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ABSTRACT 
 

 

Based on multibeam bathymetric and seismic reflection data, morphology and depositional 
characteristics of the submarine furrows at the Blake Outer Ridge on the U.S. Atlantic margin 

were described in order to investigate the formation of the bedforms and estimate the 

spatial variations of the associated flow velocity. The furrows occur in clusters with an area 
of 83000 km2 on the continental rise. Most of the furrows run parallel to isobaths at a water 

depth of 3000–5000 m and a few extend obliquely (~30°) to isobaths at a larger water depth. 

The furrows show an asymmetric V-shape on cross sections with a steeper wall on the upslope. They 
are 70–1100 m wide and 0.2–30 m deep. The furrow spacing varies between 145 m and 3045 m 

and ratios of furrow width to spacing are ~0.9 on average. As close to the furrowed field, the 

depositional layers thinned and truncations below the sea bed became more distinct. The 
furrows represent an erosional bedform, and the development of them has been governed by 

the behavior of the along-margin DWBC. During periods (e.g. glacial periods) when the 

DWBC is vigorous, the stronger bottom current eroded the seafloor by the secondary helical 
circulation in the bottom boundary layer and formed larger and more erosional furrows. During 

periods (e.g. interglacial periods) when the DWBC is weak, the weakened bottom current abraded 

the seafloor and formed smaller and less erosional furrows. It is inferred that the DWBC velocity 
gradually decreases along its path from 30 cm/s to 10 cm/s at the present. By contrast, the flow 

velocity had more than doubled through a bend and decreased by 1/3 across a large slump scar. 
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1. INTRODUCTION 

Furrows are elongate sub-parallel longitudinal 

bedforms which form in fine – grained, cohesive 

sediments in variable environment, including deep 

seas, estuaries, and large lakes (Dyer, 1970; Flood 

1981, 1983, 1994; Viekman et al., 1992; Canals et al., 

2006; Biscara et al., 2010; Lobo et al., 2011). They are 

particularly abundant in the deep sea. Submarine 

furrows recorded the depositional processes and 

sedimentary history of both modern and ancient deep-

sea environments (Flood, 1983; Poppe et al., 2002; 

Lastras et al., 2007; Biscara et al., 2010; Kilhams et al., 

2011; Stow et al., 2013). Hence, a detailed research on 

submarine furrows could provide important 

information on changes of associated flows (Flood, 

1994; Lobo et al., 2011; Rebesco et al., 2014). 

Since the first description of furrows by Dyer 

(1970) and their identification in the deep sea 

(Lonsdale et al., 1973), submarine furrows have been 

observed in a number of areas by side-scan sonars, 

echo sounders, bottom cameras, 3.5 kHz chirp 

profiles, and seismic reflection data (McLean, 1981; 

Flood, 1983; Canals et al., 2006; Kilhams et al., 2011; 

Lobo et al., 2011). These researches have significantly 

improved our understandings of the distribution and 

formation of submarine furrows. Submarine furrows 

could occur individually or in groups on the 

continental margins (e.g. the shelf, slope, rise, and 

abyssal plain) and in the submarine canyons (Flood, 

1983; Canal et al., 2006). Formation of submarine 

furrows may be related to the erosional and 

depositional processes of bottom currents (Flood, 

1983; Stow et al., 2009), also be associated with 

erosion of turbidity currents flowing in the submarine 

canyons (Canals et al., 2006). Erosion and deposition 

in the submarine furrows could be induced by 

obstacle blocking (McLean, 1981) or the impact of the 

secondary flow at the bottom layer of bottom currents 

(Flood, 1981) and as well as the action of the flow 

filaments separated from the mean flow (Gar cia et al. 

2009). However, (1) few large fields of submarine 

furrows have been found, (2) origin and evolution of 

submarine furrows are still unclear to us, and (3) it 

urgently needs to find the qualitative relationship 

between furrow forms and the associated flows in 

order to reveal the changes of the flows and 

associated climate information. 

