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An important goal of the Office of Naval Research is to devise techniques that can aid in
predicting where and how mass movements could occur on submarine slopes, and how they
would modify the seafloor. As part of the team of scientists working toward this goal in the ONR-
sponsored STRATAFORM program, my long term goals are to develop: (i) quantitative methods
for assessing past and present slope stability; and (ii) computer models that simulate the causes and
morphologic consequences of submarine slope failure as they occur over geologic time.

On continental slopes, the dominant processes that affect the stratigraphic record are thought to
be gravity driven, and commonly involve mass movements of sediments. These movements,
which include sediment creep, slumps, slides, debris flows, and turbidity currents, are the primary
means by which sediment is transferred from and across continental slopes to the deep sea. Their
occurrence is significant in dictating where sediment is preserved on continental slopes and how
continental slopes are shaped. The unconformable surfaces mass movements erode are complex,
discontinuous and asynchronous, complicating the interpretation of continental slope stratigraphy
in terms of both its physical makeup and origin. To date, my efforts have focused on
understanding where and why submarine slope failures occur, and what affect they have on
seafloor morphology.

We used two general approaches to investigate the causes and consequences of submarine
slope failure. The first is quantitative analysis of slope stability from continental slope morphology
and stratigraphy documented in multibeam bathymetry, side-scan sonar imagery, seismic reflection
profiles, and sediment cores. The second is computer modeling of the processes that lead to slope
failure and seafloor evolution. These approaches have led to three specific studies.

A computer model has been constructed that simulates the evolution of continental slope
morphology under the interaction of sedimentation, slope failure, and sediment flow erosion. This
first-generation seascape evolution model predicts that the morphologic evolution from open
continental slope areas to submarine canyons occurs in three stages: 1) sediment flows triggered by
depositional oversteepening of the upper slope erode narrow slope rills; 2) subsequent sediment
flows deepen, and eventually destabilize the walls and/or thalweg of a rill, resulting in localized
failure on mid to lower slope; and 3) continued sediment flow undercutting of its headwall
transforms the failure into a headward eroding canyon that advances upslope along the rill by
retrogressive failure. Model continental slope surfaces have been validated through geomorphic
comparison with multibeam bathymetry of the continental slope in the New Jersey STRATAFORM
study area. The intercanyon and canyon morphology produced by the model exhibits the same
cross-cutting relations observed between Lindenkohl Canyon and adjacent erosional slope rills on
the passive-margin New Jersey continental slope, and between slope failures and narrow dendritic
tributaries of the Aoga Shima Canyon on the convergent-margin Izu-Bonin Forearc. The model of
continental slope evolution appears to be correctly simulating to first order how slope failures
shape continental slope terrains in both passive and active tectonic settings. It also reconciles
morphologic evidence for headward canyon erosion by mass wasting with stratigraphic evidence
for canyon inception by downslope-eroding sediment flows.

High-resolution bathymetric grids of five U.S. continental slopes in different sedimentary and
tectonic settings have been constructed and analyzed. Principal findings from the tabulation and
analysis of the ranges of seafloor gradients on continental slopes are: (i) U.S. continental slopes on
passive margins are steeper than those on active margins at both regional (> 1,500 km?2) and local
Jength scales (< 0.1 km?2); and (ii) process, tectonic, and lithologic differences among the margins
are identifiable in the ranges of local seafloor slopes. The different morphologies of the U.S.
continental slopes from this study have been described and analyzed. The bathymetric grids
constructed in analyzing the slopes of continental slopes provide one the most comprehensive and
detailed perspectives of continental margins to date, while the slope measurements suggest slope
failures regulate the angles of continental slopes at regional scales, particularly in tectonically active
margin settings.
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Figure 1.

A coupled sedimentologic-hydrologic computer model has been developed which constrains in
1-D ranges of geologic conditions (e.g., sedimentation rates, permeabilities, seafloor slopes, etc.)
that may lead to slope failure as a consequence of transient fluid flow and the high pore pressures it
can generate. The model constrains these ranges for three modes of slope failure: liquefaction,
frictional sliding and faulting(Fig. 1). The 1-D sedimentologic-hydrologic model couples stress
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criteria for the initiation of the different failure modes to an analytical solution for the transient
response of pore pressures to sedimentation. The model predicts that those factors that influence
pore pressures (e.g., sedimentation rate, permeability) influence all three potential modes of slope
failure (liquefaction, frictional sliding, and normal faulting), while those that do not (e.g., seafloor
slope, internal angle of friction, lateral stress ratio) only influence one or two of the potential
modes. The model prediction that slope failure is most likely to occur by normal faulting (Fig. 1) is
important in that unlike frictional sliding, this mode of failure is not dependent on seafloor slope.
Because the model only considers failure in one dimension, it is simplistic. In nature, seafloor
failures may actually occur more often through some combination of listric faulting (at the
headwall) and frictional sliding (along the basal shear plane). But what the model is indicating is
that where faulting is involved, it may not be possible to discern from bathymetry the likelihood
that a seafloor site will fail. Instead, additional information about the properties of the subsurface
sediments appear to be critical for making this evaluation.
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Submarine canyon initiation by downslope-eroding sediment flows:

Evidence in late Cenozoic strata on the
New Jersey continental slope

LINCOLN F. PRATSON
WILLIAM B.F. RYAN
GREGORY S. MOUNTAIN

ABSTRACT

Multibeam bathymetry and seismic reflec-
tion profiles of the New Jersey continental slope
reveal a series of abandoned and now-buried
submarine canyons that have apparently influ-
enced the development of modern canyons.
The buried canyons are infilled along nine
slope-wide unconformities separating upper-
middle Miocene to Pleistocene sediments that
thin downslope. Canyons infilled during the
Miocene occur in the southwest part of the
study area where Miocene sediments are thick-
est. Other canyons, infilled during the Pleis-
tocene, occur in the northeast part of the study
area where Pleistocene sediments are thickest.
When followed downslope, each of the buried
canyons arrives at a confluence with a modern
canyon, usually where the downslope-tapering
sediment cover has failed to smooth over the
buried canyon, leaving a sea-floor trough. Sea-
ward of the confluences, the modern canyons
have exhumed the buried canyons and use the
older valleys to reach the base of the slope.

Re-use of the lower slope reach of the buried
canyons appears to have begun when the sea-
floor troughs over the buried canyons captured
sediment flows initiated along the upper slope
and shelf break and confined them to follow
the former path of the buried canyons to the
base of the slope. The downslope erosion
caused by the sediment flows is proposed to
have initiated the modern canyons, which
eventually excavated and deepened the former
routes of the buried canyons seaward of the
sites of sediment flow capture. The occurrence
of buried canyons where strata thickens
alongslope suggests that infilling of the buried
canyons occurred seaward of shelf-edge depo-
centers. The heightened sediment input to the
slope in these regions may have also led to the
initiation and growth of modern-day canyons.
The temporal relation between modern canyon

Geological Society of America Bulletin, v. 106, p.

_DAVID C. TWICHELL U.S. Geological Survey, Woods Hole, Massachusetts 02543

_ formation, sediment supply, and sea level,
however, remains to be established.

INTRODUCTION

Understanding of submarine canyons has
progressed with advances in technology for
studying the sea floor. The earliest studies
used sounding charts made by marine sur-
veyors of areas where heads of canyons in-
dented the shelf break (for example, Dana,
1863). From the morphology of the canyon
heads, these studies concluded that subma-
rine canyons were subaerial river beds sub-
merged during rising sea level at the end of
the Pleistocene glaciations accompanied by
downfaulting or downwarping of the margin
(Spencer, 1903; Shepard, 1934). This idea had
to be re-evaluated when subsequent bathy-
metric surveys using acoustic profiling
(Veatch and Smith, 1939) revealed that sub-
marine canyons extended seaward across
continental slopes to depths too deep for sub-
aerial exposure.

Soon after, investigations of submarine ca-
ble breaks (Heezen and Ewing, 1952) dem-
onstrated the erosive power and canyon-
forming potential of submarine sediment
movements. Initially, these movements were
thought to occur only as turbidity currents
(Daly, 1936; Kuenen, 1937). But repeated
soundings (Chamberlain, 1964), dives (Dill,
1964; Shepard and others, 1964), bottom pho-
tographs (Shepard and Dill, 1966), and cur-
rent measurements (Drake and others, 1978;
Shepard and others, 1979) began to reveal
that other processes, including sand creep,
localized slumps, currents, and even biolog-
ical erosion were important in moving fill
downslope and eroding canyon walls. Ina
broad review of submarine canyons, Shepard
(1981) concluded that canyons were not the
product of any single process but the com-

395-412, 11 figs., March 1994.

(5]
=l
th

} Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York 10964

posite result of a variety of processes, prob-
ably acting over long periods.

Until this time, studies of processes active
within submarine canyons along the narrow
continental shelf of the western United States
had been emphasizing a relation between
canyon formation and the supply of shelf
sands (Gorsline, 1970). In this region, shifting
sediment supply due to sea-level change,
river-mouth migration, and their effect on
Jongshore current regimes and shoreline con-
figuration were found capable of causing
movements in canyon position over time (Fe-
lix and Gorsline, 1971). Submarine canyons
seaward of the broad continental shelf off the
eastern United States came to be viewed as
relict, having been formed under similar in-
fluences as the modern west coast canyons,
but only when shorelines were near the shelf
edge during glacio-eustatic lowerings (Emery
and Uchupi, 1972).

This view of the east coast canyons began
to change in the early 1980s when new, side-
scan sonar images of the New Jersey conti-
nental slope documented an abundance of
slope gullies and submarine canyons with
heads occurring well below the shelf break
(Twichell and Roberts, 1982). The separation
of the canyon heads from the shelf edge
raised the possibility that submarine canyons
could be formed by agents unrelated to the
supply of shelf sands. The common associa-
tion of failure scars with the slope-confined
canyons and the occurrence of base-of-slope
mass wasting deposits in the place of subma-
rine fans led to the idea that retrogressive
slope failures could initiate submarine can-
yons (Farre and others, 1983). Once these
canyons breached the shelf break, they then
became subject to the same processes active
in the canyons off the western United States.

With the discovery of numerous slope-
confined canyons along other continental
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slopes, this upslope erosion theory of canyon
initiation has come to be as widely accepted
(for exampte, McGregor, 1985; Dingle and
Robson, 1985; Nelson and Maldanado, 1988;
Klaus and Taylor, 1991) as Daly’s (1936) orig-
inal theory that submarine canyons initiate by
the downslope erosion of shelf-edge-sourced
turbidity currents. It is important to note,
however, that both of these theories are pri-
marily derived from observations of the mor-
phology of modern submarine canyons and
the processes active within them.

The question of canyon initiation is ad-
dressed in this study by taking a more histor-
ical approach and using both slope morphol-
ogy and stratigraphy to examine how modern
canyons have exploited older, buried can-
yons along an 80-km stretch of the New Jer-
sey continental slope from Lindenkohl to
Hendrickson Canyon (Fig. 1). In this region,
nine submarine canyons that cross the
breadth of the slope have formed on top of at
least thirteen older canyons buried at various
depths beneath the upper slope by sediments
that range in age from upper middle Miocene
to Pleistocene. Downslope, each of these
older, buried canyons is exhumed and is now
re-used by one of the modern canyons. This
re-use of the older canyons by modem can-
yons is examined with the objective of learn-
ing whether initiation of the modern canyons
offshore New Jersey was more the result of
downslope-sediment-flow erosion or up-
slope, retrograde-failure erosion.

CONTINENTAL SLOPE STUDY AREA
Geologic Background

The New Jersey continental slope is com-
posed of semilithified to lithified, truncated,
tapering Tertiary strata that is overlain by
Quatemary silts and clays (Fig. 2) (Robb and
others, 1981; Poag, 1985). The Quaternary
sediments thin from >400 m near the shelf
break to being locally absent along parts of
the lower slope (>1,500 m). Where absent,
expansive outcrops of Eocene chalk occur
(Hollister and others, 1972a).

The Eocene chalk was deposited during
warm climate and high sea level. Beginning in
the Miocene the depositional environment
changed (Farre, 1985; Poag, 1985). Climate
cooled and sea level dropped, accompanied
by a massive influx of terrigenous sediment.
By the mid-Miocene, large deltas had pro-
graded out to the former shelf edge, and sub-
marine canyons were cut into post-Eocene
clastic sediments (Mountain, 1987). Clastic
sedimentation continued through the Quater-
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nary, the amount fluctuating with the move-
ment of the shoreline across the shelf by gla-
cially induced sea-level changes (Emery and
Uchupi, 1984).

Sea-Floor Morphology

Figure 3 is a perspective image of a grid
constructed from near-complete SeaBeam
bathymetry of the New Jersey continental
slope and uppermost rise between Linden-
kohl and Hendrickson Canyons (thick solid
outline, Fig. 1). The image shows that the
slope is incised by numerous submarine can-
yons, while the upper rise is morphologically
subdued and crossed by only a few channels.
The canyons on the slope are of two general
types: long canyons that cross the entire
breadth of the slope, and shorter, box-shaped
canyons with almost vertical headwalls in ex-
posures of Eocene Chatk, which occur on the
mid- to lower slope generally beneath the
1,500-m isobath (Pratson and others, 1989).

Closer inspection of the slope bathymetry
reveals that the divides between the subma-
rine canyons are commonly incised by nar-
row (20-300 m), downward-trending slope
rills (Fig. 4). Also seen are a series of broader
(0.5-2 km), shallow-relief, downward-trend-
ing troughs (Fig. 5). These troughs begin well
beyond the shelf break at 500- to 800-m water
depth and deepen seaward until being trun-
cated by an intersecting canyon. At these
sites, the troughs are left hanging above the
canyon floors and are commonly sites of
mass wasting of canyon fill materials. An ex-
ample is the recess leftina hanging trough by
alarge slump block that has calved into Hen-
drickson Canyon (Fig. 5).

BURIED SUBMARINE CANYONS

Single-channel seismic refection profiles
indicate the intercanyon troughs are the sur-
ficial expression of buried, slope-crossing
canyons whose former relief has been sub-
dued but not entirely erased by sediment in-
filling. Successive alongslope profiles show
that as the thickness of the sediments that
infill the canyons decreases downslope, the
troughs over the buried canyons become pro-
nounced. The profiles reveal that other bur-
jed canyons occur in the area as well.

Characteristics

Slope. In the seismic reflection profiles, the
buried canyons are generally V-shaped in
cross section, outlined by the unconformity
between the seismic reflectors truncated at

the canyon walls and the draping reflectors of
the canyon fill (Fig. 6). Truncated reflectors
are also seen within the canyon fill, indicating
that burial was periodically interrupted by
renewed erosion down the canyon axis.
Above these unconformities, —reflectors
within the fill commonly continue onto the
surrounding slope (Figs. 6, 7A-7C), signify-
ing that the latter part of canyon infilling was
accomplished during periods of broader slope
deposition.

Knowledge of the sediments that infill the
buried canyons is limited to DSDP Site 612
(Fig. 1), which was drilled into a buried can-
yon formed during the middle Miocene 9-11
m.y. BP (Miller and others, 1987). The 135 m
of upper Miocene, Pliocene, and Pleistocene
sediments that fill the buried canyon are gen-
erally fine grained, consisting of muds with an
interval of interbedded upper Miocene and
Pliocene glauconitic sands (Shipboard Scien-
tific Party, 1987a). The sediments show no
evidence of debris flows, have few shallow-
water biofacies, and exhibit only minor
amounts of reworked older material, suggest-
ing little downslope transport (Katz and
Miller, 1987).

Upper Rise. Buried, former slope canyons
cut into Eocene Chalk have been mapped be-
neath the upper rise where it onlaps the con-
tinental slope (Mountain, 1987). But buried
channels in the Miocene, Pliocene, and Pleis-
tocene strata that overlie the Chalk and form
the apron of upper-rise sediments that thick-
ens away from the slope cannot be identified
seaward of the present-day canyons. The up-
per-rise strata-appear in the seismic reflection
profiles as relatively chaotic units of intermit-
tent reflectors. Forms that might be channels
cannot be traced downslope between seismic
lines. The late Miocene sediments on the rise
infill the Eocene canyons where the rise on-
laps the former slope. The sediments were
sampled at DSDP Sites 604 and 613 and con-
sist of coarse sands, gravels, and conglomer-
ates (Shipboard Scientific Party, 1987,
1987c). The overlying Pliocene and Pleis-
tocene sediments, which were also sampled,
are a mixture of clays, silts, and sandy
turbidites, interspersed with clasts of
Eocene chalk and chaotic slump/debris-flow
deposits.

A modern analogue for the upper-rise de-
posits appears to be the upper-rise surface.
Although the bathymetry shows channels ex-
tending from the mouths of Lindenkohl and
Toms Canyons, only subtle, shallow-floored,
linear depressions are seen extending sea-
ward of most of the other canyons. In the
seismic reflection profiles (for example, GS
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Piston cores are AIl 120-2-20 and AIl 120-2-21. Inset shows location of study area offshore New Jersey.

Figure 1. Location map of single-channel seismic reflection profiles,

Physical property measurements made by

101, Fig. 7D), these linear depressions exhibit
slight erosion in their thalwegs, and what ap-
pears to be minor levee construction along
their sides. Piston core AIl 120-2-21 (Fig. 1)
was cored in one of the linear depressions
(Fig. 7D, Line GS 101—“Rise Linear De-
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pression”) 10 km seaward of the base of the
slope and contained slide debris buried be-
neath 1-2 m of hemipelagic sediments.
Identical debris was recovered in Al 120-
2-20 (Fig. 1) cored in the thalweg of North-
east Valley Canyon directly upsiope.

K. Moran (unpub. data) suggest that such
debris acts as a sound scatterer and is the
cause for the downslope-trending trails of
high acoustic reflectivity seen by Schlee
and Robb (1991) in GL.ORIA side-scan so-
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Figure 2. General stratigraphy of the New Jersey continental slope based on an interpretation of USGS line 25 (Fig. 1). Note that Pleistocene
sediments are thickest on the upper slope near the shelf break. Interpretation is modified from Poag (1985).

nar imagery of the New Jersey-Delaware
slope and rise.

Relation to Slope-Wide Unconformities

The surfaces of truncation that delineate
the walls of the buried canyons in the seismic
reflection profiles can be traced as surfaces of
erosion across the continental slope. Com-
monly, several buried canyons occur along
the same surface. Nine such surfaces
(Figs. 7A-7C) are mapped across the slope in
the area of the seismic surveys (Fig. 1). The
surfaces are interpreted to represent slope-
wide unconformities.

Dating of the unconformities is hampered
by the patchy stratigraphic record of late Ce-
nozoic sediments cored on the New Jersey
slope. At the sites where the ASP 14 and 15
and DSDP Site 612 (Fig. 8A) boreholes were
drilled, stratigraphic intervals are missing
(Poag, 1985; Scientific Party, 1987a). At the
COST B-3 site (Fig. 8B), coring did not com-
mence until 312 m subbottom in middle
Miocene strata (Scholle, 1980). And at the
AMCOR 6021 site (Fig. 8B), coring was
stopped after recovering ~300 m of Pleis-
tocene sediments (Poag, 1985).

Because of the stratigraphic gaps between
the boreholes in the study area, only approx-
imate ages are assigned to the nine unconfor-
mities. The oldest is the M0, which, based on
the stratigraphy at DSDP Site 612 (Fig. 8A)
{Shipboard Scientific Party, 1987a), appears
to have formed during the late middle Mio-
cene. The second oldest is the M1 uncon-
formity, which Miller and others (1987) date
as separating upper middle Miocene and
lower upper Miocene strata. The third oldest,
M2, does not appear to have been sampled at

any borehole. Poag and Mountain (1987)
have mapped the same unconformity as sep-
arating Tortonian and Messinian strata, how-

ever, and this age is used here. The fourth -

oldest unconformity, P1, apparently has also
not been sampled. Across this unconformity,
the seismic character changes from truncated
reflectors below to draping reflectors above. -
This change is interpreted to represent an
erosional boundary between upper Miocene
sediments below and Pliocene sediments
above. The P2 unconformity was sampled at
DSDP Site 612 and appears to be Pliocene in
age (Fig. 8A). The younger P3 surface appar-
ently has not been sampled, but the cores re-
covered at DSDP Site 612 and AMCOR 6021
constrain its age as Pliocene to Pleistocene.
The three youngest unconformities, P11,
P12, and P13, are Pleistocene, occurring
within the ~300 m penetrated at the AMCOR
6021 borehole.

Distribution

Although tentative, the ages for the uncon-
formities provide a framework as to when the
buried canyons were last active. Buried can-
yons that were active in the Miocene occur
where intercanyon Miocene sediments are
thickest, which is in the vicinity of Linden-
kohl Canyon (Figs. 7A-7C and 9). These in-
tercanyon sediments thin and are truncated
to the north by thickening sequences of over-
lying Pleistocene sediments. Miocene can-
yons may have existed in this area as well,
but only one is preserved (BC1, Fig. 7B).
Buried canyons that were active in the Pleis-
tocene, however, are restricted to where in-
tercanyon Pleistocene sediments are thickest
(Figs. 7A-7C and 9). This suggests that their

development was directly linked to the
greater slope deposition occurring to the
north.

The map of the submarine canyons in Fig-
ure 9 also shows that when traced down-
slope, all of the buried canyons arrive at a
confluence with a nearby modern canyon.
These confluences commonly occur down-
slope of where a trough appears over the bur-
ied canyon. Basinward of the confluences,
the modern canyons do not cross the buried
canyons but instead re-use the paths of the
former canyons to reach the base of the
slope. This re-use of the former canyon path-
ways provides a new insight into submarine
canyon formation offshore New Jersey.

“DISCUSSION

Canyon Initiation by Upslope versus
Downslope Erosion

The Upslope Erosion Model. The slope fail-
ure theory of Twichell and Roberts (1982)
and Farre and others (1983) is based on ob-
servations of submarine canyons offshore
New Jersey and nearby mid-Atlantic states.
The theory’s success lies in its recognition
that canyons are eroded not just by turbidity
currents, but also by retrogressive mass
wasting of the slope. It explains the origin of
the numerous canyons that do not breach the
shelf break, and the densely gullied walls of

- the relatively few that do. The theory is based
- on observations that were made almost solely

from side-scan sonar imagery, however,
which was incapable of revealing the buried
canyons underlying the slope.

When viewed in light of the buried can-

" yons, the idea that submarine canyons erode
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Figure 4. Close-up of slope rills on the intercanyon divide between Lindenkohl (left) and
Carteret (right) Canyons. Contours show that approximately 11 rills, each on average 20-40 m
deep and 300 m wide, initiate on the upper slope at 250- to 500-m water depth. The rills join one
another downslope forming several rill networks that enter into three lower-slope, box-shaped
canyons that are more than 100 m deep and a kilometer wide.

upslope by mass wasting appears limited in
its ability to reproduce the modern canyon—
buried canyon confluences observed in the
study area. For example, were a developing
canyon to encounter a buried canyon filled
with sediments more difficult to erode than
the surrounding slope, the developing canyon

400

would probably avoid the buried canyon and
cut its own path to the shelf break (Fig. 10A).
This possibility is ruled out by the modern
canyons having exploited former canyons to
reach the base of the slope.

Alternatively, if the sediments filling the
buried canyon were easier to erode than the

surrounding slope, then the developing can-
yon would probably erode into the buried
canyon but excavate and re-use the buried
canyon’s upslope reach (Fig. 10B). The op-
posite is observed in the study area; modemn
canyons re-use the downslope reach of bur-
ied canyons.

For mass wasting to initiate canyons that
excavate and re-use the downslope reach of
buried canyons, it appears a developing can-
yon would first have to erode headward
through lower slope sediments filling a buried
canyon, then at some point erode out of the
buried canyon and cut a new path toward the
shelf break (Fig. 10C). Although this scenario
is possible, it is unclear what would cause a
developing canyon to adopt such a change of
course in erosion.

Another difficulty with the mass-wasting
theory is that no modern analog is seen fora
“youthful,” slope-confined canyon eroding
upslope by headwall failure (Fig. 3). The box-
shaped canyons on the mid- to lower slope
were initially thought to be examples (Farre
and others, 1983). But petrographic analyses
by McHugh and others (1993) indicate that
the mass wasting in these canyons is associ-
ated with diagenetic fracturing and jointing of
the Eocene chalk. The structural and litho-
logic influences on the origin of these can-
yons explains their highly segmented nature
and lack of significant headward growth into
the upper-slope siliciclastic lithologies. Joints
and fractures have also influenced erosion in
the longer, slope-crossing canyons where
they incise the Eocene chalk. The similarities
suggest that when some of the slope-crossing
canyons first formed, they exploited existing
lower-slope, box-shaped canyons.

The Downslope Erosion Model. An aiter-
nate explanation for the origin of the New
Jersey canyons is that they were begun by
turbidity current, or more inclusively, sedi-
ment-flow erosion begun on the upper conti-
nental slope and/or shelf break. On the upper
slope, most former canyons are completely
filled, and sediment flows beginning their pas-
sage downslope would not be influenced by
buried topography (Fig. 11B). By the mid- to
lower slope, however, sediment cover thins,
and sea-floor impressions of buried topogra-
phy (that is, the troughs) become pro-
nounced. Upon entering a sea-floor trough
above a buried canyon, a sediment flow
would be captured and constrained to retrace
the course of the buried canyon to the base of
the slope (Fig. 11C). Through repeated cap-
ture, subsequent sediment flows would ex-
cavate the lower part of the buried canyon
while eroding a new headward extension
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Middle Toms

Figure 5. Close-up of downslope-trending sea-floor troughs located between submarine ca

Hendrickson

nyons in the northeastern part of the study area. The

troughs overlie and reflect the form of older submarine canyons buried beneath the troughs. Note the large slump block (within box, lower right)

that has calved from a sea-floor trough into Hendrickson Canyon.

(Fig. 11D). Canyon entrenchment would
leave the sea-floor trough over the buried
canyon hanging above the developing canyon
floor. Eventually the entrenchment would
undercut the buried canyon, causing portions
of its exposed fill to slump into the developing
canyon’s thalweg (for example, Figs. 5 and
11D). The result would be a truncated con-
fluence between modern and buried canyons
with the same geometry as that observed in
the study area (Figs. 10D and 11D).

Causes for the initiation of the sediment-
flow erosion called for above remain open t0
speculation. Earthquakes, such as the 1929
Grand Banks event (Heezen and Ewing,
1952), are capable of triggering erosive, can-
yon-forming sediment flows (Hughes-Clarke,

1988) and are a possible cause in the forma-
tion of other submarine canyons off the uU.S.
east coast (O’Leary, 1986). The recurrence
time of large (magnitude > 7, Richter Scale)
earthquakes along the North American At-
Jantic seaboard may be as often as one event
in each 100-km portion of the seaboard every
2,000 yr (Seeber and Armbruster, 1988). It
seems unlikely, however, that the multitude
of canyons off the U.S. Atlantic margin were
only initiated by earthquake-generated sedi-
ment flows.

A temporal relation is generally believed to
exist between sediment-flow erosion, sedi-
ment supply, and sea level (for example, Vail
and others, 1977). Sediment flows continue to
erode the New Jersey continental slope today

Image constructed by W. H

axby, Lamont-Doherty Earth Observatory.

(Stanley and others, 1984), but substantial
slope erosion by sediment flows is believed to
have last occurred during the sea-level low-
stands of the Pleistocene (Prior and others,
1984). An abundance of shelf sands and shal-
low, cold-water fauna occur within Pleis-
tocene turbidites cored on the rise and abys-
sal plain (Ericson and others, 1961; Ewing
and others, 1963; Hollister and others, 1972a,
1972b). These reworked materials are identi-
cal to materials deposited on the outer shelf
when glacially induced sea-level lowerings
moved shorelines out near the shelf edge
(Emery, 1968). The shoreline migration ap-
parently resulted in heightened sediment in-
put to the nearby slope and the frequent trig-
gering of erosive sediment flows, which

Geological Society of America Bulletin, March 1994
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undoubtedtly contributed to submarine can-
yon erosion.

Whether canyon initiation is exclusively
the result of erosion by sediment flows car-
rying shelf materials that bypass the slope is
debatable. The submerged Nichols and
Franklin shorelines mapped by Veatch and
Smith (1939) approximately coincide with the
present shelf break offshore New Jersey
(~120 m). The proximity of these shorelines,
which are Pleistocene in age (Dillon and Ol-
dale, 1978), indicates that sediment flows
consisting of materials deposited by rivers
and longshore currents could have initiated at
the shelf edge. This would suggest that at
least during the last (Wisconsin) Pleistocene
sea-level lowstand, the slope was a surface of
erosion and sediment bypassing, with subma-
rine canyons likely being cut by shelf-derived
sands.

Stanley and others (1983), however, have
shown that along clastic margins, a transition
between erosion and deposition occurs
where there is a balance between the energy
conditions of the water column and the sup-
ply of terrigenous sediments. Offshore New
Jersey, this transition presently exists over
the upper slope between 200- and 400-m wa-
ter depth. Over this depth range, the turbu-
lent waters of the shelf give way to the quieter
waters over the upper slope in which sus-
pended materials can settle out of the water
column. This depth range also coincides with
the thickest accumulation of Pleistocene sed-
iments (Fig. 2). The accumulation suggests
sedimentation has been focused over the up-

per slope since the beginning of the Quater-
nary. Diminishing sediment supply seaward
of the upper slope transition zone would ex-
plain why Pleistocene sediments thin down-
slope and have not completely smoothed
over former mid- to lower-slope. canyon to-
pography. Upbuilding of the upper ‘slope
could have led to periodic oversteepening,
failure, and the triggering of erosive sediment
flows (Coleman and others, 1983). These in
turn could have initiated submarine canyons
with heads that occur on the upper slope be-
low the shelfbreak, such as those first ob-
served by Twichell and Roberts (1982) and
Farre and others (1983).

Multiple Submarine Canyons: The Influence
of Shelf Sedimentation and the Impact
on Rise Deposition

An important source of sediment to the
slope at times of lowered sea level were rivers
that crossed the exposed continental shelf. In
some instances, these rivers transported sed-
iments directly to the heads of submarine
canyons (Twichell and others, 1977; Knebel
and others, 1979). But the paucity of buried
river valleys on the shelf suggests that rivers
were few relative to the large number of can-
yons incising the slope (Shor and McClen-
nen, 1988).

Rivers could still have contributed to the
formation of multiple submarine canyons by
their lateral movement along the shelf during
both sea-level lowstands and highstands.
During sea-level lowstands, the Hudson

the buried canyon drilled at DSDP Site 612.

River, which last fed Hudson Canyon, mi-
grated over a broad region of the shelf off
New York and New Jersey (Knebel and oth-
ers, 1979) and may have fed sediment to sub-
marine canyons as far south as Wilmington
Canyon ~200 km away (Veatch and Smith,
1939; Kelling and Stanley, 1970; Kelling and
others, 1975). During sea-level highstands,
mouths of rivers along the mideast United
States (for example, Delaware and Susque-
hana) have been forced to migrate southward
by southerly longshore current deposition
(Colman and others, 1990), possibly since as
far back as the Miocene (Poag and Sevon,
1989). With each sea-level lowering, and pos-
sibly even during a single sea-level lowstand,
these movements have allowed rivers to
source different sections of the eastern U.S.
margin.

Such a shift in river-fed shelf-edge sedi-
mentation is a likely cause for the alongslope
change in thickness of the stratigraphic inter-
vals mapped in the study area. Both the iso-
pach maps of Poag and Mountain (1987) and
the profiles in Figures 7A-7C show that slope
deposition moved from the vicinity of Lin-
denkohl Canyon to northeast of Toms Can-
yons sometime at the end of the Pliocene.
The increased deposition in the northeast
part of the study area was probably caused by
enhanced sediment input from the Hudson
and possibly Delaware Rivers during Pleis-
tocene sea-level lowstands (Knebel and
Spiker, 1977). It may also have been contrib-
uted to by sediments from glacial melt waters
(Milliman and others, 1990). The increased
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SUBMARINE CANYON INITIATION BY SEDIMENT FLOWS

LlNE G S 69 An example of where shifting shelf-edge
depocenters apparently have initiated sub-

marine canyons is the Ebro margin off north-
eastern Spain. Lateral shifts in the location of
the Ebro River during the Plio-Pleistocene
led to the formation of shelf-edge deltas (Far-
ran and Maldonado, 1990), in front of which
formed submarine canyons that fed deep-sea
fans (Field and Gardner, 1990). At least four
to five such canyons are believed to have
formed as a consequence of the movement of
this one river (Bellaiche and others, 1981).

The Ebro margin is also similar to the New
Jersey margin in that some of these canyons
feed directly into channels that cross the
Ebro rise, while others empty into debris
aprons at the base of the slope (Bellaiche and
others, 1981; Alonso and others, 1985).
Those canyons that feed into channels on the
rise only occur seaward of former shelf-edge
deltas. This has led Nelson and Maldonado
(1988) to suggest that the submarine canyons
that empty into debris aprons were formed
by mass wasting along parts of the margin
removed  from  significant  deltaic
sedimentation.

The debris aprons and lack of channel de-
velopment in front of many of the submarine
canyons on the New Jersey slope could sim-
jlarly be interpreted to signify that canyon
formation has largely been the consequence
of erosion by mass wasting rather than sedi-
ment flows. Differences exist between the
Ebro and New Jersey margins, however.
Along the Ebro margin, interleaving of chan-
nel-levee complexes seaward of the canyons
M1 suggests that each shelf-edge depocenter fed
\ PL3 Pleistocene only one canyon at a time (Alonso and oth-
MO PLA1 \ ers, 1990). In contrast, along the New Jersey

margin, the large number of present-day can-

P yons and the occurrence of several canyons

- Pliocene* DSDP 612 along a number of the slope-wide unconfor-
L Messinian* mities suggest that multiple canyons actively

4 1! Y Tortonian P2 transported shelf-derived materials during
£ L | ste Middle Miocene \ the same periods. And although slide debris

has been cored on the upper rise offshore
=" Middle Miocene 9 j E the base, so have Plio-Pleistocene turbidites

two-way travel time (s)

1
-
/i

New Jersey seaward of canyons that end at
_ * * containing shallow-water fauna (Shipboard
kilometers Scientific Party, 1987b, 1987c). This suggests
VE ~13x that all of the canyons in the study area pe-
riodically issued sediment flows initiated
b= Figure 8A. Example dip line GS 69, collected by the U.S. Geological Survey (Robb and others,  along the shelf edge and upper slope.
g 1981). Location of profile is shown in Figure 10. Seismic sequences are tied to published stra- Rather than a lack of sediment supply, the
- tigraphy for DSDP Site 612 (Shipboard Scientific Party, 1987a). sparcity of channels on the upper rise in the
G study area may be the result of overlapping
i deposition appears to have led to the aban- downslope erosion model above, the in- sediment delivery from many closely spaced
: donment and infilling of the buried Pleis- creased sedimentation may have also led to  canyons active during the same period. The
e tos:ene canyons between Carteret and Hen-  the initiation and growth of many of the sub- chaotic nature of the Pliocene and Pleis-
- drickson Canyon. As discussed in the marine canyons that occur in the area today. tocene sequences underlying the upper rise
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SUBMARINE CANYON INITIATION BY SEDIMENT FLOWS

73°

Modern Canyon

39°

GS MCS LINE 25 R

38° 30'

73°

Figure 9. Map view of the distribution of modern a
to upper Miocene and Pleistocene slope depocenters.
(two-way travel time) thick. Note that although buried canyons cross buried canyons,
2 the modern canyons truncate the buried canyons and then must follow the former path of the buried canyons to the base of the slope. Buried

k.. Miocene canyons occur in the vicinity of the Miocene depocenter to the southwest, and buried Pleistocene canyons occur in the vicinity of the

J Pleistocene depocenter to the northeast.

suggests that the linear depressions seaward
of many of the canyons are ephemeral fea-
tures. These linear depressions could repre-
sent an early stage of channel development,
formed by one or several sediment flows is-
sued from a canyon. Further channel devel-
Opment is then arrested by erosion and dep-
OS{DOII by sediment flows issued from
adjacent canyons. More mature channels
may only form seaward of canyons where

Geological Society of America Bulletin, March 1994

BC” | Buried Pleistocene Canyon

72° 30’

39°

Aop'}oximate Downslope
Limit of Pleistocene

“Slope Depocenter

Approximate Downslope
Limit of Miocene
Siope Depocenter

38° 30

72° 30"

sediment flows are frequent enough to out-
compete flows from adjacent canyons, acting
to preserve and further channel growth.
Although sediment input from the multiple
canyons in the study area has possibly inhib-
ited channe! development near the base of the
slope, it appears to have fostered the erosion
of a ““master channel” farther seaward on the
rise. As noted above, the trails of high acous-
tic backscatter seen in the GLORIA imagery

nd buried canyons within the study area. Also shown are the downslope limits of the mid-
Downslope limits are approximate and represent where strata of those ages are <0.05-s
none of the modern canyons cross a buried canyon. Rather

are most likely caused by tracts of coarse de-
bris that lead from the submarine canyons out
onto the rise. The distribution of this debris
reveals the paths followed by sediment flows
upon issuing from the canyons. Schlee and
Robb (1991) have mapped these paths to
gather ~100 km seaward into the large, ero-
sional, Wilmington Deep-Sea Valley. In the
absence of a single major canyon, the New
Jersey Canyons, along with canyons along

409




PRATSON AND OTHERS

MAP VIEW
A STAGE | UPSLOPE STAGE Il
\ \
\ \
\ A\ GEOMETF
\ \ OBSER
\ \
\ \
DOWNSLOPE
B. STAGE | UPSLOPE STAGE Il
\ \
\
\ GEO!
\ OBSER
\ \
\ \
DOWNSLOPE
C. STAGE | UPSLOPE STAGE Il
[y AN
\ \ .
\ - \ STAGE Il
GEOMETRY
\ OBSERVED
DOWNSLOPE
D.  STAGE | UPSLOPE STAGE Hl
. \
\ \
\ \ STAGE Il
GEOMETRY
\ OBSERVED
\
\
DOWNSLOPE

—————— BURIED CANYON
EVOLVING CANYON

Figure 10. Map view schematic of possible ways a canyon eroding the slope would respond
upon encountering a buried canyon: (A) upslope-eroding canyon encounters a buried canyon
filled with sediments more difficult to erode than the surrounding slope, (B) upslope-eroding
canyon encounters a buried canyon filled with sediments more easily eroded than the surrounding
slope, (C) upslope-eroding canyon erodes up a buried canyon but then changes course and cuts
a new path toward the shelf break, and (D) downslope-eroding canyon is captured by a sea-floor
trough overlying a buried canyon. Scenarios C and D reproduce the confluence geometry between
existing and buried canyons observed in the study area.

the Delaware slope to the south, appear to
have formed a line source, along which the
occurrence of episodic sediment flows issu-
ing from the multiple canyons collectively
eroded the Wilmington Deep-Sea Valley.

Topography and Submarine Canyon
Initiation

Parallels exist between the way sea-floor
topography (for example, the- troughs over

the buried canyons) appears to have influ-
enced the formation of slope-crossing can-
yons offshore New Jersey, and the way Hor-
ton (1945) envisions that land topography
influences the formation of streams and riv-
ers. On land, variations in hillslope topogra-
phy focus precipitation runoff, which results
in the erosion of a series of small channels,
known as rills. Through pirating and slope
failure, some rills grow at the expense of oth-
ers until a master channel is formed. The in-

itial slope is then replaced by slopes that slant
toward a main drainage line. These become
subject to erosion as well, resulting in the de-
velopment of tributaries and the expansion of
the channel’s drainage area.

Aspects of Horton’s (1945) theory may be
applicable to the submarine environment.
Sediment flows initiated on the upper slope
could begin unconfined and then become
channelized by topography that directs their
course downslope. In intercanyon areas, sed-
iment-flow channelization may at first cause
the erosion of a number of slope rills. Ran-

domness in the location at which sediment ; 3
flows initiate and the erosion each sediment -

flow causes, however, should lead some
slope rills to deepen and widen faster than
their neighbors. This would result in the fail-
ure of divides between slope rills and the pi-
racy of adjacent .sediment drainage. The
eventual focusing of sediment drainage into a
single slope conduit may lead to the forma-
tion of a submarine canyon.

Such early canyon development appears to
be occurring on the slope divide between Lin-
denkohl and Carteret Canyon (Fig. 4). In this
region, at least eleven slope rills initiate on
the upper slope between 250- and 500-m wa-
ter depth. When traced downslope, many of
the slope rills join with their neighbors to
form several broader slope rills by about the
1,300-m isobath. The broader slope rills shoal
across the middle slope, possibly because of
the greater erosional resistance of the more-
lithified middle Miocene and Eocene strata
that occur just beneath the thinning cover of
Pleistocene sediments. The slope rills then
enter three of the box-shaped canyons on the
lower slope (~1,500 m) thought to have
formed by mass wasting along diagenetic
fractures in exposed Eocene chalk.

Other areas of New Jersey Slope illustrate
that even after burial, topography can con-
tinue to influence where canyon initiation oc-
curs. Buried topography in the study area has
imposed a topographic grain to the continen-
tal slope surface. This grain appears to have
anchored canyon formation at specific sites
along the slope. Repeated canyon formation
at these sites likely contributed to the size
difference between the buried submarine
canyons and the canyons that exist today.
Only two buried canyons (BC9 and BC10
along the P2 unconformity between South
Toms and Berkley Canyons, Fig. 7A) ap-
proach the size of the modern canyons, and
none incise older substratum as deeply
(Figs. 7A=7C). This suggests that the erosion
that produced the relief of the modern can-
yons was not achieved by the latest phase of
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study area is thought to have developed. (A) Former canyons transported failed, upper-siope
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slope sedimentation diminished, probably during sea-level highstands. (C) With the resumption
of high-slope sedimentation rates along a new section of the margin due to a shift in depocenter
location, sediment flows induced by slope failure began to cut erosional channels, which in some
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canyon formation but was contributed to by
. one or more phases of canyon formation in
% approximately the same locations (for exam-
= ple, cyclic canyon cut and fill [Ryan and oth-
= ers, 1978]).

¥ CONCLUSIONS

The re-use of existing downslope conduits
by the present-day canyons offshore New
Jersey is evidence for the initiation of the can-
Yons by the downslope erosion of sediment
flows begun along the shelf break and upper
slope. This type of canyon formation was first
Proposed by Daly (1936) and later refined by
Others studying contemporary processes in
active submarine canyons (Shepard, 1981).
More recent investigations have shown that

cases were captured by sea-floor troughs formed over buried canyons. (D) Where continued slope
failure Jed to repeated sediment flows, erosional channels matured into canyons that eventually
excavated and deepened the underlying buried canyons.

there do appear to be submarine canyons that
have grown from slope failures (Orange and
Breen, 1992). The findings of this study, how-
ever, do not support the present working hy-
pothesis of Farre and others (1983) that slope-
crossing canyons on the New Jersey slope
were initiated and evolved from retrograding
sea-floor failures begun on the continental
slope.

The important role of mass wasting in trig-
gering sediment flows makes clear that the
initiation of the canyons studied offshore
New Jersey cannot be attributed exclusively
to either slope failure or sediment-flow ero-
sion. Rather, it is likely that each process had
a specific role in submarine canyon forma-
tion. As reviewed here, mass wasting initi-
ated the subsea sediment flows that began

canyon formation and enhanced canyon
growth by widening the canyons through ret-
rogressive sea-floor failures (for example, the
gullying of canyon walls observed by Farre
and others [1983]). Subsea sediment flows on
the other hand generated submarine can-
yons, for the path their erosion took down-
slope determined the course along which can-
yon development ensued.

Abandonment and infilling of buried can-
yons offshore New Jersey appear to have
occurred in association with shifts in the lo-
cation of shelf-edge depocenters. Modern
canyons may also have been initiated by the
depocenter movements, which were likely
brought about during changes in sea level.
This study has principally relied on geophys-
ical data, however, and the timing of canyon
formation remains speculative. Until a more
complete understanding of the stratigraphy of
the New Jersey slope is achieved, it will not
be possible to establish the temporal relation
between sea level, sediment supply, and can-
yon formation offshore New Jersey.
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The length-scaling properties of topography
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iAbstract. The scaling properties of synthetic topographic surfaces and digital
folevation models (DEMs) of topography are examined by analyzing their “structure

actions,” i.e., the gth order powers of the absolute elevation differences: Ahy(l) =

.

