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The Inner California Borderlands is a complex margin where sediment delivery to
the basin floor is largely routed through canyon-channel-gully systems. Using nested
geophysical surveys, piston and gravity cores from the Eastern Gulf of Santa Catalina,
this study compares two canyon systems and investigates how tectonics, shelf width,
gradient, and autogenic processes influence turbidite emplacement timing and grain
size. One end-member canyon is the Dana Point Canyon, which is ∼2 km from the San
Juan Creek drainage and has a concave-up channel profile. The other end-member
system consists of the San Onofre North and South (SON and SOS) canyons that
are detached from San Mateo Creek by a wide 10 km shelf and they traverse a
tectonically deformed slope with multiple ponded basins. Radiocarbon ages sampled
from eight cores reveal that turbidite deposition at Dana Point persists during the sea-
level lowstand of Marine Isotope Stage (MIS) 2 through the subsequent transgression
and highstand. On the contrary, turbidite emplacement adjacent to the SON and SOS
canyons occurs mostly during MIS 2 and ceases around 8 ka. The main regional
control on turbidite timing is the wide shelf adjacent to the SON and SOS canyons
that is formed by a broad uplifted anticline. This anticline separates the SON and
SOS canyons from a riverine source during the sea-level transgression. Much of the
tectonic deformation offshore of San Onofre was created by transpression along the
right-lateral Newport Inglewood-Rose Canyon Fault Zone. Second-order controls on
local turbidite emplacement include small synclines and anticlines that form ponded
basins and accommodate deformation on the San Mateo Fault Zone. These basins
engender deposition and intervening steep slopes promote sediment bypass. Complex
bathymetry offshore San Onofre also affects channel gradient by either accelerating
or decelerating flow. Turbidity flow dynamics modified by gradient changes offshore
of San Onofre have the ability to modulate channel architecture and grain size. The
implications of this work are that tectonically deformed morphology complicates the
timing of turbidite emplacement throughout a sea-level cycle and the interpretation of
turbidites as paleoseismic records in such regions.
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INTRODUCTION

Studying submarine canyons has both societal and scientific
relevance. Not only do submarine canyons serve as conduits
for terrigenous material across margins to the deep sea
(Allen, 2008), but fan deposits at the base of submarine
canyons can also serve as significant hydrocarbon reservoirs
when filled with sand- or silt-prone sequences (Mayall and
Stewart, 2000; Stow and Mayall, 2000; Pettingill and Weimer,
2002; Mayall et al., 2006). Large catastrophic flows through
channels in the eastern Gulf of Santa Catalina (GoSC) can
be a significant geohazard to marine infrastructure (Paull
et al., 2002; Xu et al., 2010). For these reasons, it is
important to understand the evolutionary processes that shape
canyon morphology and stacking patterns through time in
sedimentary basins.

The Inner California Borderlands (ICB) is a complex,
tectonically active margin that is characterized by narrow
continental shelves dissected by numerous canyon-channel
systems (Normark et al., 2009). As distances between river
mouths and canyon heads are short, the ICB is an ideal place to
study source-to-sink processes and sediment routing (Normark
et al., 2009; Covault et al., 2010; Romans et al., 2016). Sediment
flux to submarine canyons can occur either as particles that settle
out of suspension or sediment gravity flows that move downslope.
Hereafter we will refer to sediment gravity flows as turbidity
currents, as the deposits we observe are graded. Turbidity
currents can transport large quantities of sediment (Talling et al.,
2015); nevertheless, they have not been observed to traverse
entire submarine canyon-channel systems (Fildani, 2017; Symons
et al., 2017). Plausible triggers for turbidity currents include river
floods, storm events, tsunami wave loading, sediment loading,
internal tides, and earthquakes (Goldfinger et al., 2007; Xu et al.,
2010; Talling et al., 2013). Storm waves can rework shelf sediment
and advect it to canyon heads as a turbid layer (Xu et al., 2010).
Since multiple mechanisms are capable of producing turbidity
currents, it can be difficult to distinguish seismo-turbidites from
those produced by tsunamis, storms, and sediment loading. Some
studies have argued that seismo-turbidites can be distinguished
by wide areal extent, multiple coarse-fraction pulses, variable
mineralogical provenance, greater depositional mass, and coarser
texture than the storm-generated events (Nakajima and Kanai,
2000; Goldfinger et al., 2007; Goldfinger, 2011). Other studies
cite concerns for using turbidites as records of paleoseismic
activity, as geologic dating lacks the time resolution to determine
whether a fault ruptured as a whole or whether it ruptured in
segments over a time period of days, years, or even decades
(Nelson et al., 1995; Atwater et al., 2014). Furthermore, Sumner
et al. (2013) and Atwater et al. (2014) have discussed uncertainties
with methods used to evaluate paleoseismic deposits, such
as the confluence test (Goldfinger et al., 2003), synchronous
turbidite deposition in multiple basins (Gràcià et al., 2010),
large turbidite volumes (Talling et al., 2015), and correlating
turbidites to historically recorded earthquakes (Sumner et al.,
2013). As such, there is still debate as to whether deep-sea
turbidites are reliable paleo-seismometers (Sumner et al., 2013;
Atwater et al., 2014).

Morphologic factors such as bathymetry and shelf width may
also exert important controls on sediment flux to canyons (Xu
et al., 2010; Damuth and Olson, 2015). Distance from a river
source and shelf width may change throughout sea-level cycles.
Sequence stratigraphic models predict that the greatest delivery
of sediment to canyons and basin floor occurs during falling
stages in sea-level and sea-level lowstands when rivers deposit
directly into the canyon-channel system (e.g., Vail et al., 1977;
Mitchum, 1985; Posamentier et al., 1991). Nonetheless, recent
studies have proposed that sea-level is subordinate to the distance
between the canyon head and shoreline (Covault et al., 2010;
Blum et al., 2013; Gamberi et al., 2015) and proposed that
distances < 5 km result in canyons characterized by active
sand transport (Sweet and Blum, 2016). Secondary factors can
exert controls on sediment flux to the deep sea, including
ponded basins, which may serve as local depocenters that trap
flow deposits (Prather et al., 1998; Damuth and Olson, 2015).
Intraslope basins formed by diapirs or tectonic deformation may
influence trends in bathymetry and subsequently the morphology
of submarine canyons (Damuth, 1994; Damuth and Olson, 2015;
Qin et al., 2019).

Recent research on submarine canyons in the Eastern GoSC
(e.g., Covault et al., 2007, 2011; Normark et al., 2009) used
cores from submarine fans and channel thalwegs to propose
that shelf width and sea-level exert the largest controls on the
timing of turbidite emplacement. Nevertheless, these studies
did not conduct in-depth analyses on local deformation and
gradient changes that may influence gravity flows. Comparisons
between the San Onofre North (SON), South (SOS), and Dana
Point canyons present an opportunity to study the interplay of
tectonically controlled wide shelves and local ponded basins on
the timing of turbidite emplacement. The shelf offshore of San
Onofre has a maximum width of ∼10 km that deviates from
narrower (∼2 km) shelves offshore of much of the ICB and
Dana Point (Figure 1C). By comparing the Dana Point to the
SON and SOS canyon-channel systems, the overarching goal of
this research is to test the hypothesis that the wide shelf exerts
broad controls on the timing of turbidite emplacement to the
deep basins. The highly deformed slope offshore of San Onofre
presents an opportunity to examine how ponded basins and
gradients cause variances in depositional timing downslope.

GEOLOGIC SETTING

Geomorphology of the Inner California
Borderlands
The Inner California Borderlands is a complex seismically
active region off Southern California that is highly deformed
(Ehlig, 1977; Crouch, 1979; Legg, 1991; Crouch and Suppe,
1993; Magistrale, 1993; Nicholson et al., 1994; Bohannon and
Geist, 1998; Meade and Hager, 2005; Ryan et al., 2009, 2012;
Maloney et al., 2016). Such deformation is responsible for the
characteristic basin and ridge basement structure observed in the
ICB bathymetry. The main basins within the ICB are the GoSC
and the San Diego Trough (SDT). Our coring locations focus on
the Eastern GoSC (Figure 1).
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FIGURE 1 | (A) The Inner California Borderlands (ICB) is a tectonically active region located offshore of Southern California. This study focuses on the portion of the
margin with the wide continental shelf. The locations of insets B, C, and D are shown. (B) Previously mapped active faults within the study area are shown. Blue
faults are from Sahakian et al. (2017) and purple faults are from Conrad et al. (2018). FZ = Fault Zone. (C) Location of Dana Point and San Onofre North and South
canyons. The area shown in inset D is outlined by the black box. (D) The study area offshore of San Onofre. This study uses 2D Sparker Multi-channel seismics
shown by the black lines and slices of 3D P-cable Sparker seismics shown by the red lines. Gravity Cores (GC) and Jumbo Piston Cores (JPC) are labeled with white
circles. Bathymetry from Dartnell et al. (2015).

