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Abstract 12	
  

Submarine canyons are common features of continental margins worldwide. They are 13	
  

conduits that funnel vast quantities of sediment from the continents to the deep sea. 14	
  

Though it is known that submarine canyons form primarily from erosion induced by 15	
  

submarine sediment flows, we currently lack quantitative, empirically based expressions 16	
  

that describe the morphology of submarine canyon networks. Multibeam bathymetry data 17	
  

along the entire passive US Atlantic margin (USAM) and along the active central 18	
  

California margin near Monterey Bay provide an opportunity to examine the fine-scale 19	
  

morphology of 171 slope-sourced canyons. Log-log regression analyses of canyon 20	
  

thalwag gradient (S) versus up-canyon catchment area (A) are used to examine linkages 21	
  

between morphological domains and the generation and evolution of submarine sediment 22	
  

flows. For example, canyon reaches of the upper continental slope are characterized by 23	
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steep, linear and/or convex longitudinal profiles, whereas reaches farther down canyon 24	
  

have distinctly concave longitudinal profiles. The transition between these geomorphic 25	
  

domains appears to be dependent on catchment area, which may be a proxy for sediment 26	
  

supply, and is inferred to represent the downslope transformation of debris flows into 27	
  

turbidity flows. The morphology of slope-sourced canyon heads may provide insights 28	
  

into the conditions needed to generate erosive, canyon-flushing turbidity flows. 29	
  

 30	
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1. Introduction 35	
  

The geomorphic evolution of continental margins and, in particular, the formation 36	
  

of submarine canyons is heavily influenced by the interplay between sedimentary mass 37	
  

flows and seafloor topography (Mitchell, 2005; Ramsey et al., 2006; Gerber et al., 2009; 38	
  

Paull et al., 2013). However, direct observations of dynamic erosion from sediment flows 39	
  

are rare (Paull et al., 2003; Xu et al., 2004) and our understanding of canyon erosion 40	
  

mechanisms is based largely on laboratory and analytical inferences (Kneller and Buckee, 41	
  

2000; Mohrig and Marr, 2003; Gerber et al., 2009). Many of the principal studies aimed 42	
  

at understanding the origins and evolution of submarine canyons were either focused on a 43	
  

select number of the large, predominantly shelf-sourced canyon systems (Shepard and 44	
  

Emery, 1973; Farre et al., 1983; Gardner, 1989; Piper and Savoye, 1993; Greene et al., 45	
  

2002; Pirmez and Imran, 2003; Puig et al., 2004; Paull et al., 2011), or on a mixture of 46	
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shelf- and slope-sourced canyons having relatively limited spatial extent and bathymetric 47	
  

resolution (Shepard, 1981; Pratson et al., 1994; Pratson and Coakley, 1996; Mitchell, 48	
  

2004, 2005; Ramsey et al., 2006; Straub et al., 2007; Paull et al., 2011; Paull et al., 2013). 49	
  

Slope-sourced canyons are assumed to be fully decoupled from onshore drainage 50	
  

systems, whereas the larger and older shelf-sourced canyons that extend shoreward of the 51	
  

classically defined shelf-edge (Kennett, 1982). To study the linkages between form and 52	
  

process, these two classes of submarine canyons should be studied separately because 53	
  

they evolve under fundamentally different boundary conditions and perhaps over very 54	
  

different time-scales (Twichell and Roberts, 1982; Farre et al., 1983).  55	
  

In this study, we explore the relationship between channelized mass flows and the 56	
  

development of submarine canyon network morphology using an enormous volume of 57	
  

continuous, high-resolution bathymetric data from two separate settings: the US Atlantic 58	
  

and Central California continental margins (Figure 1). Our aim is to address the following 59	
  

fundamental questions: (1) is there an objective way to define the head-ward extent of 60	
  

submarine canyon networks? (2) Do submarine canyon networks have consistent and 61	
  

predictable patterns regardless of setting? (3) Can we use canyon network scaling 62	
  

relations to identify different process domains that relate to the dynamic behavior of 63	
  

submarine sediment flows?  64	
  

 65	
  

2. Submarine Mass Flows and Canyon Network Morphology 66	
  

The dominant process responsible for submarine canyon formation is the 67	
  

tendency of sediment flows to channelize into avenues of concentrated erosion (Pratson 68	
  

and Coakley, 1996). Submarine landslides generated by failure of unstable sediments in 69	
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and around canyon heads and along steep canyon walls can accelerate and entrain water 70	
  

as they move downslope and can transform into erosive turbidity flows (Hampton, 1972; 71	
  

Mohrig et al., 1998; Piper et al., 1999; Mohrig and Marr, 2003). Over time, repeated 72	
  

turbidity flows erode networks of canyons across the continental slope and rise whose 73	
  

bathymetric expressions resemble topography of terrestrial channel networks (Belderson 74	
  

and Stride, 1969; Mcgregor et al., 1982; Twichell and Roberts, 1982; Pratson and 75	
  

Coakley, 1996; Mitchell, 2005).  76	
  

Terrestrial researchers have created conceptual and theoretical models to describe 77	
  

the evolution of drainage basins and to delineate geomorphic process domains. Hillslopes 78	
  

and stream valleys represent the most significant features in terms of drainage basin 79	
  

evolution (Willgoose et al., 1991b, a; Tucker and Bras, 1998; Whipple and Tucker, 2002; 80	
  

Stock and Dietrich, 2003). Hillslope domains tend to be located in and around channel 81	
  

heads and near drainage divides. They are characterized by soil creep, debris flows and 82	
  

landslides across topographic surfaces having relatively steep gradients and small 83	
  

catchment areas (Howard, 1994). In contrast, stream valley domains appear below 84	
  

hillslope domains and their morphology is dominated by erosion due to overland flow. 85	
  

Stream-bed shear stresses increase with flow discharge and/or thalwag gradient. When 86	
  

high-quality topographic data is available, drainage area is commonly used as a proxy for 87	
  

stream discharge, therefore the magnitude of stream bed shear stress at a given location 88	
  

can be defined as a function of catchment area and local thalwag gradient (Seidl and 89	
  

Dietrich, 1992; Tucker and Bras, 1998; Whipple and Tucker, 2002; Wobus et al., 2006).  90	
  

A standard approach in fluvial geomorphology is to measure the local thalwag 91	
  

gradient (S) and the associated catchment area (A) at discrete points along a longitudinal 92	
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channel profile (e.g., Kirby and Whipple, 2001). The transport capacity, Qs, of a stream 93	
  

channel can then be approximated as a power function of A and S (Howard [1994]; 94	
  

references therein): 95	
  

 96	
  

! 

