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ABSTRACT

Present day submarine canyons are active conduits for the transfer of

large volumes of sediment, carbon and pollutants from continents to

oceans. However, the evolution of submarine canyons over geological

timescales remains poorly understood due to their erosional nature and

low preservation potential. The Late Cretaceous Punta Baja Formation

represents a well-preserved submarine canyon-fill that evolved on a

tectonically-active ocean-facing margin. Exposures provide kilometre-scale

continuous strike and dip sections of the 120 m thick and 1.2 km wide

feature. An inherited tectonic fabric influenced the location and orienta-

tion of canyon incision into fluvial bedrock. The stratigraphic evolution

of the Punta Baja submarine canyon is reconstructed from incision to fill,

which shows that it remained an active sediment conduit throughout the

time represented by the preserved fill. The depositional architecture of

the north–south oriented erosionally confined canyon-fill is asymmetrical,

with sub-vertically stacked channel-fills to the west, and an overbank

confined by the canyon margin to the east. Sedimentary process interac-

tions led to depositional patterns that are considered distinct to subma-

rine canyon fills. Dynamic topography generated by mass-wasting

processes captured sediment and drove knickpoint development, an auto-

genic mechanism that modifies sediment delivery to the ocean floor.

Widespread upstream dipping surfaces in channel-fills are interpreted as

the stratigraphic expression of upstream migrating supercritical-flow bed-

forms, which played an important role in sediment storage and transport

in the canyon. The steep relief and internal topography of canyons leads

to complicated and characteristic confined overbank flow behaviour and

depositional patterns. This study provides insight into how processes

that are observed in modern canyons are selectively preserved through

the lifetime of the canyon and construct or destroy stratigraphy on geo-

logical timescales.

Keywords Active margin, architecture, Cretaceous, facies, flow processes,
strike-slip tectonics.
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INTRODUCTION

Submarine canyons funnel large volumes of sedi-
ment from continents to oceans via gravity flows
(Daly, 1936; Kuenen, 1938; Shepard, 1972; Fil-
dani, 2017; Fisher et al., 2021). More than 9500
submarine canyons mapped along the Earth’s
continental margins (Harris et al., 2014) are
now recognized to play an important role in
ocean circulation patterns (Allen & Durrieu De
Madron, 2009; Zhu et al., 2010; Nazarian et al.,
2021), marine biodiversity (Schlacher et al., 2007;
Bianchelli et al., 2010; Vetter et al., 2010;
Fernandez-Arcaya et al., 2017), and carbon and
pollutant export from shelves to deep water loca-
tions (Palanques et al., 2008; Pham et al., 2014;
Puig et al., 2014; Hage et al., 2020; Taviani et al.,
2023). Despite their size and ubiquity, little is
known about how sediment in submarine can-
yons is stored and transferred into the strati-
graphic record on geological timescales. Direct
monitoring studies over the last decade are
challenging paradigms in submarine canyon
sediment dynamics, showing that sediment
transport in canyons is more frequent (Heijnen
et al., 2022b), powerful (Paull et al., 2018),
longer-lasting (Azpiroz-Zabala et al., 2017) and
dynamic (Aslam et al., 2018; Lo Iacono et al.,
2020; Clare et al., 2023) than previously thought
(Normark & Piper, 1991). Observations from mod-
ern canyons show a wide range of depositional
and erosional bedforms, such as sand and gravel
waves (e.g. Wynn et al., 2002; Lastras et al.,
2009), cyclic steps (e.g. Cartigny et al., 2011),
upstream migrating knickpoints (e.g. Guiastrennec-
Faugas et al., 2020), furrows and scours (Lastras
et al., 2007) and the role of canyon margin failures
in changing sedimentation patterns (e.g. Pope
et al., 2022). The preservation potential and strati-
graphic expression of these bedforms, and the sedi-
mentological responses to canyon margin failure
events in the rock record remain a focus of research
(e.g. Hage et al., 2018; Allen et al., 2022).
Subsurface studies reveal stacking patterns

and internal architectures (e.g. Almgren &
Hacker, 1984; Galloway et al., 1991; Rasmus-
sen, 1994; Hsieh et al., 2020; Su et al., 2020;
Fisher et al., 2021; Tian et al., 2021; Li et al.,
2022; Wu et al., 2022) but lack the finer-scale
sedimentological detail that outcrop studies can
provide. However, exhumed submarine canyon
fills are rare, particularly from ocean-facing sys-
tems, and typically have limited downdip con-
trol (Clifton, 1984; Von der Borch et al., 1985;
Clifton & Hill, 1987; Advocate et al., 1988;

FitzGerald & Gorsline, 1989; Morris & Busby-
Spera, 1988; Millington & Clark, 1995; Cronin &
Kidd, 1998; Seidler, 2000; May & Warme, 2007;
Di Celma & Cantalamessa, 2012; Ito et al., 2014;
Dasgupta & Buatois, 2015; McArthur & McCaf-
frey, 2019; Janocko & Basilici, 2021).
The aim of this study is to document a subma-

rine canyon-fill, the Late Cretaceous Punta Baja
Formation, which formed on a tectonically
active ocean-facing margin of Baja California,
north-western Mexico (Fig. 1; Boehlke &
Abbott, 1986). This exceptionally well-preserved
canyon-fill presents continuous strike and dip
sections, allowing the evolution of the subma-
rine canyon to be reconstructed, from incision,
through infill, to burial. Mapping, sedimentary
logging, high-resolution photogrammetry and
detailed facies descriptions are used to docu-
ment and interpret architectural elements and
depositional environments, and to present a
new facies model for submarine canyon-fills.

GEOLOGICAL SETTING

Late Cretaceous–Palaeogene sediments were
deposited in the Pacific Ocean-facing forearc
basin of the Peninsular Ranges (Beal, 1948; Gas-
til et al., 1975; Busby et al., 2006). The Peninsu-
lar Ranges formed in the Early Jurassic as the
intra-oceanic Alisitos Arc (Gastil et al., 1975;
Busby et al., 1998, 2006) accreted onto North
America, which ended at 105 Ma (Busby et al.,
2006; Alsleben et al., 2012) by the oblique sub-
duction of the Farallon plate under North Amer-
ica (Hagstrum et al., 1985). During the Late
Cretaceous, transpressional tectonics and mag-
matism caused regional tilting manifested by
uplift in the Peninsular Ranges and subsidence
to the west (Fig. 2). This uplift provided sedi-
ment for deposition of the fluvial Bocana Roja
Formation (Turonian), the deep-marine Punta
Baja Formation (Coniacian), the shallow-marine
to fluvial El Gallo Formation (Campanian), the
deep-marine Rosario Formation (Maastrichtian–
Danian) and the volcanic-sedimentary Sepultura
Formation (Palaeocene) (Fig. 1) in the
west-facing forearc basin onlapping the Peninsu-
lar Ranges (Beal, 1948; Gastil et al., 1975).
The Peninsular Ranges supplied the Late Cre-

taceous sedimentary systems with a range of vol-
canic, intrusive, metamorphic and sedimentary
(carbonate, volcaniclastic and siliciclastic)
lithologies, across a short and steep basin mar-
gin (Figs 1 and 2). Rapid tectonically-forced
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base-level changes (faulting and basinward tilt-
ing) controlled the juxtaposition of continental
and marine sedimentary systems (Busby et al.,
1998; Kane et al., 2022).
The conduit documented in this study is pre-

served as the Punta Baja Formation submarine
canyon-fill, which was incised into the fluvial
Bocana Roja Formation bedrock, filled with
deep-marine strata, planed off, and onlapped by
the shallow-marine El Gallo Formation (Fig. 1),
in a timespan of less than 8 Myr (derived from
Detrital Zircon dating, Kane et al., 2022). This
succession of depositional environments has
been described previously (Kilmer, 1963;
Schile, 1974; Boehlke & Abbott, 1986; Morris &
Busby, 1996; Kane et al., 2022) and is further
contextualized below.

La Bocana Roja Formation (Turonian)

The Bocana Roja Formation is the oldest sedimen-
tary unit in the study area [93.6 � 1.1 Ma Maxi-
mum Depositional Age (MDA) derived from

Palaeocene

Fig. 1. (A) Location of the study
area on the Baja California
peninsula, Mexico. (B) Geological
map of the Baja California
peninsula (simplified from Gastil
et al., 1971). Lithologies grouped for
the purposes of this study in: pre-
batholitic and syn-batholitic rocks
of the Peninsular Ranges (blue and
pink) that are the bedrock and
source of the studied Late
Cretaceous sedimentary systems
(yellow), and younger deposits (pale
yellow and orange). Note that
modern sediment conduits (white)
drain straight from the Peninsular
Ranges into the Pacific Ocean,
probably in a similar way to
sedimentary systems since the
Cretaceous. (C) Upper Cretaceous
and Palaeocene stratigraphy of the
study area with the duration of
magmatism on the peninsula
highlighted (Kane et al., 2022), with
the Punta Baja Formation canyon
fill highlighted in bold.

