig. 12). TFD 2 beds
form discrete clusters across the upper overbank and become more widely
dispersed in areas away from channel elements (Figs. 11 and 12). TFD 3 beds
occur in thinner-bedded mud-rich packages, either interspersed between other
TFD beds or isolated within thicker (1-2 m) mudstone packages (Fig. 11). The
number and thickness of TFD 3 beds increase stratigraphically and laterally
away from channel elements, and TFD 3 is the most common bed type at the
canyon margin at the top of stage 2 (Fig. 12).

LDTCD beds compose ~7% of the total measured thickness of stage 2
(Fig. 7C). LDTCD 1 beds are clustered near the base of the upper overbank
stage, near sand-rich channel margin deposits, while LDTCD 2 beds are rarely
observed near sandier packages (Fig. 12). LDTCD beds transition into TFD 1
and 2 beds toward the canyon margin (Fig. 12).

HDTCDs compose ~8% of the total measured thickness of stage 2 and are
evenly distributed but thin and fine stratigraphically and toward the canyon
margin (Figs. 7C and 11). HDTCD 1 beds still occur as outsized, laterally contin-
uous marker beds that truncate thin-bedded packages but are typically thinner
and less erosional than HDTCD beds in stage 1 (Fig. 9). HDTCD 2 beds are
rare and are clustered at the base of stage 2. MTDs are rare (~3%) and com-
monly occur as slides, where thin-bedded TFD packages are rotated toward
the canyon margin, or as debrites, which occur as thin, laterally discontinuous
intervals that extend across the upper overbank. ITDs (~7%) were observed on

the western side of the canyon fill, intercalated with channel margin deposits
and mud-rich, thin-bedded packages of stage 2 (Fig. 6).

H DISCUSSION
A Model for the Evolution of Canyon-Confined Overbanks

An initial phase of incision and almost complete sediment bypass (Nor-
mark et al., 1993; Baztan et al., 2005; Stevenson et al., 2015), represented by
the steep erosion surface and coarse-grained lag deposits in the canyon axis
(Fig. 3), was followed by an aggradational stage, recorded by the overbank
succession on the eastern margin of the canyon fill. This aggradation followed
westward migration of channels and widening of the canyon fill, coupled with
a decrease in the slope gradient from mass-transport deposition (Bouwmeester
et al., 2025), which promoted the local onset of canyon aggradation and the
development of canyon-confined overbank accommodation (Fig. 13A). As
the canyon aggraded, sediment gravity flows in channels (FA1) were partially
stripped and spilled into the overbank. Periods of axial erosion and entrench-
ment likely resulted in flow partitioning due to the elevation difference between
the lower- and higher-density parts of stratified flows (e.g., Piper and Normark,
1983; Peakall et al., 2000; Keevil et al., 2006).

Lower Overbank (Stage 1)

The lower overbank (stage 1) records the early stages of canyon aggrada-
tion. The high sand-to-mud ratio, variable bed thicknesses, and wide grain-size
distribution, with a higher maximum grain size than the upper overbank (Fig. 7;
Table 2), suggest that the lower overbank received flows of varying magnitudes
that were fully confined within the canyon. The lower overbank is therefore
interpreted as a relatively high-energy environment where the dominant flow
processes were fully turbulent sediment gravity flows (Figs. 13A and 13B).
HDTCDs represent infrequent, higher-magnitude flows that overspilled adja-
cent channels to deposit medium-bedded turbidites, and LDTCDs represent
lower-magnitude flows that deposited thin-bedded turbidites, where the dilute
upper parts of flows were stripped and/or overspilled from channels into the
confined overbank (Piper and Normark, 1983; Hiscott et al., 1997; Peakall et
al., 2000; Hansen et al., 2015).