Qs = KAmSn         (1) 97	
  

 98	
  

where K, m and n are constants. In a steady state landscape, Qs is balanced by the tectonic 99	
  

uplift rate, U, and the long-term sediment transport through any location must equal the 100	
  

product of uplift rate and contributing drainage area. Equation (1) can be rearranged into 101	
  

a generalized form relating catchment area to local thalwag gradient (Tucker and 102	
  

Whipple, 2002; references therein): 103	
  

 104	
  

€ 

S = KsA
−θ i

        (2) 
105	
  

 106	
  

Ks and θi are the channel steepness (m/m) and intrinsic concavity indices, respectively. 107	
  

Segments of an individual stream profile characterized by different values for θi and/or Ks 108	
  

are often used to identify downstream thresholds of process dominance (Howard, 1994; 109	
  

Tucker and Bras, 1998) and to examine the responses of landforms to tectonic uplift and 110	
  

climate change (Whipple and Tucker, 2002). Both parameters are estimated by applying 111	
  

least squares regression to log-log scatter plots of A versus S: θi is the slope of the 112	
  

regression curve and Ks is the y-intercept. For example, the first kink in S-A regression 113	
  

plots (small A and large S; Figure 2) is widely interpreted to represent a geomorphic 114	
  

threshold separating landscapes that are dominated by hillslope processes from those 115	
  



	
   6	
  

dominated by fluvial incision and valley formation (Tucker and Bras, 1998; Stock and 116	
  

Dietrich, 2003). Hillslope domains tend to have linear or convex longitudinal profiles (θi 117	
  

< 0) whereas stream valleys have concave profiles (θi typically ranges between 0.3 – 0.6), 118	
  

meaning the thalwag gradient decreases exponentially with increasing area. The threshold 119	
  

separating these domains typically occurs where the drainage area exceeds ~106 m2 120	
  

(Tucker and Whipple, 2002). Additional thresholds in the S-A plots that occur at larger 121	
  

drainage areas and have been linked with changes in fluvial sediment transport capacity, 122	
  

such as the transition from supply limited to transport limited domains (Whipple and 123	
  

Tucker, 2002; Figure 2). 124	
  

In the marine realm, the uppermost continental slope is often characterized by 125	
  

steep, convergent topography associated with submarine canyon heads. Sediment 126	
  

movement in and around canyon heads and along inter-canyon ridges is dominated by 127	
  

diffusive transport and small-scale landsliding (Pirmez et al., 1998; Mitchell and 128	
  

Huthnance, 2007). Seabed observations suggest that canyon heads contain pervasive 129	
  

evidence for retrogressive failures, debris flow deposits and steep, narrow gullies that 130	
  

converge downslope into deeply entrenched canyon valleys. Canyon valleys are thought 131	
  

to form primarily by turbidity current erosion. However, few studies have investigated 132	
  

the morphological connection between retrogressive failures in and around slope-sourced 133	
  

canyon heads and the generation of turbidity flows that scour and erode canyon valleys of 134	
  

the continental slope (Twichell and Roberts, 1982; Farre et al., 1983; Pratson et al., 1994; 135	
  

Piper and Normark, 2009). Canyon relief generally diminishes along the lowermost 136	
  

slope/upper rise where mass flow deposition and aggradation of leveed channels systems 137	
  

begin to dominate (Galloway, 1998).  138	
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Within the context of slope depositional systems, submarine canyon networks can 139	
  

be segregated based on the primary source of the sediment transported down canyon (i.e., 140	
  

allocthonous versus autochtonous systems). The shelf-edge delineates a major 141	
  

hydrographic boundary separating wave and current driven sediment transport on the 142	
  

shelf from gravity driven transport of the slope (Pirmez et al., 1998). We define shelf-143	
  

sourced canyons as those that extend landward of the continental shelf-break and have 144	
  

higher propensity to capture sediment transported by shelf processes and/or by direct 145	
  

connections to terrestrial drainage systems (Shepard and Emery, 1973; Shepard, 1981; 146	
  

Mulder and Syvitski, 1995; Johnson et al., 2001). In contrast, slope-sourced canyons have 147	
  

heads located along the uppermost continental slope and are assumed to evolve primarily 148	
  

from erosion induced by local slope failures and mass flows sourced from within the 149	
  

canyon network (Twichell and Roberts, 1982; Pratson et al., 1994; Pratson and Coakley, 150	
  

1996; Goff, 2001; Brothers et al., 2013). Hypothetical drainage divides for slope-sourced 151	
  

canyon networks can be delineated along the uppermost slope. We assume that sediment 152	
  

entering canyon networks is sourced from within the network, then carefully extract and 153	
  

analyze the canyon network morphology using a geomorphic framework developed by 154	
  

terrestrial studies.  155	
  

Previous studies used digital elevation models (DEMs) derived from multibeam 156	
  

bathymetry data to examine the S-A scaling parameters, longitudinal thalwag profiles and 157	
  

erosion processes in submarine canyons, but yielded mixed results (Pratson and Ryan, 158	
  

1996; Mitchell, 2005; Ramsey et al., 2006; Straub et al., 2007). Mitchell (2005) observed 159	
  

an inverse power-law relationship in S-A regression plots and developed an erosion 160	
  

model in which hemipelagic sediments accumulate on the walls of canyons until they 161	
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become unstable and initiate erosive sedimentary flows. It was speculated that a steady-162	
  

state canyon configuration develops due to a balance between slope aggradation and 163	
  

canyon entrenchment. The frequency and size of erosive flows increases down-canyon, 164	
  

which increases cumulative erosion in a way that is analogous to increased stream 165	
  

discharge with drainage area in fluvial geomorphology.  166	
  

 167	
  

3. Methods 168	
  

We apply DEM-based geomorphic analysis (e.g., Wobus et al., 2006) to an 169	
  

enormous volume of multibeam bathymetry data from both passive and active margin 170	
  

settings. Along the passive USAM, bathymetric data were collected during 26 separate 171	
  

geophysical cruises covering approximately 616,000 km2 of the slope and rise between 172	
  

Georges Banks and the Blake Plateau (Figure 1a, c; Andrews et al., 2013; Brothers et al., 173	
  

2013). We used a continuous 100-m resolution DEM for most of the quantitative 174	
  

analysis, but several sub-regions along the upper slope were gridded at 10 and 25 m for 175	
  

detailed qualitative interpretations of canyon head morphology. Along the active central 176	
  

California margin, significant along-strike tectonic variation occurs (Greene et al., 2002), 177	
  

so our analysis was limited to a 7,500 km2 region located to the southwest of Monterey 178	
  

Bay, just offshore of the Sur Platform (Figure 1b, d). Multibeam bathymetry data 179	
  