Peninsular Ranges

Fore-arc Basin

Late Cretaceous
Palaeogeography

Fig. 2. Schematic palaeogeography during the Late
Cretaceous continental arc phase (modified from
Busby et al., 1998, and Tsuji et al., 2014) showing
the active magmatism and uplift in the Peninsular
Ranges, with steep and short sedimentary systems
draining and depositing westward into the Pacific
Ocean-facing forearc basin, steered by complex
structural topography. Colours correspond to
Fig. 1B.
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Large-N Detrital Zircon dating (Fig. 3; Kane et al.,
2022)]. The contact with the underlying Alisitos
arc is not exposed (Kilmer, 1963; Schile, 1974).
The Bocana Roja Formation is a ca 675 to 1260 m
thick succession of maroon and grey siltstones,
sandstones and conglomerates, interpreted as
overbank and braided stream deposits in a rapidly
subsiding basin, with transport to the south-west
(Morris & Busby, 1996). The mudstones are mot-
tled and contain calcrete horizons, indicating
palaeosol formation (Morris & Busby, 1996). The
sandstones are thick-bedded medium to coarse-
grained feldspathic volcanic litharenites, com-
monly with large trough cross-beds (Schile, 1974)
and form 10 m thick single-storey channel-fills
interbedded with conglomerate (clast-supported
and matrix-supported, cross-bedded to massive)
(Morris & Busby, 1996). Abundant black chert
clasts and green, brown and purple fine-grained
and porphyritic volcanic clasts are common (Kil-
mer, 1963). The unit is more tectonically
deformed than overlying formations, tilted up to
40° to the south on the western margin, and 1° to
18° towards the west on the eastern margin, form-
ing a broad syncline which is heavily faulted,
possibly influencing subsequent Punta Baja For-
mation canyon incision (Kane et al., 2022).

Punta Baja Formation (Coniacian –
Santonian)

The Punta Baja Formation basal surface truncates
the Bocana Roja Formation and incises steeply
into it by at least 140 m, forming a SSW–NNE
trending depression 1.2 km wide (Boehlke &

Abbott, 1986; Kane et al., 2022). The infill
(87.1 � 1.5 Ma MDA, Fig. 3; Kane et al., 2022) is
dominated by pebble–cobble conglomerate
deposits on the western margin, with large clasts
of the underlying Bocana Roja Formation bedrock
overlying the basal surface (Kane et al., 2022). To
the east, these conglomerates grade through
wedge-shaped sandstone bodies into thin-bedded
turbidites that onlap the erosive surface in the
east (Kane et al., 2022). Macropalaeontology and
micropalaeontology suggest depositional environ-
ments beyond the shelf-edge (Kane et al., 2022).
These deposits have been interpreted as channel
cut-and-fill, overbank and crevasse-splay deposits
of a submarine canyon through which sediment
was transported towards the SSW (Boehlke &
Abbott, 1986; Morris & Busby, 1996; Kane et al.,
2022). Conglomerate clasts are well-rounded and
consist predominantly of metamorphosed, silici-
fied intermediate volcanics, and related volcani-
clastics and siliciclastic deposits most likely
derived from the Alisitos Formation (>25 km dis-
tance), with minor quartzite clasts from a terrane
further to the east (>100 km distance; Boehlke &
Abbott, 1986). A change in source area for the
Punta Baja Formation compared to the Bocana
Roja Formation is suggested by an increase in
metamorphic and quartzite clasts and slightly dif-
ferent detrital zircon signatures (Kane et al.,
2022). The strata are tilted uniformly 2° to 5° to
the ESE, with local dips of up to 30° due to sedi-
mentary onlap of the canyon wall (Boehlke &
Abbott, 1986; Kane et al., 2022). The Punta Baja
Formation is less tectonically deformed than the
Bocana Roja Formation, but displays several

Fig. 3. (A) Large-N Detrital Zircon ages of samples collected from the bedrock Bocana Roja Formation, Punta Baja For-
mation submarine canyon-fill and shallow marine to fluvial El Gallo Formation. (B) Detrital Zircon age distributions for
representative samples with statistically most relevant populations, yielding a Maximum Depositional Age (MDA)
using the Youngest Grain Cluster (YGC) 2r methodology (Dickinson & Gehrels, 2009). Note the change in timescale
increments around 250 Ma (Palaeozoic–Mesozoic). Con. = Coniacian, San. = Santonian, Maas. =Maastrichtian.
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syn-depositional faults trending NNE–SSW (Kane
et al., 2022).

El Gallo Formation (Santonian –
Maastrichtian)

The El Gallo Formation overlies both the Bocana
Roja and Punta Baja formations with an angular
unconformity (Fig. 1C), interpreted as a ravine-
ment surface in the Punta Baja area (Kane et al.,
2022). The basal surface is locally overlain by a
transgressive cobble lag with bored clasts overlain
by shallow-marine sandstones and conglomerates
(Kane et al., 2022). Farther east (20–50 km), the El
Gallo Formation directly onlaps the Alisitos arc
(Kilmer, 1963). The El Gallo Formation (86.8 �
1.8 Ma MDA, Fig. 3; Kane et al., 2022) has a maxi-
mum thickness of 1.3 km and is subdivided
(Fig. 1C) into the La Escarpa Member (alluvial fan
to braided stream deposits), overlain by the tuffa-
ceous El Disecado Member (fluvial to tidal
deposits) that grades eastward into the
poorly-sorted conglomeratic El Castillo Member
(Kilmer, 1963; Schile, 1974; Morris & Busby, 1996;
Fastovsky et al., 2020). Conglomerates in this unit
contain mainly rhyolitic, andesitic, granitic and
dolerite clasts (Schile, 1974).

METHODS

The Punta Baja Formation canyon fill is exposed
around the hamlet of Punta Baja (29°57020.800N
115°48025.000W) and in coastal cliffs around the
Punta Baja peninsula. Desert climate conditions
facilitate a general lack of vegetation, which com-
bined with the juxtaposition of well-cemented
conglomerates with less-cemented sandstones
and mudstones, contribute to excellent continu-
ous exposures. Modern marine terraces are pre-
sent across the field area, and can be
distinguished by their (sub-) horizontal bedding
orientation and abundant recent shell material.
Recent semi-consolidated to unconsolidated sand
dunes overlie bedrock in places. The northern-
most coastal part of the field area could not
always be accessed or photographed with
Uncrewed Aerial Vehicles (UAVs) due to consid-
erations with the local inhabitants.

Mapping and sedimentary logging

Lithostratigraphic and facies-mapping data in the
2.5 9 5.0 km study area were collected using a
handheld GPS (Garmin GPSMAP 62s; Garmin,

Olathe, KA, USA), the ArcGIS Field Maps
(v22.4.2) application, the FieldMOVE Clino Pro
(v2.5.19) application, and geological compass and
was collated and processed in ArcGIS software.
Sedimentary and stratigraphic characteristics
were recorded by measuring sections at 1 : 12.5 to
1 : 50 scale, systematically recording bed thick-
ness and boundary surface type, median grain
size and texture, conglomerate clast orientation
and conglomerate median-largest clast size, sedi-
mentary and diagenetic structures, bioturbation
type and degree, palaeocurrent indicators from
clast imbrication, ripple foresets, flutes and
grooves. A stratigraphic thickness of 450 m was
measured across 41 logs. Correlations of surfaces
and stratigraphic intervals were achieved by
walking out these features where possible, aided
by UAV imagery where necessary. A DJI Phan-
tom 2 Pro UAV and DJI Mavic Mini 2 UAV (DJI,
Shenzhen, China) were used to collect aerial
photographs, with which 2.3 km2 of detailed
three-dimensional outcrop models were con-
structed using photogrammetry software Agisoft
Metashape standard (v1.8.5) and professional
(v.2.0.1). All models are available on V3Geo (see
Supporting Information).
Palaeocurrent reconstructions (Supporting

Information) are presented in equal-area rose dia-
grams (Nemec, 1988) and subdivided per indicator
type (Python code in Supporting Information).
Stratigraphic cross-sections are based on elevation
profiles derived from our combined UAV 3D out-
crop model Digital Elevation Model (DEM, resolu-
tion down-sampled to 5 m), mapping and
measured sections.

Structural geology

The orientations of fault planes were measured
using a geological compass, with their location,
trace and apparent offset recorded using the Field-
MOVE Clino application and the ArcGIS Field
Maps application. Where possible, fault kinemat-
ics and net displacements were derived directly
from offset stratigraphy, drag folds, shear along
fault planes and slickensides. Where fault offsets
were unclear or complex, the orientations of con-
jugate fault sets were recorded to assess for
Riedel-shear sense-of-slip indicators. Because the
surface expression of most major fault zones in the
field area could be explained by pure strike-slip,
pure vertical motion, or a combination of the two,
both components are indicated on the map with-
out detailing the relative contributions of
strike-slip and vertical motion. The orientations of
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fault planes were analysed per formation (Bocana
Roja or Punta Baja formations), type (normal/
reverse or transform) and location (north-west or
south-east). The data (Supporting Information)
were plotted using Stereonet 11 software (Allmen-
dinger et al., 2013; Cardozo & Allmendinger, 2013)
on equal-area stereonets as poles to fault planes,
after which clustering was determined using
Kamb’s contouring (Kamb, 1959). The data were
filtered according to these variables to derive the
signature of each in the complete dataset (Support-
ing Information). Planes to clusters in the dataset
were fitted to derive mean fault orientations. The
dominant fault characteristics are then carried
over to the bigger groupings of data (Fig. 4).

