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Abstract
Submarine fan deposits are important archives of Earth's history and serve as the 
record of turbidity current events that transfer large amounts of terrestrial sediment 
and carbon into the ocean. The geomorphology, depositional processes and facies 
architecture change significantly along the submarine-fan depositional profile, par-
ticularly at the channel–lobe transition zone (CLTZ). However, few studies have 
documented detailed facies architecture and associated sedimentary structures in 
the CLTZ, which are important for paleoenvironmental interpretations and mor-
phometric information essential to reconstructing sediment transport dynamics and 
reservoir connectivity in ancient successions. Excellent coastal-cliff outcrops from 
ancient CLTZ deposits of the Upper Cretaceous Point Loma Formation in San Diego, 
California constrain the facies architecture of the CLTZ and the three-dimensional 
geometry of supercritical-flow bedforms. We update previous work on sand-rich 
and mud-rich lobe complexes at Sunset Cliffs and present the first description of 
the uppermost sand-rich CLTZ complex that contains antidune deposits arranged 
in predominantly metre-thick tabular packages. Paleocurrent data suggest a com-
pensatory evolution between elements and complexes that was probably driven by 
updip avulsions. The data generated by this study help to characterise the detailed 
facies architecture and bedform geometry for CLTZ deposits, which enables a better 
understanding of the sediment transport dynamics of the channel–lobe transition 
zone. These data, when combined with other ancient and modern analogues, can be 
used to predict reservoir connectivity and heterogeneity in CLTZ deposits that form 
hydrocarbon reservoirs and potential carbon storage sites.
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1   |   INTRODUCTION

Submarine channel-fan systems are an important element 
in sediment routing systems for transferring terrestrial 
sediment (Hessler & Fildani,  2019; Talling et  al.,  2022), 
organic carbon (Hage et al., 2020; Talling et al., 2024) and 
microplastics (Kane & Clare, 2019) to the deep ocean sink. 
The channel–lobe transition zone (CLTZ) separates chan-
nelised slope systems from unconfined lobate systems 
(Brooks et al., 2018, 2022; Carr & Gardner, 2000; Kenyon 
et al., 1995; Mutti & Normark, 1987; Normark et al., 1979; 
Pemberton et al., 2016; Wynn et al., 2002). The presence or 
absence of a CLTZ has important implications for subsur-
face reservoir–fluid connectivity between sandy channel-
fill and lobe facies (Wynn et al., 2002). Simple models for 
CLTZ deposits (Normark et  al.,  1979) have been shown 
to be much more complex with recent modern-seafloor 
surveys (Carvajal et  al.,  2017; Droz et  al.,  2020; Englert 
et  al.,  2021; Wynn et  al.,  2002), outcrop observations 
(Brooks et al., 2022; Hofstra et al., 2015; Ito, 2008; Mansor 
& Amir Hassan, 2021; Pemberton et al., 2016) and experi-
mental studies (Cantelli et al., 2011; Cantero et al., 2014; 
Wilkin et  al.,  2023) that document CLTZ geomorphol-
ogy, flow dynamics and preserved depositional architec-
ture. The CLTZ is characterised geomorphologically by a 
rapid decrease in longitudinal slope that affects turbidity-
current dynamics and a loss of lateral confinement (Mutti 
& Normark,  1987). Commonly, turbidity currents are 
Froude-supercritical in canyon-channel reaches (Cantelli 
et  al.,  2011; Lang, Sievers, et  al.,  2017; Sequeiros,  2012) 
and react to a decrease in confinement and longitudinal 
gradient at the CLTZ with a series of hydraulic jumps 
that promote erosion and deposition (Pohl et  al.,  2020). 
Both erosional features (including isolated and amalga-
mated scours, cyclic steps and erosional lineations) and 
depositional features (including amalgamated sand bod-
ies, antidunes, sediment waves, sediment mounds/bars at 
scour mouths, scour-and-fill structures and thin, patchy 
sand and gravel accumulations) characterise CLTZ depos-
its (Carvajal et al., 2017; Cornard et al., 2025; Cornard & 
Pickering, 2020; Droz et al., 2020; Hofstra et al., 2018; Lobato 
et al., 2025; Pemberton et al., 2016; Wynn et al., 2002). The 
largest isolated scours occur in the proximal CLTZ, and 
smaller isolated scours and sediment waves tend to occur 
farther basinward (Hofstra et al., 2018; Jobe et al., 2012; 
Lobato et al., 2025; Wynn et al., 2002).

Ancient CLTZ deposits are limited because of the dif-
ficulties in placing an outcrop into its larger-scale deposi-
tional context as well as recognising large-scale scours and 
coarse-grained bedforms in outcrop. Thus, most CLTZ 
deposits described in outcrop are from well-constrained 
systems (e.g. Karoo Basin in South Africa, Tres Pasos 
Formation in Chile) and are typified by paleocurrent 

variability, complex alternation of erosional and depo-
sitional architecture and composite erosional surfaces, 
abundant erosional scours of various scales and localised 
lenses of mudclasts and coarse-grained sediment (Brooks 
et al., 2018, 2022; Cornard et al., 2025; Hofstra et al., 2015, 
2018; Pemberton et al., 2016; Pohl et al., 2022).

This study characterises the facies architecture of 
CLTZ deposits in excellent seacliff exposures of the 
Upper Cretaceous Point Loma Formation in San Diego, 
California. Using three-dimensional (3D) digital out-
crop models, measured sections and paleocurrent mea-
surements, we document a previously undescribed lobe 
complex in the uppermost Point Loma Formation and 
characterise the stratigraphic architecture and bed-scale 
sedimentary structures to reconstruct the formative sed-
iment gravity-flow processes that shape the CLTZ. Data 
from this study can be used to better parameterise reser-
voir models for subsurface CLTZ deposits that form hy-
drocarbon reservoirs, carbon-sequestration and cyclic 
hydrogen-storage sites.

2   |   LOBE-DEPOSIT HIERARCHY

Lobe hierarchy describes the typical compensational 
stacking patterns of submarine lobe deposits and is 
useful for comparing facies and architectural variability 
at multiple scales. Several classification schemes exist for 
lobe deposits (Cullis et al., 2018; Deptuck et al., 2008; Mutti 
& Normark, 1987; Prélat et al., 2009), with the hierarchy 
generally consisting of three or four levels: the event bed, 
the lobe element, the composite ‘lobe’ (which is omitted in 
some classifications) and the lobe complex. The smallest 
unit is the event bed, comprised of the stacked lithological 
units derived from a single sediment-gravity-flow ‘event’ 
(e.g. a turbidity current). Over time, two or more event beds 
stack to form a lobe element; a subsequent lobe element 
is formed when avulsion of an up-dip feeder redirects 
sediment deposition to a new location. In the four-level 
hierarchy, multiple lobe elements form a ‘composite lobe’ 
(Deptuck et  al.,  2008) or ‘lobe’ (Prélat et  al.,  2009), and 
multiple ‘lobes’ form lobe complexes. In the three-level 
hierarchy, the lobe is omitted, and lobe elements stack to 
form lobe complexes (e.g. Pyles et al., 2019). Some studies 
also include a larger hierarchical level that is termed ‘lobe 
complex set’ or ‘lobe system’ or ‘fan’, which is roughly 
equivalent to the largest-scale compensation happening 
on a submarine fan (e.g. Picot et al., 2016).