The consistent thickness and lateral continuity of most HDTCD beds suggest
that higher-magnitude, fully turbulent flows were able to extend completely
across the lower overbank and deflect and reflect against the canyon margin
topography (Fig. 13B). The lateral transition from HDTCD 1 beds to HDTCD 2
beds within 10-20 m of the canyon margin, coupled with variable paleocurrent
directions, supports an interpretation of flow transformation from a unidirec-
tional flow to a combined flow, where upon incidence with the base of the
canyon wall, flows decelerated rapidly, resulting in high rates of suspended
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sediment fallout and the formation of thick, massive sandstone beds (HDTCD
2). The hummock-like bedforms at the tops of HDTCD 2 beds are attributed to
interaction of deflected flows running perpendicular to the incoming deple-
tive parental flow. These interactions generated a combined flow, likely in
the absence of an oscillatory component (Keavney et al., 2025a; Wang et al.,
2025), and reworked beds into dune-scale hummock-like bedforms. The abrupt
pinch-out of HDTCD 2 beds at the base of the canyon wall surface (Fig. 10)
suggests that some flows had limited upslope momentum and were unable
to deposit onto the canyon wall (Keavney et al., 2025a). The lateral continuity
and uniform thickness of some HDTCD beds suggest that after interacting
with the canyon wall, returning flows may have been able to re-enter the
channel, potentially facilitated by the steepness of the lateral slope (Abd El-
Gawad et al., 2012). The clustering of LDTCD 2 beds is interpreted to record
higher-momentum flows that were able to propagate farther up the canyon
wall. Here, upon incidence with the base of the canyon wall, an incoming
parental flow became stripped, generating thin, dilute multidirectional flows,
which propagated onto the canyon wall surface and collapsed downward.
These flows were then superimposed onto the initial parental flow, generat-
ing a combined flow that reworked beds into sand-rich biconvex ripples, as
observed in LDTCD 2 deposits. The even stratigraphic distribution of HDTCD
2 and LDTCD 2 beds near the canyon margin (Fig. 8) suggests that combined
flows were repeatedly generated from reflection and deflection against the
canyon wall. This supports an interpretation that the lower overbank was highly
confined by steep canyon walls. The variable paleocurrent directions and flow
reversals near the canyon margin (Fig. 2A) demonstrate flow complexity on
incidence with the canyon wall (Soutter et al., 2021). Mechanisms to generate
this flow complexity include a rugose canyon margin surface or that flows
were stripped or overspilled from different parts of evolving channel bends,
resulting in a range of flow incidence angles with the canyon wall (e.g., Tek
et al., 2022; Wang et al., 2025).

LDTCD 2 beds nearer the channel axis (Fig. 7C) point to seabed topogra-
phy in the overbank. Lower-magnitude flows likely reflected and deflected
against evolving erosional and depositional relief formed by scour surfaces
and MTD topography to set up combined-oscillatory flows (Fig. 13). Scour
surfaces were likely formed by erosive, higher-magnitude flows that incised
and entrained overbank deposits, while MTDs were sourced from canyon flank
collapse (Fig. 10). This resulted in mud-rich debrites that extended across the
overbank, forming complex relief.

The discontinuous wedge-shaped HDTCD beds above MTDs are interpreted
as partially confined deposition from strongly bypassing high-magnitude flows.
Clusters of TFD 2 beds above MTDs are records of combined transitional flows
that became increasingly cohesive through mud entrainment and deflection
against MTD relief. Slumps and slides near channel elements likely represent
collapse of thin-bedded packages from undercutting of the overbank by chan-
nel migration (Boehlke and Abbott, 1986). Furthermore, the observation of
LDTCD 2 beds at the base of the lower overbank points to flow interactions with
topography resulting from the westward lateral-oblique migration of channel

elements during the initial stages of overbank aggradation. Upward transitions
from combined flow beds (LDTCD 2 and HDTCD 2) to LDTCD 1 beds (Fig. 8)
support gradual healing of the overbank relief with lower-magnitude turbu-
lent flows able to traverse the overbank with minimal topographic influence.

The general paucity of TFDs across the lower overbank, apart from those
overlying mud-rich MTDs, is likely due to limited mud-rich substrate available
for entrainment. The initial substrate would have comprised conglomeratic
and sand-rich channel elements, and later, sand-rich HDTCD beds (Boehlke
and Abbott, 1986; Kane et al., 2022). Furthermore, the strongly confined setting
of the lower overbank and thus shorter lateral distances to the canyon margin
would have caused flows to decelerate too quickly before interacting with the
canyon wall, thereby inhibiting transformations from turbulent to laminar flows.

