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Abstract

The continental shelf-break defines the boundary between shallow- and deep-ocean
environments, and is modified by subaerial and submarine processes through geological
time. The physiography of the shelf-break therefore records the cumulative influence of
these processes, and dictates where, and how efficiently, particulates and pollutants are
transported into the deep-ocean. Despite its importance, the continuous along-margin
physiography of the shelf-break, and its link to subaerial and submarine processes, remains
unquantified on a continental scale. Using a combination of bathymetric data, signal
processing and machine learning, we quantify how the physiography of the shelf-break
varies continuously along the Americas continental margin. Results show that tectonics
exert a first-order control on shelf-break physiography, with the narrowest and deepest
canyons associated with small and steep tectonically-active catchments, and steep and
narrow shelves. This suggests a dominance of tectonics over climatic and oceanographic
factors in shaping submarine geomorphology on a continental scale, supporting the view
that particulates and pollutants are most efficiently captured from their source and dispersed

to the deep ocean along active margins.
MAIN TEXT

Introduction

The shelf-break is a critical juncture for sediment transported into ocean basins,

acting as the boundary between shallow- and deep-water (1), and is identified by an
oceanward increase in gradient onto the continental slope (2, 3). Since the continental
shelf-break links the shallow- and deep-ocean, and is dynamic due to sea-level and
sediment supply fluctuations (4, 5), its physiography reflects the cumulative effect of
processes occurring on land, the continental shelf and the continental slope through

geological time. Consequently, the shelf-break area has differing magnitudes of along-
margin (along depositional-strike) relief, which influences how particulates are dispersed

along and across continental margins in the present-day. If submarine canyons extend

across the shelf-break (3, 6), then relief along the shelf-break will be greater, and particles
will be more efficiently captured from the shelf and concentrated in deep-water. If shelf-

break relief is suppressed, then particles, such as plastic waste, are less likely to be

captured close to their terrestrial source and may instead be transported tens of kilometres
along and across the shelf before being captured and concentrated in deeper waters (7).

Alternatively, they may be dispersed and deposited widely along the margin and not
transported into deep water.
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A number of erosional, depositional and tectonic processes influence shelf-break
relief. Erosion of the shelf-break occurs by rivers when the shelf is exposed, by gravity-
flows when the shelf is submerged, by grounded ice in polar environments and during
glacial periods, and by slope failure in all cases (8). Gravity-driven flows on the shelf are
induced by suspended sediment, and both temperature and salinity contrasts in the water
column, with suspended sediment typically derived from rivers or glacial meltwater, or by
resuspension of shelf sediment by temperature- or salinity-induced flows, waves, tides, or
slope failure (3, 9, 10). Depositional processes, such as delta progradation or carbonate
platform growth (11), and tectonic processes, such as diapirism (12), faulting (13) or
locking of tectonic plates at subduction zones (14), can also impact the physiography of
the shelf-break. Over time, these processes contribute to the formation of submarine
canyons, which are the dominant erosional features that incise the present-day shelf (3).

The influences of these processes on shelf and shelf-break physiography have been
studied along sections of continental margins with similar tectonic and climatic
conditions, including the northern Canadian passive margin (15), NE Atlantic passive
margin (16) and western American active margin (17), through global mapping of shelf-
incising submarine canyons (3, 18), and through discrete morphological classifications of
global continental shelves (6). However, the continuous impact of these processes on
shelf-break relief along continental margins with vastly different tectonic and climatic
settings has not been quantified. This limits our constraint on the dominant processes
influencing submarine geomorphology, which reduces our ability to predict where
particulates, such as terrigenous sediment, pollutants and organic carbon, are transferred
most efficiently to deep ocean environments along continental margins in the present-day.
Here, using bathymetric data, 17 geomorphic and environmental predictors, and machine
learning regression, we aim to; 1) quantify the wavelengths and magnitudes of relief along
the Americas continental shelf-break, and 2) assess the dominant predictors of shelf-break
relief.