E{|h(z +1) — h(z)|9}. We find that the relation Ahy(l) = ¢l describes well
ithe scaling behavior of natural topographic surfaces, as represented by DEMs

fgridded at 3 arc sec. Average values of the scaling exponent H between ~0.5

#and 0.7 characterize DEMs from Ethiopia, Saudi

topographic roughness among the three areas most
famplitude factor c.

dependent (anisotropic) or whether they are

 small, but positive, and such divergence in
gfunctions is consistent with multiscaling

Arabia, and Somalia over 3
rders of magnitude range in length scale / (~0.1-150 km). Differences in apparent
likely reflect differences in the
Separate determination of scaling properties in the z and y
coordinate directions allows us to assess whether scaling exponents are azimuthally
isotropic while the surface itself is
’anisotropic over a restricted range -of length scale. We explore ways to determine
‘whether topographic surfaces are characterized by simple or multiscaling properties.

"The difference between scaling exponents of Ahy(1) and \/Aha(l) for the DEMs is
the scaling exponents of the structure

behavior. Exceedance and perimeter sets

{ of fractional Brownian surfaces fail to yield the trivial fractal dimensions expected
" of sets of known monofractals, suggesting a practical limitation arising from the

¥ use of finite resolution data sets in the

analysis. By comparing the hypsometry of

" “real” topography (represented as DEMs) with that of fractional Brownian surfaces,

we show that synthetic surfaces based on

Gaussian statistics are limited as models

¢ for natural topography. Hypsometric curves, which probably reflect the relative

.

21

E show that statistical moments

tintroduction
J

i ‘Many natural surfaces evolve under processes that
Eadd and/or remove material. A familiar example is the
fliarth’s surface. In this case, however, only limited suc-
cess has been achieved in establishing a quantitative
A _nderstanding of the processes important to its evolu-
alion. Information on processes that shape many nat-
f.ural surfaces is provided through their space- and time-
Eiscaling properties [Family and Vicsek, 1991]. Therefore
ghuch effort has been directed in recent years toward

kdetermining and understanding the scaling properties

_f topographic and other natural surfaces.
-t _ opyright 1994 by the American Geophysical Union.

Faper number 94JB00130.
»3!48-0227/94 /94JB-00130$05.00

,tOpographic surfaces. Scaling analysis is a valuable tool for assessing the
d accuracy of DEM representations of the Earth’s topography.

importance of tectonic and erosional processes in shaping topography, clearly
higher than the second are important in describing

quality

Vening Meinesz [1951] showed that the power spec-
tral density of topographic amplitude decayed according
to a power law at an approximately uniform rate over
a broad wavelength range. This early study and oth-
ers reviewed later provide the basis for believing that
Earth’s topography possesses length-scaling properties
over a wide range of scales.

The purpose of this paper is to develop a better
understanding of the scaling properties of topography
through analyses of synthetic surfaces and digital el-
evation models (DEMs) of topography. A definition
of scaling properties is presented, followed by a dis-
cussion of the analytical techniques that permit their
determination and a summary of knowledge about the
scaling properties of topography from previous work.
We mainly employ an analytical technique which exam-
ines scaling properties of elevation increments, or topo-
graphic relief. This technique is applied to a planar sur-
face, simulated fractional Brownian surfaces, and DEMs
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to illustrate how anisotropy affects the scaling proper-
ties of natural surfaces and how it can be quantified.
Synthetic surfaces and DEMs are then examined empiri-
cally for statistical indications that allow the distinction
between simple and multiscaling behavior (characteris-
tic of monofractal functions, and multifractal fields, re-
spectively). Finally, the hypsometry of natural surfaces
is compared to that of fractional Brownian surfaces in
order to show the limitations of synthetic surfaces based
on Gaussian statistics as models for topography.

Scaling Properties and Their Determination

What is meant by scaling, or more aptly, scale in-
variance? The short answer is that phenomena which
lack a characteristic or intrinsic length scale are called
“scaling functions”. Feder [1988, p. 26] provides a use-
ful definition, citing that functions f(s) which satisfy
the homogeneity relation

f(As) = X%f(s) (1)

for all positive values of the scale factor A, are called
scaling functions. This is a broad definition, encom-
passing multivalued as well as single valued functions
and self-similar as well as self-affine scaling behavior.
Note that in (1), the scaling exponent « is constant and
independent of s, which in this study will have units of
Iength. The power law function

f(s) = es°, (2)
for example, satisfies (1). A definition more applicable

to multidimensional functions that allows for anisotropy
in scaling properties is [Family and Vicsek, 1991]

f(/\]_sl, AzSz, ) = Af‘z\%’...f(sl, S92, ) (3)

In general, a topographic surface is defined as a col-
lection of height or elevation values h(x) distributed
in two dimensions, where x is a vector denoting po-
sition, i.e., x = (x1,z2). In this paper we examine
the scaling properties of topography through the deter-
mination of “structure functions” [Monin and Yaglom,
1971; Parisi and Frisch, 1985]. Specifically, we consider
how topographic relief, defined here as the absolute el-
evation difference between pairs of points separated by
a “lag” vector 1 = (I3,13), varies with the distance or
length scale over which it is measured. The gth order
structure function of topography is defined as

Ahy(l) = E{|h(x+ 1) — h(x)|"}, (4)

where E{-} is the expected value operator and ¢ is an
exponent that takes positive values. In this paper, we
restrict our attention to values for ¢ of 1 and 2. For
g = 1, Ah, is the expected value of the absolute ele-
vation differences (or topographic relief). For ¢ = 2,
Ahy is the expected value of the squares of the eleva-
tion differences, and it is also known as the “variogram”
[Journel and Huijbregts, 1978].

In practice, we must analyze finite samples of topo-
graphic surfaces. As a consequence, we estimate Ah (1)
from
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Bhy(1) = (|h(x+1) = h(I?), OF

where the “hat” denotes an estimate and the angular
brackets denote averaging over the sample. Unless the

sample size is infinite, [&714(1) will not, in general, equa] X

Ah,(1).

on the vector quantity 1. There is no a priori reason for
assuming that the statistical properties of topographic
surfaces, including scaling properties, are isotropic. We

address the anisotropy question simply by modifying (5)

to examine the length-scaling properties of topography

Notice in (4) and (5) that Ahy(l) and ﬁlq(l) depend 1

in the z; and z; coordinate directions separately. This 3

is straightforward to do because both synthetic surfaces 4
and DEMs commonly comprise equally spaced elevation 3
values in rectangular arrays. For the DEMs analyzed in
this paper, the z; direction (or simply the z direction) F
is east-west, and the z, direction (or the y direction) is 3

north-south. - .

Using this approach, we investigate two kinds of 3 i

anisotropy: The first is anisotropy in which the scal-
ing properties of topography depend on the orientation
8 = tan=1(I2/1;) of the lag vector. This case, where the
exponents ¢;, i=1, 2 in (3) are different, has been ad-
dressed previously by Klinkenberg and Goodchild [1992)
using azimuth-dependent variograms. The second kind
of anisotropy is the situation where topographic sur-
faces have isotropic scaling properties; i.e., the expo-
nents a; and « in (3) are equal, while the surfaces
themselves are anisotropic over a defined range of length
scale.

If, instead, we assume that the scaling properties of
topography are effectively isotropic, the direction of the
lag vector 1 does not matter, and we can rewrite (4) and

(5) in terms of the distance | = /1 + 1% between the

observation points. From (1) and (2), scaling behavior ._g

implies that the structure functions of topography (4)
should be related to length scale [ through a power law
such as

Ahy(l) = CqIKh(q): (6)
where coefficients ¢, and the exponents Kj(q) depend

on ¢ but not on I. The central question concerning the
scaling properties of topography is how well they are

described by (6). In other wards, to what extent are
the scaling properties of topographic surfaces homoge- §

neous (i.e., independent of length scale and location)?
We examine this question by using (5) to estimate the
¢ = 1 and ¢ = 2 structure functions of several DEM rep-

resentations of topography in northeastern Africa and § 1

Arabia.

Note that if topography possesses “simple” scaling §
properties describable by a single scaling exponent, (6) 3

simplifies to :
Ahy(l) = c ¥, (7

and the scaling exponents of the structure functions jJ
become a simple linear function of the order ¢. In 3
this case, H, the Hurst parameter, which is the scal- }

ing exponent of Ah;(l), is the only exponent required

to describe the scaling properties of topography. The 3

: PR
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# self-affine fractional Brownian surfaces first defined by
¥ Mandelbrot and Van Ness [1968] are familiar examples
¥ of “fractal” surfaces which possess simple scaling prop-
erties characterized by a single scaling exponent. We
_present simulations of fractional Brownian surfaces and
- examine their properties in more detail later.

A critical question remains, however. Is H in )
FE ufficient by itself to describe the scaling properties of
lopography or do we need to examine the exponents
Fof the higher-order structure functions in (6)7 In other
¥ words, do topographic surfaces possess simple scaling or
B2 multiscaling properties? This question was addressed
€ recently by Lavallee et al. [1993], who concluded that
,. topography is indeed multiscaling and suggested some
¥ ways to distinguish multiscaling from simple scaling be-
'S havior. Here, we provide a brief, intuitive explanation
" of multiscaling behavior, and in a later section we re-
> port on our own analyses designed to determine whether
topography is characterized by $imple scaling or multi-
8 gcaling properties.

: Multiscaling Behavior

rv% Muzy et al. [1991, 1993] recently presented a readily
% understood explanation of multiscaling behavior as ap-
“% plied to “fractal” signals. Let us consider a Taylor series
% expansion of a signal or function s(z) (approximating a
¥ {opographic profile) about the point zo:

s(zo +1) — s(zo) =1~ s (zo) + ...+ (" /nt)- s(™)(z0)

+C - I} 4 0(jIP=0)),

(8)
where (n) denotes the nth derivative of s. In the limit
I - 0, (8) indicates that s(z) has a local scaling ex-
ponent h at the point zg. Because s is differentiable n
times, the value of h(zo) lies between n and n+1. Alter-
~natively, we can say that s(z) possesses a “singularity”
¢ of strength n < h(xo) < n+1at the point zo. Notice
<5 that the left-hand side of (8) can be related to the eleva-
2R tion increments used to estimate the structure functions
Fof topography (4) using (5). Simple scaling functions
like fractional Brownian profiles are not differentiable
(n = 0), and thus no derivative terms will appear on
the right-hand side of (8). Fractional Brownian profiles
B are therefore singular everywhere with a uniform sin-
gularity strength h(z) = H, where 0 < H < 1. There
18, however, no a priori reason for assuming that topo-
B craphic profiles (and by analogy, topographic surfaces)
should be characterized by a single, spatially homoge-
neous singularity strength. Therefore we must allow
E, B that, in general, topographic surfaces are characterized

by a range of singularity strengths (or, equivalently, lo-
E cal scaling exponents), and not just one. In other words,
g Ve should expect topographic surfaces to exhibit mul-
f liscaling properties.
Our purpose here is not to develop techniques for the
;; determination of the multiscaling properties of topogra-
@ Phy but to implement some simple tests to distinguish
i simple scaling from multiscaling behavior. Multiscaling
i 2nalysis of fractal signals generally involves the deter-
B Mination of the “singularity spectrum” of the signal.
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Briefly, this means first finding the range of singularity
strengths (say, hmin < h(z) < hmaz) present in a given
signal sample, then determining the Hausdorff (fractal)
dimension D(h) of the subset of points associated with
each singularity strength h, i.e., -

D(h) = dim{z|h(z) = h}.

A plot of D(h) versus h yields the required singularity
spectrum.

The structure function approach is but one method
for doing this. However, it is only applicable to signals
with 0 < h(z) < 1 [Muzy et al, 1993], which should
generally be the case for topography. As (6) and (7)
show, K(q) depends linearly on ¢ for simple scaling
functions. For multiscaling functions, Kx(g) will, in
general, be a nonlinear convex function of g. The rea-
son for this is that strong singularities (small h values)
will dominate the structure function for large values of
g. Singularity strength h is reflected in the gradient
d(Kn(g))/dg, which therefore becomes less with increas-
ing ¢ as the stronger singularities become dominant.
Thus, to demonstrate multiscaling behavior using the
first- and second-order structure functions, we need to
show that 2K, (1) — Kx(2) > 0, allowing for the effects
of estimation errors as discussed below. For simple scal-

_ ing, the difference should not be resolvable from zero,

again, subject to the estimation errors.
Estimation Errors

Returning now to (5), let us denote the error in esti-
mating Ah,(l) by Ahy(l) as

e(l) = Bhg(l) = Ahg(D)-

Generally speaking, the larger our sample size, the
closer the estimate will be to the true value. A most
important feature of estimation errors is whether val-
ues of ¢,(I) for neighboring values of [ are correlated.
In other words, if, say, €,(lo) is positive, is €g(lo + Al)
also likely to be positive if Al is small? We can gain
some insight into this issue for the case where ¢ = 2
(the second-order structure function or variogram). For
a topography profile with zero mean and a finite vari-
ance 02, Ahy(1) is related to the autocovariance C(I) as
follows:

c(l) = E{h(z)h(z + 1)} = o? — -;—Ahz(l).

The estimation errors of C(l) are reasonably well under-
stood, and Priestley [1981, p. 333] has shown that the
estimation errors of the sample autocovariance will be
positively correlated if the autocovariance has a decay-
ing form (which will always be the case in practice for
the autocovariance of topography). We can then rea-
sonably conclude that the estimation errors of Z\hg(l)
will also be positively correlated over neighboring values
of l.

There are two important consequences of this result:
First, if the estimation errors of Ahy(l) and, by anal-




" 14,000

ogy, &714(1) are positively correlated, then apparently
systematic changes in the slope of the log-log plot of
Ahgy(l) versus ! might be due to correlated estimation
errors. Second, if one were to conclude that there was a
unique slope to the log-log plot, and the mean slope and
its error were obtained using a standard least squares
method, the error associated with that slope might be
grossly underestimated. This is because standard lin-
ear regression by least squares assumes that the errors
about a best fitting straight line are uncorrelated.

This discussion of estimation errors is intended to
alert the reader to be cautious in interpreting appar-
ently systematic departures from linearity in log-log
plots of structure functions of topography in terms of
the length-scale dependence of geomorphic processes.

Notes

It is important at this point to note a few things
which will help place our summary of previous work
in perspective. First, in principle, the variogram, au-
tocovariance function, and power spectral density are
equivalent ways of expressing how the variance of topog-
raphy is distributed on various length scales [Mark and
Aronson, 1984; Saupe, 1988; Voss, 1986, 1988; Goff and
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“faces. Third, we prefer to use exponents such as H7j
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Figure 1. Map showing the location of the digital elevation models (DEMs) analyzed in this
study. Length-scaling analyses for the DEMs spanning either 3° of latitude and 1° of longitude
(3600x1200 grid points), or 1° of latitude and 3° of longitude are shown in Figures 2-4. Hyp-
sometric curves for the smaller DEMs (500x500 grid points) in Ethiopia and Saudi Arabia are
shown in Figure 14. Elevation contours are every 1000 m.
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Jordan, 1988]. In practice, however, there may be good ¥
reasons for preferring one of these techniques over the 3

others [Carr and Benzer, 1991; Klinkenberg and Good. 3§}
child, 1992]. Second, scaling behavior in the space do-
main translates to scaling behavior in the wavenumbe; 38
domain. For simple scaling functions, the exponent ¢
describing the decay of power spectral amplitude with -
wavenumber can be expressed in terms of the Hurst f
exponent H in (7): a = —(2H + 1) for topographic 4
profiles; and o = —2(H + 1) for topographic surfaces 3
[Saupe, 1988; Voss, 1988; Goff and Jordan, 1988]. As W
H ranges from 0 to 1, « ranges from -1 to -3 for topo- 3
graphic profiles and from -2 to -4 for topographic sur- 38

rather than fractal dimensions to characterize scaling
because H is independent of the dimension of the ob-3
serving space, i.e., it is the same for topographic pro-
files and surfaces. Finally, we want to emphasize thatj
at least two parameters are required to describe com-;
pletely the scaling properties of topography. Referring-#i
to (2), (6), and (7), scaling behavior is specified by two ¥
parameters, an amplitude parameter and a scaling ex-
ponent. The amplitude parameter describes the ampli-
tude of the surface roughness (say, at unit length scale),
while the exponent describes how the roughness varies

A0
60°

50°
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# with length scale. In our opinion it is a mistake to fo-
% s exclusively on the scaling exponent because it is well
F known that the scaling exponents of natural surfaces do
3 pot vary very much (see below). For example, Sayles
* and Thomas [1978] showed that the scaling exponent
" of “smooth” surfaces, such as airport runways, is quite
 gimilar to that of “rough” surfaces, such as mountain-

. ous terrains. The amplitude parameters, however, are
_very different.

" Previous Studies of the Scaling Properties of
Topography

Following the pioneering work of Vening Meinesz
[1951] mentioned earlier, Bell [1975] compiled power
spectra of continental and ocean floor topographic pro-
files into a composite spectrum that decayed as a power
law (2) with an exponent of @ & —2 for wavelengths
between about 0.5 and 10* km. Sayles and Thomas
- [1978] showed that many other natural and some artifi-
~ cial surfaces exhibit the same negative power law form
of spectral density over 8 orders of magnitude range
in length scale. They also pointed out that although
" the spectra seemed to be associated with a remarkably
__ constant power law exponent a & —2, a value for the

amplitude of variation (with dimensions of length) at
a given length scale was required for a complete char-
acterization of surface topography. Brown and Scholz
[1985] examined the power spectra of natural rock sur-
faces for wavelengths between about 20 pym to 1 m
and noted that the spectral exponent varied between
-2 and -3. Power and Tullis [1991] investigated the
' spectral properties of natural fault and fracture sur-
faces in the wavelength range 10 pm to 40 m. Overall,
they found that the composite spectra decayed with an
exponent of -3, implying self-similar scaling but that
exponents > -3, indicative of self-affine scaling, charac-
terized smaller ranges in wavelength. The variation in
scaling exponents with length scale (wavelength range)
noted in several of these studies indicates that the ho-
mogeneity relation (1) is not always obeyed in detail.
Such behavior indicates that the scaling properties of
topographic surfaces could be inhomogeneous (i.e., de-
pendent on length scale and/or location), which could
(in turn) provide important insight into the processes
affecting topography. Overall, however, the previous
studies provide good reason to believe that topographic
surfaces are scaling functions and can be analyzed as
such.

A number of studies cited below have noted that there
B is an upper limit in length scale in the scaling properties
== of natural surfaces. Equation (2), for instance, implies
g that the variance of a scaling function increases with-
% out bound as the length scale increases. Clearly, this is
physically unrealistic, and all natural scaling phenom-
ena should have an upper limit of length scale. For
fp\pography, the implication is that for some ! > lnaz,
Ah,(1) behaves as I°; i.e., the relief tends toward a con-
stant value. In the ocean basins, several studies have
shown that power spectral density plots for abyssal hill
topography are essentially flat for wavelengths greater

j}?.'m-‘f‘:’-é'g‘ﬂ e
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than a few tens of kilometers, whereas for shorter wave-
lengths the spectra decay according to the power law
form given above with a ~ —2 [Bell, 1975; Gilbert and
Malinverno, 1988; Goff and Jordan, 1988; Malinverno
and Cowie, 1993). In a static situation, we could sur-
mise that the upper bound for relief is determined by
whether the weight of the rocks exceeds their intrinsic
strength. We leave aside the question of the minimum
length scale for which scaling behavior is observed for
topographic surfaces.

Scaling Properties of DEMs

Digital elevation models (DEMs), which are two-
dimensional arrays of elevations equally spaced in a
specified map projection, are intended to represent real
topography, nominally at the resolution of the gridding
interval. The digital nature of DEMs is a great advan-
tage where computers are used to process and analyze
topographic information, to make maps, for example.
Where quantitative knowledge about topography is re-
quired, however, it becomes important to know how well
DEMs represent the “real” topography. DEMs are con-
structed using many different techniques, digitization
of existing topographic contour maps, and photogram-
metric methods applied to stereo imagery are but two
examples. One practical application of the techniques
developed to determine the length-scaling properties of
topography is in the assessment of the quality of DEMs,
as we discuss later.

The DEMs used here are gridded at 3 arc sec of lat-
itude and longitude. Information on the source and
methods of construction of these DEMs is given by
the U.S. Geological Survey (USGS) [1987]. Most likely
the DEMs we analyze here were produced by manual
correlation of stereo pairs acquired on adjacent, high-
inclination satellite orbits. This would be consistent
with the WNW-ESE lineated artifacts that we can dis-
cern in these products (see discussion section). Figure 1
shows the location of the DEMs. They cover portions of
Ethiopia (two DEMs), Saudi Arabia (two DEMs), and
Somalia (three DEMs). Each DEM spans either 3° of
latitude and 1° of longitude (3600x1200 grid points),
or 1° of latitude and 3° of longitude (Figure 1). Grids
of these sizes allow us to determine scaling properties
for over 3 orders of magnitude range in length scales.

The calculation procedure is described in (5). Es-
sentially, we | make separate and independent determi-
nations of Ah;(l) for the z and y coordinate directions
(columns and rows, respectively,) of the Ethiopia, Saudi
Arabia, and Somalia DEMs shown in Figure 1. For all
columns (z direction) and all rows (y direction) of each
DEM we compute all possible independent estimates
of relief (the absolute elevation differences) at a given
length scale I, which is constrained to be a multiple
of the gridding interval. The “expected value” of relief
Ahy(l) in the  and y directions is then estimated as the
mean of all relief values at that length scale. The proce-
dure is then repeated for a suite of length scales ranging
over 3 orders of magnitude. The grid interval itself is
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the smallest length scale considered, while the largest
length scales are kept less than half the DEM sizes in
the z and y directions. Even at the largest length scales
considered, the number of independent relief estimates
is more than 2.5 million. We first validated the tech-
nique by determining the scaling properties of fractional
Brownian surfaces and profiles for which the scaling ex-
ponent H was known a priori in Monte Carlo simulation
experiments.

Figures 2, 3, and 4 display the scaling properties of
the Ethiopia, Saudi Arabia, and Somalia DEMs, respec-
tively.ln these plots we display the logarithm of mean
relief Ah; against the logarithm of length scale [, for the
z and y directions of each DEM separately. Values of
the scaling exponent H found from simple least squares
fits to the individual scaling plots are shown on each
of the figures. In essence, the scaling exponents for all
DEMs are 0.5 < H < 0.7. The Saudi Arabia DEM is
distinguished by a very small range of 0.51-0.55 in the
scaling exponent (Figure 3). In detail, the scaling plots
for all DEMs reveal small but systematic variations in
scaling exponent over the length scale range considered.
This shows some degree of inhomogeneity in the scaling
properties of the DEMs. The “roll off” of relief with
increasing length scale observed in the Ethiopia y di-
rection scaling plots and the Somalia scaling plots for
both directions indicates that an upper bound in scal-
ing behavior is attained for length scales greater than
about 50 km (Figures 2 and 4). We can compare topo-
graphic roughness among the three areas by choosing a
particular length scale and reading the value of mean
relief at that length scale on the ordinates of the scaling
plots. From Figures 2-4 we find that the mean relief for
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Figure 2. Plots of log Ah;(l) (mean topographic relief)
against log I (length scale) for the DEMs from Ethiopia
(Figure 1). The best fitting value for the scaling ex-
ponent H for each plot is shown on the right. Dashed
lines with slopes of 1 and 0.5 are shown for reference
purposes.
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Figure 3. Plots of log &711(!) (mean topographic relief) ~- 3

against log I (length scale) for the DEMs from Saudi
Arabia (Figure 1). The best fitting value for the scaling
exponent H for each plot is shown on the right. Dashed
lines with slopes of 1 and 0.5 are shown for reference
purposes.

Ethiopia is greater than for the other two regions over
all length scales considered. This underscores the fact
that the scaling exponent does not uniquely character-
ize topography, an amplitude parameter (e.g., the relief
at a given length scale) is also required.
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Figure 4. Plots of log 57»1(1) (mean topographic relief) ‘;.
against log [ (length scale) for the DEMs from Somalia .
(Figure 1). The best fitting value for the scaling ex-

ponent H for each plot is shown on the right. Dashed

lines with slopes of 1 and 0.5 are shown for reference g

purposes.
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Anisotropic Surfaces

To better understand the scaling properties of the

i DEMs analyzed above, we first consider the scaling

p;operti&s of an inclined plane h = a + bz + cy, an

¢ .xample of which is shown in Figure 5. Starting at
an arbitrary point on the plane and moving along each
oordinate axis separately, we can determine how the

.urface elevation changes with distance in the z and y
directions using (5). If we plot elevation difference (re-
lief) linearly against distance (Figure 6a), we find as
expected that the relief increases linearly with distance
“at a rate of b in the z direction and cin the y direction.
This is always true irrespective of the starting point on

‘the plane surface. If instead of a linear plot, we dis-

E play the logarithm of the relief against the logarithm

‘of distance, we get quite a different representation of

} the same information (Figure 6b). We now see that the
L ‘plane is an exact (as opposed to a statistical) scaling

function and that the scaling exponent H is identically
- equal to 1 for both the z and y directions.

It is important to note that while the scaling prop-

E ‘erties of the plane are isotropic, the surface itself is

_anisotropic and can be characterized by an anisotropy

E factor b/c. On the logarithmic plot (Figure 6b), the z

and y scaling plots are offset horizontally by (logb —

F logc) and vertically by H (log b — log c)[= logb — log¢].
@ Notice also that the anisotropy factor will vary accord-
% ing to the orientation of the coordinate axes with re-

spect to the plane, a feature also true for topographic
surfaces. Thus, unless the z and y coordinate axes cor-
respond to the principal axes of anisotropy, we will need
to conduct a second set of scaling estimates along a
second pair of orthogonal directions (e.g., along the di-

£ Figure 5. Elevation contours of a best-fitting planar

surface for a 500x500 grid point DEM from Ethiopia.

;rl:ie DEM is gridded at 3 arc sec of latitude and longi-
- tude.
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Figure 6. (a) Topographic relief for the plane in Fig-
ure 5 in the = and y directions versus distance, plotted
with linear scales. (b) Topographic relief for the plane
in Figure 5 in the z and y directions versus distance,
plotted with logarithmic scales.

‘agonals of the topography grid) in order to measure
anisotropy correctly.

We now address the issue of topographic surfaces
which have isotropic scaling properties but are aniso-
tropic over a defined range in length scale. To il-
lustrate this, we construct synthetic surfaces in which
the height increments Ah are drawn from a zero-mean
Gaussian distribution. Such surfaces are known as frac-
tional Brownian surfaces [Mandelbrot and Van Ness,
1968; Voss, 1986, 1988], and a vertical cut through
such a surface corresponds to the trace of random walk
(Brownian motion) for the particular value of H = 0.5.
Fractional Brownian surfaces are readily generated by
filtering (actually, fractionally integrating) a randomly
generated two-dimensional field of Gaussian white noise
in the wavenumber k domain. In order to incorporate
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the effects of anisotropy, we consider the following ex-
pression for the power spectral density P(kz,ky) of a
quasi-fractional Brownian surface [after Goff and Jor-
dan, 1988]:

aHo?
9 a3k24k3 H+1 (9)
ori 1+ 2]

P(kz, ky) =

where k, and k, are wavenumbers corresponding to the
z and y directions, respectively, H is the Hurst expo-
nent (see (4)), o2 is the total variance of the surface,
k2 is the characteristic wavenumber corresponding to
the y direction, and a is the anisotropy factor defined
as a = ka/k;, and k; is the characteristic wavenum-
ber corresponding to the z direction. We can also de-
fine characteristic length scales A\; = 2,/2(H +1/2)/k;,
(i=1, 2) corresponding to k; and k; [Goff and Jordan,
1988].

Figure 7 schematically shows vertical cuts through
P(kz, ky) along the wavenumber coordinate axes. Note
from Figure 7 that (1) P(kz,ky) is a scaling function
only for kz, ky > k2, where it follows a power law with
an exponent of —2(H +1); (2) the anisotropy factor a is
given by the shift of P(0, k) relative to P(k.,0) paral-
lel to the wavenumber axis; and (3) P(kz, ky) tends to
a constant value for (k2 + k2)!/2 < k;. That is, an up-
per bound in scaling behavior is attained at such wave-
lengths. Because “true” fractional Brownian surfaces
do not have an upper bound (such surfaces are scaling
over an infinite range, in principle), we refer to surfaces
generated using (9) as quasi-fractional Brownian sur-
faces. Later, we employ the “midpoint displacement”

algorithm of Saupe [1988] to get synthetic surfaces closer

to the fractional Brownian model.

Each of the synthetic surfaces in Figure 8 was ob-
tained by Fourier transforming a single realization of a
quasi-fractional Brownian surface with a power spectral

density given by (9). There are four free parameters i
(9), namely, k3, o, H, and a. Only the anisotropy facto,}
a is varied in Figure 8. The effect of increasing a frop 38
1 (isotropy) to 10 can be clearly seen in the progressive}
“smearing” of the plots in the z direction. Essentiall);’r
the ratio of the characteristic lengths A;/)2 increases$
with the anisotropy factor a. .

We can express the scaling properties in the z and'y
directions separately by modifying (5) and (7) to give}

3711.::(1) = 57‘l.y(l) & IH’ (10

where the symbol oc denotes proportionality. Equationy
(10) explicitly refers to the case where the scaling prop8
erties and the surface itself are isotropic. If the surface
is anisotropic, however, the statistical properties of theg

fluctuations over distance ! in the y direction will be
on average, the same as over distance al in the z dirgc

tion. If Ahy o(1) o 17, then Ay (1) ox ())¥. Thusd
Ahy (1) = a¥ Ahy -(I), or, referring to the plots in Fig3
ure 9, ;

log &711,,,(1) ~ Hloga + log /S\hl,,(l). (11)

The length-scaling properties of the quasi-fractional }
Brownian surfaces (Figure 8) determined following (4) *
and (5) are shown in Figure 9. The scaling proper- 3§
ties in the y direction are shown only for a = 1, the 3%
isotropic case, because these do not change apprecia- 3
bly as a is varied. The construct of the four vertical
dashed lines (Figure 9) demonstrates that the z direc- :
tion scaling plots for a =2, 5, and 10 are each shifted ;
from the a = 1 plot parallel to the distance axis by an 3¥
amount approximately equal to log a, in agreement with 3§
equation (11). The effect of anisotropy is only seen for M
length scales much less than 27 /k; (approximately A2), &
a feature already noted from the power spectrum plot §
in Figure 7. Figure 9 shows that it should be possible &

P (kX g 0)
P(0, ky)

logtky =ko/a)
|

log(k2) P(0, ky)

Figure 7. Schematic diagram showing vertical cuts along the wavenumber coordinate axes
through the power spectral density P(kz, ky) (equation (9)) of a quasi-fractional Brownian surface.

See text for explanation.

log (kx, ky)
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plots in the z direction as a is increased.
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to detect anisotropy in topographic surfaces when it is
f not scale dependent.

In Figure 10 we show length scaling plots of DEMs
from Saudi Arabia and Somalia (see Figure 1 for lo-
ation). The DEMs are gridded at 3 arc sec of lati-
tude and longitude, and their general scaling properties
- Were discussed in more detail earlier. The purpose here
i to examine these topographic surfaces for evidence
of anisotropy. While approximately isotropic scaling
_exponents characterize the Somalia DEM (a slope of

Hx 0.5 satisfies both the z and y direction plots), we
note that the average relief in the y direction is consis-
tently greater than in the z direction over the 2 orders
of magnitude range in length scale considered (Figure
10). This implies that the Somalia DEM is anisotropic
. Over this range. In contrast, the = and y direction scal-
- 10g plots for the Saudi DEM appear to show slightly
- different average slopes over the range in length scale

14,005

Figure 8. Contour maps with an arbitrary grey scale for quasi-fractional Brownian surfaces
whose power spectral densities are given by equation (9) and shown schematically in Figure 7.

The effect of varying the anisotropy factor a is clearly seen by the progressive “smearing” of the

considered. Anisotropic scaling behavior might there-
fore provide a better explanation for the Saudi DEM
scaling plots.

Simple versus Multiscaling Behavior

Scaling Properties of the ¢ = I and g = 2 Structure
Functions

Lavallee at al. [1993] suggested that simple and mul-
tiscaling behavior could be distinguished by examining
the scaling properties of Ahy(l), the gth order struc-
ture function of topography h(x), as g is varied follow-
ing (4)-(6). Generally for multifractal fields, the scaling
exponents Kj(g) of the structure functions depend non-
linearly on order g, and in particular, d(Kn(g))/dq de-
creases with increasing ¢, as discussed earlier. Lavallee
et al. [1993] determined the length scaling properties
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Figure 9. _Thé length-scalirig behavior of the quasi-fraétional Brownian surfaces shown in Figure
8. The scaling properties in the y direction are shown only for a = 1, the isotropic case. The
abscissa intercepts of the four vertical dashed lines demarcate horizontal shifts of log a from the

dashed line at log 2; as a takes values 1, 2, 5, and 10. This illustrates the effects of anisotropy
and shows that the anisotropy factor can, in principle, be obtained from length-scaling plots.

of the first- and second-order (¢ = 1 and g = 2, respec-
tively) structure functions from a DEM gridded at 50-m
intervals for Deadman’s Butte, Wyoming. They found
that 2Kx(1)[= 2H] — Ki(2) > 0, consistent with mul-
tiscaling behavior. Although the value found was small
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Figure 10. Details of the scaling behavior of selected
DEMs from Saudi Arabia and Somalia. Notice that the
z and y direction scaling plots for Somalia are approxi-
mately parallel over the 2 orders of magnitude range in
length scale. This indicates isotropic scaling properties
but an anisotropic surface. The Saudi Arabia DEM, on
the other hand, shows evidence for anisotropic scaling
properties.

0.055 + 0.01, Lavallee et al. pointed out that it agreed
with results obtained using a more accurate technique
called the “double trace moment.”

For simple scaling functions (monofractals), on the
other hand, the scaling exponents should be a linear
function of moment g, i.e., Kx(g) = ¢H (equation (7)).

As verification of theory, we performed a Monte Carlo
experiment in which we determined the scaling prop- 4

erties for moments ¢ =1, 2, and 3 of 100 realizations
of a fractional Brownian profile with H = 0.5. Each

profile realization was obtained using the mid-point dis- §

placement method of Saupe [1988]. Using (5), we found

that Kx(q) = qH is satisfied to 2 decimal places for 2
g = 1 — 3. Thus the scaling properties of an a pri- }
ori known monofractal appear to behave according to

theory.

We then determined and compared the scaling prop- 1

erties of the first- and second-order structure functions

for the DEMs from Ethiopia, Saudi Arabia, and So- }
As representative results (Figure BB
11), we show &\hl(l) and (5\}12(1))1/2 as functions of
length scale [ for selected Ethiopia and Saudi Arabia J
DEMs. It is apparent in Figure 11 that the scaling ex- 3

malia (Figure 1).

ponents for the first- and (square-rooted) second-order 2
moments are slightly different. In fact, for all of the 3
DEMS we obtained a mean value for K5(1) —0.5Kx(2) B

of 0.054 + 0.036 (the uncertainty given as 2 times the §

standard deviation) which is positive, and consistent

with results obtained by Lavallee at al. [1993] for the
Deadman’s Butte DEM. Although the difference in the

scaling exponents is small, the fact that the difference
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'The slightly different slope of the ¢ = 1 and ¢ = 2
plots is evidence that topography possesses multiscal-

ing properties.
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is positive leads us to conclude, as Lavallee et al. did,
that topographic surfaces, or at least DEM representa-
tions of topography, are characterized by multiscaling
properties.

Exceedance Sets and Perimeter Sets of Topography

A second way to distinguish simple from multiscal-
ing behavior is through the analysis of exceedance and
perimeter sets of topographic surfaces [Lavallee el al.,
1993]. An exceedance set for topography h(x) is defined
& as the set of points Sy for which the elevation equals
or exceeds a threshold elevation 7. The perimeter set
® Pr comprises the boundary points of the exceedance
B set. Perimeter sets can be qualitatively equated to topo-
B _graphic contours.

k- The theory of fractal sets suggests that if topogra-
¥ phy is a single-valued function and if Ty > T, the ex-
S ceedance set Sy, is a subset of Sy, and the Hausdorff
.dimension D(Ss, ) of Sy, will be less than or equal to
32 the dimension D(S>T,) of Sy7,. Furthermore, because
- the perimeter set Pr is a subset of the corresponding
exceedance set S, D(Pr) will be less than or equal
to D(Sy7). Schertzer and Lovejoy [1990] and Lavallee
7 et al. [1993] noted, however, that in the case of simple
scaling (monofractals), Sy will not be a fractal set at
a‘ll and that its dimension D(Sy7) will equal the dimen-
8lon of the space in which the set is “embedded,” i.e., 2
for surfaces and 1 for profiles. Furthermore, for simple
: 8caling, perimeter sets of topographic surfaces will have
dimension D(Pr) = 2 — H, independent of the value
°i_‘ T. The foregoing suggests that by determining the
imensions of exceedance and perimeter sets, we should
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be able to show whether topography is characterized by
simple scaling or multiscaling properties. Lavallee et al.
[1993], for example, showed that the dimensions of ex-
ceedance sets obtained from a DEM for France (1-km
spacing) decreased from 1.92 to 0.84 as threshold ele-
vations increased from 28 to 3600 m. They concluded
from this result that topography displays multiscaling
properties.

Because the theory given by Schertzer and Lovejoy
[1990] and Lavallee et al. [1993] regarding the trivial
dimensions of exceedance and petimeter sets for simple
scaling functions seemed counterintuitive to us at first,
we performed a Monte Carlo experiment in which we
determined the dimension of exceedance and perime-
ter sets for 100 realizations of a fractional Brownian
surface with H = 0.5. The realizations were done us-
ing the midpoint displacement algorithm described by
Saupe [1988]. A box counting technique was applied to
determine the dimensions of exceedance and perimeter
sets defined by the intersection of the fractional Brown-
jan surfaces with 50 elevation thresholds equally spaced
across the elevation range of each surface realization.
The results, showing mean dimension and two times
its standard deviation as a function of elevation thresh-
old, are displayed in Figure 12. Also shown in Fig-
ure 12 are the expected dimensions for exceedance sets
(the dashed line at D = 2) and for perimeter sets (the
dotted line at D = 1.5), according to theory advanced
by Schertzer and Lovejoy [1990] for simple scaling sur-
faces with H = 0.5. While the results for the perimeter
sets are ambiguous in relation to the theoretically pre-
dicted value of D = 1.5, the dimensions found for- the
exceedance sets are clearly less than the predicted value
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Figure 12. Dimensions of exceedance and perimeter
sets of H = 0.5 fractional Brownian surfaces versus rel-
ative elevation threshold. The theoretical dimensions
for simple scaling surfaces, such as fractional Brown-
ian surfaces, are D = 2 for exceedance sets (dashed
line) and D = 1.5 for perimeter sets (dotted line). Our
analysis of exceedance set dimensions does not conform
to theory. See text for discussion.
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of D = 2 for threshold elevations greater than 60 per-
cent of the elevation range in the surfaces (Figure 12).
The dimensions of the exceedance sets for the fractional
Brownian surfaces, in fact, behave in a similar fashion to
those for the French DEM, which Lavallee et al. [1993]
interpreted as evidence for multiscaling behavior.

A possible reason for these paradoxical results may
be found by considering the method for determining
the fractal dimensions of sets. A box counting scheme
is commonly employed to determine the dimensions of
fractal sets. Briefly, the number N (1) of boxes of size [
required to cover the set S completely varies as '

N(l) « I7P06), (12)

D(S) is known as the box counting (fractal) dimension
or simply, box dimension, and it is estimated from the
slope of log N(I) plotted against logl. A problem we
perceive is that, in practice, we must apply the box
counting technique to “data,” such as DEMs, which
have a finite lower bound in resolution. Caution should
be exercised in interpreting the results of applying (12)
to finite resolution sets. The explanation we favor for
the unexpected behavior of the exceedance set dimen-
sions (Figure 12) is that we are effectively prevented
from obtaining an accurate measurement of set dimen-
sion at high elevation thresholds because of the finite
resolution of the data. As we go to higher elevation
thresholds the exceedance sets get sparser. In princi-
ple, if we had infinite resolution data, we should see the
level of detail in the set expected for the given value
of H at all box sizes. With finite resolution data this
cannot be achieved, and our determined values for di-
mension D(S) at high elevation thresholds will be inac-
curate. Because of this practical limitation, we conclude
that determination of the dimensions of exceedance and
perimeter sets is not a reliable way to distinguish simple
from multiscaling behavior.

Limitations of Fractional Brownian
Surfaces as Models for Topography

The models of synthetic topography discussed above
and in the literature [e.g:, Voss, 1988] are based on
Gaussian statistics. The statistical properties of these
synthetic surfaces are completely specified by their first-
and second-order moments, such as the mean and co-
variance (or, equivalently, the mean and power spec-
tral density). Sayles and Thomas [1978] noted that
a Gaussian form for topography might reasonably be
expected from the central limit theorem of statistics,
which states that a variable will be normally distributed
if it is the sum of many random independent causes.
Normally distributed topography is symmetrical: If we
were to generate a fractional Brownian surface, its over-
all appearance would not change if we multiplied the
elevation scale by -1. A general observation is that
although such Gaussian fractal surfaces might closely
resemble freshly fractured rock surfaces, they lack the
distinctive drainage features that are so characteristic
of eroded terrains. '
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Voss [1988] suggested that the aesthetic appeal of &
synthetic topography could be enhanced simply by re.
scaling the elevations of a fractional Brownian surface
according to a power law. He found that if elevations %
were cubed, the peaks in the synthetic landscape be. %
came sharper, and the areas of low elevation broadeneq
and took on the appearance of sedimented lowlands. I : ]
essence, non linear rescaling of elevations of a fractiona] &
Brownian surface introduces statistical moments higher 3
than the second. This appears to be necessary in or- %
der to make synthetic surfaces look more realistic. We %
note also that Goff and Jordan [1988] found it neces- 3
sary to consider statistical moments up to the fourth 3
in order to describe fully the systematic slope asymme.3
tries and the presence of smooth, sedimented valleys in
ocean floor topography. N

We suggest that fractional Brownian surfaces, while3
useful as a model for natural topography as shown
above, have definite limitations (see also Mark and 38
Aronson [1984] for a comparison between simulated and 3 i
actual topography). Our contention is best illustrated 3
by comparing the hypsometric curves determined from ¥
fractional Brownian surfaces with those from “real”
topography, as represented by DEMs. A hypsomet- %
ric curve graphs the relative proportion of a region’s :
area that lies at or below (or, at or above) a given
height [e.g., Strahler, 1952]. Hypsometric curves are
often made nondimensional by normalizing the heights
relative to the elevation range in the area under con-
sideration. The region of interest is arbitrary, it might
comprise a single drainage basin [e.g., Strahler, 1952],
or it might include entire continents [e.g., Harrison et
al., 1983].

Hypsometric analysis is easily done on synthetic topo-
graphic surfaces and DEMs because each elevation value
is representative of (m x n)~! of the total area of the
elevation array (assuming the gridding of the m x n ar-
ray is approximately equal area). In practice, we can
divide the total elevation range into a convenient num-
ber of intervals and simply “bin” all the elevation values
for the array in their appropriate intervals. A height- &
frequency histogram is constructed in this way. If this ¥
histogram is normalized by the total number of eleva- 3
tion values in the array (m x n), we get a curve analo-
gous to a probability density function in statistics. The &
ordinate gives the probability of finding any binned rel- ¥
ative height. The integral of this curve with respect to 3§
relative height will then be equivalent to a cumulative
distribution function. A hypsometric curve is therefore x
the cumulative height distribution function for a given
region. '

The hypsometric curves for fractional Brownian sur- 3
faces (Figure 13) resemble error functions turned on P
their side. This is to be expected because the height in- %
crements are drawn from a Gaussian distribution, and %
thus the entire surface is governed by Gaussian statis- §
tics, as discussed above. The hypsometric curves ar¢
symmetric, with the 50th percentile of the relief assocl- @
ated with the 50th percentile of the area. The changes %
in shape of the hypsometric curves as the value of the §
scaling exponent H is varied (Figure 13) are consis-
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% Figure 13. Hypsometry of fractional Brownian sur-
B faces as the scaling exponent H takes values of 0.2, 0.5,
& .nd 0.8. Corresponding fractal dimensions D=3-H
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& Lypsometric curves.
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f The ratio of standard deviations for surfaces charac-
% |8H where AH is the difference in scaling exponents.