Strike-Slip Tectonics Offshore San
Onofre
Much of the complex tectonic deformation in the ICB occurred
during the Oligocene to the late Miocene, when the ICB
underwent block rotation, extension, and transcurrent faulting
associated with microplate capture and formation of the
Transverse Ranges (Lonsdale, 1991; Nicholson et al., 1994; ten
Brink et al., 2000). As plate motion became more northerly
during the late Miocene, deformation of this region created a

vast system of basins and ridges that dominates ICB bathymetry
(Atwater and Stock, 1998; Maloney et al., 2016). After the late
Miocene, deformation in the ICB decreased dramatically and
changed in style (Maloney et al., 2016).

Sediment dispersal in the study area is affected most by the
active Newport-Inglewood Fault, which is part of the Newport-
Inglewood/Rose-Canyon (NIRC) Fault (Figure 1B; Klotsko et al.,
2015; Sahakian et al., 2017). The right-lateral strike-slip NIRC
Fault trends northwest-southeast, has been active since at least
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the Miocene in the north, and it is estimated to accommodate
0.5–2 mm a−1 of Pacific-North American plate boundary motion
(Freeman et al., 1992). The NIRC fault exhibits much variability
from south to north. The NIRC Fault Zone is characterized by
compression offshore of San Onofre and to the south near La
Jolla, whereas it is characterized by extensional deformation and
divergence near Carlsbad (Maloney et al., 2016). Where the shelf
is wide, two segments of the NIRC fault are separated by a
stepover of 1 km (Figure 1B). The left lateral jog between these
two segments engenders transpression and forms an anticlinal
feature responsible for the widening of the shelf in this region
(Sahakian et al., 2017). The anticlinal feature is onlapped by
younger sediment (Sahakian et al., 2017). Deformation offshore
San Onofre is older than at other locations to the north or south
on the NIRC fault (Sahakian et al., 2017), as the transgressive
surface is not displaced (Klotsko et al., 2015). It is estimated
that fault activity pre-dates 100 ka (Sahakian et al., 2017).
Furthermore, it is possible that the central section of the NIRC
fault has not experienced surface rupture from recent historical
events such as the 1933 M 6.4 Long Beach earthquake (Sahakian
et al., 2017). The slope offshore San Onofre is deformed by the San
Mateo (SM) Fault Zone, which consists of steeply to moderately
northeast-dipping fault strands (Maloney et al., 2016; Conrad
et al., 2018). Deformation within the SM Fault Zone includes
strike-slip, normal, and reverse offset, with the greatest amount
of deformation on the lower slope (Conrad et al., 2018). Many of
these faults exhibit cross-cutting relationships and are difficult to
resolve, which explains multiple interpretations of faults across
this region (Conrad et al., 2018).

Canyon Systems in the ICB
The Dana Point and San Onofre canyons are detached from
small creeks that may be primary sediment sources to the
canyons. South of Dana Point, the San Juan Creek has an annual
sediment discharge of 98 Mt a−1 (Warrick and Farnsworth, 2009)
and contributes to the Dana Point Canyon. Just north of San
Onofre, the San Mateo Creek discharges 2.7 Mt a−1 of sediment
(Warrick and Farnsworth, 2009) and is detached from the head
of San Mateo Canyon. Previous studies speculate that sediment
discharge from the San Mateo Creek was higher in the past,
as evidenced by the creek’s construction of a subaerial delta
(Kennedy and Tan, 2007).

Main canyons in the Eastern Gulf of Santa Catalina include the
Newport, Oceanside, Carlsbad, San Mateo, and La Jolla canyon-
channel systems as well as numerous small gullies (Prins and
Postma, 2000; Covault et al., 2007; Covault and Romans, 2009;
Normark et al., 2009; Covault and Graham, 2010). It is estimated
that about half of the canyons and most of the small gullies
were active during the LGM and became inactive during the
post-glacial transgression when canyon heads were stranded on
the upper slope (Normark et al., 2009). The Newport Canyon
remains active in the present day, as it is fed directly by the
Santa Ana River, the San Diego Creek, and indirectly by littoral
drift from other rivers (Normark et al., 2009; Warrick and
Farnsworth, 2009). Another canyon that is presently active is
the La Jolla Canyon, which is sourced by littoral drift (Normark
et al., 2009). The La Jolla Canyon represents the end of the littoral

cell, as it is bounded to the south by resistant Cretaceous rocks
that trap sediment (Inman and Brush, 1973; Normark et al.,
2009; Le Dantec et al., 2010). Both the Oceanside and Carlsbad
canyons are not presently active, as they were drowned during
the post-glacial transgression (Normark et al., 2009). Gullies on
the margin are not necessarily connected to rivers and creeks
onshore (Piper et al., 1990) and it is proposed that they could
form where coastal geomorphology focuses rip currents during
storms (Normark et al., 2009).

MATERIALS AND METHODS

2D multi-channel seismic reflection data were collected in August
2013 on the R/V New Horizon and R/V Melville using a 2 kJ
three-tip EG&G sparker source and 48-channel streamer. Group
spacing of 6.25 m and 6.25 m shot spacing allows reflectors to
be resolved to approximately 1.5 s two-way travel time (Sahakian
et al., 2017). Data were stacked at 1500 m/s and processing
included poststack f-k migration using a water velocity of
1500 m/s (Driscoll et al., 2013; Sahakian et al., 2017). Based
on observations from the 2D dataset, a high-resolution 3D data
set was acquired using a 3D P-Cable system with 14 streamers
with 8 channels per streamer, 6.25 m group spacing, 3.125 m
shot spacing, and a 2 kJ three-tip EG&G sparker source. This
study uses a data grid of 39 km2 collected over the continental
slope and the 2D seismic data are published in Driscoll et al.
(2013) and Sahakian et al. (2017). 3D data were processed by
Geotrace Technologies.

High-resolution bathymetry from Dartnell et al. (2015) was
visualized in ArcMap 10 to examine canyon geomorphology.
Gradient maps were constructed and used to delineate thalwegs
of the canyon-channel systems. Two-dimensional profiles
starting at the canyon head were taken through the canyon-
channel thalwegs using the 3D analyst tool. At intervals of 0.5 km
from the canyon head, across-channel profiles were oriented
perpendicular to the channel in order to calculate channel relief.

In January 2016, 64 Gravity (GC) and Jumbo-piston cores
(JPC) were collected onboard the R/V Thompson. Additionally,
546 km of Compressed High Intensity Radar Pulse (CHIRP) data
were collected near coring targets. The survey and coring targets
were designed to image faults and paleochannels that could
potentially serve as piercing points. Trigger cores were deployed
with the JPCs. GC and JPC targets were selected from previously
collected Sparker and Boomer Multichannel as well as CHIRP
seismic profiles. In some cases, drift in ship position caused
the cores to be offset from the profiles, in which case the core
locations were projected orthogonally onto the profile. On board,
whole intact cores were scanned for magnetic susceptibility,
gamma density, P-wave velocity, and resistivity using a GeoTek
Core-logger. Cores were split and observations of color, grain
size, sediment structures, and general lithology were recorded.

54 samples were collected for radiocarbon dating,
preferentially from planktonic foraminifera (Table 1). As
some samples did not contain sufficient planktonic foraminifera
for age dating, benthic foraminifera were used in these samples.
Fragmented foraminifera and foraminifera that showed signs
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TABLE 1 | Radiocarbon ages used in this study.