Upper Overbank (Stage 2)

The transition to the upper overbank (stage 2) is marked by an increase
in the proportion of TFDs and a notable decrease in the thickness and num-
ber of HDTCDs over a stratigraphic thickness of ~10 m (Figs. 9 and 10). The
lower sand-to-mud ratio, thinner and less variable bed thicknesses, and a nar-
rower grain-size distribution with an overall lower maximum grain size (Fig. 7)
suggest that the upper overbank received smaller-magnitude flows than the
lower overbank, supporting an interpretation of an overall lower-energy and
more stable depositional environment (Fig. 13C). Transitional flows were more
common than cohesionless, turbulent flows (Fig. 11), demonstrating that the
upper overbank was conducive to flow transformations. The observation of
TFDs in the canyon-confined overbank described here further indicates that
transitional flow behavior is not solely restricted to distal submarine settings,
such as lobe fringes (e.g., Baker and Baas, 2020). TFDs can instead be used
across a broad range of submarine settings to indicate sites of erosion into
mud-rich substrates and abrupt losses in confinement, where flows are forced
to decelerate (Taylor et al., 2024).

TFD 1 beds represent unidirectional flow transformation from an initially tur-
bulent flow to a turbulence-modulated transitional flow. Their even distribution
near channel elements demonstrates that flows experienced abrupt decreases
in confinement as upper parts of flows were stripped or overspilled channels
and decelerated rapidly (Peakall et al., 2000; Hansen et al., 2015). The higher
preservation of channel margin deposits in the upper stage (Fig. 9) suggests
a higher channel sinuosity and therefore more abrupt losses in confinement
from overspill. Given this, transitions from turbulent to transitional flows were
possibly enhanced by stronger flow partitioning, where dilute upper parts of
overspilling flows became relatively more enriched in mud as the denser sand-
rich fraction of flows remained channel confined. Ultimately this would result
in increased cohesive forces in decelerating flows, promoting turbulence mod-
ulation and the generation of mixed-grain-size bedforms. Further increases in
cohesion may have been driven by the entrainment of fine-grained, sand-rich
substrate at channel margin areas (Baker and Baas, 2023). For high-density,
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strongly cohesive sediment gravity flows dominated by transitional or lam-
inar flow behavior, the addition of a small amount of noncohesive sediment
is expected to further increase the cohesive strength of the plug layer and
instigate further decreases in flow mobility (Baker and Baas, 2023).

More mud or very fine sand was likely deposited and preserved in the
upper overbank compared to the lower overbank where mud was more
likely bypassed or resuspended by high-magnitude flows. Additional mud-
rich substrate was likely derived from collapse of unstable canyon walls and
emplacement of debris flows. The upward and lateral transitions from sand-
rich turbidites (LDTCD 1 beds) to TFDs near channel elements indicate the
initial phase of transformation from fully turbulent, noncohesive flows to
transitional flow conditions.

The transition from TFD 1 beds through TFD 2 to TFD 3 beds with distance
from channel elements (Fig. 12) points to lateral flow transformations from
lower transitional plug flow to upper transitional plug flow conditions as flows
escaped channel confinement and decelerated but remained within the con-
fines of the canyon. The transition from TFD 1 to TFD 3 beds over 100-200 m
demonstrate particularly rapid flow transformations. The rate of flow transfor-
mation with distance is more rapid than those recorded for other depositional
environments in previous studies, such as internal levees in mid-slope settings,
where flows transform over 1-2 km (Taylor et al., 2024), and distal lobe fringe
environments, where flows transform over 2-3 km (Baker and Baas, 2020).

The distinct clusters of TFD 2 beds in the upper overbank (Fig. 12) suggest
that some flows were susceptible to topographic influence as they decelerated
and thinned (Kneller and Buckee, 2000). Here, TFD 2 beds are interpreted where
flows transitioned over mud-prone substrates and interacted with subtle sea-
bed topography, such as scour surfaces or mud-rich debrite relief (Pope et al.,
2022). Mudstone caps suggest deposition in topographic lows (Pickering and
Hiscott, 1985; Haughton, 1994). In areas close to the canyon margin, clusters
of TFD 2 beds imply that some decelerated transitional flows were just about
able to reflect and deflect off the canyon walls.