In this study, we illustrated a large field of 

submarine furrows at the Blake Outer Ridge of the 

U.S. Atlantic margin, investigated origin and 
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 development of these furrows, and explored bottom 

current behavior recorded by the furrows. 

 
2. OCEANOGRAPHIC BACKGROUND 

This study area is located at the Blake Outer 

Ridge just out of the continental shelf north of the 

Bahama Islands (Fig. 1). The Blake Outer Ridge is 

a sedimentary feature thought to have been formed by 

bottom currents (Jenkins and Rhines, 1980; Faugeres 

et al., 1999). Two major bottom currents influenced 

the study area, i.e. the Gulf Stream (Bryan, 1970; 

Phrampus and Hornbach, 2012) and the Deep Western 

Boundary Current (DWBC; Flood, 1994; Stahr and 

Sanford, 1999; Evans and Hall, 2008). 

The Gulf Stream is an ocean current that 

modulates climate in the Northern Hemisphere by 

transporting warm waters from the Gulf of Mexico 

into the North Atlantic and Arctic oceans (Lynch-

Stieglitz et al., 1999, 2011). The Gulf Stream flows 

north at water depths as great as ~1000 m. It has 

average volume transports of 30–32 Sv (1 Sv = 1×106 

m3/s) at the Blake Outer Ridge at the present (Lynch-

Stieglitz et al., 1999). The Gulf Stream weakened 

during glacial periods (Lynch-Stieglitz et al., 1999).  

The DWBC couples the global atmospheric 

climate to the ocean interior, making it an important 

component of the global climate system (Stahr and 

Sanford, 1999). This density-driven current flows 

south by transporting cold and heavy waters from the 

high-latitude region of the North Atlantic along 

the continental slope of the Western Atlantic to the 

Southern Ocean (Stahr and Sanford, 1999; Bras et al., 

2017). The DWBC includes two types of water 

masses, i.e. the northern and southern components. 

The northern component includes the Labrador Sea 

water, Iceland-Scotland overflow water, and 

Denmark Strait overflow water (see review in 

Mosher et al. (2017) and Bras et al. (2017)). The 

southern component mainly consists of the Antarctic 

bottom water. The main body of the DWBC flows 

south at a water depth of ~2500–5000 m and a speed 

of 10–20 cm/s. It has volume transports of ~18 Sv at 

the Blake Outer Ridge at the present (Stahr and 

Sanford, 1999; Bras et al., 2017). During glacial 

periods, the core of the DWBC became shallower 

than the water depth of 2500 m (Oppo and Lehman, 

1993; Franz and Tiedemann, 2002; Evans and Hall, 

2008). 

 
3. DATA AND METHODS 

Data used in this study include multibeam 

bathymetric and three-dimensional multichannel 

seismic data. 

The multibeam bathymetric data were 

downloaded from the National Geophysical Data 

Center (NGDC) database at the National Oceanic and 

Atmospheric Administration (NOAA) 

(http://www.ngdc.noaa.gov/mgg/bathymetry/multibea

m.html) with the spatial resolution about 100 meters. 

The data cover our whole study area (Fig. 1). From the 

bathymetric data, basic morphometric parameters of 

submarine furrows, including widths, depths, spacing, 

and water depths, were measured. 

The high-resolution three-dimensional 

multichannel seismic data were downloaded from 

the Opendtect website (http://opendtect.org/osr/). The 

open data have an area of over 370 km2 in 

the southern Blake Outer Ridge, and covers the 

southern region of sediment wave fields (Fig. 1). 

The seismic data were collected during the fall of 2000 

with bin sizes of 37.5 m in the inline direction and 

75 m in the crossline direction (Hornbach et al., 

2008). The dominant frequency of the seismic data 

ranges from 30 to 45 Hz. The corresponding 

vertical resolution (tuning thickness) varies between 

14.2 to 9.5 m, assuming an average interval velocity of 

1700 m/s for the near-seafloor interval. The seismic 

data revealed depositional and erosional 

characteristics of the submarine furrows. 

