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Fig. 1. Shaded relief of the U.S. East Coast continental margin. Red polygon represents the region of primary interest and red lines are seismic profiles discussed in the text. The
margin is labeled according to geomorphic sub-regions. Other labels: Great South Channel (GSC), seaward limit of late-Pleistocene Laurentide Ice Sheet (blue line; Oldale, 1992)
and thick accumulations of mid-Miocene shelf-edge deltas (gray line; Poag and Sevon, 1989). Dashed green line represents the seaward edge of the Mesozoic carbonate reef (Schlee
et al., 1979). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) *
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(Fig. 2A), whereas regions with strong wave and current energy charac-
teristically produce rounded, or sigmoidal, profiles (Fig. 2B).

If deposition at the shelf-edge builds the local slope above a critical
gradient, the sediment fails, and a component of the failed sediment
can be transported down slope as sediment gravity flows (or mass
flows). Where mass flows come to rest is, in part, a function of slope
and rise physiography, and each depositional/erosional event modifies
the slope gradient encountered by subsequent events (Fig. 2C-F).
Hence, sedimentary processes acting on the continental shelf-break
and upper continental slope operate in concert with mass flow process-
es of the lower slope and upper rise (Kenyon and Turcotte, 1985; Ross
et al, 1994; Galloway, 1998; Gerber et al., 2009). In general, over-
steepening of continental slopes may lead to mass wasting and bypass
to the lower slope/upper rise (Fig. 2C,D), where the accumulation of
mass transport deposits leads to the formation of fan-apron complexes.
Eventually, base-of-slope aggradation reduces the total basin relief by
creating a lower-gradient platform over which sedimentary clinoforms
can prograde across the upper and middle slope (Ross et al., 1994;
Galloway, 1998).

2.2. Continental shelf, slope and rise of the U.S. Atlantic margin

The evolution of the U.S. Atlantic margin has been described in nu-
merous articles (Poag, 1978, 1984, 1985; Schlee et al., 1979; Williams

and Hatcher, 1982; Manspeizer, 1985; Dillon and Popenoe, 1988;
Klitgord et al., 1988, 1994; Poag and Sevon, 1989; Holbrook et al.,
1992; Hutchinson et al., 1996; Olsen, 1997; Withjack and Schlische,
2005; Wyer and Watts, 2006). The major structural boundaries of
the margin formed during late Triassic/early Jurassic continental
rifting (~230-185 Ma) (Klitgord et al., 1988; Olsen, 1997). Post-rift
subsidence of the passive margin was accompanied by growth of a
seaward thickening sedimentary prism containing evaporitic, clastic
and carbonate deposits (Mountain and Tucholke, 1985; Poag, 1985;
Poag and Sevon, 1989). Total sedimentary thickness varies from the
New England margin (<6 km along) southward to the Mid-Atlantic
margin (>12 km) due to differences in lithospheric structure, sedi-
ment supply and long-term subsidence rates (Poag, 1985; Klitgord
et al.,, 1988; Poag and Sevon, 1989; Wyer and Watts, 2006).

The post-rift evolution of the continental slope has been character-
ized by three primary phases of development: carbonate, constructional
and destructional (Schlee et al., 1979). Mesozoic (187 to 130 Ma) lime-
stone reefs and carbonate platforms formed a discontinuous series of
shelf-edge sediment dams that extended from the Gulf of Mexico to
the eastern Canadian margin (Schlee et al, 1979; Poag, 1985). The
dams formed steep seaward facing escarpments, trapping marine calcar-
eous sediment on the landward side. Differences in the modern-day
depths of the carbonate platforms are due to along-margin variations
in long-term subsidence. The depth from sea level to the top of the
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Fig. 2. Conceptual models for slope development. (A) Oblique end-member is characterized by an angular shelf-break due an abrupt transition from wave and current (advection)
dominated sediment transport of the shelf to gravity driven (diffusive) transport of the upper slope. (B) Sigmoidal end-member is associated with high-energy environment at the
shelf-edge and a gradual transition between advective and diffusive processes. (C) Development of an oversteepened slope (e.g., erosion by strong bottom boundary currents or
up-building of a steep carbonate bank). (D) Sediment bypass via gravity flows, lower slope aggradation and onlap. (E) Infill and burial of base-of-slope relief. Basin depth and overall

gradient are reduced allowing sediment to prograde along an equilibrium profile (F).
After Ros$ et al., 1994; Galloway, 1998.
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carbonate platform is 1-1.5 km along the New England slope, ~3-4 km
off Southern New England, and 5-6 km off the Mid-Atlantic and Cape
Hatteras. Along the New England slope, the seaward face of the platform
had at least 1500 m of vertical relief by the Late Cretaceous (Schlee et al.,
1979; Austin et al., 1980). Sediment ponded behind the reef banks even-
tually spilled over during the Early and Late Cretaceous. Margin subsi-
dence and aggradation of continental rise sequences graded the relief
across the seaward edge of the reef bank and, in places, allowed slope
progradation (Schlee et al., 1979).

The Cenozoic was marked by alternating episodes of slope
progradation and truncation, but it is considered a destructional
phase because the shelf-edge moved landward relative to the Meso-
zoic reef (Schlee et al., 1979). Episodes of enhanced deep-water
boundary current flow during the Eocene, Oligocene, Miocene and
Pliocene formed regional unconformity surfaces that greatly modified
the slope/rise morphology (Miller et al, 1985; Mountain and
Tucholke, 1985). The Middle Miocene experienced a massive surge
in terrestrially derived sediment along the Mid-Atlantic. Deltaic
clinoforms of the middle to outer shelf (Fig. 1) accumulated at rates
more than twice that of any other period of the Mesozoic-Cenozoic
section (Poag, 1984, 1985; Greenlee et al., 1992; Poulsen et al.,
1998; Monteverde et al., 2008).