The high proportion of TFD 3 beds in parts of the upper overbank near the
canyon margin (away from channel elements) represents the lateral extent
of overspilling unidirectional transitional flows (Fig. 12). The upward increase
in TFD 3 beds with respect to TFD 1 and 2 beds suggests a higher number of
unidirectional flows that were able to overspill and fully decelerate across the
overbank. This can be attributed to a combination of increased channel relief
with time (Hiscott et al., 1997; Pirmez and Imran, 2003), a wider overbank area
(Maier et al., 2012; Hansen et al., 2015), and a decrease in the magnitude of
sediment gravity flows as the system aggraded (Kneller, 2003).

The rarer occurrence of HDTCDs in the upper overbank compared to the
lower overbank implies that higher-magnitude flows were either less frequent
or increasingly confined to channels within the canyon conduit. Packages of
tabular HDTCD 1 beds thin with lateral distance from channel elements and
pinch out abruptly, suggesting breaching of channel confinement, most likely at
the outer bend of the channel (Lowe et al., 2019). ITDs were almost exclusively
observed in the upper overbank (Figs. 11D and 11E). This is likely because the

upper overbank was a lower-energy environment, with an availability of sand
from overspilling low-magnitude flows to rework into ITDs. The decrease in
HDTCDs point to increased ITD preservation potential in the upper overbank
section, given that frequent high-magnitude flows would remove ITDs.

The differences documented between the lower and upper overbank stages
can be attributed to the interplay of several factors. In part, the changes in
sedimentary processes record the response to the widening of the canyon
during aggradation (Fig. 13). As the narrow, steeply confined lower part of the
canyon aggraded, the overbank widened, which increased the accommodation
for flows to spread across. This change was exacerbated by a decrease in the
rugosity of seafloor relief due to fewer canyon margin landslides and gradual
healing of the overbank relief. Therefore, as the canyon-confined overbank wid-
ened during aggradation, it also became increasingly mud rich and smoother,
supporting conditions for flow transformations (Fig. 13C). These changes
promoted the increased proportion of TFDs and decrease in the thickness and
number of HDTCDs. Another factor might have been an increase in the relief
between the thalweg of active channels in the axis and the overbank, which
would inhibit the magnitude of overspilling flows. However, the instantaneous
relief between the thalweg and overbank surface is hard to constrain from the
rock record. In the cases of both channel widening and changes in relief and
thus overspill, a progressive transition in sedimentation might be expected,
yet while locally gradational, the changes between the lower and upper over-
bank stages are abrupt, largely taking place over a few meters (Figs. 9 and 10).
This abrupt change suggests that there may have been additional processes
driven by external forcing.

Basinward tilting and faulting controlled the juxtaposition of continental
and marine sedimentary systems (Busby et al., 1998) and the orientation of
the canyon (Kane et al., 2022), respectively. Therefore, the role of tectonics on
the abrupt change between the lower and upper overbank successions should
be considered. Basinward tilting of this tectonically active margin may have
influenced canyon initiation and erosion and could thus have caused an abrupt
decrease in gradient to drive canyon aggradation. Repeated cycles of slope
degradation and progradation have been identified in Mesozoic submarine
canyons offshore Norway (Jackson et al., 2021), where basinward tilting was
identified as the main driver and the position of the pivot point as the key
control on the nature of the canyon fill. Such a process might be expected to
lead to an abrupt change in depositional style. Other external changes such as
increases in mud supply and/or a narrower range of flow magnitudes as the
supply system matured may have occurred; however, they are perhaps harder
to link to the abrupt changes in sedimentation, in marked contrast to the known
abrupt changes in tectonics in this canyon system (e.g., Busby et al., 1998).

The Dynamic Nature of Canyon-Confined Overbank Successions

The variety of bed types and their complex distributions described here
demonstrate that the Punta Baja canyon-confined overbank was a highly

Taylor et al. | Submarine canyon-confined overbank processes and architecture



http://geosphere.gsapubs.org

GEOSPHERE

dynamic environment. The heterogenous overbank succession records a
diverse range of flow types, transformations, and complex interactions with
topography that evolved through time. Therefore, interpretations of canyon-
confined overbank successions require consideration of individual flows and
their three-dimensional interactions with topography and not only assessment
of depositional environment.