(Hatcher et al., 2000; Greene et al., 2002; Wong and Eittreim, 2002) were gridded at 25-180	
  

m for quantitative analysis and 5-m for detailed qualitative interpretations of outer shelf 181	
  

and upper slope morphology.  182	
  

Because slope-sourced canyon heads are located at variable depths below the 183	
  

shelf-edge, using a single bathymetric contour to define the upper-slope drainage divides 184	
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(Mitchell, 2005; Straub et al., 2007) may lead to incorrect estimates of canyon head 185	
  

catchment areas. A hypothetical uncanyonized DEM was constructed by interpolating a 186	
  

surface across the crests of canyon interfluves and inter-canyon plains of the outer shelf 187	
  

and slope. This surface also allowed us to examine the first-order shape of the 188	
  

uncanyonized continental slope, or “interfluve” surface (Brothers et al., 2013). Canyon 189	
  

relief was defined as the relative elevation difference between the canyon thalwag and the 190	
  

hypothetical uncanyonized surface. In other words, relief is measured from the thalwag to 191	
  

the crest of the adjacent inter-canyon ridges. Drainage divides along the uppermost 192	
  

continental slope were interpreted based on fine-scale canyon head morphology and local 193	
  

bathymetric relief. Canyon head relief was used to guide manual selection of drainage 194	
  

divides along the outer shelf and uppermost continental slope (e.g., Figure 3); drainage 195	
  

divides were selected where relief along the upper rim of canyon heads exceeded 10-m. 196	
  

Uncertainties associated with drainage divide selection are estimated to produce errors in 197	
  

catchment area of less 0.5 km2. Next, using the hypothetical drainage divides, 198	
  

bathymetric DEMs were split into drainage basins using flow accumulation arrays and 199	
  

watershed analysis tools in ARC/INFO. Initially, all submarine canyons and channels 200	
  

were extracted from the bathymetric DEMs (Figures 1c,d) and used to differentiate 201	
  

between shelf-sourced and slope-sourced canyons in each study region.  202	
  

Thalwag depth, gradient (S), canyon relief and catchment area (A) were extracted 203	
  

at every 20 m contour down the thalwag of each slope-sourced canyon. Because of the 204	
  

similarities between fluvial drainages and submarine canyon networks, we assumed from 205	
  

the beginning that canyon network morphology can be described by power-law scaling 206	
  

relations between gradient and catchment area and did not perform sensitivity analysis 207	
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aimed at testing other empirical models. Regression analysis was applied to S-A scatter 208	
  

plots of each individual canyon for a total of 120 canyons along the USAM and 51 209	
  

canyons along the Sur Platform. The regression analysis of log-log S-A scatter plots 210	
  

involved a certain degree of inherent subjectivity because the limits for each fit were 211	
  

selected manually across groupings of points that appeared to follow a linear trend for at 212	
  

least one order of magnitude in either catchment area or gradient. Picks were guided by a 213	
  

log-binned running average of S-A points in an effort to reduce subjective bias in the 214	
  

identification of distinctive linear segments (e.g., Figure 4; Wobus et al., 2006). A 215	
  

measure of variance (R2) was computed for each regression segment within each 216	
  

individual canyon. Estimates for θi along each regression segment and the S-A values for 217	
  

segment boundaries for each individual canyon were saved to a database. Basic statistics 218	
  

were computed for all segments identified along both margins (Table 1). Interpretations 219	
  

were based on correlations between distinct regression segments and geologic features 220	
  

identified within specific reaches of submarine canyons.  221	
  

 222	
  

4. Results  223	
  

4.1. S-A analysis of slope-sourced canyons 224	
  

Examples of characteristic canyon profiles and their associated S-A regression 225	
  

analyses are shown in Figures 4 and 5. To first-order, the log-log plots of S-A data for 226	
  

each of the slope-sourced canyons on both margins display patterns that are similar to 227	
  

those observed in terrestrial drainage networks (Figure 2). Regression analysis suggests 228	
  

USAM canyons exhibit an average of four distinctive concavity segments and Sur 229	
  

Platform canyons are characterized by two measureable segments, plus a third segment 230	
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along the lowermost slope that was not measured due to its extreme variation and 231	
  

convexity. The steepest segments of canyon profiles are located along the uppermost 232	
  

continental slope. Regression analysis of these segments yield concavity estimates that 233	
  

are approximately zero (θi ≃ 0) or slightly negative (θi < 0), meaning the associated 234	
  

longitudinal profiles are either linear or slightly convex (Figures 4 and 5). Some canyons 235	
  

contain a short convex segment just below the drainage divide that becomes linear farther 236	
  

downslope (e.g., Figure 5). An abrupt transition in θi is observed on both margins and 237	
  

marks the change from linear/convex to highly concave profiles (θi > 0). For descriptive 238	
  

purposes (see Discussion for explanations) we apply the following nomenclature to 239	
  

distinguish between segments. The steep, canyon segments located immediately below 240	
  

the drainage divides and characterized by convergent topography are considered to be 241	
  

within the “landslide” domain, the transition between linear/convex and concave canyon 242	
  

profiles (intersection of the two regression lines) will be called “threshold-1”, and the 243	
  

concave segments below threshold-1 are associated with the “canyon-valley” domain 244	
  

(Figures 4 and 5). The scaling parameters estimated for each regression segment within 245	
  

each individual canyon were averaged to produce composite S-A power-law functions 246	
  

(Figure 6) and to identify physical parameters associated with boundaries between 247	
  

different segments.  248	
  

Threshold-1 was relatively straightforward to identify for almost every canyon 249	
  

(e.g., Figures 4–6). S-A values for threshold-1 (termed St and At) were manually picked 250	
  

from individual plots of each canyon. We estimate the average uncertainty in St and At 251	
  

picks to be less than 10%. For the USAM (Figure 6a): St ranges from 2.9°–10.1° and has 252	
  

a median value of 7.3°; At ranges from 1.8 km2–128.1 km2 with a median of 8.8 km2. For 253	
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Sur Platform canyons (Figure 6b): St ranges from 5.1°–23.7° with a median value of 254	
  

11.3°; At ranges from 0.1 km2–8.5 km2 with a median of 0.4 km2. A log-log scatter plot of 255	
  

threshold-1 values (Figure 6c) reveals distinct distributions for the separate margins, but 256	
  

also an overall trend consistent with both datasets. The USAM data spans greater 257	
  

catchment areas and smaller gradients, whereas the Sur Platform data spans small areas 258	
  

and gradients. A combined fit yields an interesting trend in which the gradient decreases 259	
  

exponentially with increasing area in the form of St=2.09At
-0.18 (R2=0.69).  260	
  

Seafloor morphology within the landslide domains of both margins is dominated 261	
  

by gullies, debris flow channels and irregular surfaces associated with sinuous failure 262	
  

scarps (10–20 m high; Figure 7). Such features lead to considerable variation in S and 263	
  

result in relatively low R2 values (0.4 – 0.5 on average) in the regression analyses. Along 264	
  

the USAM, small pockmarks (100–200 m diameter) cover the seafloor surrounding the 265	
  

landslide domain (Figure 7a), particularly along the uppermost continental slope. Canyon 266	
  

segments located within the landslide domains occur between the shelf-edge and water 267	
  

depths up to 1600 m and vary in length depending on the geometry of the catchment 268	
  

above threshold-1 (Figures 5–8). Narrow landslide catchments appear to be associated 269	
  

with longer canyon segments that extend to greater depths than the wider, shorter 270	
  

catchments. However, the area of individual landslide domains does not appear to be 271	
  

related to shape (Figure 5). The average thalwag gradient of canyons and gullies within 272	
  

the landslide domain is 10.2° ± 1.8°. More than 70% of the total terrain located within 273	
  

landslide catchment areas is steeper than 8° and more 95% of the terrain is steeper than 274	
  