 
4. RESULTS 

4.1. DISTRIBUTION AND MORPHOLOGY OF THE 

SUBMARINE FURROWS 

Submarine furrows are one of the most 

significant bedforms of the seabed at the Blake Outer 

Ridge. These furrows are distributed in clusters on the 

continental rise with a gradient of 0.43–0.62° in the 

region of 29.5–34° latitude and 72.4–76° longitude 

with an area of ~83000 km2 (Figs. 1 and 2). Most 

of the furrows run roughly parallel to regional 

isobaths between water depths of 3000–5000 m, 

classified as type A (Figs. 1, 2 and 3). But some of the 

furrows extend 60–100 km obliquely to isobaths to 

~30°at a water depth of ~5000 m before meeting the 

furrows of type A, classified as type B (Figs. 1, 2 and 

3). The furrows show an asymmetric V shape of cross 

sections without flat trough floors and a slightly 

steeper wall on the upslope (Fig. 4). The furrows are 

70–1100 m wide and 0.2–30 deep based on statistics of 

the twelve cross-section profiles (Table 1). The 

spacing of these furrows varies between 145–3045 m, 

and the ratio of width to spacing is 0.82–0.97 on 

average. The cross-section bathymetric profiles 

display that the furrows become smaller downslope. It 

is noted that the furrows of type B are significantly 

larger than those of type A although the former type 

occurs in the deeper water area (Fig. 4). The 

cross- section bathymetric profiles also show that 

furrow spacing and average width decrease toward the 

south from the location of the profile p1, then increase 

significantly and reach the maximum at the location of 

the profile p4 (Fig. 5). Further south, furrow spacing 

and average width decrease again. The twelve cross-

section bathymetric profiles exhibit a fine linear 

proportional correlation of furrow widths and spacing 

with the average linear coefficient of 0.4 (Fig. 6). 

Distinct morphologic differences occur between 

the furrowed field and outside. A group of at least eight 

submarine canyons/channels extended downslope to 

the north of this furrowed field. But no distinct 

http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html
http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html
http://opendtect.org/osr/
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Fig. 1 Location of the study area (a) and its morphology (b). Red rectangle in (a) marks the region shown by 

(b). Black and white arrows in (a) respectively represent flow directions of the Gulf Stream and the 

DWBC. Black and white lines in (b) mark the locations of the cross-section bathymetric profiles. Yellow 

lines denote locations of the oceanographic measurements conducted by Stahr and Sanford (1999). The 

white rectangle in (b) marks the seismic survey location, and the orange lines represent the seismic 

profiles shown in this study. The black dotted rectangles denote the zones enlarged in Figure 3. The 

white dots mark the locations of ODP site 994, 995, 997. 

 
submarine furrows have been found in the 

canyon- group area at the water depth range where 

the furrows appear (Fig. 2). Sediment waves exist in 

the shallower and deeper zones outside the furrowed 

field. The sediment waves grew on a gentle slope 

(0.15°–1.41°) at water depths of 2500–2850 m and 

~5000 m and extended in a trend of northwest or 

northeast. The sediment waves have a wavelength of 

1.0–1.8 km and a wave height of 16–110 m. Two large 

submarine slump scars, named the northern and 

southern scars, respectively, separated the furrow field 

into two parts (Fig. 2). The northern scar runs 145 km 

downslope from the water depth of ~3500 m to the 

water depth of ~4700 m with maximum width of 

20 km and maximum relief of 50 m. It is located on 

the southern side of submarine canyon groups and 

marks the place where the furrows begin to extend 

along the continental rise (Fig. 2). The southern scar 

extends 180 km downslope from the water depth of 

~3200 m to the water depth of ~5000 m with 

maximum width of 70 km and maximum relief of 

130 m. No significant morphologic signs represent the 

growth of submarine furrows within the two failure 

zones (Fig. 2). 
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Fig. 2 Morphologic interpretation of the study area. The grey lines mark isobaths. 

