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Abstract. Different fault settings make the morphology of submarine canyon-fan systems on active margins complex and 

diverse. In this study we explore the continuum of erosion, transport and sedimentation processes taking place in fault-

controlled canyon-fan systems by using physical experiments and a morphodynamic model. Based on morphometric analyses 

we show how Hack’s scaling relationships exist in submarine canyons and fans. The DEM of differences (DoDs) demonstrate 

the growth patterns and allow to establish relevant relationships between volumes of canyons and their corresponding fans. 15 

We reveal strong self-similarities on canyon-fan long profiles and, through a new morphodynamic model, we capture their 

evolution over time, including the trajectory of internal moving boundaries. We observe that fault slip rate controls the merging 

speed of coalescent submarine canyon-fan systems and, when coupling fault slip rate with inflow discharge, a competitive 

influence arises. In this study we also uncover scaling relationships spanned from laboratory to field-scale. Overall, our 

findings are inspiring and valuable for field investigators and modelers to better interpret and predict the morphological 20 

evolution and sedimentary processes of submarine canyon-fan systems in active fault settings. 

1 Introduction 

Submarine canyons and fans are main physiographic elements in the deeper reaches of the source-to-sink continuum of 

sedimentary processes. While submarine canyons are drainage features facilitating the transport of sediment from land and 

shelf to the deep sea, submarine fans represent its final depositional destination in many cases. These sediments are mainly 25 

transported by different forms of gravity flows, including turbidity currents, hyperpycnal flows and dense shelf water cascades 

(Mulder et al., 1995; Dadson et al., 2005; Canals et al., 2006; Milliman and Kao, 2005; Piper and Normark, 2009; Puig et al., 

2014; Talling et al., 2015; Amblas and Dowdeswell, 2018 and references therein). Most of our knowledge about the evolution 

of submarine canyons and fans come from field survey and interpretations on passive margins, but in fact, the number of 
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submarine canyons on active margins is higher than that on passive margins (Harris and Whiteway, 2011) and the occurrence 30 

of downslope gravity currents is even more frequent (Dadson et al., 2005; Milliman and Kao, 2005). 

 

Haida Gwaii, in the northern Pacific coast of Canada, provides good field examples that illustrate the evolution of canyon-fan 

systems in an active margin (Fig. 1a). Within just 37 km of the Haida Gwaii margin there are 48 submarine canyons showing 

different degree of morphological influence by the Queen Charlotte Fault Zone (Harris et al., 2014b). This large strike-slip 35 

fault truncates most of the canyon toes and creates numerous slope-confined and hanging canyons, and a series of coalescing 

fans (bajada)(Harris et al., 2014b). Other similar examples can be found in offshore eastern Taiwan (Hsieh et al., 2020), 

offshore northern Sicily (Lo Iacono et al., 2014; Gamberi et al., 2015), and along Makran active margin (Bourget et al., 2011).  

 

In the past, morphometric analyses for fluvial drainage basins have been used to analyze submarine canyons and fans, and to 40 

establish subaqueous scaling relationships and geomorphic process laws. Morphometric analyses can link morphological and 

sedimentological relationships in the sediment routing system. The classic and widely used river classification (Horton, 1945; 

Strahler, 1957) and the scaling relationship between river length and catchment area (Hack, 1957) have been widely applied 

to scale submarine canyon length and its drainage area (Mitchell, 2005; Straub et al., 2007; Tubau et al., 2013; Micallef et al., 

2014). Longitudinal profile analyses were also widely used in submarine canyons to establish general geomorphic process 45 

laws (Mitchell, 2005; Gerber et al., 2009; Covault et al., 2011; Amblas et al., 2011, 2012; Brothers et al., 2013). In addition, 

morphometric analyses were also applied to submarine fan classification to establish scaling relationships between channels 

and lobes (Pettinga et al., 2018).  

 

However, the time scale for forming a submarine canyon-fan system is much longer than a human timescale, making direct 50 

measurements of the evolving processes rarely possible. These difficulties have led researchers to turn to experimental studies 

of submarine canyons and fans. Past physical experiments confirmed that the subaqueous erosional channelized morphology 

produced by long-lived gravity currents can be reproduced using saline underflow and plastic sediment (Metivier et al., 2005). 