Stratigraphic statistics

Beds were assigned to facies and facies associa-
tions, and their recorded characteristics grouped
and analysed accordingly. Logged facies,
grain-size and bed thickness (classified according
to Campbell, 1967) characteristics were plotted as
Kernel Density Estimates (KDE) of number of beds
to represent the entire dataset, with the mean, 5th
percentile and 95th percentile extracted as sum-
mary statistics. Representative facies distribu-
tions within each facies association were
calculated by stratigraphic thickness. The ratio
between coarse (very fine sand and coarser) and
fine-grained (silt and finer) sediment was calcu-
lated per measured section and per environment,
scaled by stratigraphic thickness. The coarse–fine
values of heterolithic facies were estimated in the
field based on sand-to-mud thickness ratio.
Since averaged coarse–fine ratios carry no

information on the distribution of lithologies
within any given interval, an alternative parame-
ter representing heterogeneity has been devel-
oped. Heterogeneity is defined here in a purely
vertical stratigraphic sense, by the number of
changes between coarse and fine lithologies per
metre of measured stratigraphy (changes

per metre or c/m). Together with the averaged
coarse–fine ratio values, this characterizes facies
and environments in a way that can be applied to
subsurface settings.

Photogrammetric model analysis

The orientation of surfaces was calculated from
high-resolution 3D outcrop models in LIME soft-
ware (Buckley et al., 2019) (Supporting Informa-
tion). A plane was fitted using Singular Value
Decomposition (SVD), which yielded a dip direc-
tion, dip angle, spatial coordinates of the centre
point and point cloud maximum diameter (Python
code and data in Supporting Information). From all
measured surfaces (n = 631), obvious non-planar
surfaces and steep erosional features marked during
interpretation were excluded to yield 539 sedimen-
tary surfaces. These were plotted on a map and
their dip and dip direction were compared to the
mean palaeocurrent direction in the canyon
derived from conglomerate clast imbrication
(south-west). Post-sedimentary tectonic tilting in
the study area is minimal. The orientation of adja-
cent thin-bedded overbank deposits, which are
now tectonically tilted by 2° to 5° to the ESE,
are assumed to approximate palaeo-horizontal sur-
faces. Due to the low tectonic dip (<5°) and consis-
tent dip direction, the palaeocurrent measurements
were not restored.

Detrital zircon dates

Two samples for large-N Detrital Zircon dating
were collected to complement the previously
published dataset of Kane et al. (2022). Detrital
Zircons for both studies were extracted and
processed at the University of Calgary.
Uranium/lead ratios and dates of three hundred
grains from each sample (n = 9) were obtained
using Laser Ablation – Inductively Coupled –
Plasma Mass Spectrometry (LA–ICP–MS) follow-
ing the methodology of Matthews & Guest (2016).

Fig. 4. Lithostratigraphic formations and facies map of the field area with major fault traces, location of cross-
sections in Fig. 9 and equal-area rose diagram of palaeocurrent indicators. Fault kinematics on traces on the map
are displayed with vertical and lateral components that could explain the outcrop pattern, however the exact
kinematics are unknown. Fault plane orientations plotted on stereographs as poles and grouped per type, forma-
tion and location. In the north-west of the field area, the Bocana Roja subcrop is normally faulted to the south-
west with a strike-slip component trending south-west. The Punta Baja Canyon fill in the north-west is transform
faulted trending SSW, parallel to palaeoflow, indicating a link between sediment transport direction and tectonic
regime. In the south-east of the field area the Bocana Roja subcrop is normally faulted towards the NNE, which is
antithetic to the north-west normal faults. The Punta Baja Canyon fill in the south-east is transform faulted trend-
ing north-west, perpendicular to palaeoflow and the western transform fault system.
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Sandstone maximum depositional ages (MDAs)
were (re-)calculated using the Youngest Grain
Cluster (YGC) 2r methodology (Dickinson &
Gehrels, 2009) and analysed using a modified
version of detritalPy (Sharman et al., 2018)
(Fig. 3). Where possible, the youngest detrital
zircon grains were re-ablated to test the isotopic
homogeneity of the grain(s) used in the calcula-
tion of the MDA and to reduce uncertainty
(Spencer et al., 2016).

Micropalaeontological and palynological data

Micropalaeontological (n = 2) and palynological
(n = 2) samples were collected to compare with
those documented in Kane et al. (2022) and pro-
cessed in a standard fashion (Wood et al., 1996).
Residues were analysed for their organic matter
content and identification of key dinoflagellate
cyst species. Species were compared with pub-
lished regional age ranges to determine an acme
age range and depositional environment.

RESULTS

Structural geology

Structural pattern of study area
Structural deformation in the study area is dom-
inated by normal faults, dipping 60° � 10° to
the SW or NNE (Fig. 4). Strike-slip faults occur
generally as near-vertically dipping (80° to 90°)
NNE–SSW trending fault zones, and more rarely
trending in a perpendicular WNW–ESE direction
(Fig. 4). Reverse faults are rare (n = 6), generally
dipping 30° to 40° to the north-east (Fig. 4). The
perpendicular orientation of strike-slip and
normal-reverse faults in the study area is consis-
tent with a locally extensional transform stress
regime, often seen in releasing bends or step-
over zones in transform systems (Reading, 1980;
Rodgers, 1980; Christie-Blick & Biddle, 1985;
Wu et al., 2009; Huang & Liu, 2017).
The sense of movement along strike-slip faults

is difficult to establish in the field, without clear
indictors such as slickensides or offset lithologi-
cal boundaries. The analysed conjugate fault sets
and the measured orientations were incompati-
ble with Riedel shearing (i.e. markedly different
to 15° R1 or 75° R2: Rutter et al., 1986; Dre-
sen, 1991; Misra et al., 2009). This is attributed
to the rheology of coarse sandstones and con-
glomerates, or the oblique-slip stress regime
(Katz et al., 2004). Compatible orientations

tentatively indicate a dextral strike-slip sense for
north-east/south-west trending faults, which
agrees with the regional stress regime related to
the oblique subduction and northward transla-
tion of the arc terrain relative to North America.

Subcrop deformation
The Bocana Roja Formation subcrop that underlies
the Punta Baja canyon-fill is dominantly normal
faulted, with antithetic 60° dipping fault planes.
The dominant fault displacement direction in the
north-west of the study area is towards the south-
west (normal faults), while on the opposite side of
the canyon fill in the south-east, the displacement
direction is dominantly to the north-east (normal
faults) (Fig. 4). This antithetic spatial distribution of
extensional faults is interpreted to represent oppos-
ing extremities of a releasing bend (Kane et al.,
2022). The south-west/north-east trending dextral
strike-slip lineament and the extensional normal
faults in the Bocana Roja Formation bedrock form-
ing in a releasing bend of a transform zone likely
steered and accommodated the Punta Baja canyon
as a conduit. This explains the SSW-directed sedi-
ment transport within the canyon (Fig. 4), which
diverges from the regional westward trend of sedi-
mentary systems that is perpendicular to the
palaeo-slope (Figs 1 and 2) (Kane et al., 2022).

Canyon fill deformation
The strike-slip faults in the Punta Baja canyon-
fill trend SSW–NNE, at a slight angle with the
south-west/north-east trending faults in
the Bocana Roja Formation subcrop (Fig. 4).
This difference might be due to rotation of the
Bocana Roja Formation caused by the ongoing
transform faulting during Punta Baja Formation
deposition. This rotation could be accommo-
dated in rotational blocks documented in trans-
form shear zones and releasing/constraining
bends (Christie-Blick & Biddle, 1985). The
north-west/south-east trending transform fault
signature in the study area likely represents the
shear zones that bound the rotational blocks,
consistent with the sinistral sense of shear
observed in some of these fault zones.
The reverse faulting in the northern segment of

the Punta Baja canyon-fill is directed south-
westward and might indicate either tectonic inver-
sion in the northern section of the releasing bend,
or syn-depositional down-slope failure and the
compressional ‘toe’ of mass wasting of the canyon
deposits. Normal faulting in the south-east seg-
ment of the Punta Baja canyon-fill might represent
sedimentary failure of canyon deposits into the
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conduit due to sedimentary oversteepening or tec-
tonic activity. No definitive indicators to differen-
tiate the syn-depositional from post-depositional
nature of these faults were recognized.