Much of the present-day continental shelf was periodically exposed during
Quaternary sea-level lowstands (19), and there is a high prevalence of shelf-incising
submarine canyons along active margins (3, 18). Therefore, we expect that: 1) shelf-break
bathymetries will follow similar geomorphological trends to those observed in subaerial
topography, and 2) tectonically-active margins will have greater shelf-break relief. We
therefore hypothesize that wavelengths of shelf-break relief will be shorter and amplitudes
of shelf-break relief greater on steeper margins, as observed in fluvial systems (20), and
that because tectonics is the root cause of these elevated slopes, the dominant predictor of
shelf-break relief will be tectonics.

Results

Along the measured Americas shelf-break, 1446 negative peaks with greater than
100 m of prominence below the adjacent seafloor were identified, and their heights,
widths and aspect ratios (width/height) measured. Of these, 363 were: 1) constrained by
direct measurement on the GEBCO bathymetric grid, 2) within latitudinal limits relatively
unaffected by glaciation, and 3) not excluded by pre-processing (Fig. 1; 2; S2; see
‘Methods”). Given the ubiquity of canyons along shelves (3), and the difficulty in
differentiating canyons from isolated scarps or seafloor deformation, each negative peak is
herein termed a ‘canyon’. Each measured canyon is therefore formed through: 1)
headward erosion by landsliding (or a single landslide), 2) downslope, thalweg erosion by
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rivers and gravity flows, 3) seafloor deformation, or 4) a combination of these processes
(Fig. 3).

Random forest regressions of 10 predictors (21), selected from 17 predictors via
recursive feature elimination (22; see ‘Methods’; Table 1), indicate that lower aspect-ratio
canyons (narrow and deep) are best predicted by catchment area, median catchment
seismic risk (a proxy for tectonic activity), shelf width, and proximity to rivers (Fig. 4A).
Spearman rank correlations indicate how these predictors influence aspect ratios, with
smaller catchments, more seismically-active catchments, narrow shelves, and greater
proximity to rivers resulting in lower canyon aspect ratios (Fig 4B).

Discussion

Shelf-break relief is primarily predicted by catchment area, seismicity in the
hinterland, shelf width (and therefore shelf gradient), and proximity to rivers. These
properties are primarily controlled by continental margin tectonics, with tectonically-
active margins tending to have small and steep catchments, with steep and narrow shelves
(3, 5). This results from: 1) tectonic uplift steepening fluvial catchments (23), promoting
the development of steep and narrow shelves (24), and 2) coastal uplift outpacing wave
erosion (14). These properties dominate over oceanographic and climatic factors,
suggesting present-day shelf-break relief is predicted at the first order by tectonics. This is
consistent with fluvial geomorphology, where a similar dominance of tectonics over
hydrological factors is observed on a continental scale (23).

Tectonically-active catchments may influence shelf-break relief by promoting the
delivery of coarse-grained sediment to coastal environments (25), resulting in increased
erosion of the shelf-break in proximity to these catchments. This pattern has been
observed on the western North American margin, with high supplies of coarse-grained
sediment and wave focusing resulting in an increased potential for canyons to incise
landwards across the shelf (26), and shelf-incised canyons being more prevalent on active
margins globally (3). While larger catchments on passive margins contribute vast
quantities of sediment to continental margins, they are typically fine-grained and located
many tens to hundreds of kilometres from the shelf-break in the present-day, thus reducing
present-day shelf-break erosion (Fig. 2). The larger size of these catchments also results in
large rivers that are more widely spaced along continental margins, thus focussing erosion
in more localised areas of the shelf break.

Increased erosion of the shelf-break in response to elevated gradients is likely
caused by increased shear stresses exerted on the bed by rivers and sediment gravity flows
travelling across steeper shelves, resulting in greater vertical erosion of the shelf-break and
narrower canyons (Fig. 5). Similar inverse relationships between slope and width have
been observed in both submarine conduits (27) and tectonically-steepened fluvial channels
(28). Submarine canyons have also been shown to incise farther across the shelf when
formed on steep and narrow shelves (18). Lower-shelf gradients likely result in wider
canyons because the potential for vertical erosion is reduced and the potential for lateral
erosion and widening enhanced (29). While glacial influences are limited by excluding
high-latitude shelves (> 50°), it should be noted that some wide canyons may be formed
by erosion beneath major marine-terminating ice sheets, such as the ~50 km wide NE
Atlantic Laurentian Channel observed at the beginning of the measured shelf-break (Fig.
2) (30).