This study will follow the three-level hierarchy of Pyles 
et al. (2019), where beds stack to form lobe elements, and 
lobe elements stack to form lobe complexes, while recognis-
ing that this scheme does not include the ‘lobe’ level that is 
common in other schemes (e.g. Cullis et al., 2018). We will 
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not speculate as to the largest-scale organisation of the dep-
ositional ‘system’ due to the disparity in the dimensions of 
the study area outcrops in comparison to well-mapped lobe-
deposit dimensions. For example, typical lobe elements have 
lengths and widths in the 1000 s to 10,000 s of metres and 
thicknesses of 1–10 m (Pettinga et al., 2018). Due to the size 
of the study area (ca 2 km wide, but with stratal dips that 
allow only a window of ca 400 m for any single element) and 
the orientation of the outcrop oblique to paleoflow direc-
tion, it is very unlikely that a full element is visible. Lastly, 
Pyles et al. (2019) also use two other hierarchical terms that 
will also be used in this study: (1) ‘mudstone sheets’ that are 
either the lateral or distal equivalent to a lobe complex/lobe 
system or represent a system-wide shutdown of sediment 
supply; similar muddy units are defined as ‘interlobe’ units 
by Prélat et al.  (2009); and (2) ‘mass-transport complexes’ 
(MTCs) that are composed of multiple ‘mass-transport el-
ements’ that likely represent individual mass-transport-
deposits (i.e. individual events, also see discussion in 
Simabrata et al., 2025). While the hierarchical grouping of 
mass-transport deposits is not common, it serves to main-
tain consistent nomenclature for the groupings of strati-
graphic packages.

3   |   GEOLOGICAL BACKGROUND

The Upper Cretaceous Rosario Group that crops out in the 
San Diego coastal area (Figure 1) comprises ca 500 m of stra-
tigraphy, including non-marine conglomerate at the base 
(Lusardi Formation), submarine-lobe deposits (Point Loma 
Formation) and submarine-channel deposits (Cabrillo 
Formation) at the top (Kennedy & Moore, 1971). The Rosario 
Group sediments were deposited in the Peninsular Ranges 
forearc basin and likely sourced from the Peninsular Ranges 
Batholith (Sharman et al., 2015). The northern Peninsular 
Ranges Batholith in southern California is one segment of 
the Cordilleran Arc that developed on the western mar-
gin of North America during the eastward subduction of 
the Farallon oceanic plate (Figure 1C; Jiang & Lee, 2017). 
The Lusardi Formation is interpreted to represent deposits 
from alluvial fans (Kennedy & Moore, 1971), and consists 
of cobble to boulder conglomerate, with interbedded lenses 
of sandstone. The Lusardi Formation has a basal contact 
with batholithic and pre-batholithic rocks (Peterson & 
Nordstorm, 1970) and its upper contact is seemingly con-
formable with the Point Loma Formation. The Point Loma 
Formation is composed of deep-marine sandstones and 

F I G U R E  1   Study area for the Point Loma Formation (modified from Kus et al., 2022). (A) San Diego coastline with Point Loma 
Formation outcrops at La Jolla and Sunset Cliffs. (B) Sunset Cliffs locale with figure locations, and notable streets and landmarks indicated. 
(C) Stratigraphic column for Cretaceous sedimentary rocks near San Diego (stacking patterns are schematised; modified from Nilsen & 
Abbott, 1981).
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mudstones deposited in water depths in excess of 700 m 
(Sliter, 1984) and crops out along the seacliffs on the west 
side of the Point Loma Peninsula and also along La Jolla Bay 
(Figure  1A,B). The Point Loma Formation is interpreted 
to represent submarine lobe deposits (Fryer et  al.,  2021; 
Kus et al., 2022; Nilsen & Abbott, 1981; Pyles et al., 2019). 
The contact between the Point Loma and Cabrillo forma-
tions is gradational and interpreted to represent prograda-
tion of a submarine-fan system (Figure  1C). The Cabrillo 
Formation consists of sandstones and conglomerates 
(Nilsen & Abbott, 1981) that likely represent conglomeratic 
submarine-channel deposits (cf. Hickson & Lowe,  2002; 
Jaikla,  2021; Jobe et  al.,  2010). An angular unconformity 
separates the Point Loma Formation in the study area with 
overlying Pleistocene alluvial sediments mapped regionally 
as the Bay Point Formation and the Linda Vista Formation 
(Kennedy,  1975); in subsequent figures, we refer to these 
deposits as undifferentiated Pleistocene sediments as to not 
infer specificity.

This study focuses on the upper portion of the Point 
Loma Formation, exposed at two localities: along Sunset 
Cliffs on the northern Point Loma Peninsula and just south 
of La Jolla Bay (Figure  1A). A broad syncline at Mission 
Bay separates these two areas, and the exact age correla-
tion between strata exposed on the Point Loma Peninsula 
and strata exposed at La Jolla Bay is unclear. Near La Jolla 
Bay, the Point Loma Formation is transected by the Rose 
Canyon Fault Zone, a Neogene dextral strike-slip fault 
with unknown displacement (Girty,  1987) that juxtaposes 
Cretaceous strata (southwest) and Eocene strata (northeast) 
(Kennedy & Moore, 1971; Peterson & Nordstorm, 1970).

3.1  |  Point Loma Formation

In the La Jolla area, no modern work has been completed 
in the Point Loma Formation since the work of Nilsen and 
Abbott (1981). However, on the Point Loma Peninsula, 
the Point Loma Formation has been well studied in the 
last decade, focusing on the overall stacking patterns and 
lateral heterogeneity (Fleming,  2010; Fryer et  al.,  2021; 
Kus et  al.,  2022; McGlown,  2015; Pyles et  al.,  2019; 
Sapardina,  2023; Stammer,  2014). The lobe deposits 
of the Point Loma Formation include mass-transport 
deposits, debrites, turbidites and occasional hybrid event 
beds (HEBs, sensu Haughton et  al.,  2009) ranging from 
<10 cm up to 5 m in bed thickness (Pyles et  al.,  2019). 
The Point Loma Formation was previously divided into 
three units by Yeo  (1984) (Figure  1C): Unit 1, a lower 
sandstone unit interpreted to represent an inner-shelf-
to-shoreface environment; Unit 2, a middle mudstone 
unit with thin-bedded sandstone interpreted to represent 
distal submarine-fan deposits; and Unit 3, an upper 

interbedded mudstone and thick-bedded sandstone unit 
that is interpreted to represent a medial submarine-fan 
environment. More recent work has focussed on the 
combined Units 2 and 3, with modern nomenclature that 
supersedes these ‘units’: four lobe complexes composed 
of 27 lobe elements and one mass-transport-complex 
composed of four mass-transport elements described 
from seacliff exposures on the Point Loma Peninsula 
(Fleming, 2010; Pyles et al., 2019).

Several other studies have answered more specific ques-
tions about lobe architecture and depositional processes 
in the Point Loma Formation. McGlown (2015) focussed 
on turbidite and HEB depositional processes and lateral 
continuity in Lobe Complex 1, whereas Stammer  (2014) 
studied an axis-to-fringe transect of a lobe element in 
Lobe Complex 2, documenting fringe-ward increases in 
mud content, organic matter and mineralogical fraction-
ation, with less quartz and more K-feldspar, plagioclase 
and biotite towards the fringe. Kus et al. (2022) and Fryer 
et al. (2021) studied the lateral heterogeneity of event beds 
and lobe elements within Lobe Complexes 1 and 3, respec-
tively. These bed-scale studies represent a step forward in 
understanding subenvironments within lobe deposits by 
comparison to a large database collected by Fryer and 
Jobe  (2019). Most recently, Sapardina  (2023) proposed 
that the formation of the Point Loma submarine fan oc-
curred through channel avulsions rather than bifurcations 
into distributary channels.

This study focuses on the Sunset Cliffs locale 
(Figure 1B) on the Point Loma Peninsula that beautifully 
exposes a variety of sediment-gravity-flow deposits in 
Complexes 4 to 6 (Figure 2) that are interpreted here as an 
outcrop analogue for CLTZ deposits. We also document 
similar facies from the La Jolla locale (Figure 1A), and the 
synthesis of these two locales better constrains the facies 
architecture, bedform morphology and erosional-scour di-
mensions of CLTZ deposits in the uppermost Point Loma 
Formation.