5°.  275	
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In contrast, along the Sur Platform the average gradient of canyon thalwags 276	
  

within the landslide domain is 13.5° ± 3.7°. Segments are relatively short and extend 277	
  

from the shelf edge down to a maximum depth of ~400 m (e.g., Figures 4 and 7b). The 278	
  

seafloor along canyon walls contains fewer gullies and landslide scars than the USAM 279	
  

canyons, but the steep slopes near canyon heads show evidence for slope failures. 280	
  

Canyon heads are separated from the shelf break by a scarp at ~160-m depth.  The 281	
  

terraced appearance of the shelf break is associated with exposed, more resistant substrate 282	
  

(Eittreim et al., 2002).  283	
  

Canyon relief generally increases downslope as narrow gullies within the 284	
  

landslide domain converge and transition into canyon-valley domains located downslope 285	
  

of threshold-1. The canyon-valley segments can be fit relatively well by an inverse 286	
  

power-law (θi > 0), despite typically convex shapes of the adjacent canyon interfluves 287	
  

(e.g., Figure 4). The canyon-valley domains of the USAM canyons contain three primary 288	
  

regression segments with average concavities of θiA1 = 0.65 ± 0.06, θiA2 = 0.39 ± 0.07 and 289	
  

θiA3 ≤ 0.1. Average R2 values for θiA1 segments range from 0.5–0.89, with an average of R2 290	
  

= 0.65. Regression of θiA2 and θiA23 are significantly worse, with R2 values rarely 291	
  

exceeding 0.5 for either segment. However, much of the variation in θiA1 and θiA2   is 292	
  

related to outlier S-A data associated with canyon confluences, “knickpoints”, and 293	
  

overprint from mass failures along the lower slope and upper rise. Sur Platform canyons 294	
  

have two segments that could be systematically measured using regression analysis. The 295	
  

mean values are θiM1 ≃ 0.45 ± 0.05, θiM2 ≤ 0.1 (Figure 4). Average R2 values for θiM1  296	
  

segments range from 0.4–0.92, with an average R2 = 0.69;  R2 values for θiM2  are between 297	
  

0.3–0.6 and, as noted, regression analysis of the lower slope reaches was not attempted 298	
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due to the extreme variation convexity. Simple comparison shows that θiM1 ≃ θiA2 and θiM2  299	
  

≃ θiA3.  300	
  

Though a more comprehensive analysis is needed, canyons with larger catchment 301	
  

areas at threshold-1 appear to have higher concavities and higher relief along the first 302	
  

canyon-valley segment. Canyons reaches with gradients > 5° tend to have v-shaped 303	
  

cross-sections and those with gradients < 3° are often flat-bottomed or U-shaped. Off the 304	
  

Sur Platform, canyon gradients decrease to less than 5° within 2.5 km of threshold-1, 305	
  

whereas most of the USAM canyons drop below 5° between 5–12 km down canyon of 306	
  

threshold-1. 307	
  

The segment of greatest intrinsic concavity along USAM canyons, θiA1, is 308	
  

confined to the continental slope and uppermost rise (Figure 8a–c).  In general, the 309	
  

boundary between θiA1 and θiA2 appears to coincide with either the change in thalwag 310	
  

gradient or a drop-off in canyon relief associated with the slope-rise transition along the 311	
  

inter-canyon ridges. Across-canyon bathymetric profiles along θiA1 are relatively narrow 312	
  

and bounded by steep walls (Figure 9a). They are mostly v-shaped between depths of 313	
  

about 500–1500 m, then become flat bottomed as they transition to θiA2 canyon reaches 314	
  

along the lower slope and uppermost rise. θiA3 segments begin along the continental rise 315	
  

in depths >2500 m and are associated with deep-sea channels. Channels that do not 316	
  

merge with major shelf-sourced canyon-channel systems are characterized by low relief 317	
  

and low gradients (<1°). Sediment waves, failure scars and landslide deposits 318	
  

characterize the surrounding seafloor (Figure 8a-c). Some channels appear to be infilled 319	
  

and their bathymetric expression disappears on the upper rise; others have subtle 320	
  

morphology that can be traced 10’s of km seaward of the base of the slope.  321	
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Canyon reaches of the Monterey margin corresponding to concavity segment θM1 322	
  

are confined to the upper slope and many exhibit broad meanders. Cross-sections show 323	
  

mixed v-shaped and flat-bottomed profiles, with v-shaped profiles concentrated headward 324	
  

(Figure 9b). Interfluve longitudinal profiles are convex along the uppermost slope and 325	
  

then appear to parallel their adjacent canyon profiles across the middle slope (e.g., Figure 326	
  

4b). Profiles of θM1 canyon reaches show nearly constant channel gradients along θM2 327	
  

reaches, then the gradient increases rapidly to more than 10° as the θM3 reach crosses the 328	
  

lower slope.  329	
  

 330	
  

5. Discussion 331	
  

Studies by Mitchell (2004; 2005) and Ramsey et al. (2006) provided compelling 332	
  

evidence that canyon network scaling relations can be used to identify process boundaries 333	
  

and to develop empirical erosions laws. In spite of this, subsequent modeling results 334	
  

suggested that erosion caused by channelized turbidity flows is not dependent on 335	
  

catchment area (Gerber et al., 2009) and that canyon morphology does not support a 336	
  

landslide driven connection to catchment area (Straub et al., 2007). These studies (Straub 337	
  

et al., 2007; Gerber et al., 2009) did not emphasize the genetic differences between the 338	
  

shelf-sourced and slope-sourced canyons that were used in their analyses and the 339	
  

resolution and spatial extent their data were relatively limited. Therefore, rejecting terrain 340	
  

network scaling relations in studies of submarine canyon evolution may be premature.  341	
  

 342	
  

5.1. Implications of landslide domains and threshold-1  343	
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Valley incision by debris flows is an important process within the steep, upland 344	
  

reaches of terrestrial river networks (Stock and Deitrich, 2003).  In regions with slopes 345	
  

steeper than ~0.10 (~5°), valley network incision is heavily influenced by debris flow 346	
  

scour and associated with curved log-log plots of S-A data. Abrupt transitions from debris 347	
  

flow mantled upland valleys to fluvially incised bedrock valleys are well documented 348	
  

(Stock and Deitrich, 2003). The transitions occur at catchment areas between 0.1 – 1 km2 349	
  

and are associated with distinctive breaks in the S-A scaling parameters (e.g., the 350	
  

transition between segments where θi ≃ 0 to segments where 0.3 ≤ θi ≤ 0.6; Figure 2b). 351	
  