Accommodation on the continental shelf was virtually filled by the
end of the Pliocene and sediment began to bypass the shelf, particularly
during sea level low stands (Schlee et al., 1979; Poag, 1984). Continental
glaciations coupled with extreme variation in eustatic sea level created
a period of anomalously high sediment supply to the outer continental
shelf and slope during the Pleistocene. A narrow, seaward-thickening,
sedimentary wedge (500-600 m thick) that is heavily dissected by sub-
marine canyons underlies much of the Mid-Atlantic and New England
shelf-edge (Emery and Uchupi, 1965; Valentine et al, 1980; Poag,
1982; Twichell and Roberts, 1982; Pratson and Coakley, 1996;
Mitchell, 2005). Widespread canyon/channel incision of the slope and
upper-rise, along with onlapping base-of-slope fan/apron complexes
suggest slope failures and generation of mass flows were the dominant
sediment transport processes during the Quaternary. Most of the
modern-day, short-wavelength (<5 km) seafloor relief is from mass
wasting events and submarine canyon incision that occurred during
the Quaternary (Schlee et al., 1979; Twichell et al., 2009). Quaternary
deposits covering the lower continental slope of New Jersey and south-
ern New England are thin or absent, suggesting the slope depositional
system was dominated by bypass and erosion (Robb et al., 1983;
McHugh et al., 1993). Holocene sediments are virtually absent through-
out the outer shelf, but the slope and rise are covered by thin,
fine-grained pelagic and hemipelagic facies often reworked by mass
movement processes (Poag, 1985).

3. Data and methods
3.1. Bathymetric data

Multibeam bathymetry data used in this study were collected dur-
ing 26 separate cruises covering approximately 616,000 km? of the
slope and rise between Georges Banks and the Blake Plateau
(Fig. 3). All data were referenced to Mean Sea Level (MSL) and were
initially gridded to 25-m resolution in 1x1° tiles. Each tile was
smoothed using a Wiener 2-D adaptive noise-removal filter and indi-
vidual tiles were mosaiced in ArcInfo to create a single bathymetric
elevation model at 25-m resolution. This grid was resampled to
grid-cell resolution of 100-m resulting in a 386,000-km? subset
DEM used for the geomorphic analysis (Fig. 1). Gaps in multibeam
coverage in shallow regions (<500 m depths; Fig. 3) were merged
with data from the 3 arc sec NOAA Coastal Relief Model (NOAA,
2010). Some deep-water regions (<5000 km?) that were not covered
by swath bathymetry or the Coastal Relief Model were supplemented
with 1 arc min ETOPO-1 bathymetry (Amante and Eakins, 2009).

Explanation

I' I Analysis Boundary

Re Y
Il zroro- i

. Multibeam Coverage
Il

Fig. 3. Geomorphic analysis boundary (Fig. 1). Bathymetric data sources: 3 arc min
NOAA coastal relief model (CRM; NOAA, 2010), ETOPO-1 global relief data (1 arc fin;
Amante and Eakins, 2009) and multibeam echosounder mosaic (100-m pixel resolu-
tion). CRM and ETOPO-1 data included in the analysis region were used to fill gaps in
multibeam bathymetry coverage for water depths shallower than 500 m and greater
than ~5000 m, respectively.

Four derivative grids were produced from the 100-m resolution
bathymetric DEM and used in the analysis described in this paper.

1. Seafloor gradient — maximum rate of change between each cell and
its eight nearestAneighbors (in degrees).

2. Seafloor aspect — steepest downslope direction from each cell to its
eight nearest neighbors.

3. Ridge-smoothed surface (RSS) — hypothetical uncanyonized mar-
gin. Obtained by interpolatiﬁg bathymetric control points along
canyon interfluves. The RSS preserves the short wavelength shapes
of down-slope trending topography located outside of canyons.
The interpolation effectively removed - or filled in - canyons and
channels preserving the short-wavelength, down-slope oriented
morphology as expressed by thé inter-canyon ridges (Figs. 4 and 5).

4, Canyon/channel relief — Measure of vertical relief between a given
point and the nearest inter-canyon ridge-crest. Obtained by
subtracting the 100-m bathymetric surface from the ridge-
smoothed surface. Canyon/channel relief was extracted along the
trace of each thalweg (Figs. 4 and 5). Canyon relief was not extracted
to the south of Cape Hatteras due to incomplete multibeam bathym-
etry coverage. -

3.2. Bathymetric analysis

The study region was divided into 21 subsets oriented approximate-
ly perpendicular to the local shelf break (Fig. 4). The edges of each sub-
set area were selected along bathymetric divides, often defined by
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Fig. 4. (A) Ridge-smoothed bathymetric elevation model and (B) canyon/channel relief model (see Data and methods). Each of these datasets was split into 21 sub-regions for sta-
tistical analyses. Areas 2 and 10 are dashed because they overlap with Areas 3 and 11 due to major bends on the margin. Black box is for the focation of Fig. 5. Numbered features
along the outer continental shelf represent major shelf-indenting submarine canyons: 1) Norfolk; 2) Washington; 3) Spencer; 4) Lindenkohl; 5) Toms; 6) Atlantis; 7) Nantucket;

8) Veatch; 9) Hydrographer; 10) Oceanographer; 11) Gilbert; 12) Lydonia; 13) Powell.

morphologic boundaries associated with large shelf-indenting canyons
and channels. Areas 1-8 offshore New England are closely spaced be-
cause the density of major canyons and hence the along-margin bathy-
metric variation is expected to be higher than any other region. To the
south, along Southern New England and the Mid-Atlantic, major canyon
systems are more spread out and selected subsets are wider. Some re-
gions (2 and 3, 10 and 11) overlap due to bends in the margin.