Subsequent experimental studies also pointed out that slope controls the rate of erosion and the speed of channel incision, 

while saline discharge affects the width and depth of submarine canyons (Weill et al., 2014). In different approaches, Lai et al. 55 

(2016) demonstrated that laboratory experiments can generate autogenic, deeply incised submarine canyons with well-

developed drainage features by using salt water acting on silica paste with submerged stepwise lowering base level. These 

authors also revealed that the submarine canyon long profile in evolution are time and scale independent. Apart from the 

canyon experiments, laboratory turbidity currents can generate self-channelized submarine fans with leveed channels that 

gradually shift and avulse (Yu et al., 2006). Further experiments showed that repeated turbidity currents can also produce 60 

levee-bounded submarine channels and stacked lobes (Cantelli et al., 2011), and that the break in slope controls channel 

aggradation and lobe architecture (Fernandez et al., 2014).  
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The purpose of this study is to explore the erosion-transport-sedimentation processes involved in the evolution of submarine 

canyon-fan systems in fault-controlled margins. For this we use physical experiments and a morphodynamic model that allow 65 

to define general geomorphic laws. The aims of this study are: (1) to obtain high-resolution digital elevation models (DEMs) 

for the canyon-fan evolutionary surfaces; (2) to develop laboratory-scale morphometric analyses and to establish scaling 

relationships between parameters; (3) to investigate scale-independent self-similarities in long profiles; (4) to propose a 

morphodynamic model that allow to predict fan volumes based on canyon lengths.  

 70 
Figure 1. (a) Seafloor morphology offshore Haida Gwaii (modified from Barrie et al., 2013 and Harris et al., 
2014b); (b) Experimental setup for studying the evolution of submarine canyon-fan systems in an active fault 
setting. 
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2 Methods 

2.1 Experimental design 75 

To simulate a basic submarine fault setting that mimics the morphology observed offshore Haida Gwaii, a novel tank (135 cm 

long, 80 cm wide and 75 cm deep) was designed to recreate the evolution of a submarine fault with 90-degree dip angle (Fig. 

1b). This submerged tank consists of an upper fixed sandbox (as a footwall) and a lower moving platform (as a hanging wall). 

The hanging wall was controlled by a motor with adjustable speed to simulate different fault slip rate (𝑉𝑉𝑟𝑟). Very fine silica 

sand (d50 = 0.1 mm) and kaolinite (proportion 100:1 by weight, as suggested by Hasbargen and Paola, 2000 and Lai et al., 80 

2016) were well mixed and filled into the submerged sandbox and platform as an erodible substrate. Upstream, different 

inflows discharge (𝑄𝑄) of saturated brine (density 𝜌𝜌𝑖𝑖𝑖𝑖 = 1200 kg/m3) were used as unconfined downslope gravity currents for 

modeling long-lived hyperpycnal flows or mud-rich turbidity currents (Métivier et al., 2005; Spinewine et al., 2009; Sequeiros 

et al., 2010; Weill et al., 2014; Foreman et al., 2015; Lai et al., 2016; 2017).  

 85 

Six experimental runs were performed with different inflow discharges (𝑄𝑄 = 800 to 5000 mm3/s) and fault slip rates (𝑉𝑉𝑟𝑟  = 

0.014 mm/s to 0.064 mm/s) (Table 1). Each experiment was divided into 7 to 12 successive stages; the stage intervals were 10 

min or 5 min, depending on the fault slip rate. Time-lapse photography was used to record the evolution of submarine canyon-

fan systems every 5 s for each experiment. Without draining out the ambient water, the inflow was turned off to form a 

temporarily frozen landscape at each stage end. Then the newly generated submarine landscape was scanned. A topographic 90 

imaging system (Lai et al., 2016) was used to construct high-resolution (1 mm x 1 mm) digital elevation models (DEMs), 

orthorectified images and gradient maps over successive stages.  

 

Table 1. Summary of experimental conditions.  
 95 

Run 
Inflow discharge 

𝑄𝑄 (mm3/s) 

Fault slip rate 

𝑉𝑉𝑟𝑟  (mm/s) 

Stage interval  

(min) 
Total stages 

Total run 

time 

(min) 

A1 1600  0.025  10  9  90 

A2 1600  0.049  5  9  45 

B1 3300  0.026  10  9  90 

B2 3500  0.041  5  11  55 

C1 5000  0.014  10  12  120 

C2 800  0.064  5  7  35 
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2.2 Morphometric definitions 

Landscape features of submarine canyon-fan systems were defined prior to morphometric analyses (Fig. 2a). First, the fan 

apex was defined at the most upstream point of a submarine fan, or the intersection between two fan edge asymptotes. Then, 

canyon length (𝐿𝐿𝑐𝑐) was defined as the maximum path from the canyon head to its fan apex; canyon width (𝑊𝑊𝑐𝑐) was defined as 100 

the width of canyon bounding box; canyon area (𝐴𝐴𝑐𝑐 ) was the area of canyon drainage. Similarly, fan length (𝐿𝐿𝑓𝑓 ) was 

the maximum path from the fan apex to its fan toe; fan width (𝑊𝑊𝑓𝑓) was the width of fan bounding box; fan area (𝐴𝐴𝑓𝑓) was the 

area fan deposit.  