We present a similar scenario for the submarine environment, but our geomorphic 352	
  

interpretations are focused on the behavior of subaqueous debris flows and turbidity 353	
  

flows (e.g., Ramsey et al., 2006). We propose that debris flow incision dominates within 354	
  

the landslide domain of slope-sourced canyons and has an S-A signature distinct from that 355	
  

of canyon-valleys farther down slope. The scaling break separating the two domains may 356	
  

represent the critical point at which geomorphically significant debris flows (i.e., those 357	
  

that leave behind a lasting fingerprint) transform into turbidity flows.  358	
  

Sediment released by slope failures is expected to accelerate, break up and 359	
  

transform into turbidity flows (Hampton, 1972). Once turbidity flows are generated, they 360	
  

can become self-accelerating through the entrainment of sediment and water, a process 361	
  

called ignition (Parker et al., 1986). Turbidity flows can erode, entrain and transport loose 362	
  

sediment along the canyon floor to deeper waters. One of the best-documented examples 363	
  

of this transformational process is along the Scotian margin of eastern Canada (Piper et 364	
  

al., 1999; Mosher and Piper, 2007; Piper and Normark, 2009), where it is hypothesized 365	
  

that the 1929 M7.2 Grand Banks Earthquake triggered widespread slope failure along the 366	
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continental slope. Like the USAM, the seafloor just below the shelf-edge contains little 367	
  

evidence for mass wasting, but instead is covered by pockmarks. The slope gradient 368	
  

rapidly increases in and around canyon heads (~500–700 m depth) and the pockmarks 369	
  

give way to failure scars and localized failure deposits. Farther downslope shallow 370	
  

channels and gullies converge into canyon-valleys that are devoid of debris flow deposits. 371	
  

Based on detailed seafloor observations, it is inferred that landslides and debris flows 372	
  

generated within the steep, head-ward reaches of submarine canyons evolved rapidly into 373	
  

turbidity flows, which in turn scoured and flushed loose material from canyon valleys out 374	
  

to deeper waters (Piper et al., 1999; Mosher and Piper, 2007; Piper and Normark, 2009). 375	
  

The debris flows appear to have transformed into turbidity flows in water depths between 376	
  

700–1500 m, approximately the same depth range as threshold-1 along the USAM 377	
  

canyons. In general, the seafloor morphology and geologic history of the Scotian margin 378	
  

is comparable to that of the USAM. 379	
  

The spatial association of steep, linear canyon profiles across the uppermost 380	
  

slope, and widespread evidence for sediment failures (e.g., Figure 7) suggests that mass 381	
  

wasting is the dominant process acting within the landslide domain. Failures along the 382	
  

upper slope imply that the linear and convex longitudinal canyon profiles within the 383	
  

landslide domain experience repeated failures between episodes of deposition and that 384	
  

the profile gradient fluctuates about a slope stability threshold (e.g., Figure 10) that may 385	
  

be controlled by local geotechnical parameters (Adams and Schlager, 2000). The convex 386	
  

shape of interfluve profiles between the shelf-edge and ~1000 m depths (e.g., Figures 4 387	
  

and 5) suggests that shelf-edge and upper slope depocenters are primary sources of 388	
  

unstable sediment that is captured by steep canyon heads during failures.  389	
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Based on the similar structure of submarine canyons and fluvial channel networks 390	
  

(Figures 2 and 9) as well as the geomorphic and geologic similarities between the USAM 391	
  

and the Scotian margin, we propose that threshold-1 approximates the downslope 392	
  

transformation of debris flows and landslides into turbidity flows. Near threshold-1, 393	
  

sediment failures sourced from the steep slopes above ignite into erosive turbidity flows 394	
  

that flush canyon-valley segments, leading to entrenchment and the higher profile 395	
  

concavity across the slope and uppermost rise. Based on the range of St-At values 396	
  

associated with threshold-1 picks (Figure 6c), we infer that sediment failures on slope 397	
  

gradients less than 0.08 (~4.5°) are unlikely to generate erosive turbidity flows. 398	
  

The distributions of Threshold-1 values for the USAM and Sur Platform canyons 399	
  

(Figure 6c) can be interpreted in several ways. The fact that we observe consistent and 400	
  

potentially predictable patterns in slope-sourced canyon morphology suggests these 401	
  

canyons owe their basic form to a common process that dominates over geological time 402	
  

scales. St and At values for the USAM and Sur Platform appear to define opposite ends of 403	
  

the same trend (Figure 6c). If the behavior of sediment flows passing through canyons is 404	
  

related to the landslide catchment area, it is possible that catchment area is a proxy for 405	
  

total volume of sediment mobilized during significant failure events, such those 406	
  

seismically triggered (Piper et al., 1999; ten Brink et al., 2009). The scatter about the 407	
  

regression fit (Figure 6c) may represent spatial differences in the material properties of 408	
  

unstable sediment (cohesion, lithology, shear strength) and/or differences in sediment 409	
  

accumulation since the most recent failure event (Tucker and Bras, 1998). All factors 410	
  

being equal (e.g., grain size and cohesion), the generation of a debris flow and its 411	
  

transformation into a turbidity flow depends on the flow momentum, which is a function 412	
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of the seabed gradient and the volume of failed sediment (Parker et al., 1986). IThe 413	
  

higher values for St along the Sur Platform may imply that flows accelerate more rapidly 414	
  

on steeper slopes and ignition occurs at smaller catchment areas relative to the USAM 415	
  

canyons. In this scenario, preexisting physiography has an important role in the behavior 416	
  

of sediment flows. For example, external forcing (e.g., tectonic uplift) may be responsible 417	
  

for the steepness of Sur Platform landslide segments.   418	
  

On the other hand, the distinctive Threshold-1 distributions for the USAM and 419	
  

Sur Platform canyons may be caused by other factors that affect sediment flow dynamics, 420	
  

such as the cohesion/grain size of the failed sediment, the way flows are initiated and 421	
  

physiography of the continental shelf. The relatively narrow continental shelf, shallow 422	
  

shelf-edge and active tectonic deformation along the central California margin (Greene et 423	
  

al., 2002; Wong and Eittreim, 2002) is expected to have a profound influence on the 424	
  

nature of sediment shunted off the margin. The closer proximity of canyon heads to 425	
  

terrestrial sediment sources and shallow water oceanographic processes along the Sur 426	
  

Platform may lead to slope failures containing higher proportions of sand, but also the 427	
  

potential for flow initiation along the outer shelf above the canyon heads. Sediment flows 428	
  

containing higher sand content are expected to dissociate and entrain water more rapidly 429	
  

than flows containing high proportions of cohesive clay (Mohrig and Marr, 2003). It is 430	
  

possible that sandy, shelf-sourced sediment flows enter canyon heads with an initial 431	
  

velocity, and transform into turbidity flows at relatively small catchment areas. In this 432	
  

interpretation, our assumption that sediment flows are autogenically derived appears 433	
  

justified for the USAM canyons, but may not always be the case for the Sur Platform 434	
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canyons. Nonetheless, extensive core and near-bottom current data in slope-sourced 435	
  

canyon heads of both margins are needed to test between these interpretations.  436	
  