We start by assuming that uncanyonized portions of the continental
slope and rise (RSS) provide representative morphology of slope
progradation by advancing sedimentary clinoforms (Mitchum et al.,
1977; Pirmez et al., 1998; O'Grady et al., 2000). In each area, the mean
aspect of all RSS grid-cells between the — 60 m and —4000 m isobaths
was used as an approximation for down-slope direction. Grid-cells were
then windowed such that all cells having aspects outside + 1/20 of the

mean aspect were excluded. This windowing procedure removes short
wavelength, slope-perpendicular topography and artifacts introduced
during creation of the RSS (e.g., Supplementary Fig. S1). The remaining
grid-cells were binned into 20-m depth increments between — 60 and
—4000 m and the average gradient was computed within each depth
bin for all 21 areas following the approach of O'Grady et al. (2000).

238
239
240
241
242
243

Depth-gradient distributions were converted into 2-D profiles of 244

depth versus across-margin distance. The same approach was used to

245

create plots of depth versus average canyon/channel relief. Relief 246

values were extracted along channel thalwegs for Areas 1-18 and
averaged within the same 20-m depth-bins. Note only the slope con-
fined (“slope soured”) canyons were used in the analysis because
shelf-indenting (“shelf sourced”) canyons have generally experienced
numerous cut and fill cycles, in which case the geological significance
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Fig. 5. Three-dimensional rendering of canyon relief estimates near the transition from the Hudson Apron to the Mid-Atlantic margin. (A) 100-m resolution bathymetric terrain
model (BTM). (B) Ridge-smoothed bathymetric elevation model (RSS) of the same extent as in (A). (C) Canyon thalwegs shaded according to local relief, i.e., the difference between
grid elevations in (A) and (B). (D) Comparative plot of bathymetric profiles (blue, black and green lines) extracted from data in (A), (B) and (C). The difference between grids in (A)
and (B) yields canyon relief (dashed green). Some ride-crests show positive relief due to artifacts in the ridge-to-ridge interpolation used to build the smooth bathymetric elevation
model. (For interpretation of the references to color in this figure legend, the reader is referred to the web Version of this article.)
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of canyon relief is more difficult to constrain. For example, Hudson Can-
yon and other major canyon systems were excluded from the
depth-relief distributions.

Next, following the approach described by O'Grady et al. (2000)
basic statistics were computed for the bathymetry of the slope
(Table 1A) and rise (Table 1B). The statistical similarities between
gradient-depth distributions in each area were analyzed using
maximum likelihood factor analysis (Harman, 1976; Reyment and
Joreskog, 1993). Groupings of similar slope morphology (0-2400 m
depths) were selected by comparing factor loadings for the gradient-
depth distributions with the maximum gradient and depth of maxi-
mum gradient in each area (Table 1A). The groupings and their
associated depth-relief distributions were examined in conjunction
with USGS and WesternGeco seismic reflection profiles (Schlee and
Poag, 1980; Poag, 1985; Klitgord et al., 1994; Hutchinson et al., 1996;
Flores et al, 2011). At least one seismic reflection profile crosses

Table 1

Summary statistics for each area of the study region and split according to seafloor
depth: outer continental shelf and slope (A); continental rise (B). Similarity groupings
were determined based on statistical similarities between depth-gradient distribu-
tions for each area (see text). Average gradient is the average over the entire area
and depth interval; max gradient, depth of max gradient, max relief and depth of
max relief are taken from the depth-gradient distribution functions and therefore do
not represent absolute maxima. -

Area Similarity Ave. Max Depth of max Ave. Max Depth of
grouping gradient gradient gradient relief relief max relief
(m) (m) (m) (m)
A: Continental slope (60-2400 m depth)
151 53 9.1 —1025 11 215  —1305
2 1 47 95 “ 045 152 217  —1125
3 1 47 9.5 925 129 188 =865
4 1 41 7.4 =865 137 204 =845
5 1 3.8 6.2 725 282 421 1325
6 1 49 8.6 = 965 185 328 —745
7 1 4.0 7.1 =845 189 352 =345
38 1 41 8.4 985 94 199 =765
9 2 36 72 1405 196 415 1085
10 2 3.0 5.9 “1225 56 121 =245
1 3 25 35 = 1765 111 214 =425
12 3 32 41 = 1865 126 192 405
13 4 42 72 725 144 233 285
14 4 29 6.3 505 144 279 =985
15 4 3.2 6.4 505 148 241 =985
16 4 3.7 7.0 465 115 242 =985
17 4 43 7.7 605 165 298 1425
18 5 7.7 113 21145 168 298 345
19 5 8.5 13.0 1125 - - =
20 6 5.4 7.8 * 945 = = =
21 6 40 8.6 22265 } } }
B: Continental rise (2400-4000 m depth)
151 13 * 2.1 —2405 187 311 —3693
2 1 15 23 3265 76 356 2402
3 1 16 22 3085 52 283 2966
4 1 16 23 2625 43 220 =2405
5 1 15 23 * 3465 132 580 2633
6 1 0.9 1.7 * 2405 33 145 2425
7 1 0.8 1.1 2425 51 254 3525
8 1 0.7 1.0 2625 57 257 3450
9 2 0.6 1.0 “.3865 19 78 2685
10 2 0.5 0.8 “.3385 43 355 3056
1 3 0.6 0.8 * 2405 49 355 3057
12 3 0.7 1.1 +2405 32 142 3085
13 4 0.8 35 “ 3905 58 441 3376
14 4 0.6 13 2465 24 132 %3405
15 4 0.6 12 2405 32 148 2505
16 4 0.8 1.1 2405 18 138  *-2403
17 4 0.9 13 +.2485 25 147 2424
18 5 0.9 24 +2405 48 170 3610
19 5 1.1 3.6 2405 N/A  NA N/A
20 6 16 6.4 2405 N/A  N/A NA
21 6 1.7 5.2 2405 N/A  N/A NA

each of the 21 analysis areas. The thickness and approximate age of
allostratigraphic (unconformity-bounded) units have been determined
from seismostratigraphic analysis and correlation to drill holes, dredge
samples from the walls of submarine canyons and exposed outcrops
on the slope (Schlee et al., 1976, 1979; Valentine et al., 1980; Robb et
al., 1983; Poag, 1985, 1992; Dillon and Popenoe, 1988; Grow et al,
1988; Klitgord et al., 1994).