The hypsometric curves for several 500x500 point
DEM:s from Ethiopia and Saudi Arabia (Figure 14), on
the other hand, are definitely not symmetric. We do not
intend to argue from the hypsometric curves whether
the DEM landscapes can be characterized by terms
such as “youth,” “maturity,” or “old age” as some-
times inferred from hypsometry [Strahler, 1952; Schei-
degger, 1970]. Our purpose is simply to point out, by

. comparing the hypsometry of natural surfaces and frac-
tioms] Brownian surfaces, that synthetic surfaces based
on Gaussian statistics are of limited use as models for
f topography.

i 4

i Discussion

) ‘ﬁésessment of DEM Quality

£* Determination of length-scaling properties helps us
P assess DEM quality. Although the Ethiopia, Saudi Ara-
-3 Pia, and Somalia DEMs show consistent scaling behav-
§ 10t over 3 orders of magnitude range in length scale, we
qld note that there are systematic departures from strict
E linearity in the scaling plots of Figures 2-4. Such be-
* 'havior might indicate that landscape-forming processes
§ are effective over limited and different ranges of length
. scale. However, if we focus on the scaling properties of
s the DEMs for length scales less than a few kilometers,
E We find systematic behavior that could be attributed to
¥ ‘flaws” in the DEMs themselves.
$ Allof the z direction scaling plots and several of the y
: direction plots are marked by an increase in slope (scal-
_jjmg exponent) with decreasing length scale. In other
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Figure 14. Hypsometric curves for various 500x500
point DEMs from Ethiopia and Saudi Arabia (see Fig-
ure 1 for locations). The hypsometric curve for the
Brownian surface (H = 0.5) from Figure 13 is shown
for comparison. Note that the hypsometric curves for
natural topography are biased toward either higher or
lower elevation compared to the synthetic surface hyp-
sometry.

cases, the plots for the y direction actually decrease
in slope with decreasing length scale. Both kinds of
“anomalous” scaling behavior at short length scales can
be observed in the scaling plots for the Saudi Arabia
and Somalia DEMs in Figure 10. It is important to
understand whether such behavior is a true reflection
of landscape forming processes, whether it is an arti-
fact stemming from the analytical technique used, or
whether it reflects “noise” introduced into the DEMs
during their construction.

We can probably eliminate concerns about methodol-
ogy in explaining the “anomalous” scaling behavior, be-
cause we have examined the scaling properties of many
hundreds of realizations of fractional Brownian surfaces
and profiles using (4)-(7) during the course of this work
and have observed the expected scaling behavior at all
length scales. Furthermore, high scaling exponents at
short length scales have also been found in previous
studies where variograms have been the main analysis
tool [Mark and Aronson, 1984; Chase, 1992; Klinken-
berg and Goodchild, 1992; Lifton and Chase, 1992].

We suggest that the anomalous steep slopes (high
scaling exponents) frequently observed in scaling plots
of DEMs (Figures 2-5) at short length scales reflects
excessive smoothing of relief at those scales introduced
during construction of the DEMs. DEMs are averaged
«“models” for the real Earth topography, created by in-
terpolation between points of known elevation. Many
commonly used interpolation schemes involve smooth-
ing, and several methods have been developed for iden-
tifying interpolation artifacts in DEMs [e.g., Polidori
et al., 1991). We illustrate our point about excessive
smoothing at short length scales by taking a single re-
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alization of a fractional Brownian profile with a scaling
exponent H = 0.5, decimating it by factors 1, 4, and
8 and using a cubic spline interpolation scheme to re-
construct the decimated profiles at the original data
spacing. The scaling plots for the original profile, and
the decimated and reconstructed profiles are shown in
Figure 15a. There is a clear relationship between the
degree of interpolation involved in reconstructing the
decimated profiles, and the progressive smoothing of
the relief and resulting increase in scaling exponent with
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Figure 15. (a) Effects of interpolation on the scal-
ing properties of a Brownian profile (H = 0.5). As
the degree of decimation and interpolation of the pro-
file increases from factor 4 to factor 8, the smoothing of
relief at short length scales becomes more obvious. We
suggest that smoothing because of interpolation during
the construction of DEMs compromises elevation accu-
racy at length scales well above the nominal resolution
of the DEM. (b) Effects of a component of white noise
(H = 0) on the scaling properties of a Brownian profile.
As the amount of white noise added increases from 5 to
10 percent, the scaling plots flatten (i.e., slopes tend to
zero) with decreasing length scale.
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decreasing length scale. The slope of the scaling plog
for the interpolated profiles approaches H = 1 at tho 2%
shortest length scales, and the length scale at which the
scaling plots depart from the H = 0.5 slope of the orig. *
inal Brownian profile appears to be a direct reflectiop %
of the decimation factor (Figure 15a).

The anomalous behavior of the y direction scaling 4
plots in Figure 10 at short length scales is more likely re. &
lated to a directionally dependent noise field present ip 3
the DEMs used. If the DEM surfaces are illuminated by %
an artificial sun placed to the north or south, lineationg 2
trending in a ESE-WNW direction become readily vis. &
ible. These lineations are probably artifacts introduceq 3
during the manual correlation between the stereo im- §
ages from which the DEMs were produced. Because 38
this noise field is almost orthogonal to the y direction
of the scaling plots, it is preferentially registered in the
y direction scaling plots as an anomalous increase in
topographic roughness and a corresponding decrease in
scaling exponent with decreasing length scale. We test -
this explanation in Figure 15b where small amounts of
white noise are added to the realization of Brownian *#
noise (H = 0.5). As the amount of white noise is in-
creased, the scaling plots (Figure 15b) flatten (decrease
in slope) with decreasing length scale. We thus suggest
that the scaling plots for the Saudi and Somalia DEMs
in Figure 10 reveal a component of white noise which is
lineated at a high angle to the y direction of the DEMs.

Detrending of Topographic Data

The work reported above on the scaling properties
of planar surfaces (Figures 5 and 6b) made us rethink
the wisdom of removing a best fitting planar trend from
data before analysis. Scaling functions, as stated ear-
lier, have spectra which approximate a wavenumber
power law like (2) with an exponent a < —2. Such -
spectra are called “red.” Detrending is a common
“prewhitening” technique applied to data to improve ~
the estimation of power spectra in situations where the
spectrum is expected to be red. However, detrending -
is an inappropriate prewhitening method to use if the
objective of the analysis is to estimate the scaling prop-
erties of the data from the spectral exponent.

We illustrate our concern by considering what hap-
pens when a planar trend which scales as H = 1 is
removed from data which scales as 0 < H < 1. We ask
does the residual data possess scaling properties? Be-
cause the scaling exponents of the natural surface and
the plane are different, the answer will generally be no.
Further consideration of the scaling properties of nat- &
ural surfaces and their best fitting planar trend provides ¥
the following insight. At short length scales, the nat- %
ural surface has greater relief compared to the planar
trend. As we go to longer and longer length scales, the
relief of the plane rapidly approaches that of the data
because the scaling exponent of a plane H = 1 is signif-
icantly higher than the real surface H =~ 0.5. Removing
a planar trend therefore disproportionately affects relief
at the larger length scales, and in this way the scaling
behavior of the original surface is destroyed.




frontrols on Hypsometry

[ We have seen above that we can manufacture syn-
BE:hetic surfaces obeying Gaussian statistics which have
. oling exponents H approximately equal to those of
- atural topography. Yet the hypsometric curves for
@ natural and synthetic surfaces appear distinctly differ-
B ¢ (Figures 13 and 14). Thus length-scaling behavior
% not a complete or unique characterization of surfaces.
bThe statistics of real surfaces, as emphasized above, in-
 olve moments higher than order 2. In other words, the
Jevation distribution for real surfaces is “biased” either
ap or down.
- We suggest this reflects the underlying processes that
B :hape the Earth’s topographic surface. These are gener-
B lly grouped under two categories. First, tectonic forces
Emodify elevation patterns because the surface deforms
¥ under their action. Work is done against gravity by
P these forces in moving rock mass from low to high el-
k% . ations. Second, erosional processes operate on the
B8 :face of Earth to move material from higher to lower
g clevation (thereby expending gravitational potential en-
B ergy). We include weathering, transportation and de-
8 positional processes under the general term, erosional
j processes. Surface water and groundwater flows are the
2 principal agents for the removal and transport of the
® croded products of continental topography, although ice
and wind are locally important. Two things to note here
are that (1) we should expect that topography at any
¥ given time reflects the interaction of tectonic and ero-
. sional processes and (2) gravity introduces a directional
i “bias” (down is not the same as up, water does not

flow uphill). Geomorphologists have used hypsometric
curves to infer the relative “age” of landscapes, as men-
tioned above. We suggest that hypsometry might better
s reflect the relative importance of tectonic and erosional

S

processes in shaping topography. Tectonism, particu-
larly compressional tectonics, bias landscapes toward a
) greater proportion of area at higher elevation, whereas
: erosional/ depositional processes bias landscapes toward
k a greater proportion of area at lower elevation. Gravity
K provides the fundamental control on the elevation bias
Ein natural landscapes, since tectonic uplift represents
work done against gravity by tectonic forces, whereas
-érosion represents work done by gravity in redistribut-
k. ;ng topographic mass to lower elevations.

3 Conclusions

¢ We draw the following conclusions from our consider-
.. 3 ation of the techniques for measuring the length-scaling
& Properties of topography and the application of those
E techniques to natural and synthetic surfaces:

B 1 The relation Ahi(l) ~ cI¥ describes well the scal-
¥ ing behavior of natural topographic surfaces (as repre-
g sented by DEMs gridded at 3 arc sec). Over 3 orders of
magnitude range in length scale (about 0.1 to 150 km),
B overage values of the scaling exponent H between about
e 0-_5 t0 0.7 characterize DEMs from Ethiopia, Saudi Ara-
bia, and Somalia. Differences in apparent topographic
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roughness among the three areas most likely reflect dif-
ferences in the amplitude factor c.

2. By considering the scaling properties of topo-
graphic surfaces in the z and y directions separately,
we can assess the extent to which the scaling exponents
are azimuthally dependent (anisotropic), or whether
the scaling properties of the surface are isotropic while
the surface itself is anisotropic over a restricted range
of length scale. In this case, the degree of surface
anisotropy can also be determined from the scaling plot.

3. We conducted two experiments with DEMs and
synthetic surfaces to test whether topography possess
multiscaling as opposed to simple scaling properties.
The scaling exponents of the first- and second-order
structure functions (or scaling of the relief and the var-
jogram, respectively) determined for the DEMs are dif-
ferent. Although the difference in the scaling expo-
nents is small, it is positive, and provides evidence that
topographic surfaces are characterized by multiscaling
properties. Our experiment with the exceedance and
perimeter sets of fractional Brownian surfaces failed to
yield the trivial fractal dimensions expected of sets of
known monofractals. We suggest that thisis a practical
Jimitation arising from the use of finite resolution data
sets in the analysis.

4. By comparing the hypsometry of natural surfaces
with fractional Brownian surfaces, we illustrated the

" limitation of Gaussian synthetic surfaces as models for

natural topography. We suggest that hypsometry might
better be viewed as reflecting the relative importance of
tectonic and erosional processes in shaping topography,
rather than simply an indicator of the relative “youth”
or “maturity” of the landscape.

5. Scaling analysis provides a means to assess the
quality of DEMs and, in particular, to recognize arti-
facts that might be introduced into DEMs during their
construction.

6. Finally, we suggest it is unwise to remove a planar
trend from topography if the objective of the resulting
analysis is to estimate scaling properties.
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Pliocene to Recent Infilling and Subsidence of Intraslope

Basins Offshore Louisianal

Lincoln F. Pratson and William B. F. Ryan2

ABSTRACT

Intraslope basins on the lower eastern Louisiana
continental slope are modern analogs of large oil-
and gas-charged basins infilled on the upper
Louisiana slope and buried landward beneath the
shelf. High-resolution, gridded multibeam bathym-
etry and single-channel seismic reflection profiles
are used to (1) characterize the morphology and
shallow stratigraphy of 46 intraslope basins within
the outer slope region; and (2) look for surficial evi-
dence among the basins of slope channelways that
fed sediment flows to the Mississippi Fan during
the Pliocene-Pleistocene. Computer algorithms,
traditionally employed for automatically mapping
river networks in gridded land topography, are
used to extract morphologic measurements of the
intraslope basins from the gridded bathymetry. The
basins are found to average approximately 15 km in
length, 10 km in width, and 200 m in depth and
occur over a map area of about 50 km2. These
dimensions, however, can range over an order of
magnitude.

The intraslope basins examined exhibit (1) dis-
tinctive plots of basin area vs. relief (i.e., hypsomet-
ric curves).and (2) different near-surface (<2 sec-
onds two-way travel time) stratal geometries,
which together appear to reflect a continuum
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between two intraslope basin end-member mor-
phologies. Analysis of the hypsometric curves sug-
gests that the transformation between basin end
members is a result of differences in amounts of
basin subsidence relative to basin infilling. Compar-
ison with intraslope basins along a canyon-channel
system offshore Texas suggests that the transforma-
tion occurs as the basins are progressively infilled
downslope. However, seismic stratigraphic uncon-
formities within basin strata indicate asymmetric

- subsidence, presumably along growth faults bound-

ing the basins, which complicates this infilling by
periodically deepening the intraslope basins and
staving off their burial. Such subsidence appears to
have occurred over the Quaternary, deepening the
intraslope basins and helping mask any regional
bathymetric imprint of the slope pathways eroded
by sediment flows during the Pliocene and Pleis-
tocene.

INTRODUCTION

Numerous isolated and enclosed sea-floor de-
pressions, termed intraslope basins (Bouma et al.,
1978), populate the Texas-Louisiana continental
slope (Figure 1). The basins are shouldered by salt
diapirs and are often bounded by growth faults
(Worrall and Snelson, 1989). Similar features occur
in the subsurface of the Louisiana continental shelf
and are interpreted to be intraslope basins that
have been infilled and prograded over by the conti-
nental shelf (Pacht et al., 1990).

A number of both the buried shelf basins [e.g.,
Eugene Island Block 330 (Holland et al., 1980,
1990)] and modern slope basins [e.g., Jolliet field,
Green Canyon 184 (Brannon et al., 1993); South
Timbalier 295 field (Mason et al., 1993); Bullwin-
kle, Green Canyon 65 field (McCarthy et al., 1993)]
are now known to contain thick intervals (up to
tens of meters) of clean sands, which in some cases
reservoir large volumes (millions of metric barrels)
of oil and gas. Like the sands in the modern slope
basins, the sands deep in the infilled shelf basins
were deposited in bathyal water depths (200-2000
m: Mitchum et al., 1990). These sands, which are
distinct in well logs (Figure 2), generally occur in a

1483




Sy Regabings;--

i ek okt bihend s < i

St B pd

4 sa

ook

Lt b i S dki

1484 Intraslope Basins

96 ‘W 94w 92°W 90°W 88°W

30N

28N

26N

g

New Orleans

SSTUDY AREA
Y 2, =%
s \

92w

Figure 1—Bathymetry of the northwest U.S. Gulf Coast margin. Boxed region is the study area. Dashed lines within
study area outline the six NOAA bathymetric grids used to create the composite grid shown in Figure 4. Solid circles
represent the locations of the boreholes from which the well logs in Figure 2 are taken. Solid lines represent loca-
tions of seismic profiles showing buried Pliocene and Pleistocene submarine canyons. Dotted line marks main axis
of an upper Pleistocene canyon mapped by Pulham (in 1993). Contour map was made from bathymetry derived
from GeoBase (Menke et al., 1991) using GMT software (Wessel and Smith, 1991).

repeating vertical succession of (1) thick, laterally
continuous sheet sands interpreted to be basin
floor fans overlain by (2) more localized massive
sands interpreted to be amalgamating channels,
overlain in turn by (3) thinning-upward interbed-
ded sands and silts interpreted to be levee/over-
bank deposits (Mitchum et al., 1990; McGee et al.,
1993; Pulham, 1993). In the case of the modern
slope basins, the sands were delivered through
buried canyons (Figure 3), which, in at least one
instance (Pulham, 1993), have been documented
to extend to the Mississippi Fan (Figure 1).
Regional mapping of possible buried canyon sys-
tems and of the intraslope basins through which
the systems passed would present an important aid
in the search for sand reservoirs on the Texas-
Louisiana slope. It would also be of help in deter-
mining the timing of intraslope basin evolution and
sediment accumulation. Segments of the buried
canyons have been imaged in multichannel seismic

"

reflection profiles (Mann et al., 1992; Pulham,
1993), and a comprehensive map of buried
canyons on the eastern Louisiana slope is being
compiled (Weimer and Dixon, in press). So far,
slope morphology has been of limited help in locat-
ing these fairways, for unlike other continental mar-
gins, not even modern canyon/channel systems are
evident in the region’s lunar-like bathymetry. But if,
as suggested by Bouma et al. (1990), intraslope
basins associated with former canyon/channel sys-
tems are in some way unique, the identification and
linking of these basins could yield a first-order map
of potential sand reservoirs across the continental
slope.

One criterion for differentiating the intraslope
basins might be their shape. The basins are irregu-
lar in form and size. Until recently, they had been
best depicted in hand-drawn bathymetric maps of
the Texas-Louisiana slope constructed by Bryant et
al. (1990) from seismic reflection profiles.spaced at
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Figure 2—Example gamma-ray and resistivity well-log responses to Pliocene-Pleistocene turbidite sands drilled in
different intraslope basins immediately north of the study area (locations A-D shown in Figure 1). The sands,
which produce distinct low gamma-ray and resistivity kicks, are characteristically massive at the base, giving rise to
a relatively “blocky” log shape with clear top and bottom. Thinner sand units spaced apart by shale interbeds often
occur above. The overall well-log signal through the sands reflects a fining upward. The well logs are courtesy of P.

Weimer.

least 8 km apart. Much higher-resolution gridded
bathymetry of this region (Figure 4) has now been
released by the National Oceanic and Atmospheric
Administration (NOAA). This bathymetry, which
derives from complete multibeam bathymetric
mapping of areas within the Gulf of Mexico, accu-
rately documents the morphology of intraslope
basins at a resolution of 250 m.

The purpose of this paper is to use NOAA’s grid-
ded version of the bathymetry for the eastern
Louisiana continental slope (26-27.5°N, 90-92°W;
Figure 4) to obtain a better understanding of the
morphology of the intraslope basins—both as a
modern analog for the morphology of salt-shoul-

dered, oil-producing basins now buried beneath
the Louisiana continental shelf and as a means of
distinguishing patterns among the intraslope basins
that might lead to insights on the locations of
buried slope channelways. Computer algorithms
that delineate lows in gridded elevation data are
used to extract from the bathymetry measures of
the sizes and shapes of 46 intraslope basins that
occur within the study area. Single-channel seismic
reflection profiles collected by the U.S. Geological
Survey (USGS) are then used to relate the morphol-
ogy of these basins to general differences in the
stratal geometry of their upper sediment fill.
Although two end members and a transitional type
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Figure 4—Sun-shaded (illu-
mination from west) image
of the NOAA gridded
bathymetry within the
study area. Grid cell spacing
is 250 m. Study area encom-
passes the lower portion of
the eastern Louisiana conti-
nental slope, a segment of
the Sigsbee Escarpment,
and the western part of the
Mississippi Fan. Intraslope
basins are the numerous
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the slope surface.

Mississippi
Fan -

-3000 m
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of intraslope basin morphology are identified, their
distributions across the study area fail to form any
downslope linkages that might be attributed to for-
mer slope channelways. However, the analyses pro-
vide a geologically recent perspective on how
depositional infilling of the intraslope basins is off-
set by basin subsidence caused by the interplay of
sediment loading and salt withdrawal.

STUDY AREA
Geologic Setting

The study area (Figures 1, 3) encompasses a large
portion of the Louisiana continental slope, a segment
of the Sigsbee Escarpment, and part of the western
Mississippi Fan. It is located in the offshore slope
areas of Green Canyon and Walker Ridge. Water
depths range from 670 m in the northwest corner of
the study area to 3400 m in the southeast corner.

The portion of the slope covered by the study
area is part of a complex terrain created by the
deformation of the buried Louann Salt. The Louann
Salt was deposited in the northern and northwest-
ern region of the Gulf of Mexico in the Middle to
Late Jurassic during the opening of the Gulf of Mex-
ico when sea-floor spreading separated North
America from Africa and South America (Salvador,

90w

1987). During the Tertiary, rapid loading of deltaic
sediments along the Texas-Louisiana coast led
allochthonous appendages of the salt to be
emplaced in the overlying strata often seaward of
their original site of deposition (Humphris, 1978,
1979). Emplacement of this allochthonous salt has
occurred as a variety of structures—salt pillows,
stocks, bulbs, tongues, etc. Jackson and Talbot,
1986, 1989)—that underlie and complicate the sur-
face of the gentle (<1°) southward-dipping slope
plateau. This plateau runs from Texas to Louisiana,
extends up to 250 km seaward of the shelf break,
and ranges from 200 to 2200 m in water depth (Fig-
ure 1). The seaward front of the plateau is the Sigs-
bee Escarpment (Figure 4), which drops 600 to 800
m at an angle of 15 to 22° down to the Mississippi
Fan at a water depth of 3000 m.

NOAA Bathymetry

Bathymetry of the study area was collected by
NOAA using the SeaBeam swath mapping system, 2
hull-mounted, multibeam echo sounder (Renard and
Allenou, 1979; de Moustier, 1988). The system emits
a 12-kHz signal, which is beam formed to produce
16 equally spaced depth measures along a profile of
the sea floor that is perpendicular to the survey
direction and about 75% of the water depth in

depressions that pockmark

i
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Figure 5—Local slope mag-
nitudes. Scale at lower right
is in degrees below the hor-
izontal.
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length. Each of the 16 depth measurements in the
profile has a position accuracy of within 50 m and
vertical accuracy of within 1% of actual water depth.
The bathymetric profiles are recorded every few sec-
onds and build a swath of seafloor bathymetry cen-
tered along the track line followed by the survey
ship. In the case of the NOAA bathymetry, the ship
tracks were structured so that neighboring swaths
overlapped at least 10%, resulting in complete sea-
floor coverage of the study area (Grim, 1992).

The bathymetry was gridded by NOAA into six
grids (NOAA, 1989a, b, ¢, d, ¢, f; Figure 1), each
grid covering a map area measuring one degree of
longitude by one-half degree of latitude. The indi-
vidual grids are based on roughly 300,000 sound-
ings selected from 5 to 10 million “raw soundings”
(Grim, 1992). Grid projections are in Universal
Transverse Mercator (UTM) coordinates, and grid
node spacing is 250 meters. The six grids share a
common central longitude, and adjacent grids over-
lap by 1 to 2 km, allowing construction of the com-
posite grid shown in Figure 4.

Regional Slope Morphology
Despite the irregular morphology of the numer-

ous intraslope basins and intervening slope highs,
the regional dip of the continental slope is relatively

uniform. A best-fit surface to the gridded slope
bathymetry has a goodness-of-fit of 0.72 (or a multi-
ple correlation coefficient of 0.85) and yields a
mean slope gradient of approximately 0.5° dipping
170° from true north. Roughly the same goodness-
of-Ait, slope gradient, and dip direction are obtained
for best-fit surfaces determined using only the
depths of the floors of the intraslope basins (0.4°
dipping 172° from true north with a goodness-of-fit
of 0.74) and only the depths of the highs that sepa-
rate the basins (0.5° dipping 170° from true north
with a goodness-of-fit of 0.87). Although offset more
than 200 m, these two latter best-fit surfaces essen-
tially parallel one another, indicating that the intra-
slope basins do not become systematically deeper
or shallower seaward of the shelf break.

Local slope gradients are extremely variable and
can be quite steep. Figure 5 shows slope magnitudes
determined by calculating the best-fit surface to a 3 X
3 cell window (an area 750 m X 750 m square) cen-
tered on each grid cell. The flattest areas occur with-
in the floors of the intraslope basins and approach 0°.
The steepest areas occur along the walls of the basins
and along the Sigsbee Escarpment where slopes
often exceed 15° and in some instances reach 22°.

Slope dip directions are shown in Figure 6. The
directions are independent of slope magnitude and
therefore reflect any directional change in slope dip.
Dip directions within the intraslope basins change
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gradually, indicating that the basin interiors depicted
at the grid cell spacing of 250 m are in general surpris-
ingly smooth. Bathymetric evidence of mass wasting
is rarely seen despite the steepness of the intraslope
basin walls. Dip directions along the topographic
highs that separate the intraslope basins are much
more variable and often form a corrugated pattern
(Figure 6). This pattern reflects a surface roughness
that has a wavelength of approximately 5 to 10 km
and a relief of 10 to 50 m. Its cause is unclear.
Spectral analysis indicates that the intraslope
basins do not exhibit a periodicity to their occur-
rence or a preferred orientation. Slope bathymetry
yields a red-noise power spectrum (Figure 7) in
which statistically significant wavelengths relating to
the spacing of intraslope basins are not seen. The cir-
cular shape of the power spectrum indicates that
slope topography is isotropic, meaning that there is
no preferred orientation to the slope highs and lows.
Lacking in the bathymetry are any detectable trends,
notably the downslope lineations of canyons and
chutes seen along other continental slopes, which
tend to produce elliptical 2-D power spectrums.

MORPHOLOGY OF THE INTRASLOPE BASINS

The intraslope basins on the Texas-Louisiana con-
tinental slope have come to be recognized as mod-

Figure 7—Contour map of a two-dimensional power
spectrum in log coordinates derived from the NOAA
gridded bathymetry of the continental slope. Black lines
are contours for each magnitude change in power. The
spectrum represents the average of eight tapered spec-
tra that were calculated for a 256 x 256 cell window,
which was moved across the slope bathymetry at half-
window increments. Spectra were calculated using the
2-D fourier transform algorithm of Press et al. (1989).
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90° Figure 8—Map showing the
— locations and names of the

- 19. W. Pigmy

20. Orleans
"3+°21. N. Terrebonne .-
. 22. Orca
"+ 23. Pilsbury
.. 24. St Mary

¥ 25. Jefferson
'26. Terrebonne
::27. Aggasiz
" 28. Mitchell 27°
_..29. St. Bernard .
30. Lafourche
31. Choctaw

46 intraslope basins within
the study area. The basins
are delineated by two
boundaries: outer bound-
aries are the basin rims;
inner boundaries, which
encircle the darker-gray
areas, are all elevations
within the basins that occur
below the lowest (i.e., spill-
point) elevations along the
basin rims. Dotted lines are
track lines of SCS profiles
. 33. Natchez collected by the USGS.
.+ 34. Hydrographer
35. Plaquemines
..36. W. Chitimacha'
37. E. Chitimacha
...38. Atakapa ;
39. Arellano
40. Dorantes
**41. Karanka

42. Desoto

44. Estavanico

2. Harrison 7. Tamu 17. Vermillion 45. Iberia
26° 3. Longhorn 8. Hancock  18. Green ..46. Vaca 26°
92° Qj° 90°

ern analogs for salt-shouldered basins buried
beneath the Louisiana continental shelf (Pacht et al.,
1990, 1992). These buried shelf basins are among
the most prolific oil- and gas-charged basins in the
Gulf of Mexico, and in some instances the most pro-
lific in the world (e.g., Eugene Island Block 330;
Holland et al., 1980, 1990). The dimensions of the
buried shelf basins can be determined from closely
spaced seismic reflection data. But their original
form has undoubtedly been distorted by postburial
sediment loading/compaction, salt movement, and
faulting. A view of these basins prior to their burial
is provided by the NOAA gridded bathymetry of
intraslope basins on the eastern Louisiana continen-
tal slope. This bathymetry is used to compile mea-
surements of the sizes and shapes of the 46 intra-
slope basins that occur in the study area.

Delineation of the Intraslope Basins

Measurement of the sizes and shapes of the
intraslope basins first required delineation of the
basins in the gridded bathymetry. This was done
automatically using computer algorithms originally
designed for extracting drainage information on
river systems from digital elevation models of land
topography (see Jenson and Dominique, 1988, and
Pratson and Ryan, 1992, for details).

The intraslope basins were delineated by assigning
each grid cell in the bathymetry a unit vector, or flow
direction, that pointed to the one of eight neighbor-
ing grid cells that was steepest downslope. Grid cells
at the bottoms of the intraslope basins had no lower
neighboring grid cells, and so were flagged as having
no flow directions. By grouping all surrounding grid
cells with flow directions that led to these flagged
cells, the interiors of the basins were mapped up to
the basin rims, outlined by grid cells with flow direc-
tions that pointed away from the basins.

The rims of the intraslope basins are the outer
boundaries of the light gray areas shown in Figure 8.
The inner boundaries surrounding the dark gray
areas encircle elevations that occur below the lowest
elevation along the basin rims. This elevation is
referred to as the basin “spillpoint” and is used as a
proxy for the height to which each intraslope basin
could be infilled before sediments would begin to
bypass the basin (assuming no basin subsidence).

Intraslope Basin Dimensions

Table 1 lists the 46 intraslope basins, their geo-
graphic locations, and their dimensions as mea-
sured using each basin’s spillpoint contour (inner
boundaries, Figure 8). The measurements provide
the exploration geologist with a reference as to the
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Table 1. The Intraslope Basins Within the Study Area, Their Locations, and Their Dimensions Based on Each

Basin’s Spillpoint Contour*
Mean Mean Length Width  Perimeter Area Volume Relief Stratal

Basin Latitude Longitude Gm) km) (km) (km?2) (km3) (m)  Geometry
Stewart 27° 27N 90° 42" W 17.6 9.3 51.8 131.3 175.2 80 Bowl
Harrison 27°25'N 90° 59° W 12.5 4.3 34.8 41.8 60.3 85 Bowl
Longhorn 27° 23’ N 91° 36" W 16.7 6.3 54.0 93.9 142.7 227 Box
Tiger 27°21'N 91°15'' W 21.6 83 55.6 120.2 207.1 159 Barrier
Leipper 27°25'N 91° 54’ W 4.0 1.8 9.9 5.5 5.6 75 .
Tambalier 27°.23'N 91° 25" W 7.2 3.8 21.4 24.5 35.0 155 Box
Tamu 27°16'N 91° 48" W 17.2 9.8 50.4 125.0 188.6 166 Barrier
Hancock 27° 19N 91° 08’ W 17.5 9.3 51.8 - 1313 209.8 346 Barrier
Ship 27° 17N 90° 53’ W 13.9 8.8 44.8 113.4 189.6 158 Barrier
West Tamu 27°20'N 91° 55" W 8.3 4.3 24.2 27.9 39.2 78 Barrier
Cat 27°15'N 90° 42" W 7.6 5.3 20.6 30.7 45.2 101 Bowl
Pigmy 27°11'N 91°26"W 28.7 9.8 86.3 226.1 4527 521 Box
Cameron 27°08'N 91°56'W 5.0 33 14.5 12.3 20.0 .53 Barrier
Tison 27°09’N 90° 59’ W 15.3 5.3 42.6 60.9 108.5 270 Box
Saint Tammany 27° 08’ N 91° 15''W 17.6 8.3 55.5 109.9 210.8 305 Barrier
Researcher 27° 08’ N 90° 52" W 9.1 8.3 28.5 61.2 105.7 174 Bowl
Vermillion 27° 06’ N 91° 47" W 13.5 5.3 35.6 51.9 86.8 200 Bowl
Green 27° 04’ N 90° 37"'W 129 6.8 36.4 65.8 112.7 57 Bowl
West Pigmy 27°07'N 91° 36’ W 5.5 3.3 16.0 14.1 25.6 106 Box
Orleans 27°02'N 91° 04" W 11.3 7.3 32.0 64.3 127.2 150 Barrier
North Terrebonne 27°01'N 91° 33" W 16.3 5.3 44.6 56.2 119.5 247 Box
Orca 26° 57N 91°20°'W 26.5 12.8 83.2 311.8 684.1 466 Box
Pilsbury 26°57'N 90° 53’ W 10.3 7.3 30.8 61.6 117.2 166 Bowl
Saint Mary 26°55'N 91° 53 W 25.7 83 75.4 156.3 289.1 194 Bowl
Jefferson 26° 56’ N 91° 13" W 14.9 7.3 44.3 80.4 165.8 228 Box
Terrebonne 26° 46’ N 91° 39" W 333 113 114.4 295.0 626.1 281 Box
Aggasiz 26°52'N 90° 58’ W 23.7 83 66.9 146.3 299.5 301 Box
Mitchell 26° 50’ N 90° 46'W 19.2 9.8 53.2 148.5 289.3 216 Bowl
Saint Bernard 26° 43’ N 91°01"''W 6.5 4.8 20.5 26.2 53.0 93 Barrier s
Lafourche 26° 49'N 91° 29" W 8.1 6.3 23.0 38.2 70.9 51 . “
Choctaw 26° 44’ N 91° 18’ W 255 12.8 68.6 242.7 550.5 443 Box i
Mattison 26° 43’ N 90° 47" W 7.8 5.8 21.8 333 68.1 75 . %
Natchez 26° 41'N 91° 41°''W 11.2 2.3 35.1 84.8 169.1 227 . _Af-
Hydrographer 26° 38’ N 90° 49" W 13.8 7.3 389 85.4 192.1 212 Bowl §
Plaquemines 26° 36'N 91° 02'' W 9.6 6.3 26.4 45.0 93.2 75 Bowl 3
West Chitimacha 26°32'N 91°28' W 24.1 13. 92.8 251.9 584.6 442 Box -
East Chitimacha 26°32'N 91°17"'W 237 133 68.2 214.5 495.5 282 Bowl Z
Atakapa 26° 30’ N 91° 41"'W 21.6 9.8 74.0 175.6 404 .4 366 Box i
Arellano 26° 28’ N 91° 05" W 9.7 23 22.4 18.6 40.2 77 . -5
Dorantes 26° 25’ N 91° 19 W 16.4 9.3 47.7 119.9 267.5 242 Barrier 4}
Karanka 26° 24’ N 91° 49’ W 15.9 6.8 43.9 84.8 193.5 324 Barrier K
Desoto 26° 25'N 91°12’'W 7.9 5.3 21.6 29.6 64.0 66 Bowl <_
Castillo 26°22'N 91°25'W 8.9 5.3 24.1 38.5 84.1 106 . o
Estavanico 26° 18’ N 91°30°' W 14.2 9.3 40.2 101.1 231.4 126 Bowl -
Iberia 26°17’N 91° 59" W 9.0 2.3 21.0 14.6 34.9 200 Box
Vaca 26° 13'N 91° 47' W 22.9 12.8 72.3 241.7 594.2 412 Bowl
Minimum 4.0 1.8 9.9 5.5 5.6 51
Maximum 333 133 114.4 311.8 684.1 521
Range 29.3 11.5 104.4 306.3 678.5 470
Mean 15.0 7.4 44.4 100.3 202.8 204
Standard Deviation 7.1 3.0 23.3 79.9 181.2 123.6

*Length = diameter of smallest circle that encloses basin; width = diameter of largest circle enclosed by basin; perimeter = length of basin perimeter; area =
surface area of basin interior; volume = volume of basin interior; relief = difference in elevation between basin spilipoint and deepest point within basin; * =
USGS seismic survey did not cross basin.
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Figure 9—Distribution of
regional bathymetric lows
and the three types of
intraslope basin morpholo-
gies identified in the study
area. Thick black lines are
bathymetric lows mapped
using drainage extraction
V’\ algorithms applied to NOAA
bathymetric grids after

L \ infilling intraslope basins
to their spillpoints. Also
shown are the relative loca-
tions of Pleistocene subma-
rine canyons buried along
the shelf edge (Woodbury et
al., 1978; Berryhill et al.,
1987), canyon/channel
axes mapped on the upper
slope immediately to the
north of the study area
(modified from Mann et al.,
1992), and the locations of
channel-levee complexes
abandoned at the foot of
the Sigsbee Escarpment
(modified from Weimer,
1989). The canyons mapped
by Woodbury et al. (1978)
(canyons A-D) and Mann et
al. (1992) (canyons I-VID)
are labeled according to age
of burial (A and I being the
oldest). The LW canyon
mapped by Berryhill et al.
(1987) is interpreted to be
Iate Wisconsinian.

28N

27°N

possible sizes of similar basins now buried beneath
the Louisiana continental shelf. The intraslope
basins within the study area range from 4 to 33 km
in length, 2 to 13 km in width, and 6to 312 km2in
map area. Basin relief is cast in terms of depth
below the spillpoint contour, and ranges from 51 to
521 m. As will be shown, these depths may vary
over time as a result of the competing influences of
sediment infilling and basin subsidence. ’

SEARCH FOR SURFICIAL EVIDENCE OF
FORMER SLOPE SEDIMENT FAIRWAYS

Regional Bathymetric Lows as Potential
illed Sediment Fairways

As noted above, submarine canyons are not read-
ily identifiable in the NOAA bathymetry. Linear

depressions resembling channels partially ring sev-
eral of the intraslope basins (e.g., Cat, Researcher,
St. Bernard, Choctaw, and Desoto, Figures 8 and 4),
but shallow-penetration, single-channel seismic
reflection profiles collected by the USGS in these
areas show the depressions to be grabens or bot-
toms of scarps corresponding to basin-bounding
faults that extend into the subsurface (Twichell and
Delorey, in press).

Deeper-penetration seismic reflection profiles
reveal buried canyons/channels that passed into
intraslope basins immediately north of the study
area (Figure 9; Mann et al., 1992). If these canyons
extended into and across the study area, they might
be overlain by regional bathymetric lows (e.g., Mis-
sissippi trough to the east, which overlies the
buried Young Timbalier Canyon; Shipp, 1993).
Delineation of such bathymetric lows is readily
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done with the drainage extraction algorithms used
to map the intraslope basins. However, a present
limitation in using the algorithms for this purpose
is that depressions in an elevation grid first have to
be “infilled.” This is because the flow direction
scheme employed by the algorithms identifies
drainage routes as continuous paths of (monotoni-
cally) decreasing elevation. Once a chain of flow
directions leading downslope across an elevation
grid enters a depression, it dead-ends at the base of
the depression. As a result, depressions, such as the
intraslope basins, act to segment drainage routes
extracted by the algorithms.

In order to map bathymetric lows in the study area
that extend from the upper slope to the lower slope
and out onto the Mississippi Fan, a depressionless ver-
sion of the NOAA bathymetric grid was first generated
by infilling each intraslope basin up to its spillpoint
elevation. Flow directions for this depressionless ver-
sion of the bathymetric grid were then determined,
and were used to compute the total number of grid
cells that occurred upslope of, and directed flow into,
each grid cell. These totals represented the sea-floor
area “drained” by each grid cell. Bathymetric ridges
were delineated by grid cells with the lowest drainage
areas, whereas bathymetric valleys were delineated
by grid cells with the highest drainage areas. This
characterization of the bathymetry allowed regional
bathymetric lows to be mapped as those grid cells
with sea-floor drainage areas greater than or equal to a
user-defined threshold.

Figure 9 shows a map of regional bathymetric
lows linking several series of intraslope basins
across the study area. The lows are mapped as all
grid cells draining sea-floor areas equal to or in
excess of 5000 grid cells (1250 km?). The lows are
not mapped to the upslope edges of the grid where
grid cell drainage areas are less than the threshold.

The mapped bathymetric lows occur seaward of
buried submarine canyons on the continental shelf
(Woodbury et al., 1978; Berryhill et al., 1987) and
upper slope (Mann et al., 1992), and lead toward
abandoned channels on the western Mississippi Fan
(Weimer, 1989). Their occurrence represents one
possibility as to the former routes of Pliocene-Pleis-
tocene sediment fairways, and of the intraslope
basins they crossed through on the mid to lower
slope. Note, however, that because of salt deforma-
tion during the Quaternary, the bathymetric lows
mapped in Figure 9 may have little to no relation to
former sediment fairways now buried beneath the
continental slope.

Basin Hypsometry
A second way of trying to locate buried sedi-

ment fairways using sea-floor bathymetry, and pos-
sibly to substantiate the computer-delineated sedi-

ment fairways in Figure 9, is to look for differences
in the shapes of the intraslope basins that might be
associated with infilling and/or bypassing of the
basins by gravity-driven sediment flows. If such an
association exists, former sediment fairways should
be manifest in the spatial distribution of intraslope
basins with distinctive basin morphologies.

The morphology of intraslope basins can be
characterized in a variety of ways—e.g., circularity,
elongation, and other form ratios such as those
given by Davis (1986). Of the measures explored,
the hypsometric curve was found to provide the
most morphologic information, for it takes into
account both the surface area and relief of the
intraslope basins.

Hypsometric curves represent the relative pro-
portion of the map area of a basin enclosed by each
elevation contour within the basin. The curves are
constructed by plotting a graph of basin elevation
against the cumulative percentage of basin map area
at or below each elevation (Strahler, 1952). The
curves are read such that approximately 0% area
occurs at the bottom of the basin, whereas 100%
occurs at or below the highest point along the basin
rim (outer boundaries of basins shown in Figure 7).
The shapes of the curves between these two eleva-
tions depend on how the area of the basin increases
with increasing elevation. For example, the hypso-
metric curve for a basin shaped like a half sphere is
concave, because most of the basin area occurs at
low elevations (Figure 10). The hypsometric curve
for a basin shaped like a cone, on the other hand, is
convex, because most of the basin area occurs at
high elevations (Figure 10). Intermediate between
the'two is a basin shaped like a circular parabola
(Figure 10). In this type of basin, there is a constant
increase in basin area with elevation, and the result-
ing hypsometric curve is a straight line.

The udique shape of this last hypsometric curve
is used here as a reference for distinguishing two
types of hypsometric curves commonly exhibited
by the intraslope basins. The first, type A, falls com-
pletely below the reference curve and generally
resembles the hypsometric curve of a half sphere
(e.g., Mitchell Basin, Figure 11A). The second, type
B, crosses the reference curve and commonly has a
bottom half that arcs above it and a top half that
arcs below it (e.g., West Chitimacha Basin, Figure
11B).

Shallow Basin Stratigraphy

In order further to categorize the morphology of
the intraslope basins, the hypsometric curves were
related to the shallow stratigraphy (<1.5 seconds
two-way travel time) within the basins imaged in
single-channel seismic (SCS) reflection profiles.
The SCS profiles available for this study were ana-
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Figure 10—(A) Bathymetric
profiles through hypotheti-
cal, circular basins with dif-
fering cross sections. ®)
Corresponding hypsomet-
ric curves for the basins.

Circular Parabola

log profiles collected by the USGS using a small
(160 in.3) air gun and a two-channel hydrophone
receiver (EEZ-SCAN Scientific Staff, 1987). The
recorded data were filtered at 15 to 300 Hz. Data
coverage is shown in Figure 8.

The SCS profiles show that the intraslope basins
vary in terms of the stratal geometry of their shal-
low sediment fill. These differences are used to dis-
tinguish three types of intraslope basins. The first
type of basin tends to have a bowl-shaped cross
section and is referred to as a “bowl” basin (Figure
12A-D). The shallow fill in the basin appears in the
SCS profiles as subparallel reflectors bounding
units that thicken toward the basin’s center. These
reflectors also extend up the basin’s walls and are
clearly continuous with reflectors bounding units
on the ridges surrounding the basin.

The second type of intraslope basin is referred to
as a “box” basin, because a characteristically abrupt

change in sea-floor slope at the basin floor/wall
transition gives the basin a more box-shaped cross
section (Figure 12I-L). The floor of this basin is
commonly tilted, and in the SCS profiles, subbot-
tom reflectors beneath the basin floor always
diverge toward its deeper side. The shallow sedi-
ment fill within the basin is generally confined to
the basin interior. Subbottom reflectors beneath
the basin floor appear to end at the floor/wall tran-
sition, and cannot be traced separately up the walls
to reflectors perched along the basin rim.

The third type of intraslope basin seems to be a
transitional form between the bowl- and box-shaped
basins (Figure 12E-H). Like the box basins, the floor
of this transitional type of basin is tilted, and underly-
ing subbottom reflectors diverge toward, and appear
to terminate against, the wall bounding the basin’s
deeper side. On the opposite, shallower side of the
basin, however, the subbottom reflectors can be




1498 Intraslope Basins
TYPE - AHYPSOMETRY TYPE - B HYPSOMETRY Figure 11—Examples of the
two types of hypsometric
Mitchell West Chitimacha curves commonly exhibited
1.0 1.0 by the intraslope basins
s e within the study area.
0.8 1 e 0.8+ s Graphs at top are the type A
5 06 7 S 7 hypsometric curve of
5 ¢ s 5 06 - Mitchell Basin and the type
x 0.4- - x 0.4 B hypsometric curve of
g ’ < g 7 ~ West Chitimacha Basin vs.
= 0.2 < =~ 0.2 the straight, dashed refer-
Z B ence hypsometric curve.
0.0 y PR ' 0.0 ' ' ' ‘ Graphs at bottom are repre-
0.0 02 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 .
Total Area Total Area sentative bathymet.ric pro-
files across the basins.
~ -1000 ~ -1000
N Q
a @
P | -~J
3 -1500 ] 8 -1500
1] 1]
3 -2000 3 -2000
a4] [24]
o o
2 .2500 S -2500
O - o
= s
-3000 ) -3000
5 10 15 5 10 15
Kilometers Kilometers

clearly traced up the basin wall to reflectors underly-
ing the surrounding intraslope ridges—a characteris-
tic common to the bowl basins. Because the wall
along the deeper side of the basin appears as a bul-
wark to the basin’s sediment fill, this type of intra-
slope basin is referred to as a “barrier” basin.

