:' frontiers ‘ Frontiers in Earth Science

ORIGINAL RESEARCH
published: 02 June 2022
doi: 10.3389/feart.2022.836823

OPEN ACCESS

Edited by:
Rosanna Maniscalco,
University of Catania, Italy

Reviewed by:

Daniele Casalbore,

Sapienza University of Rome, ltaly
Andrea Fildani,

Deep Time Institute, United States

*Correspondence:
Laura H. Blhrig
Ihbuehrig@gmail.com

"This author has first authorship

*These authors have contributed
equally to this work and share senior
authorship

Specialty section:

This article was submitted to
Quaternary Science, Geomorphology
and Paleoenvironment,

a section of the journal

Frontiers in Earth Science

Received: 15 December 2021
Accepted: 21 April 2022
Published: 02 June 2022

Citation:

Buhrig LH, Colombera L, Patacci M,
Mountney NP and McCaffrey WD
(2022) Tectonic Influence on the
Geomorphology of Submarine
Canyons: Implications for Deep-Water
Sedimentary Systems.

Front. Earth Sci. 10:836823.

doi: 10.3389/feart.2022.836823

®

Check for
updates

Tectonic Influence on the
Geomorphology of Submarine
Canyons: Implications for Deep-Water
Sedimentary Systems

Laura H. Biihrig*', Luca Colombera*, Marco Patacci*, Nigel P. Mountney* and
William D. McCaffrey*

School of Earth and Environment, Institute of Applied Geoscience, University of Leeds, Leeds, United Kingdom

A database-informed metastudy of 294 globally distributed submarine canyons has been
conducted with the aim of elucidating the role of tectonic setting on submarine-canyon
geomorphology. To achieve this, data from seafloor and subsurface studies derived from
136 peer-reviewed publications and from open-source worldwide bathymetry datasets
have been statistically analyzed. In particular, relationships between margin type (active vs.
passive) or plate-boundary type (convergent vs. transform vs. complex) have been
assessed for key morphometric parameters of submarine canyons, including:
streamwise length, maximum and average width and depth, canyon sinuosity, average
canyon thalweg gradient, and maximum canyon sidewall steepness. In addition, possible
scaling relationships between canyon morphometric parameters and characteristics of the
associated terrestrial catchment, continental shelf and slope, and of the broader
physiographic setting for canyons along both active and passive margins have been
evaluated. The following principal findings arise: 1) overall canyon geomorphology is not
markedly different across tectonic settings; 2) slope failure might be more important in
passive-margin canyons compared to active ones, possibly due to seismic strengthening
in the latter; 3) some aspects of canyon geomorphology scale with attributes of the source-
to-sink system and environmental setting, but the strength and sign in scaling might differ
between active and passive margins, suggesting that the extent to which canyon
geomorphology can be predicted depends on the tectonic setting. Insights from our
analysis augment and improve conceptual, experimental and numerical models of slope
systems at the scale of individual canyons and source-to-sink systems, and increase our
understanding of the complex role played by tectonic setting in shaping deep-water
systems.

Keywords: global, quantitative analysis, geometry, scaling relationships, source-to-sink, active margin, passive
margin
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1 INTRODUCTION

As major conduits for the exchange of sediment, organic matter,
nutrients, pollutants and water masses across continental margins
(e.g., Fildani, 2017; Santora et al., 2018; Maier et al., 2019; Zhong
and Peng, 2021), submarine canyons are important components
of deep-water environments and of broader source-to-sink (S2S)
systems.

Canyon fills and deep-water fans collectively provide a
depositional record of the sediment funneled through a
connected canyon, and hold valuable information on the long-
term evolution of continental margins (e.g., Normark and Carlson,
2003; Hessler and Fildani, 2019). They are more likely preserved
when small in size, accommodated on continental crust, and
associated with an active-margin setting (e.g, Normark et al,
1993; Normark and Carlson, 2003); this creates bias in the
sedimentary record of deep-water systems. As a consequence,
insights from ancient systems only provide a selective view on
controls on deep-water systems and have limited applicability to
modern environments. Moreover, current knowledge of the role of
submarine-canyon geomorphology in shaping the configuration of
deep-water systems largely relies on insights from a small number
of modelling studies based on datasets from passive-margin settings
(e.g, Wan et al,, 2021) and a small number of comparative global
studies with focus on specific aspects of canyon geomorphology
(e.g, Normark and Carlson, 2003; Covault et al, 2011a).
Furthermore, despite the importance of canyons for the delivery
of sediment to deep-water basins, relationships between the
geometry of submarine canyons and linked controls have not
yet been fully considered in source-to-sink models; previous
analyses were limited to the assessment of scaling relationships
between canyon morphometric parameters with attributes of
terrestrial catchments and continental shelves and slopes, which
demonstrate that canyon geomorphology is partially controlled by
the configuration of S2S systems (e.g., Somme et al., 2009; Casalbore
et al, 2011; Nyberg et al., 2018; Biihrig et al., in review).

The quantitative investigation of modern canyons can increase
our understanding of the importance of tectonic controls on their
geomorphology, and in turn of the potential role of canyon
geomorphology on sediment dispersal to deep-marine sinks.
Insights in such relationships may also be useful for the
reconstruction and prediction of geometries of deep-water
systems and superordinate S2S systems, where these are only
partially preserved in outcrop or are partially resolved in surveys
of the seafloor and subsurface.

Submarine-canyon geomorphology is governed by multiple
environmental factors including their hydrodynamic regime,
oceanographic environment, regional climate, and tectonic
setting (e.g., Harris and Whiteway, 2011; Huang et al.,, 2014;
Puig et al, 2014; Bihrig et al., in review), which control
mechanisms of sediment routing from terrestrial source areas
to marine sinks. In active-margin settings, relatively steep
gradients and short transport distances across terrestrial
catchments and the adjoining continental shelf promote rapid
delivery of solids from the terrestrial hinterland to the deep-
marine environment (e.g., Bouma and Scott, 2003; Somme et al.,
2009; Gamberi et al., 2015; Nyberg et al., 2018; Pierdomenico
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et al,, 2019). In systems with wide shelves along passive margins,
sediment routing to slopes and basin floors is facilitated via shelf
channels, shelf-edge deltas and submarine canyons that have cut
across the shelf to connect to a river (e.g., Sylvester et al., 2012;
Rona et al, 2015).

Some global studies indicate that the overall geomorphology of
canyons might not differ fundamentally between tectonically
active and passive margins (e.g., Harris and Whiteway, 2011;
Biihrig et al., in review). Yet tectonic activity molds the basin
topography via its control on the distribution and type of faulting
and mass-failures, which have been shown to leave characteristic
signatures in the morphology of submarine canyons of active
continental margins (e.g., Greene et al,, 1991; Chiang and Yu,
2006; Micallef et al., 2014; Corradino et al., 2021; Soutter et al.,
2021). Moreover, active margins encompass both convergent and
strike-slip tectonic domains, and are characterized by variability
in sedimentary basin-morphology and sediment generation,
transport and dispersal mechanisms (e.g., Ingersoll, 2012; Ju
et al., 2020). Although tectonically active margins host over
50% of submarine canyons globally (Harris and Whiteway,
2011), studies of the genesis and evolution of submarine
canyons associated with active margins are relatively
underrepresented in the scientific literature (Micallef et al., 2014).

The aim of this study is to increase understanding of the
influence of tectonic setting on the geomorphology of submarine
canyons. To achieve this, the geomorphology of 294 modern
canyons has been investigated in their S2S context, considering
parameters describing their physiographic and tectonic setting.
Specific research objectives are as follows: 1) to quantitatively
characterize the variability in selected canyon geomorphologic
parameters across active (both convergent and strike-slip) and
passive continental-margin types; 2) to evaluate scaling
relationships in canyon morphometry and of individual
canyon morphometric parameters with attributes describing
their environmental setting, discriminating between active and
passive margins; 3) to assess the characteristics of canyon-
associated terrestrial catchments, shelves and slopes in active-
versus passive-margin settings, and their scaling relationships.

2 DATASET AND METHODS
2.1 Dataset

The dataset used in this study has been extracted from a database
of submarine canyons collated by Biihrig et al. (in review), who
have investigated controlling factors on canyon geomorphology
in a global metastudy. For the present study, the database has
been extended by defining and characterizing new attributes and
by integration with additional data to facilitate the analyses. The
data presented in this article are made available in the
Supplementary Material.

Data on the geomorphology of the canyons have been
extracted from high-resolution seabed and subsurface studies
from 136 peer-reviewed publications and from open-source
worldwide bathymetry (NOAA National Centers for
Environmental Information, 2021; Google Earth). The dataset
is organized as 97 individual case studies, with each case
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FIGURE 1 | (A) Overview map of the distribution of the 97 case studies and their associated margin-type setting. Continental-margin classification after Harris et al.
(2014b) (World map from freevectormaps.com). (B) Key parameters investigated in the study: 1) Submarine canyon: L, canyon length along thalweg; L, canyon length
along endpoints; Wiyax, maximum canyon width; Dy,,, maximum canyon depth; Sl,,, average canyon sinuosity index; thG,,, average canyon thalweg gradient; SWiyax,
maximum canyon sidewall steepness. 2) Terrestrial catchment: Ly, fluvial system length; Qgs, average annual fluvial discharge; Asse, catchment size; Hpec,
maximum catchment elevation. 3) Shelf configuration: Wsp, shelf width; Dgp, shelf-break depth; Gg,, average shelf gradient. 4) Slope configuration: Wy, slope width; D,
slope-break depth; G, average slope gradient. 5) Canyon-physiographic setting: SD,.», seafloor depth at canyon apex; SDax, seafloor depth at canyon mouth; Dis
minimum distance of canyon to shoreline.
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TABLE 1 | Summary of the 97 case studies considered in this study.