4. Results

Factor analysis applied to gradient-depth distributions indicates
that 64% of total variance between all twenty-one areas can be related
to two common factors. We plot factor-2 loadings versus the associat-
ed maximum gradient for each area (Fig. 6; O'Grady et al., 2000).
Groupings were selected based on relative clustering of points
shown in Fig. 6 and similarities in the depth of maximum average
slope gradient for each area (Table 1A). We find six potential group-
ings that follow a progression of changing slope morphology from
north to south (Fig. 7): Group-1 includes each of the areas (1-8) off
New England and Georges Bank; Group-2 (Areas 9 and 10) and
Group-3 (areas 11 and 12) comprise southern New England and the
Hudson Apron, respectively; Group-4 (areas 13-17) is along the
Mid-Atlantic; Groups 5 (areas 18 and 19) and 6 (areas 20 and 21)
cover the region south of Cape Hatteras along the region seaward of
the Blake Plateau.

4.1. New England margin (Group-1; Areas 1-8)

The New England margin has relatively high average continental
slope (4.5°+0.5°) and rise (1.2° 4 0.4°) gradients, although the rise
shows considerable variation (e.g., Areas 1-4 versus Areas 5-8;
Fig. 7, Supplementary Fig. S2). The depth-distance profiles have
rounded shelf-breaks and upper slopes (upper 700 m), but steep
(7°-10°), concave middle (700-1400 m depths) and lower slopes
(1400—2100 m depths) that reach maximum steepness between
~500 and 1600 m depths (Table 1A and Figs. 7-9). The continental
slopesA have maximum canyon relief concentrated at approximately
the same depth interval as the maximum gradient (Fig. 7 and
Table 1A; Supplementary Figs. S3-S6). Wide, steep-walled submarine
canyons and channels (Figs. 4B and §A) produce the highest average
canyon relief on the USAM continental slope (160 m) and rise (79 m)
within the entire study area. The continental slope grades into a

: 14516 '

08 | 13” —Group-4

06} Gr({up-3 7 .- Group-1
& 04 | 7 5 4 84
= 02} 3 18
g 6
- 0t 11 9
%] 02} 10 19
3]
§ 04t - : Group-5

06l roup- 55

08}t 21 [~ Group-6

% | . . . . .

2 4 6 8 10 12 14
Max Gradient (degrees)

Fig. 6. Factor-2 loadings versus maximum average gradient for each area (following
O'Grady et al., 2000). Six general groupings are identified by comparing this figure
with the depth of maximum gradient for each area (Table 1).
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Fig. 7. Gradient-depth distributions (column 1) and composite profiles (column 2) for each area plotted according to groupings identified in Fig. 6. Profiles are shaded according to
the average gradient (column 2) and relief (column 3) at each depth interval. See Supplementary Figs. S2-S6 area-by-area distributions of depth, gradient and relief. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)

relatively steeply inclined upper rise (Table 1B; Fig. 8). Area 8 marks

the beginning of a 40° westward bend in the margin and the transi-

tion to Group-2.

The steepest segment of the continental slope of Group-1 is ap-
proximately coincident with the seaward edge of the buried Mesozoic
reef bank (Table 1; Fig. 9A). Although prograding Cenozoic shelf se-
quences overlie the buried reef edge, they have been truncated
along the slope-face. A seaward thickening wedge of Quaternary-
aged sediment is exposed at the seafloor, showing widespread inci-
sion by submarine canyons and truncation along much of the upper
and middle slope (Figs. 8A, 9A and 10A). In places, the Quaternary
sediment wedge is more than 300-m thick and appears to define
the position and shape of the modern shelf break, but in other places
appears to mimic the curvature of the underlying strata. The thick
wedge of Quaternary fan/apron material on the upper rise onlaps
and in places blankets the seaward facing reef bank. The wedge is
heavily channelized, terraced and scarred by mass movement pro-
cesses (e.g., Chaytor et al., 2012; Figs. 8A, 9A and 10A).

Relief of slope-sourced canyons appears to vary according to the
thickness of Quaternary sediment on the continental slope (Figs. 9A
and 10A): a thin Quaternary package is associated with parallel,
closely spaced and low relief canyons, whereas widely spaced can-
yons and dendritic networks are associated with thicker Quaternary
sediments. Relief of slope-sourced canyons essentially disappears on
the rise. The major shelf-sourced canyons have greater relief than
slope-sourced canyons and usually cut through pre-Quaternary stra-
ta. On the rise, they become broad channel valleys that are encased
in Quaternary-aged fan-apron packages and channel valleys contain
narrow, steep walled and often tightly meandering inner-thalwegs.

4.2. Southern New England and the Hudson Apron (Groups 2 and 3;
Areas 9-12)

Slopes along southern New England and the Hudson Apron are
assigned to Group-2 and Group-3 (Figs. 6 and 7). In this the continen-
tal slopes are 30-50 km wide and have convex curvature extending

http://dx.doi.org/10.1016/j.margeo.2012.12.008
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340 down to 1800 m depth (Figs. 8 and 9), markedly different from the
341 regions to the north and south. The outer shelf and upper slope of
342 both groups are relatively broad. The maximum steepness occurs
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along the lower slope, between depths of 1225-1405 m for Group-2 343
and 1765-1865 m for Group-3 (Table 1). However, the middle slope 344
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slope of Group-2 is highly convex, but Group-3 is more subtle/nearly
linear.

Besides a few widely spaced, shelf-sourced canyons, Groups 2 and
3 have relatively low average canyon relief (Figs. 8 and 9B). No sys-
tematic relationship between canyon relief and slope gradient is ob-
served (Fig. 8; Supplementary Figs. S2-5S4). The large canyons of
Area 9 (e.g., Atlantis, Nantucket, Alvin) are wide (5-7 km), have
blocky walls and cut more than 500 m into exposed Tertiary and Ce-
nozoic strata (Fig. 9B; O'Leary, 1986). Canyons to the northeast of
Hudson Canyon occur in pairs every 20-30 km and are separated by
broad, inter-canyon plains. They are straight with very few trubitary
canyons/gullies, but contain numerous collapse features along their
side-walls (Fig. 8B; O'Leary, 1986). The slope and rise of Group-2
are covered by landslide scars (<100 m high) and have abundant ev-
idence for mass wasting processes (Flores et al., 2011; Fig. 9B).