4   |   DATA AND METHODOLOGY

Digital outcrop models for the Sunset Cliffs and La Jolla 
locales of the Point Loma Formation were built using 
photographs collected from DJI Phantom 4 Pro and Mavic 
3 Pro drones and processed using Agisoft Metashape to 
construct a textured 3D mesh (Figure 2A). The two out-
crop models are approximately 12 m tall, and 2 km long 
in Sunset Cliffs and 1.6 km long in La Jolla. The strati-
graphic architecture and structural discontinuities were 
interpreted in Virtual Reality Geological Studio (VRGS, 
a software package created by VRGeoscience Limited) 
using principles of allostratigraphy and mappable lateral 
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changes in lithology and facies. Stratigraphic relation-
ships are displayed on orthomosaic photo panels (e.g. 
Figure 2A) derived from digital outcrop models. The out-
crops were logged in the field to record bed thickness, 
grain size (following the methods of Jobe et  al.,  2021), 
sedimentary structures, and paleocurrent directions. The 
outcrop model was also used to extract digital graphic logs 
from inaccessible locations, and these logs were combined 
with information from field-measured logs to build a 74 m 
thick composite log of the Sunset Cliffs locale (Figure 2E). 
The sand content, or ‘net-to-gross’, of a given package 
is the summed sand (net) thickness divided by the total 
(gross) thickness of the interval (e.g. Fryer & Jobe, 2019). 
Paleocurrents were measured from sole marks and ripple 
cross-lamination (Figure 2E), and the modal paleocurrent 
for each lobe complex was aggregated from all measure-
ments within that complex. Lobe element and complex 
nomenclature follows Pyles et al. (2019), where Element 
4-1 is the lowest (i.e. first) element of Lobe Complex 4.

5   |   SEDIMENTARY FACIES

Six facies were identified in Sunset Cliffs and La Jolla based 
on grain size and sedimentary structures (Table 1) that are 

used to infer depositional processes. These facies provide 
evidence of the different types of sediment-gravity-flow 
deposits in the CLTZ, including mass-transport deposits 
(MTDs), high- and low-density turbidites, and hemipelagic 
deposits. Facies F1 is composed of structureless sandstone 
interpreted to be deposited as S3/Ta divisions by high-
density turbidity currents (Bouma,  1962; Lowe,  1982); 
abundant water-escape structures are evidence of very 
rapid deposition (Lowe, 1975). Facies F2 is composed of 
concave lamination that usually shallows in dip upward 
and is bounded by metre-scale truncation surfaces into 
‘sets’; these structures suggest deposition by unstable 
antidunes under a Froude-supercritical flow (Postma & 
Kleverlaan, 2018; Slootman et al., 2021). In some places, F2 
sets contain abundant convolute lamination, evidence of 
rapid sedimentation. Facies F3 and F4 are generally Tbcde 
sandstone–mudstone couplets and represent low-density 
turbidity current deposits (Bouma,  1962; Walker,  1965). 
Facies F3 has >50% sand content compared to F4, which 
has <50%. Facies F5 consists of organic-rich mudstone 
that has common Chondrites and Thalassinoides bur-
rows and occasional interbeds of current-ripple, cross-
laminated sandstone; these low net-to-gross deposits 
are interpreted to represent hemipelagic deposition and 
occasional low-density turbidity currents. F6 generally 

F I G U R E  2   Point Loma channel–lobe transition zone (CLTZ) deposits at Sunset Cliffs. (A) Digital outcrop model overview. Red boxes 
show locations of parts (B, C and D) of this figure, and black boxes and arrows show locations of other figures. (B) Thick amalgamated, 
antidune-rich sandstone of Complex 6. (C) Bedded sandstone with erosional features (interpreted as cyclic steps) of upper Complex 4. (D) 
Thin-bedded mudstones–sandstones of Complex 4 overlying mass-transport deposits of Complex 3. (E) Composite graphic log showing the 
overall stacking and evolution of the Point Loma CLTZ deposits.
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6 of 25  |      SAIFUDIN et al.

consists of contorted mudstone with raft blocks of sand-
stone and mudstone up to 3 m long and is interpreted as 
mass-transport deposits (e.g. Bull et  al.,  2009; Cardona 
et al., 2020; Nardin et al., 1979; Piper et al., 1997).

Facies associations were defined by grouping sev-
eral facies that have been interpreted to be deposited in 
the same depositional setting; accordingly, facies are not 
exclusive to a single facies association. We identify five 

T A B L E  1   Facies descriptions, interpretations and typical photographs. Scale card is 15 cm long in each photo.

Facies name Description Interpretation Photograph

F1: Structureless, amalgamated 
sandstone

Medium to very coarse 
sandstone beds, 18–180 cm 
thick. Normally graded, 
structureless, common 
water-escape features 
(dishes), occasional soft 
sediment deformation and 
mud clast conglomerate

Deposited by high-density 
turbidity currents and represent 
the S3/Ta division (Lowe, 1982). 
Extensive fluidisation likely 
caused by rapid suspension 
sedimentation (Lowe, 1975)

F2: Cross-stratified sandstone with 
soft-sediment deformation

Medium-grained to pebbly 
sandstone beds up to 3 m 
thick with abundant, low-
angle lamination organised 
into sets bounded by 
truncation surfaces; some 
sets contain abundant 
soft-sediment deformation, 
mostly convolute 
lamination

Cross-stratified sets are likely 
antidune deposits from high-
density, Froude-supercritical 
turbidity currents (Cartigny 
et al., 2014). Organised sets are 
likely aggradational antidunes, 
while the soft-sediment 
deformation was likely caused 
by migration of unstable, 
transient antidunes (Ono & 
Plink-Björklund, 2018)

F3: Thin-bedded 
sandstone-mudstone

Interbedded sandstone 
(20–60 cm) beds and 
thin siltstone (5–15 cm). 
Sandstones show 
occasional graded bedding, 
parallel and ripple 
lamination and rarely 
sheared textures and mud 
clasts. Siltstones commonly 
bioturbated by Chondrites

Deposited by low-density 
turbidity currents and represent 
Tbcde divisions described by 
Bouma (1962) and interpreted by 
Walker (1965). Rarely, sand beds 
with sheared textures and mud 
clasts represent hybrid event beds 
(sensu Haughton et al., 2009)

F4: Thin-bedded 
mudstone-sandstone

Organic-rich siltstones 
with occasional thin 
(1–5 cm) sandstone beds 
that are parallel and ripple 
laminated

Deposited by low-density 
turbidity currents and represent 
Tbcde divisions described by 
Bouma (1962) and interpreted by 
Walker (1965)

F5: Organic-matter-rich mudstone

Organic-matter-rich 
mudstone with occasional 
thin (3-5 cm) sand beds 
that are parallel and ripple 
laminated

Deposited in low-energy 
environment by hemipelagic 
deposition (Stow et al., 2001) 
and by occasional low-density 
turbidity currents (similar to F4)

F6: Contorted mudstone

Heterogeneous mixture 
of sand, silt, and clay with 
chaotic laminations and 
clasts of both sandstone 
and mudstone up to 
3 m long. Occasional 
bivalve and carbonaceous 
fragments

Deposited by a subaqeous mass 
failure as a mass-transport 
deposit (Bull et al., 2009). Bivalve 
and carbonaceous fragments 
suggest a shallow-marine source 
for the mass-transport deposit, 
but no detailed biostratigraphic 
analysis to confirm/deny this 
interpretation
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      |  7 of 25SAIFUDIN et al.

facies associations: mudstone (FA1), MTD (FA2), mud-
rich heterolithic (FA3), sand-rich heterolithic (FA4) and 
amalgamated sandstone (FA5; Table 2). These facies asso-
ciations are interpreted to represent different areas along 
the depositional profile (i.e. proximal to distal) and/or dif-
ferent positions within a lobe complex (i.e. axis to fringe), 
but lateral relationships between facies associations are 
generally not exposed in the study area. Rather, the verti-
cal stacking defines changes in facies association and thus 
depositional environment.

6   |   RESULTS: FACIES 
ARCHITECTURE

This study describes turbidites and MTDs at the Sunset 
Cliffs locale that were deposited in proximal (i.e. CLTZ) 
and distal lobe environments. These deposits are 
grouped hierarchically into mudstone-sheet, MTD, lobe, 
and channel architectural elements that stack to form 
Complexes 3, 4, 5, and 6. Complexes 1and 2 are located 
outside of the study area (Pyles et  al.,  2019). At Sunset 
Cliffs, Complex 3 consists of MTDs that stack to form an 
MTC. Complex 4 is interpreted as distal- to proximal-lobe 
deposits, and Complex 6 as proximal-lobe and channel 
deposits (i.e., channel-lobe transition zone). Complex 5 
comprises a mudstone sheet of approximately 7 m thick 

that separates Complexes 4 and 6 (Figure 2A). Complexes 
1–4 were previously described by Pyles et al.  (2019), but 
Complexes 5 and 6 are newly documented in this study.