 
 
4.2. DEPOSITIONAL AND OCEANOGRAPHIC 

CHARACTERISTICS OF THE FURROWED 

FIELD 

Seismic reflection data close to the western 

boundary of the furrowed field show depositional 

characteristics nearby this area. The data 

displayed more distinct truncations below the sea 

bed as close to the furrow filed. Upslope-migrating 

wavy seismic reflections appear to the west of the 

field (Fig. 7). The migrating wavy bedforms 

correspond to the sediment waves exhibited by 

the multibeam bathymetric data (Figs. 1 and 2). The 

coeval depositional sections of the sediment wave 

filed become thinner as close to the furrowed field and 

finally disappear due to the intense truncation of the 

sea floor (Fig. 7). 

Oceanographic observations had been carried 

over 14 days at the Blake Outer Ridge (Stahr and 

Sanford, 1999). Three surveyed profiles at this 

study area were respectively located at the 

bathymetric profiles of p2, p3, and p5 in this study 

(Fig. 1b). The characteristics of the flow field related 

to the development of submarine furrows were 

illustrated by correlation of the bathymetric and 

corresponding oceanographic surveyed profiles 

(Fig. 8). All the three profiles across the zone of type A 

furrows show that a current with a significant abnormal 

speed flows south at up to 20 cm/s below the water 

depth of ~2000 m (Fig. 8). The current is considered 

to the DWBC (Stahr and Sanford, 1999). The sea bed 

where the submarine furrows appear basically matches 

the zone where the DWBC passes. Scatter plots of 
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Table 1 Furrow width, depth, spacing, and water depth identified from 12 cross-section bathymetric profiles. The locations of the bathymetric profiles are shown in Figure 1b. 

 

Profiles Width (m) Depth (m) Spacing (m) Water depth (m  Width/spacing 

 Minum Maximum Mean Minum Maximum Mean Minum Maximum Mean Minum Maximum Mean  Minum Maximum Mean 

p1 154.7 1305.1 478.0 0.2 25.5 4.9 172.2 2568.9 619.9 3174.5 4382.3 3744.3  0.12 1.72 0.90 

p2 189.3 1211.6 436.6 0.2 14.8 3.5 197.4 1313.7 474.5 2758.9 4520.9 3969.2  0.40 2.29 0.96 

p3 67.2 1379.2 524.6 0.1 11.5 3.2 143.8 1878.7 611.8 3289.7 4528.5 4209.7  0.11 1.92 0.94 

p4 250.5 1968.2 751.9 0.7 22.8 5.8 272.1 3043.6 935.5 3628.7 5050.2 4858.0  0.42 1.88 0.90 

p5 153.1 2238.3 622.2 0.2 29.4 5.2 178.0 3019.1 823.3 3878.8 5386.2 5021.0  0.20 1.72 0.89 

p6 169.2 1628.2 554.7 0.4 16.7 4.7 159.8 2021.1 655.5 4210.4 5187.4 4903.7  0.18 2.10 0.97 

p7 233.1 1104.1 567.0 0.5 8.7 2.8 175.1 1928.6 805.8 2746.6 3150.4 3085.8  0.22 2.10 0.88 

p8 115.3 1198.0 505.5 0.6 18.1 5.0 251.2 1168.1 616.7 3138.6 3209.4 3170.3  0.34 1.53 0.86 

p9 341.1 1253.2 574.0 0.2 22.1 4.2 330.1 1635.1 739.8 3405.3 3689.8 3580.9  0.40 1.74 0.85 