Comparisons with Models of Confined Overbank Sedimentation

Currently, models that describe confined overbank successions are derived
from channel-levee systems from mid- to lower slope settings. They describe
terrace deposits (Hansen et al., 2015, 2017) and internal levee deposits (Babon-
neau et al., 2004; Dykstra and Kneller, 2009; Kane et al., 2009; Kane and Hodgson,
2011; Morris et al., 2016; McArthur et al., 2020), which are distinguished by their
external morphology and internal sedimentological characteristics (Hansen
et al., 2015). Terrace deposits are defined as flat-lying, sheet-like deposits
formed by turbulent flows that overspill channels, extend across the entire
conduit, and reflect and deflect against confining surfaces (Hansen et al., 2015).
Internally, they comprise packages of thin-bedded turbidites with variable
bed thicknesses that show minimal lateral variation in sandstone proportion
with distance away from channel elements (Hein and Walker, 1982; Schwarz
and Arnott, 2007; Hansen et al., 2017). Conversely, internal levee deposits are
wedge-shaped features that, unlike terrace deposits, form when there is suf-
ficient space within the conduit for flows to overspill, decelerate, and deposit
most of the suspended sediment before reaching the confining surface (Han-
sen et al., 2015, 2017). When compared to terrace deposits, internal levees
have less variable bed thicknesses within thin-bedded packages and exhibit
fining- and thinning-upward trends (Beaubouef, 2004; Kane et al., 2009; Kane
and Hodgson, 2011).

The lower overbank stage documented here potentially acts like a terrace
deposit, with the terrace surface formed by the oblique upward migration
of channels (Babonneau et al., 2010; Maier et al., 2012). The confined nature
of the bounding surface meant that flows were able to reflect and deflect
against the canyon wall. Similarly, the upper overbank stage meets some of
the criteria for internal levees, with discrete thin-bedded packages that fine
and thin upward and laterally toward the canyon margin (Fig. 13C). However,
these environmental models of confined overbanks only invoke stable flow
conditions, such as waning turbulent flow processes in an otherwise dynamic
environment where flow transformations are common (Fig. 13). Furthermore,
they only consider lateral changes from channel element to master confin-
ing surface and do not fully consider the 3-D shape and distribution of beds
and packages of beds. While there may be a general trend from a more ter-
race deposit-like stage to a more internal levee-like stage as the canyon is
filled, this bimodal environment setting approach obscures three-dimensional
variability that comes from evolving erosional and depositional topography
within canyons.

Canyon-confined overbanks are highly dynamic environments with a wide
range of erosional and depositional bedforms and MTDs, which generate
complex and dynamic relief (Fig. 13). The evolving position and form of the
channels within the canyon result in a wide range of flow types and deposits
in the overbank, which limits the development of discrete architectural ele-
ments. Therefore, end-member models for confined overbank environments
in submarine canyons are too simplistic. A criterion proposed for differenti-
ating thin-bedded depositional environments has been to use the standard
deviation of sandstone bed thicknesses and sandstone proportions (Hansen
et al., 2017, their fig. 15). However, values of the standard deviation of bed
thickness (1.3-26.7 cm) and sandstone proportion (18.8%-51.8%) from the
Punta Baja confined overbank spans all fields of terrace deposits, internal
levee, and external levee (Hansen et al., 2017), showing that canyon-confined
overbanks are too dynamic to attribute to a single depositional environment.

Comparisons with Modern Canyon Terraces

Canyons pose a particular challenge in the long-standing endeavor of
improving understanding of deep-water sedimentology by integrating obser-
vations of processes and products in modern and ancient systems (Mutti and
Normark, 1987). In part, this is due to the destructive power of flows monitored
in modern canyon systems (e.g., Pope et al., 2022). However, Fildani (2017)
pointed out that the disparity in time scales between sediment entering a
canyon head and its eventual transport to the deep-sea fan implies that sub-
marine canyons may accumulate sediment over 10%-10° years and discharge
them during infrequent, high-magnitude “flushing” events (Paull et al., 2005).
Geophysical surveys reveal extensive terrace features in canyon-proximal
locations (Babonneau et al., 2010; Maier et al., 2018), which serve as ideal
locations for sediment storage. Nonetheless, the interpretation of sedimentary
processes in modern submarine canyon systems is hindered by the paucity
of sedimentological successions preserved or intersected in these highly ero-
sional systems (e.g., Babonneau et al., 2004; Arzola et al., 2008; Li and Clift,
2023). Therefore, the high-resolution stratigraphic framework developed here
can help reveal the dynamic complexity of canyon terrace deposits at scales
finer than those collected from modern canyons.