6.1  |  Mass-transport Complex 3

The base of the measured interval is a ca 5 m thick MTC 
exposed at the Ladera Street staircase (MTC of Complex 
4 of Pyles et al., 2019) that is extremely laterally variable 
in thickness and facies distribution (Figure 3). It consists 
of FA2 with highly contorted organic-rich mudstone 
(Figure  3C,D) with occasional sandstone lenses, 1–2 m 
mudstone raft blocks and areas of mud-clast conglomer-
ate (Figure 3A,B). The MTC is composed of at least two 
mass-transport elements (sensu Pyles et al., 2019) that we 
interpret as individual mass-failure events (Figure 3C): a 
lower muddy, clast-rich unit with large (up to 2 m × 5 m) 
raft blocks and an upper sand-rich laterally variable unit 
that abruptly transitions northward from a tabular sand-
stone (Figure  3B,C) into mud-clast rich zones and con-
torted mudstone (Figure 3A,C). Even though this upper 
unit occasionally seems to be composed of undeformed 
turbidites (i.e. healing-phase deposits, Wood et al., 2015), 
these deposits are laterally variable and in some places 
contorted; thus, we interpret the entire package as the 
deposits of multiple mass-transport events (e.g. Bull 

T A B L E  2   Facies associations and their depositional environment interpretations.

Facies Association Facies
Sand content 
(net-to-gross) Description

Interpreted 
depositional 
environment

FA1 Mudstone F5, minor F4 <0.2 Mudstone, often organic-rich 
and bioturbated, with rare ripple-
laminated sandstones less than 15 cm 
thick

Basin floor, distal 
lobe fringe or time 
period with no sand 
supply

FA2 MTD (Mass transport 
deposit)

F6, F5, F4, F3 Variable Contorted, organic-rich mudstones 
with sandstone lenses and large (up 
to 3 m long) raft blocks. Extreme 
lateral variability in style and sand 
content

Distal lobe fringe, 
but likely sourced 
from further upslope 
in a bivalve-bearing 
shallow-marine 
environment

FA3 Mud-rich hetherolithic F4, F5, F3 0.2–0.5 Mudstone with sandstone interbeds, 
sand content 15%–50%. Frequent 
pinch and swell in sandstones, and 
laterally transitions into FA4

Lobe fringe to off-axis

FA4 Sand-rich hetherolithic F1, F2, F3, minor 
F4

0.5–0.8 Sandstones interbedded with thin 
mudstones generally continuous and 
tabular but can transition laterally 
into FA3

Lobe axis to off-axis

FA5 Amalgamated 
sandstone

F1, F2, minor F3 0.8–1.0 Sandstones with erosional, 
amalgamated bed contacts and 
common antidune deposits

Lobe axis or 
distributary channel
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8 of 25  |      SAIFUDIN et al.

et al., 2009) that have extreme spatial variability. The pres-
ence of shallow-water bivalve (oyster) shell fragments and 
abundant organic matter in this MTC suggests deposition 
from a shallow-marine source area. However, to the south 
of the staircase, the MTC can be traced into apparently un-
deformed FA3, suggesting that mass wasting deformed an 
existing distal-fringe or lateral-fringe lobe deposit, similar 
to observations from distal lobe deposits on the modern 
Congo Fan (Croguennec et al., 2017). Detailed biostrati-
graphic analysis of the MTC and surrounding units may 
shed light on these contradictory observations but is out 
of scope for this study.

6.2  |  Lobe Complex 4

Lobe Complex 4 was deposited on top of the MTC of 
Complex 3 (Figure 4), with eight lobe elements that show 
progressively increasing net-to-gross (i.e. sand content) 
through time. This is particularly apparent in the lower-
most four elements (Figure  4), where the sand content 
increases progressively from Element 4-1 to Element 
4-4. Paleocurrent measurements are 315°–360°, similar 
to measurements of the same interval by Fleming (2010) 
and Pyles et al. (2019). The basal three elements (4-1, 4-2, 

4-3) are each 2–2.5 m thick and composed of mud-rich 
FA3 (Figure 4A). Laterally, these three elements become 
progressively sandier (i.e. transition into FA4) over a 70 m 
distance northward (Figure 4B). Individual beds have vis-
ible pinch-and-swell geometries, comparable to beds doc-
umented by Kus et al. (2022).

Element 4–4 is recognisable as a package of FA4 with 
three distinct tabular sandstone beds of similar thickness 
that are traceable for more than 100 m north of the stair-
case (Figure 4A). A 20 cm thick mudstone separates these 
bedded sandstones from 5 m of amalgamated sandstone 
(FA5) that forms Element 4–5 (Figure 4C). Scour-and-fills 
with up to 1 m relief (Figure 4C) and soft-sediment defor-
mation (Figure 4D) are present within the FA4 deposits of 
Element 4-5. There are no significant thickness and facies 
changes in this element.

Element 4-6 is well exposed near the Luscomb's Point 
‘cage’ (Figures 2 and 5A), with high net-to-gross lenticu-
lar geometries (FA4 and FA5) bounded by erosional sur-
faces (Figure  5B,C) lined with mud clast conglomerate 
(Figure  5D,E). Paleoflow indicators in Element 4-6 are 
oriented northwest (Figure  5C), making this exposure 
an approximate dip panel. Element 4-7 is exposed just 
around the corner to the north in an approximate strike 
panel (Figure  6) and consists of metre-thick sandstone 

F I G U R E  3   Mass-transport complex (MTC) of Complex 3 in Sunset Cliffs (see Figure 2A,D for location). (A) MTC lateral variability from 
sandy to mudclast-rich to contorted mudstone. (B) Basal clast-rich zone with large raft blocks overlain by bedded interval that is laterally 
variable. (C) Basal clast-rich zone and contorted sand-rich upper zone. (D) Contorted mudstone with sand and mud clasts, a few of which 
are highlighted.
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      |  9 of 25SAIFUDIN et al.

beds that are amalgamated (FA5), several with prevalent 
soft-sediment deformation (Figure 6B) and water-escape 
features  (Figure  6C). In particular, Figure  6C shows a 
well-exposed bed that has the classical upward progres-
sion of flat dishes to curved dishes to pillars (e.g. Fig. 18E 
of Lowe, 1976). Element 4-8 is the uppermost element 
of Complex 4 and marks a transition to muddier facies 
(Figure 6A).

6.3  |  Complex 5 mudstone sheet

A mudstone (FA1) interval ca 7 m thick overlies Complex 4 
and is exposed across the 170-m wide beach of ‘Smuggler's 
Cove’ (Figure  2A). This thickness is approximated as 
several normal faults cut through the observed cliffs and 
the thin-bedded nature of the unit makes across-fault 
correlation difficult. The lower contact is gradational, as 
Elements 4-7 and 4-8 become progressively muddier up-
ward (Figure 6A), but the upper boundary is sharp, with 
amalgamated FA4 deposits of Lobe Complex 6 directly 
overlying the mudstone (Figure 7A). Most of the interval 
is structureless mud that is locally bioturbated, with inter-
bedded thin (2–5 cm) sandstone beds that are parallel- to 
current-ripple-cross-laminated (Figure  7B). These sand-
stone beds become more frequent and thicker on-average 
to the north, but we did not quantify this relationship. 

Hybrid event beds are rare in Complex 5. Paleocurrents 
measured from current ripples in Complex 5 are directed 
northeast (Figure 7A), which differs somewhat from pale-
ocurrents in Complexes 4 and 6 that are directed north-
west (Figure 2E).