p10 263.4 1195.4 495.6 0.2 8.1 2.3 253.9 1862.1 691.7 3247.5 3709.9 3517.4  0.29 1.64 0.82 

p11 354.8 1314.7 712.5 0.4 9.9 3.2 343.7 1989.5 828.6 3579.2 4449.6 4254.3  0.38 1.50 0.91 

p12 291.5 1586.8 541.3 0.1 26.2 3.8 294.6 1538.9 681.3 3755.9 4503.7 4185.4  0.4 2.0 0.9 
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blocking model (McLean, 1981), the flow filament 

erosion model (Gar cia  et al. 2009), and the 

secondary helical flow model (Flood, 1981, 

1983), respectively. The first model explains that 

the formation of submarine furrows is associated 

with the development of turbulent flows in the lee of 

an obstacle due to the blocking (McLean, 1981). The 

turbulent flows convergent and abrade the sea bed, 

which finally produce furrows. The second model 

interprets that submarine furrows are related to erosion 

by the flow filaments separated from the mean flows 

( Garcia  et al. 2009) or by bottom currents above 

pockmarks (León et al., 2010; Kilhams et al., 2011). 

The third model advocates that the formation of 

submarine furrow is related to the action of the 

secondary flow (Flood, 1981, 1983). When the current 

sweeps the sea bed, a secondary helical flow will be 

produced above the sea bed due to friction dag of the 

sea floor. The secondary flow cells form multiple 

convergent zones on the sea bed where the current is 

strengthened. The enhanced secondary flows on 

the convergent zones form submarine furrows. 

In the first model, the formation of submarine 

furrows needs blocking of obstacles. The multibeam 

bathymetric data in this study show that the sea floor 

of the furrowed field is generally flat and simple 

except for two large slump scars (Figs. 1, 2 and 3). 

Hence, the morphologic characteristics of the 

furrowed field don’t coincide with those described by 

the first model. Furthermore, the clustered furrows 

in our case need multiple isolated blocking obstacles 

which haven’t been found on the seafloor based on the 

multibeam bathymetric data. Thus, the first model 

could be excluded. 

The second model usually forms isolated 

furrows associated with location and number of flow 

filaments or pockmarks, which does not agree with 

the clustered elongated furrows in our case. The 

multibeam bathymetric data show no distinct 

pockmarks on the seafloor as well as the seismic data 

in the west of the furrow field (Figs. 1, 2, 3, 7). In 

addition, the furrows created in this model are similar 

to valleys and small contourite channels in size 

(Garcia  et al., 2009; León et al., 2010; Kilhams et al., 

2011) and are much larger than those in this study. 

Therefore the second model can hardly explain the 

origin of the furrows at the Blake Outer Ridge. 

The third model could explain the formation of the 

submarine furrows in this study mainly based on the 

following reasons. (1) Oceanographic observations 

found the bottom boundary layer above the sea bed of 

the furrowed field which is necessary for the 

development of the secondary flow. Observations 

show a special water layer with a thickness of ~50 m 

above the sea bed characterized by decreasing flow 

speed with depth due to the friction of the sea floor 

(Stahr and Sanford, 1999). Turbulent kinetic energy 

dissipation rate in the bottom boundary layer is several 

Fig. 3 Morphologic 3D-map view of three enlarged 

furrowed fields. Map locations 415 are shown 

in Figure 1b. 

furrow spacing and flow speeds show a significant 

linearly proportional relationship between furrow 

spacing and speeds of the DWBC with a 0.97 linear 

coefficient (Fig. 9). 

5. DISCUSSION

5.1. ORIGIN OF THE SUBMARINE FURROWS 

Three major models have been proposed for the 

formation of submarine furrows, which are the obstacle 
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Fig. 4 Cross-section bathymetric profiles of c1–c4 that respectively correspond to (a) –(d). Profile locations are 

shown in Figure 1b. 