 

The volumes of submarine canyons and fans can be obtained by subtracting the pseudo continental slope from the DEM of 105 

each stage (Fig. 2b). First, three cross sections were extracted from the DEM, which were unaffected by saline underflows 

(e.g., cross sections a, b and c in Fig. 2a). The averaged cross section was then used to create a pseudo continental slope for 

that stage (Fig. 2b). Next, the pseudo continental slope was subtracted from the DEM to obtain the DEM of difference (DoD). 

Negative values represent canyon incision depths; positive values show fan thicknesses. In addition, the (𝑥𝑥, 𝑧𝑧) coordinates of 

the shelf-slope break and shelf-slope toe were recorded from the pseudo continental slope to understand the evolution of these 110 

two internal moving boundaries. The moving trajectories will be shown in Section 3.2.  

 

 

 
Figure 2. (a) Morphometric definitions of submarine canyon-fan systems. Yellow dots are fan apexes. Green 115 
rectangles are bounding boxes. Thick black solid line is shelf-slope break; Thick black dash line is shelf-slope toe. (b) 
Reconstructed pseudo continental slope unaffected by downslope gravity flows. 
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2.3 Morphodynamic model 120 

The formation of a submarine canyon-fan system involves simultaneous erosion and deposition, resembling the knickpoint 

smoothing process observed in submarine canyons (Mitchell, 2006) and fluvial active faults (Hanks et al., 1984). With this 

similar concept, a one-dimensional morphodynamic model was developed for describing a fault-controlled submarine canyon-

fan evolution, driven by downslope gravity flows (Fig. 3). First, the position of the active fault was set to x = 0. Then, the 

submarine canyon-fan evolution was decoupled into two different processes: (1) an evolving continental slope driven by a 125 

normal fault (Fig. 3b); (2) a submarine canyon-fan system driven by a downslope gravity flow (Fig. 3c). As the hanging wall 

continues to fall, the continental slope was mainly formed by avalanching, with its slope kept at the angle of repose (𝑆𝑆𝑠𝑠 = 38°). 

The retreating shelf-slope break and advancing shelf-slope toe can be described by the following geometric relationships (Eq. 

(1) and Eq. (2)) (modified from Lai et al., 2016): 

 (𝑥𝑥, 𝑧𝑧)𝑠𝑠𝑠𝑠𝑠𝑠 = � −𝐻𝐻1
𝑆𝑆𝑠𝑠−𝑆𝑆1

, 𝑆𝑆1𝐻𝐻1
𝑆𝑆𝑠𝑠−𝑆𝑆1

� (1) 130 

 (𝑥𝑥, 𝑧𝑧)𝑠𝑠𝑠𝑠𝑠𝑠 = � 𝐻𝐻2
𝑆𝑆𝑠𝑠−𝑆𝑆2

, −𝑆𝑆𝑠𝑠𝐻𝐻2
𝑆𝑆𝑠𝑠−𝑆𝑆2

  �  (2) 

where 𝐻𝐻1 and 𝐻𝐻2 are the upstream and downstream knickpoint heights; 𝑆𝑆1 and 𝑆𝑆2 are the upstream and downstream far field 

slopes, respectively. 𝑆𝑆𝑠𝑠 is the inclination of continental slope. 

 

The submarine canyon-fan long profile formed by downslope gravity flows can be described by a diffusion process. Eq. (3) 135 

describes the entire submarine canyon-fan long profile 𝑧𝑧(𝑥𝑥, 𝑡𝑡), including both the footwall (𝑥𝑥1 = 𝑥𝑥 < 0) and hanging wall 

(𝑥𝑥2 = 𝑥𝑥 > 0):  

 𝑧𝑧(𝑥𝑥, 𝑡𝑡) = −𝐻𝐻 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑥𝑥
2√𝐾𝐾𝐾𝐾

�  − 𝑆𝑆𝑆𝑆 (3) 

where 𝐻𝐻 = knickpoint heights (shape factor); erf = error function (shape function); 𝐾𝐾 = diffusivity; 𝑆𝑆 = far-field slope. The 

first and second terms on the right-hand side of Eq. (3) account for the variations in bed profile caused by the geomorphic 140 

diffusion and initial bed slope, respectively. Diffusion processes on footwall and hanging wall may be different, suggesting 

that different parameters (𝐻𝐻1 ,𝐾𝐾1, 𝑆𝑆1) and (𝐻𝐻2,𝐾𝐾2, 𝑆𝑆2) can be used for the upstream and downstream canyon-fan long profiles. 