Relation Between Basin Hypsometry and
Shallow Stratigraphy

A critical drawback to classifying the intraslope
basins in terms of the three basin types described
above is that the basin types are based on only one
or two SCS profiles across each basin (Figure 8).
Furthermore, almost all of these profiles are orient-
ed in the same along-the-slope direction. As a
result, the variation in shallow subbottom stratigra-
phy used to distinguish the different types of intra-
slope basins could be purely an artifact of limited
and/or biased data coverage. A correspondence,
however, is seen between the type of hypsometric
curve exhibited by each intraslope basin and the
stratal geometry of its upper sediment fill.

Figure 13 graphically depicts the relation
between the hypsometric curves and the stratal
geometries of the 40 (of 46) intraslope basins
crossed by an SCS profile. Of the 14 intraslope

basins identified as bowl basins, all but one exhibit
type A hypsometric curves. Of the 13 intraslope
basins identified as box basins, all but one exhibit
type B hypsometric curves. And of the 11 intraslope
basins identified as barrier basins, seven have type A
hypsometric curves and four have type B hypsomet-
ric curves. |

The relatively consistent association of type A
hypsometric curves with bowl basins and of type B
hypsometric curves with box basins supports the
distinction made between these basins on the basis
of the limited number of SCS profiles. The mixed
association of type A and type B hypsometric curves
with barrier basins also lends credence to the idea
that these basins are a transitional form between
bowl and box basins. Although evaluation of addi-
tional SCS profiles in the study area would better
establish whether or not bowl, box, and barrier
basins are truly distinct, these subdivisions are ten-
tatively used here to classify the intraslope basins
and examine their distribution across the study area.

Distribution of Intraslope Basin Types

Figure 9 shows the locations of bowl, box, and
barrier basins in the study area. Only those basins
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Figure 13—Bar graph showing the correspondence
between the three types of stratal geometries used to

distinguish among the intraslope basins and the two -

types of hypsometric curves exhibited by the intraslope
basins.

crossed by an SCS profile are classified as one of
the three basin morphologies. The different intra-
slope basin morphologies tend to form clusters.
The box basins principally occur in the western
half of the study area, distributed seaward across
the mid-slope along or near the bathymetric lows
mapped using the drainage extraction algorithms.
The barrier basins are most common in the north-
ern part of the study area, closest to the present-
day shelf edge. And the bowl basins tend to occur
around the perimeter of the study area, often far-
thest away from the present shelf edge.

Noticeably absent in the distribution of the
intraslope basin types are any apparent linkages or
downslope-trending patterns that could be inter-
preted to reflect the locations of former slope sedi-
ment fairways. The succession of box basins in the
western part of the study area associated with the
bathymetric lows mapped in this region is intrigu-
ing but not consistent. Several bow! and barrier
basins also occur along these bathymetric lows,
and randomly disrupt the sequence of box basins
leading toward the Sigsbee Escarpment.

DISCUSSION

The categorization of the intraslope basins as
bowl, box, and barrier basins fails to provide direct
evidence as to the routes sediment flows once used
to cross the Louisiana continental slope and reach
the Mississippi Fan. There are at least three possible
reasons why this is so. One is that no trace of the
former sediment fairways remains on the present-
day surface of the Louisiana continental slope, at
least not at the 250-m resolution of the NOAA
bathymetric grids. The second reason is that the
morphologic-stratigraphic differences noted among
the intraslope basins are the consequences of more
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Figure 14—Illustration of how different basin-forming
processes might affect the shape and hypsometric curve
of a hypothetical basin that initially has a straight line
for its hypsometric curve. See text for discussion.

than simply an association with slope sediment fair-
ways. A third reason is that few (if any) direct sedi-
ment fairways were established across this region
of the slope. Instead, there may have been a more
dispersive, anastomosing, and/or temporally shift-
ing system of slope sediment passages fostered by
the changing shapes of the basins as they evolved
in response to an interplay between sediment infill-
ing and salt withdrawal.

Assessing the Influence of Salt Tectonics and
Sedimentary Processes on Basin Hypsometry

The intraslope basins have been shaped by a vari-
ety of processes. These processes have included salt
uplift, encroachment, and withdrawal, which have
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Figure 15—General illustration of the differences in salt body geometries surrounding interdomal, interlobal, and

supralobal basins. Modified from Simmons (1992).

created the basins; and sedimentation and mass
wasting, which have infilled the basins. Of interest
is the relative influence each of these processes has
had on the present-day form of the intraslope
basins. One way of trying to.determine this is by
exploring how each of the processes might alter the
shape of a hypothetical basin having the hypsome-
try of the reference curve (Figure 14A).

Individually, neither salt uplift nor salt encroach-
ment appears capable of altering the form of an
intraslope basin toward one with a hypsometric
curve resembling those associated with the intra-
slope basins in the study area. Both salt uplift and
salt encroachment presumably would bulge the
walls of an intraslope basin inward (Figure 14B). In
the case of the hypothetical basin, this would
reduce the map area at or near the basin floor,
resulting in a hypsometric curve that would arc
above the reference curve. Of the intraslope basins
in the study area, all but one (Leipper Basin) has a
hypsometric curve that either arcs below or Cross-
es the reference curve.

Similarly, the basin hypsometries observed in the
study area also do not appear to be attributable to
the individual effects of either salt withdrawal or
mass wasting. Salt withdrawal associated with sedi-
ment loading is believed to be the principal mecha-
nism by which the intraslope basins are deepened
(Barton, 1933; Seni and Jackson, 1983; West, 1989).
Deepening of the hypothetical basin would reduce
the map area of the basin floor, which, like salt
uplift or encroachment, would drive the basin’s
hypsometric curve to arc above the reference
curve (Figure 14C). In opposition to salt withdraw-
al, mass wasting contributes to basin infilling
through the transfer of materials from the basin
walls to the basin floor (Figure 14D). However,
while the floor of the basin is raised by deposition,
the walls are regraded by erosion, and the increase
in map area at or near the basin floor is more than

offset by the increase in map area along the basin
walls. Consequently, the hypsometric curve that
would result from basin modification by mass wast-
ing would also appear to arc above the reference
curve (Figure 14D).

The examples above illustrate that in order for
an intraslope basin to have a hypsometric curve
that, like many of those in the study region, arcs
below the reference curve, the map area encom-
passed by elevations in the lower half of the basin
must be greater than the map area encompassed by
elevations in the upper half of the basin. Of the
major processes that act on the intraslope basins,
infilling by sediments derived from outside the
basin is one that clearly brings about such a redistri-
bution in basin elevations. This infilling, however,
cannot be uniform across both the walls and floor
of a basin (e.g., strictly pelagic sedimentation), for
although the basin will be infilled, its form will be
preserved and its hypsometric curve unchanged.
Instead, deposition must be greatest on the basin
floor, which can be plainly seen in the SCS profiles.
Such deposition is characteristic of gravity-driven
sediment flows, suggesting that terrigenous materi-
als represent the most significant component of
intraslope basin fill. Recent drilling results support
this interpretation (Boyd et al., 1993).

Infilling by gravity-driven sediment flows can
alter the shape of an intraslope basin in one of two
ways. The first is to make the basin more bowl
shaped. Sediments are deposited throughout the
basin, including the walls, but the thickest accumu-
lation occurs in the deepest part of the basin (Fig-
ure 14E). As the basin infills, its hypsometric curve
changes to one that arcs below the reference
curve, much like the type A hypsometric curves of
bowl basins (compare with the hypsometric curve
of Mitchell Basin, Figure 11A).

The second way an intraslope basin’s shape can
be altered is if deposition is restricted to the basin
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floor (Figure 14F). In the case of the hypothetical
basin, this would result in a box-shaped basin with
a flat floor, but one with a hypsometric curve
resembling neither of the curves (types A or B)
observed in the study area. However, if the basin
then were to undergo differential subsidence, say
along a growth fault bounding the basin, the basin
floor would be tilted, and its hypsometric curves
would take on the form of the type B curves associ-
ated with box basins (Figure 14G); the lower half
of the curve would arc above the reference curve,

whereas the top half would arc below it (compare

with the hypsometric curve of West Chitimacha’

Basin, Figure 11B).

Sediment Infil]ing and the Transition
in Basin Type

Analysis of the hypsometric curves points to an
interplay between sediment infilling and basin sub-
sidence as the cause of the morphologic variations
observed among the intraslope basins. An example
of how this interplay may result in the transition of
basin types tentatively identified in the SCS profiles
can be seen in the shallow stratigraphy of five
intraslope basins on the Texas continental slope
(94-95°W). Satterfield and Behrens (1990) show
that these basins were successively infilled down-
slope by turbidites from a submarine canyon that
passed through the basins. In the USGS seismic
reflection profiles, the three shallowest basins
along the upper part of the canyon system are com-
pletely infilled, and have bowl basin stratal geome-
tries (e.g., Basin IT of Satterfield and Behrens, Figure
12D). The basin downslope along the midsection
of the system is partially filled and has a barrier
basin stratal geometry (Basin IV of Satterfield and
Behrens, Figure 12H). And the fifth basin at the end
of the system, although obscured by a data gap in
the SCS profile, looks to be the deepest, and
exhibits characteristics of a box basin (Basin V of
Satterfield and Behrens, Figure 12L).

This downslope succession from bowl to barrier
to box basins suggests that the different intraslope
basin morphologies reflect progressive stages of
infilling. Box basins would represent the early
stages of infilling, when sediment input is relatively
low and not sufficient to overcome the differential
subsidence deepening the basins. Barrier basins
would represent the mid-stages of infilling, when
sediment input begins to outpace subsidence and
the basins start to infill with materials that princi-
pally enter from one side of the basin. And bowl
basins would represent the latter stages of infilling,
when materials are deposited across the basin and
onto the surrounding intraslope ridges as sedi-
ments begin to bypass the area.

Masking of Sediment Drainage by Salt Tectonics

Seismic stratigraphic unconformities identified
within the shallow stratigraphy of the intraslope
basins indicate that the rather simplistic sequence
of basin infilling described above is complicated by
basin subsidence, presumably caused by salt with-
drawal. Surfaces of onlap within the fill of the
intraslope basins suggest that, unless net sedimen-
tation continues to exceed net subsidence, infilling
may change to deepening and reverse the transi-
tion from box to bowl basins. The onlap surfaces
are seen in all three types of intraslope basins (Fig-
ure 12), and were formed during intervals when
the dipping floors of the basins were leveled by
sedimentation. Subsidence then followed, probably
by movement along 2 basin-bounding growth fault,
and the floors of the basins were tilted once again.
This recurring subsidence appears to have allowed
the intraslope basins to continue capturing materi-
als over the course of multiple phases of deep-sea
sedimentation. It has also probably episodically
altered the stratal geometry of the sediments filling
the basins, possibly reverting bowl basins back to
barrier basins, and barrier basins back to box
basins.

Subsidence within the intraslope basins appears
to have continued since the last great influx of ter-
rigenous sediment to the study area. All of the
intraslope basins examined are more than 50 m
deep, and on average are more than 200 m deep. In
the Green Canyon area, where several large
Pliocene-Pleistocene oil and gas sand fields have
been discovered [Jolliet field (Brannon et al., 1993);
Bullwinkle field (McCarthy et al., 1993); Green
Canyon Block 205 (Rafalowski and Bergeon,
1993)], intraslope basins in the southern part of the
area (e.g., Green, Cat, Researcher, and Ship) aver-
age more than 100 m in depth below their spill-
points. Weimer (1989, 1990) interprets the
youngest of the channel-levee systems on the Mis-
sissippi Fan seaward of this region (systems 8 and
9) to have formed more than 1.2 million years ago.
Assuming that these basins were infilled to their
spillpoints at that time, their present depths would
require them to have subsided at a net average rate
of roughly 10 cm/k.y. Whether this rate is less than
or greater than the rate of basin subsidence caused
by salt withdrawal is difficult to determine. The
competing effects of basin fill compaction and con-
tinued slope sedimentation have also contributed
to the intraslope basins’ present relief.

The effect of basin subsidence on patterns of
Pliocene-Pleistocene sediment drainage across the
study area apparently has been profound. As dis-
cussed above, there is ample subsurface evidence,
both in multichannel seismic reflection profiles
and boreholes, that erosional canyons crossed the




slope just north of the study area (Figures 1-3) and
delivered thick sequences of clean turbidite sands
to intraslope basins removed from the present-day
shelf edge (Figure 2). The numerous abandoned
channel-levee complexes mapped by Weimer
(1989) at the foot of the Sigsbee Escarpment (Fig-
ure 9) imply that more than a few of these canyons
made it all the way to the Mississippi Fan. Studies of
ponded minislope basins on convergent margins
(Thornburg and Kulm, 1987; Klaus and Taylor,
1991) and passive margins (Satterfield and Behrens,
1990) suggest that to cross the study area, subma-
rine canyons on the eastern Louisiana slope would
have first had to infill each intraslope basin they
entered at least up to the basin’s spillpoint before
they could have extended farther downslope. Yet,
in the study area, there are no trends in the
bathymetry or in the form of the intraslope basins
that can be clearly attributed to such a progressive
downslope infilling of the basins. :

One possible reason for the.absence of such
trends is that, because of the complex interplay of
sedimentation and salt deformation (exhibited in
the forms of the intraslope basins), the devélop-
ment of major sediment fairways to the Mississippi
Fan was inhibited in this region. Salt movement
triggered by sediment loading may have instead
promoted a complex and dispersive system of
canyons/channelways that entered/exited the
intraslope basins at more than one location. Fur-
thermore, these canyons/channelways may have
changed position over time as the intraslope basins
evolved in response to salt movement and the shift-
ing location of sediment input from the shelf edge
(Figure 9). An amalgamated history of sediment
infilling within the basins, coupled with continued
basin subsidence, is one possible reason why a pat-
tern of downslope sediment transport is not readily
discernable in the distribution of the differently
shaped intraslope basins.

An important element missing in considering
this distribution, however, is time. It appears from
the analyses conducted here that the intraslope
basins have assumed different forms at different
stages of their infilling. If each of the basin shapes
could be classified in terms of a specific time inter-
val (something not possible with the database used
in this study), a pattern of downslope sediment
transport on the eastern Louisiana slope might
emerge.

The Influence of Salt Structure
on Basin Morphology

The focus of this study has been on aspects of
intraslope basin morphology and shallow stratigra-
phy attributable to sediment infilling and basin sub-
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sidence. Beyond the paper’s scope is the nature of
the shallow salt structures surrounding and under-
lying the intraslope basins, which have also been
an important influence on basin shape (i.e., size,
planform shape, etc.). The relation of these struc-
tures to basin form is briefly considered here.

One of the most extensive studies of the salt
structures underlying the study area is that of Sim-
mons (1992). He identifies three types of intraslope
basins (Figure 15): interdomal basins, which have
formed between vertically intruded salt domes,
ridges, and/or massifs; interlobal basins, which
have formed between shallow, laterally intruded
salt lobes spreading away from the tops of nearby
salt domes; and supralobal basins, which have
formed above, and are subsiding down into, lateral-
ly intruded salt lobes.

Although Simmons (1992) has not classified the
structures of all the intraslope basins within the
study area, there is a close correspondence
between the basins he identifies as supralobal and
interlobal basins, and the basins identified in this
study as bowl- and box-shaped basins, respectively.
For instance, the bowl-shaped basins Vaca and Esta-
vanico have supralobal basin structures (Figure 26
on p. 49 in Simmons, 1992), whereas the box-
shaped basins Pigmy (Figures 40, 41 on p. 68, 69 in
Simmons, 1992) and North Terrebonne (Figure 47
on p. 77 in Simmons, 1992) have interlobal basin
structures. Furthermore, the supralobal basins,
which Simmons (1992) interprets to be in the
youthful stage of intraslope basin formation, are
most prevalent along the outer slope in the same
areas where bowl basins are found. The interlobal
basins, which may represent a more mature phase
in intraslope basin development, are widespread
across the middle slope in the region where box
basins are common. The relation of barrier basins
to subsurface salt structure, on the other hand, is
uncertain. Both Dorantes Basin, which is a
supralobal basin (Figure 30 on p. 53 in Simmons,
1992), and St. Tammany Basin, which is an interlob-
al/interdomal basin (Figure 45 on p. 74 in Sim-
mons, 1992), have barrier basin morphologies.
Regardless of this ambiguity, the distribution of
intraslope basin morphologies (Figure 9) appears
to exhibit a much clearer association with the
structures of the salt bodies that surround the
basins than with the possible locations of former
slope sediment fairways.

SUMMARY

The intraslope basins on the Texas-Louisiana
continental slope are modern analogs of basins rich
in turbidite sands buried beneath the Louisiana
continental shelf and on the upper slope (Holland
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et al., 1990; Mitchum et al., 1990; Pacht et al.,
1990, 1992). The buried shelf basins formerly resid-
ed at the slope surface, but were prograded over by
the Mississippi River depocenter during the
Pliocene-Pleistocene. In order to give the explo-
ration geologist a firmer understanding of the origi-
nal dimensions of these buried basins, high-resolu-
tion gridded multibeam bathymetry is used to
compile measurements of the sizes and shapes of
modern-day intraslope basins on the eastern
Louisiana slope. The bathymetry, along with SCS
profiles, are also examined for surficial evidence of
former sediment fairways in an effort to facilitate
the search for sand reservoirs in this area.

Neither the overall morphology of the slope nor
the morphologies of the individual intraslope
basins provide any direct indication as to the loca-
tions of former sediment fairways. But the mor-
phologies of the intraslope basins do provide
insight into the complex interplay between the
subsidence and sediment infilling that have shaped
the basins. The principal findings of this study are
as follows.

(1) No systematic variation in either the depths
or the spacing of the intraslope basins is apparent
in the gridded multibeam bathymetry.

(2) The interiors of the intraslope basins are
notably smooth (at a grid cell resolution of 250 m),
and show little bathymetric evidence of mass wast-
ing despite the steepness of basin walls (5-22°).

(3) The intraslope basins average approximately
15 km in length, 10 km in width, 200 m in depth
(below their spillpoint elevations), and 50 km? in
map area, but these dimensions can vary up to an
order of magnitude.

(4) Bathymetric lows delineated by computer
algorithms connect several series of intraslope
basins across the slope to the Mississippi Fan, but
this study lacks subsurface evidence for confirming
the presence of former and now buried sediment
fairways beneath these lows.

(5) Two end members (bowl and box) and a
third transitional intraslope basin shape (barrier)
are tentatively identified on the basis of the hyp-
sometry of the intraslope basins and the stratal
geometry of their shallow sediment fill.

(6) The hypsometries of hypothetical intraslope
basins modified individually by salt uplift, salt
encroachment, salt withdrawal, mass wasting, and
sediment infilling suggest that sediment infilling
has been the last dominant process in forming
bowl-shaped basins, whereas asymmetric basin
subsidence, most likely by movement along a basin-
bounding growth fault, has been the last dominant
process in forming box-shaped basins.

(7) Seismic unconformities in the shallow
stratigraphy beneath the floors of all three types of
intraslope basins reflect the competing influences

of infilling and subsidence on basin formation, indi-
cating that subsidence has periodically staved off
burial and allowed the basins to repeatedly capture
new materials during cyclic phases of deep-sea sed-
imentation.

(8) The different types of intraslope basins may
be related to routes used by sediments to bypass
the slope to the Mississippi Fan during the
Pliocene-Pleistocene, but there is no direct linkage
of basin types across the slope that might be direct-
ly inferred to reflect the locations of former sedi-
ment fairways.
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Abstract. Drainage-extraction algorithms traditionally used for ex-
tracting river networks and watersheds from gridded land topo-
graphy are applied to gridded multibeam bathymetry of the mid-
California margin. The algorithms are used to automatically map
two regional tributary networks of submarin€é canyons and deep-
sea channels draining Monterey Bay, the principal conduits of which
are Acension and Monterey Canyons. The algorithms reliably map
subaqueous drainage areas, but are prone to error in mapping the
extent of submarine canyon and channel thalwegs due to operator
subjectivity and algorithm limitations. A geomorphic comparison
of the Acension and Monterey Canyon networks, with 12 river
networks in the continental U.S., illustrates both the potential and
weaknesses of using drainage extraction algorithms to analyze sedi-
ment pathways in gridded bathymetry.

Introduction

Early bathymetric maps of submarine canyons (€.g.,
Veatch and Smith, 1939) were the first to document
the terrestrial attributes of seafloor features cut by
sediment drainage along continental margins. Since
then, extensive echo-sounding and swath-mapping sur-
veys of continental margins have revealed canyon-cut
terrains resembling semi-arid landscapes (Bellaiche et
al., 1983) and deep-sea channels with river-like mor-
phologies (Damuth ez al, 1983). Such surveys have
also led to the recent recognition of regional tributary
networks of submarine canyons and deep-sea channels
(Hesse, 1989; Schlee and Robb, 1991). In contrast to
submarine fans, these networks act to collect sediment
drainage rather than distribute it. Because of their
similarity to large river networks on land, the networks
have been termed submarine drainage systems (Hesse,
1989).

An example of a submarine drainage system is the
network of submarine canyons and deep-sea channels

Marine Geophysical Researches 18: 157-771, 1996.
© 1996 Kluwer Academic Publishers. Printed in the Netherlands.

draining Monterey Bay, California, which collect sea-
ward into a central deep-sea channel that feeds the
Monterey Fan. The system is referred to here as the
Monterey Submarine Drainage System (MSDS), and
is depicted in the National Oceanic and Atmospheric
Administration’s (NOAA, 1988a-g) gridded multi-
beam bathymetry of the mid-California margin
(35.5°-37.5° N, 122°-124° W) (Figure 1). While the
areal extent and detail of the NOAA grid is equivalent
to that of a coarse digital elevation model (DEM) of
land topography, it and similar multibeam bathymetric
grids provide the most complete and accurate represen-
tations of deep-sea topography to date. These grids
also permit seafloor features such as the MSDS to
now be examined with computer techniques used
by terrestrial geologists for analyzing landforms in
DEMs.

The purpose of this paper is to demonstrate the
potential of drainage extraction algorithms for map-
ping and quantifying the morphology of submarine
canyons and deep-sea channels in gridded bathymetry.
The algorithms were originally designed for automati-
cally mapping river networks and watersheds in DEMs
of land surfaces (e.g., O’Callaghan and Mark, 1984),
but have been shown to be equally suited for mapping
channel systems in DEMs of both Mars (Jenson, 1991)
and the seafloor (Pratson and Ryan, 1992; Pratson and
Ryan, 1994). In this study, we attempt to use drainage
extraction algorithms as an objective means for ex-
tracting comparative geomorphic measures of the
MSDS and twelve river networks in the continental
U.S. The comparison is conducted in an effort to
quantify the morphologic similarity between subma-
rine and subaerial drainage systems noted above. As
will be shown, results of the comparison prove incon-
clusive, in part because of inaccuracies in the extent
of submarine canyons and channels mapped by the
algorithms.
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Fig. 1. Shaded image of NOAA bathymetry off Monterey, California (west illumination): A. Nuevo Canyon, B. Cabrillo Canyon, C. Acension

Canyon, D. Soquel Canyon, E. Monterey Canyon, F. Carmel Canyon, G. Monterey-Acension Canyon confluence. Inset shows coverage of
data used to create image: light grey area is NOAA bathymetry, vertical lined areas are bathymetry derived from Lamont-Doherty Earth
Observatory’s GeoBase (Menke ez al., 1991). Gridded using the surface routine of Smith and Wessel (1990). Dark area is NOAA 3

0 arc-
second gridded topography of the U.S.
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A. ELEVATION GRID (DEM)

B. FLOW DIRECTIONS
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“-ig. 2. Illustration of how drainage extraction is accomplished. A. Example grid of elevations (numbers), or digital elevation model (DEM).

' Arrows indicate flow direction from each grid cell to its lowest neighboring cell. C. Support area, or number of grid cells that drain into

-+ach grid cell along paths defined by flow directions. D. Drainage areas, or regions within DEM that direct flow to a common outflow point
(white boxes with white arrows). White lines are drainage divides. See text for detailed explanation.

"“he Monterey Submarine Drainage System

"ne MSDS is principally composed of two submarine
~nyons: Acension and Monterey (Figure 1). Into these
:sed a number of tributary canyons including Nuevo
.nd Cabrillo which enter Acension Canyon. and So-

quel and Carmel, which enter Monterey Canyon
(Figure 1A-F). Acension and Monterey join at
approximately 3200 m water depth (Figure 1G) to form
the main channel that feeds the Monterey Fan. Togeth-
er, these two canyon networks drain roughly 6500 km?
of seafloor.
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Fig. 3A.

The source of sediments to the MSDS has been the
California coastal highlands surrounding Monterey
Bay. Materials have been delivered to the MSDS by
rivers and shallow marine currents, which because of
the region’s narrow continental shelf (<15 km), con-
tinue to transport sediments to the upper reaches of the
drainage system despite the present sea level highstand
(McHugh et al., 1992). Build-ups of these sediments
have been redistributed within and out of the drainage
system by sediment gravity flows (e.g., turbidity cur-
rents, debris flows, etc.), some of which appear to have
been triggered by earthquakes along the San Andreas
Fault Zone (Normark and Gutmacher, 1988). While
the lower part of Acension Canyon is presently filled,
turbidity currents have continued to pass through both

Canyon networks during the Holocene (Hess and Nor-
mark, 1976).

Bathymetry

NOAA bathymetry of the MSDS (light grey area, inset,
Figure 1) is primarily based on soundings collected in
water depths greater than 600 m using the SeaBeam
swath mapping system (Grim, 1992). In water depths
less than 600 m, soundings are from pre-multibeam
hydrographic surveys and surveys using a 36 kHz
shallow-water multibeam echo sounder. Where multi-
beam systems were used, adjacent swaths overlapped
10%.
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Fig. 3B.

Fig. 3 A. Flow directions for the gridded bathymetry of the MSDS in dashed box area I of Figure 1. Eight shades of grey represent the eight

possible directions of flow, beginning with black which points towards the northeast, and proceeding clockwise at 45° increments to white

which points to the north. B. Support areas for the same area computed from the flow directions in Figure 3A. Grid cell support areas

increase from zero along interbasin ridges (displayed as black) to > 100,000 grid cells at the downstream point of the MSDS in the image
(displayed as white).

From the soundings, NOAA has constructed seven
bathymetric grids (NOAA, 1988a-g), the composite of
which is shown in Figure 1. This composite grid is
based on roughly 1.8 million soundings selected from
30-60 million “raw soundings”, each of which have a
positional accuracy of within 50 m and depth accuracy
of within 1% actual water depth (Grim, 1992). The
grid projection is Universal Transverse Mercator
(UTM) and cell spacing is 250 m.

Automated Drainage Extraction

Drainage information on the MSDS can be automati-
cally extracted from the NOAA bathymetry using a
sequence of computer algorithms that predict direc-
tions of gravity-driven fluid flow based on local slopes.
A variety of such algorithms have been developed for
extracting drainage information on fluvial systems
from DEMs (see Moore et al., 1991). The algorithms
used in this study are based on the scheme proposed

- I
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by Jenson and Dominique (1988), which incorporates

a technique for mapping drainage pathways across grid

depressions and plains; features that are common in

gridded bathymetry. The general proceedure for auto-
mated drainage extraction is:

1. Assign each grid cell a flow direction. Flow directions
define the paths fluid would flow from one grid cell
to the next (Figure 2B), and are unit vectors that
point from a grid cell towards the one of its eight
nearest neighbors with the steepest descent in eleva-
tion (Figure 2A). Descents to lower neighboring
cells are weighted as a function of distance from the
center cell: east-west neighbors are weighted by the
grid cell spacing in the x-direction (dx), north-south
neighbors by the grid cell spacing in the y-direction
(dy), and diagonal neighbors by ./dx*+dy*. This
study resolves cases in which two or more neighbor-
ing cells share the same distance weighted drop in
elevation by selecting the one closest in line with
the mean trend of flow directions pre-determined
for the neighboring cells upslope of the center cell.
Flow directions for the NOAA bathymetry of the
MSDS (Box I, Figure 1) are shown in Figure 3A.

2. Calculate the area drained by each grid cell. This
area is the summed area of all the grid cells upslope
of a grid cell that lead flow into the grid cell. The
area is commonly referred to as the cell’s support
area and is analogous to the amount of discharge
the cell could potentially receive. Figure 2C shows
the support areas determined for the hypothetical
grid shown in Figure 1A. These support areas are
determined by using the flow directions for the grid
(Figure 2B) to count the number of upslope cells
that direct flow into each grid cell. These numbers
then represents the grid cells’ support areas. The
support areas for the MSDS, which are derived from
the flow directions in Figure 3A, are shown in Figure
3B.

3. Extract drainage networks. Drainage networks are
extracted by specifying a support area threshold.
All grid cells having support areas equal to or greater
than the threshold constitute part of the drainage
network. Grid cells with support areas less than the
threshold constitute the interfluves between chan-
nels in the network. If the support area threshold
is high, the drainage network that is extracted is
sparse. If the threshold is low, the drainage network
is dense. Figure 4 shows the drainage network corre-
sponding to the MSDS extracted from the support
areas in Figure 3B using a threshold of 50 cells.

4. Delineate network drainage areas. Network drainage
areas are delineated by grouping all grid cells with
flow directions that direct flow to the outlet cell at

the end of the network (Figure 2D). Those cells that

do not direct flow to the outlet cell are considered

to be outside the network’s drainage area. Figure

4 shows the drainage areas of the Acension and

Monterey Canyon networks. '

Prior to the steps outlined above, a DEM is often
preconditioned to infill all grid depressions up to their
spill point, which is the lowest elevation along a depres- -,
sion’s rim. If depressions are not infilled, local flow .3
directions oppose one another on either side of the
depressions. This breaks the downslope path of flow _g
directions that mark the course of canyons and chan’ 3
nels, resulting in the extraction of segmented drainage
networks. Infilling of depressions prior to steps 1-4
ensures extraction of continuous drainage networks
by approximating the natural behavior of fluid flows,
which infill depressions up to their spill points before
exiting downslope. The reader is referred to Jenson
and Dominque (1988) and Pratson and Ryan (1992)
for further details on preconditioning DEMs.

Representation of the Monterey Submarine
Drainage System

Figure 4 shows drainage networks and drainage areas
extracted from the NOAA bathymetry in the region
surrounding the MSDS (Box I, Figure 1) using a sup-
port area threshold of 50 cells. The drainage networks
in this figure correspond to the networks of the sub-
marine canyons and canyon tributaries that form the
MSDS. The canyons and most of the large canyon
tributaries are shown to initiate near the shelf break.
The canyons are mapped seaward into deep-sea chan-
nels on the Monterey Fan that are fed laterally by
shorter tributaries corresponding to gullies incising the
channel walls. The MSDS is clearly seen in the center
of the figure as the regional tributary network formed
by the collection of canyons, channels and gullies. The
system can be subdivided into the Acension and
Monterey Canyon systems, whose subaqueous drain-
age areas span the light and dark grey regions (respec-
tively) in Figure 4.

Closer inspection reveals discrepancies between the
extent of the canyons and channels mapped in Figure
4 and the NOAA bathymetry (Figure 1). An example
is the small tributary network mapped on the north-
western levee of Acension Canyon (dashed box, mid-
left, Figure 4). This network is not evident in the corre-
sponding bathymetry.

The mapping of the tributary network highlights
two important limitations associated with automatic
drainage extraction. The first is that the drainage ex-
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Fig. 4. MSDS canyon-channel networks extracted from the gridded bathymetry in dashed box area I of Figure 1 using a support area
threshold of 50 grid cells. Shaded regions are the subaqueous drainage areas of the Acension (light grey) and Monterey (dark grey) Canyon
networks.

traction algorithms assign each grid cell only one flow
direction. As a result, the algorithms can only map
parallel and tributary channel geometries. Distributary
or braided channel geometries, which would require
multiple flow directions, are not mapped. This presents
a problem on the Monterey Fan levees where gradients
are low and sediment waves form obstructions to tur-
bidity current overbank flows, making distributary
and/or braided sediment pathways more likely.

The second and more serious limitation is that the
drainage extraction algorithms map channel pathways
purely as a function of grid cell support area, a measure

that is independent of whether a grid cell actually falls
within an eroded channel or occurs on an uneroded
slope. The tributary network extracted over the north-
western levee of Acension Canyon is composed of grid
cells in troughs between depositional sediment waves
with support areas that exceed 50 cells. Evidence that
such a network actually exists is not seen in either the
bathymetry or in side-scan sonar imagery of levees just
to the south collected by the authors aboard the R/V
Point Sur in September of 1990. Other artificial chan-
nels mapped by drainage extraction are commonly
straight. Such channels are evident in Figure 4 and
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Fig. 5A.

are a consequence of using a support area threshold
which is too low for regions in the DEM. Figure 5A
shows the drainage network extracted for Sur Canyon
to the south (Box II, Figure 1) using the same support
area threshold of 50 cells. The network contains several
straight channels on slopes leading into the canyon,
which at the resolution of the grid (250 m) appear to
be uneroded. When the support area threshold is raised
to 500 cells, the artificial channels are absent. As a
consequence of this high threshold, however, several
real erosional channels are not mapped either (Figure
5B).

Figure 5 illustrates that the accuracy of drainage
information extracted by the algorithms is influenced
by two factors: the resolution of the DEM and the
support area threshold used to map drainage networks.
The effect of DEM resolution on the measurement of
drainage area and channel length is demonstrated in
Figures 6A and B. The figures show results from a
sensitivity experiment in which the resolution of the
NOAA bathymetry was degraded from its initial grid
cell spacing of 250 m to a coarser grid cell spacing of
1 km. At each grid resolution, a constant support area

threshold of 50 cells was used to extract channel net-
works within the Acension and Monterey Canyon ba-
sins (grey areas, Figure 4). Results show that with
decreasing grid resolution, measurement of drainage
area remains relatively constant (for both the Acension
and Monterey Canyon basins, drainage area decreases
at a rate of 0.1 km? with decreasing grid resolution,
Figure 6A), but total channel length decreases rapidly
(Figure 6B). This indicates grid resolution has a minor
influence on the measurement of drainage area, but 2
significant influence on the measurement of channel
length.

A second sensitivity experiment demonstrates how
channel length is also effected by the support area
threshold used to map channel networks (drainage
area is independent of support area threshold). In this
experiment, grid resolution was held constant at a grid
cell spacing of 250 m, while the support area threshold
for mapping channel networks in the Acension and
Monterey basins, was reduced from 500 to 0 cells.
Figure 6C shows that as the threshold is decreased,
total channel length increases slowly and almost lin-
early until reaching a narrow range of transition




AUTOMATED DRAINAGE EXTRACTION 765

Fig. SB.

Fig. 5 A. Canyon-channel networks extracted from the gridded bathymetry of Big Sur Canyon south of the MSDS in dashed box area Il of

Figure 1 using a support area threshold of 50 cells. Note straight, “artificial” channels defined in regions where contours show no evidence

of a channel. B. Canyon-channel networks extracted for the same area using a support area threshold of 500 cells. The higher threshold
eliminates artificial channels, but prevents mapping of several real channels defined by contours.

thresholds below which channel length increases
rapidly. The transition thresholds may represent basin-
specific support area thresholds, over which extracted
drainage paths change from principally conforming to
eroded channels to occuring along both eroded chan-
nels and uneroded slopes.

Comparison to Subaerial Drainage Systems

Objective

In the first description of a submarine drainage system,
Hesse (1989) noted that the regional organization of
submarine canyons and channels feeding the North-
west Atlantic Mid-Ocean Channel was similar to that
of the Mississippi River and its satellite tributaries.
The regional organization of the MSDS is equally
reminiscent of subaerial drainage systems and its
Monterey Canyon has often been compared to Ari-

zona’s Grand Canyon (e.g., Shepard and Dill, 1966).
An implication of these similarities is that aspects of
continental margin evolution by gravity-driven sedi-
ment flows beneath the sea parallel topographic evolu-
tion by rivers on land. In contrast to subaerial drainage
systems, the seafloor surfaces upon which submarine
drainage systems form are essentially free of vegeta-
tion, have a relatively homogeneous surfacial lithology
generally consisting of unconsolidated sediments, and
are overlain by a marine climate that is comparatively
uniform for long periods of time (months to tens of
years vs. days). Given these differences, a quantitative
geomorphic comparison of submarine and subaerial
drainage morphology might illuminate some previ-
ously unrecognized erosional mechanism in either en-
vironment. In an attempt to address this issue, the
geomorphology of the Acension and Monterey
Canyon networks was compared with twelve river net-
works from the continental U.S. (Table I).
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a 6. A. Plot of grid resolution versus drainage areas of the Acension and Monterey Canyon networks extracted from the gridded bathymetry.
ot of grid resolution versus total channel lengths extracted for the Acension and Monterey Canyon networks. C. Plot of support area
-«chold versus total channel lengths extracted for the Acension and Monterey Canyon networks. Grey area highlights transition thresholds
. which measures of total channel length increase rapidly with decreasing support area threshold. Dashed and dotted lines mark minimum
~ort area thresholds for extracting the Acension and Monterey Canyon networks from the NOAA barhymetry at 2 grid cell spacing of

250 m determined using the constant channel drop procedure of Tarboicn e/ o7 190N

¢~thodology

e river networks selected for comparison to the Acen-
.+n and Monterey Canyon networks come from four
“imatically different regions representing a variety of
“ologies and vegetation, but having the same relief
~d general physiography as the California margin.
‘e river networks were automatically extracted from
> NOAA 30 arc-second DEM of the continental

S. (an available and comprehensive source of us.

smography) after re-mapping it to an equivalent grid
-1} spacing of 926 m in UTM projection. The Acen-
-+~n and Monterey Canyon networks were extracted
. the same resolution by first re-mapping the NOAA
- =dded bathymetry to the 926 m grid cell spacing using
bilinear interpolant.

To remove the subjectivity in selecting an appro-
-viate support area threshold while maximizing the
~apping of resolvable channels, the constant channel
“~op procedure of Tarboton e? al. (1991) was used in
stracting the channel networks from the individual
“rainage basins in the DEMs. The procedure required
wat channel segments in both river and canyon net-

works be ordered according to the Strahler (1952a)
scheme of chenrel hierarchy. In this scheme. head-
water channels are first order channels, and higher
order channels begin at the confluence between chan-
nels of equal order. Broscoe (1959) observed that
when channels are ordered this way, the mean drop
in elevation along channels of 2 given order is statistic-
ally the same from one chanpel order to the next. In
the Tarboton et al. (1991) procedure, extraction of
the highest resolution drainage network is accom-
plished by selecting the smallest support area thresh-
old for which the constant channel-drop property still
holds. This threshold is found by reducing the support
area threshold until the mean drop in elevation be-
tween channels of successive orders is determined to
be statistically different by a Student t test with a
95% confidence interval. As an example, support area
thresholds determined by this technique for extracting
the Acension and Monterey Canyon networks from
the NOAA bathymetry at a grid cell spacing of 250 m
are shown in Figure 6C. The support area thresholds
determined for extracting the fourteen drainage net-

-
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Table I

Location, support area threshold, and geomorphic measures of the twelve subaerial and two submarine drainage networks

Drainage Basin Outlet Support  Total Drainage R, R, Rs Dy

. - Area Channel Area (km™)

latitude longitude Threshold Length  (km?)
(cells) (km)

Hudson River, NY 8 1310 5367 37 22 1.1 0244
Hoosic River, NY, VM, NH 43°13'01" N 73°34'48" W 4 844 2551 37 19 15 0331
Contoocoock River, NH 42°54'58" N 73°39'24" W 6 492 1728 46 24 13 0285
Little Tennesee River, TN, NC, GA 43°16'04" N 71°35'02" W 9 1478 6638 59 33 20 0223
French Broad River, TN, NC 35°45'18" N 84°15'53" W 30 1414 6677 39 23 1.6 0131
Enoree River, SC 35°59’13" N 83°1046" W 20 328 1935 50 38 12 0170
Salmon River, ID 34°25'56" N 81°25'58" W 10 3834 16718 48 24 1.8 0229
Middle Fork River, ID 45°17'31" N 114°35'28" W 7 1576 6556 40 21 1.7 0240
South Fork Boise River, ID 45°1701" N 114°36'10" W 20 527 3454 38 24 17 0153
Cataract Creek, AZ 43°35'11" N 115°50'09" W 40 983 7779 39 21 1.2 0126
Big Sandy River, AZ 36°17'36" N 112°46'05" W 60 651 7562 33 22 12  0.086
Chevelon Creek, AZ 34°13'52" N 113°3724" W 20 292 1365 25 1.2 10 0214
Acension Canyon (submarine), CA  34°56'33" N 110°30'51" W 20 362 2161 32 23 14  0.168
Monterey Canyon (submarine), CA 37°21'02" N 122°56'42" W 60 354 3811 41 39 24 0093

Table II

Geomorphic measures

Drainage density: Dy=ZL/A
Bifurcation ratio: Rg=N,/N, .,
Length ratio: R.=L./Luy
Slope ratio: Rs=S./Su+1

L =total channel length in a channel network

A =area drained by the channel network

N,, = number of channels in network of order w

L. =mean length of channels in network of order w
S, =mean slope of channels in network of order w

works at a grid cell spacing of 926 m are listed in
Table 1.

