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ABSTRACT
Millions of tons of material are flushed through submarine canyons during infrequent 

high-magnitude events, transporting coastal sediment to the deep ocean. However, observa-
tions related to individual canyon flushing events are challenging due to the destructive na-
ture and infrequency of flushing events. The impacts of one of the largest gravity flows in the 
past decade were documented in Kaikōura Canyon, Aotearoa–New Zealand, where >1 km3 
of sediment was mobilized by the 2016 CE Kaikōura earthquake (Mw 7.8). We present new 
high-resolution (<1 m) multibeam data collected with an autonomous underwater vehicle 
(AUV) along the Kaikōura Canyon axis, together with side-scan sonar and seafloor video 
imagery. These data sets reveal a wide range of erosional and depositional features that were 
not previously identified. Eroded bedrock and deep erosional structures are found in the up-
per canyon, including linear grooves, and rockfall debris (>5-m-diameter boulders). This 
erosional area transitions downcanyon to coarse-grained depositional bedforms, including 
cyclic steps and gravel waves (average wavelengths of 250 m and wave heights of ∼20 m), 
covering the mid- and lower canyon. Our observations provide high-resolution field-based 
evidence of (1) flow transformation, from a debris flow to a high-density turbidity current; 
and (2) variations of flow dynamics within turbidity currents both across- and downcanyon, 
during an infrequent, high-energy canyon flushing event. This research offers new insights 
into the processes that create and shape nearshore bedrock-incising submarine canyons.

INTRODUCTION
The efficiency of submarine canyons con-

necting land and deep ocean is influenced by 
the magnitude of canyon incision into the conti-
nental shelf (Bernhardt and Schwanghart, 2021; 
Covault and Graham, 2010; Smith et al., 2018). 
However, the mechanisms by which submarine 
canyons are initially formed are still poorly 
understood. Some may form by large subma-
rine landslides (Normark and Carlson, 2003), 
and some may be dominated by incision and 
downslope elongation (Micallef et al., 2014). 
Canyons can grow in relief, to some extent, sim-
ply because of hemipelagic deposition in inter-
fluves, while channel thalwegs are starved of 

sediment (Mitchell, 2005). Alternatively, as we 
suggest for Kaikōura Canyon (off the northeast 
coast of South Island, Aotearoa–New Zealand), 
some canyons are primarily created by very 
large infrequent sediment flows known as sub-
marine canyon flushing events (Talling, 2014).

During these events, large-scale sediment 
gravity flows, such as debris flows and turbid-
ity currents, can transport millions of tons of 
material to the deep ocean, and are capable 
of traveling hundreds of kilometers across the 
seafloor (Amy and Talling, 2006; Talling et al., 
2015). Coarse-grained high-concentration 
debris flows can support boulder-sized grains 
and gravel within a matrix of interstitial fluid 
and fine-grained sediment of finite yield strength 
(Middleton and Hampton, 1973). Turbidity cur-
rents develop internal stratification due to ver-
tical gravity segregation of particles, resulting 

in a coarse-grained, dense basal layer near the 
flow front, and a less dense and turbulent upper 
layer of fine sediment (Stow and Smillie, 2020).

Debris flows can transform into turbidity cur-
rents, with no change in water content, when 
the velocity is great enough to produce internal 
turbulence (Fisher, 1983; Kuenen and Hough, 
1951; Wang et al., 2024). The transformation 
from debris flow into turbidity current can result 
in a bipartite (two-phase) gravity flow contain-
ing a lower homogeneous flow with plastic rhe-
ology and a upper turbidity current, with New-
tonian rheology (Haughton et al., 2003, 2009; 
Talling et al., 2004). However, most of the pres-
ent understanding of gravity flow transforma-
tions is derived from theoretical descriptions, 
stratigraphic records, and laboratory experi-
ments (Amy and Talling, 2006; Felix and Peak-
all, 2006; Felix et al., 2009; Fisher, 1983; Wang 
et al., 2024).

One of the largest documented gravity flows 
in the past decade was triggered by the 2016 
CE Kaikōura Mw 7.8 earthquake, causing the 
canyon flushing event in the Kaikōura Canyon 
(Mountjoy et al., 2018). The Kaikōura Canyon 
comes to within 1 km of the shore south of the 
Kaikōura Peninsula (Fig. 1) and is one of 183 
active canyons worldwide lying within 6 km of 
shorelines (Bernhardt and Schwanghart, 2021; 
Harris and Whiteway, 2011). Coarse sediment 
entering this canyon is derived from longshore 
drift, coastal erosion, and reworking of shelf 
deposits (Gibbs et al., 2020; Lewis and Barnes, 
1999; Nokes et al., 2021).