 

To investigate the self-similarity of the evolving canyon-fan long profiles in various settings, the first and second terms on the 

right-hand side of Eq. (3) were normalized, respectively, by the shape factor 𝐻𝐻 and the time-varying length scale √𝐾𝐾𝐾𝐾. Then 145 

the normalized profiles 𝑧𝑧̅ is time-varying only as a function of the dimensionless horizontal coordinate 𝜎𝜎�= 𝑥𝑥 √𝐾𝐾𝐾𝐾⁄ � (Capart 

et al., 2007; Lai and Wu, 2021): 

 𝑧𝑧̅(𝜎𝜎) = −𝑒𝑒𝑒𝑒𝑒𝑒 �𝜎𝜎
2
� − 𝑆𝑆𝑆𝑆 (4) 

The comparison between diffusion model and experiments will be presented in Section 3.2.  

 150 
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Figure 3. (a) Geomorphic components for a one-dimensional evolving submarine canyon-fan long system. (b) 
Mathematical definitions for an evolving continental slope governed by gravity-induced avalanching process. (c) 
Mathematical definitions for the canyon-fan long profile driven by downslope gravity flows.  
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3 Results 155 

3.1 Evolution of submarine canyon-fan systems 

Physical experiments simulated the initiation and evolution of submarine canyon-fan systems driven by downslope gravity 

flows in normal fault settings (Fig. 4). The fault line was at a fixed location (𝑥𝑥 = 400 mm) and as the hanging wall started to 

fall, the continental slope expanded simultaneously both upstream and downstream, but keeping its bed slope at the angle of 

repose (38°). At the same time, saline gravity flows formed submarine canyons and fans on the slope. When 𝑡𝑡 = 10 min, tiny 160 

gullies and fans appeared at the base of the continental slope. At 𝑡𝑡 = 30 min, small gullies merged into several shelf-incising 

canyons and a few slope-confined canyons. When 𝑡𝑡 = 40 min, shelf-incising canyons developed their own tributaries. At 𝑡𝑡 = 

50 min, four major submarine canyon-fan systems maintained on the continental slope. At 𝑡𝑡 = 70 min, the four major systems 

continued to grow, but the slope-confined canyons completely disappeared. At 𝑡𝑡 = 80 min, System C appeared obvious fan 

terraces. When 𝑡𝑡 = 90 min, System A disappeared, and Systems B and C remained kept as mature shelf-incising canyon-fan 165 

systems; System D transformed into a slope-confined canyon-fan system. See Fig. S1, Table S1 and Movie S1 to S6 for 

detailed evolution processes.  

 

The gradient maps calculated from each DEM demonstrated the morphological responses of submarine canyon-fan systems to 

the given parameters (Fig. 5). Under fixed inflow discharge, double the fault slip rate reduced the number of canyon-fan 170 

systems and made the systems become close-spaced (compare Fig. 5a to Fig. 5b and Fig. 5c to Fig. 5d). On the contrary, at 

fixed fault slip rate, double the inflow discharge resulted in similar size and number of submarine canyon-fan systems (compare 

Fig. 5a to Fig. 5c and Fig. 5b to Fig. 5d). When the fault slip rate and inflow discharge were extremely contrasted, the minimum 

fault slip rate formed a large number of slope-confined canyon-fan systems (Run C1, Fig. 5e). Conversely, the maximum fault 

slip rate resulted in a single shelf-incising canyon-fan system (Run C2, Fig. 5f) in early stages.  175 

 

The DEM of differences (DoDs) showed the erosion and deposition patterns of canyons and fans for each stage (Fig. 6). When 

the inflow discharge was fixed, double the fault slip rate made the incision and deposition depths deeper and thicker, 

respectively (compare Fig. 6a to Fig. 6b and Fig. 6c to Fig. 6d). Conversely, when the fault slip rate was fixed, double the 

inflow discharge did not make significant differences to incision and deposition depths (compare Fig. 6a to Fig. 6c and Fig. 180 

6b to Fig. 6d). When the fault slip rate and inflow discharge were extremely contrasted, the depths and volumes generated by 

the maximum fault slip rate (Run C2) were much larger than that of the minimum fault slip rate (Run C1) (Fig. 6e and Fig. 6f). 

Generally, the responses of DoDs to given parameters were similar to those responses observed in the gradient maps. The 

influence of fault slip rate and inflow discharge on the volumes of canyons and fans will be discussed in Section 4.  

 185 
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Figure 4. Observations from the orthophotos (Run B1 from t = 0 to 90 min). Systems A, B, C and D are the traced 
submarine canyon-fan systems across stages.  
 