Once the river and canyon networks were extracted
and ordered, four standard geomorphic measures de-
fined in Table II were then made of network geometry:
drainage density, bifurcation ratio, length ratio, and
slope ratio. These measures are used to characterize
channel patterns, variations in which are thought to
reflect regional tectonics (Ollier, 1981; Cox, 1989; Bur-
bank, 1992), geologic structure (Abrahams and Flint,
1983), erosional mechanisms (Dunne, 1980) and pre-
vailing climate (Gregory, 1976; Daniel, 1981). Drain-
age density is the average length of channels per unit
drainage area and represents the spacing of the chan-

nelways (Ritter, 1986). The latter three ratios, referred
to as Horton ratios after Horton (1945), are dimen-
sionless, hold over a range of length scales, and are

designed to characterize the channel composition of '

a drainage net. The Horton ratios are derived empiri-
cally by plotting semilog plots of the number, mean
length and mean slope of channels versus channel or-
der. For river networks, these plots generally follow
straight lines, the slopes of which equal the logarithm
of the ratios. Such plots for the Ascension and
Monterey Canyon networks exhibit the same linear
trends (Figure 7). ‘

Results

The geomorphic measures for the drainage networks
are listed in Table I and are shown along with the
regional means in bar graphs in Figure 8. The regional
means suggest that on average, the Acension and
Monterey Canyon networks have lower drainage densi-
ties and bifurcation ratios, and slightly higher length
and slope ratios than the river networks. If true, this
would imply that the Canyon networks tend to have
lesser numbers of tributaries, which are proportionally
shorter and steeper in relation to their main channels
than subaerial networks. However, the regional means
are based on few measures that vary in magnitude.
The regional means for the Horton ratios are even
somewhat less robust because of the errors in the linear
regressions (goodness-of-fit >85% in all cases) used to

e
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culate the individual ratios. Given their uncertain-
5, the only observation that can be made of the
ults is that the drainage densities and Horton ratios
-ermined for the Canyon networks by drainage ex-
ction occur within the variability of those deter-
ned for the 12 river networks at a DEM resolu-
n ~1km.

scussion
e question that remains of the comparison is
ether the similarity of the geomorphic measures
nputed for the Canyon and river networks estab-
1es how closely the areal geometry of submarine
linage systems approaches that of subaerial drain-
: systems. This question requires evaluation of the
owing factors: the resolution of the DEMs used in
comparison, the accuracy of the channel lengths
1 drainage areas derived from drainage extraction,
1 the robustness of the geomorphic measures used
compare the drainage systems.
The first two factors have been addressed in part by
aforementioned sensitivity experiments. Use in the
nparison of DEMs with resolutions~1 km limits
minimum observable width of erosional channels
5-10 km. On land, channels tend to extend into
>-scale valleys (Montgomery and Dietrich, 1988),
1 accurate representation of terrestrial channel net-
-ks can require DEMs with a grid cell spacing of
little as 10 m, a vertical error of +0.5m and a
izontal error of +3 m (Dietrich er al., 1993). Such
h resolution DEMs are not yet available for deep-
bathymetry. The maximum horizontal resolution
1 SeaBeam depth sounding in 1000 m of water is
‘0 m, while its vertical resolution ~10m (Tyce,
-6). Horizontal resolution of gridded bathymetry
the same water depths is worse due to interpolation
ween grid points. As a result, multibeam bathy-
ric grids probably cannot accurately resolve ero-
1al channels much less than 1/2 km in width and
T in depth. By using such coarse resolution DEMs,
comparison does not evaluate differences in net-
k detail even at this scale. Further comparisons
d to be done at higher resolutions and with addi-
1a]l submarine and subaerial drainage networks to
:ly establish the similitude of the two types of sys-
s. The results presented here pertain only to the
onal organization of the MSDS and its relation to
2 river networks at the same kilometer scale.
.s Figure 5 shows, automated-drainage extraction
1pounds the problem of accurately mapping ero-
1al channel networks by introducing errors in chan-
network extent. Since in deep water (> 200 m) the
ats of submarine erosion tend to be localized and

because, at least seaward of the continental slope, the
seafloor is largely a depositional surface, channel net-
work extent may in fact be overestimated when the
algorithms are applied to gridded bathymetry. Drain-
age extraction does define channels in the NOAA ba-
thymetry where there is no observable channel
morphology. However, several elements mitigate the
effect of these inaccuracies in the comparison of the
MSDS with the fluvial systems. First, the comparison
is restricted to the Acension and Monterey Canyon
networks (shaded areas, Figure 4), which the bathyme-
try clearly shows are erosional features. Second, drain-
age extraction of channels on uneroded slopes in these
areas is partially compensated by the heads of channels
not mapped using the support area threshold deter-
mined for each network (e.g., Figure 5B). Third, the
river networks extracted from the gridded topography
possess the same inaccuracies that mar the submarine
canyon networks. And fourth, these inaccuracies are
uniform among all the drainage networks compared,
because an objective technique, the constant channel
drop procedure of Tarboton et al. (1991), provided the
support area thresholds used to extract each drainage

-network. In short, due to inaccurracies, the total chan-

nel lengths listed in Table I are not exact, but instead
are estimates with some unknown degree of error. This
unknown error prevents a quantitative assessment of
the morphologic closeness of submarine and subaerial
drainge systems.

Recognizing this fact, Pratson (1993) argues that
because the measures for the submarine canyon net-
works occur within the variability of those for the
river networks, the results could still be construed as
a relative indication that the regional organization of
submarine and subaerial drainage systems is morpho-
logically similar. His argument is based on the reputa-
tion of the ratios listed in Table II as fundamental
measures of drainage network structure, particularly
the bifurcation, length and slope ratios. Horton (1945)
devised the ratios as drainage network descriptors,
and they have since been used by geomorphologists to
compare channel networks among diverse landscapes
(e.g., Strahler, 1952b; Schumm, 1956; Chorley, 1957,
Morisawa, 1962). Because of this body of work, the
Horton ratios have been termed “laws of drainage
network composition” and are considered geo-
morphic principles in many textbooks (e.g., Chorley
et al., 1984; Press and Siever, 1986; Ritter, 1986; Jud-
son and Kaufman, 1990; Summerfield, 1991; Easter-
brook, 1993). However, in a study subsequent to that
of Pratson (1993), Kirchner (1993) statistically con-
firms earlier, intuitive arguments (Bowden and Wallis,
1964; Milton, 1966; Smart, 1978) that Horton’s laws

iremg
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are insensitive to pronounced differences in network
structure. This analysis showed that the ratios do not
provide distinctive geometric or topologic measures
that can be used to contrast channel networks formed
under different prevailing geologic and environmerital
conditions. :

Kirchner’s (1993) findings remove three benchmarks
of “closeness” from the MSDS-fluvial comparison
above. Since further investigation needs to be done to
establish the error in total channel length resolved by
drainage extraction, the drainage density values also
cannot be compared without criticism. The geo-
morphic relation between the MSDS and its fluvial
counterparts remains inconclusive.

While the MSDS is visually similar to terrestrial
drainage systems, it is also different. For example,
Figure 9 shows contour maps of the MSDS (Figure 9A)
and the MacLeay River (Figure 9B), which incises the
subaerial escarpment bordering the elevated New Eng-
land Tableland in southeastern Australia. The MacLeay
River has formed in a region where the New England
Tableland plateau dips towards escarpment (Weissel e
al., 1992), approximating the regional form of the Cali-
fornia continental shelf-slope-upper rise margin across
which the MSDS has formed. In the map of the
MacLeay River (Figure 9B), the density of contours is
greatest in the dissected, rugged but regionally flat-lying
terrain at the base of the escarpment. By contrast, the
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« A. Contour map of the MSDS in dashed box I of Figure 1. B. 1:250,000 scale contour map of the MacLeay River incising the

-ment along the Australian Tablelands, southeast Australia (vicinity of 30° S, 152° E). Both maps have a contour interval of 100 m, and

1pproximately the same square Kkilometer area. But relief along the California margin is 3000 m, while that along the Tablelands
escarpment is only 400-600 m.

~ity of contours in the map of the MSDS is greatest nels. Devising morphometric techniques to detect the
¢ the mid to upper continental slope, where the re- type of drainage network differences seen between the
] seafloor gradient is steepest. MSDS and the MacLeay River remains a central prob-
“his distinction between the two types of drainage lem in quantitative fluvial geomorphology (Kirchner,
«»ms highlights a major difference between channel 1993). The same problem now confronts marine geolo-
-nation and drainage development in subaerial and gists attempting to gain insight on subaqueous sedi-
“.marine environments. On land, channels are carved mentary processes through quantitative studies of
-nning water, the erosive power of which is related submarine canyon, channel and drainage system mor-
Vischarge and controlled by drainage area (Howard, phology using gridded multibeam bathymetry.

i\ the more water, the greater the erosion of chan-
< Beneath the sea, channels are carved by failure-

inced subaqueous sediment flows, which initiate and Applied Uses for Drainage Extraction
«ie their erosive power as a consequence of local
~~e: the steeper the slope, the more likely slope fail- Keeping the limitations of drainage extraction in mind,

~ leading to sediment flows and the erosion of chan- there are a number of ways these algorithms can be
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used to analyze gridded bathymetry for both applied
and academic interests in seafloor morphology. In
terms of applied research, one of the benefits of drain-
age extraction is that in addition to mapping drainage
networks, drainage divides can also be mapped. By
setting the flow accumulation threshold equal to zero,

it is possible to isolate all grid cells that do not receive -

input from other cells (Figure 10A). In other words,
these cells are relative topographic highs. Such a map
could be particularly useful in charting locations which
minimize risks to offshore communication cables, haz-
ardous waste disposal sites, or piping from marine oil
production platforms.

The drainage extracted from gridded bathymetry
can also be used to help interpret side-scan sonar

122°30' W

122°00' W

imagery from the same region (Figure 10B). If drainage
extracted from the bathymetry is overlain onto the
side-scan sonar imagery, it’s possible to map sediment
pathways hard to detect in the side-scan imagery
alone.

Finally by merging gridded bathymetry with gridded
topography, drainage extraction algorithms can be
used to map drainage areas and sediment pathways
from land to sea. With such information, source areas
of deep-sea depocenters, such as submarine fans, can
be quantified. Additionally, if deep-sea sedimentation
rates and denudation rates on land are known, it
should be possible to estimate how erosion of a conti-
nental margin balances against the development of 2
submarine fan.

i
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Fig. 10. Examples of other uses for drainage extraction algorithms.
A. Relative highs, or peaks and ridges (black areas within white
egion) extracted from the gridded bathymetry of the Monterey,
California margin by setting the flow accumulation threshold to
zero. B. Thalweg of the Shepard Meander in Monterey deep-sea
channel (lower left in box I of Figure 1) extracted from the bathy-
metric grid and overlain on top of 30 kHz sidescan sonar imagery
of the same region.

Conclusions

Although already frequently used in hydrologic and
. geomorphic studies of landscapes, automated drainage
extraction algorithms represent a new tool for the anal-
vsis of submarine sediment pathways documented in
sridded bathymetry. Using local seafloor slopes, the
algorithms can rapidly define the paths of submarine
canyons and deep-sea channels, and delineate the
source areas from which they derive sediment.

The principal limitations of the algorithms are two-
“old: The first is that the algorithms assign all drainage
:n each grid cell to flow in the direction of steepest
Jescent to a neighboring grid cell. This assignment
2xcludes the possibility of flow divergence, preventing
" mapping of braided and distributary channel geome-

tries. Recent experiments (e.g., Moglen et al., 1993)
suggest use of multiple flow directions, in which flow
from each grid cell is partitioned among lower, neigh-
boring cells as a function of slope, should help correct
this inadequacy.

More problematic is the second limitation, which is
that the algorithms map channelways based not on
channel morphology, but on the area of the grid (i.e.,
support area) each cell “drains”. Drainage area does
appear to be an important factor in subaerial chan-
nel development (Hack, 1957), but slope failure by
oversteepening may be more important in submarine
channel development. As a consequence, submarine
channel definition using a support area threshold can
fail to map the heads of submarine channels with rela-
tively small upslope areas, while erroneously mapping
channels on uneroded seafloor slopes with relatively
large upslope areas (Figure 5).

In the geomorphic comparison of the MSDS with
fluvial drainage systems, an objective criteria meant
to minimize these mapping errors is used to select
support area thresholds appropriate for individual
drainage basins depicted in DEMs. The comparison
shows that inaccuracies in channel networks defined
by automated drainage extraction are compounded by
DEM resolution, which while only having a minor
influence on the measurement of drainage area, limits
the extent to which channels within a drainage area
can be resolved. The comparison also illustrates, that
even without inaccuracies, difficulty exists in quantify-
ing submarine drainage morphology for lack of geo-
morphic measures that can characterize distinctive
channel network attributes.

Despite their present limitations, drainage extrac-
tion algorithms have the potential to be a useful tool in
seafloor mapping. They can already be used to isolate
bathymetric ridges (grid cells with zero flow accumula-
tion), a capability that would be helpful in determining
seafloor locations where risks of hazards to offshore
communication cables, waste disposal sites, and piping
from offshore hydrocarbon production platforms are
minimized. The future challenge lies in not only im-
proving the mapping capabilities of drainage extrac-
tion, but in exploring new ways to gain geologic insight
from the morphologic information the algorithms al-
ready provide.
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\ Historical Perspective of Seafloor Mapping

Throughout history, humans have attempted to ascer-
-2in the shape and composition of the ocean floors
“mery and Uchupi, 1984). The vast size and depth
~7 the oceans have hindered this endeavor, and it is
snly in the past 150 years that comprehensive maps
~7 the seafloor and its major features, including mid-
~ean ridges, seamounts, deep-sea trenches, and sub-
~arine canyons, have been generated (Maury, 1855;
“leezen et al., 1959).
This seafloor mapping has been undergoing a re-
>lution driven by the invention and evolution of new
~1aging and navigation technologies for more than a
caarter of a century now. Sidescan sonar, multibeam
~.2thymetry, satellite altimetry and Global Positioning
sztellite (GPS) navigation are at the forefront of an
~ray of tools that enable the seafloor to be ‘seen’
- a greater level of detail than ever before. These
‘~chnologies provide more than accurate and extensive
~zasurements of seafloor depth; they also depict
2oustic reflectance, key information for determining
safloor composition.
Vogt and Tucholke (1986) predicted that high reso-
":tion bathymetry and acoustic reflectance would be
-sed in future seafloor mapping studies to: (1) quantify
«rafloor textures in different geomorphologic prov-
~zes; (2) detect and classify specific kinds of objects
=.g., fault scarps, lava fronts, etc.); (3) estimate acous-
- properties and structures composing the shaliow
::Sbottom; and (4) search for temporal changes in
~>ttom topography or texture as a result of bottom
:.crrents, slumping, or volcano-tectonic processes in
~-namic areas such as plate boundaries and continen-
i, margins.
Well, the future is now, and the collection of papers
-ssembled in this special issue of Marine Geophysical
Jesearches on advances in seafloor mapping tech-

- arine Geophysical Researches 18: 601605, 1996.
" 1996 Kluwer Academic Publishers. Printed in the Netherlands.

niques exemplifies the research being conducted in
these fields.

Advances in the Use of Sidescan Sonar and
Multibeam Bathymetry

This special issue focuses on seafloor mapping and
characterization using sidescan sonar and multibeam
bathymetry data. Other technologies exist for mapping
the seafloor, but sidescan sonar and multibeam bathy-
metry increasingly represent the most accurate, cost-
effective, and consequently widely-used options for
conducting regional-reconnaissance through high-
resolution site surveys of the seafloor.

The subjects of how sidescan sonar and multibeam
bathymetry systems work, their use in marine surveys,
and techniques for data processing have been discussed
in numerous scientific articles, including Grant and
Schreiber (1990) and Searle et al. (1990), which ap-
peared in an earlier special issue of Marine Geophysical
Researches entitled ‘Marine Geological Surveying and
Sampling’ (Hailwood and Kidd, 1990). Since the pub-
lication of these articles, new sonar systems have been
introduced to the marine surveying community, includ-
ing swath mapping systems that record both bathyme-
try and seafloor backscatter, such as the Simrad
EM 1000 discussed by Hughes-Clarke and others (this
issue), and dual-frequency sidescan sonars, like the
Klein system used in the study by Ryan and Flood
(this issue). These new instruments represent impor-
tant technological advances over original multibeam
echo sounders and sidescan sonars. However, the em-
phasis of this issue of Marine Geophysical Researches
is not on new instrumentation. Instead, the articles
presented here describe new ways to create maps of
the seafloor using both vintage and state-of-the-art
sidescan sonar and multibeam bathymetry data.
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Data Processing and Enhancement

Most types of geophysical data require post-acquisi-
tion signal processing before they can be correctly in-
terpreted; sidescan sonar and multibeam bathymetry
data are no exception. Enhancement of sidescan sonar
data is particularly critical, as geologic features de-
picted in the data will often remain obscured until they
are revealed by processing techniques. Standard image
processing algorithms such as contrast enhancement
are an example but data processing is more than just
image processing. It encompasses a spectrum of steps
including corrections for environmental and instru-
ment noise, merging data with navigation and other
information, and display in various map and geomet-
rical projections.

Hughes-Clarke et al. (this issue) describe aspects of
data processing in a concise yet comprehensive review
on the state-of-the-art use of shallow-water multibeam
sonars to map the coastal zone and continental shelf —
regions of increasing environmental and societal relev-
ance. The authors discuss a variety of significant consid-
erations when mapping in shallow water, including:
instrument measurement resolution, the effect of posi-
tioning and ship-motion on depth measurement accu-
racy, water column effects (e.g., tides, fresh-salt water
salinity and temperature gradients, etc.), and the quan-
titative derivation of acoustic backscatter measure-
ments for use in seabed classification. They support
their discussion with numerous illustrations, and con-
clude with examples of how multibeam sonars are being
used in applied studies of the coastal environment.

For multibeam sonars used in deeper water, data
processing has until recently been accomplished by the
institutions responsible for operating the multibeam
systems (e.g., Scripps Institution of Oceanography and
the Northeast Consortium of Oceanographic Research
at the University of Rhode Island). This has since
changed with the introduction of a new, publicly avail-
able multibeam software package, mbsystem, written
by Caress and Chayes (this issue). Their article on
improved processing of Hydrosweep multibeam data
on the R/V Maurice Ewing describes the mbsystem and
shows how this software package empowers individual
investigators with the tools (i) to process data from a
variety of multibeam systems, (ii) to process the data
to the level of their own needs, and (iii) to display the
data in diverse ways, from its raw, individual-record
form to a polished, processed grid.

Bird et al. (this issue) use multibeam bathymetry
to enhance sidescan sonar imagery and improve its
usefulness in geologic interpretations. All sidescan
sonar systems suffer from signal over-saturation or

‘clipping’ in the nadir region due to the strong acoustic
reverberation from the seafloor at vertical and near-
vertical angles of incidence. This data loss is particu-
larly acute in GLORIA sidescan sonar imagery be-
cause the width of the nadir region is so large (6-
7 km) that it reduces the confidence with which geolo-
gic features can be correlated from one side of the
swath to the other. Bird et al. (this issue) present a
technique in which Hydrosweep multibeam bathyme-
try is used to construct pseudo-sidescan sonar imagery
to replace the poor quality imagery in the GLORIA
nadir band. They present an example where this integ-
ration technique proved an important aid in refining
interpretations of the tectonic structure of an East
Pacific Rise microplate.

Seabed Classification

One of the most active areas of research in the field
of remote sensing is the development of automated
techniques for classifying different terrains in remotely
sensed data. The aim of this research is to have a
computer segment an image into regions, or classes,
that are distinct from one another. The potential bene-
fits of automated terrain classification are attractive:
it is objective, repeatable, fast, and quantitative. Yet in
practice, the technique is difficult to implement. Along-
and across-track variations in data quality, natural
variations in the length-scales of the features being
imaged, and ambiguities as to how image differences
relate to real-world differences are among the factors
that have challenged the development of robust terrain
classification. Automated terrain classification remains
an important goal in seafloor mapping, and the papers
summarized below discuss three promising ways this
goal may ultimately be achieved.

Keeton and Searle (this issue) build on work by
Mitchell and Somers (1989) and Hughes-Clarke (1993,
1994), and examine variations in the level of seafloor
backscatter strength to discriminate seabed differences.
This approach departs from the often-attempted pat-
tern recognition approach of segmenting a sidescan
sonar image on the basis of statistical relations between
neighborhoods of image elements (e.g., Pace and Gao,
1988; Reed and Hussong, 1989; Linnett et al, 1993).
Instead, Keeton and Searle (this issue) use co-regis-
tered bathymetry and sidescan sonar data to predict
and remove from the sidescan imagery the backscatter
component due to seafloor morphology. Ideally, the
resulting imagery is a measurement of variations in
acoustic backscatter strength as a function of incidence
angle. This variation can be different for different bot-
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tom types, and thuscan potentially be used to automat-
jcally classify compositional changes in the seabed, as
Keeton and Searle (this issue) attempt using Simrad
EM12 data of the Mid-Atlantic Ridge.

Another approach for identifying and mapping
compositional changes in the seabed is to acquire sonar
data at two acoustic frequencies (Ryan and Flood, this
jssue). The important advantage of this approach is
that, if collected simultaneously and in an identical
fashion (i.e., identical gain functions, etc.), all of the
factors that influence one sonar frequency (attenu-
ation, seafloor slope, bottom type, etc.) influence the
other. This means that the relative acoustic backscatter
strength of the imagery, rather than the absolute back-
scatter strength sought by Keeton and Searle (this
issue), can be used to quantitatively detect changes in
bottom type. That is, any differences in the imagery
at the two frequencies are directly related to differences
in the acoustic response of the seabed, which is often
determined by bottom type. The satellite remote sens-
ing community has exploited similar differences in the
wavelengths of sunlight backscattered from the Earth’s
surface to distinguish vegetation type, soil type, and
other terrain attributes (€.g., Sabins, 1978 and refer-
ences therein). Ryan and Flood (this issue) demon-
strate that multi-frequency sidescan sonar data may
yield comparable successes in automatically distin-
guishing bottom sediment type in marine and fluvial
environments.

Both of the above approaches to seabed classifica-
tion exploit acoustic backscatter variations recorded
in sidescan sonar imagery. A third approach, presented
by Fox (this issue), characterizes seafloor terrains on
the basis of topographic variations measured in multi-
beam bathymetry. Fox and Hayes (1985) were the first
to document with power spectral methods that differ-
ent types of seafloor terrains exhibit different rough-
ness characteristics. They also recognized these
differences could potentially be used to classify sea-
floor bottom types. Fox (this issue) extends his model
for calculating power spectra of seafloor topography
from one to two dimensions, and explores how mea-
sures of the critical parameters in the model (isotropic
and anisotropic roughness, the orientation of the latter,
and spectral roll-off) vary among two adjacent, visu-
ally-distinct mid-ocean ridge terrains. Fox (this issue)
then demonstrates how different terrains can be de-
fined and mapped on the basis of natural groupings
of these measures determined using clustering algo-
rithms. He concludes by exercising his classification
scheme on 2 bathymetric grid of the variable terrain
within the Juan de Fuca Ridge, comparing his results
to existing geologic interpretations of the same area.

Seafloor Feature Extraction

The distinction between seafloor characterization and
seafloor feature extraction is subtle but definite. As
noted above, the aim of seafloor characterization is to
subdivide an entire image into classes that possess
uniquesets of image attributes. The processing sequence
for characterization is to define differences within an
image, and then determine the geological significance
of the differences. Contrastingly, the aim of seafloor fea-
ture extraction is to delineate specific features within an
image. In this case, the processing sequence is reversed.
First, an assumption is made as to how a certain feature
(e.g.,afault) willappear inanimage. Then, this assump-
tion is used to isolate and extract only those parts of the
image that meet the assumption criteria.

Mitchell (this issue) presents new processing and
analysis techniques for working with Simrad EM1000
(shallow water) and EM12 (deep water) multibeam
sonars. His analysis technique for computing measure-
ments of seafloor slope, azimuth and particularly cur-
vature from the bathymetric data lends itself to seafloor
feature extraction. Mitchell (this issue) argues that
many geologic features, such as abyssal hills, sea-
mounts, and iceberg scours, have a curvature that is
parabolic in shape. This curvature can be quantified
by the coefficients of a paraboloid fit to circular group-
ings of soundings. The coefficients indicate whether
the fitted paraboloid is concave upward or downward,
to what degree it is elongated, and in what direction
it is elongated. Mitchell (this issue) uses these coeffi-
cients to construct a simple geologic classification map
from EM1000 data. He combines the coefficients with
the other seafloor attributes measured by his analysis
technique, including variations in acoustic backscatter-
ing strength, to produce from an example data set a
map of sediment ponds, ridges, and troughs.

Little and Smith (this issue) present a direct applica-
tion of feature extraction, the mapping of faults in mid-
ocean ridge terrains. Studies of fault spacing, density,
azimuth, length, and the direction in which faults face
(towards or away from the ridge) have been used to
understand processes of seafloor formation and modi-
fication at mid-ocean ridges, including the width of
active fault formation, the generation of abyssal hills,
plate kinematics, along-strike plate segmentation, and
asymmetric ridge subsidence (e.g., Edwards et al.,
1991). The detailed and extensive mapping of faults
required for these purposes can be exhausting when
done by hand, and feature extraction offers a way of
automating the task. Shaw (1992) and Shaw and Lin
(1993)located f; ault scarps in Seabeam bathymetry data
by fitting a quadratic surface to the data. Little and
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Smith (this issue) develop a new approach for fault
extraction that is based on wavelet theory and is capa-
ble of extracting faults from both multibeam bathyme-
try and sidescan sonar imagery. The authors use the
technique to extract fault attributes from TOBI Side-
scan sonar imagery and Seabeam bathymetry of the
same seafloor swath, comparing their results to a hu-
man geologic interpretation of these data.

While seafloor feature extraction techniques have
proved powerful aids in studies of mid-ocean ridges,
they have not been used much in studies of continental
margins. One reason for this may be the rarity of com-
prehensive sidescan sonar and bathymetry data sets
available to adequately map features important in con-
tinental margin evolution, for example submarine
canyons, which vary considerably in location, fre-
quency, size and spacing. This situation has changed
with the extensive sidescan sonar and multibeam ba-
thymetry that has been collected of the U.S. Exclusive
Economic Zone by the U.S. Geological Survey and the
National Oceanic and Atmospheric Administration.
Pratson and Ryan (this issue) take advantage of the
NOAA multibeam bathymetry of Monterey Bay, Cali-
fornia, to explore the utility of drainage extraction
algorithms in automatically mapping submarine
canyons, deep-sea channels, and their associated sub-
marine drainage areas. These algorithms were origin-
ally developed by geomorphologists to aid in mapping
terrestrial river networks and watersheds using gridded
topography. Pratson and Ryan (this issue) test the map-
ping accuracy of the algorithms, and then attempt to
use them in a morphologic comparison of the simili-
tude between river networks and the networks of sub-
marine canyons and deep-sea channels draining the
floor of Monterey Bay.

Snapshot of a Rapidly Evolving Field

The papers assembled in this issue represent a snapshot
of what can now be accomplished with sidescan sonar
imagery and multibeam bathymetry to effectively strip
away ocean waters and reveal the seabed. Like seafloor
mapping instruments, the processing and analysis of
sidescan sonar and multibeam bathymetry continues

to evolve rapidly. At the time that this special issue

becomes available, the subset of practitioners that con-
tributed papers have moved beyond the work repre-
sented here. They and others are already engaged in
developing new ways of enhancing and analyzing side-
scan sonar and multibeam bathymetry data for the
same purpose that drove our predecessors — to learn
what lies beneath the seas.
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Vhat is the slope of the U.S. continental slope?/¢/2¢0

ncolr. F. Pratson
illiam F. Haxby

3STRACT

Extensive high-resolution, multibeam bathymetry of five U.S.
ntinental margins provides new, detailed information about the
igle of continental slopes in different sedimentary and tectonic
ttings. The steepest continental slope examined is the passive-
rbonate west Florida slope (4.4° regional slope and 12.0° mean
cal slope). The steepest of the four clastic continental slopes is the
1ssive New Jersey-Maryland slope (2.5° and 7.6°). Less steep, at
ith regional and local scales, are the more rugged, tectonically
‘tive and probably unstable salt-tectonized Louisiana slope 0.5°
1d 2.9°), strike-slip California slope (1.8° and 5.2°) and convergent
regon slope (2.0° and 5.2°). Frequency grids of local slope mag-
tude vs. depth and dip direction for the two passive continental
opes reflect present-day morphology predominantly being shaped
¢ lithology (west Florida), sedimentation (New Jersey-Maryland),
2d downslope-directed erosion (New Jersey-Maryland, west Flor-
:a). The grids for the three tectonically active continental slopes
‘flect morphology partly (California) to predominantly (Louisi-
na, Oregon) being shaped by tectonics. :

NTRODUCTION

Due to a historic lack of bathymetric data, variabilities in con-
nental slope grade have never been thoroughly documented. As a
:sult, process-oriented (e.g., Parker et al., 1986), slope-stability
:.g., Delinger and Iverson, 1992), and educational (e.g., Kennett,
382; Press and Siever, 1986) literature has relied on miscellaneous,
average” slope measurements largely made from seismic reflection
rofiles when characterizing the angle of a continental slope.

Extensive multibeam bathymetric surveys have now mapped
108t of the New Jersey-Maryland, west Florida, Louisiana, Cali-
srnia, and Oregon continental slopes (Fig. 1), detailing examples of
ope morphology in passive-clastic, passive-carbonate, salt-tecton-
-ed, strike-slip, and convergent margin settings, respectively. We
se these survey data to define the slope of these continental slopes
t both local (<0.1 km?) and regional (>1500 km? or whole study
rea) scales, and to document variations in local slope angle with
epth and dip direction. We then evaluate what these mea-
arements reflect about the recent influence of sedimentation, ero-
.on, lithology, and tectonism in shaping the various present-day
ontinental slope morphologies. -

JATA

The multibeam bathymetry data for the New Jersey, Maryland,
nd west Florida margins were compiled by the Northeast Consor-
-um for Oceanographic Research, and those for the Louisiana, Cal-
‘ornia, and Oregon margins were acquired by the National Oceanic
nd Atmospheric Administration (NOAA). The data were collected
sing the SeaBeam swath-mapping system (deMoustier, 1988),
“hich has a vertical resolution <1% water depth and, in the case of
1e NOAA data, a position accuracy =50 m (Grim, 1992).

The survey data were used to construct bathymetric grids of the
we study areas (Fig. 1). The grids have a grid cell spacing of 100 m.
Regional slope measures were calculated from the trend of the best-
‘t plane to each grid (areas >1500 km?). Local slope measures were
:alculated from the trend of the best-fit plane to each grid cell and
:s eight nearest neighbors (areas <0.1 km?). Only depths between
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the shelf-slope break and the slope-rise break (i.e., depths on the
continental slope) were used in the calculations.

RESULTS
Slope Histograms

Cumulative histograms show the total sea-floor area dipping at
or above local slopes measured from each bathymetric grid (Fig. 2,
col. I, A-E). The histograms exhibit a large primary peak and a small
secondary peak. The secondary peaks are artifacts related to slight,
inconsistent shoaling in the depth measurements at swath edges,
caused by increased noise and/or minute errors in the sound-velocity
correction {(deMoustier, 1988). The artifacts, which increase the
areal frequency of the local slope grades beneath the secondary
peak 1%-3%, have no bearing on the results discussed below.

Excluding west Florida, the regional grades of the continental
slopes (Fig. 2, I, A-E) are =2.5°, lower than the often cited “aver-
age” grade of 4° of Heezen et al. (1959). The histograms show local
slopes to be strongly skewed toward low values. However, with the
exception of the Louisiana slope, the cumulative histograms show
that 50% of all local slopes are at least twice as steep as the regional
slope. Mean local slopes are as much as six times steeper than the
regional slope.

Slope-Depth Frequency Grids

Slope-depth frequency grids graph variations in local slope with
increasing water depth (Fig. 2, II, A-E). Each grid is a vertical
“waterfall” plot of histograms of local slope at 50 m depth intervals
down the face of a continental slope. Each row in a grid is a single
histogram of the local slopes within a 50 m depth interval. And each
value in a histogram is the areal frequency of a local slope within
that depth interval. For example, on the New Jersey-Maryland
slope, ~10% of the study area between 450 and 500 m has a local
slope of 7°-8°. Note that the slope-depth frequency grids exhibit
distinctive trends in each continental slope setting.

Slope-Direction Frequency Grids

Slope-direction frequency grids graph variations in dip direc-
tion—ranging from upslope (0°) to downslope (180°)—with increas-
ing local slope (Fig. 2, 111, A-E). In this case, each grid is a hori-
zontal “waterfall” plot of histograms of local slope dip direction at
1° intervals of slope angle. Each column in a grid is a histogram of
the dip directions for a given angle. The dip directions are binned
at 5° intervals. Each value in a histogram is the areal frequency a
local slope dips within a 5° direction range. For example, on the New
Jersey-Maryland slope, ~8% of the sea floor that is inclined down-
ward at an angle of 25° dips along slope (90°-95°). Like the slope-
depth frequency grids, the trend in each slope-direction frequency
grid is distinctive. ‘

DISCUSSION

The accuracy of slopes measured in this study is limited by
(1) the resolution of the SeaBeam depth soundings (noted above);
(2) the gridding, which interpolates depths between soundings; and
(3) the horizontal length scales used in measuring the slopes, which
limit the maximum computable slope for a set vertical change in
elevation.

Despite these limitations, the slope measurements reveal mor-
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Figure 1. Center left: Map of United States showing areas (white boxes) examined in paper. Red areas within white boxes are regions depicted
in perspective images. Arrows indicate viewing direction. Color scale and vertical exaggeration of 4:1 apply to all images. A: New Jersey-
Maryland (NJ-MD); B: Florida (FL); C: Louisiana (LA); D: California (CA); E: Oregon (Or).
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phologic differences among the five continental slopes beyond that fied to unconsolidated Tertiary to Quaternary muds that overlie the
seen in he bathymetric grids. These differences can be attributed to  chalk. It is these more weakly lithified muds that tend to be steepest,
differences in the recent influence of tectonism, sedimentation, ero-  suggesting this region may be predisposed to failure.

sion, and lithology on the developing morphology of each conti- The slope-direction frequency (Fig. 2, III, A) grid reveals a
nental slope. transition from local slopes that are almost flat and tend to dip

downslope, to steep slopes that tend to dip along slope. The former
New Jersey—Maryland: A Passive-Clastic Continental Slope are predominantly in intercanyon areas, whereas the latter are pre-

Atboth regional and local scales, the passive New Jersey-Mary-  dominantly along canyon walls, which dip perpendicular to the
land slope is steeper than the tectonically active and visually more  downslope strike of canyon floors. The slope-direction frequency
rugged Oregon, California, and Louisiana slopes (Fig. 2,1, A). The grid thus reflects the region’s lineated, canyon-intercanyon mor-
greater steepness of the New Jersey-Maryland slope may be due to  phology formed by sedimentation and downslope-directed erosion.
the region’s relative stability. The other three clastic continental _ v
slopes are prone to frequent seismicity or salt movement, which ~West Florida: A Passive-Carbonate Continental Slope
promote slope failure, and thus may inhibit sedimentation and ero- Regional and local slopes are steepest on the west Florida slope
sion from building comparably steep slope grades. (Fig. 2,1, B) due to its resistant carbonate lithology. The slope-depth

The slope-depth frequency grid (Fig. 2, II, A) shows that local  frequency map (Fig. 2, II, B) shows that the west Florida slope is
sea-floor slopes tend to be steepest on the upper (<1500 m depth)  steepest below 1800 m, along the Florida Escarpment (mean incline
rather than the lower New Jersey-Maryland slope. On the lower  ~31° over 470 km?). However, with a mean regional grade of 2.9°
slope, lithified Eocene chalk crops out at or just beneath the sea  (over 1050 km?) the carbonate ramp above the escarpment is also
floor (Robb et al., 1981). The upper slope is composed of semilithi- ~ steep.
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The slope-direction frequency grid for the west Florida slope
(Fig. 2, 111, B) is highly variable. Although the greatest tendency of
all local slopes is to dip downslope, they also commonly range in dip
up to along-slope. This variability is caused by the many submarine
canyons and chutes that gully the face and crest of the Florida
Escarpment. The spacing of these features is apparently such that

there is no clear transition between intercanyon and canyon wall

areas, as there is in the New Jersey-Maryland slope-direction fre-
quency grid (Fig. 2, I1I, A). This difference between the two passive
continental slopes is in part due to lithology, but it also reflects
differing degrees and styles of erosion. The west Florida slope has
been undergoing net erosion, largely by slope failure (Paull et al,
1990). On the New Jersey-Maryland slope, erosion by both slope
failures and sediment flows has been offset by deposition (Pratson
et al., 1994).

Louisiana: A Salt-Tectonized Continental Slope

Regional and local slopes are lowest on the Louisiana slope
(Fig. 2, 1, C) despite a rugged terrain of numerous intraslope basins
formed between, and often above, shallow to deeply buried alloch-
thonous salt structures (Worral and Saelson, 1989). The seaward
limit of these salt structures is marked by the 600—800 m drop at the
edge of the Louisiana slope known as the Sigsbee Escarpment. Lo-
cal slopes along both the escarpment and the intraslope basin walls
can exceed 20°. However, on average, local slopes are about two or
more times lower than on the other continental slopes.

The low grade of the Louisiana slope is undoubtedly tied to the
allochthonous salt that underlies the region. The salt may not be
competent enough to support steep sea-floor slopes, and/or being
mobile, may frequently trigger siope readjustment through failure.
Evidence for the latter is the numerous debris aprons at the base of
the Sigsbee Escarpment (Twichell and DeLorey, 1995), where un-
derlying allochthonous salt is thrusting basinward (Worral and Snel-
son, 1989).

Irregular salt movement is also a probable cause for the lack of
any trend in the slope-direction frequency grid (Fig. 2, ITI, C), which
indicates that unlike the other continental slopes, there is no direc-
tional bias to the Louisiana slope bathymetry. Salt tectonics appears
to have randomized the seafloor.

California: A Strike-Slip Continental Slope

The California slope exhibits a mixture of New Jersey-Mary-
land and Oregon slope characteristics. The regional and mean local
slopes for California (Fig. 2, I, D) are similar to those for Oregon
(Fig. 2,1, E), as are the local slope histograms. The slope-direction
frequency grid (Fig. 2, II, D) resembles that for the New Jersey-
Maryland slope (Fig. 2, II1, A). The trend, however, is more diffuse,
with a broader range of slope grades tending to dip directly down-
slope. The slope-depth frequency grid (Fig. 2, II, D) shows that the
upper California slope steepens like the New Jersey-Maryland slope
(Fig. 2, II, A), but over only half the water depth. An additional,
broader cycle of steepening occurs on the lower California siope,
similar to Oregon (Fig. 2, I, E).

These characteristics suggest that the California slope has an
intermediate morphology between that of the New Jersey-Maryland
and Oregon slopes. Like the New Jersey-Maryland slope, the rel-
atively oversteepened upper slope and downslope-lineated mor-
phology indicated in the California slope-direction frequency grid
reflect the influence of sedimentation and erosion. However, Cal-
ifornia’s low regional and mean local slopes, and the apparent
“bulging” of its lower continental slope (detected in the slope-depth
frequency grid), are attributes shared by the Oregon slope, and
appear to be tectonically induced.

Printed in U.S.A.

Oregon: A Convergent Continental Slope

The similarities in the regional and local slopes (Fig. 2,1, D and
E) between the strike-slip California slope and the convergent Or-
egon slope suggest a commonalty that spans the change in tectonic
regime north across the Mendicino Fracture Zone (Atwater, 1970).
A potential cause for the equally low grades of these continental
slopes may be seismicity, which is an important trigger for failure
and slope readjustment along the entire western U.S. margin
(Schwab et al., 1993).

The Oregon slope is a compound, terraced slope of stacked
compressional folds formed by the convergence of the North Amer-
ican and Juan de Fuca plates (Goldfinger et al., 1992). The folding
is reflected in the Oregon slope-depth frequency grid (Fig. 2, I, E)
as four to five cycles of local sea-floor flattening (fold crests) and
steepening (fold flanks) with increasing water depth. In the slope-
direction frequency grid, all local sea-floor slopes tend to dip sea-
ward, and to some degree in the reverse direction landward, across
the fold flanks, highlighting the strong along-slope bias to the re-
gion’s bathymetry. This contrasts with the New Jersey-Maryland,
California, and even west Florida slope-direction trends (Fig. 2, I1I,
A, D, and B), which reflect bathymetry with a strong downslope bias,
largely due to submarine canyons. There are submarine canyons on
the Oregon slope, but their presence is not indicated in its slope-
direction frequency grid. The compressional folding dominates the

bathymetry.
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¥ A model for the headward erosion of submarine canyons induced
by downslope-eroding sediment flows

i Lincoln F. Pratson
Bernard J. Coakley

ARSTRACT

~ A simple, physically based computer
model of continental slope evolution is used
= to investigate the sequence of submarine
canyon formation. The model simulates
submarine canyons as evolving under the
influence of sedimentation, slope failure,
sediment flow erosion, and topography. In-
teractions between these factors are mod-

. eled as being governed by local sea-fioor
' slope, which in the model determines the
extent of sea-floor failures, directs the
downslope path of sediment flows triggered
by the failures, and scales the amount of
sea-floor erosion caused by the sediment
) fiows. Based on these interactions, the
| mode! simulates a three-stage sequence for
‘ submarine canyon formation: (1) the ero-
sion of pre-canyon rills by sediment flows
initiated at sites on the upper slope over-
steepened by sedimentation; (2) localized

;. slope failure of the walls and/or fioor of the
rills at one or more mid- to lower-slope sites
destabilized by sediment flow erosion; and
(3) evolution of the failure into a headward-
_ eroding canyon that advances upslope along
- the rills by sediment-flow-driven retrogres-
sive failure. Through this sequence, the
= model simulates canyon and intercanyon
morphology that successfully reproduces
‘crosscutting relations observed between
Lindenkoh! Canyon and adjacent erosional
slope rills on the passive-margin New Jersey
continental slope, and between slope fail-
ures and long, narrow dendritic tributaries
that enter into the Aoga Shima Canyon on
the convergent-margin 1zu-Bonin fore arc.
= These results suggest that the model may be
. applicable in explaining submarine canyon
e formation along a variety of continental
> margins. More significantly, in illustrating
how sediment flows might repeatedly trigger
Fetrogressive failures, the model presents a
new explanation for submarine canyon for-
mation that reconciles morphologic evi-

dence for headward canyon erosion by mass
wasting with the stratigraphic evidence for
canyon inception by downslope-eroding sed-
iment flows.

INTRODUCTION

In one of the first regional studies of a
continental slope using GLORIA side-scan
sonar imagery, Twichell and Roberts (1982)
pointed out that two general populations of
submarine canvons occur along the mideast
U.S. margin: a relatively few, large, often
sinuous canvons with heads that indent the
shelf break. and a much greater number of
smaller. more linear canyons with heads
hundreds of meters below the shelf break on
the continental slope. They suggested that
the slope-confined canyons had initiated on
the continental slope, and that the shelf-in-
denting canyons had evolved from slope-
confined canyons and thus were older.

This same idea was independently
reached by Farre et al. (1983) after studying
the morphology of a number of submarine
canvons on the New Jersey and Maryland
continental slopes imaged in higher-resolu-
tion SeaMARC 1 side-scan sonar imagery.
They went a step further than Twichell and
Roberts (1982) and hypothesized a scenario
for the evolution from “youthful” to “ma-
ture” canyon morphology. Farre et al.
(1983) proposed that the youthful stage of
submarine canvon evolution begins with
slope failure. Retrogressive mass wasting of
the continental slope sediments along the
failure headwall leads to the formation and
upslope extension of a relatively straight,
steep-walled chute. If this headward-migrat-
ing chute breaches the shelf break, the can-
yon taps into a new sediment source of outer
shelf sands and enters into a mature phase
of canvon evolution. Failure of shelf sedi-
ments in the vicinity of the canyon head in-
itiates coarse-grained turbidity currents.
which become an important agent in canyon
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erosion by downcutting the canyon and carv-
ing a sinuous thalweg.

The differences between shelf-indenting
and slope-confined canyons first noted along
the mideast U.S. continental slope by
Twichell and Roberts (1982) and Farre et al.
(1983) have subsequently been observed
along other continental slopes throughout
the world (e.g.. McGregor. 1985; Dingle and
Robson. 1985; Nelson and Maldonado,
1988: Klaus and Taylor, 1991). Their idea
that slope-confined and shelf-indenting sub-
marine canyons represent different stages of
canyon evolution has provided a framework
for interpreting the relative ages of canyons
on a continental slope. Furthermore, the
Farre et al. (1983) theory has provided an
explanation for why slope-confined and
shelf-indenting canyons co-exist.

Aspects of the Farre et al. ( 1983) theory
have recently been called into question. Us-
ing multibeam bathymetry. seismic reflec-
tion profiles, and borehole data, Pratson et
al. (1994) identified and mapped a number
of buried canyons in an area of the New
Jersey Slope investigated by both Farre et al.
(1983) and Twichell and Roberts (1982).
Pratson et al. (1994) found that at Jeast sev-
eral of the larger, “slope-confined” canyons
in the area have buried, upslope extensions
that may once have indented the shelf break
but now are infilled and cannot be discerned
in side-scan sonar imagery. They also found
that a number of existing canyons exploited
the lower slope reaches of the older, buried
canyons, suggesting that the existing can-
yons were initiated by downslope-eroding
sediment flows rather than upslope-eroding
retrogressive failures.

To explain the formation of these can-
yons, Pratson et al. (1994) combined ideas of
Farre et al. (1983) with those of Daly (1936),
who was the first to suggest that submarine
canyons are eroded by turbidity currents.
Pratson et al. (1994) proposed that canyon
initiation began with depositional over-
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steepening and localized failure of the upper
continental slope. The failures ignited ero-
sive sediment flows. which were routed
downslope through preexisting bathvmetric
lows, including sea-floot troughs that overlie
the buried canvons on the middle to lower
slope where they become only partially in-
filled. The erosion caused by these flows es-
tablished passages along which canyon de-
velopment ensued. Subsequent sediment
flows deepened the evolving canyons and
oversteepened their walls. leading to a cor-
responding widening of the canyons through
retrogressive canyon-wall failure.

Pratson et al. (1994) used their hypothesis
to explain the initiation of a number of
large. slope-crossing canyons that incise
the Miocene through Quaternary muds
that form the upper Necw Jersey Slope
(Robb et al.. 1981). They did not apply

226 Geological Society of America Bulletin. February 1996

PRATSON AND COAKLEY

kilometers

Figure 1. Shaded image of the bathymetric grid of the New Jersey slope used as a standard

their hypothesis to the formation of
smaller submarine canyons on the New
Jersey Slope, which are confined to water
depths 21300 m and cut into areas of shal-
low-buried and exposed Eocene chalk.
McHugh et al. (1993) have shown that the
formation of these canvons was controlled
bv diagenetically induced fracturing of the
chalk. But the events that triggered this
fracturing remain speculative.