6.4  |  Lobe Complex 6

Lobe elements in Complex 6 are comprised of alternating 
amalgamated sandstone (FA5) and heterolithics (FA4/
FA3) and are generally more sand-rich than in Complex 
4 (Figures  7A and 8). Paleocurrent measurements in 
Complex 6 show 225–360° with modal paleocurrent of 
315° (Figure 8A). From base to top of the complex, there is 
an increase in the thickness of FA5 (Figure 2E). Element 
6-1 sharply overlies the muddy FA1 of Complex 5 and 
consists of three tabular beds comprising a package of 
FA4 (Figure 7A). Element 6-2 consists of 9 m of amalga-
mated sandstone (FA5, Figure 7A) that is dominated by 
scour-and-fill features and bedforms interpreted here as 
antidunes (Figure  8A). Element 6-3 is ca 2 m thick and 
consists of mud-rich FA3, with sandstone beds that do 
not consistently thicken or thin upward (Figure  8A; cf. 
Prélat & Hodgson,  2013). This abrupt change in facies 
could be interpreted as a lobe complex boundary; we ac-
knowledge that this is a fairly subjective decision, but we 

F I G U R E  4   Complex 4 lobe deposits. (A) Photo and (B) line drawing of the vertical and northward increase in net-to-gross from FA3 to 
FA4 in the basal Elements 4-1 to 4-4. Elements 4-4 and 4-5 are composed of FA4 and transition northward into FA5. (C) Scour-and-fill and 
(D) soft-sediment deformation are common in Element 4–5, indicating rapid, sand-rich deposition.
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10 of 25  |      SAIFUDIN et al.

chose to keep all these elements in one complex because 
the amalgamated facies below (Element 6-2) and above 
(Element 6-4) are quite similar. Element 6-4 has a basal 
amalgamated zone with mud clasts (Figure  8A) and an 
upper tabular sandstone, with no apparent facies change 
northward.

Element 6-5 erodes into the top of Element 6-4 and 
is composed of FA4 and FA5 with metre-scale soft-
sediment deformation features (Figure  8B inset). A 
mud-rich heterolithic interval ca 50 cm thick is eroded to 

the north (Figure 8B) and zones of mud clasts are com-
mon. The base of Element 6-6 is also erosional, with ca 
1 m of relief (Figure 8B). Throughgoing scour surfaces 
in FA5 are common in this element, some surfaces are 
lined with large sand and mud rip-up clasts (Figure 8C). 
Element 6-7 is composed of FA5 and has well-exposed 
bedforms interpreted here as unstable antidune deposits 
(Figure 9). The final element that we describe is Element 
6–8, which is exposed near the ‘yoga terrace’ (Figures 1 
and 2). This element is composed of FA4 with abundant 

F I G U R E  5   Lobe Complex 4, upper elements. Uninterpreted (A), interpreted (B), and line drawing (C) of Element 4-6 (1.5× vertical 
exaggeration; see location in Figure 2A). Many erosional surfaces are lined with mud-clast conglomerate, suggesting bypass along these 
surfaces. Note the paleocurrent indicators in part C suggesting this is a pure dip view (flow right to left). (D) and (E) show detailed photos of 
the mud-clast conglomerate near the ‘cage’.
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      |  11 of 25SAIFUDIN et al.

soft-sediment deformation, from convolute lamination 
common at bed tops to meter-scale folds (Figure  9A). 
The top of Element 6-8 is poorly exposed in a small cove 
adjacent to the farthest-north parking lot along Sunset 
Cliffs, and the overlying strata are also poorly exposed 
and inaccessible. Farther north, there is a seawall and 
riprap that prevents further exposure of the Point Loma 
Formation.

6.5  |  Quantification of scour dimensions

Scours commonly form in transitional zones where 
slope channels transition to base-of-slope proximal lobes 
(Carvajal et  al.,  2017; Kane et  al.,  2009; Normandeau 
et  al.,  2025). This setting has been inferred to promote 
erosion of the bed and induce hydraulic jumps as flows 
become unconfined (Kane et  al.,  2009; Komar,  1971; 
Macdonald et  al.,  2011). Scour fields and scour-and-fill 
structures have been observed in channel–lobe transition 
zones (Normandeau et al., 2025; Pemberton et al., 2016; 
Symons et  al.,  2016) and have been reported at abrupt 
breaks in slope (Wynn et al., 2002). Generally, autogenic 
scours are thought of as occurring during aggradation of 
a bed due to flow turbulence, and allogenic scours are 
longer-lived features that represent the bypass of turbidity 
currents (Kane et al., 2009).

Erosional surfaces (i.e. scours) are common in the 
study area (e.g. Figures  5 and 10) and were mapped in 
VRGS (software described in the methods section) for the 
total vertical relief (i.e. depth) and total horizontal dimen-
sion (i.e. apparent width). The scours in Complexes 4 and 
6 generally have dimensions of <1 m relief and 1–100 m 
width (Figure 10C) and are here interpreted as autogenic 
scours (e.g. Jobe et al., 2012; Kane et al., 2009) because they 
generally lack the substantial mudstone drapes associated 
with allogenic scours (e.g. Elliott,  2000). The scour-and-
fill deposits in Sunset Cliffs (e.g. Figure 10B) may be the 
depositional product of a series of cyclic steps (cf. Englert 
et al., 2021; Ono & Plink-Björklund, 2018), but mapping 
these deposits in 3D is not possible due to outcrop con-
straints. Element 4-6 typifies the scour geometries and 
surrounding facies architecture (Figure 10). Scours in the 
study area closely match the scaling relationships defined 
by Kane et al. (2009) of approximately 10:1 width: depth 
ratio (Figure 10C). Because the measurements are taken 
along the outcrop in oblique orientations to the paleoflow, 
this width:depth ratio might be somewhat over- or under-
estimated in some cases, but the similarity with the data 
of Kane et al. (2009) suggests the scour dimensions from 
the Point Loma Formation are representative. The depth 
of scouring in the study area suggests a lower-gradient, 
channel-lobe-transition-zone setting (e.g. Carvajal 
et  al.,  2017), but the lack of other exposure precludes 

F I G U R E  6   Upper elements of Lobe Complex 4. (A) Strike-oriented panel showing the progressive upward decrease in sand content 
from FA4 to FA3 in Element 4–8 and into FA1 of Complex 5. (B) and (C) show the pervasive soft-sediment deformation and water-escape 
structures (a subset of which is highlighted in white) in the high net-to-gross FA5 deposits of Element 4-7 (see locations in part A).
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observations of larger scours that are commonly mapped 
on the seafloor (e.g. Normark et al., 1979) and in better-
exposed outcrop areas (e.g. Hofstra et al., 2015).

6.6  |  Supercritical-flow sedimentary 
structures at Sunset Cliffs

The interpretation of sedimentary structures in terms 
of formative flow conditions is often speculative when 
supercritical flow is inferred because of the spatiotemporal 
complexity of erosion and deposition in such flows. 
However, flume experiments have provided insights into 
the relationships between flow regime and the erosional 
and depositional character of laminations that may be 
preserved (Kennedy, 1963; Simons & Richardson, 1961). 
Experimental antidunes typically form in trains marked 
by the occasional breaking of in-phase waves generating 
scour-and-fill structures in both fluvial flows (e.g. 
Alexander et al., 2001; Cartigny et al., 2014) and density 

currents (Fedele et al., 2016; Hand, 1974; Lang, Brandes, & 
Winsemann, 2017). Higher aggradation rates, for example, 
as a result of rapid loss of flow capacity at the break in 
slope (Tinterri,  2025), lead to increased preservation of 
convex lamination (Cartigny et al., 2014; Lang, Brandes, 
& Winsemann, 2017; Lang, Sievers, et al., 2017; Slootman 
et  al.,  2021). Discrimination of antidune deposits from 
sedimentary structures formed by other supercritical-flow 
bedforms, in particular cyclic steps that are formed by 
trains of hydraulic jumps, is often problematic (Hughes 
Clarke,  2016; Ono & Plink-Björklund,  2018; Postma 
et al., 2009; Slootman & Cartigny, 2020).