ID Case study No. of Oceanic region Reference(s)
canyons

1 Patagonia canyons, SE Argentina 8 South Atlantic Ocean Lastras et al. (2011a)

2 Mar del Plata Canyon, E Argentina 1 South Atlantic Ocean Krastel et al. (2011), Warratz et al. (2019)

3 Potiguar Basin canyons, NE Brazil 14 South Atlantic Ocean de Almeida et al. (2015)

4 Congo Canyon, W Democratic Republic of Congo 1 South Atlantic Ocean Babonneau et al. (2002), Ferry et al. (2004)

5  Avon & Mahin canyons, SW Nigeria 2 South Atlantic Ocean Jimoh et al. (2018)

6  Aguja Canyon, N Colombia 1 North Atlantic Ocean (Caribbean Sea) Restrepo-Correa and Ojeda (2010)

7 Guayanilla canyon system, S Puerto Rico 4 North Atlantic Ocean (Caribbean Sea) Trumbull and Garrison (1973)

8 Arecibo & Quebradillas canyons, NW Puerto Rico 2 North Atlantic Ocean Gardner et al. (1980)

9 Mona Canyon, NW Puerto Rico 1 North Atlantic Ocean Mondziel et al. (2010)

10 Mississippi Canyon, S United States 1 North Atlantic Ocean (Gulf of Mexico) Coleman et al. (1982)

11 Hudson Canyon, NE United States 1 North Atlantic Ocean Rona et al. (2015)

12 Lydonia & Oceanographer canyons, NE 2 North Atlantic Ocean Valentine et al. (1980)
United States

13 Logan Canyon, SE Canada 1 North Atlantic Ocean Li et al. (2019)

14 SW Grand Banks Slope canyons, SE Canada 3 North Atlantic Ocean Armitage et al. (2010)

15 Dakar Canyon, W Senegal 1 North Atlantic Ocean Pierau et al. (2010), Pierau et al. (2011)

16 Cayar Canyon, W Senegal 1 North Atlantic Ocean Dietz et al. (1968)

17 Timiris Canyon, NW Mauritania 1 North Atlantic Ocean Krastel et al. (2004), Antobreh and Krastel (2006)

18  Agadir Canyon 1 North Atlantic Ocean Ercilla et al. (1998), Wynn et al. (2002)

19 Faro & Portimao canyons, SW Portugal 2 North Atlantic Ocean (Gulf of Cadiz) Mulder et al. (2006)

20 Nazaré, Cascais & Setubal-Lisbon canyons, W 4 North Atlantic Ocean Arzola et al. (2008), Lastras et al. (2009), Allin et al.
Portugal (2016)

21 Aviles Canyon system & Navia canyon, N Spain 5 North Atlantic Ocean (Bay of Biscay) Goméz-Ballesteros et al. (2014)

22  Capbreton Canyon, SW France 1 North Atlantic Ocean (Bay of Biscay) Maziéres et al. (2014)

23  Audierne & Blackmud canyons, SW France 2 North Atlantic Ocean (Bay of Biscay) Mulder et al. (2012)

24 Lofoten-Vesteralen canyons (incl. Andgya Canyon), 15 North Atlantic Ocean Rise et al. (2013)
NW Norway

25  Kaikoura Canyon, E New Zealand 1 South Pacific Ocean Lewis and Barnes (1999)

26 Lachlan Canyon, NE New Zealand 1 South Pacific Ocean Walsh et al. (2007)

27  Biobio Canyon system, SW Chile 2 South Pacific Ocean Bernhardt et al. (2015)

28 San Antonio Canyon, NW Chile 1 South Pacific Ocean Hagen et al. (1996), Laursen and Normark (2002)

29 E Arequipa Basin canyons, NW Chile 3 South Pacific Ocean Hagen et al. (1994)

30 Guayaquil & Santa Elena canyons, NW Equador 2 South Pacific Ocean Michaud et al. (2015)

31 N Great Barrier Reef canyons, NE Australia 15 South Pacific Ocean (Coral Sea) Puga-Bernabéu et al. (2011)

32 Solomon Sea canyons, E & SE Papua New Guinea 8 South Pacific Ocean (Solomon Sea) Davies et al. (1987), Galewsky and Silver (1997)

33 Esmeraldas Canyon, NW Ecuador 1 North Pacific Ocean Michaud et al. (2015)

34 Mira & Patia canyons, SW Colombia 2 North Pacific Ocean Ratzov et al. (2012)

35 Ipala Canyon, W Mexico 1 North Pacific Ocean (South China Sea)  Urias Espinosa et al. (2016)

36 LadJolla, Scripps, Sur, Carmel, Noyo & Eel canyons, 6 North Pacific Ocean Le Dantec et al. (2010), Paull et al. (2013)
SW United States

37 Redondo, Santa Monica & Dume canyons, SW 3 North Pacific Ocean Gardner et al. (2003), Tubau et al. (2015)
United States

38 Mugu & Hueneme canyons, SW United States 2 North Pacific Ocean Piper et al. (1999)

39 Monterey, Soquel, Aflo Nuevo & Cabrillo canyons, 4 North Pacific Ocean Greene et al. (2002), Xu and Noble (2009)
SW United States

40  Astoria Canyon, NW United States 1 North Pacific Ocean Hickey (1997), Bosley et al. (2004)

41 Quinault Canyon, NW United States 1 North Pacific Ocean Baker and Hickey (1986), Carson et al. (1986)

42 Juan de Fuca Canyon, NW United States 1 North Pacific Ocean (heads in the Juan  Alford and MacCready (2014)

de Fuca Strait)

43 Barkley Canyon, SW Canada 1 North Pacific Ocean Allen et al. (2001)

44 Haida Gwaii canyons, SW Canada 6 North Pacific Ocean Harris et al. (2014a)

45  Tarr Canyon, NW United States 1 North Pacific Ocean (Gulf of Alaska) Carlson et al. (1990)

46 North Palawan Canyon, S China 1 North Pacific Ocean (South China Sea)  Yin et al. (2018)

47 Modern Central Canyon, S China 1 North Pacific Ocean (South China Sea)  Su et al. (2015)

48 3 canyons & 4 gullies, S China 34) North Pacific Ocean (South China Sea)  Chen et al. (2017)

49  Pearl River Mouth Basin canyons, S China 17 North Pacific Ocean (South China Sea)  Han et al. (2010), Su et al. (2020)

50  Zhujiang/Pearl River Canyon, S China 1 North Pacific Ocean (South China Sea)  Han et al. (2010), Ding et al. (2013)

51 Dongsha Canyon, S China 1 North Pacific Ocean (South China Sea)  Yin et al. (2015)

52 Taiwan Canyon, SW Taiwan 1 North Pacific Ocean (South China Sea)  Xu et al. (2014)

53 Hongtsai Canyon, SW Taiwan 1 North Pacific Ocean (South China Sea)  Yu and Chiang (1995)

54 Fangliao Canyon, SW Taiwan 1 North Pacific Ocean (South China Sea)  Yu and Lu (1995), Chiang et al. (2012)

55 Kaoping Canyon, SW Taiwan 1 North Pacific Ocean (South China Sea)  Chiang and Yu (2006), Liu et al. (2016)

56 Kaohsiung Canyon, SW Taiwan 1 North Pacific Ocean (South China Sea)  Yu et al. (1992)

(Continued on following page)
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TABLE 1 | (Continued) Summary of the 97 case studies considered in this study.