At the larger geomorphological scale, modern canyon terraces display a
range of characteristics that correspond to their evolutionary phase (e.g., de
Almeida et al., 2015). Two broad types of terrace surfaces are observed. Lower-
elevation terraces are typically narrow and discontinuous features (Arzola
et al., 2008; Guiastrennec-Faugas et al., 2020; Cerrillo-Escoriza et al., 2024).
They are characterized by a combination of large-scale depositional relief
from canyon-flank landslides (Paull et al., 2013; Pope et al., 2022; Ruffell et al.,
2024) and erosional bedforms, such as scours, formed by high-magnitude
bypassing flows (Li et al., 2020). Conversely, more elevated terraces tend to
be wider and more continuous (Babonneau et al., 2002; Smith et al., 2005;
de Almeida et al., 2015; Guiastrennec-Faugas et al., 2020; Cerrillo-Escoriza et
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al., 2024). Their surfaces also tend to be smoother and less rugose and lack
debris aprons (Paull et al., 2013). Generally, they dip laterally away from the
canyon axis (Maier et al., 2018).

The lower overbank stage documented in the Punta Baja Formation shares
affinities with the lower, steeply confined, narrow terraces in modern systems
due to variable bed thicknesses, a wide grain-size range, laterally continuous
landslides, scour surfaces, and combined flow beds (HDTCD 2 and LDTCD 2
beds). These observations suggest that flows that overspill onto modern ter-
races would likely be disrupted by seabed topography and reflect and deflect
against the canyon wall across a relatively narrow terrace surface. The lower
relief between the channel and terrace surface would promote a wide range
of grain sizes and bed thicknesses due to limited flow partitioning. Similarly,
the upper overbank stage may correspond with more elevated modern can-
yon terraces due to the increased proportion of TFD beds, which indicate that
overspilling flows underwent flow transformations from turbulent to laminar.
In modern elevated terraces, flow transformations would have been promoted
by the smoother and wider terrace surfaces to allow mud-rich flows to run
out and decelerate. TFDs are more likely observed in these settings due to the
higher relief between channels and terraces, which promotes stronger flow
partitioning, whereby the dilute upper parts of flows become increasingly
enriched in mud relative to other grain-size components.

These observations are further supported at smaller scales by shallow
piston cores from lower and upper terrace deposits from the Setubal and
Nazaré submarine canyons on the west Iberian margin (Arzola et al., 2008).
Similar distributions of bed types are observed to the dataset presented here.
In the lower, narrower terraces of the Nazaré Canyon, thick, sand-rich tur-
bidites (which correspond to HDTCD 1 beds) are observed with variable bed
thicknesses (Arzola et al., 2008, their fig. 5). These assemblages are accom-
panied by debrites with distorted fine sand layers above (Arzola et al., 2008,
their fig. 17), which is comparable to the lower overbank of this study. Sim-
ilarly, a core section from a low-terrace deposit in the Capbreton submarine
canyon in Bay of Biscay, France (Guiastrennec-Faugas et al., 2020), reveals
alternating layers of medium-grained sand and mud of varying thickness
displaying ripple cross-lamination. These strata are interpreted as the result
of low-energy gravity flows that were able to deposit coarser sediment onto
the terrace (Guiastrennec-Faugas et al., 2020, their fig. 8). The deposits on
wider elevated terraces of the Nazaré Canyon (Arzola et al., 2008) comprise
thin-bedded, fine-grained turbidites with rare thicker, sand-rich beds depos-
ited in an overall mud-rich setting. Alternating millimeter-scale sand-rich
and mud-rich bands are observed (Arzola et al., 2008, their fig. 7), which
might represent mixed-grain-size bedforms formed under transitional flows
(Stevenson et al., 2020). Elevated terraces in the Upper Zaire Canyon (Babon-
neau et al., 2004, their fig. 14) display similar characteristics, including thin
beds of structureless, very fine sand that pass into alternating thin laminae
of clayey silt and very fine sand. These may also represent transitional flow
conditions, which compares favorably with the deposits of the upper over-
bank documented in this study.