Core Depth
(m)

Calibrated
age

Uncalibrated
age

Age
error

Type of
foraminifera

GC 13–14 0.19 42860 40000 960 Planktonic

0.19 45880 44600 1700 Benthic

GC 22–25 1.35 23250 21050 50 Benthic

2.58 40660 38300 880 Benthic

2.58 41880 38700 910 Planktonic

GC 23–26 1.29 12810 13100 40 Benthic

1.29 9460 9180 25 Planktonic

2.12 8850 10050 30 Benthic

2.12 10300 9480 30 Planktonic

JPC 15–16 1.87 13400 13700 45 Benthic

2.04 13360 13650 55 Benthic

2.10 37560 35500 620 Benthic

2.10 16530 14800 60 Planktonic

2.16 14270 14450 45 Benthic

2.30 13880 14150 60 Benthic

3.18 17670 15600 55 Planktonic

3.18 17670 16650 65 Benthic

3.32 18170 17100 65 Benthic

3.32 18060 15950 60 Planktonic

4.09 17480 16500 50 Benthic

JPC 19–21 3.48 13450 13750 45 Benthic

3.59 13880 14150 40 Benthic

5.32 18890 17800 80 Benthic

5.48 19300 18150 75 Benthic

7.29 25830 23700 150 Benthic

7.39 26270 24200 160 Benthic

7.68 27620 25600 140 Benthic

7.74 27840 25900 200 Benthic

7.74 33140 30100 320 Planktonic

JPC 26–30 2.10 13160 13015 40 Benthic

4.30 20260 18540 60 Benthic

7.20 27500 25400 140 Benthic

7.38 28780 26900 150 Benthic

7.38 28930 26000 130 Planktonic

8.43 33870 31900 390 Benthic

8.51 34200 32300 410 Benthic

9.15 35450 33700 490 Benthic

GC 35–40 0.78 570 2730 20 Benthic

0.96 820 3030 20 Benthic

1.41 1680 3850 20 Benthic

1.94 2790 4760 20 Benthic

2.13 3180 5080 25 Benthic

2.83 5260 6680 30 Benthic

2.98 5760 7140 25 Benthic

JPC 32–36 0.44 1030 3230 20 Benthic

5.22 15540 15150 45 Benthic

5.37 15990 15450 50 Benthic

7.94 18890 17800 85 Benthic

JPC 33–38 4.00 10770 10230 25 Planktonic

6.10 13960 13180 45 Planktonic

7.22 18010 16950 210 Benthic

7.60 16320 15700 70 Benthic

7.77 15860 15350 60 Benthic

of diagenesis were avoided. For 9 samples, both planktonic and
benthic samples were collected in order to define a reservoir
age. 48 samples were analyzed at the National Ocean Sciences
Accelerator Mass Spectrometry facility at the Woods Hole
Oceanographic Institution and produced an age using the Libby
half-life of 5568 years and following the convention of Stuiver and
Pollach (1977). The remaining samples were analyzed at the WM
Keck Carbon Cycle Accelerator Mass Spectrometry facility at the
University of California Irvine following the same conventions.
The 14C ages were converted using the CALIB program version
7.0.4 (Stuiver and Reimer, 1993) with a reservoir age of 800 for
planktonic foraminifera < 12,000 year and a reservoir age of
1100 for planktonic foraminifera > 12,000 year (Southon et al.,
1990; Kienast and McKay, 2001; Kovanen and Easterbrook,
2002). Based on the 9 samples that acquired ages for both benthic
and planktonic foraminifera, we calculated an average difference
in reservoir age of 900 years. For this difference in reservoir age,
benthic foraminifera < 12,000 year would have a reservoir age
of 1700 year, which is comparable to the reservoir age of 1750
for benthic foraminifera used by Mix et al. (1999), Covault et al.
(2010), Brothers et al. (2015), and others. Thus, we used this
value of 1750 years for a benthic reservoir age. Age-depth models
for cores containing more than two dates were constructed using
the Bacon software version 2.3.3 (Blaauw and Christen, 2011)
using the reservoir ages as mentioned above and calibrated using
the Marine 13 curve (Supplementary Figure S1). The Bacon
software divided each core into 20 cm thick vertical sections and
estimated accumulation rates for each section through millions
of Markov Chain Monte Carlo iterations (Blaauw and Christen,
2011). This version of the Bacon software allows users to input
abrupt events of sedimentation such as slumps and turbidites
(Blaauw and Christen, 2011). Nevertheless, the software assumes
that there are no hiatuses between these rapid sedimentation
events (Blaauw and Christen, 2011) and does not account for
sediment reworking in cores. The bounding depths of sand layers
with abrupt basal contacts were inputted into the software as
rapid periods of deposition in the age-depth models. If sand
layers were bound by radiocarbon dates, the date of the sand
layer was taken as an average of the corrected dates. If the sand
layers were lacking bracketing radiocarbon ages, the age of the
base of the sand layer was determined using the age-depth model
produced by the Bacon software. In sections where turbidites
are amalgamated, turbidites were distinguished by their erosive
basal boundary and the age of the center of each turbidite was
extrapolated using the age-depth model.

RESULTS

San Onofre North and South (SON and
SOS) Canyon-Channel Geomorphology
The SON and SOS canyon-channel have respective lengths of
9.61 and 9.74 km and sinuosities of 1.15 and 1.10. Bathymetric
profiles through the SON, SOS, and Dana Point canyons reveal
marked variability in gradient (Figures 2A–C). The upper,
middle, and lower slopes of each canyon are defined by changes
in gradient. The SON Canyon-channel is characterized by a
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FIGURE 2 | (A–C) Bathymetric profiles of the San Onofre North, San Onofre South, and Dana Point Canyons are plotted with channel gradient. The channel profiles
are subdivided into the Upper, Middle, and Lower slope. The locations of sediment cores are projected onto profiles as yellow squares. The intersections of Sparker
3D seismic slices are shown by the vertical black lines. In (B), the location of Figure 3 is highlighted. (D,E) Gradient maps offshore of San Onofre and Dana Point.
SON = San Onofre North, SOS = San Onofre South. Green colors represent gentler gradients and red colors represent steeper gradients. The bathymetric profile
through the channel is shown by the black line.

steep concave-up profile (maximum of ∼13◦) in the middle
slope between the depths of 240 and 680 m (Figure 2A). The
characteristic feature of the SOS Canyon-channel is the gently
sloping and smooth terraced feature (average ∼4.5◦) in the
middle slope between the depths of 430 and 480 m, above and
below which the average gradient increases to ∼7◦ (Figure 2B).
The lower slope has higher rugosity than the upper or middle
slopes due to mounded features between 500 and 800 m that
increase channel gradient for short distances (Figures 2B, 3).
On the slope map, these mounded features are crescentic in
plan-view, are perpendicular to the SOS canyon, and exhibit
steeper gradients (Figure 2D). We fit a linear regression to
the morphology and subtracted the average slope from the
bathymetric profile to reveal five mounded features, with three
low-amplitude mounds with wavelengths ranging from 260 to
307 m and two larger mounds with longer wavelengths of 613
and 641 m (Figure 3).

We examined cross-sections of the SON and SOS canyons
to calculate channel relief (Figures 4A,B). In both the SON
and SOS canyon-channels, deeper channel depths are spatially
coincident with steeper channel gradients (Figure 4B). The

SON and SOS canyon-channels are narrow and v-shaped in
the middle slope and widen in the lower slope (Figures 4C,D),
consistent with other canyon-channel systems on the California
margin and worldwide (e.g., Menard, 1955; Normark, 1970;
Covault et al., 2011). The SON channel exhibits the greatest
relief of 70 m between Slices 1 and 2 at approximately 3 km on
the channel profile (Figure 4B) and this maximum incision is
spatially coincident with a decrease in channel gradient. Where
the channel has greatest relief, it is characterized by a v-shape
in cross-section 4 (Figure 4C). Maximum relief of the SOS
channel is farther downslope, between Slices 3 and 4 (Figure 4B),
where the channel widens and has an asymmetrical v-shape near
cross-section 8 (Figure 4D).