 437	
  

5.2. Extracting flow properties from geomorphic scaling relations 438	
  

Recent laboratory research has expanded on ideas and observations established 439	
  

early (e.g., Hampton, 1972; Middleton, 1966) regarding the conditions and mechanisms 440	
  

that cause debris flows to transform into turbidity flows (Mohrig and Marr, 2003). Few 441	
  

studies have attempted to quantify the geomorphic significance of canyon heads in terms 442	
  

of setting the boundary conditions for erosive, canyon-flushing turbidity flows. Initial 443	
  

thickness and flux are fundamental parameters needed for numerical and laboratory 444	
  

models of sediment flow dynamics (Hampton, 1972; Parker et al., 1986; Zeng and Lowe, 445	
  

1997; Mohrig et al., 1998; Mohrig and Marr, 2003) and for models of submarine canyon 446	
  

erosion (Gerber et al., 2009). Based the inferred locations for major process boundaries, 447	
  

we develop an approach to constrain the critical thickness of geomorphically significant 448	
  

debris flows, dc, at threshold-1 as a function of catchment area. To do this, we make 449	
  

several assumptions regarding sediment flow dynamics based on our results and early 450	
  

work by Hampton (1972): (1) threshold-1 marks the transformation of debris flows into 451	
  

turbidity flows, i.e., the transition from a laminar or near laminar density flow to a 452	
  

turbulent flow regime; (2) the stability of a debris flow of a particular size and velocity 453	
  

increases as a function of its yield strength (Hampton, 1972); (3) yield strength is 454	
  

exceeded and flows become turbulent when they exceed a critical velocity, however we 455	
  

do not make explicit assumptions about the physical mechanisms that cause the 456	
  

transformation into a turbid regime (Mohrig and Marr, 2003).  457	
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The critical Reynold’s number, Rec, describes a density flow as it becomes 458	
  

turbulent:  459	
  

 

! 

Rec =
Ucdc
"

      (3) 460	
  

where Uc, dc, к are the critical velocity, flow thickness and kinematic viscosity. 461	
  

Laboratory studies were directed at estimating Rec for subaqueous sediment slurries of 462	
  

different viscosities (Hampton, 1972; Table 1) and are supported by similar values 463	
  

derived from field data (e.g., Table 2 in Zeng et al., 1997). Next, we use an expression for 464	
  

laminar flow down an open channel, 465	
  

 466	
  

! 

Uc =
8"'gdc sin #( )

f
, (Middleton, 1966)   (4) 467	
  

 468	
  

where , g is gravitational acceleration, α=tan(St), and f is the 469	
  

flow resistance factor. Based on assumptions (1) and (3), we combine eq. (4) with eq. (3) 470	
  

to solve for dc as a function of the threshold-1 channel gradient. In other words, we can 471	
  

estimate the bounding conditions for critical flow thickness at the threshold in which 472	
  

flows becomes turbulent: 473	
  

 474	
  

 

! 

dc = " sin #( )$1/ 3,      (5) 475	
  

 476	
  

Here, 
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. Rec estimates presented by Hampton (1972) were used to 477	
  

resolve a range of values for ε (Table 2), and Eq. (5) is solved for each measured 478	
  

! ' = !debris ! !water( ) !debris



	
   22	
  

gradient, St, at threshold-1. Each critical thickness estimate, dc, at threshold-1 has an 479	
  

associated catchment area. Using the mean and standard deviation for ε, an envelope of 480	
  

critical thickness values is determined by least-squares regression of dc versus At (Figure 481	
  

11): dc=(16.91 ± 7.62)·At
0.06 (R2 = 0.72).  482	
  

Although this approach is based on several assumptions, the critical flow 483	
  

thickness in slope-sourced canyons is predicted to range between 15 – 85 m depending on 484	
  

the material properties assumed for the flow (e.g., shear strength). Debris flows sourced 485	
  

from smaller catchments traverse steeper slopes and, at the point of ignition, are expected 486	
  

to be thinner than flows from larger catchments. Debris flows are not expected to 487	
  

transform into turbidity flows during every failure event, only those capable of attaining 488	
  

the critical thickness needed for ignition. One possibility is that earthquakes trigger 489	
  

simultaneous and pervasive slope failures within canyon heads. The resulting debris 490	
  

flows converge within the landslide catchment and provide the volume and flux needed 491	
  

for flows to achieve critical thickness.  492	
  

Following a seismic event, such as 1929 Grand Banks (Piper et al., 1999; Piper 493	
  

and Normark, 2009), canyons with greater catchment areas are expected to yield 494	
  

relatively greater volumes and fluxes of failed sediment. The hypothetical flow discharge 495	
  

at threshold-1 for such events can be estimated by multiplying the cross-sectional canyon 496	
  

area at a height dc above the canyon thalwag by the critical velocity needed for ignition 497	
  

(Table 2). Depending on the boundary conditions set by ε and typical thalwag widths at 498	
  

threshold-1 (250–500 m for USAM and 100–150 m for Sur), flow discharge is calculated 499	
  

to range from 6,000–47,000 m3/s for USAM and 2,000–10,500 m3/s for Sur canyons. 500	
  

These estimates are in line with observations from natural flows  (e.g., Table 2 of Zeng 501	
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and Lowe, 1997). In summary, quantitative analysis of geomorphic process boundaries in 502	
  

slope-sourced canyons may provide minimum bounds on the volume of sediment that is 503	
  

mobilized and transported to the deep sea during seismically triggered failures. 504	
  

 505	
  

5.3. Implications of canyon-valley domains  506	
  

Sediment entrainment/suspension models for rivers (Akiyama and Stefan, 1985) 507	
  

were applied to turbidity flows (Parker et al., 1986), suggesting that turbidity current 508	
  

morphodynamics in a graded canyon may be controlled by similar erosional processes as 509	
  

rivers. Though it may not be surprising that the range of intrinsic concavity for canyon-510	
  

valley segments (0.3 – 0.7) is similar to that of fluvial systems (Mitchell, 2005), we do 511	
  

not fully understand the physical mechanisms that leads to these similarities. Sediment 512	
  

failures and steep gullies appear to be concentrated within the landslide domains 513	
  

(Twichell and Roberts, 1982; Piper and Normark, 2009), but they also occur along steep 514	
  

canyon walls down the entire length of canyons, meaning the cumulative volume of loose 515	
  

sediment supplied to canyon floors increases as a function of catchment area (analogous 516	
  

to increasing river discharge as a function of catchment area). If a turbidity flow remains 517	
  

supercritical (Froude number > 1), it’s flux may be expected to increase as it travels down 518	
  

canyon and entrains water and loose sediment from the canyon floor (Gerber et al., 519	
  