Amalgamated sandstone packages in the Sunset Cliffs 
area are commonly 2–5 m thick, relatively tabular and are 
bounded by laterally persistent, thin (<10 cm) mudstones 
(e.g. Figure  9C); Element 6-2 typifies this depositional 
style (Figure  11A). Within these sandstone packages, 
organised, low-angle lamination is common with dom-
inant orientations down-paleoflow (i.e. foresets) and 
up-paleoflow (i.e. backsets). Both concave and convex lam-
ination are preserved, indicating high aggradation rates 
(Figures  11A,B and 12D; also see Cartigny et  al.,  2014; 
Fielding, 2006; Lang, Brandes, & Winsemann, 2017). The 
concave laminae taper in thickness to form crests with 
wavelengths up to several meters (Figures  9C and 11A; 
also see Slootman et al., 2021). Internal truncations with 
<1 m of relief separate and define sets that are lenticular 
(Figure 9). Set boundaries are, in some places, defined by a 
10–50 cm thick package of convolute-laminated sandstone 
(Figures 11A and 12D; cf. Postma et al., 2009). Grain size 
within sets is generally well-sorted (e.g. faint lamination 
in upper set of Figure 11A), but sharp grain-size changes 
occasionally occur at set boundaries (Figure 11B,C), and 
particularly when convoluted-lamination is present (e.g. 
Figure 12D; cf. Postma et al., 2009). These low-angle lami-
nations are commonly truncated at the top of the package, 
forming a sharp, planar upper boundary (Figures 9C and 
11B). Some units have more organised sets with predict-
able lamination orientations (Figures  9 and 11A) while 
others are more chaotic, with set boundaries defined by 
sharp, angular scour surfaces (Figure 11B) and less con-
tinuous lamination style (Figure 11C).

We interpret these tabular sandstone packages as sin-
gle event beds containing the depositional products of 
aggrading and migrating antidunes (e.g. Lang, Brandes, 
& Winsemann, 2017; Lang, Sievers, et al., 2017; Ono & 
Plink-Björklund,  2018; Postma et  al.,  2021). The bed 
shown in Figure 9C typifies this style, with at least eight 
sets that represent the spatial and temporal migration 
of antidunes during deposition. The continuous, wavy 
laminations within a set (Figure  11A) indicate deposi-
tion by antidunes with strongly aggradational crests, 
while more chaotic units may be (1) lower-aggradation 

F I G U R E  7   Complex 5 mudstone ‘sheet’. (A) Digital outcrop 
model showing the upper part of this low (15%) net-to-gross 
package that is composed predominantly of mudstone (FA1). 
Note the sharp upper contact with Complex 6, likely representing 
an abrupt compensational shift in deposition. (B) Detailed photo 
showing thin interbedded sandstones that are current-ripple, cross-
laminated (Tc turbidite divisions, bed bases shown with white 
arrows) and locally convoluted. Bioturbation shown with black 
arrows (Th = Thalassinoides; Ch = Chondrites). Bic 4-colour pen for 
scale.
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rate antidunes, or (2) unstable antidunes associated 
with wave breaking and transient hydraulic jumps. The 
transient, unstable nature of these bedforms is cor-
roborated by the presence of convoluted laminations 
that commonly occur along erosional set boundar-
ies (Figures  11A and 12C); this is also observed in ex-
periments of breaking-wave (i.e. unstable) antidunes 
(Alexander et al., 2001; Cartigny et al., 2014). We do not 
observe well-organised backsets with parallel set bound-
aries that indicate deposition by a more organised mi-
grating train of cyclic steps (e.g. Yokokawa et al., 2009; 
see also Slootman & Cartigny, 2020).

The aforementioned antidune deposits are most preva-
lent in Complex 6. In Complex 4, antidunes are less com-
mon in tabular sandstone packages. However, Element 
4-6 contains several exposures of nested scour-and-fill 

features at a larger scale (Figures  5 and 10B) that likely 
represent cyclic-step deposits that are larger and less 
aggradational than antidunes (Englert et al., 2021; Ono & 
Plink-Björklund, 2018). The scour surfaces are also com-
monly draped with thin mudstones (Figure  10B), sug-
gesting more intermittent flow (cf. Postma et al., 2021) as 
compared to the amalgamated deposits of Complex 6 (e.g. 
Figure 9C).

6.7  |  La Jolla locale

Outcrops of the Point Loma Formation at La Jolla 
(Figure  1) have quite similar facies to those found 
in Sunset Cliffs. At the ‘Wipeout Beach’ locale, a par-
ticularly well-exposed, 19 m thick, continuous section 

F I G U R E  8   Lobe complex 6 (see location on Figure 2). (A) Antidunes and scour-and-fill structures in Element 6-2 are overlain by mud-
rich Element 6-3 and sand-rich and amalgamated deposits in Element 6-4. (B) Elements 6-5 and 6-6 are composed of FA4 and FA5 and 
are >90% net-to-gross. (C) Localised soft-sediment deformation in Element 6-5 and (D) zones of rip-up clasts in Element 6-6 both suggest 
bypass, rapid sedimentation and the presence of a nearby (perhaps local) slope.
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(Figure  12) contains supercritical-flow structures in 
amalgamated sandstone deposits (FA5) interbedded 
with mud-dominated heterolithics (FA3) that are quite 
analagous to the deposits of Complex 6 at Sunset Cliffs. 
Six elements are interpreted at Wipeout Beach (here 
named elements LJ1–LJ6 to avoid confusion with the el-
ements in Sunset Cliffs), with amalgamated sandstones 
2–4.5 m thick (Figure  12B). Bedding-plane exposures 
of current ripples at Wipeout Beach and in outcrops ca 
500 m to the south provide paleocurrent measurements 
(n = 18) that trend southeast (Figure 12), opposite that 
of Complexes 4, 5 and 6 in Sunset Cliffs. The upper-
most element at Wipeout Beach is well-exposed along 

a wave-cut platform that allows a quasi-3D view of the 
supercritical-flow deposits (Figure  12B,C). This dip-
oriented exposure displays bedform wavelengths on the 
order of 5 m and contains more preserved foresets than 
backsets, given the southward paleoflow (Figure 12C). 
It is difficult to trace some bed boundaries, demarcated 
by extensive soft-sediment deformation, for more than 
approximately 25 m (red lines in Figure 12C), suggesting 
very rapid sedimentation. Locally, soft-sediment defor-
mation includes large flame structures, which are typi-
cal for deposition under hydraulic jumps in cyclic steps 
(e.g. Postma et al., 2009). Some thicker sets with steeper 
cross bedding associated with large flame structures are 

F I G U R E  9   (A) Northernmost exposures of Complex 6, where Elements 6-7 and 6-8 are exposed. Uninterpreted (B) and interpreted 
(C) cliff-face of Element 6-7, oblique to part A. This interval has at least eight surface-bounded (numbered) sandstone sets interpreted 
as aggradational, unstable antidune deposits (paleoflow out of the page). SSD indicates soft-sediment deformation. Note the diagenetic 
concretions are shaded black in part C.
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hence interpreted as cyclic-step deposits (Figure  12D), 
whereas thinner sets with more gentle lamination rep-
resent deposition by unstable antidunes (cf. Figure 11A) 
(Ono & Plink-Björklund,  2018; Postma et  al.,  2009; 
Slootman & Cartigny, 2020).

The lack of exposure created by the syncline that forms 
Mission Bay (Figure 1), insufficcient pre-Cretaceous ba-
thymetry information, and the absence of high-precision 
geochronology prevent any detailed complex-scale or 
element-scale correlation between Sunset Cliffs and the 
Wipeout Beach locale at La Jolla that are ca 12 km apart. 
Future work should focus on better characterisation of 
the La Jolla exposures, a more precise correlation between 
the two areas, and an updated paleogeographic recon-
struction to better constrain the divergence in paleoflow.