We show in this study how the formation
of these lower slope canyons could have
been triggered by the same sediment flow
erosion that appears to have ultimately led
to the formation of larger slope-crossing
canyons within the area. In so doing. we also
show how  downslope-directed  sediment
flow erosion could induce the type of head-
ward canyon erosion conceived of by Twich-
ell and Roberts (1982) and Farre et al.

of submarine canyon morphology for evatuating model results. Grid is based on almost 100%
SeaBeam hathymetry coverage of the sea-Hoor area shown in the inset. Grid cell size is 300 m*,

(1983). We demonstrate these possibilities
through a new computer model of subma-
rine canvon evolution that simulates the in-
teraction between slope failure. sediment
How erosion, and topography as conceptu-
alized by Pratson et al. (1994). The model
results are contrasted to the morphology %
the New Jersey continental slope in the vi-
cinity of Lindenkohl Canyon (box. Fig. 1).2
well-mapped subregion of the area where
Twichell and Roberts (1982). Farre et al.
(1983). and Pratson et al. (1994) have all
suggested that submarine canyons in dif-
ferent stages of evolution are represented.
The applicability of the model to canyon
formation in other continental margin set-
tings is then discussed in a comparison -*f
the results to the morphology of the Aoga
Shima Canyon on the [zu-Bonin fore arc
off Jupan.
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Figure 2. Schematic illustrating the downslope pattern of sedimentation simulated by the model. This pattern was uniform along the

g. model slope.

. THE MODEL
P Few studies have simulated the formation
of submarine canyons. Tetzlaugh and Har-
baugh (1989) used their SEDSIM3 model to
¥ simulate the formation of Simpson Canyon,
k' an ancient submarine canyon buried be-
neath Alaska’s Arctic coast. More recently,
. Cao and Lerche (1994) have simulated the
p¢ formation of a generic canyon with their
MOSED3D model. The principal focus of
these studies was not modeling submarine
canyon formation, but the erosion. sediment
transport, and deposition caused by gravity-

¢ driven sediment flows. The submarine can- .

= yons were modeled as being eroded by tur-
¢ bidity currents initiated at predefined model
locations.

In this study. we present a new “seascape”
evolution model] for simulating the morpho-
B logic evolution of a passive. clastic continen-
L tal slope. The model simulates sediménta-
tion, slope failure, and sediment flow
erosion by discrete grid cell interactions.
: The parameterizations for these processes
are simple, but physically founded. They
Femulate the fundamental mechanics of each
rocess but, in this study, not the rate at
which the processes occur. A factor common
10 all of the parameterizations is local sea-
floor slope. In the model. local slope governs
the Jocation and extent of sea-floor failure.
directs the downslope path of the sediment
flow triggered by the failure, and scales the
- @mount of sea-floor erosion the sediment

flow can cause.

Initial Model Surface. The initial model
surface is a rectangular grid of sea-floor el-
evations. For this study, a smooth, dipping
elevation grid covering an area 30 km X 30
k_m is used. The grid cells are 300 m on a
Side. The grid ranges in water depth from
10(') 0 2100 m and has a gradient of ~4°,
Wwhich is similar to the New Jersey continen-
tl slope between Lindenkohl and Carteret

?
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Canyon. In this study, variations in the type
and strength of the sediments composing
the slope are not modeled.

Sedimentation. Sedimentation is simu-
lated by raising the elevation of each grid
cell on the continental slope a small amount
during every model iteration. This amount
varies randomly from one grid cell to the
next (i.e.. spatiallv) and with each model it-
eration (i.e.. “temporally”) but is scaled by a
background depositional pattern that deter-
mines the maximum amount of sediment a
grid cell can receive during a single iteration
(Fig. 2). In this study. the depositional pat-
tern reflects the accumulation of Quater-
nary sediments along the New Jersey Slope.
These are thickest on the upper continental
slope and thin seaward. suggesting they
were input from a shelf-edge line source
(Pratson et al., 1994). For simplicity, this
source is approximated using a background
depositional pattern that decreases linearly
from a maximum of 5 m per iteration at-the
shelf edge to a minimum of 0 m per iteration
at the slope base. )

Slope Failure. Slope failure occurs in the
model when sedimentation raises the eleva-
tion of a grid cell above the elevation of its
neighbors such that the slope between the
grid cell and its lowest neighbor exceeds a
maximum slope threshold (Fig. 3A). This
maximum slope threshold is the single free
parameter that can be varied from one
model run to the next. It represents the max-
imum angle of repose for the continental
slope sediments and reflects the limit of
their material strength or stability. When a
grid cell exceeds the maximum slope thresh-
old and fails, its elevation is reduced by an
amount that brings the grid cell 5% below
the maximum slope threshold. If the failure
of the grid cell oversteepens any of its im-
mediate neighbors, these fail too (Fig. 3C).
This chain reaction of failures continues un-
til the fajlure headwall is regraded below the

maximum slope threshold. Thus, in the
model, the extent of a slope failure is deter-
mined by the steepness of the surrounding
continental slope area.

Sediment Flow Erosion. Sediment flow
erosion is initiated in the model at a grid cell
that fails. The failed sediment is removed
from the grid cell as a sediment flow that is
one grid cell in areal extent (0.09 km?). The
unit size sediment flow, or “floxel” (Fig. 3B),
follows the steepest topographic descent
downslope. As it moves, the floxel erodes
the slope surface beneath it by reducing the
elevation of each grid cell it passes over.
This amount is equal to the square root of
the'local slope gradient times the volume of
sediment the floxel is already transporting.
This parameterization represents a non-
time dependent linearization of the equa-
tion by Komar (1977) for the body flow of a
turbidity current. Importantly, the influence
of other hvdrodynamic factors in sediment
flow erosion, such as friction, water entrain-
ment, and flow density (Parker et al., 1986),
is not considered here. .

In the case that the failure of a grid cell
causes neighboring grid cells to retrogres-
sively fail, each of these generates its own
floxel (Fig. 3C). The individual floxels inde-
pendently move down the continental slope
and erode the sea floor as they are initiated;
however, the downsiope path each floxel fol-
lows is influenced by the eroded topography
left by the floxe] that immediately preceded
it. Likewise, as it erodes the sea floor, a
floxel influences the path of any following
fioxel. This dynamic feedback between ero-
sion and surface evolution leads the individ-
ual floxels to converge and form a multigrid
cell sediment flow train (Fig. 3C). The larger
the retrogressive failure, the larger the re-
sulting sediment flow train.

When a floxel or sediment flow train
reaches the base of the continental slope. it
exits the model. The model then iteratively
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model slope oversteepened by sedimentation.

adds sediment upon the new continental
slope surface until another slope failure is
initiated, and the sequence is repeated.

RESULTS

The style of submarine canyon evolution
simulated by the model is illustrated with
two model runs made with different maxi-
mum slope thresholds. In one, 2 maximum
slope threshold of 12° is used, which approx-
imates the mean gradient of the walls of sub-
marine canyons on the New Jersey conti-
nental slope as measured from gridded
multibeam bathymetry of the area (Fig. 1).
In the other, a maximum slope threshold of
30° is used, which approaches the steepest
gradient for the walls of these canyons.

The sequence of canyon evolution in both
model runs is the same. Sedimentation in
the model gradually oversteepens the upper
continental slope, and grid cells begin to fail.
At first, the failures involve only single grid
cells. These initiate floxels that cut narrow,
shallow rills to the base.of the continental
slope (Fig. 4A). Subsequent floxels moving
downslope through topographic lows nearby
are directed into the rills where their walls
become steeper than the adjacent slope sur-
face. The floxels then follow the rills to the
base of the slope, eroding and deepening
the rills before they are infilled by
sedimentation.

With time, some of the rills are deepened
to the point that portions of their walls are
oversteepened and fail (Fig. 4B). The fail-

ures occur within these rills where the fre-
quency of floxel capture and wall erosion is
greatest. Eventually, these failures become
large enough that they trigger a chain reac-
tion of retrogressive siope failures (Fig. 4C).
These retrogressive failures radiate from the
initial failure site, regrading, expanding, and
altering the form of the rill into a canyon-
like excavation (Fig. 4D). Floxels of failed
sediments join to form sediment flow trains
that erode pinnate gullies into the walls of
the simulated canyon as they are funneled
into its emerging thalweg (Fig. 4D). There
they converge with other sediment flow
trains to form a “catastrophic” erosional
event that excavates the downslope reach of
the simulated canyon to the base of the
model slope.

Once the walls of the simulated canyon
are established, they become focal points for
further slope failure for they already recline
near the maximum slope threshold. Contin-
ued sedimentation along the canyon wall
rims and downcutting within the canyon by
sediment flow erosion steepen the canyon
walls beyond this limit, and thus they fail
more frequently than the surrounding slope.
These failures are most common along the
headwalls of the canyon toward the upper
slope where sedimentation rates and the in-
troduction of floxels are greatest. These fail-
ures lead to the headward growth of the sim-
ulated canyon (Fig. 5). At the same time,
they initiate sediment flow erosion within
the canyon, which deepens the thalweg and
undercuts the walls. This in turn leads to a
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sediment flow train

SECONDARY FAILURES AND
EXPANSIVE SEDIMENT FLOW EROSION g

Maximum Slope Threshold :

corresponding widening of the canyon by !

side-wall failures farther down the slope.
A consequence of this pattern of erosion,
which was unanticipated during model de-
velopment, is that the simulated canyons are
mostly excavated by a few, large, retrogres-
sive slope failures (Fig. 5). When the walls of

a floxel-cut rill begin to fail, the volume of

sediments removed by these failures in-
creases orders of magnitude within a mod-
erate number of failure events (Fig. 5). The
magnitude of the slope failures then pla-
teaus in size for about the same number of
failure events. It is during this phase of the
model that the most significant changes in
simulated canyon morphology occur. Each
big, retrogressive slope failure advances the
head of the evolving canyon up the conti-
nental slope, forms new canyon tributaries,
and widens the canyon (Fig. 5). The big ret-
rogressive failures then diminish in fre-
quency once the head of the canyon ap-
proaches the top of the continental slope in 3
the model.

The headward canyon erosion simulated
by the model is strikingly similar to the
youthful, mass-wasting phase of submarine
canyon evolution envisioned by Farre et al.
(1983). However, the mode! simulation de-
parts from the Farre et al. (1983) theory in
several important ways. First, although
Farre et al. (1983) proposed that localized
failure on the continental slope begins head-
ward canyon erosion, they did not speculate
as to the possible causes for such a faiture. In
the model, the onset of headward canyon
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Figure 4. Simulations showing the sequence of submarine canyon evolution generated by the model.

erosion begins when repeated sediment flow
downcutting in an area oversteepens the sea
. floor and triggers failure.
= Second, Farre et al. (1983) proposed that
. sediment flows become an important factor
. in canyon erosion only after the head of a
' canyon breaches the shelf break. Prior to
that point, other, continental slope-based
mechanisms cause the retrogressive failures
at advance the canyon upslope. By con-
st, the model results predict that sedi-
ment flows trigger the retrogressive failures
where they enter into the canyon and/or un-
dercut its walls. Thus, in the model, sedi-
- ment flows initiated upslope of a canyon are
an important factor driving the headward
% erosion of the canyon throughout its
evolution.
A third difference is that Farre et al.
(1983) proposed that after the head of a can-
- Yon breaches the shelf break. downcutting
by sediment flows leads to the development
©f a meandering thalweg. In the model. can-
Yons develop meandering thalwegs through
the slope failures that advance the canvon
beadwal) up the slope.
Ithough this sequence of canyon forma-

tion simulated by the model is insensitive to
the value of the maximum slope threshold,
the canyon morphology produced by the
model is not (Figs. 6 and 7). The canyon
simulated using a maximum slope threshold
of 12° is characterized by a wide canvon
floor and a broad, flowering headwall. The
canyon simulated using a maximum slope
threshold of 30° has a deeper canyon floor
and a narrower headwall. The results show
that the maximum slope threshold influ-
ences the width and relief of the submarine
canvons simulated by the model.

The two simulations are also compared to
a bathymetric grid of Lindenkohl Canyon
constructed from near-complete SeaBeam
multibeam bathymetry of the New Jersey
continental slope (Figs. 6 and 7). The grid
has a grid cell spacing of 100 m and covers
the same area as represented in the two sim-
ulations. Visually. the form and width of the
simulated canvon produced using a maxi-
mum slope Jimit of 30° come closest to ap-
proximating the morphology of Lindenkohl
Canvon (Figs. 6 and 7). The simulated can-
von produced using a maximum slope limit
of 12°. however. is more like Lindenkohl
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Canvyon in its thalweg profile (Fig. 7; Ta-
ble 1). Both simulated canyons are much
larger than Lindenkohl Canyon (Table 1)
and have wider canyon floors that are
broader nearer to the base of the continen-
tal slope (Figs. 6 and 7).

DISCUSSION

The model resuits predict that the bulk of
canyon formation is carried out by a few
large-scale retrogressive failures (Fig. 5).
Some submarine canyons, like the Missis-
sippi, show morphologic and stratigraphic
evidence of having undergone this type of
catastrophic formation (Goodwin and Prior.
1989). But others, such as Oceanographer
off Georges Bank. exhibit evidence of cyclic
erosion and infilling dating as far back as the
Cretaceous (Ryan et al., 1978). The latter
observations suggest that many submarine
canyons evolve over long time periods from
repeated erosional events, presumably of
varving magnitude and due to multiple
causes (Shepard. 1981). This more gradual
and varied form of canvon evolution is not
addressed by the present model. It is biased
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in its predictions toward canyon formation
by catastrophic erosion.

This bias is attributable to at least two
model simplifications. One is the use of a
single maximum slope threshold, which im-
plies all slope sediments are of uniform
strength. A floxel in the model can downcut
canyon floor sediments exhumed from
depth the same amount as newly deposited
sediments on the open slope. In reality, bur-

230

ied sediments should be less erodible, for
they generally have undergone compaction
and have been hardened by consolidation
(Karig and Hou, 1992). As they are ex-
humed, consolidated sediments should be
able to sustain greater angles of repose than
can surface sediments and be more resistant
to slope failure and sediment flow erosion.
This resistance would slow canyon evolu-
tion. It is also the likely cause for many can-
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yous having V-shaped cross sections, rather
than the U-shaped cross section predicted
by the model (Fig. 7).

A second simplification in the model is
that sediment flow erosion is simulated with-
out factoring in the influence of flow accel-
eration and related flow hydrodynamics
(bed friction, water entrainment, flow den-
sity, etc.). Using the parameterization in the
model, a simulated canyon develops a thal-
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Figure 6. Examples of simulations generated with the model using two maximum slope thresholds and their comparison to Lindenkohl
Canyon. Letters in all three images correspond to analogous morphologies: A, upper slope sediment buildup; B, narrow erosional rills;
C. lower slope failure excavations; and D. heads of erosional rills truncated by canyon sidewalls and tributaries. Note that in the simulation
using a maximum slope threshold of 30°, sedimentation in the model raised the elevation of the upper continental slope above sea level.
This was because no process other than downslope erosion was simulated to offset sediment aggradation, such as subsidence or shallow
water current and wave erosion. Although unrealistic, this consequence is not considered to have bearing on the results discussed in the text.

weg grade that reflects the volume and fre-
quency of floxels that pass through it. How-
ever, the magnitude of erosion a sediment
flow can cause, and the amount of sediment

. it can entrain, is dependent on the acceler-

ation of the flow (Parker et al., 1986; Nor-
mark and Piper, 1991). The present model
Tequires a more physically based parameter-
Lzation of sediment flow behavior to assess

£ the role of sediment flow acceleration on

submarine canyon formation.

Variable sediment strength, sediment
flow acceleration, and other improvements
are being incorporated into a new version of
the model. The version discussed in this
Study, however, alreadv succeeds in repro-
ducing several fundamental elements of
canyon and intercanyon morphology in the
Vicinity of Lindenkohl Canyon on the New
Jersey continental slope. This success sug-
8ests that, despite its biases and simplicity,
the model may be correctly simulating the
general sequence of events that led to the
formation of submarine canvons within this

area. This sequence of events is as follows:
(1) erosion of precanyon rills by sediment
flows initiated at sites on the upper slope
due to depositional oversteepening (Fig. 4A);
(2) slope failure along the rills at one or
more mid- to lower-slope sites destabilized
by sediment fiow erosion (Fig. 4B); and (3)
evolution of the failure into a headward-
eroding canyon that advances upslope along
the chute(s) by sediment-flow-driven retro-
gressive failure (Figs. 4C-4D and 5).

The intercanvon area surrounding Lin-
denkoh! Canyon is incised by a series of rel-
atively closely spaced slope rills (Fig. 6B)
with headwalls that cut into a steepened sec-
tion of the upper slope (Fig. 6A). Pratson et
al. (1994) interpreted these slope rills to
have been eroded by failure-induced sedi-
ment flows. triggered by depositional over-
steepening of the upper slope. These slope
ritlls may thus be a natural analog for the
precanvon rills generated in the initial stages
of the model results (Fig. 4A).

When followed downsiope, the rills coa-
lesce and enter three to four amphitheater-
shaped failure scars on the middle to lower
slope (Fig. 6C). Each of these scars consti-
tutes one of the slope-confined canyons that
incise an Eocene chalk, the surface of which
is generally covered by a thin veneer of
Pliocene-Pleistocene siliciclastic sediments
(Farre and Ryan, 1987). The walls and floors
of the slope-confined canyons follow frac-
ture surfaces in the chalk that were initiated
by pore-fluid expulsion during chalk diagen-
esis (McHugh et al., 1993). The fractures
apparently expanded following the erosion
of overburden above the chalk and, in exfo-
liating. fostered the slope failures that exca-
vated the canvons.

What process could have removed late
Cenozoic sediments from above the Eocene
chalk is unknown. McHugh et al. (1993) pre-
sented several possibilities. including over-
burden removal by mass wasting. Our model
results suggest to us that erosion by sedi-
ment flows passing over these areas is an
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equally viable mechanism. In the modet
failure-induced canyons are simulated a; ‘
) forming on the middle to lower slope by ret. 4
Maximum Slope Threshold = 12° rogressive failures. The mechanism that
Maximum Siope Threshold = 30° triggers these failures is oversteepening of .
the walls of the precanyon rills. The sedi- 2K
ment flows that passed through the New Jer- £
sey Slope rills could have caused similar fail. 4
ures or simply downcut to a critical depth 1o §
trigger the exfoliation and subsequent fail-

ures that formed the lower slope canyons, 3
Thus, we suggest the lower slope canvons 3
may be representative of the early stage of :
headward canyon erosion simulated by the 3
model (Fig. 6C).

Whether the lower slope canyons post- §
date the slope rills is uncertain and cannot g
be determined from the morphologic rela-
tion between these features. But the slope
rills do appear to predate the present areal 3
extent of Lindenkohl Canyon and Carteret
Canyon to the northeast. The walls of these §
canyons cut into and terminate the heads of
adjacent slope rills (Fig. 6D). This distinc- J
tive crosscutting relation is successfully re- §
produced by the model. As the headwall and
sidewalls of simulated canyons advance up
Profile #2 and across the slope by retrogressive failure,

they erode into and terminate the upslope
extensions of precanyon chutes formed ear-
lier nearby (Fig. 4C). In so doing, the sim-
ulated canyons capture the upslope drain-
v o age area of the precanyon rills. This capture

W shadows the rills from further downslope
sediment flow erosion, aborting their con-
tinued development. Growth of the inter-
canyon slope rills cut into by the walls of
Lindenkoh! and Carteret Canyons appears
to have been suspended by similar circum-
stances (Fig. 6D).

The parallels between the model results
Profile #4 and the slope morphology in the vicinity of

Lindenkohl and Carteret Canyons (Fig. 6)

suggest these canyons evolved first from

slope rills, and possibly later from slope-

confined canyons. The model shows how

kilometers alongsiope slope-confined and shelf-indenting canyons
in this area can be related through a com-
mon evolution involving retrogressive slope
faitures induced by sediment flows initiated
upslope of the failures. The model thus pre-
sents an explanation for the formation of
TABLE 1. AREA AND GRADE OF LINDENKOHL CANYON VERSUS submarine canyons on the New Jersey con-
SIMULATED CANYONS IN FIGURE 6 tinental slope that reconciles the morpho-

pPe—— —— logic ev;dence for headward canyon ezos;o?l;

nyon, . reported by Twichell and Roberts (1982

& thaweg grade () an% Farre et al. (1983) with the stratigraphic

Lindekohl 183 340 evidence for canyon inception by down-

Maximum slope threshold = 12° 286 26° : H
Maximum slope threshold = 30° 230 10 slope-eroding sediment flows presented by
Pratson et al. (1994).

Lindenkohi Canyon

Profile #1

M PETE R

TETY FETTE RN PR

1 profite #3

AP BN R

FPES N R

(3

Figure 7. A. Bathymetric profiles down the thalwegs of Lindenkohl Canyon and the two
simulated canyons shown in Figure 6. B. Four profiles across Lindenkohl Canyon and the
two simulated canyons. The mean depth has been removed from these across-slope profiles
to facilitate comparison of canyon widths and depths.
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Figure 8. The Aoga Shima Canyon as interpreted from seismic reflection data and full-coverage SeaMARC II side-scan sonar imagery.

Modified from Klaus and Taylor (1991).

Because our model of canyon formation is
linked to sedimentation, it predicts that the
process and pattern of canyon evolution is
dependent upon when and where deposi-
tional oversteepening of the continental
slope occurs. According to our model, can-
yon evolution should be most active when

_ sediment influx to the slope is greatest. Off-
& shore New Jersey, this would be during rel-
ative sea level lowstands. Studies of the ac-
. tivity of submarine canyons within this
-Tegion support this notion (Prior et al., 1984;
%Stanley et al,, 1984). Sediment flow source
" locations are also important, for their move-
ment between sea-level cycles or within a
single cycle could lead to the abandonment
of one canyon head and the formation of
another, or to the abandonment of the can-
yon altogether (Felix and Gorsline. 1971).

We recognize that all slope failures are
not associated with depositional oversieep-
ening and sediment flow erosion. Earth-
quakes, gas-hvdrate decomposition. wave-
loading, and a variety of other processes can
Cause slope failure as well (Schwab et al..
1993)~ We also recognize that there are re-
Blons where submarine canyons appear to
have formed strictly from retrogressive fail-

ures. For instance, it does not seem likely
that turbidity currents were involved in the
formation of slope-confined canyons on the
sheltered seaward flanks of accretionary
ridges along the convergent Oregon margin
(Orange and Breen, 1992).

Because many submarine canyons are not
protected from sediment flow erosion, how-
ever, we believe that the model results pre-
sented here may be applicable in explaining
the formation of a number of canyons in
diverse continental margin settings. One
candidate is the Aoga Shima Canyon on the
central Izu-Bonin fore arc south of Japan
(Fig. 1B), a region that is the tectonic op-
posite to the passive New Jersey margin.
Klaus and Tavlor (1991) have mapped the
Aoga Shima Canyon using SeaMARC Il
side-scan sonar imagery and seismic reflec-
tion data. They show that the canyon is fed
by a number of long. narrow, shallow den-
dritic tributaries (Fig. 8), similar to the slope
rills offshore New Jersey. Those dendritic
tributaries that enter into the canyon on the
middle to outer fore arc are cut in their mid-
section by arcuate slumps (Fig. 8). Arcuate
slumps also occur along the sidewalls of the

canyon and at the headwalls of a slope-con-
fined canyon re-entrant (Fig. 8).

The slumping along the Aoga Shima Can-
yon led Klaus and Taylor (1991) to infer that
the canyon evolved from headward erosion
by mass wasting as proposed by Farre et al.
(1983). However, they noted that the den-
dritic tributaries that enter the head of the
canyon on the inner fore arc (Fig. 8) are
more likely to have been eroded by sediment
flows than mass wasting. They also noted
that aspects of the canyon drainage pattern.
such as the bifurcation of the canyon around
a frontal arc high (Fig. 8), are difficult to
reconcile with headward canvon erosion
strictly by mass wasting. for such canyon
growth should follow the steepest slope
gradients.

A number of the observations made by
Klaus and Taylor (1991) can be explained in
the context of our model results. As alluded
to in the comparison to the New Jersey
Slope rills above, the dendritic tributaries
that feed into the Aoga Shima Canyon ap-
pear to have been eroded by sediment flows.
The arcuate slumps that cut the midsections
of these tributaries (Fig. 8) may have de-
rived from where erosion by the sediment
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flows destabilized the sea floor. The most
active tributaries would have fostered retro-
gressive slumping, leading to the formation
and headward erosion of the canyon re-en-
trant and presumably the canyon itself. Im-
portaatly, the model results predict that this
headward erosion would have occurred up
the dendritic tributaries through which the
failure-triggering sediment flows were being
funneled. This prediction is consistent with
the drainage pattern of the Aoga Shima
Canyon (Fig. 8). The headwalls of both the
canyon and its re-entrant connect to den-
dritic tributaries. The prediction is also con-
sistent with the canyon re-entrant being cut
around rather than up the frontal arc high,
for sediment flows follow topographic lows,
and this is the path along which a dendritic
tributary would have been cut. Finally, the
model results would predict that the arcuate
slumps bordering the sidewalls of the Aoga
Shima Canyon were widening the canyon in
response to thalweg deepening by sediment
flow erosion, which undercut the canyon
walls.

CONCLUSIONS

On the basis of the results of our seascape
evolution model, we propose that Linden-
koh!l Canyon, Carteret Canyon, the Aoga
Shima Canyon, and other submarine can-
yons along other continental margins were
formed from headward erosion driven by
sediment flow downcutting. In this scenario,
retrogressive failure of the headwall of a
slope-confined submarine canyon does not
fortuitously “capture” tributaries cut by sed-
iment flows, as suggested by Farre et al.
(1983). Instead, such tributaries are the pre-
cursors of a submarine canyon and establish
the template along which submarine canyon
formation ensues. The sediment flows that
cut these passages promote slope failure
and, if frequent enough, induce upslope ero-
sion of the failure headwall along sediment
flow passages toward their source. In so do-
ing, the failure can evolve into a slope-con-
fined canyon and ultimately a shelf-indent-
ing canyon, which, depending on the process
sourcing the sediment flows (fluvial/deltaic
input, shelf-currents, etc.), may or may not
connect with the mouth of a river on the
continental shelf.

The results of our seascape evolution
model are tested in this study against the
morphology of existing submarine canyons.
The model results can also be tested by ex-
amining the deposits at the base of slope-

PRATSON AND COAKLEY

confined canyons. Our model results predict
that these deposits should consist of a few,
large slope failure deposits, such as debris
flows, underlain by and interbedded with
sediment flow deposits containing shallow-
water materials from the upper continental
slope and possibly outer continental shelf. A
cursory review of Miocene-Pleistocene age
sediments drilled on the New Jersey upper
continental rise just seaward of several
slope-confined canyons appears to support
this prediction. Deep Sea Drilling Project
Sites 604 (Shipboard Scientific Party, 1987a)
and 613 (Shipboard Scientific Party, 1987b)
were drilled ~10 km seaward of North Car-
teret Canyon and ~6 km seaward of North-
east Valley (respectively, Fig. 1), whereas
Ocean Drilling Program Site 905 (Ship-
board Scientific Party, 1994) was drilled ~35
km seaward of Berkeley Canyon (Fig. 1).
The Miocene-Pleistocene sediments recov-
ered in these boreholes consist of multiple
and possibly thick (potentially >200 m at
ODP Site 905) debris flow deposits com-
posed of slope materials, and interbedded
turbidites containing shallow-water sands
and fauna. Further investigation is needed
to determine how these deposits relate to
the formation of the submarine canyons im-
mediately upslope of the boreholes.
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The kinematics and pattern of escarpment retreat
-across the rifted continental margin of SE Australia
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ABSTRACT

Rifted continental margins generally display an interior, low-relief, highly weathered upland
area and a deeply incised, high-relief coastal area. The boundary between the two zones is
commonly demarcated by an abrupt, seaward-facing escarpment. We investigate the rate and
pattern of escarpment erosion and landscape evolution along the passive margin of south-east
Australia, in the region of the New England Tableland. The process of rifting is shown to
initiate an escarpment across which rivers flow, resulting in an escarpment that takes the form
of dramatic, elongated gorges. Using a mass balance approach, we estimate the volume/unit
length of continental material eroded seaward of the escarpment to be between 41 and 68 km?,
approximately an order of magnitude less than the 339 km? of terrigenous sediments calculated
to have been deposited offshore, but consistent with earlier denudation estimates based on
apatite fission track data. On the bedrock rivers draining the New England Tableland region,
the escarpment is manifested as a series of sharp knickpoints punctuating the river longitudinal
profiles. The knickpoints are situated the same distance upstream along the different channels
and uniform escarpment retreat rates on the order of 2 km Myr ™! are estimated, despite some

§
£

"INTRODUCTION

We advance the idea that the erosion of broad continental
f plateaus occurs by propagation of erosional ‘fronts’ lat-
gerally through the plateau mass over time. These fronts
dare often escarpments and escarpment propagation
appears to happen regardless of the origin of the plateau
gopography, i.e. whether these broad elevated regions
Besult from collisional plate tectonics (Fielding et al.,
: _94; ‘Masek er al, 1994), rift flank uplift following
gxtension (Ollier, 1985; Gilchrist & Summerfield, 1990;
geissel, 1990; Summerfield, 1991; Weissel ez al., 1995),
g simply through a regional base-level fall.

g Landscape evolution across passive continental margins
Fovides a clear example of this dynamical picture of
Pateau erosion. Many passive margins are distinguished
g0 2n inland, relatively uneroded, low-relief, high-
Elevation plateau and a dissected, high-relief coastal zone.
’f € boundary between the two zones is commonly
f“Marcated by a seaward-facing escarpment. The main
5Ctors involved in the creation and maintenance of

?reSent address: Department of Geological Sciences, Wright-
p ‘man Laboratories, Rutgers University, New Brunswick,
08903, USA.
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differences in bedrock lithologies. Gorge head migration appears to be very important as a
bedrock incision mechanism. Field observations indicate a coupling between escarpment
retreat and knickpoint propagation, bedrock channel incision, and hillslope development.

erosional escarpments at passive margins include (1) the
geometry of rifting, particularly upper vs. lower plate
margins and along-strike segmentation of rifts (e.g.
Leeder & Gawthorpe, 1987; Lister et al,, 1992), (2) the
gradients of extension (i.e. whether they are diffuse or
concentrated), (3) the pre-rift topography (i.e. was it
regionally high, and did pre-existing drainages flow across
or away from the new margin) and (4) post-rift regional
uplift or subsidence. The margins of the Red Sea and
Gulf of Aden, southern Africa, eastern Australia, India,
Madagascar and south-east Brazil are passive margins
characterized by large-scale escarpments, despite wide
differences in climate, dominant lithologies and age of
rifting among them. Although not often acknowledged,
an escarpment can also be seen on the eastern US passive
margin. This escarpment runs from Georgia north into
Virginia and is most clearly expressed in the Cumberland
Plateau area and the Blue Ridge Mountains, as evident
on the topographic image constructed by Thelin &
Pike (1991).

Ollier (1982a, 1985) was the first to suggest that these
escarpments initiate when rift flanks are elevated during
rifting and propagate inland through the plateau over
time. Long-term average propagation rates on the order
of 1 km Ma™! can be inferred for a number of passive

301




M. A. Seidl et al.

margins by assuming that escarpment erosion initiated at
the time of rifting, and that the seaward edge of the rift
flank was originally located close to the present position
of the coastline. Considering the length of passive margins
worldwide and an average rift flank plateau height of
several hundred metres, it is clear that sediment eroded
from passive margins will be an important component of
the mass flux from continents to oceans through geologi-
cal time. The variability in escarpment retreat rates over
the course of a given margin’s evolution, however,
remains unknown, as do the underlying geological and
surficial processes responsible for the behaviour of propa-
gating erosion fronts and escarpments. The main purpose
of this paper is to explore these issues further using the
escarpment along the south-east continental margin of
Australia (Fig. 1) as a case study. Ultimately, understand-
ing the geomorphic processes acting across passive mar-
gins will help improve geophysical models describing the
erosional evolution of continental topography and perhaps
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Fig. 1. Grey-scale image of topography of eastern Australia and the adjacent ocean basins. The 100-m, 400-m and 900-m height
contours are shown in the continental areas. The New England section of the eastern Australia continental margin is located by =,
the box. M.B. area locates the onshore erosion — offshore deposition mass balance calculation. The location of DSDP Site 283 in -

the southern Tasman Sea is also shown.
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shed light on the relationship between tectonics an
topography.

Plateau-bounding escarpments in general exhibit gy,
basic forms depending on the direction of surface Water&.
drainage on the plateau interior relative to the escy, ;
ment. Where surface water flows away from the escq
ment, the escarpment takes the form of subgy,
embayments and promontories, such that its overall treng
remains fairly straight as it evolves with time. Whe
upland streams flow across the escarpment, it takes the
form of dramatic, narrow gorges whose heads appear ¢
propagate up the plateau drainage systems as large-scg
knickpoints. From now on we refer to these as
drainage divide and the gorge-like escarpment
respectively. From work on the Colorado Platey
Schmidt (1987) suggested that the two different esca
ment forms are characterized by different propagati
rates. In particular, Schmidt noted that the Colora
River is located much closer to the Grand Canyon
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i’outh rim, a drainage divide escarpment, than to the
§north rim, which is a gorge-like escarpment. The main
' 'lmphcatlon is that the gorge-like form might be associated
.th higher long-term average erosion rates compared
:th the drainage divide escarpment type. The gorge-
e form of the escarpment is a minority among passive
t argin escarpment forms. Observations along passive
argin escarpments and models of their development
‘how a preference for the drainage divide escarpment
fe)rm. However, the gorge-like form of the escarpment is
more easily explored in greater detail and, consequently,
 ore easily understood because it occupies a more con-
¥ ed land area. Additionally, simple models for escarp-
 ent evolution (e.g. Stark, 1994) suggest that the degree
of spatial focusing of processes is greater for the gorge-
Fiie escarpment form. What we learn from studying the
,' orge-like escarpments can then be applied to the drain-
gge divide form of escarpment.

_SOuth-east Australian passive margin

We examine the link between escarpment propagation
d landscape dissection on the south-east Australian
bpassive margin (Fig. 1). Rifting between the Australian
ontinent and the Lord Howe Rise terminated about
85 Ma with formation of the Tasman Sea in Late
etaceous to Early Tertiary time (Hayes & Ringis, 1973;
eisse] & Hayes, 1977). The continental-scale topogra-
phy in Fig. 1 shows that a first-order correlation exists
between the width of the submerged portion of the
tcontinental margin and the proximity of the eastern
Fhighlands to the coast, despite the differing lithostrati-
graphic units exposed along the length of the margin
{Karner & Weissel, 1984). The highlands are high and
gnarrow along the south-east margin w here the continental
§shelf is very narrow. The highlands are lower in elevation
land much wider along the north-east margin, where the
fpontinenta] margin is broad and marked by extensive
pubmarine plateaus (Fig. 1). This correlation implies that
Bhe origin of the eastern highlands of Australia, and thus
he initiation of the erosional escarpment along the
Baward side of the highlands, is linked to the amount
id geometry of extension that led to the formation of
B¢ adjacent ocean basin.

in common  with other passive margins, eastern
Bustralia is characterized by an escarpment located up
83200 km inland of the coast (Ollier, 1982a). The
gCarpment separates a western, highly weathered plateau
a deeply incised, high-relief coastal area to the east.
table isotope studies indicate the extensive development
;'old, deep weathering profiles on the upland surface
“d & Chivas, 1989, 1993). The preservation of Tertiary
""- on the upland surface similarly indicates an old
B¢ for the plateau (Young, 1983; Bishop et al, 1985;
Qung & McDougall, 1993). The antiquity of the surface
fuplies low erosion rates over the plateau surface com-
ed with erosion rates seaward of the escarpment.
patlte fission track ages obtained from exposed early to

o
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mid-Palaeozoic granites of the Lachlan fold belt vary
systematically across the south-east Australian continental
margin, from relatively young (several tens of million
vears) ages at the coast to Late Palaeozoic ages over the
interior plateau surface (Moore et al, 1986; Dumitru
et al, 1991). The systematic variation in fission track
ages provides a general picture of the thermal effects of
erosional denudation across the margin: (a) the decrease
in apparent age seaward of the escarpment suggests
progressively larger amounts of denudation towards the
coastline and (b) the older, less variable ages inland from
the location of the escarpment suggest comparatively
little erosion or a low erosion rate on the Tableland
surface. Similar patterns have been found across the
Arabian Red Sea margin (Bohannon et al., 1989) and in
south-eastern Brazil (Gallagher et al., 1994).

New England Tableland region

The New England Tableland section of the south-east
Australian margin (Fig. 1) offers an excellent opportunity
for advancing our understanding of rates and mechanisms
of inland propagation of erosional escarpments. It has: a
well-known rifting and post-rift tectonic history, charac-
teristic passive margin topography, clear expression in
the landscape of the surficial processes attending escarp-
ment retreat, available digital remote sensing and topo-
graphic data, and accessible field sites.

The aim of our study is to constrain rates of escarpment
retreat, determine the form of the retreat, as expressed
in the landscape, and, ultimately, understand the factors
controlling the retreat. To this end, we document the
kinematics and pattern of escarpment retreat at several
spatial and temporal scales using offshore seismic reflec-
tion profiles, both cartographic and digital representations
of topography, remote sensing imagery, and field obser-
vations. We focus here on the gorge-like form of escarp-
ment because it appears (1) that the process rates are
greatest here and (2) that the gorge-like form produces
more sediment in the same amount of time than the
surface water divide form. At the broadest scale, we
employ a mass balance approach to assess continental
scale dissection across the south-eastern Australian
escarpment. At the intermediate scale, we construct a
500-m digital elevation model (DEM) to examine the
pattern of erosion in the New England Tableland region
of the Australian margin, in particular the Macleay river
system. At the finest scale, we study hillslope and channel
processes in the vicinity of the escarpment using field
observations and 20-m SPOT-derived DEM data.

RIFTING PROCESSES AND
ESCARPMENT INITIATION

Central to our study of escarpments is the assumption
that these features form as a consequence of rifting. In
order for the gorge-like escarpment form to develop,
tectonic processes associated with rifting must produce a
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broad topographic surface that dips regionally toward the
ocean basin. To test this idea we obtained almost 15000
spot heights for the New England Tableland study area
(Fig. 1) from the Australian Government’s Land
Information Group (AUSLIG). These are also used to
produce a 500-m DEM for the study area shown later.
For the present purpose we retained only those spot
heights that are associated with remnant plateau surfaces.
To do this we eliminated spot heights from areas seaward
of the escarpment that are likely to have been eroded
since rifting by inland propagation of the escarpment.
We also eliminated those spot heights from Tertiary
basalt flows (Wellman & McDougall, 1974) which have
added extra height to the plateau surface. We were left
with some 4700 elevation values from the remnant plateau
surfaces, to which were added elevations hand digitized
from the Comboyne and Bulga plateaus slightly to the
south of the study area. Pain & Ollier (1986) recognized
that these plateaus are seaward ‘outliers’ of the original,
uneroded plateau surface isolated by inland advance of
the escarpment.

Two-dimensional low-order polynomial surfaces were
fit to the plateau surface spot heights by weighted least
squares. Figure 2 shows the distribution of control points
and contours of a best-fitting quadratic surface. The few
elevations in the range 600-730 m from the Comboyne
and Bulga plateaus were given a high weight of 10, the
collection of spot heights from the eastern Dorrigo
plateau ranging in elevation from 510 to 780 m were
given weights of 1, while all other control points received
weights of 0.9. It is necessary to give the outlier points
a greater weight to ensure that the surface will conform
to the elevations of these points. The main features of
the quadratic trend surface are that it dips uniformly
towards the ocean basin and that its height contours are
almost parallel to the coastline (Fig. 2). The surface
predicts that heights should be less than 500 m near the
shoreline, in agreement with maximum spot height elev-
ations on the 1:250 000 topographic sheets for the region.
The weighting made little difference to the overall shape
and seaward dip of the surface, but did make certain that
the final surface contained the outlying elevations.

The main implication of the surface-fitting work is
that we would expect the gorge-like escarpment form to
develop along this section of the south-east Australian
margin because the trend surface dips regionally toward
the sea. The attitude of the sub-basalt surface of the
early Miocene Ebor volcano (Ollier, 1982b) provides
further evidence for a seaward regional dip of the
Tableland surface at earlier times in the margin’s history.

We suggest that post-rift flexural coupling between
the rapidly subsiding oceanic lithosphere of the Tasman
Basin and the buoyant, flanking continental margin (e.g.
Turcotte et al., 1977) might explain the inferred regional
seaward dip of the plateau surface. To explore this we
extracted a profile across the trend surface perpendicular
to the coast (Fig. 2), and compared its shape with
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. approximately equal to or greater than the volume of

elevation proﬁles (Fig. 3) from a model for the ting

Driscoll (1993) Figure 3 also shows elevations along
same profile from a 500-m DEM constructed from
AUSLIG spot heicrhts as discussed below. Brieﬂy

the south-east continental margin of Australia is v
narrow (Fig. 1). We have not tried to achieve a closad
match between the trend surface profile and either th§
81- or the 100-Ma since rifting model profile becanel
important tectonic processes affecting margin develop
ment, like erosional rebound and offshore sedimentation¥ii#
have not been included in the modelling. Rather, o"'
intent is to show that flexural coupling across the conti-d
nental margin since rifting provides a satisfactory explas
nation for the regional seaward dip of the remnant plateau?
surface and this, in turn, explains why the gorge-like®
form of erosional escarpment is predominant on the New :
England section of the south-east Australian margin. :

MASS BALANCE APPROACH

The long-term denudation patterns of the Australian
margin can been examined by combining knowledge of &
the margin’s tectomc hlstory w1th the offshore depos— ;

offshore. The offshore sediment volume should

material removed onshore. Along the south-west African
margin, Brown et al. (1990) and Rust & Summerfield 3
(1990) compared the offshore sedimentary record wi -
erosion across the continental landmass to evaluate
erosional history of the margin. Brown et al. (1990)
utlhzed fission track data and borehole data to constraln

apatite fission track data suggested early Cretqceo *f
cooling of the upper crust and they linked this coolln 3
event to accelerated erosion onshore during early ri riftingg
(Brown et al., 1990). Rust & Summerfield (1990) analyseds
isopach and borehole data offshore and compared theScas
data to models of onshore drainage development. Th

sets must be combined; if used independently they g!
inconsistent results) and estimated the onshore catchment
area draining to the ocean basin. They concluded tha,
the sedlment accumulanon data are con51stent with 4

temporally variable and is generally focused along
narrow zone bordering the margin. Their results al
suggest significant isostatic uplift and flexural upwarplﬂ
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Methods

Offshore, Tasman Sea abyssal plain sediments provide a
record of the sediments eroded from the rift flank and
delivered to the ocean basin over the last 80—100 Ma,
assuming erosion proceeds after instantaneous develop-
ment of an escarpment. To calculate the volume of clastic
material deposited in the Tasman Basin, we used sedi-
ment thickness estimates made by Ringis (1972) from
seismic profiles collected during cruise 47A of the USNS
Eltanin (Fig. 5), tied to the stratigraphic section drilled
at DSDP Leg 29, site 283 (Fig. 4; Kennett et al., 1974).
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Fig. 4. Lithology, thickness and age of ocean basin sediments
cored at DSDP Site 283 (modified from Kennett et al., 1974).
Location of the drill site is shown on Fig. 1.