The head of the SON channel, shown in cross-section 1,
exhibits minimum width (302 m), depth (3.7 m), and cross-
sectional area (708 m2; Figure 4C). While the SON channel
exhibits maximum width (1185 m) and cross-sectional area
(18650 m2) in cross-section 8, SON channel depth reaches a
maximum at cross-section 3 (68 m; Figures 4B,C). In contrast
to the SON channel, minimum width (492 m), depth (5.5 m),
and cross-sectional area (1216 m2) are located in the middle
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FIGURE 3 | (Top) The bathymetric profile from the lower slope of the San Onofre South Canyon is plotted in blue and has undulatory features. The dashed orange
line is the average slope for this length of the canyon. (Bottom) Subtracting the average slope from the bathymetric profile reveals undulatory features with
amplitudes ranging from 2 to 15 m and wavelengths ranging from 256 to 641 m.

slope cross-section 5 (Figures 4B,D). Like the SON channel,
width, depth, and cross-sectional area reach maximums in cross-
sections 7 and 9, with widths of 3412 m, depths of 83 m, and
cross-sectional areas of 87270 m2 (Figures 4B,D).

Stratigraphy of the San Onofre Slope and
Canyons
Sparker dip profiles through the study area reveal the internal
structure of sediment packages along the slope. Four sediment
units were delineated based on sequence stratigraphic principles
(e.g., Mitchum et al., 1977; Vail et al., 1977; Christie-Blick and
Driscoll, 1995). The upper boundaries of many of the packages
can be defined by toplapping reflectors against the base of
the overlying unit. The uppermost sediment package on the
slope is the Pink Unit that infills local bathymetric lows in all
dip profiles and pinches out where there are local bathymetric
highs (Figure 5). In strike profiles, the Pink Unit exhibits
continuous high-amplitude reflectors that distinguish it from
the underlying Blue Unit (Figures 6A,B). In dip profiles, the
underlying Blue Unit also infills local bathymetric lows and is
not present everywhere on the slope (Figure 5). Low-amplitude
reflectors within the Blue Unit exhibit toplap in strike profiles,
especially over bathymetric highs (Figures 6A,B). Orange Unit
reflectors exhibit toplap in dip Line 11 against the Blue Unit
(Figure 5A), and in dip Line 53, flat-lying reflectors in the
Blue Unit terminate against the Orange Unit (Figure 5C). Green
Unit reflectors exhibit some toplap against the overlying Orange
Unit around 5 km in dip Line 53 and around 7 km in dip

Line 13 (Figures 5C,D). The lower boundary of the Green
Unit is delineated by a high amplitude reflector in strike Slice
1 and the northwest portion of Slice 3 (Figures 6A,C) and
this lower boundary truncates underlying reflectors in Slice 4
(Figure 6D). Sediment packages below the Green Unit were
not interpreted.

Dip profiles through the survey area (Figure 5) reveal that
in general, portions of the slope with steep gradients are along
anticline limbs. Conversely, portions of the slope with gentler
gradients correspond to infilled synclines. Upper slope synclines
appear only in the two northern dip profiles (Figures 5A,B).
Some faults bounding the upper-slope syncline appear to offset
reflectors just below the seafloor (Figure 5A). The upper-slope
syncline is separated from a mid-slope syncline by an anticline
that is cross-cut by a recent fault and obscured by gas-wipeout
(Figures 5A,B). In contrast to the upper-slope syncline, the
mid-slope syncline is observed in all dip profiles (Figure 5).
Note that the local mid-slope and upper-slope synclines are
completely infilled by sediment (Figure 5). Deformation within
the mid-slope syncline appears to have along-margin variability.
Faults at the syncline boundaries in lines 12C, 53, and 13
appear to deform the uppermost reflectors; nevertheless, faults
cross-cutting the mid-slope syncline appear to have deformed
only the Green and Orange units (Figures 5A–C). In these
three lines, only Green and Orange units exhibit sediment
thickening toward cross-cutting faults in the mid-slope syncline
(Figures 5A–C). At the slope-basin transition, recent sediment
onlaps slope deposits (Figure 5B). This recent sediment has an
undulatory bathymetric expression and appears to step northeast
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FIGURE 4 | (A) Bathymetry of the San Onofre North (SON) and South (SOS) Canyons. Cross-sections numbers correspond to their distance (in km) from the start of
the bathymetric profile and are shown in panels C and D. Sediment cores are labeled. (B) Channel relief is plotted relative to channel slope for the two canyons. The
intersections of the 3D Multichannel Sparker slices with the canyons are indicated at the top of the plots. (C,D) Cross sections through the SON and SOS canyon-
channels are plotted. Horizontal and vertical scales are shown. Sediment cores were projected onto cross-sections and are indicated by yellow boxes.

through time (Figure 5A). The most seaward undulatory feature
is onlapped by aggrading reflectors (Figure 5A). Four slices from
3D P-Cable data oriented along-strike to the margin reveal that
the most prominent feature shaping the slope offshore of San
Onofre is a prominent anticline that is clearly imaged in Slice 2
(Figure 6B). Sediment thins across the anticline crest and thicken
away from the crest (Figure 6B).

Channel and overbank deposit geometry appear to correspond
to variations in channel gradient. Pink Unit deposits adjacent
to the SON channel have aggradational reflector character in
Slices 1, 2, and 4 (Figures 6A,B,D). The SON channel incises
into 16 m of aggradational Pink Unit deposits in Slice 1
(Figure 6A). In Slice 2, the SON channel incises into 18 m of
Pink Unit deposits, above which a u-shaped feature is infilled with
discontinuous, wavy reflectors (Figure 6B). Overbank deposits
with gull-wing geometries that converge away from the channel
are defined as channel levees, after Qin et al. (2016). Modern
Pink Unit levees to the northwest of SON have maximum
thicknesses of 82 m in Slice 1 and 87 m in Slice 2 (Figure 6B).
Modern levees to the southeast of SOS are thick in Slice 1

and thin in Slice 2 (Figures 6A,B), whereas Pink Unit levees
in between the SON and SOS channels are complicated by
cross-cutting relationships. In Slice 2, the relict SOS channel
may have truncated relict levee deposits from the SON canyon.
Broadening in Slice 3, the SON channel is partially infilled
with a Pink Unit deposit that unconformably aggrades into a
NW-SE trending synform (Figure 6C). The SON channel is
not present in Slice 4 (Figure 6D). Levees bounding the SOS
channel exhibit more variability. In Slice 1, the SOS channel
has an asymmetric v-shape that is adjacent to dipping wavy
reflectors in the northwest levee and conformable reflectors in
the southeast levee (Figure 6A). In Slice 2, the SOS channel is
extremely narrow and shallow, and is bordered to the northwest
by discontinuous, wavy reflectors (Figure 6B). The SOS channel
in Slice 3 appears to be located in a local syncline and truncates
reflectors in the Orange Unit (Figure 6C). In Slice 3, note the
lack of Pink Unit channel levees. In the lower slope Slice 4,
the SOS channel exhibits asymmetry, with thick levees to the
northwest and thinner levees to the southeast that form a bench-
like feature (Figure 6D).
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FIGURE 5 | Sparker seismic dip profiles offshore San Onofre reveal the internal structure of the slope and are organized with the northernmost profile at the top and
southernmost profile at the bottom. (A) Line 11 is located northwest of the SON canyon, (B) Line 12C intersects the SON canyon, (C) Line 53 intersects the SOS
canyon, and (D) Line 13 is southeast of the SOS canyon. The continental slope is characterized by a mid-slope syncline that decreases gradient that is bound by
anticlines that increase gradient. Lines 11 and 12C contain upper slope synclines. The mid- and upper-slope synclines act as ponded basins that trap sediment.
Mounded features are shown at the slope-basin transition in Line 11. Colors of Units are shown in panel A. Active faults offset reflectors just below the seafloor are
shown in red. Inactive faults offset deeper reflectors and are shown in yellow. Sediment cores are projected onto seismic lines. Locations of lines are shown in
Figure 1. At right are enlargements of areas that show toplapping relationships. Vertical Exaggeration = 5.6. For uninterpreted seismic profiles, see Supplementary
Figure S2.