Interpreted seismic reflection profiles also show distinctly differ-
ent stratal architecture beneath Groups 2 and 3 than areas to the
north and south (Figs. 9B, 10B and 11). The Mesozoic reef bank is lo-
cated beneath the slope, but relief across its face is small relative to
Group-1 and it is buried by thick, prograding layers of Late Cretaceous
and Cenozoic age sediments. Tertiary layers beneath the slope and
rise have been truncated along regional unconformity surfaces
(Fig. 11B; Mountain and Tucholke, 1985; Poag, 1992; Schlee et al.,
1979).

Quaternary slope strata of Group-2 are truncated by scarps and
unconformities (Fig. 11A), so stratigraphic correlation from the
slope to the rise is not possible. A broad ramp separates the lower
slope from the upper rise (Fig. 10B; Schlee et al, 1979). An
along-strike bathymetric lineament roughly defines the upper and
lower limits of the ramp (Fig. 9B). In cross-section, the ramp consists
of stacked, upslope thickening packages of Quaternary sediment and
individual layers are observed to onlap a steep, lower-slope erosional
unconformity (Fig. 11A). The ramp is less apparent in Group-3, closer
to Hudson Canyon, and relief across the base-of-slope unconformity is
reduced. The degree of mass wasting along the slope of Group-3 di-
minishes relative to Group-2; shallow slope strata show seaward
progradation and strata can be traced from the upper slope to the
rise (Fig. 11B). The southern part of Area 12 begins to transition
from the relaxed, convex slope profiles of Group-3 to the steep, con-
cave slopes of Group-4 (Fig. 7). As noted by Goff (2001), canyon den-
sity and relief on the slope increase abruptly at the southeastern edge
of the Hudson Apron (Figs. 8C, 9B and 10B).

4.3. Middle Atlantic (Group-4; Areas 13-17)

An abrupt shelf-break, narrow (<20 km) slope, and relatively
steep upper slope distinguish the middle Atlantic from other regions
(Figs. 7, 8, 12). Although the average gradient of the slope (3.7° +
0.4°) and rise (0.7°£0.1°) is relatively moderate, high gradients be-
tween 6.3° and 7.7° are found between depths of 465-605 m along
the upper slope (Table 1). Averaged depth-distance profiles have
nearly angular shelf-breaks, narrow (~15 km width), concave slopes,
and gradual transitions between the lower slope and upper rise. Most
shelf-sourced canyons have well-developed inner-thalwegs along
canyon valleys of the rise (Fig. 8D) and contain the highest relief
of the slope and rise. In general, relief of slope-sourced canyons
increases downslope to a Enaximum at depths >1000 m (Table 1;

Figs. 8, 9D; Supplementary Fig. S4). Areas 13 and 14 have local
highs in relief along the outer shelf and upper slope. With the excep-
tion of the Currituck landslide scar (Fig. 10C), evidence for large-scale
mass wasting and associated deposits is concentrated on the lower
slope and upper rise (e.g., Fig. 12B; Twichell et al., 2009).

Seismic profiles show at least three distinguishing features in
Areas 13-17: first, the Mesozoic reef is buried beneath the upper
rise, more than 20 km seaward of the modern shelf break, and ap-
pears to have been down-faulted (Schlee et al., 1979). Second, a mas-
sive (up to 1 km thick) seaward thickening wedge of Middle Miocene
sedimentary sequences underlies the shelf-break and the middle to
upper slope. The truncated seaward face of the wedge coincides
with steep gradients of the upper slope (Fig. 12). Third, shallowly
buried and/or outcrops of indurated Eocene chalks and marls (Robb
et al., 1983; Pratson and Coakley, 1996) underlie gentler gradients
of the lower slope and the change in gradient from the middle to
lower slope closely aligns with the contact between the Middle Mio-
cene sequences and the Eocene chalks (Fig. 12).

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

As with the New England margin, the spacing and relief of 419

slope-sourced canyons along the Mid-Atlantic appear related to the
thickness of Quaternary sediments (Fig. 10C). For Areas 14-17, relief in-
creases along the middle and lower slope as thickness of Quaternary-
aged fan-apron complexes increases (Table 1; Figs. 8, 9D; Supplemen-
tary Fig. S4). The local highs in relief of Areas 13 and 14 along the
outer shelf and upper slope may be caused by canyons that extend a
small distance onto the shelf (Fig. 8C), biasing the average relief calcula-
tion near the shelf edge, but the highs also coincide with Pleistocene
depocenters along the outer shelf and upper slope (Pratson et al,
1994). Slope-sourced canyons of Area 13 are parallel, closely spaced
(<3 km apart) and have relatively low relief where Quaternary sedi-
ment either is thin or missing (Figs. 8C, 10B, 12A).

4.4. Cape Hatteras and the Blake Plateau (Groups 5 and 6; Areas 18-21)

Availability of multibeam bathymetry data to the south of Cape
Hatteras is limited (Fig. 3); therefore, analysis of Groups 5 and 6 is
shown only to illustrate the dramatic morphological changes that
occur in this region (Fig. 8). The Cape Hatteras margin takes a 35°
westward bend and is characterized by steep slopes (>10°) that
extend to greater depths than other groups. Estimates of canyon/
channel relief on the slope and rise are relatively low. Several chan-
nels extend hundreds of kilometers across the rise. Numerous land-
slide scars, mass transport deposits and evidence for strong contour
currents are observed along the upper rise. Previous interpretations
of seismic reflection profiles suggested the slope off Cape Hatteras
has experienced more erosion and landward retreat than any of the
areas to the north (Schlee et al., 1979).