7   |   DISCUSSION

7.1  |  Depositional processes and bedform 
dynamics in the CLTZ

Outcrop studies (Brooks et  al.,  2018, 2022; Englert 
et al., 2021; Hofstra et al., 2015, 2018; Ito, 2008; Mansor 
& Amir Hassan,  2021; Pemberton et  al.,  2016; Postma 
et  al.,  2021) have helped develop recognition criteria 

for CLTZs, a site of rapid flow expansion (Macdonald 
et al., 2011; Pohl et al., 2020) due to a decrease in con-
finement or a gradient change at the base of the slope 
(Mutti & Normark,  1987). Erosional scours are com-
monly developed in this zone due to the formation of 
hydraulic jumps (Ito,  2008; Macdonald et  al.,  2011; 
Postma et  al.,  2021; Wynn et  al.,  2002). This study re-
affirms the presence of hydraulic jumps and associ-
ated supercritical-flow sedimentary structures (e.g. 
interpreted antidunes) in CLTZ deposits (Lobato 
et  al.,  2025; Ono & Plink-Björklund,  2018; Postma 
et  al.,  2009, 2021; Postma & Cartigny,  2014; Postma & 
Kleverlaan,  2018; Sapardina,  2023). These deposits are 
typified by low-amplitude, concave and convex lami-
nation, scour-and-fill structures and backset bedding 
(Ono & Plink-Björklund,  2018; Slootman et  al.,  2019). 
Erosional surfaces define ‘sets’ that are trough-shaped 
with crescentic or oval planform geometries, and with 
lenticular, sigmoidal/wedge-shaped or tabular in cross-
sections (Englert et  al.,  2021; Hage et  al.,  2018). The 
sets are the record of upslope bedform movement, al-
though the whole bedform amplitude might be difficult 
to determine in partially eroded sedimentary structures 
(Figure 11; Slootman & Cartigny, 2020). Subsequent sets 
are commonly offset upslope forming low-angle backset 
stacking patterns (Englert et  al.,  2021), comparable to 

F I G U R E  1 0   Scours in channel–lobe transition zone (CLTZ) deposits of the Point Loma Formation. (A) Strike view of scour surfaces 
in Complex 4. The base of Element 4-7 has approximately 2 m relief, with a composite surface that suggests prolonged bypass during its 
development. (B) Dip view of the same interval, showing nested scour-and-fill features in Element 4–6 and the relief on the base of Element 
4–7. (C) Scour dimensions from Complexes 4 and 6 compared to the megaflute dataset of Kane et al. (2009), indicating very similar scaling 
relationships among the three datasets.
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F I G U R E  1 1   Aggradational, migrating and unstable antidunes in FA5. (A) Aggradational antidune deposits in Element 6-2; note 
the package (i.e. set) of convolute bedding, suggesting unstable or breaking behaviour. See location in Figure 1, adjacent to deposits 
shown in Figure 8A. (B) and (C) show the grain-size variability between antidune sets in Element 6-7, also commonly seen in modern 
and experimental datasets. (D) Partial 3D view of antidune deposits in Element 6-7, suggesting that these bedforms had complex 3D 
morphologies. See location of parts B, C, and D in Figure 1, adjacent to deposits shown in Figure 9A.
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the geometries seen in Figure 11A. The antidune struc-
tures in the Point Loma Formation are generally smaller 
than the stratigraphic products of time-lapse bathym-
etric surveys of the modern seafloor, suggesting either 
smaller formative bedforms due to differences in slope 
gradient or flow thickness (Slootman & Cartigny, 2020) 
or a bias of comparing outcrop and bathymetry datasets 
(Englert et  al.,  2021). However, the organised scour-
and-fill deposits of Element 4-6 (Figure 10) are similar 
in scale to the cyclic-step deposits from the Squamish 
and Monterey systems shown by Englert et  al.  (2021), 
although a quantitative comparison has not been made.

7.2  |  Paleogeographic reconstruction  
and stratigraphic evolution

The Point Loma Formation has been interpreted as 
a submarine fan comprised of four lobe complexes 

(Fleming, 2010; Pyles et al., 2019). This study documents 
two additional complexes in the northern Sunset Cliffs 
area, specifically the muddy Complex 5 and the sand-rich 
Complex 6 with abundant antidune deposits. Therefore, 
we propose an update to the paleogeographic reconstruc-
tion of the Point Loma Formation to include all of the six 
complexes (Figure  13). We will only discuss the deposi-
tion of Complexes 4, 5, and 6 in this section and refer the 
reader to Pyles et al. (2019) for the evolution of Complexes 
1, 2, and 3.

In tectonically active basin margins, the slope may be 
consistently above-grade and unstable, allowing mud-rich 
substrate to be both entrained as mud clasts and remobilised 
as MTCs (e.g. Brooks et al., 2022). The 2 m thick MTC that 
forms the upper part of this study's Complex 3 (see Table 3 
for nomenclature clarification with Pyles et al., 2019) tran-
sitions laterally from deformed sand-rich facies into seem-
ingly non-deformed mud-rich heterolithic facies (Figure 4), 
suggesting that this MTC may not have been an extensive 

F I G U R E  1 2   CLTZ elements at La Jolla area. (A) Orthomosaic overview of the 500-m wide Wipeout Beach section where six elements 
are delineated: LJ1–LJ6. Uninterpreted (B) and interpreted (C) orthomosaic photo panels of scour-and-fill deposits of Element LJ6 
interpreted as supercritical-flow deposits. (D) Meter-thick sandstone package in Element LJ2 with well-expressed lamination likely formed 
by cyclic steps overlain by antidune deposits. The loaded base and top suggests rapid deposition. White arrows mark event bed boundaries. 
(E) Mud-rich heterolithic deposits of Element LJ5, with interbedded turbidites and hybrid event beds and plentiful bioturbation. (F) Graphic 
log of the elements exposed in part A, with paleocurrent data from Element LJ6 and exposures 500 m to the south of Wipeout Beach.
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basin-wide deposit, but rather a lateral (or distal) facies 
transition at a lobe-fringe position. These facies changes 
have also been documented in modern-seafloor depos-
its in channel-lobe transition zones and in lobe environ-
ments (Carvajal et al., 2017; Dennielou et al., 2017; Talling 
et al., 2010; Twichell et al., 1992). However, the presence of 
oysters in the MTC does suggest a shallow-marine source 
area, suggesting potentially a more proximal slope position. 
Thus, predicting the exact environment of deposition for 
this MTC is quite difficult, and would require focused study 
and biostratigraphic analysis.

On top of the MTC of Complex 3, the lower four ele-
ments of Lobe Complex 4 are fairly tabular and compar-
atively muddier than the overlying elements, suggesting 
an off-axis or fringe position in an idealised lobe complex 
(Figure  13; Deptuck et  al.,  2008; Nilsen & Abbott,  1981; 

Prélat et  al.,  2009; Pyles et  al.,  2019). The lack of hybrid 
event beds in these elements suggests a lateral rather than 
distal fringe location (Spychala et  al.,  2017). The progres-
sive vertical and northward increase in sand content in 
Elements 4-1 to 4-4 (Figure 4) suggests a lateral compen-
sation toward the axis of the lobe complex through time. 
However, the outcrop orientation is oblique to the Complex 
4 paleoflow direction, so there may be a component of for-
ward progradation as well (e.g. Prélat & Hodgson,  2013). 
Extensive soft-sediment deformation in Element 4-5 
(Figure 4) is comparable to distal-lobe deposits of the Congo 
Fan (Dennielou et al., 2017) and suggest a local slope nearby 
and/or persistent shear from overlying flows that disrupts 
underlying stratigraphy (cf. Van Der Merwe et al., 2009). The 
erosional surfaces, scour-and-fill, and amalgamated sand-
stone facies in Element 4-6 indicate balanced erosion and 

F I G U R E  1 3   Paleogeographic reconstruction of the Point Loma Formation lobe complexes (modified after Pyles et al., 2019). This study 
adds the estimated locations of Complexes 5 and 6. While the location of Complex 6 is confident, the dashed line for Complex 5 indicates 
uncertainty for the environment of this mud-rich complex.
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deposition patterns typical in the development of the CLTZ, 
and similar to ‘pre-channel proximal-lobe deposits’ defined 
by Pickering et al. (2015). Element 4-7 is the most amalgam-
ated element in Complex 4 (Figure 6) and likely records the 

most axial position (Figure 13) before a shift to off-axis de-
posits of Element 4-8, and finally, a cessation of sand-rich 
sedimentation recorded by Complex 5. In the upper part 
of Complex 4, the progressive shift to more erosional and 