 190 

https://doi.org/10.5194/esurf-2022-62
Preprint. Discussion started: 8 November 2022
c© Author(s) 2022. CC BY 4.0 License.

earamca
Sticky Note
Are these dark areas on the right of each image simply shadows? Slightly distracting and makes it unsure what some other features are, e.g., the linear features dipping from the right of the image down towards fan D. Some better annotation of features all round would be good. 

earamca
Sticky Note
Are these ridges sediment waves forming on the elevated relief (that some might call terraces) between canyons? This has been commonly observed in nature and may warrant highlighting if so. 



10 
 

 
Figure 5. Hillshaded gradient maps for each run. Blue lines are the rims of submarine canyons. Red lines are the 
boundaries of submarine fans. Yellow dots are fan apexes. Colored numbers represent the traced canyon-fan system 
of each stage.  
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 195 
Figure 6. DEM of differences (DoDs) for each run. The lines of shelf-slope break and shelf-slope toe were translated 
from the pseudo surface of each run.  

https://doi.org/10.5194/esurf-2022-62
Preprint. Discussion started: 8 November 2022
c© Author(s) 2022. CC BY 4.0 License.

earamca
Sticky Note
Any explanation for the apparent asymmetry in erosion? 

earamca
Sticky Note
Any idea why these areas of enhanced erosion did not form canyons? 



12 
 

3.2 Comparison of submarine canyon-fan long profiles 

The comparison of experimental and simulated submarine canyon-fan long profiles is shown in Fig. 7. The diffusion model 

captured the evolution of four major shelf-incising canyon-fan long profiles. The diffusion coefficients 𝐾𝐾1 and 𝐾𝐾2 controlled 200 

the long profile of canyon and fan, respectively. As the hanging wall continued to fall, the canyon-fan long profile became 

smoother, indicating that the diffusion coefficients were not fixed values, but proportional to the knickpoint heights (𝐻𝐻1 and 

𝐻𝐻2). Contrary to the canyon-fan long profiles, the continental slope was steep, straight and maintained at the angle of repose. 

The geometric relationship (Eq. (1) and Eq. (2)) well captured the evolution of continental slopes (Fig. 7e). Therefore, both 

the diffusion model and geometric relationships capture the essence of submarine canyon-fan systems on an evolving 205 

continental slope.  

 

The trajectories of internal moving boundaries over time are shown in Fig. 8. The x-position of the four moving boundaries 

were shifted to the fault line (x = 400 mm) for distinguishing whether canyons and fans were in erosion or deposition relative 

to the continental slope. The results demonstrated that the trajectories of all internal moving boundaries over time were 210 

surprisingly linear. Systems B and C were deep shelf-incising canyons, for which their corresponding canyon incising distance 

(∆𝑥𝑥𝑖𝑖𝑖𝑖) and fan advancing distance (∆𝑥𝑥𝑎𝑎𝑎𝑎) were longer. Conversely, Systems A and D were shallow shelf-incising canyons, for 

which their corresponding ∆𝑥𝑥𝑖𝑖𝑖𝑖  and ∆𝑥𝑥𝑎𝑎𝑎𝑎  were much shorter. See Fig. S3 for other moving trajectories.  

 

On the dimensionless coordinates, both experimental and simulated long profiles showed strong self-similarities (Fig. 9). To 215 

investigate the self-similarity of the evolving profiles during different stages of each run, the first and second terms on the 

right-hand side of Eq. (3) are, respectively, normalized by the shape factor 𝐻𝐻 and the time-varying length scale √𝐾𝐾𝐾𝐾. That is 

the upstream and downstream profiles, 𝑧𝑧1̅(𝜎𝜎) and 𝑧𝑧2̅(𝜎𝜎), are plotted against the dimensionless coordinates 𝜎𝜎1 and 𝜎𝜎2. For 

instance, the four systems traced in Run B1 at different stages (35 long profiles in total) collapsed to a single curve and showed 

strong self-similarity (Fig. 9c). More surprisingly, the scaled submarine canyon-fan long profiles of the other runs also 220 

collapsed to a similar theoretical profile, indicating that a morphological self-similarity was established consistently. In 

addition, the evolving continental slopes of each run also collapsed to the same geometric profile (red solid line). Therefore, 

these results confirmed that the submarine canyon-fan long profiles and continental slopes evolved at different stages have 

strong, scale-independent self-similarities.  

 225 

https://doi.org/10.5194/esurf-2022-62
Preprint. Discussion started: 8 November 2022
c© Author(s) 2022. CC BY 4.0 License.

earamca
Comment on Text
Would be useful to annotate these on the figures. 

earamca
Inserted Text
 Fig. 7E

earamca
Comment on Text
I agree they are similar, however, the longer runs begin to show some divergence. Any explanation for this? 