Although the long-runout turbidity current 
that followed the 2016 earthquake was domi-
nated by silt to sand (Howarth et  al., 2021; 
Mountjoy et al., 2018), our new field-based 
observations within the canyon reveal the pres-
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ence of coarse sediments—including boulders 
up to several meters in diameter. Based on these 
new measurements we hypothesize that during 
the flushing event, a two-part sediment flow 
was generated: (1) a high-density debris flow 
of coarse sediment within the steeper upper can-
yon reaches, and (2) the transformation of that 
debris flow into a lower-density flow (turbidity 
current) capable of traveling long distances. Our 
unique geomorphic observations allow detailed 
interpretation of the dynamics of gravity flow 
transformations that occur during canyon flush-
ing events, demonstrating how infrequent large 
sediment flows are a creative force for bedrock-
floored submarine canyons.

DATA AND METHODS
High-resolution (<1 m) multibeam bathym-

etry and side-scan sonar data were acquired 
within the Kaikōura Canyon in October 2020 
during the TAN2011 voyage onboard RV 
Tangaroa (https://niwa​.co​.nz​/vessels​/voyages​
/2020-kaikoura-canyons). The data were col-
lected using the HUGIN 3000 autonomous 
underwater vehicle (AUV), equipped with an 
EdgeTech 2205 side-scan sonar system, and a 

Kongsberg EM2040 multibeam echosounder 
system (operating at bandwidths of 200–400 
kHz with a coverage of 5.5 times water depth). 
The EdgeTech operated at 75 kHz for long-
range target detection (at lower resolution) and 
at 410 kHz for increased resolution (though 
with decreased range). AUV data provided 
1-m-resolution seafloor digital elevation mod-
els, used to interpret canyon geomorphology 
and to compute the morphological parameters 
(e.g., wavelength, wave height) of the depo-
sitional bedforms following the methodology 
described by Ribó et al. (2016). The side-scan 
sonar data was used to measure the dimen-
sions of the boulders below the resolution 
of the multibeam data. A deep-towed imag-
ing system (DTIS) provided high-definition 
imagery of the seafloor substrate. The DTIS 
was equipped with cameras for vertically ori-
entated still images (24MP Nikon DSLR) and 
obliquely orientated video (Sony HD1018p, 
angled forward at 40° from vertical). Lighting 
was provided by LED floodlights (video) and 
electronic strobe (stills). Image scaling was 
provided by pairs of parallel red lasers aligned 
with each camera.

RESULTS
Seafloor imagery revealed rock blocks with 

sharp edges in the upper canyon (∼1245 m and 
∼1400 m water depth). Linear grooves (30–
130 m length, ∼3 m average width, >10 m 
relief) and erosion scours (Fig. 2) were observed 
where maximum erosion (>50 m) occurred dur-
ing the 2016 canyon flushing event (Fig. S1 in 
the Supplemental Material1).

Gravel waves develop at mid-canyon 
(∼1450 m water depth), where the canyon axis 
abruptly doubles in width (i.e., from 1 km to 
2 km across; Fig. 3A). These gravel waves are 
large, undulating coarse-grained bedforms, ori-
entated roughly perpendicular to the dominant 
current flow direction, with wavelengths of 75 m 
to ∼100 m and wave heights of ∼6 m (Fig. S2). 
They coexist with cyclic steps (i.e., coherent 
trains of upstream-migrating steps; Cartigny 
et al., 2011; Kostic, 2011; Parker, 1996), with 
wavelengths of ∼210 m and wave height of 
∼12 m (Figs. S2 and S3).

In the lower canyon, from ∼1700 m water 
depth, larger gravel waves with wavelengths 
of ∼250 m and wave heights of ∼20 m, cover 
the entire canyon axis (Fig. 3B; Fig. S2). They 
are predominantly composed of gravel and 
boulders—some very large (∼5 m diameter) 
as observed in side-scan sonar images on the 
down-canyon (lee) sides of the gravel waves 
(Figs. 3C and 3D, Fig. S4). Small-scale bed-
forms or dunes, with wavelengths of ∼15–30 m 
and wave heights of 1.5–5 m, are superimposed 
on these larger gravel waves, with crests oriented 
from normal to oblique to the gravel wave crests 
(Figs. 3B–3D).

From mid- to lower canyon, the profile shape 
of the gravel waves changes from symmetrical 
to asymmetrical, with the steeper flanks (lee 
sides) facing downslope. The wave crests change 
shape in planform at mid-canyon from linear 
and crescentic to reverse crescentic, and back 
to linear in the lower canyon (Fig. 3). Gravel 
wave heights and wavelengths increase down-
canyon, except where the canyon axis orienta-
tion abruptly changes (from northwest-southeast 
to northeast-southwest) between ∼1730 m and 
∼1900 m water depth (Fig. 3; Fig. S2). There, 
gravel waves within the canyon axis coexist with 
erosional scours and erosive lineations observed 
on the canyon walls (i.e., longitudinal bedforms 
similar to striations or furrows that are rectilinear, 
parallel, and regularly spaced, aligned with the 
direction of the current flow; Figs. 3A and 3B).