5. Discussion
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The statistical groupings can be used to support a categorization of 447

the margin based on Quaternary sedimentary processes: glacial dom-
inated margin off Georges Bank and Southern New England (Groups
1-3), river and fan-delta dominated, but likely glacially-influenced,
region between the Hudson Apron and Cape Hatteras (Groups 3 and
4) and the erosional, carbonate platform to the south of Cape Hatteras
(Groups 5 and 6). Consequently, our discussion is primarily aimed at

Fig. 9. Merged bathymetry and interpreted USGS seismic reflection profiles (Poag, 1982; Klitgord et al., 1994) for the New England margin (A; USGS line 19) and Southern New
England margin (B; USGS line 16). Colored horizons represent major allostratigraphic units and small white arrows point to landslide scarps. Look below panel-C for horizon
ages. The steepest segment of the New England continental slope coincides with the seaward edge of the ancestral Mesozoic shelf-edge. The Southern New England margin
(Group-2) is characterized by a gradual shelf-break, widely spaced canyons and widespread evidence for mass wasting. The Quaternary section is truncated by landslide scarps
between depths of ~800 m and 1500 m. The slope profile mimics the underlying stratal units, in particular, a major unconformity at the base of the Middle Miocene section (dashed
red line; Mountain and Uthupi, 1985). The Campanian/Maastrictian package has been traced ffom the shelf to the rise and appears to define the first-order shape of the modern-day
continental slope. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Characteristic along-strike seismic reflection profiles of the New England margin (A), the Hudson Apron (B) and the Mid-Atlantic Margin (both B and C) was used to mea-
sure the relationship between slope-confined canyon relief and the thickness of the Quaternary package (D). Dashed, colored lines are horizons that correlate t& allostratigraphic
units identified by Poag (1982) and Klitgord et al. (1994). Black arrows represent crossings of shelf-indenting canyons: (1) Gilbert; (2) Lydonia; (3) Powell; (4) Lindenkohl;
(5) Berkeley; (6) Toms. The thickness of the Quaternary sediment in each section was measured in two-way travel time and converted to depth (assuming a velocity of
1500 m/s). Canyon relief and the thickness of the Quaternary package along adjacent inter-canyon ridges are plotted in (D), as is the location of the Currituck submarine landslide.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

understanding the interplay between Quaternary sedimentary pro- The rounded shelf-edge of the New England and Southern New 457
cesses and inherited, pre-Quaternary margin physiography/antecedent England margins may be due to their proximity to a pro-glacial 458
geology. forebulge that formed during continental glaciations (Peltier, 1996). 459
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Fig. 11. Representative high-resolution multichannel seismic reflection profiles across the Hudson Apron (A; Group-2) and Southern New England (B; Group-3). Dashed line marks
aregionally correlated Miocene regional unconformity (also shown in Fig. 9B). The unconformity surface is greater than 8° along the base of the Southern New England slope, but is

less pronounced beneath the Hudson Apron. The oversteepened section in A coincides

with widespread truncation of the overlying strata. A thick wedge of onlapping strata have

built a ramp across the lower slope and reduced the relief and gradient along the regional unconformity. Strata overlying the unconformity in (B) can be correlated from the shelf

edge to the upper rise and show evidence for slope progradation.

The shelf-edge may have been located in relatively shallow water
depths during much of the subsequent sea level rise and experienced
greater wave-driven advection (Fig. 2B). In contrast, the angular
shelf-edge of the Mid-Atlantic margin implies that the transition be-
tween advection-dominated and gravity driven transport regimes of
the outer shelf and upper slope is more abrupt (Fig. 2A).

Depending on the location, the average gradient of the lower slope/
upper rise appears to be either inherited from buried, antecedent
geology (e.g., Fig. 12) or controlled by the accumulation of onlapping
wedges of Plio-Pliestocene fan-apron deposits (e.g., Fig. 9). Average
canyon relief versus average slope gradient is plotted at five depth in-
tervals across Areas 1-18 (Fig. 13). Points appear random from the
shelf edge to depth of 1500 m, suggesting that at the margin-scale, gra-
dient is not the primary control on canyon incision of the upper slope,
but that other factors (e.g., pre-existing physiography, lithology and
sediment shear strength) are more important. In contrast, gradient
and relief are positively correlated at depths between 2000 and
3000 m. We propose that the distribution of canyon relief on the
continental rise may be a proxy for the thickness of less resistant,
Quaternary-aged fan/apron packages.

0O'Grady et al. (2000) used global, low-resolution (2 arc min) bathy-
metric data to characterize the morphologoy of passive; siliciclastic

margins. They identified five primary patterns, three of which may be
recognized along the USAM. A distinctive peak in the depth-gradient
distributions characterizes Type-Il margins of O'Grady and continental
slopes are associated with smooth bathymetry, high sediment input
and prograding strata. Type-IIl margins contain relatively high maxi-

mum gradients, lack a well-defined peak in depth-gradient dis- -
tributions, but contain a high degree of gradient variability due to

canyonization and truncation of the underlying strata. This pattern
includes the recently glaciated margins of the North Atlantic basin.
Lastly, Type-IV margins contain steep slopes that maintain relatively
constant gradient down to great depths and display relatively high
canyonization.