ID

57

58
59
60
61
62
63
64

65
66

67

68
69
70
71
72

73
74
75
76

7
78
79

80
81
82
83
84
85

86

87
88
89
90
91
92
93
94
95
96
97

Case study

Penghu Canyon, SW Taiwan

Taitung Canyon, SE Taiwan
Hualien Canyon, SE Taiwan
Goto Canyon, SW Japan

Aoga Shima Canyon, SE Japan
Tenryu Canyon, SE Japan
Boso Canyon, SE Japan
Kushiro Canyon, NE Japan

Submarine canyons of Kamchatka, NE Russia
Bering Canyon, Bering Sea

Zhemchug, Pervenets & Navarin canyons,
Bering Sea

Middle canyon system, Bering Sea

St. Matthew canyon system, Bering Sea
Albany canyons, SW Australia

Tugela Canyon, E South Africa
Saint-Etienne & Pierrefonds canyons, SW La
Reunion

Palar Basin canyons, E India

Indus Canyon, SE Pakistan

Barrow Canyon, NW United States

Cook Strait canyons, E New Zealand

Bass canyon system, SE Australia

Akhviz & Sour canyons, NW lIsrael

Almeria, Western, Eastern & Guadiaro canyons, S
Spain

Alias-Almanzora canyon system, SE Spain
Menorca Canyon, SW Menorca, Balearic Islands
Orpesa Canyon, NE Spain

Foix Canyon system, NE Spain

Blanes Canyon, SE France

Palamds/La Fonera Canyon, NE Spain

Cap de Creus Canyon, NE Spain

Bourcart Canyon, SE France

Gulf of Palermo canyons, NW Sicily, Italy
Gulf of Castellammare canyons, NW Sicily, Italy
Messina Canyon, NE Sicily, Italy

Petrace, Gioia & Mesima canyons, SW ltaly
Luna & Infreschi canyons, SW Italy

Dohrn Canyon, SW lItaly

Golo system canyons, NE Corsica, France
North imrali Canyon, NW Turkey

Sarkdy & Izmit canyons, NW Turkey
Danube/Viteaz Canyon, SE Romania

No. of
canyons

1

4 4 4 4

OO NGO

~
e S SIS R SN

Oceanic region

North Pacific Ocean (South China Sea)

North Pacific Ocean (Philippine Sea)
North Pacific Ocean (Philippine Sea)
North Pacific Ocean (East China Sea)
North Pacific Ocean (Philippine Sea)
North Pacific Ocean

North Pacific Ocean

North Pacific Ocean

North Pacific Ocean
North Pacific Ocean (Bering Sea)

North Pacific Ocean (Bering Sea)

North Pacific Ocean (Bering Sea)
North Pacific Ocean (Bering Sea)
Indian Ocean
Indian Ocean
Indian Ocean

Indian Ocean

Indian Ocean (Arabian Sea)
Arctic Ocean

Cook Strait

Bass Strait
Mediterranean Sea
Mediterranean Sea

Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea

Mediterranean Sea

Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea
Sea of Marmara
Sea of Marmara
Black Sea

Reference(s)

Yu and Chang (2002), Hsiung and Yu (2011), Su
et al. (2015)

Schnlrle et al. (1998)

Hsiung et al. (2017)

Oiwane et al. (2011)

Klaus and Taylor (1991)

Soh and Tokuyama (2002)

Soh et al. (1990)

Noda et al. (2008), Noda and Tuzino (2010), Tuzino
and Noda (2010)

Gnibidenko and Svarichevskaya (1984)

Carlson and Karl (1988), Harris and Whiteway
(2011)

Carlson and Karl (1988)

Carlson and Karl (1984), Carlson and Karl (1988)
Carlson and Karl (1984), Carlson and Karl (1988)
Exon et al. (2005)

Wiles et al. (2013)

Babonneau et al. (2013)

Susanth et al. (2021)

Von Rad and Tahir (1997), Salmanidou et al. (2019)
Eittreim et al. (1982), Pisareva et al. (2019)
Mountjoy et al. (2009), Mountjoy et al. (2014),
Micallef et al. (2014)

Mitchell et al. (2007)

Mart (1989), Almagor (1993)

Alonso and Ercilla (2003), Palanques et al. (2005)

Puig et al. (2017)

Acosta et al. (2002)

Amblas et al. (2012)

Puig et al. (2000), Tubau et al. (2013)

Lastras et al. (2011b)

Martin et al. (2006), Palanques et al. (2006), Lastras
et al. (2011b)

Baztan et al. (2005), Lastras et al. (2007), Lastras
et al. (2011b)

Mauffrey et al. (2015)

Lo lacono et al. (2011), Lo lacono et al. (2014)

Lo lacono et al. (2014)

Ridente et al. (2014)

Pierdomenico et al. (2016), Casalbore et al. (2018)
Budillon et al. (2011)

Milia (2000)

Gervais et al. (2004), Gervais et al. (2006)

Vardar (2019)

Cagatay et al. (2015)

Popescu et al. (2004)

The numbers of canyons reported in brackets indicate channel forms that were termed as “submarine gullies” by the authors of the original data sources.

corresponding to one or several submarine canyons from a
geographic location or region, detailed as a self-contained

study by the original authors (Figure 1A; Table 1).

2.2 Methods

Data on individual canyon morphometric parameters, the
physiographic setting of the canyon and characteristics of its
associated S2S system have been coded in the Deep-Marine

Architecture Knowledge Store (DMAKS; Cullis et al., 2019), a
relational database storing data on characteristics of deep-water

sedimentary systems and their environmental settings (see Cullis

et al., 2019).

2.2.1 Canyon Definition
In this study, a submarine canyon is defined as a throughgoing
erosional channelform incised into the continental slope; this
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TABLE 2 | Overview of the parameters investigated in the study and their definitions.

Study parameter

Canyon morphometrics
L (km)**
Wmax (km)**
Way (km)*
Dpmax (M)
Day (m)*
Slay (=)

thGa, ()
SWmaX (0)*

Physiographic setting
D"Sm/‘n (km)“
SDm/n (m)**
SDmaX (m)**
Canyon terrestrial catchment
Lps (k)™

Qus (kA
Aﬂsc (ka)*

Hf/sc (m)**

Continental shelf
Wen (k)™
Gsn (7
Dgpy (m)

Continental slope
We (k)™
Gy ()~
Dgy ()™
Other parameters
Continental-margin type

Active-margin plate boundary type

Definition

Streamwise length of the canyon between canyon apex and canyon mouth as measured along the canyon thalweg
Maximum width of the canyon orthogonal to the canyon length

Average canyon width over the length of the entire canyon

Maximum depth of the canyon, i.e., depth of the canyon thalweg relative to the elevation of the canyon margins
Average canyon thalweg depth over the length of the entire canyon

Average canyon sinuosity index, i.e., ratio between the sinuous canyon length measured along its thalweg and the straight
distance between canyon apex and canyon mouth

Average canyon thalweg gradient, evaluated between canyon apex and canyon mouth

Maximum canyon-sidewall steepness, representing the maximum value of gradient between canyon rim and canyon bottom
evaluated along the entire length of the canyon

Minimum distance between the canyon and the shoreline
Seafloor depth at the top of the canyon
Seafloor depth at the mouth of the canyon

Length of the river with a present-day or previous connection with the canyon, from headwater to river mouth; for canyons
connected with several rivers the cumulative length has been considered

Mean annual discharge of the fluvial system; for canyons connected with several rivers the cumulative mean annual
discharge has been considered

Size of the catchment associated with the fluvial system; for canyons connected with several rivers the cumulative catchment
area size has been considered

Maximum elevation of the catchment associated with the fluvial system; for canyons connected with several rivers, the
elevation of the highest peak in the combined catchments has been considered

Width of the shelf at the canyon location

Average shelf gradient at the canyon location

Shelf-break depth at the canyon where the shelf edge is intact and not eroded into by the latter; for shelf edges displaying
some degree of variability in their bathymetry the maximum depth of the shelf break has been chosen

Width of the slope at the canyon location
Average slope gradient between the shelf break and the slope break
Slope-break depth at the canyon

For canyons located along continental margins, including canyons associated with islands: 1) active margin, including
transform margins; 2) passive margin [classification after Figure 2 of Harris et al. (2014b)]

Based on the type of plate boundary, active margins are distinguished into 1) convergent, 2) transform, and 3) complex
margins. The latter category includes settings which involve more than one plate boundary, and margins which display an
additional direction of motion, e.g., convergent margins with a transform component

definition does not therefore consider ancillary criteria that are
sometimes used by some authors, such as their origin or
minimum size (cf. Harris and Whiteway, 2011). The general
definition used herein encompasses smaller channelforms, which
are sometimes referred to as “submarine gullies” (e.g., Gervais
et al,, 2006), “submarine gulleys” (e.g., Normark et al., 2009) or
“potential submarine canyons” (e.g., de Almeida et al., 2015), and
which might represent forms at the early stage of development of
a canyon (e.g., Nelson et al., 2011; Sanchez et al., 2012; Amblas
et al., 2017 and references therein). The terms “canyon” and
“gully” (or “gulley”) are not clearly distinguished in terms of size
in the wider literature, and both terms are used when referring to
smaller channelforms.

2.2.2 Study Parameters

2.2.2.1 Canyon Morphometrics

Canyon geomorphology has been assessed based on the following
morphometric parameters: streamwise canyon length, maximum
and average canyon width and depth, canyon sinuosity, average

canyon thalweg gradient, and maximum canyon sidewall
steepness. Values reported in textual form in the literature
sources have only been considered where underpinned by
observations on bathymetric surveys with full coverage of the
canyon.

2.2.2.2 Physiographic Setting

The physiographic setting of the studied canyons has been
characterized by means of attributes describing the bathymetry
of the canyon apex and mouth, and the minimum distance of the
canyon to the shoreline.