Existing models of terrace deposits and internal levee deposits are derived
from channel-levee complexes from mid- to lower slope settings where flows
construct external levees outside of the main confinement surface (e.g., Kane
and Hodgson, 2011; Hansen et al., 2015). The ability of flows to overspill from
the main confinement surface has the effect of filtering out the upper fine-
grained component of flows, thus restricting the range of deposits that form
within the conduit (Amos et al., 2010). In canyons, flows are fully confined by
steep erosion surfaces with little to no external levee construction. Therefore,
unfiltered flows within canyons are likely to be more variable and dynamic
in their sedimentological characteristics than overbanks of more basinward
channel-levee systems. Nonetheless, the stratigraphic changes in sedimentol-
ogy documented here demonstrate the utility of confined overbanks as more
complete records of submarine canyon evolution than adjacent canyon axes,
which preserve a more complicated record of submarine canyon evolution,
with the adjacent axis preserving a more complicated record of phases of
bypass, accumulation, and flushing (Fildani, 2017). If discrete environments
are labeled primarily based on their geometries, as in the case of terrace
deposits and internal levees, then their efficacy as archives for paleoenvi-
ronmental change could be hindered. In summary, based on comparisons
to existing confined overbank models and terraces in modern canyon sys-
tems, we infer that overbank environments confined within canyons must
be assessed in relation to channel element stacking patterns, their three-
dimensional nature, and their changes in paleoenvironment linked to the
evolution of the system.

Interpretation of ITDs from the Ancient Rock Record

Internal tides have been shown to resuspend and transport sediment in
submarine settings worldwide (Shepard and Marshall, 1969; Shepard, 1976;
Gardner, 1989). However, their deposits have been rarely identified in the
rock record (e.g., May and Warme, 2000; He et al., 2011). This may be due to
an interpretive bias toward sediment gravity flow deposits in the rock record
(Zhenzhong and Eriksson, 1991; Shanmugam, 2003; Dykstra, 2012) or their poor
preservation potential given the erosive power of sediment gravity flows within
canyon axes that may remove previous deposits (Maier et al., 2019; Talling et
al., 2023). The interpretation of internal tide-reworked sands from the strati-
graphic record has long been contested (e.g., Shanmugam and Wang, 2014).
However, recent studies have successfully verified sedimentological obser
vations from sediment traps and cores with direct measurements of internal
tides from the Monterrey Canyon, California (Maier et al., 2019), and Logan
Canyon, eastern Canada (Normandeau et al., 2024). Attempts can now be
made to interpret ITDs from ancient canyon fills to support paleoenvironmental
reconstructions. Observed modern ITDs comprise sharp-topped sandstones
with abrupt grain-size breaks from sand to mud and planar or wavy silt and
fine sand laminasets, which form thick-thin sand-mud couplets (rhythmites)
with normal and inverse grading and mud-draped starved ripples (Maier et
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al., 2019; Normandeau et al., 2024). Therefore, these studies can be used as
recognition criteria to support interpretation of ITDs, characterized by waxing
and waning tidally forced flows that resuspend and redistribute sediment on
bed tops (Visser, 1980).

Most of the facies reported from modern systems as indicative of ITDs
(apart from bidirectional ripples) are observed in the interpreted ITDs from
the upper overbank (Fig. 7). This supports an interpretation that internal tides
were present and strong enough to transport and rework sediment in the
Punta Baja canyon. However, differentiating the deposits of internal tides
from those of other processes that generate mixed-grain-size bedforms, such
as transitional flows, is challenging. Observed similarities between ITDs and
TFDs from the Punta Baja Formation include alternating sandstone-mudstone
laminae and banded sets, and discontinuous starved laminae (Fig. 6). The
cyclical laminae and banded couplets, with thick-thin transitions between
“double bands’ bear closer resemblance to deposits that were reworked by
internal tides (Visser, 1980; Shanmugam, 2003). The interpreted ITDs here are
not strongly aggradational, nor do they include high-angle climbing bedforms
such as mud-rich current ripples (Fig. 6). This supports these deposits being
the result of reworking of sediment gravity flow deposits by internal tides
rather than TFDs. Furthermore, the absence of continuous transitions between
different bedforms (i.e., from mud-rich current ripples to low-amplitude bed
waves) in a single deposit also suggests that these deposits did not undergo
flow transformations from turbulent to laminar (Fig. 6).