2009).  520	
  

Along the USAM, θA1 canyon segments are entrenched in the continental slope 521	
  

and may represent the steady-state profile for canyons formed primarily by highly 522	
  

erosive, supercritical turbidity flows (Mitchell, 2005) (Figure 10b). The change in 523	
  

concavity between θA1 and θA2 segments is not necessarily related to sudden changes in 524	
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thalwag gradient at the slope-rise transition (Garcia and Parker, 1989). In several 525	
  

canyons, it appears to be closely aligned with an abrupt decrease in canyon relief along 526	
  

the lower slope/upper rise (Figures 4, 8a–c). Canyon relief may have a profound 527	
  

influence on turbidity flow evolution, including the location of hydraulic jumps along the 528	
  

slope-rise transition (Garcia and Parker, 1989). As canyon relief decreases near the slope-529	
  

rise transition, flows are allowed to spread laterally and decrease in thickness, inducing a 530	
  

change from an overall erosive to an overall depositional flow regime. 531	
  

Mechanically, the transition to canyon segments marked by θA2 and θM1 may 532	
  

represent a transformation from super-critical to subcritical flow states (Figure 10b; 533	
  

Garcia and Parker, 1989). Subcritical turbidity flows transport sediment both in 534	
  

suspension and as bedload. Within this framework, bathymetric relief of 535	
  

canyons/channels dominated by subcritical turbidity flows would result from greater 536	
  

overbank and levee deposition than thalwag aggradation (Gerber et al., 2009). The θA2 537	
  

canyon segments may represent steady-state profiles of aggradational, levee-confined 538	
  

channels formed by sub-critical flows across the upper continental rise. In contrast, 539	
  

turbidity flows sourced from the short, steep landslides below the Sur Platform may not 540	
  

have sufficient discharge or steep enough gradients along θM1 segments to maintain a 541	
  

supercritical state over long distances. Despite the low gradients, flows continue through 542	
  

the θM1 segments because they entrain loose material sourced from local failures (Greene 543	
  

et al., 2002) and the flows are confined by relatively high and steep canyon walls, 544	
  

allowing them to maintain critical thickness. Finally, the segment of nearly flat concavity, 545	
  

θA3, is associated with very low gradients (<< 1°), deep-water distributary channels and, 546	
  

presumably, flow termination. Dramatic steepening and evidence for thalwag incision 547	
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down canyon of θM3 (Figures 4d and 8d) suggests flows accelerate and perhaps return to a 548	
  

supercritical state across the lowermost slope. 549	
  

A terrestrial analog for the submarine canyon segments dominated by critical 550	
  

versus subcritical flows may be the transitions between “transport limited” and “supply 551	
  

limited” conditions in river networks (Whipple and Tucker, 2002). The higher concavity 552	
  

and v-shaped cross sections of θA1 segments suggests the transport capacity exceeds the 553	
  

canyon bed sediment supply. The θA2 and θM1 segments are associated with low gradients, 554	
  

and wide, flat-bottomed channels that may imply these segments are characterized by net 555	
  

aggradation of the channel floors and banks.  556	
  

 557	
  

6. Conclusions 558	
  

Although similarities between terrestrial and submarine terrain networks raise a 559	
  

number of philosophical questions regarding the true meaning of terrain derived power-560	
  

laws (Straub et al., 2007), we believe such approaches can be used to (1) identify 561	
  

geomorphic process boundaries in either environment and (2) quantify some of the 562	
  

boundary conditions for sediment flows that are responsible for submarine canyon 563	
  

formation. The steep canyon heads along the uppermost continental slope appear to be 564	
  

the primary source regions for debris flows that disintegrate and transform into erosive 565	
  

turbidity flows. Once turbidity flows are generated, they can become self-accelerating 566	
  

through erosion and entrainment of loose sediment deposited along canyon floors, thus 567	
  

increasing in volume and erosivity in a way that is analogous to increasing discharge in 568	
  

river systems (Mitchell, 2005). Based on the patterns we observe, debris flows generated 569	
  

in canyon heads steeper than 4°–5° can transform into erosive turbidity flows as long as a 570	
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critical threshold in flow thickness is exceeded. Over geological timescales, the 571	
  

transformation of canyon-confined debris flows into turbidity flows appears to leave 572	
  

behind a predictable geomorphic fingerprint (e.g., Threshold-1). One possibility is that 573	
  

earthquakes trigger simultaneous and regionally pervasive slope failures (e.g., 1929 574	
  

Grand Banks sequence of events; Piper et al., 1999) within canyon heads, thus yielding 575	
  

the critical volume and flux needed for debris flows to transform into turbidity flows.  576	
  

Given the difficulties in obtaining in situ measurements of sediment flows, 577	
  

coupled with the ever-expanding volume of high-quality bathymetric data, continued 578	
  

efforts to develop terrain-based seascape erosion models are important. While many of 579	
  

the major shelf-sourced submarine canyons of the world play important roles in the 580	
  

geomorphic development of continental margins and in the growth of deep sea fan 581	
  

systems (Shepard, 1981), it is possible that the smaller, slope-sourced canyons are better 582	
  

suited for studies aimed at understanding relationships between form and process.  583	
  

 584	
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Table and Figure Captions 747	
  

Table 1. Summary of power law scaling parameters estimated for canyons of US Atlantic 748	
  

Margin and the Monterey Margin.  749	
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 750	
  

Table 2. Laboratory-based measurements of mud slurries as they transition from a 751	
  

laminar or near laminar flow state to a turbulent regime (data from Table 1 of Hampton, 752	
  

1972). Parameter ε is used in the present study to estimate the critical flow thickness of 753	
  

canyon-confined debris flows as they are ignited into turbidity flows (Figure 11). 754	
  

! 

" = Rec#( )2 / 3 8$'gf
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& 
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( 

) 
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+1/ 3

, where κ = kinematic viscosity, Rec= critical Reynolds number, 755	
  

Uc= critical velocity, 

! 

"'= "debris # "water( ) "debris , g = 9.8 m/s, and the flow resistance 756	
  

factor, f, was set at a constant value of 0.3 based on work by Middleton (1966). Note a 757	
  

scaling factor of 4 is applied to Rec values from Hampton (1972) to convert from pipe 758	
  

flow to semi-circular channel flow (Streeter et al., 1998).  759	
  

 760	
  

Figure 1. Regional shaded relief maps for the US Atlantic Margin (USAM; a) and the 761	
  

Monterey Margin of central California (b) based on multibeam bathymetry data (darker 762	
  

shades) merged with NOAA’s U.S. Coastal Relief Model (lighter shades). Initially, all 763	
  

submarine canyons and channels (blue lines in panels c and d) were extracted from 764	
  

bathymetric DEMs. Red boxes are locations of subsequent figures. All contours have 500 765	
  

m vertical spacing. 766	
  

 767	
  

Figure 2.  Hypothetical thalwag profile and associated topographic signatures for a 768	
  

terrestrial channel network. Catchment area (A) and channel gradient (S) are measured at 769	
  

discreet points along a stream profile (a) and plotted in log-log space to examine power-770	
  

law scaling parameters (b; based on Whipple and Tucker [1999; 2002]; Stock and 771	
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Dietrich [2003]). Soil creep, debris flows and landslides dominate erosion in steep 772	
  

channel-heads where catchment area is less than ~1 km2 (dashed line). Increasing fluvial 773	
  

discharge down stream is the dominant erosion mechanism in the channel-valley domains 774	
  