2.2.2.3 Source-to-Sink System Attributes

For canyons with a present or past sediment connection with a fluvial
system, the length and average annual water discharge of the river
have been recorded, as well as the size and maximum elevation of its
catchment. In cases where canyons are linked with several rivers, the
sum of the length of the individual rivers, the sum of their mean
annual fluvial discharges and catchment areas, and the maximum
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FIGURE 2 | (A-H) Stacked histograms of morphometric values in studied canyons in active (a) vs. passive (p) margins. N, number of readings; p = mean value; n =

e passive margin

elevation of the highest peak in the combined catchments have been
recorded; this enables comparison with canyons fed by single fluvial
systems. The geometric configuration of the continental margin at the

canyon location has been characterized in terms of average gradient
of shelf and slope, and depth of shelf break and base of slope below
present-day mean sea level.

Frontiers in Earth Science | www.frontiersin.org

June 2022 | Volume 10 | Article 836823


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Buhrig et al.

2.2.2.4 Tectonic Setting
Canyon-hosting continental margins have been classified as
active or passive following the classification by Harris et al.
(2014b) (see Figure 1A). Active margins have been further
differentiated based on the plate-boundary type with which
they are associated, as convergent, transform and complex
margins. The term “complex” is used here to refer to settings
that involve more than one type of plate boundary and sense of
motion (e.g., convergent margins with a transform component).
Definitions of the studied parameters are provided in Table 2
and illustrated in Figure 1B.

2.3 Statistical Analyses

Different types of statistical analyses have been conducted to
evaluate scaling relationships within submarine canyons, and
between canyon geomorphology and attributes of its
environment as a function of the tectonic setting.

1) Descriptive statistics: Frequency distributions of the studied
canyon morphometric parameters have been summarized in
terms of minimum, maximum, mean and median values, to
reveal differences across margin types and active-margin plate
boundary types.

2) Hypothesis testing: Hypothesis testing has been used to evaluate
the statistical significance of differences in mean values of
canyon morphometric parameters across classes of canyons
for different tectonic settings and attributes of the source-to-
sink system along active and passive margins. The Welch’s two
sample t-test (only referred to as “t-test” hereafter) has been
used for comparisons between active and passive margins;
Welch’s ANOVA (only “ANOVA” hereafter) has been used
for comparisons between convergent, transform and complex
plate-boundary settings of active margins. The chosen tests
allow testing of datasets with non-equal variances. For skewed
frequency distributions, a logarithmic variable transformation
has been conducted prior to the analyses. In these instances,
where differences in mean values are reported in the text, they
refer to the transformed variables and not the variables
themselves. To enable a pairwise comparison of mean values
between the three different active-margin settings, ANOVA has
been complemented with Games-Howell post-hoc tests. Test
statistics (t-test: T-value; ANOVA: F-value; Games-Howell:
T-value), p-values and degrees of freedom (DF) are
presented for all tests below each individual figure. To limit
the number of false positives, the confidence interval has been
set at 99%, with results where p-values are <0.01 treated as
statistically significant.

3) Correlation analysis: Correlation analyses have been
undertaken to assess pairwise scaling relationships between
study parameters. Correlation coefficients quantify the sign
and strength of correlation: the Pearson’s correlation
coefficient (r) describes linear relationships, whereas
Spearman’s rank correlation coefficient (r;) describes
monotonic relationships. The statistical significance of a
correlation between two variables is indicated by p-values.
A confidence interval of 99% is employed to indicate
significant correlations.

Tectonic Influence on Submarine-Canyon Geomorphology

2.4 Limitations of the Study

Data analyses and interpretations are subject to some limitations,
including the following:

1) Metastudies might inherit unidentified data errors from the
original literature data sources. This has been minimized by
exclusively considering data from peer-reviewed publications
and government agency sources.

2) Although care has been taken to avoid potential bias in the
geographic distribution of case studies (see Matos et al., 2018),
some geographic bias may exist for canyons from transform
margins specifically, which are only considered for two
regions (offshore California, Sea of Marmara), both located
at temperate latitudes.

3) Some statistical analyses are based on datasets of limited size.
This is the case for data on morphometric parameters of
canyons from transform and complex settings, but also for
pairs of variables whose correlation is evaluated. Correlation
analyses are typically only considered and discussed where the
number of observations (N) is equal to or larger than 15,
making it explicit when N < 15.

4) Some relationships might represent covariance related to
factors that were not assessed in this study, but which may
influence canyon geomorphology, such as lithology (e.g.,
Smith et al,, 2017) and rate and direction of relative sea-
level changes (e.g., Covault et al., 2011b), among others.

3 RESULTS

3.1 Scaling Between Canyon Morphometric

Parameters and the Tectonic Setting

3.1.1 Continental-Margin Type

3.1.1.1 Canyon Dimensions and Aspect Ratios

Comparisons of the maximum and average dimensions of
submarine canyons along tectonically active and passive
margins demonstrate how canyon geometry varies between the
two canyon groups.

Canyons in active margins are, on average, longer than those
along passive margins—by a factor 1.23—but the difference in
mean is not statistically significant. The longest canyon in the
study is associated with a passive margin, but lengths of more
than 400 km occur in both groups (Figure 2A). The deepest and
widest canyons are seen on active margins. However, these values
of depth and width represent individual outliers; ranges in
maximum widths and depths are similar for the vast majority
of studied canyons in both margin types, and their mean values
are very similar (Figures 2B,D).

Canyons in the two margin types exhibit average widths
within the same range. On average, mean canyon width is
1.37 times greater in studied active-margin examples, which
show a narrower range in values than their counterparts from
passive margins (Figure 2C). However, average-width data
relating to canyons from an active-margin setting are
associated with two case studies only, both from the South
China Sea, whereas average width data for canyons in passive-
margin settings are derived from examples from only three
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FIGURE 3 | (A-C) Stacked histograms of aspect ratios in studied
canyons in active (a) vs. passive (p) margins. N, number of readings; p = mean
value; n = median value; DF, degrees of freedom.

geographic regions; therefore, these findings need to be
corroborated by additional data in future research. In contrast,
the mean average canyon depth is significantly greater for passive
margins, by a factor 1.6. The maximum average depth of passive-
margin canyons (594 m) is notably higher than that of active-
margin ones (400 m) (Figure 2E).

Despite a greater range in aspect ratios of maximum canyon
dimensions for examples from active margins, the mean values of

Tectonic Influence on Submarine-Canyon Geomorphology

streamwise length-to-maximum width (Iw,,,,) (Figure 3A) and
maximum width-to-maximum depth (wd,,,,) (Figure 3B) ratios
are similar for the two margin types. In contrast, a statistically
significant difference in the mean value of length-to-maximum
depth (ld,..,) ratio (Figure 3C) is seen; this parameter is on
average 2.66 times larger for active-margin canyons.

3.1.1.2 Average Canyon Sinuosity, Average Canyon Thalweg
Gradient and Maximum Canyon Sidewall Steepness

The studied active-margin canyons show a greater range in
average canyon sinuosity than passive-margin ones, but mean
average canyon sinuosity is equally low in both margin types, ~1.1
(Figure 2F).

The range in average canyon thalweg gradient is very similar
for the two margin types; thalwegs are, on average, steeper in the
studied passive-margin examples to a statistically significant level
(Figure 2G).

Canyons situated in passive settings have steeper canyon
sidewalls compared to those in tectonically active settings. On
average, the maximum sidewall gradient varies significantly
between the two canyon groups, and is larger by a factor 1.56
for passive-margin examples (Figure 2H).

3.1.2 Active Margin Plate-Boundary Type

3.1.2.1 Canyon Dimensions and Aspect Ratios

Canyons in convergent settings display the highest maximum
values of length, maximum width and depth. Yet, on average,
maximum canyon dimensions are greater in canyons located at
complex plate boundaries (Figures 4A-C). The maximum width
(Figure 4B) and depth (Figure 4C) of canyons from this type of
setting are on average significantly higher than that of canyons in
convergent settings, by a factor of 1.77 and 1.29, respectively.

The length (Figure 4A) and maximum width (Figure 4B) of
canyons along transform plate boundaries are, on average, lower
than those of canyons in the other two settings. The mean canyon
length does not vary significantly across the three active-margin
settings (Figure 4A). Instead, the mean maximum canyon width
differs at a statistically significant level between transform and
complex settings (Figure 4B), but this variable could only be
constrained for twelve transform-setting canyons. Although data
on maximum canyon depth for canyons along transform plate
boundaries could only be derived for four examples, the data
demonstrate that the depth range of canyons in such settings is
similar to that of canyons in convergent settings, and larger than
that of canyons from complex settings (Figure 4C).

Mean aspect ratios are similar across all three active-margin
settings, but relatively few data are available for canyons in
transform- and complex-margin settings. Aspect ratios based
on maximum canyon dimensions for canyons in convergent
settings are highly variable and display the greatest range in
values (Figures 4G-I).