 

orders of magnitude larger than the mean flow as 

a result of increased turbulent mixing. The bottom 

boundary layer is distributed over the entire lines (Stahr 

and Sanford, 1999). (2) Observations documented the 

presence of helical flows within the bottom 

boundary layer. The oceanographic measurement at 

the bottom of the Lake Superior found the existence 

of streamwise, helical, counterrotating vortexes in the 

bottom boundary layer of a large natural body of 

waters (Viekman et al., 1989). (3) ODP sites 994, 995, 

997 close to the furrowed field revealed that the sea bed 

mainly consists of fine-grained clays (Matsumoto et 

al., 1996) which favor abrasion of the secondary 

helical flows on the sea bed. (4) The flow velocity 

of the DWBC is large enough to form submarine 

furrows. Submarine furrows have been observed 

where bottom currents often flow at 5–20 cm/s 

Fig. 5 Plots of average width (upper) and spacing 

(middle) of the furrows, and estimated mean 

velocity (lower) at the p1–p12 bathymetric 

profiles. Profile locations are shown in 

Figure 1b. 
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Fig. 6 Plots of furrow width to spacing collected from the p1–p12 bathymetric profiles. Blue dots represent 

the samples and red lines mark the trendlines. Profile locations are shown in Figure 1b. 

 

(Flood, 1983). Oceanographic observations in this 

study area recorded 10–20 cm/s velocity of the 

long- term DWBC at the present environment 

(Stahr and Sanford, 1999). (5) The proportional 

relationship between furrow spacing and the mean 

flow speeds of the DWBC in this study matches the 

observation and principles of the secondary helical 

flows in the bottom boundary layer. Both the 

observations and theory indicate that the velocity of 

the mean flow is proportional to that of the secondary 

flow (Brown, 1970, 1980; Viekman et al., 1989) 

which is proportional to its diameter (equal to 

furrow spacing). Therefore the velocity of the mean 

flow should be proportional to furrow spacing. 

In short, the submarine furrows at the Blake 

Outer Ridge have been formed by abrasion of the 

secondary helical counterrotating circulation in the 

bottom boundary layer of the DWBC (Fig. 10). In 

addition, oceanographic observations inside and 

outside of the study area indicated that the furrows of 

type A are functional or active features at the present 

(Flood, 1994; Stahr and Sanford, 1999). 

 

5.2. EVOLUTION OF SUBMARINE FURROWS 

Seismic data close to the west boundary of the 

furrowed field reveal that erosional processes probably 

dominated the sea bed on a long time scale inside the 

furrow field and depositional processes dominated 

the sea floor outside the furrow field (Fig. 7). 

V- shaped cross-sections of the furrows (Fig. 4) also 

imply that erosive flows responsible for the long-term 

development of the furrows. So, the furrows in this 

study probably represent an erosional feature. 

Distinct differences between size, trend, and 

water depth of the type A and B furrows means 

different development stages of the furrows and 

various activity of the associated DWBC. The larger 

furrows of type B at a deeper water depth imply the 

stronger DWBC than that at the present. Previous 

studies suggested that the DWBC became stronger 

during Younger Dryas (cold climate) based on cores at 

3720 and 4770 m water depths (Flood, 1994). Previous 

research also indicated the stronger DWBC with 

a shallower speed core during glacial periods (Oppo 

and Lehman, 1993; Franz and Tiedemann, 2002; 
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Fig. 7 Seismic profile in line1 (a) and in line 92 (b) showing depositional and erosional characteristics of 

the region close to the furrowed field. The light blue, green, and navy blue lines mark the seismic 

reflectors. Profile locations are shown in Figure 1b. 

 
Evans and Hall, 2008). Hence, the evolution of the 

furrows at the Blake Outer Ridge could include two 

stages. During periods (e.g. glacial periods) when the 

DWBC is vigorous, the stronger bottom current 

abraded the sea bed and formed more erosional and 

larger furrows (type-B furrows in this study) at a larger 

water depth range by the secondary helical 

circulation in the bottom boundary layer (Fig. 10a). 