13 
 

 
Figure 7. Comparisons between experimental and modeled long profiles (for Run B1). (a) to (d) Submarine canyon-
fan long profiles of the traced systems at different stages. (e) Continental slope long profiles traced at different stages. 
See Fig. S2 for long profile comparisons of other runs. 
 230 
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Figure 8. Comparison between experimental and modeled trajectories of the internal moving boundaries (for Run 
B1). The shelf-slope break and shelf-slope toe were extracted from the pseudo surface of each stage. Canyon incising 
distance (∆𝒙𝒙𝒊𝒊𝒊𝒊) is the horizontal distance between the trajectory of canyon head to shelf-slope break. Fan advancing 
distance (∆𝒙𝒙𝒂𝒂𝒂𝒂) is the horizontal distance between the trajectory of fan toe to shelf-slope toe.  235 
 

 

https://doi.org/10.5194/esurf-2022-62
Preprint. Discussion started: 8 November 2022
c© Author(s) 2022. CC BY 4.0 License.



15 
 

 
 

Figure 9. Dimensionless long profiles of each run. Black solid lines are modeled dimensionless canyon-fan long 240 
profiles by two-diffusion theory. Red solid lines represent modeled dimensionless continental slopes. Gray solid lines 
show the normalized step function. Note that the numbers and times of each traced system are not identical.  
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3.3 Scaling relationships in submarine canyon-fan systems 

Morphometric analyses showed that scaling relationships among submarine canyons and fans were robustly linear (Fig. 245 

10). For instance, the experimental canyon lengths to canyon areas agreed with Hack’s scaling relationship (Fig. 10a). 

Similarly, the scaling relationship was also established in experimental fan lengths to fan areas, with different Hack’s 

coefficients but identical power (Fig. 10b). In addition, the canyon volume (𝑉𝑉𝑐𝑐) can be estimated from upstream knickpoint 

height (𝐻𝐻1 ) and canyon area (𝐴𝐴𝑐𝑐 ), following the formula 𝑉𝑉𝑉𝑉𝑐𝑐 = 𝛼𝛼 × 𝐻𝐻1 × 𝐴𝐴𝑐𝑐 , where 𝛼𝛼  is a coefficient to be calibrated. 

Equivalently, the fan volume (𝑉𝑉𝑓𝑓) followed 𝑉𝑉𝑉𝑉𝑓𝑓 = 𝛽𝛽 × 𝐻𝐻2 × 𝐴𝐴𝑓𝑓, where 𝛽𝛽 is a coefficient to be calibrated. 𝐻𝐻2 is downstream 250 

knickpoint height. 𝐴𝐴𝑓𝑓 is fan area. The results showed that the estimated volumes of canyons had a strong 1 to 1 relationship 

with the volumes measured directly from the DoDs, giving the coefficient 𝛼𝛼 = 0.1 (Fig. 10c). A similar trend was also 

established for submarine fans (Fig. 10d), making 𝛽𝛽 = 0.1. These scaling relationships served as the basis for proposing a 

general rule by using canyon lengths to predict fan volumes, which will be explained in Section 4.  
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 255 
 

Figure 10. (a-b) The Hack’s length to area scaling relationships established for submarine canyons and fans, 
respectively. (c) 1 to 1 relationship for the estimated to measured volumes of canyons and fans, respectively.  
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4 Discussion 

The purpose of this study is to understand the initiation and evolution of fault-controlled submarine canyon-fan systems driven 

by downslope gravity flows. According to our experimental and modeling results, we propose that the morphological diversity 265 

of fault-controlled submarine canyon-fan systems is controlled by fault slip rate and inflow discharge. Scaling relationships 

revealed in this study support us to establish a general rule for using canyon lengths to predict fan volumes, which greatly 

increases the applicability of the present work. 

 

First, we find that fault slip rates control the merging speed among canyon-fan systems, which in turn affects the number and 270 

spacing of the system. A faster fault slip rate generates a greater fault escarpment, which resulted in a stronger retrograding 

process on the slope. This severer retrograding process facilitates the downslope gravity flows to converge, making the canyon-

fan systems to merge rapidly. For instance, under a fixed inflow discharge (𝑄𝑄 = 1600 mm3/s), double the fault slip rate (Run 

A2), the number and spacing were much less than that of Run A1 (Fig. 5a and 5b). Similarly, under an increased inflow 

discharge (𝑄𝑄 = 3400 mm3/s), double the fault slip rate (Run B2), the number and spacing is also much less than that of Run 275 

B1 (Fig. 5c and 5d). For the volume of canyon incision, the influence of fault slip rate is significant (Fig. 11a and Fig. 11b). 