The thickness of sedimentary cover on the shelf, primarily influenced by tectonics
(31), may affect canyon morphology by modifying the stability and erodibility of the

3
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shelf. Shelves with thinner sedimentary cover, typical of active margins, are more likely to
be composed of erodible continental lithosphere or bedrock, and as a result will have
shelf-breaks that are less prone to retrogressive failure and less easily eroded by flows
travelling across the shelf (Fig. 5). Retrogression and widening will also be reduced on
active margins by ‘seismic strengthening’ of surficial sediments through seismic activity,
which lessens the susceptibility of active margins to slope failure (32). Fluvial channels
and glacial fjords have been shown to exhibit the same behaviour, with river width
partially set by bank strength (33), and glacial fjords tending to be narrower and deeper
when eroded into less-erodible gneisses and metasediments (34). Less-erodible substrates
may also induce narrowing through steepening, resulting in greater shear stresses and
greater vertical erosion, as seen in fluvial channels (35, 36, 20).

Bathymetric studies suggest that canyons formed on steeper and narrower slopes
were more able to erode across the shelf and maintain connection to the shoreline during
recent sea-level rise (18). Canyons formed on wide and low-gradient shelves, typical of
passive margins, have been stranded at the shelf-break and thus less affected by
downslope erosion from subaerially-derived gravity flows in the present. These canyons
have instead been dominated by: 1) retrogression and headward erosion, promoting
widening, and/or 2) filling by hemipelagic, longshore, or dilute gravity flow deposits,
promoting shallowing. This has been observed on the NE Atlantic margin, where
Quaternary fluvial systems previously active on passive margin shelves are presently
buried (37), and on the Southern Cascadian margin, where net-depositional, aggrading
canyons have reduced relief compared to active, more erosional canyons (38). High
supplies of fine-grained sediment from large catchments along passive margins will also
act to heal relief across wide regions of the shelf (39). These depositional factors all act to
reduce canyon aspect ratios and present-day shelf-break relief.

Since many of the present-day canyons identified were influenced by fluvial
erosion when sea-level was 120 m lower during the Last Glacial Maximum, and large
portions of continental shelves were exposed (19), parallels between subaerial and
submarine erosion are expected. Contradictions do exist between these results and similar
studies. For example, a global analysis of shelf valleys indicated that wider and deeper
valleys occur with increasing discharge (40), but there is little influence of discharge on
the canyon dimensions observed here. This is likely due to the canyons intersected by this
study being formed by a combination of rivers, gravity flows, and slope failures (Fig. 4).
Deformation of the seafloor by active faulting or diapirism, such as in the Gulf of
California (41) or Gulf of Mexico (Fig. 3D), and canyons with morphological templates
defined by underlying tectonic structure, such as the Californian Medocino Canyon (Fig.
3C) (42), also account for some of the negative peaks identified. This variety of processes
will obscure scaling relationships between geometry and discharge, as not all of the
measured canyons are formed purely by rivers or gravity flows.

The transition from continental shelf to continental slope is marked by the shelf-
break, the evolution of which controls the spatial and temporal transfer of particulates to
deep oceans across continental margins. Since subaerial topography is heavily influenced
by tectonic setting, we aimed to test whether shelf-break bathymetry is similarly
influenced by tectonics, using the Americas as a continental-scale case study. Catchment
seismicity is found to be the strongest predictor of shelf-break relief, with canyons formed
on tectonically-active margins being narrower and deeper than canyons on tectonically-
passive margins. This is primarily attributed to: 1) high supplies of coarse-grained
sediment from small, tectonically-active catchments forming erosive gravity flows that
erode the shelf-break, and 2) tectonically-elevated gradients increasing shear stresses
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exerted on the shelf-break by gravity flows and rivers. These results suggest that tectonism
dominates over local, climatic and oceanographic factors in sculpting the shelf on a
continental-scale. Particulates delivered to tectonically-active margins are therefore
transported more effectively from their source to deep-water than particulates delivered to
passive margins, which are likely to be distributed more widely from their source by
shore-parallel currents before burial on the shelf or transport and concentration in deep-
water. This study therefore provides a first order predictor for constraining the delivery of
particulates and pollutants to the deep ocean, which has implications for predicting the
efficacy of sediment transport to deep-water through geological time, and for interpreting
the stratigraphic record of deep-marine sedimentary systems.