Deformation on this margin is complex, as evidenced by
the multiple synclines imaged in dip profiles that create local
accommodation (Figure 5), anticlines imaged in dip profiles that
increase gradient (Figure 5), and a prominent anticline imaged
in strike slices that appears to exert control on SON and SOS
locations as well as Pink Unit levee thickness (Figure 6). 3-
dimensional seismic fence diagrams provide an unprecedented
view of the synclines and anticlines (Figure 7). Overall, the
SON and SOS channels are located on the flank of the broad
antiform in Slices 1 and 2 in the middle slope (Figures 6A,B, 7).
The SON channel thalweg is located at deeper depths than the
SOS channel thalweg (Figures 6A,B, 7), since accommodation

for the SOS channel is limited, as it is located proximal to the
antiform. The lack of accumulation adjacent to the SOS channel
in Slices 1–2 is coincident with its v-shape and as the SOS channel
moves into a synform in Slices 3–4, channel width increases
(Figures 6A,B, 7).

San Onofre Sediment Core Lithology and
Chronology
Cores offshore of San Onofre can be grouped by their depth
on the middle slope (300–600 m) or on the lower slope (600–
1000 m). With the exception of JPC 15–16, the upper portions
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FIGURE 6 | Strike slices along the San Onofre margin reveal the internal architecture of the slope and channel elements. (A) Slice 1 and (B) slice 2 are located on the
middle slope. (C) Slice 3 and (D) slice 4 are located on the lower slope. This anticline controls the location of the SON and SOS canyons ad well as the thickness of
Pink, Blue, Orange, and Green units. The shallowest (easternmost) slice is at the top and the deepest slice (westernmost) is at the bottom. Sediment cores are
projected onto seismic slices. Locations of lines are shown in Figure 1. Vertical Exaggeration = 5.1. For uninterpreted seismic profiles, see
Supplementary Figure S3.
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FIGURE 7 | A 3D seismic fence diagram with Sparker 2-D seismic line 12C and Sparker 3D slices. The locations of the two canyons are traced in blue. Colors
denote sediment units, with the Pink unit as the youngest and the Green unit as the oldest. Likely active faults are shown in red and inactive faults are shown in
yellow. Locations of cores are plotted as white or black lines. Vertical Exaggeration = 6.

of most of the cores offshore of San Onofre are capped by tens
of cm to meters of clay or silty clay (Figure 8). This clay cap
is commonly homogenous and bioturbated. In JPC 26–30, the
base of the upper clay section is dated to approximately 13.2 kyr,
23.3 kyr in GC 22–25, and 44.4 kyr in GC 13–14 (Figure 8).
Below this cap, silty clay or silt layers are interbedded with
thin (< 1 cm) to thick (10’s of cm) sand layers. Many of these
sand layers fine upward. Sand layers are commonly observed
to have sharp, erosive basal boundaries and gradational upper
boundaries; however, basal boundaries are occasionally diffuse.
Often, sand layers are characterized by color changes, as noted
by the change from olive green to tan in the photo of JPC 19–
21 (Figure 8 photo inset). Nevertheless, some of the sand layers,
such as those shown in the photo inset of JPC 15–16, exhibit only
slight color changes. Some of the sand layers also contained shell
hash in GCs 22–25 and 23–26 from the middle slope (Figure 8).

GC 13–14 was recovered from the southeast end of a channel
levee on the middle slope and it contains only one sand layer
(Figures 6, 8). This layer has a sharp basal boundary and is
composed of a mud matrix with unsorted medium sand, gravel,
and shell hash (Figure 8 photo inset). The middle portion of GC
22–25 contains 5 sand layers that fine upward with grain sizes
ranging from fine to coarse sand. Radiocarbon dates bracketing
the five sand layers suggest that they were deposited between

23.3 and 41.9 ka (Figure 8). GC 23–26, recovered from the SOS
channel thalweg (Figure 5B), is composed of an upper silt cap,
two sand layers composed of fine sand that are separated by 40 cm
of clay, and blocky silt with shell hash in the lower sections of
the core. Shell hash is interbedded with silt in GC 23–26 and the
concentration of shell hash decreases downsection beginning at
1.4 m (Figure 8 photo inset).

JPCs 15–16, 26–30, and 19–21 were recovered from the lower
slope (Figures 6D, 8) and are longer cores that contain 13, 14,
and 23 sand layers respectively. The upper 30 cm of JPC 15–
16 contains an upward-fining sand layer with coarse sand at the
base. The lower 2.5 m of JPC 15–16 is characterized by sand
layers with fine to medium sand that are interbedded with silt
and clay. Sand layers increase in frequency and thickness in the
lower 1.5 m in the core with ages ranging between 17.7 to 18.1 ka.
Constraining the exact timing of sand layer deposition is difficult
in this core, as ages are inverted. As such, dating of the layers was
conducted using age models calculated by the R Bacon package
(Supplementary Figure S1). In the lower portion of JPC 26–
30, sand layers are less frequent than those in JPCs 15–16 or
19–21 and these sand layers predate the LGM. Overall, sand
layers within JPC 19–21 at 5.3 m depth have a lighter color than
the surrounding silt and exhibit sharp basal and upper contacts
(Figure 8 photo inset). Around 6 m, sand layers are closer
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FIGURE 8 | Schematic diagrams of San Onofre cores. Labeled grain size scale is shown under GC 13–14 and unlabeled scales are shown under all other cores.
Calibrated radiocarbon ages are shown to the right of the cores. At the bottom left, photo insets of select cores are plotted with their depth. The locations of the
photo insets are shown relative to core diagrams by the outlined green rectangles.

together and thicken until the bottom of JPC 19–21, where sand
layers are spaced farther apart and consist of fine sand (Figure 8).

Dana Point Canyon-Channel and Core
Stratigraphy
The narrow shelf (∼2 km) offshore of Dana Point separates
the head of Dana Point Canyon from San Juan Creek
(Figure 1C). Dana Point Canyon has two branches at the
head and one broad meander, resulting in a low sinuosity
of 1.13 (Figures 2E, 9A). Three cores, GCs 35–40, and JPCs
32–36 and 33–38 were collected adjacent to the Dana Point
Canyon (Figures 1C, 9A). Sparker seismic surveys do not extend
into this area and therefore, most of our interpretations on
geomorphology are based off limited CHIRP seismic coverage
and multibeam bathymetry.

The bathymetric profile of the Dana Point Canyon is generally
concave-up with a steep upper slope (5–15◦), and gentler
gradients on the middle and lower slopes (0–3◦; Figure 2C).

Steep gradients in the upper slope coincide with greater channel
relief and canyon-channel depth dramatically decreases between
3 and 4 km as gradient decreases (Figure 9B). This transition
occurs at the intersection of the canyon head branches and
at the inner bend of the canyon’s meander (Figures 9A,B).
A CHIRP seismic profile through this transition and bathymetric
cross-sections at 3 and 4 kilometers reveal that the canyon
has higher walls to the east (Figures 9C,D). Unlike the
SON and SOS canyons, the Dana Point Canyon maintains a
u-shaped channel with a wide valley floor throughout the slope
(Figure 9D). Depth and cross-sectional area are greatest at
1 km and lowest at 8 km (Figure 9B). Like the SON and SOS
canyon-channels, maximum widths of the DP channel are at
9–10 km (Figure 9D).

JPC 32–36 and GC 35–40 are located on the middle slope
at depths of 500 and 510 m, whereas JPC 33–38 is located on
the lower slope at depths of 688 m. GC 35–40 was recovered
from the Dana Point channel flank and is located at the
transition from higher to lower channel gradient (Figures 9B,C).
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FIGURE 9 | (A) Bathymetry of the Dana Point Canyon. The location of the CHIRP profile shown in panel B is highlighted in red. Cross-sections numbers correspond
to their distance (in km) from the start of the bathymetric profile and are shown in panel D. Sediment cores used in this study are also labeled. (B) Channel relief is
plotted relative to channel gradient. Yellow boxes indicate the location of sediment cores along the bathymetric profile. (C) CHIRP seismic profile through GCs 35–40
and 34–39. (D) Cross sections through the DP canyon-channel are plotted. Numbers at right correspond to the distance along the bathymetric profile. Horizontal
and vertical scales are shown. Sediment cores were projected onto cross-sections and are indicated by yellow boxes.