The canyon incision volumes generated by faster fault slip rates is two times larger than that generated by a slower fault slip 

rate. Our experimental results agree with the idea that canyons in active margins are shorter, steeper, more dendritic and closely 

spaced (Harris and Whiteway, 2011). We further emphasize that in active margins the fault slip rate controls the merging speed, 

spacing and quantity of the submarine canyon-fan systems.  280 

 

Second, the length, area and volume of canyons and fans is proportional to inflow discharge, but doubling the inflow discharge 

has minor influence on its morphology. Larger discharges cause stronger axial incision, triggered more retrograding landslides 

on canyon-walls, and eventually increased the corresponding lengths, areas and volumes of the systems. For instance, at a 

fixed fault slip rate (0.025 mm/s), double the inflow discharge (Run B1), the corresponding size and number are similar to that 285 

of Run A1 (Fig. 5a and 5c). Similarly, at an increased fault slip rate (0.045 mm/s), double the inflow discharge (Run B2), the 

size and numbers are also similar to that of Run A2 (Fig. 5b and 5d). For the volumes of canyon incision, the influence of 

inflow discharge was insignificant than that of fault slip rate (Fig. 11c and Fig. 11d). The canyon incision volumes generated 

by larger inflow discharge are slightly larger than that generated by smaller inflow discharge. Our experimental results agree 

with that larger discharge forms deeper canyons (Weill et al., 2014). However, we emphasized that the influences due to inflow 290 

discharge are insignificant when comparing to the morphological changes caused by fault slip rate.  
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Figure 11. Effects of fault slip rate and inflow discharge on the volume of evolving submarine canyons. (a-b) 
Influence of fault slip rate. (c-d) Influence of inflow discharge. (e) Influence of coupled fault slip rate and inflow 295 
discharge. (f) Comparison among all runs. All the selected systems were major shelf-incising canyons, except for Run 
C1, which belonged to slope-confined canyons.  
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Third, we believe that submarine canyon-fan systems react to coupled fault slip rate and inflow discharge is a competitive 300 

relationship, rather than a simple positive correlation. Extremely fast slip rate generates fault escarpment rapidly. Thus, if the 

inflow discharge is relatively small, the slope morphologies rapidly merge into a few major shelf-incising canyons. On the 

contrary, slow fault escarpment allow most of the inflow bypass the slope. The corresponding morphologies are slope-confined 

canyons. For instance, the slip rate of Run C2 is 5 times larger than that of Run C1, but the inflow discharge of Run C2 is only 

1/6 than that of Run C1. The corresponding canyon lengths and volumes of Run C2 are 5-8 orders larger than those of Run C1 305 

(Fig. 11e and Fig. 11f). Therefore, we propose that under the coupled effects of fault slip rate and inflow discharge, the final 

slope morphology is dominated by fault slip rate, rather than the inflow discharge.  

 

Specifically, our experimental results may help to interpret the evolution of submarine canyon-fan systems observed on Haida 

Gwaii Trough. Although laboratory-scale to field scale are 105 order different, the morphological characteristics and fault 310 

settings suggest a similar formation for these two systems. The Haida Gwaii Trough is a bathymetric depression between Haida 

Gwaii Island and Queen Charlotte Terrace, similar to a graben between two normal faults, with different subsidence rates (~1 

mm/yr to 3 mm/yr from north to south, estimated from Harris et al., 2014). Above the fault line, both types of canyons (shelf-

incising and slope-confined canyons) appear on the continental slope; below the fault line, a series of coalescing submarine 

fans are deposited on the Haida Gwaii Trough (Harris et al., 2014b). These morphological characteristics and fault settings are 315 

similar to our experimental set-up and results. In addition, our experimental videos provide a way to visualize the evolution of 

merging canyons and coalescing fans that are rarely possible to observe in the field. Therefore, we believe that by isolating 

fault slip rate and inflow discharge it is possible to explain the origin and evolution of the submarine canyon-fan systems 

observed on Haida Gwaii Trough.  