Facies and depositional environments

Submarine canyon axis – submarine channel
braid-plain deposits
Description: This facies association is up to
30 m thick, overlies a basal erosion surface, and
is characterized by thin to thick-bedded highly
amalgamated conglomerates and sandstones,
with minor heterolithic intervals (<3 m thick).
This facies association has the lowest mud con-
tent by stratigraphic thickness and is the most
homogeneous. The succession is dominated by
thick-bedded organized (Co) and disorganized
(Cu) conglomerates (Table 1; Fig. 5N and O),
commonly with erosive bases and/or within suc-
cessions confined by steep erosion surfaces
(Fig. 6A and B). Cross-bedded conglomerate or
interbedded conglomerate–sandstone (CSx)
(Table 1; Fig. 5J to M) is found in tabular pack-
ages up to 2 m thick (Fig. 6C), or as wedges that
commonly overlie mudclast breccia (Dm)
(Table 1; Fig. 5I) that form concave-up lenses
(Fig. 6D). Sub-horizontal interstratified conglom-
erates and sandstones (CSh) (Table 1; Fig. 5J)
provide the most laterally continuous beds of
the facies association, with minor variations
in bed thickness along their length (Fig. 6C).
These facies may be truncated by metre-scale
erosion surfaces overlain by massive sandstone
(ST) (Table 1; Fig. 5E) with minor gravel lags
(Fig. 6E). Thinner-bedded sandstone (ST)
and heterolithics (H) overlie and onlap

conglomerates in fining-upward and thinning-
upward successions up to 3 m thick.
Interpretation: This facies association is inter-

preted as submarine braid-plain deposits
(Hein, 1984; Klaucke & Hesse, 1996; Hesse
et al., 2001). Conglomerate deposition on the
submarine braid plain was governed by non-
cohesive debris flows (Walker, 1975; Lowe, 1982;
Postma et al., 1988; Cronin, 2018) eroding and
delivering gravel en masse (Walker, 1975)
and tractional reworking by turbidity currents
(Cronin, 2018). Non-cohesive granular debris
flows may have originated from failure of over-
steepened slopes and eroded the seafloor (Dakin
et al., 2013), resulting in steep truncation
surfaces.
Tractional reworking of gravel on the canyon

floor by overriding sediment gravity flows resulted
in more organized, sorted and structured conglom-
erate deposits. Conglomerates preserve clast imbri-
cation in channel thalwegs, which requires
sustained high flow velocities for bedload trans-
port. Cross-bedded and well-sorted conglomerates
or conglomerates–sandstones represent accretion
surfaces of migrating mid-braid-plain or bank-
attached bars (Klaucke & Hesse, 1996; Hesse et al.,
2001). Horizontally interstratified conglomerate–
sandstone is formed by traction carpets
(Lowe, 1982; Cronin, 2018). These features could
constitute parts of large depositional bedforms
beyond the scale of observation, such as gravel
waves (Hein, 1984; Piper & Kontopoulos, 1994;
Wynn et al., 2002; Ito & Saito, 2006) or cyclic
steps. The metre-scale truncation surfaces repre-
sent scours, furrows, grooves, cut-off channels and
other erosional bedforms filled by sand and gravel
from subsequent flows.

Fig. 5. Representative field photographs of facies in Table 1. (A) Massive mudstone (Fm) with small-scale sandstone
injectite. Pencil is 15 cm long. (B) Laminated mudstone (Fl) with soft sediment deformation structures in overlying
deposit. (C) Heterolithic interval (‘H’) with minor sandstone in mudstone, overlying planar laminated turbidite sandstone
(STb) and overlain by ripple laminated sandstone (STc). (D) Heterolithic interval (‘H’) of thin-bedded turbidite sandstones
showing clear ripple lamination interbedded with mudstones in varying proportions. (E) Turbidite sandstones (ST) with
centimetre-scale load-structures where their bases are in contact with mudstones. (F) Low-angle cross-laminated sand-
stone (Sl). (G) Symmetrical-ripple laminated sandstone (Sw) showing climbing cross-lamination. Coin is 210 mm in
diameter. (H) Thick interval of mudclast breccia (Dm) with coarse sand matrix overlain by cross-stratified conglomerate
and sandstone (CSx) dominated by sandstone. (I) Thin intervals of mudclast breccias (Dm) and mudclast lags. (J) Cross-
stratified conglomerate and sandstone (CSx) dominated by conglomerate overlain by horizontally interstratified conglom-
erate and sandstone (CSh). Person for scale is ca 1.8 m tall. (K) Cross-stratified conglomerate and sandstone (CSx) with
equal proportions conglomerate and sandstone. (L) Steeply cross-stratified conglomerate and sandstone (CSx) dominated
by sandstone. (M) Sigmoidal cross-stratified conglomerate and sandstone (CSx) dominated by sandstone with imbricated
mudstone clasts on the foresets. Lens cap is 67 mm in diameter. (N) Unorganized conglomerate (Cu) overlain by clasts of
Bocana Roja canyon substrate and organized conglomerate (Co) with clear clast imbrication indicating palaeoflow direc-
tion towards the left of the picture. (O) Inverse and normal grading in conglomerates. (P) Debrite (deb) overlain by a sand-
stone bed and slumped thin-bedded turbidites. (Q) Mud-rich debrite. Markings on the pole are 10 cm increments.
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Fig. 5. Continued.
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Sandstone is generally underrepresented in
braid-plain deposits. This is attributed to the
strongly bypassing nature of turbidity currents
that likely reworked the gravel deposits. Turbid-
ity currents that deposited sand and mud on the
braid plain are preserved as scour-fills, which
were shielded by their negative relief. Evidence
for fine-grained deposition on the braid plain
comes in the form of abundant sandstone rafts,
mudclast-rich sandstones and mudclast breccias
found in axial deposits. These represent the ero-
sional products of (semi-)consolidated deposits,
transported over limited transport distances.

Submarine canyon axis – submarine channel
margin deposits
Description: Channel margin facies association
deposits are up to 15 m thick and characterized by
thick to thin-bedded sandstones (ST), with hetero-
lithics (H; <1 m thick) and minor conglomerates
(CSx; <1 m thick) (Table 1; Fig. 5). Commonly,
beds are normally graded and stack in generally
fining-upward and thinning-upward successions,
with a stratigraphic decrease in bed amalgamation.
The channel margin facies association typically
overlies erosion surfaces that cut into channel axis
deposits. Beds appear tabular in dip section, but
thin and fine eastward in strike section to onlap
metres deep westward-dipping truncation sur-
faces. Locally, debrites (Table 1; Fig. 5H and Q)
overlie these surfaces, which are in turn onlapped
by sandstones (ST; Table 1; Fig. 5E). Conglomer-
atic divisions with load structures are common at
bed bases (Fig. 7A), which can be planed-off and
completely separated from conglomerate beds
(Fig. 7B). Sandstones often display dewatering
structures, such as pipe structures and load balls
(Fig. 7C). Commonly, current ripple lamination is
climbing, forms mixed grain-size bedforms (sensu
Taylor et al., 2024a) (Fig. 7D), and records a
south-east-directed palaeoflow direction. Folded
heterolithics, mudclast breccia and debrites are
common, in various stages of disaggregation
(Figs 6F, 6G and 7C). A thicker interval (ca 15 m
thick) of amalgamated debrites and slumps is pre-
served in the north of the field area. Overlying
medium to thick-bedded turbidites (ST) with com-
mon low-angle (<10°) cross-bedding (Sl; Table 1;
Figs 5F and 7E) and a variety of ripple types and
palaeocurrent directions onlap depositional relief.
Vertical paired Tisoa burrows are found in deb-
rites below erosion surfaces.
Interpretation: These deposits formed in a tran-

sitional region between the axis and the overbank,
and their relationship with overlying, and

onlapping, metres scale erosion surfaces supports
a channel margin interpretation. Deposition was
by turbidity currents lateral to the highest-energy
parts of flows in the axis. Abundant dewatering
structures and climbing ripples with varying mud
content suggest high rates of deposition under
rapidly decelerating flows (Baas et al., 2011; Tay-
lor et al., 2024a). Detached conglomeratic load-
balls (Fig. 7B) support transient high energy con-
ditions and high degrees of sediment bypass.
Fining-upward and thinning-upward successions
are related to channel abandonment, and to heal-
ing of depositional relief.
Low-angle (<15°) cross-bedding observed in

thick-bedded sandstones of this facies association
is localized around erosional and depositional
relief. This supports an interpretation of flow
reflection and deflection off of local
topography forming bedforms (e.g. Hiscott & Pick-
ering, 1984; Kneller et al., 1991). Similar flow-
topography interactions are held responsible for
the varying nature and migration direction of rip-
ples in thinner-bedded turbidites near these con-
fining surfaces (Hiscott & Pickering, 1984; Kneller
et al., 1991; Edwards et al., 1994). The denser,
coarser-grained flows, or parts of flows, which
deposited the low-angle cross-bedded thick beds
carried more momentum and were thus less
affected by the topography than the more dilute,
finer-grained flows, or parts of flows, which depos-
ited the thin-bedded ripple laminated turbidites.