T A B L E  3   Stratigraphic comparison of this study to previous study by Pyles et al. (2019).
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Complex 4 Element 8 (C4_8) Interbedded sandstone-
mudstone (FA4–FA3)

Element 8 Complex 4

Element 7 (C4_7) Amalgamated sandstone (FA5) Element 7

Element 6 (C4_6) Amalgamated sandstone with 
scour-fill architecture (FA4 and 
FA5)

Element 6

Element 5 (C4_5)

Element 4 (C4_4)

Element 3 (C4_3)

Element 2 (C4_2) Amalgamated sandstone (FA5) Element 5

Element 1 (C4_1) Medium-thick tabular 
sandstone (FA4)

Element 4

Complex 3 Element 8 (C3_8) Thin-bedded mudstone-
sandstone (FA3)

Element 3

Element 7 (C3_7) Thin-bedded mudstone-
sandstone (FA3)

Element 2

Element 6 (C3_6) Thin-bedded mudstone-
sandstone (FA3)

Element 1

Element 5 (C3_5) Exposed at Cabrillo National 
Monument (Fryer et al., 2021; 
Pyles et al., 2019)

Not present at 
Sunset Cliffs

Not present at 
Sunset CliffsElement 4 (C3_4)

Element 3 (C3_3)

Element 2 (C3_2)

Element 1 (C3_1)

Mass transport 
complex (MTC)

Various elements, see Pyles 
et al. (2019)

Contorted bedding, large sand 
and mud raft blocks, extreme 
variability

Not split into 
elements

Complex 3
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amalgamated facies before a final change to lower net-to-
gross facies is comparable to sequence-stratigraphic stack-
ing patterns interpreted for other outcropping lobe deposits 
(e.g. the progradation–aggradation–retrogradation cycle of 
Hodgson et al., 2006). However, we choose to not speculate 
on the sequence-stratigraphic framework or the associated 
forcing mechanisms for the limited areal exposures of the 
Point Loma Formation.

The progressive vertical de-amalgamation in Element 
4-8 suggests progressive abandonment of the lobe, per-
haps via avulsion (Sapardina, 2023) or by allogenic forc-
ing (e.g. Jobe et al., 2017). The mudstone-rich Complex 
5 deposits represent dilute turbidity currents in either a 
distal or lateral fringe location, where the axial facies of 
the lobe complex was deposited farther upslope or later-
ally (Figure 13). The depositing currents may also have 
been sourced from a different feeder system, given the 
ca 50° shift in paleocurrent direction in Complex 5 com-
pared to Complexes 4 and 6 (Figures 2 and 13). While 
the location of Complex 5 in Figure  13 honours these 
data, the location of the axis of Complex 5 is purely 
speculative. No strong evidence of bottom current de-
posits was found in Complex 5, but given the complex-
ity of forearc slopes, bottom currents could have also 
played a role in sediment redistribution in Complex 5 
(e.g. Fuhrmann et  al.,  2022; Lee & Ogawa,  1998). The 
cessation of sand-rich sediment supply to this area may 
have been influenced by several factors, including al-
logenic forcing like tectonics (e.g. Blum et  al.,  2018; 
Hou et  al.,  2021), climatic variability (e.g. Hessler 
et al., 2018), eustasy (e.g. Cornard et al., 2022; Covault 
et al., 2007; Jobe et al., 2017; Mason et al., 2019) or auto-
genic sediment routing changes (e.g. Blum et al., 2017; 
Hamilton et al., 2015; Jobe et al., 2015). While tectonic 
forcing is favoured in a forearc basin in a geological time 
period with no large-magnitude eustastic sea-level oscil-
lations, several of these factors may have played a role 
in the abrupt shift from sandy (Complex 4) to muddy 
(Complex 5) sediment supply and then back to sandy 
supply (Complex 6), and we do not have sufficient data 
to speculate further on the forcing mechanisms.

Complex 6 has a sharp basal contact with the muddy 
deposits of Complex 5, suggesting an abrupt and rapid re-
establishment of sand-rich, amalgamated lobe deposits 
by the upslope feeder system. Elements 6-1 and 6-2 show 
upward-increasing amalgamation, indicating a shift from 
off-axis to axial facies, with an abrupt shift to more-fringe 
facies in Element 6-3 (Figure 8A). The re-establishment of 
amalgamated facies in Element 6-4 that is very similar to 
6-2 led us to not interpret this as a lobe-complex bound-
ary. Elements 6-5 and 6-6 have abundant soft-sediment 
deformation (Figure  8B) that resembles that found in 
Element 4-5, suggestive of a local slope and/or instability 

(cf. Dennielou et al., 2017). Element 6-7 contains metre-
thick beds with scour-and-fill structures interpreted as 
Froude-supercritical bedform deposits (e.g. Figures 9 and 
12) that are common in channel–mouth and channel–lobe 
transition zones (e.g. Carvajal et al., 2017; Jobe et al., 2017; 
Lang, Brandes, & Winsemann, 2017; Postma et al., 2021; 
Tinterri, 2025). The uppermost Element 6-8 again shows 
evidence of soft-sediment deformation that is consistent 
with the overall interpreted CLTZ environment.

At the La Jolla locale, the stacking patterns and facies as-
sociations are most like the deposits of Complex 6 at Sunset 
Cliffs, suggesting a similar sub-environment of a proximal 
and axial channel–lobe transition zone. The La Jolla el-
ements LJ2, LJ4, and especially the LJ6 (Figure  12C,F) 
are most comparable to Elements 6-2 (Figure 8A) and 6-8 
(Figure  9), showing high net-to-gross FA5 deposits with 
abundant antidunes and other supercritical-flow depos-
its (e.g. Fig.  4 of Cornard et  al.,  2025). The intervening 
La Jolla elements LJ1, LJ3 and LJ5 (Figure 12E) resemble 
Element 6-3 (Figure  8A) that is composed of FA3, sug-
gesting a more off-axis locale. However, due to significant 
difference in paleocurrent direction, La Jolla lobe com-
plexes might not directly relate to the deposition of lobe 
complexes in Sunset Cliffs even though both could be de-
posited contemporaneously.

8   |   CONCLUSIONS

This study identifies two new lobe complexes in the Upper 
Cretaceous Point Loma Formation exposed at Sunset 
Cliffs, San Diego, California. Five facies associations 
are recognised: MTD, mudstone, mud-rich heterolithic, 
sand-rich heterolithic and amalgamated sandstone, each 
representing different architectural positions within an 
idealised lobe element. Complexes 1–3 are not exposed in 
this locale, and Complex 4 consists of eight lobe elements 
that progressively develop from mud-rich heterolithic to 
tabular sandstone to amalgamated sandstone with an-
tidune and cyclic-step deposits, which we interpreted 
to represent the progradation and/or compensation of 
lobe elements through time in a channel–lobe transition 
zone (CLTZ) setting. A progressive abandonment led to 
deposition of Complex 5 (first described by this study) 
that consists of thin-bedded mudstone, inferring a large-
scale compensational shift in lobe sedimentation or an 
allogenically driven pause in sandy sedimentation. An 
abrupt return to sand-rich sedimentation marks the base 
of Complex 6 (first described by this study) that consists 
of eight lobe elements that are sand-rich and have slightly 
less-organised stacking patterns. The dominant facies as-
sociation in Complex 6 is amalgamated sandstone that 
has unstable-antidune deposits that are suggestive of a 
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localised decrease in slope gradient and/or a decrease in 
confinement that is common in CLTZ environments. Both 
flow-parallel and flow-perpendicular exposures constrain 
the 3D geometries of the antidune deposits in Complex 
6, helping to better constrain the recognition criteria for 
these bedforms. The observed facies associations, Froude-
supercritical-flow deposits and scour architecture are all 
common in CLTZ environments, making this outcrop lo-
cale a valuable analog to subsurface CLTZ deposits that 
are targeted as hydrocarbon accumulations or for carbon 
storage.
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