 320 

Finally, we reveal the scaling relationships that link laboratory-scale experiments with field scale submarine canyon-fan 

systems and we propose a general rule to predict fan volumes by simply using canyon lengths. In field-scale submarine canyon-

fan systems, there are obvious limitations to obtain sediment distributions over time and space. However, our experimental 

canyons and fans show strong Hack’s scaling relationships with the Hack’s exponent of 0.51. Note that, for instance, the field-

scale Hack’s exponent is 1 for the linear canyons and 0.5 for the dendritic canyons on the Atlantic USA continental 325 

slope (Mitchell, 2005); 0.46 for the canyons in the south Ebro Margin (Micallef et al., 2014); 0.49 for the terrestrial river 

drainage basins (Montgomery and Dietrich, 1992). Combining the Hack’s scaling relationship of canyons (Fig. 10a) and the 

strong 1:1 relationship of measured to estimated fan volumes (Fig. 10d), we propose a general rule by using canyon lengths to 

predict fan volumes:  

 𝐿𝐿𝑐𝑐 = 4.5 ∙ 𝑉𝑉𝑓𝑓0.33 (5) 330 

where 𝐿𝐿𝑐𝑐 = canyon length; 𝑉𝑉𝑓𝑓 = fan volume. This formula is verified by our morphodynamic model (Fig. 12a). We keep this 

verified relationship and compare our experimental data to 26 global source-to-sink systems (Sømme et al., 2009) (Fig. 12b). 

We find that this formula is applicable to all observed canyon-fan systems in different margins (passive, mixed and active 
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margins). The reason is that the evolution of submarine canyons is mainly controlled by increasing reliefs and downslope 

gravity flows (Lai et al., 2016). Active margin (through tectonic shortening) or passive margin (by prograding sedimentation 335 

over a deep basin) are different ways to generate increasing reliefs. The effect is to steepen the continental slope, resulting in 

local oversteepening. When the inflow discharge is fixed, the steepening of the bed slope will increase the dimensionless 

stream power and the sediment transport capability of downslope gravity flows (Lai et al., 2017), i.e., increasing relief is to 

allow the gravity flows to obtain higher potential energy, which is then converted into stronger downslope kinetic 

energy. Therefore, we think our experimental approach is universal for all margin types and Eq. (5) is a general rule, which 340 

spans more than 20 orders from laboratory-scale to margin-scale. By applying Eq. (5) to the canyon-fan systems observed on 

Haida Gwaii Trough (Fig. 1a), considering that the length of the shelf-incising canyon is 12,000 m, the corresponding fan 

volume should be 24×109 m3; if the length of slope-confined canyon is 6,000 m, the fan volume should be 29.5×108 m3. 

Therefore, this general rule allows researchers to quickly use canyon lengths to estimate the first-order fan volumes, greatly 

improving the value and applicability of this study. It is worth to mention that our approach may not be applicable to the scaling 345 

relationships between lobes and lobe elements (Pettinga et al., 2018), which focused on the distal part of fan lobes.  
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Figure 12. (a) The scaling relationship built from our experimental data and verified by the morphodynamic model. 350 
(b) The general scaling relationship of canyon lengths to fan volumes among laboratory-scale (n = 154, this study), 
margin-scale (n = 26, Sømme et al., 2009), and offshore Haida Gwaii (n = 2, Harris et al., 2014b).  
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5 Conclusions 355 

Physical experiments and morphodynamic model allow us to better understand the responses of submarine canyon-fan systems 

to fault slip rates and inflow discharges. The proposed general rule is ready to be applied to field-scale submarine canyon-fan 

systems. Here are our conclusions:  

1. The results of morphometric analyses support that Hack’s scaling relationships exist in both laboratory-scale and field 

scale submarine canyon-fan systems. 360 

2. The DEM of differences (DoDs) demonstrate the patterns of sediment erosion and deposition and provide reliable 

volumes of canyons and fans. 

3. The validated submarine canyon-fan long profiles show strong self-similarities. The corresponding trajectory of internal 

moving boundaries over time are surprisingly linear.  

4. We propose that fault slip rate controls the convergence and merging speed of submarine canyon-fan systems, which in 365 

turn affects their number and spacing. 

5. At a fixed fault slip rate, the lengths, areas and volumes of canyons and fans are proportional to inflow discharge.  

6. When considering coupled fault slip rates and inflow discharges, the influence of these two parameters to canyon-fan 

morphology is a competitive relationship. 

7. Finally, we unveil scaling relationships across laboratory to field scales and propose a general rule to predict fan volumes 370 

by using canyon lengths. 

We assume that the morphodynamic processes causing the evolution of experimental submarine canyon-fan systems may 

differ from the field analogues, but we claim and demonstrate that at least we are able to predict the first-order general 

morphological and sedimentological patterns at basin scale.  In short, our findings are inspiring and valuable for field 

researchers and/or modelers to better interpret and predict the morphological evolution and sedimentary processes of 375 

submarine canyon-fan systems in active fault settings. Next steps will be to consider different fault dip angles and even to 

explore thrust-fault controlled submarine canyon-fan systems in active convergent margins.  

Data Availability 
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