Submarine canyon overbank
Description: The overbank facies association forms
thin to medium-bedded heterolithic successions
with varying sandstone to mudstone ratios
(Fig. 8), and common thinning-upward and fining-
upward packages. Typically, the overbank facies
association conformably overlies axial and chan-
nel margin deposits, or locally abruptly overlies
slumped beds. Rare medium-bedded sandstones
form outsized beds with dune-scale cross-bedding
and depositional relief (Fig. 7F). Pebble-grade lag
deposits (Fig. 7A) and flat-topped coarse-grained
sandstone to gravel lenses (Fig. 7G) are concen-
trated towards the western extent of this facies
association. Shallow-angle erosion surfaces are
common and overlain with sandstone (Fig. 7H).
Typically, sandstones (ST; Table 1; Fig. 5E) are
parallel to ripple cross-laminated. Ripple types
include steep climbing, mixed grain-size (high-
amplitude with mud-rich troughs and low ampli-
tude) and starved ripple trains (Fig. 7I), which are
associated with starved laminae (Taylor et al.,
2024a). Palaeocurrent directions are variable but
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with a tendency towards the south-east, with com-
mon opposing directions (Fig. 7J). Bioturbation
intensity is variable but generally high.
Interpretation: This thin-bedded and fine-

grained facies association was deposited outside
channel-scale confinement, but within the can-
yon confinement, supporting an interpretation of
a confined overbank setting. The finer-grained,
more dilute parts of turbidity currents are either
flow stripped, or overspilled, from the axis to
deposit thin-bedded turbidites. The more concen-
trated part of rare larger magnitude flows deposit
the thicker bedded and coarser-grained turbidites.
Medium-bedded sandstone with dune-scale
cross-bedding (Fig. 7F) implies outsized flows
that deposited and tractionally reworked sand on
the overbank (e.g. McArthur et al., 2020). The
pebble lags (Fig. 7A) within thin-bedded turbidite
successions also support rare high-energy flows
that transported, winnowed and bypassed sedi-
ment in this setting (Allen et al., 2022). The flat-
topped coarse-grained lenses (Fig. 7G) also indi-
cate overspill of high-energy axial flows that
develop high aspect ratio (ca centimetres thick,
metres wide) ‘secondary channels’ (e.g. Hein &
Walker, 1991). Starved ripple lamination (Fig. 7I)
and laminae (Taylor et al., 2024a) indicate that
overbanking flows were occasionally sediment-
starved. Complex facies distributions, scour sur-
faces (Fig. 7H) and palaeocurrent patterns point
to flow interaction with the canyon wall or depo-
sitional and erosional relief in the overbank driv-
ing reflection and deflection (Kane et al., 2010;
Taylor et al., 2024b). High-amplitude ripples with
mud-rich troughs and low amplitude ripples with
varying mud content are interpreted as a
mixed-grain size bedform related to unidirec-
tional transitional flows that developed through
entrainment of cohesive mud (Taylor et al.,
2024a). The influence of internal tides reworking
the confined overbank cannot be ruled out (Taylor
et al., 2024b).

Shallow marine canyon-fill deposits
Description: This facies association (up to
15 m thick) is dominated by thick-bedded
sandstones and minor heterolithic deposits
(up to tens of centimetres thick). The base
surface truncates channel margin or overbank
deposits. The top of this facies association is
marked by the El Gallo Formation unconfor-
mity. Sandstone beds are dominantly low-
angle cross-laminated (Sl; Fig. 5F) and com-
monly grade into sandstones with symmetrical
ripple lamination (Sw; Fig. 5G) and thinly
interbedded sandstones and mudstones (H).
Siderite concretions and siderite-cemented
Ophiomorpha and Thalassinoides burrows are
common. Mudclast breccias (Dm; Table 1;
Fig. 5I) are found in the thickest beds.
Upward thinning trends are common. In one
instance this is preceded by an upward thick-
ening trend. Palynofacies consist of mixed
opaques and Amorphous Organic Matter with
poor recovery and poor preservation, and
deposits are rich in Gonylacoid dinoflagellate
cysts (see Supporting Information).
Interpretation: This facies association is inter-

preted to represent shallow marine conditions.
Low-angle cross-lamination in combination with
symmetrical ripples and siderite cement is typi-
cal of near-shore depositional environments
(Reading, 1996). The upward thickening-then-
thinning trends likely represent shoreface
advance and retreat. The ichnofacies and paly-
nofacies support a more restricted environment
compared to the deep-water deposits in the rest
of the canyon fill. The detrital-zircon-derived
age and stratigraphic position of this facies asso-
ciation below the El Gallo Formation unconfor-
mity leads the authors to conclude that these are
transgressive deposits, preserved below the main
ravinement surface of the El Gallo Formation, in
the embayment that the Punta Baja canyon head
likely formed at that time.

Fig. 6. Field photographs representing depositional and erosional bedforms in coarse-grained deposits. (A) Thick
(ca 20 m) interval of channel margin sandstones steeply truncated by channel axis conglomerates. (B) Several ero-
sion surfaces in conglomeratic braid-plain deposits, overlain by conglomerate with metre-scale clasts of Bocana
Roja canyon bedrock. (C) Large-scale cross-bedded conglomerates with accretion directions perpendicular to
palaeoflow (out of page), suggesting laterally accreting bars on the canyon floor. (D) A succession of mudclast-rich
sandstone, mudclast breccia, cross-bedded conglomerate and sandstone steeply truncated and overlain by unorga-
nized and cross-bedded conglomerate. (E) Metre-scale sand-filled scour with fanning geometry in conglomeratic
braid-plain deposits. (F) Turbidite sandstone bed that has been deformed, truncated and partially encased in mud-
clast breccia, suggesting active erosion of the canyon floor by mudclast-rich flows. (G) Sandstone injectite in a
mudstone block within a debrite.
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Canyon-fill architecture

The Punta Baja canyon-fill forms a 5 9 2 km
exposure, mainly as coastal cliffs, with a general
south-west palaeocurrent direction (Fig. 4). It is
incised into the fluvial bedrock of the Bocana Roja
Formation (Fig. 10A and B). This contact is
exposed in multiple places around the peninsula.
One dip and three strike cross-sections were

constructed by projecting field mapping and mea-
sured sections on DEM-derived topographic pro-
files, assisted by virtual outcrop models. The
chosen strike sections provide different strati-
graphic windows into the canyon fill succession
with X3 stratigraphically the lowest and X1 the
highest (Fig. 9).

Canyon wall
Observations: The steep erosional contact
between the Bocana Roja Formation subcrop
and the Punta Baja Formation canyon-fill is
well-exposed along the eastern and western
sides of the peninsula (Fig. 10). The canyon wall
erosion surface in the east truncates fluvial
floodplain deposits and braided stream conglom-
erates of the Bocana Roja Formation (Fig. 10A
and B), and is overlain by mud-rich mass trans-
port and overbank heterolithic deposits of the
canyon fill (Figs 9 and 10C). The western can-
yon wall truncates floodplain deposits of the
Bocana Roja Formation and is dominantly over-
lain by axial canyon-fill conglomerates (Fig. 10D
to F). Locally, the canyon wall is scalloped and
overlain by chaotic facies. (Fig. 10). In the west,
these scallop surfaces are filled with dark pebbly
mudstone and thin-bedded turbidites steeply
onlapping the contact (Fig. 10E). In the east, a
conglomeratic and coarse sand-filled scallop
overlies the canyon wall, in an otherwise thin-
bedded depositional environment.

Overall, the eastern margin is dominantly
overlain by channel margin and overbank
deposits, and the western margin by axial con-
glomerates. A notable exception is on the west-
ern side of the peninsula, where a 10 m thick
interval with a wide variety of facies is found
overlying the canyon wall (Fig. 11).
Interpretation: The range of smaller-scale

erosional features on the canyon wall are
interpreted as representing slide scars, chutes
and gullies that shaped the canyon margin.
The common occurrence of chaotic facies
above the erosional base of the canyon wall is
inferred to represent continual erosion and
degradation of the canyon walls during filling.
The resulting irregular canyon wall relief
would have formed terrace surfaces of differ-
ent heights and shapes providing the topogra-
phy to result in a range of facies onlapping
the canyon wall.

Lower fill
Observations: The lowermost exposed canyon
fill is dominated by unorganized and poorly
sorted conglomerates containing large (ca 4 m
diameter) angular clasts of red sandstone from
the Bocana Roja Formation bedrock (Fig. 12A
and B). Within these chaotic conglomerates sit
sand-prone scour-fills and channel-fills with
complex cross-cutting relationships and pebble-
lined bypass surfaces (Fig. 12C and D).
Interpretation: The dominance of unorga-

nized conglomerates and large clasts signifies
ongoing canyon wall excavation during can-
yon fill. The more organized scour and chan-
nel fill deposits are interpreted as braid-
plain deposits that accumulated during the
initial high-energy filling of the canyon
(Fig. 12A).