The majority (>60%) of all siliclastic passive margins are classified
as either Type-II or Type-III (O'Grady et al., 2000). One-to-one com-
parisons between our results and those of O'Grady et al. (2000) are
not straightforward because the gradient and canyon relief distribu-
tions from our analyses are significantly different due to the higher
resolution bathymetric data used. Regardless, the majority of areas
along the USAM appear to fall somewhere between Types II and III
Groups 2 and 3 (Southern New England and the Hudson Apron)
display the same general shape as O'Grady's Type-IIl margins; howev-
er, these groups also contain the fowest canyon relief and display

http://dx.doi.org/10.1016/j.margeo.2012.12.008
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Fig. 12. Merged multibeam bathymetry surface and interpreted 2-D seismic reflection profiles (Poag, 1985; Klitgord et al., 1994) for the Mid-Atlantic Margin offshore New Jersey
(A; USGS Line 6) and offshore Virginia (B; USGS Line 11). A lithologic boundary between the truncated Middle Miocene package and the underlying, indurated Eocene package
appears to correspond to a change gradient along the lower slope (McHugh et al., 1993). Places where the Quaternary unit is thin or missing, slope-confined canyons are parallel,
closely spaced and have relatively low relief (see canyons marked “NJ-1" and “NJ-2" in Fig. 10B). Canyon relief is greatest along the upper slope where Quaternary sediment is
thicker. Note the increasing relief downslope in (B).
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yon incision.

progradational stratal architecture more similar to O'Grady's Type-II
margins. Although distributions for the New England (Group-1) and
Mid-Atlantic (Group-4) margins appear most similar to O'Grady's
Type-ll margins, both regions are characterized by pervasive
canyonization and truncation of underlying slope strata. Perhaps
O'Grady's gradient distributions for the New Jersey margin are
based mostly on data from the Hudson Apron and were biased by
the presence of the Hudson Canyon, which was excluded from our
depth-relief distributions. Finally, Groups 5 and 6 have similar mor-
phological character to O'Grady's Type-IV margins. The following

sections provide detailed discussion of each morphological grouping 514
along the USAM. 515

5.1. New England margin (Group-1; Areas 1-8) 516

The New England margin has a rounded shelf-edge characteristic 517
of a sigmoidal profile (Fig. 14B). During the Pleistocene, the edge of 518
the Laurentian ice sheet extended across parts of the New England 519
shelf {Pratt, 1969 #66; Oldale, 1992 #382}. Glacial outwash Q7 Q8
transported large volumes of sediment across the shelf and slope 521
leaving behind a relatively thick shelf-edge sediment wedge, but 522
also an onlapping prism of slope-front fill beneath the upper conti- 523
nental rise (Emery and Uchupi, 1965; Pratt and Schlee, 1969; Austin 524
etal, 1980; Poag, 1982; Uchupi and Oldale, 1994). Turbulent meltwa- 525
ter pulses may be partially responsible for the high relief of the upper 526
slope and relatively high density of shelf-indenting canyons along 527
the New England margin. Proximal, high-energy outwash pulses 528
transported sandy sediment through outer shelf conduits (McHugh 529
and Olson, 2002), which may have been linked to shelf-edge and 530
upper slope canyons. 531

The landward shift in the modern shelf-edge has been only a few 532
km relative to the seaward edge of the Mesozoic reef bank (Schlee et 533
al., 1979). The steep reef front appears to control the location of the 534
rollover point of prograding Cenozoic shelf-edge sediment sequences 535
(Fig. 14D). The near coincidence of the modern day and ancestral 536
shelf edges is due to lower long-term subsidence in this region 537
(Steckler et al., 1988), allowing the relief across the reef-edge to re- 538
main high relative to that of the Mid-Atlantic margin. The slope steep- 539
ness, canyon density, truncation of Quaternary packages and the 540
massive accumulation of onlapping fan-apron complexes on the rise 541
all suggest the slope has been a zone of sediment bypass since forma- 542
tion of the Mesozoic escarpment (Schlee et al., 1979, 1985; Austin 543
et al., 1980; Poag, 1992; McHugh et al., 2002). Thick Pleistocene 544
fan:apron sequences onlap the lower slope and have reduced, but 545
not graded, the preexisting relief across the seaward face of the 546
Mesozoic shelf-edge. Given the current configuration, overall slope 547
progradation is unlikely until the inherited, high-gradient section of 548
the mid-slope is reduced by either erosion or by aggradation of fan- 549
apron sequences along the lower slope and upper rise (see model in 550
Fig. 2). 5

5.2. Southern New England and the Hudson Apron (Groups 2-3; Areas 552
9-12) 553

Wide, convex slope profiles of Groups 2 and 3 represent the sig- 554
moidal end-members (Fig. 14C,E). The sigmoidal slope of Group-2 is 5
largely a function of inherited physiography rather than Quater- 556
nary slope deposition. The modern seafloor roughly mimics the 557
upper boundary of late-Cretaceous strata and a pronounced ero- 558
sional unconformity exposed along the middle and lower slope 559
(e.g., Fig. 11A; Mountain and Tucholke, 1985). Strong boundary cur- 560
rents during the Miocene eroded the lower slope of Group-2, leading 561
to oversteepening, retrograde failures and mass transport deposition 562
on the rise. The ramp that covers the slope/rise transition in 563
Group-2 is composed of stacked, upslope thickening Quaternary sedi- 564
ment packages that onlap the steep, base-of-slope. The ramp is most 565
likely an accumulation of mass flow deposits that is gradually burying 566
and grading the relief across the unconformity surface. In contrast, the 567
unconformity is less pronounced beneath the Group 3 (Fig. 11B). 568
Pleistocene beds are mostly parallel and conformable from the upper 569
slope to the rise, suggesting that gently inclined, pre-Quaternary ba- 570
thymetry of the slope may have allowed Pleistocene sediment to settle 571
and accumulate. 572
Despite having relatively gentle slope gradients, limited canyon- 573
ization, and high concentration of slope failures, there is little 574
evidence to suggest that Groups 2 and 3 had significantly higher 575
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Fig. 14. Summary of along-margin geomorphic variation. (A) Mean two-dimensional profiles for each group. Profiles begin at the 60-m depth contour and extend to the 4000-m
contour. (B) New England margin (Group-1): rounded shelf-break, upper and middle slope truncation and bypass. The location of the seaward edge of the buried Mesozoic reef
exerts first order control on the modern-day morphology. The rise is characterized by a relatively steep gradient and onlapping fan/apron packages in the substrate.‘(B) Southern
New England margin (Group-2): rounded, broad shelf-break that becomes highly convex and mimics a regional unconformity surface. The modern-day slope coincides with the
buried reef edge, but the reef's control on the form of the modern day slope is limited. Truncation and bypass occurs along the steep middle to lower slope (e.g., Fig. 11). The low-
ermost slope is covered by onTapping fan/apron packages. (C) Hudson Apron Margin (Group-3): rounded shelf-break, slightly convex slope profile and progradation. The buried reef
has minimal influence on modern-day morphology. (D) Hudson Apron Margin: characterized by gentle gradients and slightly convex slope profiles. Quaternary progradation oc-
curred above a series of gently inclined Pliocene and older unconformity surfaces. (E) Mid-Atlantic Margin: angular shelf-break and upperslope mimic the form of underlying
Middle Miocene package. Widespread truncation along the upper to middle slope. Lower slope is blanketed in onlapping fan/apron strata. A break in the slope gradient coincides
with the lithologic contact between the Miocene wedge and a buried Cretaceous ramp that prograded over the Mesozoic reef bank.