Materials and Methods

Experimental Design

Wavelengths and amplitudes of relief were measured by sampling the depth (Z) of
the Americas shelf-break as defined by (3). The along-slope shelf-break profile was
sampled at the 15 arc-second resolution of the GEBCO gridded-bathymetry (43) and along
the vertices defined by (3). Depths were therefore measured from 156,069 points along the
shelf-break at a median-spacing of 324 m (Fig. 1). Distances between points were
measured using Vincenty’s geodetic formulae (44), resulting in a continuous shelf-break
profile spanning 51,386 km (Fig. 2A). The continental margin of the Americas was chosen
as it has good bathymetric constraint, and transitions through tectonically-active and
passive settings, thus allowing comparisons to be made between vastly different tectonic
and climatic settings.

Individual peaks of erosion on the shelf-break were defined by a peak-finding
algorithm (scipy.signal.find_peaks; 45) based on a cut-off of 100 m prominence below the
adjacent seafloor, i.e. 100 m of vertical relief (Fig. 1B). Each peak is termed a ‘submarine
canyon’ (see ‘Results’). Canyon heights (amplitude of erosion) were measured as 75% of
the peak prominence (H), and widths (wavelength of erosion) were calculated by
measuring the horizontal line length from the height of the canyon to the point where it
intersects the seafloor in both directions (W), i.e. 75 % of the bank-full height and width of
the canyon (Fig. 1B). From these width and depth measurements, aspect ratios were
calculated (As = W/H). A 75 % value was chosen to prevent the algorithm intersecting the
seafloor unrealistically far from canyons with large prominences above adjacent canyons.
As a consequence of the GEBCO grid being a stitched compilation of different data-
sources with different levels of constraint (43), only canyon thalwegs constrained by direct
bathymetric measurements, such as soundings or Lidar, were included in the analysis.
Canyons visually affected by bathymetric gridding effects were also excluded. In order to
mitigate against glacial influences, canyons formed at high-latitudes (> 50°) were also
excluded. This resulted in 370 out of 1668 canyons being analysed.

Geomorphic, tectonic and environmental indices

In order to assess the influence of continental margin tectonics on the measured
geometries, the shelf-width (Sw = distance from canyon to nearest 0 m contour), shelf
gradient (tan(Z/Sw)), and sediment thickness at the shelf-break (31) were measured for
each canyon, as these parameters are useful submarine proxies for tectonism (3) (Fig. 2).
Shelves with thick accumulations of sediment at the shelf-break are termed ‘thick’
shelves, and shelves with thin accumulations of sediment at the shelf-break are termed
‘thin’ shelves. Shelf width and thickness were averaged every 100 points (median spacing
32.5 km) using a Savitsky-Golay filter to better represent the regional shelf physiography
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and mitigate against any sharp variations that may bias the results. Calculating shelf
gradient from the regional shelf width also prevented shelf gradient being overly biased
toward deeper peaks.