Fig. 7. Representative field photographs of depositional and erosional bedforms in generally fine-grained
deposits. (A) Gravel lag in thin-bedded turbidites, suggesting high-energy flows in an otherwise low-energy depo-
sitional environment. Overlying beds are deformed due to differential compaction around protruding clasts. (B)
Disconnected conglomeratic loadballs in sandstones, indicating sediment bypass on the truncating surface. (C)
Dewatering pipe in sandstones with mudclast-rich intervals above. (D) Steep climbing ripple lamination and low-
angle climbing ripple lamination. (E) Low-angle cross-bedded sandstone indicating flow interaction with topogra-
phy. (F) Outsized sandstone bed in thin-bedded canyon overbank deposits, showing dune-scale cross-bedding and
hummock-like cross-bedding. (G) Sandstone beds with variable thickness within thin-bedded canyon overbank
deposits, showing subtle compensational thickness relations. These could represent crevasse deposits on the can-
yon overbank. (H) Shallow scour surfaces in channel margin sandstone deposits, some infilled with dune-like
cross-bedded sandstones with a height equal to the depth of the scour. This indicates that the cross-bedding did
not directly result from a migrating bedform but instead represents the gradual infill of a depression. (I) Starved
ripple lamination in heterolithic deposits. (J) Variable crescentic ripple crest orientation in plan view.
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Upper fill
Observations: Braid-plain deposits in the eastern
part of the canyon fill are overlain by, and later-
ally interfinger with, mud-rich debrites with
blocks of contorted thin bedded turbidites
(Fig. 9, for more detail see Supporting Informa-
tion). The conglomerates at the base are steeply
truncated towards the west. The north–south
oriented truncation surface is overlain by
deformed turbidites and rotationally slumped
thick-bedded channel margin deposits. The fail-
ure direction as indicated by slump vergence is
to the west, perpendicular to the truncation sur-
face (Fig. 9, for more detail see Supporting Infor-
mation). These slumps are onlapped by axial
deposits towards the west. Multiple erosional
surfaces inclined towards the west are overlain
by organized conglomerates (Fig. 13).
Finer-grained and heterolithic deposits are pre-

served mainly on the eastern canyon margin, and
thin and fine upward. In contrast, conglomeratic
deposits stack vertically and amalgamate along
the western canyon margin. A thick (<10 m) inter-
val of medium to thick-bedded sandstones and
thinner-bedded heterolithic deposits is preserved
along the western side of the field area, bounded
by conglomeratic deposits below and above. West
to south-west-oriented conglomerate-filled scour
surfaces truncate these thick-bedded sandstone
channel margin deposits (Fig. 6E), and in most
places amalgamate with underlying conglomer-
atic braid-plain deposits.
Interpretation: The preservation of multiple

erosional surfaces overlain by organized con-
glomerates suggest that these are cut-bank sur-
faces overlain by channel-fills; a westward
migration of the channel belt is suggested by the
preservation of multiple cutbank surfaces and
fills (Fig. 13). This geometry and process inter-
pretation is akin to the ‘lateral step remnants’
proposed by Kane et al. (2010), to differentiate
such deposits from lateral accretion, which has

also been recognized in seismic reflection data-
sets but attributed to channel avulsion (Abreu
et al., 2003). The eastward fining from conglom-
erates, which are stacked and amalgamated, to
thick-bedded sandstones, to thin-bedded hetero-
lithic deposits, suggest a transition from channel
axis, to channel margin, to overbank (Taylor
et al., 2024b).

Mass-transport deposits
Observations: In the northernmost upstream part
of the field area, the sand-rich channel margin
deposits are overlain by, and interbedded with,
mud-rich debrites and slumped deposits
(Fig. 14A). Sandstone lenses intercalated with the
debrites and slumps display erosive to conform-
able bases with multi-directional fanning geome-
tries (Fig. 14D), and a general thinning-upward
and fining-upward trend. Palaeocurrents from
ripples and low-angle cross-bedding show a wide
dispersal direction (Fig. 14C). Tisoa burrows are
locally abundant below erosion surfaces.
Interpretation: This succession is interpreted

to represent multiple mass-wasting events with
sandstones foundering above, and channels nav-
igating across, mass transport relief. Their mud-
rich or thin-bedded composition suggests a
source from the submarine deposits accumulat-
ing on the unstable canyon wall. The sandstones
containing complex palaeoflow indicators sug-
gest flow reflection and deflection from mass
transport and canyon wall topography. The
Tisoa burrows below erosion surfaces suggest
that conduits were active and open above these
mass-transport deposits (Knaust, 2019), and can
be used to interpret periods of sediment bypass
(Stevenson et al., 2015).

Up-flow dipping surfaces
Observations: Generally, sedimentary surfaces
within the axial conglomerates of the Punta Baja
canyon-fill are steeper (>5°) than the regional

Fig. 8. Overview, characteristics and facies statistics of facies associations: canyon axis braid plain (A); canyon
axis margin (B); canyon overbank (C); and shallow marine (D). Representative measured sections of each facies
association are labelled with facies (Table 1). Doughnut plots of facies make-up in percentage of total stratigraphic
thickness per facies association, categorized by mean grain size being in the mud, sand or coarser range. Mean CF
represents the percentage of stratigraphy with a logged grain size coarser than silt. Heterogeneity (in changes per
metre or c/m) indicates how the coarse versus fine lithologies are distributed; high heterogeneity means that
coarse and fine lithologies are interspersed, while low heterogeneity implies a more clustered distribution and
thicker intervals of the same class, see also inset in (E) coarse to fine distribution per bed per facies association,
on a probability density scale, which gives more detail than the mean value. (F) Logged grain size versus bed
thickness of beds in each facies association.
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tectonic tilt (2° to 5°) of bedding surfaces. Due
to the extensive dip-exposure of axial canyon
deposits in the field area, the spatial extent and
3D orientation of metre to tens of metres scale
sedimentary dip surfaces in coarse-grained
canyon fills is documented for the first time in
outcrop. Small-scale scours form complicated
three-dimensional surfaces. Therefore, only
larger-scale planar surfaces are included in the
analysis, and concave erosional scours and con-
vex dune-scale bedforms are excluded. The scale
of the measured surfaces exceeds the bed scale
with a mean measured plane length of 10.2 m,
and a mean dip of 12.7°. Most surfaces (68%)
are upstream-inclined, with a mean dip direc-
tion to the ENE. This is nearly opposite to the
mean south-westward flow direction from con-
glomerate clast imbrication (Fig. 15C).
Note that the apparent even distribution of

dip directions in Fig. 15D is optical. To test
whether the visual directional trend from the
Rose diagram bears statistical significance, three
uniformity tests were carried out (Baas, 2000).
The Kuiper test yielded a test parameter Vn of
0.2079, above the threshold Va=1% of 0.0863 and
thereby indicating a directional character of the
data at a confidence level of 99%. The Watson
test failed the 99% confidence threshold u2

a=1%

of 0.267, but with a test parameter u2 of 0.248
cleared the 95% confidence threshold Wa=5% of
0.187 indicating directional data. The Rayleigh
test yielded a test parameter R of 0.2927, sur-
passing the Ra=1% critical value of 0.0943 indi-
cating directional data at 99% confidence.
The pervasive upstream orientation of

sedimentary surfaces is not caused by post-
depositional tectonic tilting, since 76.7% of the
mapped sedimentary surfaces dip more steeply
(between 5° and 30°; Fig. 15D) than the struc-
tural tilt (<5° SSW) of the Punta Baja Formation.
Moreover, the structural tilt is south-westward
(Fig. 15A and B) in the same direction as
regional palaeoflow, which should cause over-
representation of apparent downstream dipping
surfaces.
Interpretation: The steepness of these surfaces,

whether resulting from erosion or deposition,
was maintained because conglomerates have a
higher angle of repose and stability of the seabed
compared to their sand-rich equivalents.
Upstream dipping surfaces clearly dominate
over downstream, and flow-perpendicular orien-
tations show a tendency to the south-east. This
variability is probably caused by local variations
in axis thalweg direction, sinuous braid-plain

channel planforms and outcrop orientation.
Based on palaeoflow orientation with respect to
these large-scale surfaces these features are
interpreted as backsets developed on supercriti-
cal bedforms, such as cyclic steps.

El Gallo unconformity
Observation: The nature of the Punta Baja For-
mation contact with the overlying El Gallo
Formation is variable, consisting of an undulat-
ing surface overlain by yellow-weathering shal-
low marine deposits and/or a layer of very
well-rounded bored-boulders within a white
fine-grained matrix (Fig. 16A), which locally is
preceded by red-weathering matrix-supported
gravels with angular clasts (Fig. 16B). The age of
these shallow marine deposits, as indicated by
detrital zircon dating (78.5 � 0.9 Ma), is youn-
ger than other canyon-fill deposits (minimum
80.8 � 1.0 Ma), but also older than El Gallo For-
mation (maximum 72.3 � 0.5 Ma) samples in
the area (Fig. 9; Supporting Information).
Interpretation: This surface is interpreted as

an erosional unconformity, associated with
sea-level fall and erosion, ravinement and depo-
sition of a boulder beach deposit during trans-
gression. Micropalaeontological samples suggest
an open, but relatively restricted, marine setting
(see Supporting Information) for the overlying El
Gallo Formation.