3.1.2.2 Average Canyon Sinuosity, the Average Canyon

Thalweg Gradient and Maximum Canyon Sidewall Steepness
Frequency distributions of average canyon sinuosity for
convergent, transform and complex plate boundaries exhibit
similar mean and median values. Based on results of Welch’s
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FIGURE 4 | (A-1) Dot plots of morphometric values and aspect ratios for the studied canyons from active margins, classified on plate-boundary type. N, number of
readings; min, minimum value; mean, mean value; SD, standard deviation; median, median value; max, maximum value. Results of Welch’s ANOVA test: DF Num,
degrees of freedom numerator; DF Den, degrees of freedom denominator. Games-Howell post hoc test: Dyean, difference of means; SE, standard error.
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FIGURE 5 | (A-G) Results of the correlation analyses of canyon morphometric parameters with attributes of the physiographic setting at the canyon in active vs.
passive margins. (A,B) Overview of results presented as heat maps. (C-G) Scatter plots of results. L, canyon length; W,,,a¢, maximum canyon width; W,,, average
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ANOVA and Games-Howell post-hoc tests, no significant
differences are seen for average values across the different
active-plate boundary types (Figure 4D).

Submarine canyons in complex settings exhibit a greater range
in values of the average canyon thalweg gradient than those in
convergent margins, but on average, the overall thalweg gradient is
only 1.18 times steeper, and not significantly different (Figure 4E).

Canyons in convergent settings display a great range in
maximum sidewall steepness, which is on average 20.3".
There exists insufficient data on margin steepness in canyons
located in transform and complex settings to conduct
meaningful analyses on these, but the data available
demonstrate that canyons in these settings can reach
gradients of 30.0° and 28.5°, respectively; these values are
higher than those recorded in the majority of convergent-
margin canyons (Figure 4F).

3.2 Scaling in Submarine Canyons in Active

Versus Passive Margins

Results of the correlation analyses of canyon morphometric
parameters with each other are presented as heat maps
(Figures 5A,B). Additionally, correlations between maximum
canyon dimensions and their aspect ratios (Figures 5C-E) and
between maximum canyon sidewall steepness and maximum
width (Figure 5F) and depth (Figure 5G) are also displayed
as scatter plots.

3.2.1 Canyon Dimensions

Moderate and statistically significant scaling between maximum
canyon dimensions is seen for submarine canyons along both
active and passive margins (Figures 5A-E).

3.2.2 Maximum Canyon Sidewall Steepness vs.
Maximum Canyon Width and Depth

A moderate linear correlation is seen between maximum sidewall
steepness and maximum width in active-margin canyons,
whereas the same parameters are weakly correlated in passive-
margin canyons (Figure 5F).

Correlations of maximum sidewall steepness with maximum
depth (Figure 5G) are weak and not significant for passive-
margin examples. In contrast, maximum sidewall steepness
displays moderate correlations with maximum depth in
canyons along active margins, which are statistically significant.

3.3 Scaling Between Canyon Morphometric
Parameters and Characteristics of Their
Physiographic Setting in Active Versus
Passive Margins

Results of the correlation analyses of canyon morphometric apex
(Section 3.3.1) and mouth, and with the distance of the canyon to
the nearest shoreline (Section 3.3.2) are presented as heat maps
(Figures 6A,B). In addition, discussed scaling relationships are
presented as scatter plots (Figures 7A-H).

Tectonic Influence on Submarine-Canyon Geomorphology

3.3.1 Seafloor Depth at the Canyon Apex

In canyons from active and passive margins, the seafloor depth
at the canyon apex correlates weakly with canyon length,
maximum canyon width and average canyon thalweg
gradient (Figures 6A,B). For average canyon width and
seafloor depth at the canyon apex, moderate to modest
negative correlations are seen in both active and passive
margins, which are only significant for the latter
(Figure 7A). A negative and significant moderate correlation
between seafloor depth and maximum canyon depth is seen for
passive-margin canyons; the corresponding relationship is
instead weak for canyons along active margins (Figure 7B).
Average canyon depth displays negative and modest
correlations with the seafloor depth at the canyon apex along
passive margins, but these are not significant for the chosen
alpha value (Figure 7C).

Moderate inverse relationships between seafloor depth and
both average canyon sinuosity (Figure 7D) and maximum
canyon sidewall steepness (Figure 7E) exist in active margins,
which are statistically significant. For canyons in passive margins,
the correlations with apex depth are weak for both morphometric
parameters (Figures 7D,E).

For the investigated aspect ratios, significant and moderate
positive scaling exists with wd,,,x ratios of canyons in active
settings (Figure 7F). The remaining correlations in both margin
types are all weak (Figures 6A,B).

3.3.2 Minimum Canyon-Shoreline Distance
Correlations between the shortest distance of the canyon to the
shoreline with canyon morphometric parameters are weak for all
maximum and average canyon dimensions for canyons from
both margin types. Relationships with average canyon width in
active-margin canyons were not assessed due to insufficient data
for the statistical analyses (Figures 6A,B).

Average canyon sinuosity demonstrates modest negative
scaling with the minimum distance of the canyon to the
shoreline in active margins, whereas weak positive scaling is
seen for passive margins; correlations are statistically
significant for both margins (Figures 6A,B).

Inverse scaling between the minimum canyon-shoreline
distance and the average canyon thalweg gradient is seen in
canyons from both margin types. The correlation is weak for
examples from active margins, whereas modest, linear
negative correlation is seen for passive-margin settings
(Figures 6A,B).

With decreasing distance of the canyon to the coastline, the
maximum sidewall steepness in active-margin canyons tends to
increase, but the strength of this correlation is moderate to
modest. Correlation between the two parameters is very weak
in examples from passive margins (Figure 7G).

Correlations of aspect ratios with minimum distance to the
shoreline are weak for maximum canyon dimensions across both
margin types (Figures 6A,B), with the exception of significant
moderate and modest scaling displayed for wd,,,y ratios in active-
margin canyons (Figure 7H).
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FIGURE 6 | (A,B) Results of the correlation analyses of canyon morphometric parameters and aspect ratios with parameters of the physiographic setting at the
canyon in active vs. passive margins presented as heat maps. L, canyon length; W,,,.x, maximum canyon width; W,,, average canyon width; D,,,ax, maximum canyon
depth; D,,, average canyon depth; Sl,,, average canyon sinuosity index; thG,,, average canyon thalweg gradient; SW,,., maximum canyon sidewall steepness; W nax,
length-to-maximum width ratio; wd,ax, maximum width-to-maximum depth ratio; /dax, length-to-maximum depth ratio; SD,;,, seafloor depth at canyon apex;
SDax, Seafloor depth at canyon mouth; Disy,;,, minimum distance between canyon and shoreline; *** = correlations not reported due to small dataset size.

3.4 Scaling Between Canyon Morphometry
and Characteristics of the Source-to-Sink
System

Scaling relationships between canyon morphometric parameters
and attributes of the terrestrial catchment (Figures 8A-L), shelf
(Figures 8M-Q, 9A) and slope (Figures 8R, 9B) have been
assessed.

3.4.1 Terrestrial Catchment (Fluvial System Length,
Average Annual Fluvial Water Discharge, Catchment
Size, Maximum Catchment Elevation)

For the studied canyons with a present and/or past sediment
connection with one or several fluvial systems, scaling of
canyon length and average canyon sinuosity with attributes
of the terrestrial catchment in active and passive margins can
be quantified. Statistical analyses on maximum canyon width
are limited to active-margin settings in view of data
coverage.

3.4.1.1 Fluvial System Length

Correlations of river length with canyon length are weak and not
significant for canyons in passive margins. Along active margins,
positive and moderate scaling of canyon length with fluvial

system length is demonstrated, which is statistically significant
(Figure 8A). In contrast, maximum width correlates weakly with
river length in canyons along active margins, but relatively
strongly for canyons located in passive-margin settings.
However, findings for the latter group are based on thirteen
observations only (Figure 8E). For average canyon sinuosity, the
correlations are weak and not significant for any margin type
(Figure 8I).

3.4.1.2 Average Annual Fluvial Water Discharge

The average annual water discharge of the fluvial system displays
positive, moderate monotonic correlations with canyon length in
canyons of both margin types, as well as overall in the entire
dataset; these relationships are statistically significant
(Figure 8B). Correlations of average annual fluvial discharge
and maximum width are weak in active-margin canyons
(Figure 8F). Positive and monotonic correlations of average
canyon sinuosity with this catchment attribute exist for active
and passive margins, but these are respectively moderate and
weak, and neither is statistically significant (Figure 8J).