The proportion of observed ITDs in the Punta Baja canyon is low (~9% of
total measured sections). The low abundance in other areas of the overbank
is likely due to complete removal by higher-magnitude sediment gravity flows
that overspilled into the overbank and/or to bioturbation that destroys lami-
nae and banded sets (Li et al., 2019; Normandeau et al., 2024). In some ITDs
observed in the Punta Baja overbank, the presence of thin, discontinuous
laminae, coupled with a mottled texture above laminasets, might support
reworking of sediment by organisms (Fig. 11D). Preservation potential of ITDs
requires sedimentation rates that outpace the rate of bioturbation. Dykstra
(2012) suggested that increased sediment availability could lead to higher
preservation potential of ITDs. In canyons, storm events have been shown to
increase suspended sediment concentrations (Li et al., 2019), which has been
linked to increased preservation potential of ITDs (Yang et al., 2020). Another
mechanism could be the influence of earthquake activity, given the tectonically
active forearc basin setting, which would increase suspended sediment con-
centrations (Mountjoy et al., 2018). These events are likely contributing factors
for the preservation of ITDs in the upper overbank of the Punta Baja canyon fill.

B CONCLUSIONS

This study presents an exceptional example of an exhumed submarine
canyon-confined overbank from the Upper Cretaceous Peninsular Ranges
forearc, Mexico. Herein, we develop the first model of overbank sedimentation

in ancient submarine canyons. The early stage of overbank sedimentation was
dominated by turbulent flows of varying magnitudes that were stripped and
overspilled from axial channels. Higher-magnitude flows repeatedly deflected
and reflected against the high-relief canyon margin, suggesting that flows were
completely confined within the canyon. Flows were also disrupted by dynamic
relief generated by slides, debrites, and scour surfaces on the canyon floor.
The canyon-confined overbank deposits then underwent a rapid stratigraphic
change, likely as a result of basinward tilting inducing a more aggradational
phase. In conjunction with canyon widening, this led to the overbank exhibit-
ing a marked increase in smaller-magnitude, rapidly decelerated transitional
flows that entrained mud-rich substrate. Such flows rarely interacted with the
canyon margin in contrast to the lower parts of the overbank. Lateral transitions
between transitional flow bed types with distance from channel elements point
to unusually rapid flow transformations from turbulent to upper transitional
plug flow conditions over 100-200 m, which are more rapid than observed
in more basinward settings. In quiescent parts of the upper overbank, sedi-
ments reworked by internal tides are preserved, which are unique to canyon
settings. This record of canyon-confined overbank deposits shares affinities
with the deposits of modern canyon terraces, albeit there is a paucity of cores
in modern systems and these are short. In particular, comparison with the
present dataset enables identification of potential TFDs from modern canyon
terraces for the first time.

Our findings suggest the existing twofold interpretation of internal levee
or terrace deposits may be oversimplified in shelf-proximal submarine can-
yons, where such deposits may not develop as discrete subenvironments.
Canyon-confined overbanks are heterolithic but exhibit particularly complex
facies distributions with limited development of discrete architectural ele-
ments. This is due to deep entrenchment and associated steep confining
slopes, which limit the filtering of sediment gravity flows that would normally
escape the conduit in more distal settings. The nature of the overbank shifts
with respect to the migration of adjacent channel elements through time and
as a consequence of larger-scale external drivers such as tectonism, which
further leads to a wide range of distinct flow types and deposits. This is the
first bed-scale documentation of a canyon-confined overbank succession.
While canyon axes are dominated by bypass and erosion, canyon-confined
overbanks preserve key characteristics and a more complete record of a
maturing canyon system. Therefore, our findings support the potential of
these underutilized successions as cryptic, yet important, archives of sub-
marine canyon evolution.
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