DISCUSSION

Canyon evolution

Incision to fill
Structural data demonstrates that the Punta Baja
canyon-fill is aligned with fault patterns in the
canyon subcrop, the Bocana Roja Formation,
which formed through syn-depositional and
post-depositional contractional and extensional
deformation in response to dextral strike-slip
movement (Fig. 4), in agreement with Kane
et al. (2022). A local tectonic stress regime
superimposed on regional subsidence may have
formed a relatively minor structural depression
that was enough to divert submarine sediment
gravity flows from the regional west-dipping
slope (Fig. 17, t1). Initial capture and focussing
of sediment gravity flows enhanced erosion of
the bedrock and promoted incision and deepen-
ing of the nascent canyon (Fig. 17, t2). Scallop-
shaped erosion surfaces on the canyon wall
overlain by chaotic facies representing slide
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scars, chutes and gullies coincide with subcrop
faults. A sand-rich canyon wall gully-fill on the
eastern canyon margin suggests that smaller lat-
eral conduits transferred sediment into the can-
yon, in this case depositing outsized sediment
in the overbank environment. The lowermost
canyon fill, comprising chaotic conglomeratic
deposits with abundant clasts from the adjacent
bedrock (Fig. 12), represent coarse-grained lag
deposits and a sediment bypass-dominated
period (Dailly, 1982; Normark et al., 1993; Ste-
venson et al., 2015). Overall, this phase of can-
yon formation was dominated by erosion,
sediment bypass and canyon wall failure.

Early fill
During the incisional phase, dilute parts of
bypassing turbidity currents ran up the canyon
wall to deposit fine-grained thin-bedded
turbidites above the irregular topography of the
canyon margins (Fig. 10E). Accumulations of
thin-bedded turbidites were remobilized to form
mud-rich mass-transport deposits in the Punta
Baja canyon-fill. Lateral canyon wall failure
caused instantaneous widening of confinement,
allowing passing flows to expand and become
depositional. The mass-transport deposits
formed topographic barriers to flows (Fig. 17,
t3). Multiple phases of mass-transport deposi-
tion and canyon floor aggradation could have
been entirely eroded while the highly energetic
canyon was deepening. However, the combina-
tion of instantaneous canyon widening and
decreased thalweg gradient due to mass-
transport deposition, promoted the (local) onset
of canyon floor aggradation.

Aggradational fill
The oldest preserved confined overbank deposits
on the eastern margin mark the aggradational

stage of the canyon fill. As the canyon filled and
the floor became elevated, and thus wider, flows
focussed in an axial thalweg were stripped and
overspilled onto the overbank. Erosional
entrenchment of the thalweg could have forced
lateral flow segregation due to the elevation dif-
ference between the lower high-concentration
and upper low-concentration parts of stratified
flows. Mass-transport deposits also formed
superelevated relief above the thalweg. Thus,
flow stripping and overspill from the thalweg
confinement aggraded local overbank succes-
sions. The emplacement and preservation of
mass-transport deposits coincides with the onset
of overbank accumulation (Fig. 17, t4).
Axial thalweg migration is recorded by

westward-cutting-and-aggrading channel margin
deposits, grading eastward and upward into
thin-bedded overbank deposits (Fig. 13). The
canyon-fill asymmetry suggests that, overall,
the axis migrated westward, contributing to the
upward fining and thinning trend on the eastern
overbank area. This asymmetry may be attrib-
uted to tectonic releasing bend characteristics,
with the centre of active extensional tectonism
stepping north and westward through time
(Kane et al., 2022). Additional contributing fac-
tors for the architectural asymmetry could have
been the regional westward sloping and tilting
basin margin and the pinning of a channel outer
bend (Brunt et al., 2013). Rotational slumping of
eastern channel margin deposits (Fig. 9, X3)
supports the interpretation that active incision
was focussed on the western margin of the
canyon.
Thalweg widening followed by entrenchment,

and pulses of eastward thalweg migration, and/or
bank erosion, resulted in remnants of lateral steps
on the eastern side of the thalweg (Fig. 13), when
axis migration resumed its general westward

Fig. 10. Field photographs and two-dimensional captures from photogrammetric-models of the variable nature of
the canyon fill erosional contact with the underlying Bocana Roja Formation. (A) Steep dune-scale cross-bedded
conglomerates representing alluvial braided stream deposits of the Bocana Roja Formation on the eastern side of
the canyon fill erosion surface. Person for scale is ca 1.8 m tall. (B) Finer-grained floodplain deposits of the
Bocana Roja Formation to the west and further east of the canyon fill erosion surface (see lens cap, 55 mm in
diameter, for scale). (C) Eastern canyon wall contact between Bocana Roja Formation floodplain deposits and
onlapping Punta Baja Formation submarine canyon fill thin-bedded overbank turbidites. Palaeoflow is out of the
page. (D) Western canyon wall contact between Bocana Roja Formation floodplain deposits and Punta Baja Forma-
tion submarine canyon fill conglomerates. (E) Western canyon wall scalloped contact between Bocana Roja Forma-
tion floodplain deposits and Punta Baja Formation submarine thin-bedded turbidites and dark mud pebbly
debrites, representing a chute or gully on the canyon wall and inferring major bypass. (F) Western canyon wall
contact between Bocana Roja Formation floodplain deposits and a variety of Punta Baja Formation submarine
facies (more detail in Fig. 10).
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tendency (Fig. 17, t4). The repeated bank cutting,
and gradual accretion of the channel margin and
overbank suggests that the canyon was an active
conduit for flows that transported and largely
bypassed a wide range of grain sizes during filling.
The thick accumulation of channel margin

deposits can represent: (i) a westward migration
of the canyon axis, with laterally equivalent
braid-plain deposits now eroded beyond the
western coastline; or (ii) a decrease in grain size
delivered to these reaches of the canyon, result-
ing in sand-rich channel systems filling the can-
yon thalweg. The latter could be caused by
an upstream intra-canyon blockage trapping
the gravel fraction, a relative sea-level rise
after which the sediment delivery had to re-

adjust, or a change in sediment supply from the
hinterland drainage system. The presence of
gravel lags in the channel margin deposits sup-
ports a more western axis with its conglomeratic
braid-plain deposits unexposed.
Continued erosion caused canyon wall failure

and the emplacement of a thick succession of
mass-transport deposits in the canyon axis.
Flows were diverted or partially blocked by the
positive relief of these mass-transport complexes
(Fig. 17, t5). When gravity flows eventually
overcame the depositional relief, the canyon
thalweg re-established in a more eastward
(canyon-central) position, incising into the
mass-transport deposit and underlying channel
margin deposits.

Fig. 12. Characteristics of the lower canyon fill. (A) Amalgamated conglomeratic deposits with clasts of Bocana
Roja bedrock and a rafted intraformational clast, showing common up-stream dipping surfaces. (B) A large clast
(4 m diameter) of Bocana Roja bedrock with original bedding preserved, within Punta Baja canyon fill conglomer-
ates. (C) Steep erosion surfaces overlain by conglomerate and onlapped by medium to thin-bedded turbidites. Ero-
sion surfaces stepping up-stream, possibly representing migrating channels on the submarine braid plain, filled
with sand-rich turbidites. (D) Detail of (C) showing conglomerate load-balls within thin-bedded turbidites, some-
times completely removed and the only evidence of high-energy deposits that were since removed, and thus
representing a major bypass surface.
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This net-aggradational phase of canyon devel-
opment shows evidence of a highly efficient
conduit, that eroded and bypassed sediment in
an entrenched axis, while an overbank aggraded.
The conglomeratic axial fill with sandstone-
filled scours suggests that flows bypassed grain
sizes up to pebble/cobble through the axis, with
the higher, sand-bearing and mud-bearing parts
of flows partially stripping and spilling onto the
overbank. The abundant erosional structures,
coarse-grained lags and down-canyon palaeocur-
rent directions in the overbank deposits suggest
that even bank-overspilling flows underwent a
high degree of down-canyon bypass.

Late fill
No stratigraphic evidence remains for further
stages of canyon evolution, owing to the El
Gallo Formation ravinement unconformity.
However, the more restricted or shallow marine
character of the early El Gallo Formation

deposits suggests deposition in a shelf-incised
embayment, possibly prior to the complete infill
of the canyon head.