(solid black line). 775	
  

 776	
  

Figure 3. Canyon relief map of the New England margin adjacent to Powell Canyon, one 777	
  

of the major shelf-breaching canyon systems of the USAM (see Figure 1 for regional 778	
  

location). An interpolated surface that connects inter-canyon ridges is used as a 779	
  

hypothetical un-canyonized DEM. Canyon relief is measured as the vertical difference 780	
  

between the un-canyonized surface and the true bathymetry. Bold, black line above 781	
  

canyon heads (red dots) represents the drainage divide. Bathymetric contours are marked 782	
  

every 200 m. 783	
  

 784	
  

Figure 4. Examples of characteristic slope-sourced canyon profiles for the USAM (a) 785	
  

and the Monterey (b) margin. Top panels: depth versus distance downslope for canyon 786	
  

thalwags (colored lines) and hypothetical canyon interfluves (black lines). Middle panels: 787	
  

thalwag gradient and relief versus distance downslope. Bottom panels: S-A plots 788	
  

illustrating the regression segments determined for various canyon reaches. Threshold-1 789	
  

marks the transition from “landslide” dominated morphology to “canyon-valleys”, i.e., 790	
  

where canyons change from having linear or convex profiles to concave profiles. 791	
  

 792	
  

Figure 5. Geomorphic comparison of two slope-sourced canyons along the New England 793	
  

margin (see Figure 1 for location). (a) Shaded relief overlain by canyon networks. The 794	
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two canyons selected illustrate differences between (1) long and narrow versus short and 795	
  

wide landslide domain catchments (green regions and red lines; orange lines represent 796	
  

canyon segments within the canyon-valley domain). (b) Bathymetric profiles. (c) 797	
  

Catchment area versus distance from divide. (d) S-A plots. Threshold-1 (white circles) 798	
  

occurs at approximately the same catchment area in both canyons, but at substantially 799	
  

different depths (1100 m versus 1700 m) and distances from the drainage divide (5 km 800	
  

versus 11 km). 801	
  

 802	
  

Figure 6. Summary of regression analysis and threshold-1 picks for all slope-sourced 803	
  

canyons along the USAM (a) and the Sur Platform (b). Colored segments represent 804	
  

average values of the regression analyses applied to each individual canyon. The median 805	
  

Threshold-1 value for each margin is shown as a white dot and the range of associated St 806	
  

and At values as a cross-hair (see text for explanation). Regression analysis for segment 807	
  

θM3 was not attempted due to its highly variably nature. (c) Log-log plot of Threshold-1 808	
  

values for the US Atlantic Margin and the Sur Platform canyons. Regression analysis was 809	
  

applied separately to data from each margin and to the combined dataset. 810	
  

 811	
  

Figure 7. Three-dimensional views of fine-scale seafloor morphology along the Mid-812	
  

Atlantic slope (a; see Figure 1 for locations) and below the Sur Platform (b). Canyon 813	
  

segments are colored according to their intrinsic concavities, θi. Blue lines are debris 814	
  

flow channels, red lines are slide scars. θLS denotes the landslide segments of the canyons. 815	
  

Bathymetric data are gridded at 10-m and 5-m resolution for (a) and (b), respectively. 816	
  

 817	
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Figure 8. Shaded-relief maps of slope-sourced submarine canyons along the US Atlantic 818	
  

Margin (a–c) and along the Sur Platform of the Monterey Margin (d). See Figure 1 for 819	
  

regional locations. The black line along upper slope represents the hypothetical drainage 820	
  

divide (e.g., Figure 3). Canyon thalwags are colored according to their associated S-A 821	
  

scaling parameter, θi (e.g., Figures 4, 6 and 10; see [d] for legend). For each canyon, 822	
  

threshold-1 is located at the downslope termination of the landslide canyon segment (red 823	
  

lines). Blue arrows are locations of canyons shown in Figure 4. Contours are every 500 824	
  

m.  825	
  

 826	
  

Figure 9. Shaded relief imagery for canyons along (a) the New England margin and (b) 827	
  

the Sur Platform (see Figure 1 for locations). The colored lines correspond to intrinsic 828	
  

concavity segments determined from gradient-area analysis (e.g., Figure 6). Bathymetric 829	
  

cross-sections were extracted and plotted for two canyons along each margin to illustrate 830	
  

the down-slope variation in cross-sectional form. 831	
  

 832	
  

Figure 10. (a) Hypothetical longitudinal canyon profile and associated morphological 833	
  

domains for a slope-sourced submarine canyon. (b) A summary of interpreted S-A 834	
  

regression segments (See Figure 6 and Table 1), but excluding canyon segments of 835	
  

extreme variation and convexity, such as along the lower slope of the Sur Platform.  836	
  

 837	
  

Figure 11. Predicted thickness envelope for slope-sourced debris flows, dc, as they 838	
  

transform into turbidity flows as a function of catchment area, A. The three curves 839	
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represent a range of dc values that correspond to differences in material properties of 840	
  

debris flows (see text for details). 841	
  



Margin
Number of 

Canyons
Median
Gradient

US Atlantic 120 7.3° 8.8 km2 θA1 = 0.65 ± 0.06 θA2 = 0.39 ± 0.07

Monterey, CA 51 11.3° 0.4 km2 θM1 = 0.44 ± 0.05 θM2 = < 0.1

Threshold-1 (St, At) Canyon-valley Segments
Mean ConcavitiesMedian

Area 1st Segment 2nd Segment



κ (Pa·s) Uc (m/s) ρ' Rec ε
0.0223 4.89 0.17 54000 32.17
0.0223 4.73 0.17 78400 41.25
0.0223 4.33 0.17 11840 11.70
0.0223 4.48 0.17 24560 19.03
0.0223 4.12 0.17 44400 28.23
0.0223 4.21 0.17 69200 37.95
0.0163 3.66 0.15 13440 10.64
0.0163 3.94 0.15 29000 17.76
0.0163 3.36 0.15 49600 25.40
0.0163 3.51 0.15 77600 34.24
0.0149 3.36 0.14 26640 16.35
0.0149 2.75 0.14 43600 22.71
0.0149 2.9 0.14 68800 30.78
0.0119 2.35 0.13 11520 8.20
0.0119 2.41 0.13 23640 13.24
0.0119 2.32 0.13 45600 20.52
0.0119 2.35 0.13 69200 27.10
0.0089 1.65 0.11 10560 6.81
0.0089 1.62 0.11 20720 10.67
0.0089 1.55 0.11 39680 16.45
0.0089 1.55 0.11 59600 21.58

Mean 3.24 0.14 40958 21.56
Stdev 1.17 0.02 22470 9.71

Laboratory measurements for mud slurries (data from Table 
1 of Hampton, 1972)
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