During periods (e.g. interglacial periods) when the 

DWBC is weak, the weakened bottom current swept 

the sea bed and created less erosional and smaller 

furrows (type- A furrows in this study) at a smaller 

water depth range by the secondary helical 

circulation (Fig. 10b). 

 
5.3. IMPLICATIONS FOR SPATIAL VARIATIONS OF 

THE DWBC VELOCITY 

The spatial variations of the DWBC velocity 

could be inferred according to the statistically derived 

linear relationship between furrow spacing and the 

DWBC velocity. Furrow spacing and average width 

firstly decrease toward the south, then increase 

significantly and reach maximum along the DWBC, 

indicating corresponding spatial changes of the 

DWBC velocity. The velocity of the DWBC firstly 

decreases toward the south, then significantly 

increases at a bend, and finally decreases gradually 

(Fig. 5). The velocity of all the three branches of the 

DWBC gradually decreases toward the west. 

The DWBC velocity at any given location of the 

furrowed filed could be estimated according to 

the fitted quantitative relationship between furrow 

spacing and the DWBC velocity (Fig. 11). The 

significant decrease of the DWBC velocity from the 

profile p1 to profile p2 might attribute to the 

development of the southern slump scar (Figs. 5 and 

11). This large scar might increase the roughness and 

friction of the sea bed therefore leads to rapid kinetic 
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Fig. 8 Contours of geostrophic velocity normal to the profile sections of p2 (a), p3 (b), and p5 (c) (modified from 

Stahr and Sanford (1999)) and corresponding bathymetric profiles. Enlarged bathymetric profiles in the 

three long bathymetric profiles also shown in (d). Contour intervals are every 2 cm/s. The positive 

flow is equatorward. Profile locations are shown in Figure 1b. 

 
energy loss. It is notable that the DWBC velocity has 

more than doubled from the profile p2 to profile p4 

(Fig. 5). All the three profiles (p2–p4) are located at 

a topographic bend, implying that the increase of 

velocity likely linked to the effect of topography 

(Fig. 11). When the DWBC flows south through the 

bend, the current would converge due to the blocking 

and confinement of the topography on the left side of 

the flow. Based on flux conservation assumption 

(e.g. Komar, 1973), the flow velocity would increase. 

 
6. CONCLUSIONS 

(1) A large furrowed field with ~83000km2 has 

been developed at the Blake Outer Ridge in the U.S. 

Atlantic margin. The submarine furrows appear in 

clusters on the continental rise with a gradient of 0.43–

0.62° at a water depth of 3000–5000 m where no 

distinct large gravity flow features (e.g. submarine 

canyons/channels and slump scars) have been 

developed. Most of them run along isobaths and a few 

Fig. 9 Correlation of the flow velocity and furrow 

spacing based on statictis. Blue dots represent 

the 5 samples in Figure 8d and red lines mark 

the trendlines. 
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(e.g. interglacial periods) when the DWBC is weak, 

the weakened bottom current swept the sea bed and 

created less erosional and smaller furrows at a smaller 

water depth range. 

(4) The spatial variations of the DWBC velocity 

were estimated at the Blake Outer Ridge according to 

the statistically derived linear relationship between 

furrow spacing and the DWBC velocity. The DWBC 

generally flows at 10–30 cm/s, and the flow velocity 

decreases gradually along its path. But, the flow 

velocity had more than doubled through a bend and 

decreased by 1/3 across a large slump scar. 
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Fig. 11 Spatial variations of the DWBC velocity estimated from the correlation of the furrow spacing and the flow 

velocity. Yellow arrows mark the flow direction. Orange lines mark slump scars. Translucent white lines 

represent the locations of the p1–p12 bathymetric profiles. White numbers nearby yellow arrows denote 

flow velocity with a unit of cm/s. 
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