1Supplemental Material. Supplemental figures: 
DTIS seafloor imagery showing the erosive and 
depositional features (Figs. S1 and S4) and the dis-
tribution downcanyon of the wave height and wave-
length of the different depositional features (Figs. S2 
and S3). Please visit https://doi​.org​/10​.1130​/GEOL​
.S.27214425 to access the supplemental material; 
contact editing@geosociety​.org with any questions.

Figure 1.  Slope gradient map of Kaikōura Canyon (Aotearoa–New Zealand) and surroundings 
(25-m grid; 250-m grid at the continental shelf), showing autonomous underwater vehicle (AUV) 
high-resolution multibeam data coverage (red polygons) and deep-towed imaging system (DTIS) 
tracks (light-blue lines) where seafloor imagery was collected. Our data, the high-resolution 
AUV bathymetry data, was collected during voyage TAN2011. The 25-m resolution grid, col-
lected in 2016 during the voyage TAN1613, can be obtained upon request to NIWA. The 250-m 
grid is obtained from the NIWA New Zealand 250-m resolution gridded bathymetric data set 
(Mitchell et al., 2012)
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DISCUSSION
Bedrock Erosion in Kaikōura Canyon

During the 2016 earthquake, large amounts 
of coarse (gravel to boulder) sediment previ-
ously accumulated in the Kaikōura Canyon rim 
was mobilized downcanyon (Fig. 4A). The high 
availability of gravel and boulder blocks likely 
produced a thick and coarse-grained debris flow 
front, increasing the impact forces on the canyon 
floor (Ilstad et al., 2004; Roelofs et al., 2022). 
We infer that the transport of coarse debris dur-
ing the flushing event is the primary mecha-
nism for bedrock erosion in the canyon head 
and upper canyon, and potentially initiated the 
excavation of the bedrock in the canyon axis 
and walls (Fig. 4A).

Exposed bedrock is rarely documented in 
the axis of submarine canyons, which are nor-
mally obscured by unconsolidated sediments 
(Paull et al., 2011). In our study, the grooves 
and erosional scours revealed in the high-reso-
lution bathymetry (Fig. 2; Fig. S1) provide evi-
dence that dense debris flows remobilized and 
transported coarse sediment, eroding bedrock in 
the upper canyon. We interpret the grooves as 
caused by removal of semi-consolidated canyon-
floor material, whereas the erosive scours sug-
gest that the bed failed under the influence of the 
debris flow, a process of plucking or quarrying in 

which bedrock blocks erode along rock defects 
and fractures (Mitchell, 2014; Smith et al., 2018; 
Zhang et al., 2020).

Flow Transformation: Debris Flow to 
Turbidity Current

The Kaikōura Canyon debris flow (with 
dominant erosion) is interpreted to have trans-
formed into a turbidity current (depositional 
regime) at mid-canyon (∼1450 m water depth), 
where the canyon axis abruptly doubles in width 
(Fig. 3A). At that location, we observe the devel-
opment of depositional features (gravel waves 
and cyclic steps) alongside erosional scours, 
which create knickpoint-inducing hydraulic 
jumps (Fig. 4B). This suggests the potential 
dilution of the gravity flow, inducing the trans-
formation from the debris flow to a turbidity 
current (Felix and Peakall, 2006), which can 
be caused by incorporation of ambient water 
at a hydraulic jump, or at the upper surface of 
the flow, or by liquefaction and acceleration of 
the debris flow leading to increased turbulence 
(Felix et al., 2009).

Variations of Gravity Flow (Turbidity 
Current) Dynamics

Changes in the turbidity flow dynamics dur-
ing a canyon flushing event will influence the 

deposition of the sediment. These variations in 
flow dynamics are commonly associated with 
hydraulic jumps on the base of knickpoint and 
changes of orientation and width of the canyon 
axis (i.e., turning points affect the flow velocity) 
(Arzola et al., 2008; Talling et al., 2015), all of 
which are observed in Kaikōura Canyon.