JPC 33–38 is located at the slope-basin transition where the
canyon widens (Figure 9A). Cores in Dana Point are capped
by an upper layer of clay and silt that varies from < 1 to
4 m thick (Figure 10). In GC 35–40, the age of the clay
and silt cap is < 570 years BP, < 10.8 ka in JPC 33–38,
and cannot be constrained by available ages in JPC 32–36
(Figure 10). Below this, silty clay and sandy silt are interbedded
with fine sand. Sand layers in GC 35–40 are a few cm’s
thick, whereas sand layers in JPC 32–36 are thin and most
are < 1 cm (Figure 10). The 12 sand layers in GC 35–40
exhibit ages between 570 and 5760 years BP and this range of
ages is limited by the short core recovery. JPC 32–36, which
is farthest core from the Dana Point Canyon, has the thinnest
and fewest sand layers (7) that are dated between 15.5 and
18.9 ka (Figure 10). Thick and thin sand layers in JPC 33–
38 are amalgamated and can be distinguished by erosive lower
boundaries (Figure 10). JPC 33–38 has the most abundant
(37) and thickest sand layers that range in age from 10.7 to
15.9 ka (Figure 10). Sand color ranges from olive-gray in the
photo of GC 35–40 to light tan in the photo of JPC 33–38
(Figure 10). Some sand layers in JPC 33–38 contain shell hash,

which can be observed between 5.6 and 5.7 m in this core’s photo
inset (Figure 10).

DISCUSSION

Turbidite Chronology and Uncertainties
Deposition on the continental slope predominantly occurs by
two main modes: gravity-driven turbidity flows during intervals
with high terrigenous supply or hemipelagic sedimentation
when terrigenous supply is low (Stow and Piper, 1984; Walsh
and Nittrouer, 2003; Maier et al., 2017). Turbidites were
identified in sediment cores by fining-upward sand layers
(i.e., graded beds) with erosional bases (Stow and Piper,
1984). While many of the turbidites have sharp, erosive basal
contacts and gradational upper contacts, some basal boundaries
are occasionally diffuse. The homogenous, upper clay section
observed in most cores (Figures 8, 10) is interpreted as
hemipelagic sediment drapes that accumulate more slowly. Most
of the cores in the study, with the exception of GC 23–
26 and JPC 15–16, recovered turbidite deposits from channel
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FIGURE 10 | Schematic diagrams of Dana Point cores. Grain size scale is shown under GC 35–40. Unlabeled grain size scales are shown below all other cores.
Calibrated radiocarbon ages are shown to the right of the cores. At right, photo insets of select cores are plotted with their depth. The location of the photo insets
are shown relative to core diagrams by the outlined green rectangles.

levee deposits. Thus, the channel levee cores record higher-
volume turbidity currents and it is possible that additional
cores from the channel thalweg could preserve younger lower-
volume turbidites.

Broad patterns in the histogram reveal that turbidites from
high-volume gravity flows are emplaced to the Dana Point slope
throughout lowstands and highstands in sea-level (Figure 11).
Conversely, turbidites from high-volume gravity flows are
emplaced offshore San Onofre predominantly during MIS 2 and
exhibit a marked decreased around 12–13 ka with the youngest
turbidites deposited at approximately 8 ka (Figure 11).

Offshore Dana Point, turbidites were emplaced in GC 35–
40 from 1 to 6 ka, in JPC 33–38 from 13 to 18 ka, and in
JPC 32–36 from 15 to 19 ka (Figures 10, 11). Recent turbidite
emplacement at GC 35–40 suggests that the upper portion of
Dana Point Canyon had high-volume turbidity currents during
the sea-level falling stage, lowstand, transgression, and highstand.
High-volume turbidity currents may not have reached the lower
portion of Dana Point Canyon, the sites of JPCs 32–36 and 33–
38, to emplace turbidites after 13 ka. This difference may be
related to sediment supply, as recent studies question whether
turbidity currents can traverse entire submarine canyon-channel

systems (Fildani, 2017; Symons et al., 2017). Thus, presently
active turbidity flows in Dana Point Canyon may be restricted
to the upper slope.

The paucity of turbidites offshore San Onofre that are younger
than 8 ka suggests that the most favorable conditions for turbidite
deposition offshore of San Onofre were during the MIS 2 and
3 lowstands and the early transgression (Figure 11). Older
turbidites within the San Onofre cores dating back to 40 ka
may have a high potential for recovery within JPCs because
sedimentation rates are lower offshore San Onofre than in Dana
Point and cores offshore San Onofre are condensed. It appears
that the shallowest cores offshore San Onofre, GC 13–14 and
GC 22–25, have the oldest turbidite ages whereas cores on
the middle and lower slopes have slightly younger turbidite
ages (Figure 11). GC 23–26 from the channel levee records
the youngest turbidite deposits (Figures 8, 11A); nevertheless,
it is possible that turbidity currents may have reworked and
eroded thalweg deposits. This process may be related to ponded
basins, channel gradient, and geomorphology, as discussed in
Sections “Across-Margin Deformation Controls Local Turbidite
Emplacement” and “Channel Gradient Controls on Morphology
and Turbidite Emplacement.”
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FIGURE 11 | (A) Histograms of sand layer depositional timing offshore San Onofre and Dana Point have bins of 2000 years. (A) The number of sand layers
recovered from cores offshore San Onofre. (B) The number of sand layers recovered from cores offshore Dana Point. In orange, the Southern California sea-level
curve from Muhs et al. (2012) versus time.

Reservoir ages for foraminifera vary with depth; ages range
from 1000 to 2000 years and have errors as large as 40h 114C
(∼320 years) along the Southern California margin (Roach et al.,
2013; C. Charles, pers. comm.). As a result, uncertainties exist
and precise age estimates for turbidites are not feasible. Such
uncertainties for radiocarbon dating on the Southern California
margin are associated with the effects of vertical ocean mixing
and migration of benthic foraminifera species from the depth
of calcification to the depth of deposition (Roach et al., 2013).
Furthermore, Bayesian constructions of age-depth models have
limitations, as these models do not consider hiatuses or sediment
reworking (Blaauw and Christen, 2011). In some sections of JPCs
15–16 and 33–38, inverted radiocarbon ages are within 1000-year
error windows found by Roach et al. (2013). When the inverted
ages are outside of the 1000-year error window, we hypothesize
that inverted ages may be caused by turbidity currents or mass
wasting events that mobilize sediment with older foraminifera re-
deposited downslope. As such, we examined broad patterns in
turbidite depositional timing, such as MIS 3, MIS 2, the post-
LGM transgression, and MIS 1. Histograms for turbidite ages
offshore of San Onofre and Dana Point employ a 2000-year
bin in order to account for large uncertainties in radiocarbon
dating (Figure 11).

The hemipelagic mud cap observed in the upper section of
most cores is interpreted to have been deposited after terrigenous
supply to the canyon-channel declined. Such hemipelagic
deposits are also observed draping inactive canyons that halted
deposition ∼15–20 kyr ago (Sweet and Blum, 2016), such
as the Mississippi (Normark et al., 1986), Amazon (Milliman
et al., 1975; Normark et al., 1997), and Nile (Ducassou et al.,
2009). While recent papers in the ICB have interpreted mud

deposits interbedded with turbidites as hemipelagic background
sedimentation (e.g., Maier et al., 2017), some studies in the Gulf of
Mexico interpret gray-brown muds interbedded with turbidites
as hemiturbidites, or thin fluid-mud flows moving continuously
downslope (Damuth, 1977; Damuth and Olson, 2015). It is
difficult for us to discern their exact origin, as laminations are
obscured by bioturbation. As such, we treated mud interlayers in
the age model as constant-rate deposition.