3.4.1.3 Catchment Size
Scaling of canyon length with catchment size is weak for canyons
from passive margins (Figure 8C). Moderate, positive monotonic
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FIGURE 7 | (A-H) Scatterplots of attributes of the canyon-physiographic setting with canyon morphometric parameters for submarine canyons of the study in
active vs. passive margins. W,,, average canyon width; Dp,ay, maximum canyon depth; D,,, average canyon depth; Sl,,, average canyon sinuosity index; SWiax,
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correlations exist for the length (Figure 8C) and maximum width
(Figure 8G) in canyons associated with active margins. No
correlation is seen between average canyon sinuosity and

catchment area for passive-margin canyons; a modest, positive
monotonic correlation is seen for active-margin settings, but this
is not significant (Figure 8K).
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FIGURE 9 | (A,B) Resuilts of the correlation analyses of canyon morphometric parameters with attributes of the (A) shelf and (B) slope at the canyon in active vs.
passive margins presented as heat maps. L, canyon length; W,,,ax, maximum canyon width; D,,ax, maximum canyon depth; S/,,, average canyon sinuosity index; thGa,,
average canyon thalweg gradient; SWi,ax, maximum canyon sidewall steepness; Wiy, length-to-maximum width ratio; wd,ax, maximum width-to-maximum depth
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average slope gradient; *** = correlations not reported due to small dataset size.
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3.4.1.4 Maximum Catchment Elevation

The length of submarine canyons scales positively with the
maximum catchment elevation of associated fluvial systems on
passive margins. A corresponding relationship is absent for active

margins (Figure 8D), whereas maximum canyon width shares
positive and moderate correlations with maximum catchment
elevation in active-margin canyons (Figure 8H). Moderate,
significant correlations are seen between average canyon
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FIGURE 11 | (A,B) Results of the correlation analyses of attributes of the source-to-sink system in active vs. passive margins presented as heat maps. Ly, fluvial
system length; Qys, average annual fluvial discharge; Assc, catchment size; Hyse, maximum catchment elevation; Wy, shelf width; Dgy,, shelf-break depth; G, average
shelf gradient; Wy, slope width; Dg, slope-break depth; G, average slope gradient; *** = correlations not reported due to small dataset size.

sinuosity and maximum catchment elevation for both margin  passive-margin slopes. However, more data are needed to
types (Figure 8L). support the findings for active-margin canyons (Figure 9B).

3.4.2 Shelf-Break Depth A
Correlations of shelf-break depth at the canyon location with 3.5 Characterization of Canyon

attributes of canyon geomorphology are weak and not significant Source-to-Sink System and Physiographic
for canyons in active-margin settings; in the studied canyons ~ Setting by Tectonic Setting
from passive margins, instead, maximum canyon dimensions  Analyses have been undertaken of 1) attributes of the S2S system
(Figures 8M-0), average canyon sinuosity (Figure 8P) and  and of the physiographic setting, and of how these vary with the
maximum canyon sidewall steepness (Figure 8Q) correlate margin type (Section 3.5.1), and of 2) scaling between attributes
moderately or strongly with the shelf-break depth (Figure 9A).  of the S2S systems in active and passive margins (Section 3.5.2).
This has been done for the following reasons: 1) to assess
3.4.3 Slope Width commonalities and differences in characteristics of the two
Canyon length increases with slope width in active and passive ~ margin types, which can be used to refine existing S2S system
margins; the strength of the relationship is moderate in the former ~ models; and 2) to aid recognition of covariance between variables
and strong in the latter (Figure 8R). Maximum canyon width and ~ that may be related to the studied canyon morphometric
depth do not correlate with the slope width in active margins, but ~ parameters, rendered necessary by data gaps that prevent the
both variables show moderate correlation with the width of  application of multivariate techniques.
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3.5.1 Attributes of the Canyon Geological Contexts
and Their Variations Across Margin Types

Two-sample t-tests undertaken on frequency distributions of the
attributes describing canyon terrestrial catchments, continental
shelves and slopes (Figures 10A-N) demonstrate that significant
differences in mean values of the studied variables are seen for all
investigated attributes except for average annual fluvial discharge
(Figure 10B), shelf-break depth (Figure 10F), slope-break depth
(Figure 10I) and latitude at the canyon apex (Figure 10N).

On average, the length (Figure 10A), average annual water
discharge (Figure 10B) and catchment size (Figure 10C) of
fluvial systems supplying sediment to the studied canyons are
each greater in terrestrial catchments along passive margins.
Although the greatest maximum catchment elevation recorded
in the study occurs in a passive-margin drainage basin, terrestrial
catchments associated with active margins tend to be higher than
along passive margins (Figure 10D).

The widest continental shelves in the study are associated with
the submarine canyons of the Bering Sea, but the mean shelf
widths of the studied active and passive margins are very similar,
albeit slightly greater along the former (Figure 10E). Shelf-breaks
tend to be deeper along active margins, but the results do not
indicate a significant difference between the two margin types
(Figure 10F). The average shelf gradient is on average higher in
active-margin systems (Figure 10G).

Canyons of the study along active margins are hosted on wider
(Figure 10H) and deeper (Figure 10I) slopes, whereas the
average slope gradient tends to be higher in S2S systems
associated with the studied passive margins (Figure 10]J).

With regard to aspects of the physiographic setting, mean
values of seafloor depth at the canyon apex and mouth, of
the minimum distance of the canyon to the shoreline, and of
the latitude of the canyon apex are similar across the two
margin types. Active-margin canyons show a greater
bathymetric range, and several of the studied canyons in
passive margins are located at higher latitudes (Figures
10K-N).

3.5.2 Scaling Between Attributes of the Source-to-Sink
Systems of Active and Passive Margins
Correlations between attributes of the terrestrial catchment, shelf
and slope in canyon-associated S2S systems grouped into active-
and passive-margin settings share similarities, yet exhibit
differences regarding their sign, strength and statistical
significance. For some attributes, the amount of data prevents
meaningful analyses to be undertaken (Figures 11A,B).
Statistically significant scaling relationships are seen across
both margin types, but these vary in strength. Strong and positive
significant correlations of catchment area with fluvial-system
length and average annual fluvial discharge are seen for both
margin types. Also, shelf width correlates positively with
catchment area and fluvial system length in both margin
types, but the relationship with the latter is stronger in active-
margin settings. Strong inverse scaling across both margin types
exists between shelf width and the average shelf gradient and
between slope width and the average slope gradient in passive
margins (Figures 11A,B).

Tectonic Influence on Submarine-Canyon Geomorphology

For other pairs of attributes, significant relationships may be
seen for a particular margin type only. For example, the
maximum elevation of passive-margin catchments shows
significant and positive scaling with fluvial system length and
average annual fluvial discharge, which is moderate for the
former and strong for the latter. For active margins,
correlations are weak and modest and not statistically
significant. Shelf-break depth and the average shelf gradient
display linear, moderate and significant positive correlation
with each other in passive margins, but along active margins
the same trend is weak, negative and not statistically significant
(Figures 11A,B).

4 DISCUSSION

4.1 Tectonic Influence on Controlling
Factors on Submarine-Canyon
Geomorphology

Findings from this study suggest that certain aspects of the
morphometry of submarine canyons, and some scaling
relationships of canyon morphometric parameters mutually
and with attributes of their geological setting, are more
strongly expressed in a specific margin type (see Figures 2-9),
indicating a possible tectonic control. Although commonalities
seen in scaling across both margin types indicate that a scaling
relationship might not be generally sensitive to factors related to
tectonic activity, the possibility exists that tectonic influences
might be overridden by other controlling factors or that different
controls in passive and active margins have led to similar
geomorphologic expressions in canyons.

In the following sections, the main findings of the study are
discussed in the context of a potential tectonic influence on
controlling factors on submarine-canyon geomorphology,
including intra-canyon sedimentary processes, sediment
connection to fluvial and littoral sources, sediment supply to
shelf margins and structural controls.

4.1.1 Intra-Canyon Sedimentary Processes

The contrast in relative importance of intra-canyon processes
along active and passive margins may contribute to certain
differences seen in scaling relationships between canyons of
the two margin types. For example, intra-canyon-wall failure
might be less important as a geomorphic agent in canyons from
active margins compared to passive-margin ones (Biihrig et al., in
review). This is because slope failures are thought to occur less
commonly along active margins compared to passive margins,
due to strengthening of the seafloor from recurrent seismic
activity (e.g., Strozyk et al, 2010; Nelson et al, 2011; Sawyer
and DeVore, 2015; Molenaar et al.,, 2019); on active margins,
large-scale slope failures tend to be linked to high-magnitude
earthquakes (e.g., Strozyk et al., 2010; Molenaar et al., 2019). By
contrast, active-margin settings with steep terrestrial catchments
and narrow and steep shelf configurations promote maintenance
of sediment connection of submarine canyons with fluvial outlets
and littoral cells even during periods of sea-level highstand, as at
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present (e.g., Gamberi et al.,, 2015; Bernhardt and Schwanghart,
2021). Hence, moderate correlations of maximum sidewall
steepness with maximum canyon width (Figure 5F) and depth
(Figure 5G) in canyons along active margins might reflect the
tendency of sediment gravity flows to predominate over intra-
canyon slope failure in shaping canyon geomorphology in these
settings, via their ability to concurrently control canyon width,
depth and bank steepness by thalweg erosion (e.g., McHargue
et al, 2011; Peakall and Sumner, 2015) and canyon margin
aggradation from flow overspilling (e.g., Armitage et al., 2010;
Soulet et al., 2016). In contrast, the weaker correlations seen for
passive-margin canyons (Figures 5F,G) may be linked to the
combined effect of a subordinate influence of sediment gravity
flows from the disconnection of canyons to fluvial and intrashelf
sources during periods of sea-level highstand (e.g., Harris and
Whiteway, 2011), paired with the variable impact of canyon-wall
failure on canyon-wall slopes, canyon width and canyon depth.
As a result, relationships between these morphometrics linked to
intracanyon erosion by flows might be overprinted. When
deposited near their source, mass failures and their
depositional products will lead to lower canyon depths and
greater canyon-floor widths over the affected areas, whereas
the maximum width between the canyon banks will only
increase where the wall collapse extends to the uppermost
canyon margin. Intra-canyon slope failures may also have an
indirect effect on canyon geomorphology away from the site of
failure, particularly when the mass failure transitions into a
sediment gravity flow (e.g., Stow, 1986; Hsu et al., 2008), or
when the deposit is remobilized at a later point in time and is
transported down canyon (e.g., Khripounoff et al., 2012); as a
consequence, mass-failure impact on canyon width, depth and
sidewall gradients might vary.