Sediment isopachs indicate sediment thinning eastward
to the centre of the basin at the location of the extinct

spreading centre, and slight thickening further east
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o extracted from the 500-m DEM m
Fig. 7 is also shown.

toward the Lord Howe Rise (Ringis, 1972). Maximygg
two-way travel times of over 1.2's are mapped just'¢
of the base of the slope. The areal extent of the vari
sedimentary units was determined using a planimi
Although no deep-sea drilling has been done in th
latitude band examined, the sedimentary section in’
southern part of the Tasman Sea (Fig. 4) has been
at DSDP Site 283 (Fig. 1). The section at Site 28
includes five stratigraphic units: a thin late Pliocene
Pleistocene zeolitic clay unit separated by a major hia
from late Eocene diatom ooze, which is underlain by
mid-Eocene silty clay and Palaeocene claystone, resti
on highly altered basalt (Fig. 4; Kennett et al, 19743
We extrapolated the lithological data recorded at Site 2-3
to the sedimentary sequences shown on the scismB
profiles (Fig. 5). In the western part of the basin; ¥
interpret the seismics to indicate a sequence of Neogels
clastics (seismic unit I, Fig. 5) overlying a layer of diatog]
ooze approximately 200 m thick (seismic unit I1, inseg
Fig. 5), which was deposited over a second underl
clastic layer (seismic unit III, Fig. 5). To the eas
top layer of clastics is missing, and the sequence co
only of the diatom ooze overlying a presumed clastic
(Fig. 5). The contact between the overlying ooze
underlying clastic layer can be clearly seen in Fig. 5

We included a// presumed clastic sediment from i
deep Tasman Basin in our mass balance. The Lord Hox
Rise is not considered to be a sediment source, as """
is little evidence of subaerial erosion and the seismic‘
indicate sediments onlap the Rise. We decompacted, 18
net sediment accumulation after subtracting the 200§
thick diatom ooze layer and assuming an average 3
porosity for the entire clastic section. Some sedimenty -
also stored on the continental shelf and slope, althO
the continental shelf is narrow and the slope is steep- §
estimated this volume of material by using the lsopa '
published in Colwell et al. (1993).

We calculated the amount of continental mate
eroded seaward of the escarpment by digitizing t°
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.. Fig. 5. Single-channel seismic re
B

graphic profiles 80—100 km in length across the escarp-
‘ment and out to the coastline (Fig. 6). Five profiles,
- which were hand digitized from the Bega, Canberra and
“Ulladulla  1:250000 topography sheets, are spaced
?'approximatel)Y every 10 minutes, at 36°7, 36°17°, 36°28’,
36°39’, 36°50" south latitude. The western edge of all
- the profiles was located on the plateau surface at 149°13’E.
Enough topography was digitized west of the escarpment~
~to allow calculation of a mean elevation for the plateau
" surface on each profile (Fig. 6). The total amount of rock
removed is estimated by subtracting the digitized elev-
ations from the assumed plateau surface elevation for
each of the profiles. We included all material eroded
seaward of the escarpment out to the 200-m continental
shelf break.

Results and discussion

Taken together, we estimate the amount of terrigenous

material stored offshore averaged along strike to be
-339 km?. The calculated volume/unit length along strike
- of the margin of material removed by erosion for each
g'proﬁle from south to north are 41, 61, 68, 57 and 58 km?,
Hrespectively, with the maximum occurring along the
ntre profile. Time-averaged erosion rates can be calcu-
ted by dividing the amount of eroded rock by the time
ce rifting (about 85 Myr). These rates range from
0.04 m Myr~! on the ridge tops to 12 m Myr~} in the
valleys. This result is very similar to the average post-
ing erosion rate of 12 m Myr ™! estimated for the
tSouth-west African margin (Rust & Summerfield, 1990).
% The amount of material eroded from the margin has
¥ been estimated from apatite fission track data by Dumitru
.

Z et al (1991) and van der Beek et al. (1995). Dumitru

é{_al. (1'991) calculated a maximum 150 km? and a
g’m’ﬁmum 85 km? of rock removed since mid-Cretaceous

%;&ing .averaged along strike of the south-east margin.
%‘%she dlfference between the two estimates stems fror.n
A sumptions made about upper crustal temperature gradi-
‘_%mts that prevailed during rifting. The larger estimate

& 6 Blackwell Science Ltd, Basin Research, 8, 301-316
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flection profile across the Tasman Sea at 36°S latitude from the 1971 USNS Eltanin cruise 47A.

results when a ‘normal’ (i.e. low) geothermal gradient is
assumed during rift and post-rift time. The smaller
estimate results when elevated temperature gradients are
produced in the rifc flank by heat derived from the
adjacent rift zone. Our estimates for the amount of
erosion are closer to the minimum estimate of Dumitru
et al. (1991).

Clearly, the amount of rock removed, as determined
by subtracting observed topographic cross-sections from
assumed initial plateau surfaces, is 5-10 smaller than
that derived from analysis of the offshore record of
sedimentation. The total volume of sediments stored in
the Tasman Sea is likely to be a maximum, as all material
below the Eocene diatom ooze was considered to be
terrigenous, and the Lord Howe Rise was not considered
to be a source of clastics. Conversely, the continental
flux calculations are likely to be biased to the low side,
as the plateau surface is modelled simply as a flat feature.
The values determined by Dumitru et al. (1991) fall
between our onshore erosion and offshore deposition
estimates, with the minimum value based on the fission
track data close to our erosion estimates. However, the
erosion estimates derived from the fission track data
depend on a number assumptions, whereas our estimates
are strictly empirical. That the continental flux of material
appears to have been lower over time relative to that
accumulated in the adjacent ocean basin is an unexpected
result that must be resolved in future work.

KINEMATICS OF SCARP RETREAT

Plateau regions are dissected and ultimately eroded by
surficial processes occurring along their edges (e.g.
Schmidt, 1987; Seidl & Weissel, 1994; Weissel & Seidl,
1994; Weissel et al., 1995). Consequently, understanding
the kinematics of scarp retreat (by kinematics, we refer
to the speed or rate at which escarpments propagate
through the continental landmass) is crucial to under-
standing erosional evolution of passive margins. As stated
at the outset, long-term average migration rates on the
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Fig. 6. Topographic cross-sections drawn across the
escarpment and out to the coast. The profiles were spaced at
36°07°, 36°17°, 36°28, 36°39’, 36°50° latitude; the western edge
of all the profiles was located on the plateau surface at 149°13’.

order of 1 km Myr™! have been estimated for many
passive margins; we constrain escarpment retreat rates
along the south-east Australia margin below.

Methods

Approximately 15000 spot heights for the New England
Tableland study area on the south-east Australian margin
were supplied to us by AUSLIG. These were interpolated
onto a 500-m grid using the tensioned spline algorithm
of Smith & Wessel (1990). Figure 7 shows the 500-m
DEM resampled onto a latitude-longitude grid.
Drainage networks were extracted from the DEM follow-
ing the methods of Pratson & Ryan (in press). Streams
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~ Slingerland,

with more thm 100 contributing 500 x 500-m areas B
drawn on Fig. %

Results and discussion

river system (labelled A-N in Fig. 7) which flow
2050 km across the gently undulating tableland g

mouth of the Macleay River are shown in Fig. 8. 3
jaggedness of the profiles shown in Fig. 8 is an artefg
of filling ‘pits’ in the 500-m DEM (Fig. 7) to ensy
continuity of drainage. These artefacts do not obscyg
the main point of our discussion. The position of
gorge head on the profiles, indicated in Fig. 8 as the f*:
or ‘lip’ of the waterfall or cascade, is manifested as sha
and prominent knickpoints punctuating these profil
The top of the knickpoint occurs at elevations betweeg
900 and 1000 m for most of the rivers. The main featurg';
of the stream bed elevation profiles for the Macleay river 3
system is that the knickpoints, or gorge heads, for the
various streams are all presently situated about 200 km %
from the coast. It is interesting to note that all knickpoints )
are located at about the same distance upstream, despite
some differences in bedrock lithology traversed by those
streams. Because the margin is about 100 Myr old, a
long-term average retreat rate on the order of 2 km Myr™!
can be calculated from these profiles. This rate is similar
those determined for escarpments on other passive conti- z
nental margins (Ollier, 1985). 3
Recent modelling efforts have been constructed to$
explain escarpment retreat along passive margins §
(Gilchrist er al., 1994; Masek et al, 1994; Tucker &% g
1994). As pointed out by Tucker & ¥
Slingerland (1994), river incision into bedrock and con-3,
comitant escarpment retreat are likely to be the primary ¥
landscape-forming processes. Measurement of erosxon?‘
rates, drainage areas and slopes on Hawaiian charmels
indicates that erosion along bedrock reaches is linearly
related to stream power, the product of discharge (or
equivalently, contributing area) and channel slope (Seidl-
et al., 1994). As stated earlier, where the upland streams
flow across the escarpment the scarp takes the form of -
narrow gorges headed by waterfalls, or stream channel
knickpoints. River incision into bedrock is important iz
this context and, where upland streams flow across thezs
escarpment, the scarp acts as a series of discrete chann€
knickpoints. Tucker & Slingerland (1994) indicate th3
one of the necessary and sufficient conditions for long=""
term scarp retreat is incising bedrock rivers along which
the erosion rate increases with increasing drainage area-
However, our knickpoint retreat rate results (Fig. 8) do
not show a straightforward dependence on drainage ares-
Drainage areas upstream of the knickpoints on the studied
channels range from 96 to 1110 km? Yet, although the
drainage areas vary by an order of magnitude, all the
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p The propagation of the escarpment through the conti-
giental landmass can be viewed as the upstream migration
©f large-scale knickpoints in bedrock rivers. The problem,
foen, becomes one of understanding both the rate and
process of river incision into bedrock and, equally import-
tﬂy, the rates and processes associated with knickpoint
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B Fig. 7. Grey-scale image of the topography of the New England section of the south-east Australian continental margin (box in
Fig. 1). Height values were interpolated at 500-m grid intervals from spot height values provided by AUSLIG. Heights are
geontoured at 200-m intervals and labels are affixed every 400 m. Fourteen rivers labelled A-N drain from the upland surface into
the finger-like gorges and were extracted from the 500-m DEM. Longitudinal stream bed profiles for these rivers are shown in

et al., 1994; Personius, 1995; Burbank e al, 1996). In
Hawaii, knickpoints in basalt are estimated to propagate
on the order of 0.5-2.0 mm yr™! (Seidl et al, 1994),
similar to the 2 km Myr ™! rate estimated for the streams
draining the New England Tableland. However, many of
the former studies concentrated on basins ranging in size
from one to several hundreds of square kilometres,
whereas the landscape of SE Australia allows us to place
these processes in a large-scale passive margin tectonic
setting.

The notable similarity in escarpment retreat rates,
both along different streams draining the New England
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Fig. 8. Longitudinal profiles of rivers flowing into the upper Macleay gorges from the New England Tableland. See Fig. 7 for
locations. Distance is given in kilometres from the mouth of the Macleay River. The position of the escarpment is denoted as
‘lip". Drainage areas extracted from the 500-m DEM are listed next to the river names and include only the contributing areas

upstream of the knickpoints.

Tableland region and along passive margins worldwide,
despite large differences in rock type and climate, suggests
that the knickpoint retreat process is governed (to first
order) less by surface water and groundwater processes
than by rock strength and fracturing of steep rock slopeés
(Selby, 1993). Young (1985) stressed the need to under-
stand (1) the morphology—stress relationship on water-
falls, (2) the effects of structure and lithology on waterfall
form and retreat, and (3) the role water plays in knickpo-
int maintenance. The role of water is unclear; it may be
important in undercutting the waterfall face by cavitation,
the power of the water exerted on the lip of the waterfall
may cause erosion, and it may reduce the strength of the
face through saturation (Young, 1985). However, the
knickpoints of the Macleay river system (Fig. 8) are
frequently buttressed (Young, 1985), and plunge pools
are generally absent. The waterfall crests are often incised
but the amount of incision is much less than the height
of the falls themselves. The loss of strength through
saturation might be an important factor. The morphology
of the eroded blocks may provide information about the
nature of the retreat. Young (1985) indicated that the
joint and fracture patterns determine the shape and size
of blocks that will topple from the knickpoint face. A
block will topple when A/m>cot, where h/w is the
ratio of height to thickness and « is the slope angle
(Goodman & Bray, 1977), so that more failures, and
perhaps a faster erosion rate, are to be expected in cases
in which vertical fracturing is more extensive than
horizontal.
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PATTERN OF GORGE HEAD RETREAT

If the gorge heads propagate inland and erosion sub-?
sequent to the propagation is slow enough, the pattern .;
of escarpment retreat should be clearly expressed in the %
south-east Australian landscape. In fact, if all gorge headsfﬁfg{
migrate according to similar processes, as is indicated by
the general similarity in retreat rates (Fig. 8), the same:
sequence of landscape-forming events should be mani~#3
fested in the various river valleys. To explore thisﬁ
possibility we looked in detail at the immediate gorng’j’g
head morphologies of two of the gorges of the Macleay 2z
river system, Chandler’s Creek — Wollomombi (C & D,§
Figs 7 and 8), and Baker’s Creek (E, Figs 7 and 8). :

Methods

We constructed a fine-scale (20-m) DEM for the ared

surrounding the Chandler’s—-Wollomombi and Baker’s
Creek gorges from a pair of SPOT multispectral stereo
images. The construction method used is based O
conventional stereo photogrammetrical techniques (€848
Otto & Chau, 1989). As for the 500-m DEM, Weg:
extracted the network of streams, this time with suppOftg
areas >4 km? Longitudinal stream profiles along theg
drainage lines were extracted from the SPOT-derived 1
20-m DEM. The Chandler’s—Wollomombi and Baker’s ;,
Creek gorges were visited in 1993 (Fig. 9), and photo‘}}i

=

graphs from the two gorges are shown in Figs 10 aﬂd?
11, respectively. %
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3




§Y 1996 Blackwell Science Ltd, Basin Researck, 8, 301-316

311

i
H
i
i

gt omun

-

o




M. A, Seidl et al.

A. Head

Fig. 10. Photographs of Baker’s Creek gorge (E in Figs 7 and 8) showing systematic morphological changes (photographs A-C)
in valley sidewall morphology with distance downstream from the gorge head. Photographs located and orientated on Fig. 9(a).

Bedrock lithologies

Most streams of the upper Macleay river system (Fig. 7)
have eroded through upper Palaeozoic, fine-grained meta-
sedimentary rocks of the Nambucca ‘slate belt’ (Binns
et al, 1967). The dominant lithologies are shales and
silts and their metamorphic equivalents (up to amphibo-
lite grade). Chandler’s Creek — Wollomombi (Figs 9b

312

and 11) is an example of a gorge cut into the metasedi-
ments. However, the Gara River (F in Figs 7 and §) and
Baker’s Creek (Figs 9a and 10) have incised into rocks
of the Hillgrove granite suite, probably for the past
several million years. The Hillgrove granites, which ar¢
classed as adamellites on the 1:250000-scale geologicd
map of the area (Binns et al, 1967), are exposed 3
several locations east of \rmidale. A late Carboniferots

¢ 1996 Blackwvell Science Led, Basin Research, 8, 301-310
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cooling age of about 295 Ma has been obtained for the
: Hillgrove granite suite from Rb-Sr whole-rock dating
s (Flood & Shaw, 1977).

3
5

2

¥
T

i I_Evolution of stream channels and gorge
& Sidewalls

On the Tableland the river longitudinal profiles are
generally straight and are commonly punctuated by
B convexities. Downstream of the knickpoints, the channel
profiles are generally concave up. The furthest upstream
M-2dvance of the erosional escarpment is marked by the
P dramatic cascades across the gorge heads (Figs 10a and
;3 11a). The gorges in the metasediments are marked by
E cxtremely abrupt, almost vertical headwalls, over which
g the upland streams cascade in vertical drops exceeding
:150 m (e.g. Fig. 11a). Different characteristic waterfall
k Morphologies are associated with different rock types:
kniCkpoints formed in the granites have a stepped form
(Fig. 10a), whereas those formed in the metasediments

C.>4km

Fig. 11. Chandler’s Creck — Wollomombi River gorge (C and D in Figs 7 and 8) showing changes in hillslope morphology
{photographs A—C) with distance downstream from gorge head. In A, the Wollomombi River enters over the sidewall, while the
gorze head on Chandler’s Creck can be seen in the distance. Note the overall decline in sidewall slope as the valley decpens with
increasing distance from the gorge head. Photographs located and orientated on Fig. 9(b).

Close examination of gorge sidewall and channel mor-
phology downstream of the gorge heads (Figs 10 and 11)
suggests an evolutionary pattern repeated in most, if not
all, of the Macleay river gorges, with minor variation
related to bedrock lithology. Overall, the gorge sidewalls
decline in slope and alluvial sediment size decreases as
the valleys deepen and widen with distance downstream
from the gorge head. The walls in the gorge head vicinity
are very steep, exposing bare rock, and fresh rockfall
scars are evident on the walls along with debris slide
material below (Figs 102 and 1la). In the first few
kilometres downstream the sidewalls are mainly bare rock
and, although less steep, appear mechanically unstable,
and large boulders mantle the channel bed (Figs 10b and
11b). Several kilometres downstream the slopes have
declined sufficiently to allow development of soil profiles
and vegetation on the hillslopes, although bedrock out-
crops sporadically (Figs 10c and 1lc).

These observations demonstrate a clear coupling
between channel and hillslope processes following passage
of the gorge head upstream. Assuming an initial condition
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similar to that demonstrated by the upstream channels,
we observe the following sequence of events: (1) immedi-
ately after passage of the knickpoint, a deep, narrow
gorge with steep valley sidewalls is formed directly
downstream of the waterfall as the channel is incised to
the depth of the knickpoint (Fig. 10a); (2) the increased
sidewall gradient and surface area promotes mechanical
instability of the hillslopes, and debris delivery to the
channel is increased commensurately; (3) the introduction
of increased sediment load into the channel causes a
initially rapid channel incision and a narrow, steep-walled
notch is cut into the channel (Fig. 10b); (4) with time,
the supply and size of sediment delivered to the channel
decreases, channel beds become mantled by alluvium and
valley walls become soil-mantled (Figs 10c and 11c). We
illustrate this pattern of landscape change with distance
downstream schematically in Fig. 12, and suggest that
the same sequence of geomorphic processes occurs in all
the valleys of the Macleay river system of the south-east
Australian margin.

This coupling between stream incision and hillslope
development is not a new idea in geomorphology.
Boundary conditions to one-dimensional numerical
models of hillslope development commonly involve an
aggrading or incising ‘velocity’ for an external stream as
a driving mechanism for slope evolution (e.g. Kirkby,
1971, 1983; Carson & Kirkby, 1972; Ahnert, 1973, 1976;
Fernandes, 1994). The Macleay River valleys provide
remarkably clear field evidence that landscapes evolve
through coupling between stream incision and hillslope

Directly after passage

of escarpment bedrock
T=0
Further incision of bedrack

bedrock channel
T=1

Hillslope gradients decrease bedrock

T=2

f\\

soil mantled

Soil mantled hilislopes /
and mantling of channel beds
with alluvium

T=3

Fig. 12. Schematic diagram illustrating the coupled channel-
hillslope evolution.
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mass-movement processes. The trigger for this develop_
ment is the passage upstream of knickpoint or gorge
head. However, the exact processes underlying knickpoip,
propagation still remain to be defined (e.g. Young, 19gs.
Seidl et al., 1994). "

L)

w@h ,.{m@ L

CONCLUSIONS f

Field relations in the New England Tableland regmn
clearly demonstrate the interrelationships among sca
retreat, bedrock channel incision, and hillslope form,
which are likely to be applicable to other passive margj
and to the general problem of knickpoint migration yp
bedrock rivers. Our study of the rate and pattern of
escarpment propagation across the south-east Australiz
margin allows us to draw the following conclusions. ;
1 The remnant New England Tableland surface dips®
regionally toward the Tasman Sea; this explains why the &
gorge-like form of escarpment is prominent along thé;
margin. Flexural coupling between the buoyant rift flank E
and the rapidly subsiding Tasman Sea Basin provides an
explanation for the seaward dip of the Tableland surface,
2 Using a mass balance approach we have determined
that the amount of clastic material stored offshore is
greater than that estimated to have been eroded onshore
and seaward of the escarpment. Qur estimate of the
material eroded is close to the Dumitru et al. (1991)
estimate from fission track data. However, it is likely that
our offshore estimate is a maximum because we have
attributed all of the material stored across the entire
width of the Tasman Sea to erosion of the south—east;
Australian margin. '1
3 Analysis of longitudinal profiles of rivers dralmng
across the New England Tableland reveals that gorge

3@2"% s

. head knickpoints are all located about 200 km upstream,’ {

despite different bedrock lithologies traversed by thet
channels. Based on the age of the south-east Australia ;
margin, a long-term escarpment propagation rate of‘
2 km Myr~! is estimated and this propagation rate lS
similar to that inferred for other passive margins.

4 Field-based observations made in several of the
Macleay River gorges indicate a common and consistent
evolutionary pattern of channel and hillslope development
following passage of the knickpoint upstream.

3
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On continental
slopes, the dominant
processes that affect
the stratigraphic
record are gravity

driven . . .
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STUDIES OF MASS-MOVEMENT PROCESSES
ON SUBMARINE SLOPES

By Lincoln F. Pratson, Homa J. Lee, Gary Parker, Marcelo H. Garcia, Bernard J. Coakley,
David Mohrig, Jacques Locat, Ulisses Mello, Jeffrey D. Parsons, Sun-Uk Choi and Kenneth Isreal

THE OBJECTIVE OF THE STRATAFORM program
of the Office of Naval Research (ONR) is to un-
derstand how the stratigraphy of continental
shelves and continental slopes is created and pre-
served by the processes operative in these envi-

‘ronments. On continental slopes, the dominant

processes that affect the stratigraphic record are
gravity driven and commonly involve mass move-
ments of sediments by creep, slumps, slides, de-
bris flows, and/or turbidity currents. Collectively
these processes are a major force in sculpting
continental slope morphology, creating such fea-
tures as failure scars and submarine canyons. The
processes are episodic and tend to be localized.
Their occurrence dictates where sediment is pre-
served on continental slopes and where it is
not. The unconformable surfaces they erode are
complex, discontinuous and asynchronous, com-
plicating the interpretation of continental slope
stratigraphy, particularly as it relates to past
environmental changes such as fluctuations in sea
level. A goal of STRATAFORM is to develop
models that can aid in predicting where and how
mass movements could occur, and what role these
events play in continental-slope evolution. To
meet this goal, project members are pursuing sev-
eral key objectives in studying the New Jersey
and northern California continental slopes. These
objectives dre to:

* Quantify the causes of slope failure;
* Document the mechanics and progression of
mass movements spawned by slope failure;

Lincoln F. Pratson, Institute of Arctic and Alpine Re-
search, University of Colorado, Boulder, CO 80309, USA;
Homa J. Lee, Kenneth Isreal, U.S. Geological Survey, Menlo
Park, CA 94025, USA; Gary Parker, David Mohrig, Depart-
ment of Geology & Geophysics, University of Minnesota,
Minneapolis, MN 55455, USA; Marcelo H. Garcia, Jeffrey D.
Parsons, Sun-Uk Choi, Department of Civil Engineering, Uni-
versity of Illinois, Urbana-Champagne, IL 61801, USA,;
Bernard J. Coakley, Lamont-Doherty Earth Observatory of Co-
lumbia University, Palisades, NY 10964, USA; Jacques Locat,
Department of Civil Engineering, Lavelle University, Quebec,
Canada; Ulisses Mello, IBM T.J. Watson Research Labs,
Yorktown Heights, NY 10598, USA.

* Determine how mass movements link to slopez
morphology and stratigraphy.

Approach

Not enough is yet known about submarine "%

slope failure and mass movements to reliably an-
ticipate when, where, or how they may occur.
Additionally, observation of these processes is
hindered by the remoteness of the marine environ-
ment, and by the fact that the effect of mass move-*
ments on continental-margin evolution is cumula-
tive, spanning geological rather than human time
scales. To circumvent these difficulties, a three-
pronged approach of field, laboratory, and modeling
studies is being used to achieve the above objec-
tives. The field studies are examining lithological,
mechanical, morphological, and stratigraphic at-
tributes of failed and unfailed seafloor sediments
to determine the causes of submarine slope fail-
ures and to predict their future occurrence. The
laboratory studies are using flumes to quantify the
dynamic evolution of different types of mass
movements spawned by slope failure. And the
modeling studies are constructing computer algo-
rithms that simulate how, over time, mass move-
ments contribute to the formation of continental-
slope morphology and stratigraphy. Preliminary
accomplishments made by each of these studies
are described in the following sections.
Field Studies

The field investigations of slope failure have fo-
cused on the continental slope within the northern
California STRATAFORM study area, where many
factors thought to induce slope failure are prevalent.
Sediments from the Eel River are reaching the slope
and accumulating at relatively rapid rates (1-4 mm
y™") (Alexander, 1996), which can lead to excess
pore pressures and seafloor destabilization (Terza-
ghi, 1956). The slope contains zones of buried gas
hydrates (Syvitski et al., 1996, this issue) and the
seafloor in the northern part of the study area is
pockmarked with small craters formed by seeping
gas (Goff et al., 1996, this issue), which can also
destabilize the seafloor. And, due to the tectonic
collision occurring between the North American
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and Juan de Fuca plates in this region, the area is
periodically subject to earthquakes.

A combination of these processes (earthquake
and gas) could have caused the large Humboldt
slide in the southern part of the study area (Lee et
al., 1981; Field and Barber, 1993). And new
swath-mapping imagery and high-resolution seis-
mic profiles suggest this slide actually formed by
more than one type of mass movement process
(for a detailed discussion of this data and of the
Humboldt slide, see Goff er al., 1996, this issue,
and Syvitski et al.,, 1996, this issue). Other parts of
the slope may be prone to future failures.

A key goal of the field studies is to identify
which types of measurements in this area (when
mapped regionally) can be used to constrain where
slope failures might occur, how large and deep-
seated these failures would be, and what forms of
mass movements they would produce. For example,
sediment properties that can be rapidly measured
and mapped in the field, such as wet-bulk density
and Atterberg limits, are being tested as proxies for
sediment shear strength. If successful, these proxies
will then be compared with estimates of gravity-in-

duced downslope shear stresses made from maps of .

seafloor slope to predict the minimum earthquake
magnitude that could trigger slope failure.

To date, 120 box-core subsamples and 5 piston
cores have been recovered from the study area. All
the cores have been logged for wet-bulk density,
sound velocity, and magnetic susceptibility at a reso-
lution of 1 cm. The wet-bulk-density measurements,
which have been corrected for depth in the cores. re-
flect the lithology and stress history of the sediments,
and they will eventually be used to estimate varia-
tions in sediment shear strength. Figure 1 is a map of
these density measurements. Comparison of this map
with sediment accumulation rates determined from
the cores (Syvitski er al., 1996, this issue) indicates
that sediments with low (<1.5-1.7 g cm™) wet bulk
densities occur in the active depocenters on the slope
(green and blue areas in Fig. 1). These sediments are
fine-grained and are accumulating rapidly (14 mm
y™") (Alexander, 1996). Sediments with higher wet-
bulk densities (1.7 to >2.0 g cm™®) occur along other
portions of the slope (red and pink areas in Fig. 1).
These sediments are coarser grained, but their higher
densities may also reflect erosion of overburden.

Laboratory Studies

Whereas the field studies are focusing on the
causes of submarine slope failure, the laboratory
studies are focusing on the dynamics of mass
movements spawned by slope failures. Unique
flumes are being used to simulate and collect di-
rect measurements of these processes. The mea-
surements are in turn being used to develop and
calibrate numerical models of the processes. So
far, the flume experiments have centered on the
dynamics of subaqueous debris flows and the
propagation of turbidity currents.
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Fig. 1: Contoured seafloor wet-bulk densities as
determined at 10 cm depth in 125 cores taken
within the northern California STRATAFORM
study area. On the portion of the continental slope
investigated, areas of low (<1.5-1.7 g cm”) wet-
bulk density (green and blue areas) occur where
fine-grained sediments are actively accumulating.
Areas of higher (1.7 to >2.0 g cm™) wet-bulk den-
sity (red and pink areas) occur where sediments
are coarser grained, but also where overburden
may have been eroded. Additional factors influ-
ence the bulk densities of sediments on the shelf.

The experimental program investigating the dy-
namics of debris flows is based at St. Anthony
Falls Laboratory (SAFL) of the University of Min-
nesota. The lab has recently completed construc-
tion of a new type of flume containing a 0.2-m-
wide channel with transparent walls that is
suspended in a tank 10 m long, 3 m high, and 0.6
m wide. Flows initiated within the flume can be
observed through a side wall and from above the
flume along the entire length of the channel.

A major finding from one of the first sets of ex-
periments run in the flume is an explanation for
why the heads of subaqueous debris flows can
move substantially faster and farther than those of
subaerial debris flows (Mohrig et al., 1995). The
SAFL experiments indicate that under appropriate
conditions the heads of the submarine debris flows
hydroplane. In the flume, the heads of debris flows
are observed to override a wedge of the water in
front of them and detach from the flume channel
floor (Fig. 2), significantly reducing the bed fric-
tion that would otherwise retard their movement.
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This hydroplaning. which is directly analogous to
the way tires hydroplane on wet roads (Horne and
Joyner, 1965), offers one of the first physical ex-
planations for the long run-out distances often ob-
served for submarine debris flows deposited on
seafloor slopes of <1° (Embley and Jacobi, 1986).
A second experimental program investigating
the initiation, spatial development, and duration of
turbidity currents, as well as the characteristics of
the sedimentary deposits these flows generate is
being led by the Department of Civil Engineering
at the University of Illinois. In this program, tur-
bidity currents are studied using a second flume
that arrests the front of a turbidity current by gen-
erating a fresh water flow that moves in the oppo-
site direction of the turbidity current with the same
mean velocity as the current front. A conveyor
belt is used to ensure that the speed of the bed
equals that of the water flow so that the turbidity-
current front remains stationary and can be studied
in detail (Garcia and Parsons, 1996).
Measurements of dilute suspended-sediment
flows (i.e., sediment concentrations <26.5 g 1! or
0.0265 g cm™) made using this flume have con-
tributed to the development of both one-dimen-
sional and two-dimensional numerical models of
how turbidity currents propagate. Results from the
one-dimensional model, which predicts the evolu-
tion of turbidity-current height, velocity, and con-
centration with increasing distance from its source
(Choi and Garcia, 1995). are shown in Figure 3.
Other flume measurements indicate that in dilute
turbidity currents, most of the mixing at the current
front is due to billows (known as Kelvin-
Helmholtz billows) that roll up above the front as
the current moves downslope. This frontal mixing

Fig. 2: Head of a subaqueous debris flow and
overlying suspended-sediment cloud simulated
within the flume at St. Anthony Falls Laboratory
of the University of Minnesota. Note how the head
of the debris flow is overriding the wedge of water
in front of it and has detached from the grooved,
dark-colored flume bed. This greatly reduces the
bed friction that would otherwise retard the move-
ment of the debris flow, allowing it to travel much
farther downslope than it would under subaerial
conditions. Image length is 49 cm.

is quite different from the hydroplaning mechanism
(above) that appears to facilitate the movement of
denser debris flows (i.e., sediment concentrations
of ~1,000 g I or 1 g cm™). and may be an impor-
tant reason for the differences between depositional
structures in deposits formed by turbidity currents
versus those formed by debris flows.

Modeling Studies

Correctly scaling the flume measurements of
mass-movement processes to the real world is one
of the major goals of the computer modeling stud-
ies. Another is to link individual models of differ-
ent mass-movement processes with models of
other slope processes in order to correctly simulate
how the morphology and stratigraphy of continen-
tal slopes evolve over geological time.

A first step toward the latter goal has been the
development of a seascape evolution model (Prat-
son and Coakley, 1996). This model simulates
continental-slope morphology that results from the
interaction between sedimentation, slope failure,
and sediment flow erosion. The processes are emu-
lated by discrete interactions between cells in a
grid of continental-slope topography that evolves
over the course of a model run. The model pre-
dicts that submarine canyons evolve on continental
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Fig. 3: Results from a one-dimensional model that
predicts the evolution of a turbidity current as it
propagates down a sloping channel. Top panel
shows that the height of the turbidity current will
increase with increasing time and distance from
its point of initiation due to the entrainment of
ambient water. This entrainment, along with the
deposition of sediment from the flow, causes cor-
responding decreases in the velocity (middle
panel) and concentration (bottom panel) of the
turbidity current.
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slopes in three stages: 1) where sedimentation
oversteepens the upper continental slope and
causes it to fail, sediment flows (e.g., turbidity
currents) are triggered, and these cut relatively
narrow gullies that extend to the base of the slope
(Fig. 4A); 2) some of these slope gullies become
pathways for subsequent sediment flows, and, as a
consequence of the enhanced downcutting on the
mid to lower slope, their walls fail (Fig. 4B); and
3) these mid- to lower-slope failures then evolve
into headward-eroding submarine canyons that ad-
vance upslope along the gullies by further retro-
gressive failure, where sediment flows enter the
canyons and undercut their headwalls (Fig. 4, C
and D). This sequence for canyon evolution suc-
cessfully replicates cross-cutting relations between
intercanyon and canyon morphologies on the tec-
tonically passive New Jersey continental slope and
on the tectonically active Izu-Bonin fore arc off
Japan.

A second, related model has been developed to
simulate the progressive buildup of stratigraphic
sequences deposited by sediment flows. Like the
seascape evolution model, this model is rule-based
and operates in map view. Sediment flow move-
ment and deposition are linked to seafloor mor-
phology. which dictates convergence or divergence
of a sediment flow as it moves down slope. Figure
5 shows examples of how sediment is routed and
deposited across the seafloor in the model. In these
examples, a sequence of sediment flows across a
sediment prism built by previous sediment flows
earlier in the model run. From their entrance into
the model at base of the continental slope. the
flows produce continuous conduits analogous to
channels. These conduits, which have a constant,
“graded” slope, extend across the sediment prism
and direct sediments to its seaward front. Succes-

WSive flows cause the conduits to periodically switch
and reorganize, particularly at their distal ends.
This result is analogous to the channel switching
and abandonment that occurs on submarine fans
(see Weimer and Link, 1991 and papers therein).
However, in contrast to the concave profile of sub-
marine fans, the model forms a sediment prism
with a table-top-like profile (i.e., the sediment
prism aggrades to a certain thickness, and then
grows basinward by the buildup of deposits along
its distal front). This behavior results because sedi-
ment transport and deposition are parameterized in
the model only in terms of seafloor slope. Other
factors that determine where and how much a sedi-
ment flow deposits, such as its velocity, discharge,
etc., now need to be considered as well.

Future Work

Research is already underway to expand on and
%ntegrate the investigations summarized above and
1n other articles in this issue. A major emphasis of
this new work will be on using the laboratory and
Mmodeling techniques described above to help ex-
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plain and correctly reproduce observations related
to mass movement processes being compiled by
the field investigations in the STRATAFORM
study areas. When all the cores from the northern
California study area are analyzed, the data will be
coupled with the swath-mapping imagery, high-
resolution seismic-reflection profiles, and other in-
formation (e.g., earthquake distributions and mag-
nitudes) in a Geographic Information System
(GIS). The GIS will facilitate correlations between
these data, which in turn will be used to constrain
the present stability of the area, and its relationship
to the seafloor morphology and subsurface stratig-
raphy. This combination of data also will be used
to constrain the types of mass-movement processes
operative in the area and their regions of influence.
Drawing on this information, the laboratory
studies will attempt to simulate in flumes how
mass-movement processes formed two key features
on the northern California slope: the Humboldt
slide and the gullies that incise the shelfbreak in
the northern part of the study area (see Goff er al.,
1996, this issue). Flume experiments will examine
the possibility that the Humboldt slide initiated a
turbidity current, and if so, what percentage of the
original sediment was removed from the study area
by this process. The formation of the slope gullies
will be studied in a new experimental tank contain-
ing a model continental shelf and slope surface.
The modeling studies will use the results from
the flume experiments in three ways. One is to
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Fig. 4: The sequence of submarine-canyon evolution simulated by a first-ver-
sion seascape-evolution model. (A) The sequence begins with turbidity cur-
rents, triggered by slope failures where the slope has been oversteepened by
sedimentation, cutting narrow shallow gullies to the base of the slope (bot-
tom of panels). (B) Repeated use of a gully by the turbidity currents over-
steepens the gully wall and causes it to fail. (C) The initial failure triggers
retrogressive failures that expand the gully into a canyon. (D) Additional
turbidity currents enter the canyon and undercut the canyon walls, causing
further retrogressive failures that expand the canyon and lead to the upslope
migration of the canyon head. From Pratson and Coakley (1996).
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Fig. 5: Matrix of results from a map-view model
that simulates the progressive buildup of strati-

graphic sequences deposited by sediment flows. *

Bottom row shows the results associated with the
60th sediment flow simulated by the model; mid-
dle row shows the results associated with the 90th
sediment flow; and top row shows the results as-
sociated with the 120th sediment flow. Left col-
umn shows the preexisting bathymetry (contours)
for the sediment flows, overlain by vectors that in-
dicate the paths of the flows and how they di-
verged. Right column shows the areas over which
sediments were deposited by each sediment flow.

continue to develop numerical models of debris-
flow and turbidity-current dynamics. These models
will be extended to two dimensions and will in-
clude a new model that simulates the initiation of
turbidity currents from debris flows. The second
use of the flume experiments will be the incorpo-
ration of the turbidity-current “spreading laws”
into the seascape evolution model. These formula-

tions will improve how the model simulates the ip-
teraction between turbidity currents and other
slope processes while maintaining a reasonable
computation time. The third use of the flume ex-
periments will be to calibrate the seascape evoly-
tion model. Selected flume experiments will be
simulated with the model to determine how well it
reproduces the experiment results and what as-
pects of the model need to be modified.
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SWATH MAPPING ON THE CONTINENTAL
SHELF AND SLOPE: THE EEL RIVER BASIN,
NORTHERN CALIFORNIA

By John A. Goff, Larry A. Mayer,
John Hughes-Clarke and Lincoln F. Pratson

THE STRATAFORM program sponsored by the Of-
fice of Naval Research (Nittrouer and Kravitz,
1996, this issue) seeks to understand how sedi-
mentary processes lead to the formation of the
stratigraphic sequences on continental margins. A
central challenge facing this effort is to understand
the transport of sediments in shore-parallel as well
as shore-perpendicular directions. Multidimension-
ality is necessary to describe, for example, the ac-
cumulation of sediments from river inputs, the dis-
tribution of gullies and canyons on the slope, the
meandering of channels, and the structure of
slumps and slides.

Acoustic swath mapping, which produces rapid,
detailed, and complete aerial coverage of seabed
bathymetry and backscatter, is a key component to
investigating the multidimensionality of the conti-
nental-margin environment. Swath bathymetry
provides data on the morphological structure of
surficial features at a level of detail and coverage
unavailable by any other means. Sidescan
backscatter is responsive to both the composition
and fine-scale roughness of surface sediments.
Such information is complementary to other data
sources, such as cores and seismic-reflection pro-
files that provide constraints on seafloor types and
subseafloor structure. Collectively, these data will
supply observational constraints for understanding
and ultimately predicting sedimentary processes
and strata formation on the shelf and slope within
the STRATAFORM study areas.

The STRATAFORM program includes swath-
mapping field work in two natural laboratories: the
Eel River margin of northern California (Fig. 1),

John A. Goff, University of Texas Institute for Geophysics,
8701 N. MoPac Expressway, Austin, TX 78759, USA; Larry
A. Mayer and John Hughes-Clarke, Ocean Mapping Group,
Department of Geodesy & Geomatics Engineering, University
of New Brunswick, Fredericton, N.B., E3B 5A3, Canada; Lin-
coln F. Pratson, Institute of Arctic and Alpine Research, Uni-
versity of Colorado, Boulder, CO 80309, USA.

and the New Jersey margin (Austin et al., 1996, this
issue). The Eel margin was mapped using the Sim-
rad EM1000 system in the summer of 1995 aboard
the R/V Pacific Hunter. The New Jersey margin
was mapped with the same system in the summer
of 1996 aboard the Canadian Hydrographic Ser-
vices vessel F.G. Creed. The EM1000 operates at
95 kHz (both bathymetry and sidescan), with bathy-
metric resolution generally better than ~50 cm. The
New Jersey slope was previously mapped with the
deeper-water, coarser-resolution Sea Beam system
(Pratson et al., 1994). These data abut the newly
collected New Jersey EM1000 survey, and the com-
bined data set will provide continuous coverage
from ~20 m to ~2,500 m depth. The objective of
this report is to examine the morphological data
from the continental shelf and slope of the Eel mar-
gin and, in particular, its relevance to sedimentary
transport processes operating in this area.

Geological Setting

The Eel margin is part of a larger active conti-
nental margin influenced both by the eastward sub-
duction of the Gorda plate beneath North America
and by the northward migration of the Mendocino
Triple Junction (e.g., Clarke, 1987). The Little
Salmon fault and anticline (Fig. 1) run NW-SE
through the survey area and constitute an important
tectonic and structural boundary in the subsurface.
The Eel River (Fig. 1) is the primary source of sed-
iments deposited within the survey area (e.g.,
Wheatcroft et al., 1996, this issue), although there
is also a significant contribution from the Mad
River (Fig. 1). Figure 2 displays the sidescan and
bathymetry data collected using the EM1000 dur-
ing the Eel margin survey. Below we discuss the
primary cbservations derived from this data set.

Shelf Morphology

The continental shelf of the Eel River Basin
(depths less than ~120 m) is topographically very
smooth (Fig. 2). What small-scale morphology does
exist (ripples, bioturbation, etc.) is below the resolu-
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Fig. 1: Location of the Eel River Basin swath-
mapping survey (bold lines). Bathymetric con-
tours in meters. Thrust faults (triangles on up-
thrown block) and anticline axes (dashed lines)
are digitized from Clarke (1987).

tion of the Simrad EMI1000 instrument. The
smoothness of the shelf is likely due to large input
of fine terrigenous sediments from the Eel and Mad
rivers and reworking by storms. The only bathymet-
ric features on the shelf notable in Figure 2 are the
shallows associated with the Eel River and Mad
River sediment bulges and a dredge-spoil dump site.

The bathymetry of the shelf is not, however,
entirely devoid of character. Subtle, longer-wave-
length structures do exist but are difficult to see
because they are small compared with the overall
gradient of the shelf. Figure 3 displays contours of
residual bathymetry on the shelf, where a regional
shelf gradient has been subtracted from the ba-
thymetry (see caption for details). Here the most
dominating structures evident are the Eel River
sediment bulge and an elongated secondary bulge
that extends >20 km northward from the primary
bulge, between ~55 m and 90 m water depth (Fig.
2) with ~1-6 m of relief. The location and strike
of the secondary bulge correlates with the south-
ern half of the flood deposit (see thickness con-
tours overlain on Fig. 3) mapped by Wheatcroft et
al. (1996, this issue) from coring work conducted
in February, 1995. This observation suggests a
possible connection between a long-term effect
(the secondary bulge) and a short-term process
(floods). Freshly deposited sediments are subject
to resuspension and redistribution through physi-
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cal and biological processes, so it is possible that
flood deposits may not be retained and the correla-
tion could be mere coincidence. However, in a
study of earlier Eel River floods (Borgeld, 1996),
it was found that a significant portion of sediments
deposited during large (decadal scale) floods are
usually preserved in the stratigraphic record for
water depths >60 m. We therefore infer that the
secondary Eel River sediment bulge is likely
formed by enhanced long-term deposition on the
shelf associated with repeated Eel River floods.

The southern side of the Mad River sediment
bulge also exhibits an elongated secondary bulge.
Unlike the Eel River secondary bulge described
above, this one extends to the south ~8 km from
the Mad River sediment bulge (Fig. 3) and lies be-
tween ~40 and 60 m water depth. It is unlikely that
this secondary bulge can be attributed to flood de-
posits: studies indicate that sediment transport dur-
ing flood events is generally northward (Wheat-
croft et al., 1996, this issue). One possibility is that
this feature may be a remnant of when the Mad
River mouth was ~4 km south of its current posi-
tion, ~30 y ago (J. Borgeld, personal communica-
tion). Near the northern limit of the Eel River sec-
ondary bulge there exists a marked steepening to
seaward, forming an indentation into the shelf (Fig.
3). This observation is discussed below.

Unlike the bathymetry, the sidescan image of
thé shallow (<70 m) shelf is quite varied over short
length scales. Most noticeable are the low
backscatter sandy deposits of the Eel River and
Mad River sediment bulges. In the absence of
strong local slope variations, backscatter intensity
responds to bottom roughness and subbottom het-
erogeneity at scales less than the acoustic wave-
length (~1.6 cm for EM1000). Bottom photographs
and samples (Wiberg et al., 1996, this issue) indi-
cate that muddy bottoms and subbottoms are
roughened at such scales by bioturbation. We
therefore speculate that bioturbation may be an im-
portant factor in making muddy deposits acousti-
cally brighter to the EM1000 acoustic wavelength
than sandy deposits. More intriguing, however, are
a series of subtle shore-normal striations ~0.2 to 1
km wide that appear to emanate northward from
the Eel River sediment bulge (Fig. 2). These gener-
ally lie between ~50 and ~70 m depth, taper off
from south to north, and disappear just south of the
Mad River sediment bulge. They have no dis-
cernible topographic expression but lie along the
shoreward side of the secondary Eel bulge noted
above and in Figure 3. We therefore speculate that
these striations are associated in some way with
northward transport of Eel River sediments.