Shelf Width Controls Turbidite
Deposition
The San Onofre and Dana Point canyons have four main
differences that may affect the emplacement of turbidites, namely
(i) shelf width is ∼10 km offshore San Onofre versus ∼2 km
offshore of Dana Point (Figure 1C); (ii) Dana Point canyons
were likely attached to San Juan Creek during falling stages in
sea-level, the lowstand, and the ensuing transgression, whereas
the San Onofre canyons were likely not attached to a creek source
during the post-glacial transgression; (iii) the Dana Point channel
profile is relatively smooth and concave-up in comparison to a
more rugose SON and SOS channel profiles; and (iv) sediment
discharge to Dana Point Canyon from San Juan Creek is an order
of magnitude larger than sediment discharge from San Mateo
Creek to the San Onofre canyons. As shelf width is known to be
an important control on sediment supply to the slope and basin,
widening of the shelf caused by the anticline may contribute to
decreased sediment delivery to the slope in that region (Covault
et al., 2007, 2010). We propose that broad tectonic and structural
controls influence the timing of turbidite deposition regionally
(San Onofre versus Dana Point).
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Large-scale features such as shelf width and slope gradient are
controlled by tectonic deformation. The broad anticline along
the outer shelf imaged by Sahakian et al. (2017) is a first-
order tectonic feature that has increased shelf width offshore of
San Onofre. Second-order features include the anticlines and
synclines imaged in dip and strike profiles along the slope
(Figures 5, 6). The ponded basins and anticlines are related to
transpression and transtension along faults in the SM Fault Zone
(Maloney et al., 2016; Conrad et al., 2018). Third-order features
such as channel levees are influenced by properties of turbidity
flows, such as flow velocity and entrainment.

Comparisons of the SON and SOS canyons to the Dana
Point Canyon draw similarities to studies that contrast coast-
disconnected canyons versus connected canyons along the same
active margin (sensu Gamberi et al., 2015). A study on the
Sicilian margin observed that canyons with heads close to the
coast are active during the present highstand and are sourced
by hyperpycnal flows or longshore currents that rework shelf
sands (Gamberi et al., 2015). In contrast, sediment supply
to coast-disconnected canyons ceased during the post-glacial
transgression (Gamberi et al., 2015). Our comparison suggests
that Dana Point may maintain more connectivity to a larger
sediment source, whereas the San Onofre Canyons may be
farther from the San Mateo Creek with comparatively lower
sediment supply.

Deformation on the Slope Controls
Turbidite Emplacement
Deformation across the San Onofre slope exerts three main
influences on turbidite emplacement: (i) anticlines and synclines
form ponded basins that either trap sediment or cause bypass
across the slope (Figures 5, 7), (ii) anticlines and synclines
dictate the morphology of SON and SOS channel levees along the
slope, and (iii) structural controls influence slope gradient, which
in turn affect canyon-channel dynamics and geomorphology.
Models predict that ponded basins exert controls on grain size,
as these basins are predicted to fill with thick, sand-rich deposits,
whereas slope deposits tend to contain less sand (Prather,
2000). This model may explain why GCs 22–25 and 23–26
recovered ∼4–5 turbidites from the mid-slope syncline/ponded
basin (Figures 7, 8).

On the slope, the only mechanism of generating
basins/synclines may be tectonic deformation (Covault et al.,
2012) such as right jogs on the right-lateral strike-slip NIRC and
SM Fault Zone that form transtensional basins (Ryan et al., 2009;
Maloney et al., 2016; Conrad et al., 2018). Recent deformation
of the middle slope ponded basin may be observed in Line 11
(Figure 5A); however, recent deformation of Blue and Pink
unit sediment is not observed south of Line 11 (Figure 5).
Thus, it appears that deformation within the ICB occurred on
timescales much longer than the timescales of recent deposition;
on this margin, there was no recent renewal of accommodation
in local ponded basins. Thick Pink, Blue, and Orange units
infilling the mid-slope ponded basin have diminished relief on
the continental slope in dip profiles (Line 12C; Figure 5B) as
well as SON and SOS channel relief on the intersecting Slice 2

(Slice 2; Figures 6B, 7). Nested U-shaped bodies that truncate
underlying deposits and are infilled with aggrading Blue and
Pink units are suggestive of relict channels (Figure 6B). As these
nested U-shaped bodies are bound by gull-wing shaped levees,
we interpret these U-shaped bodies as relict channels rather than
localized deformation or draping infill. The older and deeper
relict channel was infilled and this aggradational sediment was
subsequently truncated by a younger relict channel located to the
northwest with shallower channel depths (Figure 6B). After the
complete infilling of the younger relict channel, the present-day
SOS channel is deflected to the southeast of the relict channels
and maintains a shallow depth (Figure 6B). The infilled relict
channels serve as an example of how the formation of such
ponded basins affect the flow dynamics of channels and channel
element architecture.

When ponded basins in the upper, middle, and lower
San Onofre slope became completely infilled, sediment likely
bypassed these basins and deposited turbidites on the lower
slope and basin floor (Figures 5–7). The radiocarbon age
below the mud cap in GC 22–25 could imply that turbidite
emplacement in the ponded basin ceased before 23.25 ka as
the basin infilled. Shortly after, bypass of the ponded basin and
pelagic sedimentation may have commenced. This hypothesis is
supported by abundant turbidites on lower slope JPCs 15–16,
19–21, and 26–30 that post-date 23 ka (Figure 11).

The anticlines and synclines imaged in the dip and strike
profiles (Figures 5, 6) exert controls on the levee morphology
adjacent to the SON and SOS canyon-channels. On the middle
slope, levees thin toward the anticline crest adjacent to the
SOS canyon-channel and thicken away from the anticline crest
(Figures 6A,B). Levees located closer to the anticline crest may
have less frequent deposition than those located at deeper depths
away from the anticline. For example, GC 13–14 has one turbidite
that is ∼20 kyr older than multiple turbidites in GC 22–25.
While GC 13–14 is located on a shallower levee close to the
anticline crest, GC 22–25 is located in deeper water away from
the anticline crest. On the lower slope, the SOS channel migrates
into a syncline as the channel widens (Figures 6C,D). Thus,
deformation on the San Mateo Fault Zone appears to influence
turbidite emplacement and timing over lateral distances < 1 km
by creating ponded basins that trap sediment, forming anticlines
that cause sediment bypass in the cross-margin direction, and
affecting levee architecture in the along-margin direction.

Channel Gradient Controls on
Morphology and Turbidite Emplacement
Channel gradient exerts controls on turbidity flow behavior,
as the velocity of turbidity flows is proportional to gradient
(McHargue et al., 2011). Steep gradients along broader scales
are often related to greater incision, whereas gentler gradients
are related to deposition (Prather, 2000; McHargue et al., 2011;
Brothers et al., 2015; Maier et al., 2017). Breaks in channel
gradient can emplace turbidites and steep gradients can cause
bypass of turbidity currents; as a result, gradient can influence
the frequency and timing of turbidite emplacement. Without
tectonic deformation, canyon-channel systems on a continental
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slope would trend toward an equilibrium profile just like fluvial
systems (McHargue et al., 2011). A smooth concave-up profile
is observed through the Dana Point Canyon, whereas tectonic
deformation offshore of San Onofre has created bathymetric
irregularities that disrupt the equilibrium profile for the SON
and SOS canyons (Figure 2). In this manner, the SON and SOS
canyons exhibit similarities to the Palos Verdes Channel, where
strike-slip tectonics that create local uplift or pull-apart basins
that have inhibited channels from developing an equilibrium
profile (Maier et al., 2017). Such variability in turbidity current
flow over the SON, SOS, and Dana Point canyons may further
overprint the influence of shelf width on turbidite emplacement.
While we attempt to address the overlapping influences of shelf
width and current dynamics on the turbidite record, these signals
cannot be unambiguously teased out, as multiple processes can
form similar deposits (Talling et al., 2012).

The concave-up bathymetric profile of the Dana Point Canyon
suggests less tectonic deformation in this area than the SON
and SOS canyon-channels; nevertheless, depth and changes in
downslope gradient may cause local variances in the timing of
turbidite emplacement. The gradient changes from 5 to 15◦ in
the upper slope to < 5◦ in the middle slope (Figure 2C); GC 35–
40 is located at this break in gradient and here deposition may
be favored over bypass. As a result, it records recent turbidites
within the past 600 years (Figure 10). We hypothesize that the
presence of older turbidites in JPC 32–36 could be due to its
lower slope location and its location farther from the channel
axis (Figure 9A).

Turbidite age and the SON and SOS channel gradient do
not exhibit a one-to-one relationship. Breaks, or abrupt changes
in channel gradient (sensu Maier et al., 2017) are observed at
the transitions from the upper to middle and middle to lower
slopes (Figure 2) and may further influence localized turbidite
emplacement by decelerating flow. Where these breaks occur,
thick, aggradational channel levees flank the SON and SOS
channels (Figure 7). Such a break on the mid-slope and the
core’s thalweg location may explain turbidite emplacement in
GC 23–26 as recent as 8 ka (Figures 2A), whereas other cores
on the San Onofre slope have older turbidites emplaced after 10
ka (Figure 8).