Thus, the co-occurrence of wall failure and sediment gravity
flows, which is recognized to act as an autogenic control on the
variability in width-to-depth ratios of submarine channels (see
Figure 11 and text in Shumaker et al., 2018), may also be effective
in controlling maximum width-to-maximum depth (wday)
ratios of submarine canyons (Bithrig et al, in review). The
smaller mean value and range of wd,,,« ratio seen for passive-
margin canyons compared to active-margin ones (Figures 3B,
5D) suggest that width-to-depth aspect ratios in canyons hosted
on passive margins tend to be constrained in their magnitude by
the way in which wall-collapse may limit canyon-margin
aggradation. By contrast, the subordinate role of intra-canyon
failure combined with the effect of structural controls on canyon
depths and widths (see Section 4.1.4) can explain the greater
range in wdy,,, ratios seen in active-margin canyons (Figures
3B, 5D).

4.1.2 Sediment Connection to Fluvial and Littoral
Sources

4.1.2.1 Sediment Discharge From Rivers

Some geomorphic features of submarine canyons are seen to
scale, to some degree, with fluvial system length, average annual
water discharge, catchment size and maximum catchment
elevation. These observations are interpreted to reflect the
importance of sediment discharge from rivers as controls on

Tectonic Influence on Submarine-Canyon Geomorphology

how canyon geomorphology is shaped by erosional and
depositional processes (cf. Casalbore et al., 2011; Biihrig et al.,
in review).

For submarine canyons in active margins, potential causal
links between fluvial sediment supply and their length and
maximum width are suggested by: 1) moderate scaling of the
former with fluvial system length (Figure 8A), average annual
water discharge (Figure 8B) and catchment size (Figure 8C), and
2) moderate scaling of the latter with the area (Figure 8G) and
maximum elevation (Figure 8H) of the associated terrestrial
catchment. These relationships probably reflect how erosive
intracanyon flows related to fluvial discharge promote
lengthening at the canyon head (e.g., Piper and Normark,
2009) and mouth (e.g, Hodgson et al, 2016), as well as
canyon widening (e.g., Casalbore et al., 2011).

By contrast, weak correlations of passive-margin canyon
length with fluvial system length (Figure 8A) and catchment
size (Figure 8C) indicate a lack of control of sediment discharge
from rivers on canyon length. This might in part reflect how
retrogressive slope failure tends to be a more prominent process
along passive margins compared to active ones, and how
sediment connection of canyons with fluvial sources in
passive-margin settings tend to diminish through time at times
of marine transgression (see Section 4.1.1). For example, incised
valleys along passive margins are thought to be more prone to
infill during transgressive and highstand intervals due to their
commonly shallower depths compared to those along active
margins, promoting the disconnection of canyon heads from
fluvial sediment sources in passive-margin settings (Harris and
Whiteway, 2011). Also, flooding events are less likely to trigger
hyperpycnal flows at the mouth of rivers along passive margins,
due to the increased sand-grade sediment segregation in their
larger coastal and alluvial floodplains (e.g., Milliman and Syvitski,
1992; Semme et al, 2009). In addition, larger terrestrial
catchments are less affected by extreme weather events, in
proportion to their size, compared to smaller ones (e.g.,
Semme et al., 2009; Reid and Frostick, 2011).

Despite this, comparably strong scaling of canyon length with
average annual fluvial discharge for passive-margin canyons
(Figure 8B) might reflect that long-lived sediment-laden
turbulent flows (sensu Zavala, 2020) linked to discharge from
rivers are efficient in traversing wide shelves and entire canyons
even during periods of sea-level highstand. and are effective in
increasing canyon lengths by erosion at the canyon head and at its
mouth. Such hyperpycnal flows are thought to be common at the
mouths of medium to large rivers associated with low-gradient
terrestrial catchments, and to be able to cover distances of up to
several hundred kilometers (Zavala, 2020).

4.1.2.2 Seafloor Depth at the Canyon Apex

Inverse relationships of average canyon width (Figure 7A) and
maximum (Figure 7B) and average canyon depth (Figure 7C)
with seafloor depth at the canyon apex seen for canyons from
passive margins might reflect how canyons with apices located at
greater water depths are more likely to be disconnected from
terrestrial and intrashelf sources, at present and during past sea-
level lowstands. Unless such canyons are coupled with a
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contouritic system (e.g., Warratz et al, 2019), intra-canyon
erosion would be limited to mass-wasting events on the slope
proximal to and within the canyon, and to wave erosion.

Active-margin canyons tend to have steeper sidewalls if their
canyon apex is closer to the shoreline (Figure 7G) and/or at
shallower seafloor depth (Figure 7E), whereas in passive margins
the maximum canyon sidewall steepness does not correlate with
either physiographic parameter (Figures 7E,G). This finding
supports our hypothesis that erosive flows originating from
within the shelf and terrestrial catchment may be more
important in carving steep canyon walls in active settings
compared to passive ones (Section 4.1.1). We also find that
average canyon sinuosity and wd,,,, ratios of canyons in active
settings show moderate scaling with canyon bathymetry at the
apex, inverse for the former (Figure 7D) and positive for the
latter (Figure 7F), which can also be ascribed to the influence of
such erosive flows.

4.1.3 Sediment Supply to Shelf Margins

The moderate scaling of shelf-break depth with canyon length
(Figure 8M), maximum width (Figure 8N) and depth
(Figure 80), and average canyon sinuosity (Figure 8P) for
passive-margin canyons might reflect to some degree how
higher rates of sediment supply from terrestrial source areas
promote subsidence along continental margins and act to push
the slope break into deeper waters (cf. Sweet and Blum, 2016;
Wang et al., 2019). In contrast, relationships between the shelf-
break depth and maximum canyon dimensions and overall
canyon sinuosity are weak for active-margin canyons (Figures
8M-P), even though terrestrial catchments in active margins can
be characterized by high rates of sediment supply (see also
Section 4.1.2 and Section 4.1.4), which can be associated with
narrow shelves promoting sediment routing to canyons (e.g.,
Blum and Hattier-Womack, 2009). Our observation may reflect,
in part, the relative importance of structural controls on
geomorphologic evolution in active settings (see Section
4.1.4), including the structural control of shelf-break
migration (e.g., Han et al., 2016).

4.1.4 Structural Controls

Faulting and diapirism and their effects related to both
gravitational failure and tectonic activity (e.g., Rowan et al,
2004; Hudec and Jackson, 2007; Yang et al., 2020) constitute
structural controls that might affect canyon geomorphology in
different ways through their influence on sediment-transport and
canyon pathways (e.g., Chiang et al., 2012; Doo et al., 2015; Urias
Espinosa et al., 2016); they can also do so by reshaping canyon
walls (e.g., Yu and Chang, 2002; Bernhardt et al., 2015).

The greater impact of faulting and diapirism linked to tectonic
activity on margin configuration, seafloor topography and
sedimentary processes in active-margin settings compared to
passive-margin ones (e.g., Yang et al., 2020) may explain some
of the differences in scaling and canyon-morphometric
characteristics seen between canyons across different tectonic
settings.

The value of slope width for predicting canyon length (Somme
etal,, 2009; Bithrig et al., in review) is lower in active margins than
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in passive ones (Figure 8R), which is possibly related to a greater
and more prolonged impact of tectonic convergence on slope
physiography in active margins compared to passive margins
(e.g., Pratson et al., 2007; Yang et al, 2020), and its variable
influence on canyon length. Canyon pathways can be deflected by
positive topography created by faults and diapirs (e.g., Li et al,,
2021), or develop along intraslope depressions as transform faults
(e.g., Greene et al, 1991), or axes of intraslope basins (e.g.,
Bourget et al., 2010), thereby increasing canyon length relative
to the width of the slope. On the other hand, emerging seafloor
topography can lead to canyon abandonment by redirecting
sediment pathways (e.g., Chiang et al, 2012), whereas the
presence of intraslope basins (e.g., Harris et al., 2014a) and
highs (e.g., Hsiung et al, 2014) can inhibit further extension
of the canyon across the slope.

Given the general importance of structural controls on canyon
length and average canyon sinuosity in active margins, it is
unsurprising that our results indicate that both canyon
morphometric parameters are not generally different between
the different categories of active margins (convergent, transform
and complex settings; Figures 4A,D).