Subaerial proxies were calculated by averaging onshore erodibility (46), average
annual precipitation and temperature (47), and onshore seismic risk (PGA; peak-ground-
acceleration with 10% chance of exceedance in 50 years; 48) within individual drainage
basins and assigning these values to outlet of the largest river within that basin
(HydroSHEDS; 49) (Fig. 2). Subaerial river gradients were calculated via the maximum
relief of the drainage basin and length of the largest river. Distances from the river outlet
to each canyon were then calculated (Fig. 2), with this distance acting as weight on
catchment indices:

where dr is the distance to the nearest river and w is the weighting factor. Each index was
multiplied by the weight, and was applied to account for the influence of a river on an
individual canyon reducing with increasing distance from the river, i.e. a canyon 400 km
away from a river will not be as affected by a river as much as a canyon 5 km away (Fig.
S1; Fig. S2). An inverse square-root function is used to prevent riverine influence from
decaying too rapidly away from the coast and biasing the results (Fig. S1). The influence
of waves, tides, coastal relief and coastal erodibility on shelf physiography were assessed
by pairing each canyon with its nearest Ecological Coastal Unit (50). Coastal relief was
weighted analogously to the catchment indices, but with shelf width instead of distance to
the nearest river as the denominator.

Statistical analysis

To test which of these variables are most important for predicting shelf-break
relief, a random forest regression was performed
(sklearn.ensemble.RandomForestRegressor; 21). Pre-processing of the data involved: 1)
removal of outliers (data outside three standard deviations of the mean), resulting in 7/370
canyons being excluded; and 2) k-nearest-neighbour imputation of missing data
(sklearn.impute. KNNImputer). All of these input features are included in Table 1. The top
ten most influential variables were selected via recursive feature elimination
(sklearn.feature_selection.RFE; 22), and used as the final input features. From the
regression, the top ten features were ranked by their permutation importance for predicting
canyon aspect ratios based on 20 random shuffles
(sklearn.inspection.permutation_importance; Fig. 4).

Two-tailed Kolmogorov-Smirnov tests were used to assess how significant the
differences were between each ranked feature. Spearman rank correlations were also
performed to indicate whether this influence was positive or negative, i.e. whether greater
shelf gradients resulted in higher or lower aspect ratios (Fig. 4).
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454

455 Fig. 1. Map of shelf-break extent and canyon mapping method. (A) Extent of the

456 measured shelf-break along the continental margin of the Americas. Grey lines

457 indicate drainage basins (HydroSHEDS; Lehner et al. 2008), and red lines indicate
458 plate boundaries. ENA; eastern North America, ECA; eastern Central America,
459 ESA,; eastern South America, ESA; WNA,; western North America, WCA; western
460 Central America, WSA,; western South America. (B) Negative peaks identified by
461 the peak-finding algorithm based on a cut-off of 100 m prominence below the

462 adjacent the seafloor. Height and widths measurements were taken at 75 % of this
463 prominence to prevent canyon dimensions being unrealistically large.
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467 Fig. 2. Shelf-break profile, mapped canyons, and selected subaerial and submarine

468 indices. A Savitsky-Golay filter over 5001 points is used to average values (solid
469 back line). Raw data are shown in grey points, and canyon thalweg depths are
470 shown in blue points. Margins are defined as ‘active’ or ‘passive’ based on

471 terrestrial seismic risk data (Giardini et al. 1999), i.e. active margins have higher
472 seismic risk. ENA; eastern North America, ECA,; eastern Central America, ESA;
473 eastern South America, ESA; WNA,; western North America, WCA,; western

474 Central America, WSA,; western South America.
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497 versus active margins. Active margins tend to be steeper and subject to more
498 erosive, coarse grains flows, therefore canyons are deeper and narrower. Passive
499 margins tend have lower-gradients and be subject to finer-grained flows, or

500 completely abandoned, in the present, therefore canyons are shallower and wider.
501 Passive margins also tend to have thick accumulations of erodible and unstable
502 sediment, increasing the ability of submarine canyons to erode laterally.
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529  Fig. S2. Spatial distribution of canyons included in this analysis and six of the weighted tectonic,
530 geomorphic and climatic properties assigned to them (log-normalised for clarity).
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533  Table. S1: All data collected by this study (table of measured canyons and their associated indices).
534  Filename: ‘prof dist.csv’.

535  Table. S2: Shapefile for filtering canyons affected by gridding. Filename: Filename: ‘filter.shp’.

536  Data S1: iPython notebook used for plotting all figures. This notebook will reproduce Figs 3. and 4 with
537  Table S1 and S2. Figure 1 (maps) requires download of open-source data cited in text, or can be sent from
538  author upon request.
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