Conversely, steep gradients in the lower slope facilitate
faster turbidity currents that potentially caused bypass, thinning
sediment cover, and older turbidite emplacement. In Slice 3,
a small NE-SW trending anticline separating the SON and
SOS canyons appears to have no Pink or Blue unit sediment
cover and the SOS channel appears to incise the southwest
flank of the anticline (Figures 6C, 7). The only core recovered
from a portion of the slope with a steep gradient is GC 22–
25, and a lack of turbidites younger than 23.3 ka in this core
(Figures 8, 11) may be indicative of either bypass due to steep
channel gradient or sediment starvation caused by infilling of the
upslope ponded basin.

On the lower slope, deformation on short length scales
(< 1 km) may favor hydraulic jumps that produce the mounded
bathymetry shown in Figure 3 and also observed in the slope
map in Figure 2D. The northern extent of these mounds was
imaged by dip Line 11 (Figure 5A) as landward-migrating

mounded reflectors (Figure 5A). Note that the landward-
migrating mounds are observed just landward of the basin
deposits. These mounds are similar to crescentic bedforms
located at the channel-lobe transition zone in the adjacent San
Mateo Canyon and have been interpreted as cyclic steps (Kostic,
2011; Covault et al., 2014, 2017). Cyclic steps are large-scale,
upstream-migrating, wave-like bedforms with wavelengths of
100’s to 1000’s of m (Covault et al., 2017). In the San Mateo
Canyon (Covault et al., 2014) and in model simulations (Kostic,
2011), cyclic steps are located at the decrease in gradient at
the channel-lobe transition zone (Covault et al., 2017). Cyclic
steps that are oriented orthogonal to the canyon, such as the
ones observed here, are typically initiated by large turbidity
currents (Normark et al., 2002; Covault et al., 2017). Offshore
San Onofre, cyclic steps are observed in the lower kilometer
of the SON profile (Figure 2A), as the SON channel widens
(Figure 2D) and throughout the steep lower slope in the SOS
profile (Figures 2B, 3). In a manner similar to the San Mateo
Canyon, subsurface folding observed in dip Line 12C (Figure 5B)
caused by deformation along the San Mateo Fault Zone (Conrad
et al., 2018) may create rugose bathymetry that causes turbidity
currents to undergo hydraulic jumps necessary for the formation
of cyclic steps (e.g., Ryan et al., 2009; Covault et al., 2017). The
increased bathymetric rugosity caused by deformation and cyclic
steps may play an important role in deposition along submarine
channels, as has been documented in Brazil (Gamboa and Alves,
2015; Qin et al., 2016).

Implications for Paleoseismic Studies
When autogenic processes such as flow filtering are complicated
by allogenic elements such as gradient, ponded basins, and
wide shelves, the record of turbidite emplacement becomes
increasingly difficult to disentangle. As such, paleoseismology
studies that rely on turbidite emplacement records (e.g.,
Goldfinger et al., 2003, 2007) should be approached with caution.
The most conclusive results of this study confirm findings of
regional scales from Covault et al. (2007, 2010) and Normark
et al. (2009) and the effects of local ponded basins sensu Prather
et al. (1998) and Damuth and Olson (2015). The wide shelf
offshore San Onofre likely prevents terrigenous supply to the
deep sea during the post-glacial transgression and highstand,
whereas the narrow shelf offshore Dana Point remains connected
to sediment sources and has allowed for the recent emplacement
of turbidites within the past 1000 years. On scales finer than 1 km,
the dynamics of tectonic deformation and gradient can explain
variances in depositional timing from individual cores.

Despite recent advances in linking modern flow processes
to their deposits (e.g., Xu et al., 2010; Symons et al., 2017;
Maier et al., 2019), we still do not completely understand down-
canyon variability in turbidity current flow and the preservation
of facies adjacent to canyons. Even though the margin offshore
of Dana Point has likely experienced less deformation than
offshore San Onofre, the record of turbidite emplacement is
difficult to disentangle due to channel gradient and autogenic
processes. As such, individual core records from the much
more complex margin offshore of San Onofre are affected not
only by breaks in channel gradient, but also by tectonically
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controlled ponded basins. Turbidites offshore this tectonically
active margin could theoretically record recent deformation.
Nevertheless, turbidites offshore of San Onofre are > 8 ka and
fail to record historical earthquakes such as the 1933 Long
Beach earthquake. This also supports the hypothesis of Sahakian
et al. (2017) that the San Onofre segment has been inactive
for much longer (> 10 ka) than other segments the NIRC
Fault Zone.

The large uncertainties for radiocarbon dating turbidite
deposits in Southern California with 14C makes using turbidites
to reconstruct paleoseismicity difficult. Some studies have argued
that seismically triggered turbidites can be distinguished by
synchronous turbidites emplaced over a wide area (Goldfinger,
2011; Sumner et al., 2013). Many of these studies, such
as Goldfinger et al. (2007), aim to use seismoturbidites to
constrain earthquake recurrence intervals on the order of 100’s
of years; nevertheless, constraining turbidite ages to 100’s of
years has much uncertainty along the Southern California
margin. Depending on deposit depth, 114C could exhibit wide
variability and may be influenced by El Niño Southern Oscillation
patterns (Roach et al., 2013). Radiocarbon dating lacks the
time resolution to constrain whether a fault ruptured over days
or even decades (Nelson et al., 1995; Atwater et al., 2014).
In Southern California, uncertainties with radiocarbon ages
preclude the required accuracy for events spaced by 100’s of years,
let alone for a single earthquake event. Sumner et al. (2013)
suggested that the most reliable records of seismoturbidites
were recovered within a few years of a major earthquake
event and could be dated using multiple methods, such as 14C
and 210Pb.

A disconnect persists between the ages of the cores, the
recovered length of the cores, and the resolution of the Sparker
2D and 3D profiles. Despite advances in coring technology, piston
cores and gravity cores are still not able to recover cores long
enough to resolve sediment packages older than the Pink Unit
or sediment offset by faulting. Without deeper cores, it is difficult
to constrain margin evolution on the timescales imaged in the
seismic reflection data.

CONCLUSION

This study draws comparisons between small end-member
canyons within the ICB. Dana Point Canyon can be considered
a shore-proximal canyon with minimal tectonic deformation on
the continental slope. As evidenced from dated turbidite deposits,
this canyon has remained active during the most recent sea-
level lowstand, transgression, and highstand. In contrast, the
San Onofre North and South canyons are separated from the
coast by a wide ∼10 km shelf that is characterized by extensive
deformation. Shelf widening offshore of San Onofre is caused
by a left step along the right-lateral Newport Inglewood/Rose
Canyon Fault (Maloney et al., 2016; Sahakian et al., 2017).
This broad feature inhibits sand supply to the SON and SOS
canyons after 8 ka and these canyons are predominantly active
during MIS 2. Over lateral distances < 1 km, variability in
turbidite emplacement timing can be attributed to ponded basins,

small anticlines that promote bypass, and increases in gradient.
These basins were likely formed by cross-cutting faults in the
San Mateo Fault Zone. Gradient and autogenic processes of
turbidity flows may play an important role controlling the grain
size of turbidites. Thus, allogenic processes acting on a range
of scales muddies interpretations of the turbidite record as
paleoseismic indicators.
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FIGURE S1 | Age-depth models of all cores. Plotted are the median age, the 95%
confidence interval, and the probability density function of the calibrated age.
Sand layers are shown in horizontal gray bars.

FIGURE S2 | Sparker seismic dip profiles offshore of San Onofre. Profiles are
organized with the northernmost profile at the top and southernmost profile at the

bottom. Locations of lines are shown in Figure 1. For interpreted seismic profiles,
see Figure 5.

FIGURE S3 | Strike slices along the San Onofre margin. The shallowest slice is at
the top and the deepest slice is at the bottom. Locations of lines are shown in
Figure 1. For interpreted seismic profiles, see Figure 6.
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