The coexistence of gravel waves and cyclic 
steps across the mid-canyon axis suggests 
changes in the dynamics of the turbidity cur-
rent during the canyon flushing event (Fig. 3; 
Fig. S3). Cyclic steps develop immediately 
downstream of erosional scours, which may 
have acted as knickpoints during the 2016 flow, 
constraining the extension of the train of cyclic 
steps (Fig. 3A). The cyclic step wavelength 
gradually decreases downstream of the knick-
point; the down-canyon transitions of these 
features from steep lee slopes to gentle stoss 
slopes are interpreted to have caused hydraulic 
jumps in the flow (supercritical to subcritical 
regimes), leading to local deposition on stoss 
slopes (Fig. 3A; Fig. S3). Moreover, the varia-
tion in morphology of the gravel waves down-
canyon (i.e., planform crest shape, height, and 
wavelength; Fig. 3B; Fig. S2) also suggests 
potential flow deceleration downcanyon and/
or the transformation of flow dynamics across- 
and downcanyon.

A

B

Figure 2.  Slope gradient maps of the upper Kaikōura Canyon (Aotearoa–New Zealand). Zoom-in areas (orange boxes) show detail of 
erosional features. Deep-towed imaging system (DTIS) seafloor imagery (light-blue lines) show evidence of bedrock erosion.
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Farther downcanyon, the presence of very 
large boulders on top of the large gravel waves 
at the lower canyon (Fig. 3) are interpreted as 
being deposited during the transformation to 
subcritical flow. Settling of such large boul-
ders leaves the remaining flow diluted, and may 
cause it to accelerate, leading to an increase of 
current turbulence (Felix and Peakall, 2006). 
This is supported by sediment samples col-
lected along the mid- and lower canyon four 
days after the Kaikōura earthquake, which 
revealed highly fluidized and normally graded 
turbidites (Mountjoy et al., 2018). However, 
it is worth noting the numerous landslide 
scars, identified at the upper part of the can-
yon walls along the mid- and lower canyon 
(from ∼1100 m down to ∼1780 m water depth; 
Figs. 1, 2B, and 3A). These could have been 
triggered during the 2016 earthquake, increas-

ing the sediment load feeding the turbidity cur-
rent downcanyon.

We suggest the turbidity current was inter-
nally stratified (i.e., vertical gravity segrega-
tion of particles) based on the observations 
from the lower part of Kaikōura Canyon: (1) 
the presence of small-scale superimposed 
dunes over the large gravel waves, inter-
preted to arise from deposition of particles 
from the finer upper layer of a turbidity cur-
rent (Fig. 3B); and (2) the erosive lineations 
observed on the outer bend (where the axis 
orientation changes from northwest-southeast 
to northeast-southwest; Figs. 3B–3D), reach-
ing heights of ∼150–200 m above the canyon 
floor in the canyon wall (Fig. 3B), which are 
indicative of an eroding dense basal layer near 
the flow front. This is consistent with the cal-
culated minimum flow height of ∼180 m at 

the lower part of Kaikōura Canyon (Howarth 
et al., 2021; Mountjoy et al., 2018).

CONCLUSIONS
Our observations provide new insights into 

gravity flow dynamics during canyon flushing 
events, specifically (1) gravity flow transforma-
tion (debris flow to turbidity current) occurring 
between the constricted upper canyon and the 
more open mid-canyon; and (2) dynamic varia-
tions within the turbidity current across- and 
downcanyon, influenced by canyon morphol-
ogy (i.e., abrupt changes in canyon axis width 
and orientation).

We suggest that, during submarine canyon 
flushing events, high-energy, high-density, 
coarse-grained debris flows erode the upper 
canyon, exposing the bedrock. At mid-canyon, 
the presence of grooves and erosive scours 

A

C D

B

Figure 3.  (A, B) Slope gradient maps of Kaikōura Canyon (Aotearoa–New Zealand). (A) Mid-canyon, showing the transition from an ero-
sional to depositional regime (orange lines) with the co-existence of erosive scours, gravel waves, and cyclic steps. (B) Lower canyon 
with detail of the change of gravel-waves planform crest shape downcanyon. Zoom-in inset (dashed-line box) shows superimposed 
bedforms on top of the gravel waves. (C, D) Side-scan sonar images (locations shown by red rectangles in panel B) revealing large 
boulders over the gravel waves (side-scan sonar images show intensity of the return signal; dark colors indicate low intensity corre-
sponding to finer sediment).
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are jointly observed with depositional coarse-
grained bedforms, suggesting a transforma-
tion of flow, from concentrated debris flow to 
dilute turbidity current. From mid-canyon, the 
canyon floor transitions to being dominated 
by gravel waves that vary in size, planform 
crest shape, and orientation. These varia-
tions record changes in the turbidity current 
dynamics, with variations of threshold shear 
stress and flow acceleration both across- and 
downcanyon.

Our study provides detailed geomorpho-
logical observations that have enabled us to 
reconstruct transformations of flow dynam-
ics during the 2016 submarine canyon flush-
ing event in Kaikōura Canyon. This research 
will enhance our understanding of gravity flow 
dynamics and erosion in bedrock submarine 
canyons worldwide.
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