Quaternary sediment flux than Groups 1 and 4. Pre-existing physiog-
raphy appears to be the dominant factor allowing the slopes of
Group-3 (i.e., the Hudson Apron) to prograde, but also the dominant
factor causing widespread bypass and mass wasting along the lower
and middle slope of Group-2. Sigmoidal profiles and lower canyon
relief along Group 2 are largely caused by mass wasting and erosion
rather than depositi6n. In summary, Groups 2 and 3 are great exam-
ples of the non-uniqueness of slope morphology and may provide
excellent case studies of slope progradation as a function of
pre-existing physiography.

5.3. Mid-Atlantic (Group-4; Areas 13-17)

The narrow (<20 km), concave slopes and sharp shelf-break of the
Mid-Atlantic embody the oblique end-member profile (Fig. 14F). The
Mesozoic reef bank is buried beneath the upper rise and has minimal
influence on the present-day morphology of the continental slope
(Fig. 12). Pliocene/Pleistocene sequences of fine-grained sand and
silt underlie the shelf edge (Schlee et al., 1979; Poag, 1984) and trun-
cated Middle Miocene shelf-edge delta sequences underlie the
steepest section of the slope. The lower slope gradient decreases
abruptly where the Middle Miocene section pinches out onto the un-
derlying gently inclined (1-2°) Cretaceous/Tertiary ramp (Fig. 12).
The change in gradient also coincides with increasing thickness of

onlapping Pleistocene fan-apron deposits and increasing canyon re-
lief between depths of 1500 and 2000 m (Figs. 12 and 13).

Pleistocene deltas prograded across the underlying late-Miocene/
Pliocene shelf-edge of the Mid-Atlantic (Fig. 12B; Poag, 1985). The an-
gular nature of the shelf-edge suggests progradation occurred across a
relatively low-energy environment and that the transition between
current driven and gravity driven transport regimes was abrupt
(Fig. 2A; Schlager and Adams, 2001). Assuming mass flows are sourced
from the upper to middle slope, the wedge of Pleistocene shelf-edge
sediment is a likely source for erosive turbidity flows that bypass the
middle and lower slopes. The areas to the south of the New Jersey mar-
gin (Areas 14-17) contain thick, onlapping Pleistocene fan-apron se-
quences. Along canyon interfluves, these wedges have graded the
transition between the lower slope and upper rise (Fig. 7). Within can-
yons, relief increases where the onlapping wedge is thickest, which sug-
gests that relief of slope-sourced canyons may be a proxy for the
thickness of less resistant (e.g., Quaternary) sediment accumulations.
Along the New Jersey margin (Area 13) the slope-rise transition is rel-
atively abrupt and canyon/channel relief of the lower slope/upper rise is
low, possibly because less resistant Pleistocene deposits are thin or non-
existent and the uppermost rise has very low gradients. In general,
slope progradation appears unlikely until the steep gradients of the
upper slope are reduced, and in the case of New Jersey (Area 13),
until aggradation of the uppermost rise builds a lower-gradient ramp
across the lowermost slope.
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6. Conclusions

Despite the appeal of simple, quantitative approaches to predicting
the causal relationships between margin morphology and sedimentary
processes, the importance of inherited physiography in slope deposi-
tional systems cannot be overlooked. Tying geomorphic classifications
to particular process regimes requires a thorough examination of the
underlying slope stratigraphy. By integrating rigorous morphometric
analysis with geophysical constraints on substrate architecture, we con-
clude that morphological categorization the U.S. Atlantic margin on its
own does not provide a reliable framework to predict first-order rela-
tionships between form and process. The steep Mesozoic reef bank
beneath the New England margin appears to have had a profound
influence on the evolution and modern-day steepness of the slope.
Early Cenozoic stratigraphic packages along the upper and middle
slope of Southern New England and the Hudson Apron had gentle, sig-
moidal forms that are nearly maintained today. The Hudson Apron rep-
resents the only region that experienced widespread progradation
during the Quaternary. Last, oblique slopes of the Middle Atlantic are
largely inherited from mid-Miocene shelf-edge delta accumulation,
oversteepening and subsequent erosion of the slope-face.

In each region, Quaternary sedimentary processes appear to have
preserved much of the pre-Quatnerary, across-margin shape of the
continental slope, but did exert heavy modification/development of
submarine canyon networks, landslides and the broad-scale mor-
phology of the continental rise. The rise was substantially altered by
aggradation of thick Quaternary fan-apron and gravity flow deposits
because most sediment delivered to the margin bypassed the outer
shelf and slope due to strong currents and steep gradients. We ob-
serve the following relationships between Quaternary sedimentary
processes and margin morphology: (1) shelf-break angularity and aver-
age canyon relief along the upper slope reflect variable energy condi-
tions along the outer shelf and upper slope; (2) pre-existing basin
physiography influences spatial patterns of bypass and deposition dur-
ing the Quaternary; (3) the average seafloor gradient and slope-sourced
canyon relief on the lower slope and upper rise appear to be reasonable
proxies for the accumulation of poorly consolidated sediment.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.margeo0.2012.12.008.
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