Controls on submarine canyon-fill
sedimentology and stratigraphy

Interaction of sediment gravity flows with
mass-transport topography
Mass-transport deposits in the Punta Baja canyon
fill are common and are shown to impact canyon
sedimentation and erosion patterns profoundly,
as has been recognized in seismic reflection data
(e.g. Gong et al., 2011; Wang et al., 2017; Liang
et al., 2020), outcrop investigations (Allen et al.,
2022) and modern canyon observations (Pope
et al., 2022). The restoration of channel gradients
across mass-transport deposits has at least par-
tially been attributed to upstream migrating
knickpoints or knickpoint zones (Tek et al., 2021;
Allen et al., 2022). The increased gradient on the

Fig. 13. Photographic panel and reconstructed interpretation of westward laterally stepping channel margin
deposits. The vertical fining facies succession and westward stepping of erosion surfaces reflect a westward migra-
tion of the canyon axis, resulting in decreasing energy levels in its eastern parts. Multiple erosion surfaces are
overlain by muddy debrites, reflecting the bank failure and erosion upstream of this location.
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downstream part of the mass-transport deposits is
likely to induce knickpoints, which incise head-
ward across the mass-transport deposit and pro-
duce steep, stepped and composite erosion
surfaces (Allen et al., 2022). These may be infilled
with coarse-grained and fining-up terrace
deposits, or channelized sandstones. Foundering

sandstone deposits on the mass-transport com-
plex relief (Fig. 14) indicate that sand-bearing
parts of flows surmounted the mass transport
relief (e.g. Mart�ınez-Do~nate et al., 2021). Pebbles
and cobbles were likely transiently stored
upstream of the mass-transport complex relief, as
is observed in the modern Congo Canyon (Pope

Fig. 14. (A) Three-dimensional outcrop model orthographic render of northern cliff dip-section. (B) Interpretation
highlighting depositional environments and measured sections. (C) Example sedimentary log through a ponded
sandstone body within the mass-transport complex. The Tisoa burrows suggest that the erosion surfaces were sus-
tained open sediment conduits before filling. (D) Strike view of a sandstone body within the mass-transport com-
plex, interpreted as several phases of sand deposition over a partly mobile substrate, causing complex dip
orientations and cross-cutting relationships.
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et al., 2022). Where the surmounting sand-rich
flows accelerated over the steep downstream part
of the mass-transport complex, knickpoints or
knickpoint zones could be initiated. Fining-up
sandstone successions (<5 m thick) bounded by
erosion surfaces atop mass-transport complexes
(Fig. 14) could record deposition directly down-
stream of a migrating knickpoint. When these
knickpoints, knickpoint zones or sand-rich chan-
nels were able to connect across the mass-
transport deposit, a conduit was re-established

and gravel transport was resumed, evidenced by
the return of conglomeratic axis deposits
(Fig. 14).
The erosion by knickpoints and channels into

the mud-rich mass-transport deposits would
have resulted in increased mud content of flows,
leading to mud-rich transitional flows down-
stream. The erosion rates due to knickpoint
migration could also be instrumental in provid-
ing the near-bed sediment concentrations that
are necessary for the development and migration

Fig. 15. Orientation and spatial distribution of 539 virtual three-dimensional outcrop model measured sedimentary
surfaces in the Punta Baja conglomeratic canyon fill, compared with the mean sediment transport direction in axial
conglomerate deposits. (A) Location of interpreted surfaces, coloured by dip direction relative to mean palaeoflow
direction, focussing on up-stream and down-stream trends – see (C) for colour legend. Up-stream dipping surfaces
dominate most locations, even with the canyon fill tectonic tilt dipping 3° downstream. (B) Location of the same inter-
preted surfaces, coloured by dip direction relative to mean palaeoflow direction, focussing on palaeoflow-
perpendicular trends – see (C) for colour legend. Eastward and westward dipping surfaces occur evenly dispersed, sug-
gesting no preferred orientation of flow-perpendicular surfaces. (C) Rose diagram comparing mean conglomerate imbri-
cation transport direction (dashed, south-west 221° mean) to dip direction of sedimentary surfaces (grey, ENE 066°
mean), showing a clear antithetic relation. The antithetic relation is supported by circular statistical analysis, where
the surface orientations show a non-uniform (preferential) distribution with 99% confidence (Kuiper test at 99% confi-
dence, Watson test at 95% confidence, Rayleigh test at 99% confidence; see Baas, 2000). (D) Scatter plot of dip direc-
tion and dip angle (note logarithmic radial axis) of sedimentary surfaces. More than 75% of sedimentary surfaces dip
5° to 30°, with no clear relation between dip direction and steepness, confirming that only the number of preserved sur-
faces dipping upstream is greater than downstream, and not the surface steepness.
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of backsets (Englert et al., 2023), which resulted
in the upstream inclined surfaces (Fig. 15).
The dynamic erosional and depositional relief

caused by mass-wasting events is thus a main
factor in sediment capture and storage in subma-
rine canyons, modifying downstream sediment
delivery patterns and possibly overriding allo-
genic input signals.

Proximality and flow filtering
The Punta Baja canyon fill stratigraphy has
abundant large-scale erosion surfaces and thick,
chaotic conglomerates (Fig. 6). This duality sug-
gests an environment where large-scale cata-
strophic events eroded as well as deposited.
Proximity to the canyon head could play an
important role in the described stratigraphic
expression of gravity flow activity and magni-
tude. The canyon head can act as a transient
sediment storing site until catastrophic failure
discharges large volumes of sediment down-
canyon (Clare et al., 2016; Bailey et al., 2021;
Talling et al., 2023). The regions of sediment
storage thus experience different patterns of ero-
sion and deposition than their down-system
reaches. The position and extent of the sediment
storage site moves as the canyon evolves, shift-
ing upstream in the case of a retrogressive can-
yon head. Other structures in canyons may have
similar sediment storage and discharging effects,
such as landslide dams (Pope et al., 2022) or
faults (Mountjoy et al., 2009; Micallef et al.,
2014), which have a less predictable spatial and
stratigraphic trajectory than canyon heads.

Stratigraphic evidence of this temporary sedi-
ment storage will be inherently difficult to iden-
tify, due to the catastrophic erosional nature of
the remobilized sediment. The observed large-
scale erosional surfaces and en masse deposited
conglomerates may be interpreted as the record
of large-magnitude canyon-flushing flows that
likely originated by failure in the canyon head.
The confined overbank successions display a

wide range of grain sizes and bed thicknesses,
more varied in character compared to more dis-
tal and organized deep-water thin bed succes-
sions like external lev�ees (Kane & Hodgson,
2011). Flows through canyons are rarely in equi-
librium with the canyon gradient and intra-
canyon confinement, and may either deposit
updip of lev�eed channels, or are yet to bulk up
and travel great distances (Heijnen et al., 2022a)
in contrast to lower slope and basin floor set-
tings. Flow filtering may be enhanced down-
stream, as an initially wide range of starting
flow magnitudes enter the overbank as a progres-
sively narrow range due to updip overspill and
intra-channel deposition (Pr�elat et al., 2010),
could mean that confined overbank deposits
within submarine canyon fills provide a more
complete stratigraphic record, this is unlikely
given the degree of remobilization, erosion and
reworking by bypassing flows. The limited role
of flow filtering is illustrated in the present data-
set by the characteristic wide range of grain
sizes and bed thicknesses in canyon confined
overbank deposits, which can support identifica-
tion of these settings in subsurface datasets.

Fig. 16. Expression of the El Gallo unconformity. (A) A boulder bed directly overlying Punta Baja canyon-fill con-
glomerate deposits, containing bored clasts (inset). The clasts are very well-rounded. (B) A different expression of
the unconformity where the boulder bed is preceded by red-weathering sandstones and conglomerates with angu-
lar clast of the El Gallo Formation.
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CONCLUSIONS

In the area of Punta Baja, a bedrock-incised
submarine canyon, with an asymmetrical coarse-
grained axial fill and finer-grained canyon con-
fined overbank deposits, is exposed. The struc-
tural and stratigraphic evolution of the Punta
Baja submarine canyon is reconstructed from
incision to fill:

• An inherited tectonic fabric influenced the
location and orientation of canyon incision into
fluvial bedrock.

• The depositional architecture of the north–
south oriented erosionally confined canyon-fill
is asymmetrical, with sub-vertically stacked
channel-fills to the west, and an overbank con-
fined by the canyon margin in the east.

Sedimentary process interactions led to deposi-
tional patterns that are considered characteristic
of coarse-grained submarine canyon-fills:

• Evolving relief formed by mass-wasting pro-
cesses captured sediment and may have driven
knickpoint development, an autogenic mecha-
nism that modifies sediment delivery to the
ocean floor.

• This study interprets widespread upstream
dipping surfaces in channel-fills as the
stratigraphic expression of migrating
supercritical-flow bedforms, such as cyclic steps
(and possible sediment waves), which play an
important role in sediment storage and transport
in the canyon.

• The proximal location of submarine canyons
limits the filtering of the initial wide range of
gravity flow types, creating poorly-organised
depositional patterns, including scours and
bypass lags, in the intra-canyon overbank areas.

• The canyon remained an active coarse-
grained sediment conduit throughout the time
represented by the preserved fill.

This study provides insights into how processes
that are observed in modern canyons are selec-
tively preserved through the lifetime of the can-
yon and construct or destroy stratigraphy on
geological timescales.
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Fig. S1. (A) Perinoid dinoflagellate cyst, Cribroperidi-
nium sp., from sample PBI 1; England finder coordi-
nate T19-2. (B) Gonyaulacoid cyst, Oligosphaeridium
complex, from sample PBI 1; England finder coordi-
nate U26-4.
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