In contrast, the fact that the maximum width of canyons from
complex settings is on average larger compared to that of canyons
from convergent and transform ones (Figure 4B) suggests that
such settings may be inherently more favorable to the
development of wide canyons. In tectonically complex settings
with strike-slip tectonics, such as the Cook Strait sector,
New Zealand, and offshore Taiwan in the East China Sea, a
local widening of canyons might be promoted by the concurrence
of transform faulting coupled with recurrent sediment gravity
flows, where canyons intersect with strike-slip faults (e.g.,
Schniirle et al., 1998; Micallef et al., 2014).

In case of the SW Taiwan margin canyons, instead, the
development of very wide canyons might be explained by the
high frequency of hyperpycnal flows at river mouths (e.g.,
Milliman and Kao, 2005; Liu et al, 2013). The formation of
hyperpycnal flows in the region is favored by enhanced erosion
rates in terrestrial catchments from earthquake-related landslides
(e.g., Dadson et al., 2005), extended periods of precipitation
during the monsoonal wet season (e.g., Zhang et al., 2022) and
associated with typhoons (e.g., Dadson et al., 2005; Milliman and
Kao, 2005; Zhang et al., 2018), as well as from decreased levels of
salinity of the ambient oceanic water due to high freshwater
discharge along the margin (e.g., Dadson et al.,, 2005).

Despite the fact that both mean canyon length (Figure 2A)
and mean maximum canyon depth (Figure 2D) are not
significantly different in active and passive margins, length-to-
maximum depth (Id,,,,) ratios are on average significantly higher
in active margins (Figure 3C). The findings might reflect how
enhanced seafloor relief linked to tectonics tends to increase
canyon length, while simultaneously inhibiting canyon
deepening. A downcanyon decrease in the erosive power of
canyon-traversing flows may be caused by the capture of
coarser sediment fractions by intraslope depressions (e.g.,
Soutter et al, 2021) and by flow deceleration upstream of
slope topography leading to deposition of coarser sediment
(e.g., Soutter et al., 2020). Although our data on the average
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depth of canyons from active and passive margins show that
active-margin canyons tend to be significantly shallower
(Figure 2E), further investigation is needed to corroborate our
findings in view of the limited geographic coverage of the dataset.

4.2 Canyon Geomorphology and Associated
Characters of Deep-Water Systems

Despite the importance of sediment connection of submarine
canyons to sediment sources in terrestrial catchments, shelves
and slopes, and the lithological characteristics of source areas for
the evolution of deep-water systems (e.g., Normark and Carlson,
2003; Smith et al., 2017; Hessler and Fildani, 2019; Bernhardt and
Schwanghart, 2021), the character of a deep-water system is
ultimately controlled by the efficiency of sediment transport
through canyons to deep-marine sinks (Hessler and Fildani,
2019).

Stratigraphic forward modelling experiments by Wan et al.
(2021) for delta-canyon-fan systems in a passive-margin setting
suggest that sediment routing to basin floor sinks is promoted for
shallow and low-sinuosity canyons.

Results by Wan et al. (2021) suggest that intracanyon
basinward transport of coarser grain-size fractions is more
efficient in shallower canyons. Canyons along active margins
tend to be shallower than passive-margin canyons (Figure 2E),
but they also tend to exhibit increased intra-canyon relief, which
can inhibit the down-canyon erosive strength of flows via mass
extraction (see Section 4.1.4). This suggests that the relationship
identified by Wan et al. (2021) might not be applicable for
canyons in active-margin settings. Similarly, the impact of
canyon depth on grain-size segregation within canyons might
be subdued in canyons associated with passive-margin settings
where slope relief is increased by gravitational loading.

The rate of thalweg lateral migration, which determines the
canyon sinuosity, controls the caliber of sediment transported
down-canyon; in more sinuous canyons, a relatively larger
proportion of coarse sediment is deposited along the inner
bends and the proximal part of the canyon, whereas in
canyons with lower sinuosity the coarser sediment can be
more effectively transported down-slope (Wan et al, 2021).
Given that the average sinuosity of canyons is neither
generally different between active and passive margins
(Figure 2F this study; Harris and Whiteway, 2011; Biihrig
et al, in review), nor seemingly different across the considered
active-margin settings (Figure 4D), the control of canyon
sinuosity on sediment transport dynamics and grain-size
segregation is probably not fundamentally different between
active- and passive-margin settings and across active margins
with different types of plate boundaries.

However, the influence of canyon geomorphology on
sediment connection across deep-water environments might be
absent or less prominent for active margins where canyons
experience “flushing” initiated by large-magnitude earthquakes
(e.g., Goldfinger et al., 2012; Atwater et al., 2014), due to the
remobilization of large volumes of sediment, including coarser
grain size fractions, and related substrate erosion within the
canyon (e.g., Mountjoy et al., 2018).
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These aspects highlight the need for modelling studies and
conceptual models of S2S and deep-water systems to better
consider the wide range of boundary conditions associated
with characteristics of continental margins.

4.3 Implications of the Findings and Future
Work

Our comparisons of frequency distributions of canyon
morphometric parameters for different tectonic settings (Figures
2A-H, 4A-I) corroborate results of earlier quantitative global
studies, showing that canyon morphometrics are variably
sensitive to factors related to the tectonic-margin type (e.g.,
Harris and Whiteway, 2011; Biihrig et al, in review). These
insights suggest that overall canyon geomorphology cannot be
predicted from the tectonic setting alone. Our findings that
canyons along active margins display a greater variability in
aspect ratios of maximum canyon dimensions (Figures 3A-C)
indicate that the size of canyon fills in the stratigraphic record might
be less reliably estimated from outcrop and subsurface data in
active-margin settings compared to passive margins. Moreover,
aspects of canyon morphometry in canyons associated with
convergent settings are not fundamentally different compared to
those in complex settings (Figures 4A-I), suggesting that canyon
geomorphology is not primarily controlled by the complexity of the
tectonic regime in active-margin settings. Despite this, complex
tectonics may be preferentially associated with canyons with larger
maximum widths and depths (Figures 4B,C, see also Section 4.1.4).

Our analysis also shows that scaling relationships of canyon
morphometric parameters with attributes of the physiographic
setting (Figures 6A,B, 7A-H) and source-to-sink (S2S) system
(Figures 8A-R, 9A,B) might vary between active and passive
margins. The same applies for scaling relationships between the
different canyon morphometric parameters (Figures 5A-G), and
for scaling between attributes of S2S systems (Figures 11A,B).
These findings are important because they demonstrate that the
relationships between continental-margin types and the
configuration of deep-water systems is more complex than
hitherto recognized in conceptual, experimental and numerical
models.

The variable and complex influence of the tectonic setting on
sediment routing along S2S systems, on canyon
geomorphology, and on the degree of confinement of deep-
water fans in settings such as intraslope basins (e.g., Budillon
et al., 2011; Hsiung et al., 2014), lower slopes with complex
seafloor topography (e.g., Hsiung et al., 2018), and trenches
(e.g., Thornburg et al., 1990; McArthur and Tek, 2021) raises the
question whether scaling relationships between submarine
canyons and deep-water fans can be predicted. This needs to
be investigated in future work.

5 CONCLUSION

A global metastudy of geomorphic characteristics of submarine
canyons as a function of the tectonic setting has been conducted.
The key findings of the study are that:
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1) Overall canyon geomorphology is not generally different
between active and passive margins and across different
plate-boundary types in tectonically active settings.

The role of slope failure as a mechanism governing the
morphology of canyons may be subordinate for canyons
associated with active margins, compared to passive-margin
examples, possibly due to seismic strengthening of seafloors in
the former. This indicates that width-to-depth ratios might be
inherently limited in their magnitude in canyons in passive-
margin settings due to the interplay of intracanyon sediment
flows and canyon-wall failure, with the latter counteracting
canyon-margin accretion while promoting canyon widening
and aggradation of canyon floors.

Scaling relationships of individual canyon morphometric
parameters and aspect ratios of maximum canyon
dimensions with attributes of the S2S system and the
physiographic setting have been demonstrated for 1) active
margins, 2) passive margins, and 3) across both margin types.
The scaling relationships vary broadly in magnitude of
correlation, but are seldom strong; this reflects how canyon
geomorphology is shaped by the complex interplay of
different controls, which are only in part influenced by the
tectonic setting.

Our findings suggest that canyon geomorphology can be to some
degree predicted in S2S systems in active and passive margins,
but that the predictive value of attributes of the environmental
setting might vary across different tectonic settings.

Insights from this study suggest possible genetic links between
aspects of canyon geomorphology and characteristics of the
physiographic environment related to the tectonic setting.
This finding can be applied to improve and help constrain
conceptual, experimental and numerical models of submarine
canyons and canyon-associated sedimentary systems at
source-to-sink scale by 1) demonstrating how the relative
importance of controlling factors on canyon morphometry
might vary across different tectonic settings; 2) providing a
quantitative characterization of canyon morphometric
attributes and associated parameters of the physiographic
and environmental setting that can be applied to constrain
models in a realistic manner; and 3) illustrating how insights
from our analyses can augment existing semi-quantitative
models of source-to-sink systems for different tectonic
settings, which have not yet expressly considered
submarine-canyon morphometry (e.g., Somme et al., 2009;
Nyberg et al., 2018).

2)

3)

4)

5)
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