Slope Morphology

The southern part of the continental slope
within the survey area is dominated by the Hum-
boldt slide (Fig. 2) (Field and Barber, 1993), a
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Fig. 2: Gridded sidescan and bathymetry data from the Eel River Basin
swath-mapping survey. Colors are derived from side-scan backscatter data,
with warmer colors (red and yellow) indicating high backscatter, and cooler
colors (blue and purple) indicating low backscatter. Shading is derived from
artificial sun illumination of bathymetry (azimuth N25°E). Contours are in
meters. Principal features discussed in the text are identified.
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large failure scar with an amphitheater-shaped
headwall incised by relatively deep gullies (~20 m
relief). Below the headwall are a series of contour-
parallel ridges (Fig. 2), interpreted as slump blocks
grading downslope into pressure ridges (Syvitski
et al., 1996, this issue). The deep gullies on the
headwall are indicative of a mature morphology,
whereas ridges below the headwall, owing to the
lack of infilling sediment (Syvitski et al., 1996,
this issue), appear to be more recent in origin.
Hence these ridges likely did not originate as mass
movement breaking away from the headwall, but
rather originated in the sediments lying below it.
The headwall in turn may have its origins in an
earlier mass wasting event, now buried, or may be
the product of a more gradual evolution. Above
the headwall and along its upper slope (~300-120
m) lies a region of high backscatter (Fig. 2) which,
in corroboration with seismic work (Syvitski et al.,

1996, this issue; Austin et al., 1996, this issue), is
interpreted to be outcrop of subsurface strata and
evidence for erosion. The shallowest part of this
high backscatter region extends to the shelf inden-
tation noted in Figure 3.

Figure 4 displays a detailed view of the mor-
phology for part of the Humboldt slide headwall
and its base. Changes in the contour pattern from
pointing upslope to downslope and a downslope-ex-
panding crenulated pattern indicate that at the outlet
of several (but not all) of the headwall gullies there
is a small fan-like structure. The Humboldt slide
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Fig. 3: Residual shelf bathymetry (depths <100
m), indicated with solid contours (2-m contour in-
terval). Formulating residual bathymetry involved
the following steps. 1) To prevent shore curvature
from creating false anomalies, 18 shore-parallel
profiles, from ~40 to 100 m depth, were sampled
from the gridded data set. 2) Over most profiles,
the minimum depth sampled along the profile was
subtracted from the profile. This value, rather
than the mean, was subtracted because the major
anomalies on the shelf, the Eel and Mad River
sediment bulges, are positive. 3) Over the deepest
four profiles there is an evident large negative
anomaly, so in these cases the depth subtracted
was chosen from a location toward the northern
end of the survey, where the outer shelf appears
to be devoid of “anomalous” character. 4) The
detrended profiles, sampled in geographical coor-
dinates, were gridded and contoured at 2-m inter-
vals. Overlain in thin dashed contours are mea-
surements of flood-deposit thickness measured in
February, 1995 (Wheatcroft et al., 1996, this
issue). The southern half of the flood deposit cor-
relates with a secondary bulge emanating north-
ward from the Eel River sediment bulge.
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ridges lie downslope of the fan structures; there is
no obvious connection between the two evident in
the seafloor morphology, although a connection
cannot be ruled out. We infer that the fan structures
contain sediments that have deposited at the base of
the headwall after flowing through the gullies,
probably as turbidity flows, and that the previously
noted high backscatter region (Fig. 2) and shelf in-
dentation (Fig. 3) above the headwall are a source
of these sediments. We suggest that turbidity flows
have been a significant factor in the evolution of
the headwall morphology.

Two breached anticlines (Clarke, 1987) bound
the northern side of the Humboldt slide (Fig. 2).
North and east of these lies a series of sinuous
ridges and swales oriented roughly perpendicular
to the breached anticlines (Fig. 2). The amplitude
of these structures decreases from west (~20 m) to
east (~1 m), and cross contours at ~45°. The
ridges and swales are strongly correlated with
changes in acoustic backscatter in the sidescan
data: the seaward slopes exhibit high backscatter
and the landward slopes exhibit low backscatter.

40" 52'N

40" 51I'N

4

124° 28'W

Proximity to the breached anticlines suggests a 124° 20'W
causal relationship, but interpretation of these fea-
tures must await analysis of high-resolution seis-
mic-reflection data.

A series of seaward-trending linear slope gul-

124° 30W

Fig. 4: Sun-illuminated image of the northern part of Humboldt slide head-
wall, with bathymetric contours in meters. lllumination is from the East.
Image shows evidence of fan deposits (outlined, where present, with dashed

lies occurs along the north slope (Figs. 2 and 5).
The shelf break here is ~60 m deeper and ~7 km
farther from shore than the shelf break in the
Humboldt slide region. The gullies on the north
slope are an order of magnitude smaller (~2 m)
than those incising the headwall of the Humboldt
slide, although both sets have similar spacing
(~100-1,000 m). The former are generally con-
fined to depths greater than ~300 m, a depth that
also marks the steepest part of this shelf terrace.
In comparison, the Humboldt slide gullies rise to
depths as shallow as 180 m.

Gullies similar to those on the north slope have
been observed on the New Jersey continental
slope between submarine canyons within the east
coast STRATAFORM study area (Pratson ef al.,

i 1994). However, the upslope termini of northern
== California gullies do not abruptly end in failure
= headwalls as on the New Jersey continental slope.

Instead, they rise gradually to the elevation of the
surrounding seafloor. Other similar gullies have
been observed on the Arguello slope, California
by Reynolds and Gorsline (1988), who interpreted
them as erosional in nature.

How the slope gullies formed on the north
slope remains uncertain. Reynolds and Gorsline
(1988) discuss numerous possibilities for gully
formation, and we refer the reader to that refer-
ence for a full discussion. One that we favor is
that the gullies have been formed by turbidity
flows composed of sediments introduced from the
Eel and Mad Rivers. This scenario has parallels to

OceANOGRAPHY*VOL. 9, No. 341996

lines) at the base of several channels (solid lines).

early stages of submarine canyon formation pre-
dicted by the seascape-evolution mode! of Pratson
and Coakley (1996). Initiation of flow may be in-
duced by several mechanisms, including sediment
oversteepening, fluid or gas seepage, and seismic
triggering. However, the lack of a headwall scarp
and minimum depth limitation suggest that these
gullies are not growing by headward erosion, as
appears to be the case on the New Jersey shelf.

The north slope also contains numerous small
circular depressions, generally less than ~100 m in
diameter (Fig. 5). Such features have been inter-
preted by others (e.g., Field and Barber, 1993) as
craters formed by seeping gas. In the vicinity of
the gullies, the depressions are often aligned
within the gullies, especially at the northern limit
of the survey. Elsewhere they appear randomly
distributed. In the southern half of Figure 5, there
are numerous gullies formed without any depres-
sions in the vicinity. We conclude that gullies are
affecting the position and formation of depres-
sions, rather than vice versa.

Future Directions

One of the primary purposes of the swath-map-
ping work described here was to provide a geolog-
ical and morphological context for the seismic,
coring, sampling, and modeling investigations that
are also part of STRATAFORM. In so doing we
have raised many questions and generated many

. . turbidity flows
have been a signifi-
cant factor in the

evolution of the

headwall morphology.




. . some of the
high-backscatter
anomalies are erosional

unconformities . . .
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Fig. 5: Sun-illuminated image of the north slope
region (Fig. 1), with bathymetric contours in me-
ters. Illumination is from azimuth N20°E. Image
shows small gullies incising lower half of terrace
slope, and the presence of small circular depres-
sions, interpreted as gas seeps, many of which are
aligned within the gullies.

speculations that will need to be addressed in sub-
sequent work. Perhaps the most important will be
to ground truth many of the variations in sidescan
intensity that we observe. Although high-resolu-
tion seismic data have already demonstrated that
some of the high-backscatter anomalies are ero-
sional unconformities, many other anomalies are
of unknown origin. For example, on the shelf we
are not certain (although we have speculated) why
the Eel and Mad River sediment bulges have such
low backscatter, nor what the origins of the shore-
normal striations are. On the slope, we also are not
certain why backscatter values generally increase
with depth. These issues will be addressed within
STRATAFORM; systematic coring will provide
information on surface sediment types and volu-
metric heterogeneity in the immediate subbottom,
and microtopography analysis will provide infor-
mation on bottom roughness.

Seismic-reflection data, as we have already dis-
cussed, are also critical to our understanding of the
features identified in the swath-map data. Al-
though bathymetry and sidescan data provide
exquisite detail and complete aerial coverage, seis-
mic reflection penetrates into the internal architec-
ture of features, which in many cases is essential
to determine how they were formed. Features of
particular interest to be investigated with seismic
reflection include the Eel and Mad River primary
and secondary sediment bulges, the Humboldt
slide, the breached anticlines and nearby ridges

and swales, and the gullies of the north slope and
the Humboldt slide headwall.
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LINCOLN F PRATSON AND WILLIAM F HAXBY

by Lincoln E Pratson

and William F. Haxby

n 85 Bo or thereabouts, 2 Greek

”‘”"('d l‘()'\ld“”l”\ st \.lli ON A CHnous

mission. He was notcarrving fraght or
passengers, nor was he engaged in war. He
simply wanted to answer an age-old gues-
tion: How deep is the ocecan? Halung his
vessel in the middle of the Mediterranean
Sea, Posidonius coaxed his ship’s crew o -
let out nearly two kilometers of rope betore
a large stone attached to the end of the Tine
finally hit bottom. He and his men must
have been jubilant—at least unul they real-~
ized that they then had to haul the great

--weight back on board.

For the next 2,000 years, naval survevors
and oceanographers conunued to use exact
ly the same labornious hine-and-sinker meth-
od to probe the ocean’s depths. It i&not sur-
prising that they made scant progress. Then,
during the 1920s, oceanographers developed
the first echo sounders—instruments that
could measure the water’s depth by boune
mg sound waves ott the bottom. With the
wealth of measurements these devices pro-
vided, scierttists got their first ghmmers of
the true shape of the ocean basins.

In the past few decades engineers have
constructed ever more sophisticated acouss,
tic devices to speed the mapping of this hith=2.
erto hidden part of the carth. The majorim- -
petus for these developments imtially came
from concerns about national defense, but
more recently cconomic considerations have
taken precedence.

Beginning with the U.S. in 1981, the
world’s maritime nations declared the wa-
ters and scatloor within 200 miles of thar

- shores to be “Exclusive Economic Zones.™

To help assess the value of the vast under-
sea expanse claimed by the U.S., the Na-
tional Oceanic and Atmospheric Adminis-
tration begari surveying parts of the newly
annexed area in 1983. That effort (which
continued until 1993) mapped more than

©.200,000 square kilometers of the scafloor

off the coasts of the Atlantic and Pacific
oceans and the Gulf of Mexico.
Over this same period, the National Sai-
ence Foundation fun two smaller sur-
i ntinued on page 86

" COMPUTER-GENERATED IMAGES of the seafloor

surrounding the U.S. show geologic features in
great detail in regions where specialized sonar
mapping has been done {right of black line).
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Scafloor Mapping Tools e

O ur multibeam sonar images represent just one way scien-
tists can visualize the seafloor. Other approaches are also
used, and each has its peculiar advantages and shortcomings.
Satellites (a) cannot measure seafloor depth directly, bt they
can sense variations in the elevation of the water at the surface of
the ocean. The U.S, Navy's Geosat satellite, for example, can mea-

sure the distance to the ocean surface to within five centimeters’

by bouncing radar pulses off the water below it. Because the pre-
cise position of the satellite is known, such deter ninations pro-
vide a measure of sea-surface height. .-~

The ocean surface can vary in relief by as much as 200 meters.
These undulations reflect minute differences in the earth's gravity
from place to place that cause water to distribute itself unevenly.
Most  commonly,
these gravitationally
induced vaiiations
in the ocean surface
are caused by rug-
ged seafloor topog-
raphy. For instance, a
massive, submerged
volcano that is 2,000
meters tall and 40
kilometers wide wi!l

SETRE TR RADARTAAG

1K

SR R
1,000 KILOMETER

Continueed from page 83

veys to study parts of the seafloor near the coasts of New Jer-
sev and western Florida, All the vessels involved used multi-
beam sonars, the most modern form of instrumentation
available formeasuring the topography of the ocean bottom.,

These survevs provide unprecedented views of the coun-
try’s continental slope. Although no sunlight actually pene-
trates to these grear depths, computers can render images of
seafloor vistas as they would appear with the oceans drained.
Such a perspective is particularly valuable in planning indus-
trial activities offshore. For example, submarine cables in-
creasingly carry ifiternational communications, and petro-
leum producers are hoving drilling platforms into ever
greater depths of water. These enterprises require maps of

: 1
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pull water toward it, producing a bulge about two meters high in
the ocean surface above it. But undersea features smaller than 10
kilometers across do not generally possess sufficient mass to affect
the ocean surface @ind thus go undetected by satellite radars.
What is_ more, gravity variations (particularly near continental
margins) can reflect differences in the density of the underlying

“ rock rather than topography. Still, satellites provide broad, if less

than perfect, maps of regions not yet surveyed with ships.
Multibeam sonar (b) bounces sound off the seafloor to gauge
ocean depth. In contrast to simple echo sounders, this modern’
technique employs an array of sound sources and listening de-
vices mounted on the huil of the survey vessel. Every few seconds
the sources emit a burst that reaches only a slim strip of seafloor

aligned perpendic-
a9 perp MULTIBE AR SONAP IMAAGE

ularly to the direc-
tion the ship is mov-
ing. At the same
time, the listening
devices begin re-
cording sounds re-
flected from the
bottom. This equip-
ment is arranged to
detect sounds com-

SUONAR INAGE

where the seafloor appears to he stable—not prone to subsea
avalanches or violent currents, Disposal of waste at seaabo
demands this information, because currents runnimg along
the bortom can disturbthe sites where waste settles. Bottom
surveys further help geologists to focate ottshore fault sy
tems and to assess their risk of triggering carthquakes.

On a broader scientific level, undersea mapping is provid-
ing fundamental knowledge about the geologic forces tha
shape the ocean floor. Images such as those we have creared
offer scientists a way to take fn vase stretches ot undersea ter
rain in a glance—an_ability they have long enjoyed while
studying the surface of distant moons and planees. That per-
spective now offers some fascinating new insights into the
marvelously complex evolution of the earth, 0

Panorantas of the Seafloor

AREAOE SIDE SCAN




ing only fronvwvithing g senes of narrow seafloor corridors that are
abgned parallel to the ships direcion. Thus, the sound refloc ions

teceved at the <hip emanate from the regrons where the shim
stup ot sound and the bstenme camdars imtersect. The timing of
e reflections providss a profe of seafloor depth. Such profiles
arerecorded everyfew seconds white the survey ship moves over
thesealloor and o succesave observations build up a conting
ot avath ol covntage along the ships track, By rannimg the sinp
m the same pattern one mosys 3 lown, saentists can proguce o
complete map of an area, With Tess than 200 vessels outfitted
with the necessary equipment, however, charting the entire
seafloorin this wayvwould require bundreds of years,
Side scan sonar ¢ provides vet a different perspective on what
the seafloor looks fike. The equipment is usually attached to a
slod” that s towed Behind o <hap. Teso conar units, affixed to oi
ther side of the sled,
act as both sound

SOuERs g figen
ing devices. These
units emit bursts of
sound outward, to
either side. If the
seafloor is flat and
smooth, none of the
: enerqy emitted will
SR bereflected back tas

PRS-

F—— S RIONFTERS

Y
The Authors,

LINCOIN E PRATSON and WiLL 1AM I HAXBY
have worked together tor two vears prabing the contmental
margins of the ULS. Pratson completed his PhD. in peolog-
cal sciences ar Colunibia University in 1993, :
red the topography of the seatloor for the Ottice ot Naval
Researdh at Columbias 1 amont-Doherty Farth Obsers ato-
ry. In 1996 he jomed the Institute of Arcne and Alpme Res
~varch at the Univeraty of Colorado. Haxby carned s
doctorate from Cornell University 1978, Sinee then, he
has condicted mestigations ot the ocean basins as a re-
search scientist at | amont-Doherty Farth Observarory.

Panoramas of the Seafloor

with a beam of ight directed obhiquely onto o mirror). But if the
seafloor i rongh, e sound hittineg the bottony vall be scattered
mn all chirections, and some wall returm to the sonar sled qust as o
peam of kght dlummating ground alass swill reflectin all dire

tionst By equating the amplitade of the recorded echaes to dif
feront shades of gray and displaying the results to show the dis
tance from the sled. saentists can obtain an imace of the texture
of the seafloor that looks simalar to g black and vhite photo
qraph. But ke single aenad photograph, a side scan sonar m
age does notindicate the hewghts of the sarface below,

The most accurate and detaled view of the seafloor s prove
ed by underwater photography e usimg either cameras towed
along the bottom, piloted submerables or cemotely operated ve
hicles. Such camera carrying eauipment agives researchers the op
portunity to explore the seafloor up dose Yot hecause even the
most imtense lly
mination does not

DODRTAR (vt
effectively,  photo
graphic views ob
tained in this way
are dimited to the
short distances that
artificial beams of
light can ponetrate

LR and v
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Clinoform development by advection-diffusion of suspended
sediment: Modeling and comparison to natural systems

7. Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York

‘Lamont-Doherry Earth Observatory of Columbia University, Palisades, New York

‘ Abstract. Clinoforms are the building blocks of prograding stratigraphic sequences. These sig-

g moid-shaped surfaces can be found forming today on modern deltas. Sedimentation rate profiles

¢ over the clinoform surface of these deltas show low rates of sediment accumulation on both topset
f and bottomset regions, with a maximum accumulation rate on the upper foreset region. We pres-
¢ ent a model for the formation of clinoforms that relies on the interpretation of modern clinoform

' sedimentation as a result of the distribution of shear stresses at the mouth of a river. Model clino-
f form surfaces are generated using an equation for the conservation of suspended sediment
 concentration, together with a conservation of fluid equation for simple time-averaged flow

E velocity fields. In the model, suspended sediment is advected horizontally into a basin, and

B gravitational settling of sediment particles is counteracted by vertical turbulent diffusion. In
shallow water, shear stresses are too large to allow deposition, and sediment bypasses the topset

F region. With increasing water depth, near-bed shear stresses decrease, and sediment is allowed to
f deposit at the foreset region, with gradually decreasing rates toward deeper water. This
 sedimentation pattern leads to progradation of the clinoform surfaces through time. The clinoform
surfaces produced by the model capture the fundamental morphological characteristics of natural

¢ clinoforms. These include the gradual slope rollover at the topset and bottomset, steeper foreset

¢ slopes with increased grain size, and an increase in foreset slope through time as clinoforms

’ ; , .
¢ prograde into deeper water. Because the parameters controlling the model clinoforms have a
i

.1. Introduction

:‘. The morphology and stratigraphy of deltaic deposits and their
nternal structure were first systematically investigated by Gilbert
1885 1890], who 1dent1ﬁed the topset foreset and bottomset

el 953] and range in scale from deltaic deposits a few meters thick
3 continental shelf-slope deposxts several hundreds of meters

Raper number 987801516
1148-0227/98/981B-01516$09.00

direct relation to physical quantities that can be measured in natural systems, the model is an
 important step toward unraveling the physical processes associated with these deposits.

mixed siliciclastic-carbonate environments. The shape of their
variable, basinward dipping profile is affected by the same
factors that affect the sequences they comprise: relative sea level,
sediment supply, depositional regime, and sediment type.
However, what clinoforms indicate about these factors remains
Just partially understood, and only in qualitative terms.

The shape of clinoform surfaces is thought to indicate dif-
ferent depositional environments. Sangree and Windmier [1977]
defined two basic clinoform shapes: sigmoid and obligue.
Clinoforms surfaces characterized by aggradational topsets and
gradual increase in slope from the topset to the foreset are termed
sigmoid. Oblique clinoforms display abrupt change in slope from
topset to foreset and a topset region characterized by little or no
aggradation, suggesting sediment bypass and/or erosion.
Sigmoidal clinoforms are generally interpreted to represent
relatively low-energy deltaic environments. Oblique clinoforms
commonly have steeper foresets (up to ~10°) and are interpreted
to form in high-energy environments of shallow coastal waters
[Sangree and Windmier, 1977). These characteristics suggest that
the dimensions, shape, and sediment type of clinoforms contain a
record about the environment of deposition, including the energy
of transport processes and grain size of the sediment particles.
The interpretation of this record in terms of sea level changes,
basin subsidence, and sediment supply has been one of the key
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elements in the sequence stratigraphic approach to investigating
sedimentary sequences [Vail et al, 1977. Vail. 1987,
Posamentier et al., 1988; Van Wagoner et al., 1990].

While there is a general understanding of the factors that af-
fect the stacking patterns of clinoform packages within sedi-
mentary sequences and the evolution of the sequences them-
selves, we are still hampered in our ability to quantify the factors
that influence the shapes of clinoform surfaces and their
implications for estimating the depositional regime, sediment
type, and sea level changes. Studies of modern clinoforms in
deltaic depositional systems [e.g., Kuehl et al., 1986, 1989;
Wright et al., 1988, 1990; Alexander et al., 1991; Nittrouer et al.,
1995, 1996; Nittrouer and DeMaster, 1996] revealed that
clinoform shape and growth patterns are determined to a large
extent by the spatial and temporal distribution of energy in the
water column. The hydrodynamic characteristics of the water
column and the resulting sediment dispersal patterns ultimately
determine the shape of the sedimentation rate profile across the
clinoform surface. A maximum in the sedimentation rate profile
in actively prograding modern clinoform systems occurs near the
upper foreset, just below the clinoform break, or rollover point
[Kuehl et al., 1986; Alexander et al., 1991]. Another important
observation that is borne out from the studies of modern systems
is that the clinoform rollover is, in general, located at variable
distances from the shoreline and in variable water depths. Such a
distinction may have important consequences for the
characterization of depositional facies in ancient clinoforms as
well as for estimating the magnitudes of sea level changes from
shifts in the position of onlap within depositional sequences
[Greenlee and Moore, 1988].

In this study we introduce a mathematical model to generate
clinoform surfaces. The model uses conservation and sediment
dispersion principles, including the interaction between fluid
flow in the water column and changes in the basin morphology
due to sediment accumulation. The model is an attempt to quan-
tify the physical processes that control the characteristics of
clinoforms and generate stratigraphic sequences, taking into
account the observations on modern clinoform systems. Our
model addresses three key points that have been either neglected
or de-emphasized in previous modeling attempts: (1)
quantification of the factors controlling the shape of clinoform
surfaces and their significance to interpretation of sedimentary
sequences; (2) the separation between the clinoform rollover
point and the shoreline that is apparent in many observations of
both the modern and ancient record; and (3) the integration of
observations on modern clinoforms and the implications for the
interpretation of the ancient sedimentary record. We begin by
discussing key elements of existing models for clinoform
formation and then summarize observations on selected modern
and ancient clinoform systems. We then advance the basic
equations that describe our model and how the model works
through a series of runs that illustrate the model sensitivity to
various parameters. Finally, we compare and contrast our model
results with natural clinoform systems.

2. Background
2.1. Existing Models

Existing sedimentation models can be generally classified into
geometric, diffusion-based, and process-based models. Many of
the existing models have advantages and disadvantages which
are only briefly discussed here. None of the existing models

PIRMEZ ET AL.: CLINOFORM DEVELOPMENT BY ADVECTION DIFFUSION

addresses the fundamental question of what factors contro] the
shape of subaqueous clinoforms. Those that have been used o
examine the shape and characteristics of subaqueous clinoformg
follow a slope-driven diffusion of topography approach rather
than a fluid-sediment interaction approach, contain the
fundamental physical principles associated with fluid flow but ¢q
not generate clinoforms, or still are not suitable for a detaileq
analysis of the factors that control the characteristics of clinoform
depositional surfaces.

Models that focus on the development of large-scale contj.
nental margin sequences often generate clinoforms by stacking
sediment packages according to predefined geometric rules fe.g.,
Jervey, 1988; Ross, 1989; Kendall et al., 1991; Reynolds et ol
1991; Thorne and Swift, 1991; Bowman and Vail, 1993]. These

models can be useful as a tool to understand the effects of seg

level, sediment supply, and tectonics on the gross geometry of

stratigraphic sequences, but they do not address the physical .
processes that are responsible for the formation of clinoform

units, of which these sequences are composed.

Diffusion-based models of clinoform formation assume that

sediment transport is a function of topographic slope [Kenyon
and Turcotte, 1985; Flemings and Jordan, 1989; Jordan and
Flemings, 1991; Thorne, 1995]. These models result in a
clinoform geometry that resembles that in natural systems, but
implicit in these models is the interpretation that sediment
transport is a function of slope-driven processes, such as creep,
sliding, and slumping [e.g.. Kenyon and Turcotte, 1985]. While
these processes certainly contribute to sediment distribution in
modern clinoforms (e.g., Mississippi delta [Coleman et al,
1983]), they are by no means the most significant process in
many modern systems (¢.g., Amazon delta [ddams et al., 1926)).
In addition, slope-driven mass-transport processes, by removing
sediment from the steeper foreset slopes, may act as a retreating
agent, counteracting the effects of clinoform progradation [Ross
et al., 1994; Pratson and Coakley, 1996; Pratson and Haxby,
1996). Another shortcoming of slope-driven diffusion
approaches is that only concave-up profiles are produced, which
results in an active clinoform break that is coincident with the
shoreline [Flemings and Jordan, 1989; Kenyon and Turcotte,
1985]. This shortcoming has been circumvented by introducing a
water-depth dependent diffusion coefficient of Kaufman et al.
[1991]. A different approach was used by Thorne [1995], who
defined a mathematical sediment accumulation function,
following the earlier work of Thorne and Swift [1991], and
numerically computed a sigmoid clinoform shape using calculus
of variations. The approach used here is similar in that sediment
accumulation rates also are computed but differs in that it is
based on the distribution of shear stresses within the water
column above the basin floor.

Syvitski et al. [1988] advanced a new class of multiprocess
models that includes sediment advection by fluid flow and
gravity-driven sediment transport, in addition to slope-driven
diffusion. This approach has proven to be a useful tool to un-
derstand the various sedimentary processes that affect the ge-
ometry of sedimentary basin infill and has been successfully
applied to simulate specific depositional settings, in particular
fjord basins [Syvitski et al., 1988; Syvitski and Daughney, 1992;
Syvitski and Alcott, 1993, 1995]. The usefulness of these models
to investigate the formation of clinoform surfaces and the
fundamental causes of their variable shape is limited because of
the need to specify a large number of input parameters, including
a detailed description of temporal fluctuations in water and
sediment discharge through a mode! run. Our model approach
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differs in that we assume a small set of flow and sediment
parameters that are thought to represent the time-averaged
conditions for the formation of a model surface.

A few models have attempted to examine sedimentation
processes through basic principles of fluid motion and sedi-
mentation. Models such as those described by Tezlaff and
Harbaugh [1989] can be efficiently used to simulate a specific
basin setting or depositional system, but the large number of
parameters makes it difficult to evaluate the fundamental effects
of flow and sediment variability on the shape of the deposits. On
the other hand, one can attempt to mode] the physical flow
processes to a high degree of detail, but these computationally
intensive and complex parameterizations of flow and sediment
transport have not yet been applied to the generation of
stratigraphy [e.g., Jewell et al., 1993]. Swift and Thorne [1991],
Thorne and Swift [1991] and Thorne et al. [1991] used basic
physical principles of fluid motion under the effects of waves and
currents, together with regional observations on continental
shelves, to develop a sediment transport model based on the
regime concept. One critical assumption embedded in their
model is that the equilibrium shape of the coastal profile follows
a power law function of distance from the coastline. The model
has been used to successfully predict changes in the coastal
morphology due to erosion and deposition [Thorne et al., 1991],
although only clinoforms constrained by an assumed equilibrium
shape are generated by this model.

2.2. Natural Clinoform Systems

Modern clinoform surfaces are seen on the deltas of the
Amazon, Colorado (in Lake Mead), Ganges, Mississippi, Rhine
(in Lake Constance) and Yellow Rivers, among others (Figures
1-3). Ancient clinoform surfaces are common in the Miocene
sedimentary sequences of many continental margins [Bartek et
al., 1991; Steckler et al., 1993} (Figure la). The topographic
profiles were digitized from figures published by several sources
(Table 1). These depositional surfaces display significant
variability of scales (Figures 1-3 and Table 1), and direct
comparison between them (and model clinoforms) requires that
the vertical and horizontal dimensions be normalized. We use the
vertical dimension H as the scaling factor for the clinoform
profiles, defined as the elevation difference between the toe and

- top of the clinoform surfaces. The toe elevation (zero) is

3 determined at the point where the clinoform surface becomes
" horizontal or conformable (i.e., with the same gradient) with the

“ underlying surface. The top is defined as the shallowest point at
the mouth of the river or the topset surface of the clinoform
k- where horizontal. The distance axis also was shifted for ease of
‘, comparison, with the origin placed at the point where slope
. reaches a maximum value, that is, at the clinoform face inflection
3 point. The rollover point is defined as the point of highest
|- curvature landward of the inflection point.

Examples of normalized clinoform surfaces are seen in Fig-

- ures 2 and 3. Among the key elements that characterize these

k- clinoform surfaces are the following:

1. All clinoform surfaces display a gently sloping topset..

- Depths of the clinoform rollover points investigated here vary
" significantly, being relatively shallow in low-energy lake en-

" vironments such as Lake Mead (Figure 1a) and the Rhine deltas,
£ and much deeper in open-shelf clinoforms and subaqueous deltas

such as the New Jersey clinoforms (Figure 1a), or the Ganges

- and Amazon Rivers (see values in Table 1).

2. The maximum slope of clinoform foresets varies from less

1; than 0.5° to 6.3° in the clinoforms analyzed here (Table 1). The
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total relief H of these clinoforms reaches in excess of 250 m for
some of the Miocene surfaces. Presumably, there are several
factors influencing the slope and height of clinoforms. To first
order, the clinoform height probably is determined by the space
available to accumulate sediment (basin depth) and the factors
limiting vertical accumulation (such as sediment flux, sediment
availability and water column energy). High-relief clinoforms
generally are associated with steeper clinoform fronts (e.g., New
Jersey and Lake Mead; see Table 1 and also Steckler et al.
[1998]).

3. As clinoforms become steeper, the separation between
rollover and inflection points tend to approach zero. It is im-
portant to note, however, that the distance never vanishes, since
it would require an infinite curvature at the rollover. Many of the
profiles display a very sharp rollover, with small separation from
the foreset inflection point (e.g., Rhine and Mississippi, Figure
3). Two groups of clinoforms can be identified on the basis of
slope distribution and relative elevation of the inflection point. In
the first group, which includes the Lake Mead, Rhine,
Mississippi, and New Jersey clinoforms, the surfaces are
distinctly asymmetrical. The asymmetry is characterized by a
rapid slope increase from the topset to the inflection point and by
a more gentle slope decrease from the inflection point seaward
(Figures 2b and 3a-3d). In the second group, which includes the
large deltas of the Ganges, Amazon, and Yellow Rivers, slope
distribution is nearly symmetric. The distinction between the two
groups is clearly seen through the normalized elevation of the
inflection point, y/H (Figure 2a). For the large subaqueous deltas,
y/H<0.4, whereas for the smaller deltas, y/H is larger.

4. Studies of modern subaqueous deltas on continental shelves
off major rivers indicate that modern, actively prograding
clinoforms show a maximum sedimentation rate at the upper
foreset, seaward of the clinoform rollover point [e.g., Kuehl et
al., 1986; Alexander et al, 1991] (Figures 4a and 4b).
Sedimentation rates are small at both the topset and bottomset
portions of the clinoform. Similar sedimentation patterns appear
to prevail over modern continental shelves, as indicated by both
long-term and modern accumulation patterns. Seismic profiling
and drilling results on the eastern U.S. margin show that
preferential sediment accumulation occurred on the upper slope
(foreset) during the Quaternary [Hathaway et al., 1976; Poag,
1985; Poag and Mountain, 1987, Pratson et al., 1994). The
present-day sediment distribution over the continental shelf
surface shows a sand-mud transition region on the seafloor just
below the shelf break, indicating bypass of muds over the sandy
shelf [Stanley et al., 1983; Nittrouer and Wright, 1994]. Modern
sediment accumulation rates determined from sediment traps on
the U.S. east coast are also enhanced on the upper slope (Figure
4c) [Biscaye and Anderson, 1994). These observations suggest
that continental shelf sedimentation rate profiles behave in a
similar fashion to those observed for subaqueous deltas, and as
suggested by Thorne [1995], shelves may be viewed as large-
scale analogs of the deltaic clinoform surfaces observed at the
mouth of rivers.

We interpret these observations to indicate that suspended
sediment originating from the coastal areas or river source is
prevented from being deposited on the topset region of clino-
forms because of high near-bed shear stresses. As shear stresses
decrease seaward because of increased water depth, sediment is
allowed to deposit, and sedimentation rate increases, reaching a
maximum at the foreset. As rates of deposition increase, less
sediment remains in the water column, resulting in a decrease of
the deposition rate farther seaward over the bottomset region of
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Figure 1. (a) Topographic profiles of natural clinoform surfaces from Miocene sedimentary sequences offshore
New Jersey (surfaces and their respective names are sequence boundaries; see Table 1). Each surface represents the
paleoelevation at the time of formation of each sequerce boundary, reconstructed using two-dimensional
backstripping (data from Steckler et al. [1998]). (b) Topographic profiles from Lake Mead. Each_ profile

_ corresponds to a lake bottom survey during the period of lake filling after damming the Colorado River in 1935.
Lake levels at each survey vary; depth of rollover for each profile is indicated in Table 1. Position of dpwnlap of
each profile occurs ~12 km from the river mouth, and flattening of profile beyond 12 km represents lake infill. Data
digitized from Smith et al. [1954] (in Figure 12.16 of Graf[1984]).

the clinoform. Also, it is evident from the study of sedimentation
on modern clinoforms that the peak in sediment accumulation
often is detached from the shoreline, particularly in energetic
shelf environments [Nittrouer and Wright, 1994]. The location of
the clinoform break is therefore independent of the shoreline and
is determined, to a large extent, by the distribution of shear
stresses in the water column. These observations provide the

‘foundation for our sediment dispersion model of clinoform

development.
In summary, existing sedimentation models have not ad-
dressed key issues dealing with the formation of subaqueous

clinoforms. No single model has combined the elements of water
column energy distribution and sediment dispersal into the.
characterization of sedimentation accumulation profiles and how
they affect the shape of clinoform surfaces. Our modeling
approach starts from the basic observation of the characteristics
and processes on modern clinoforms: their shape, sediments,
overlying fluid flow characteristics, and sedimentation rate
profiles. The present model is a step toward addressing the
intermediate- to long-term formation of stratigraphic sequences
and the factors that control the shape and sediment distribution
on the clinoform surfaces that make up the sediment packages.
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B. Model Description

We model clinoform formation in two dimensions using the
Conservation equations for fluid and suspended sediment con-
entration and assuming steady state sediment input. In the
gnodel a sediment-laden river enters the basin with a mean ve-
Eocity U and mean concentration C. It is assumed that river and
gbasin waters are well mixed and that there are no external forces,
‘}Ch as waves, tides, or wind. Sediment grains are advected
aterally at the same velocity as the fluid and deposit depending
[on the balance between the gravitational settling and uplifting
Crtical eddies of turbulence. The basic elements of the model are
fescribed below and illustrated in Figure 5. Symbols are given in
B¢ notation section.
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Figure 2. (a) Normalized topographic elevation profiles over several deltas (references from which profiles were
digitized, and clinoform dimensions are in Table 1). Note low elevation of inflection point (x/H=0) for large deltas
vérsus other clinoforms. (b) Bottom slope distribution of clinoform profiles. ' '

3.1. Conservation of Sediment
The steady state equation for the conservation of sediment
discharge is
q;
=0 1
o m
where g; is the sediment discharge in the x; direction. Sediment
discharge in the vertical,

4
g:=(w+Ws)e-K; (22)

gc
oz
represents the balance between the vertical settling flux minus
the resuspension flux, where K_ is the coefficient of vertical
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Figure 3. Normalized elevation profiles for clinoform surfaces surveyed at multiple instants during basin evolution
on (a) Lake Mead (data from Smith et al. [1954]), (b) Rhine River delta (data digitized from Kenyon and Turcotte
[1985, Figure 9]), (c) Mississippi River delta (data digitized from Kenyon and Turcotte [1985], Figure 12]), and (c)
New Jersey Miocene clinoforms (data from Steckler et al. [1998]). Figures 3e-3h show the maximum clinoform

front slope (slope at the inflection point) and seaward migration distance of the inflection point as a function of
time.
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Figure 4. Sedimentation rate measured across modem clino-
forms: (a) Amazon delta (based on 21%Pb data, modified from
Kuehl et al. [1986]; (b) Shandong delta (based on 2!%Pb data,

modified from Alexander et al. [1991]); and (c) total sediment

flux on the eastern U.S. shelf and slope measured with sediment
traps (modified from Biscaye and Anderson [1994]), interpreted
as a proxy for sedimentation rate. '

for the conservation of suspended sediment is (for a full
derivation, see, for instance, Parker et al. [1986]):
JUCh

== RE)

ox €))

where UCH is the layer-averaged suspended sediment discharge
and R(x) is the net vertical flux of sediment at any point along the
profile. Here we model R(x) to represent the removal or addition
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of sediment from the water column by deposition or erosiop
respectively.
We use the formulation of McCave and Swift [1976] for R(x).

- 4
R(x)—Wsc,,[l T]p @)

c

Equation (4) results from work on cohesive sediments [Krone, ¥

1962, 1993]. The term (1- 7,/1,) reflects the balance between floc % s

aggregation as clays settle into zones of higher concentration, p:

and floc disaggregation and resuspension by the flow turbulence,
Where 1, > T, deposition does not occur, and the sediment is
advected laterally; at present, erosion is not simulated in the
model. Where t,<t,, deposition results from the net balance

between the settling flux Wy c, and the upward directed.

resuspension flux determined by the ratio 14/1,. The value p
represents the probability that a particle will remain at the bottom
once deposited and is here assumed to be unity.

3.2. Basin Floor Evolution

Assuming the sediment has a bulk density pp at the basin
floor in the absence of sediment compaction and tectonic sub-
sidence, the change in bottom topography with time is described
by the one-dimensional Exner equation

dr  (UCh
dar PB\ ox ®

which after substituting the right-hand side with (3) and (4) be-
comes

[ ]
%=pBL;VSCh[l"?)J 6

c

The relation of ¢, to C is determined by first assuming that the
vertical distribution of suspended sediment concentration follows
the open-channe! Rouse profile [Graf, 1984, p. 173],

Fe
-\ K us

c()= C>'ef[(hiz)(h_ij:).|

and second, assuming that a constant factor, r, relates the near-
bed and average concentrations:

¢y =roC ®)

Strictly, r, depends on the flow conditions, in particular on the
exponent in (7). For simplicity, we assume a constant value

r,=1.5, which simplifies the calculations considerably and ¥
appears to be supported by experiments with open-channel &

suspensions described by Garcia and Parker [1987] and Parker

et al. [1986). Equation (8) allows the change in bed elevation
described by (6) to be related to the layer-averaged conservation ]

of sediment discharge described by (3).
3.3. Conservation of Fluid

The layer-averaged equation for conservation of fluid,

A2Uh
dx

=0

determines the lateral variation of water discharge, with h(x)
representing the water depth and U(x) representing the mean flow
velocity.

© =
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The near bed shear-stress is

2
7, =5 pCpiygo (10)

where u) g is the flow velocity at a reference level 1 m above the
ped and s is a dimensionless scaling factor. The flow velocity
near the bed, g, is determined from the mean value U by
assumning a logarithmic velocity profile.

. C _
i u(x,z)=U-J_D- 1n((h'2)+‘°]
H g &
!‘ with the height above the bed, (h-z), setto 1 m.
Sediment deposition is controlled via a critical value for the
near-bed shear stress, tc, using the suspension-bedload threshold
[e.g., Middleton, 1976]

(11

7, =pu.zc (12a)

us, = Wy (12b)

where ., is the critical shear velocity. In this paper, the settling
velocity WS is reported through its Stokes-equivalent grain
diameter for simplicity.

In order to provide for proper scaling in the model with re-
spect to natural systems, that is, to relate model time to-actual
time, there is a need to introduce the scaling factor s in (10). The
factor s equates to the ratio between the average magnitude of the
instantaneous velocity field and the residual velocity:

”uldt
1t
§= Iudt

1

(13)

The residual advection velocity (denominator in (13)) in a spe-
cific basin is thought to be very small. although a net seaward
flow probably can be assumed. given that a sedimentary deposit
progrades outward from a river mouth. The average magnitude of
the velocity (numerator in (13)) is primarily a function of the
energy level of a particular environment. The factor s obviously
depends on the time span considered in the integration and on the
significance of extreme events, that is, on the magnitude-
= frequency distribution of the velocity. The value of s should be a
characteristic of a particular environment and should be greater
£ for high-energy environments. An estimate of the magnitude of s
B can be obtained for existing clinoform systems. For instance, on
- the Amazon delta a mean residual seaward flow of the order of
¢ 102 m/s over a tidal cycle is estimated from physical
oceanographic models using tidal and shelf current
measurements [Geyer et al., 1996]. Time series of instantaneous
currents indicate velocities of the order of 1 m/s near the bed,
suggesting s ~10 [Jewell et al., 1993; Geyer et al, 1996}. The
advective sediment and flow discharge modeled through (3) and
), respectively, determines the rate at which sediment
accumulates. In the model the same flow exerts a shear stress
near the bed, calculated through (10) and (11), which, in turns,
determines whether the sediment grains are kept in suspension or
whether they are removed from the water column and become
part of the substrate. Because the instantaneous velocity
experienced by the sediment grains is, in general, higher than the
residual velocity, the accumulation rates calculated in the model
will also be higher than the long-term accumulation rates
measured in a specific setting. Thus, at this stage we cannot
perform direct comparisons of accumulation and progradation
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rates measured in natural systems with model clinoforms
generated by the model. However, the model allows for the
comparison of shapes between natural and model clinoform
surfaces and the interpretation of variations in shape with regard
to changes in basin physiography, grain size. and the spatial
distribution of near-bed shear stresses. The effects of basin shape.
sea level changes. and interaction between the velocity field and
the evolving topography are also examined during model
execution through simulated time stepping.

3.4. Model Execution

For a particular model run a set of initial parameters is
specified, including the initial bathymetry, the initial mean
sediment discharge (Uy. C, and hg), and the grain settling ve-
locity (or its Stokes-equivalent grain diameter). The critical shear
stress is then calculated from (12a) (Figure 5). At any particular
time step the mean flow velocity and near-bed shear stress are
first determined from the discharge at the model entrance and
using (9)~(11). The flow velocity distribution with depth,
calculated from (11) and the sediment concentration profiles
implied by (7), are shown in Figure 5a. The settling and
resuspension fluxes (Figure 5b) are then calculated by computing
the two terms in the right-hand side of (6). Their difference.
scaled by pp. is the sedimentation rate profile dh/dt (Figure 5c¢).
The sedimentation rate profile leads to a sediment layer with
thickness defined by an arbitrary time step (Figure 5d). The
temporal evolution is simulated by recalculating the flow field
with the newly formed basin bathymetry resulting from changes
in elevation due to deposition during the previous time step and
any changes in sea level height.

4. Results

Figures 6 and 7 illustrate the clinoform growth and progra-
dation simulated by the model under several different conditions.
In the simulations, discharge at the model entrance is kept
constant, and the initial basin floor is linear, with or without a
bottom slope. The maximum height of the clinoform, or the
minimum water depth, is controlled by the near-bed shear stress
at the model entrance and by the sediment grain size through t,
(equation (5)). For simplicity, water depth at the model entrance
is initially set to 10 m deeper than the depth of the critical shear
stress for deposition for a given u(x=0) and Wy in all model runs.
Key results and comparisons to natural systems are described
below.

4.1. Clinoform Growth

Clinoforms aggrade and prograde under a sedimentation-rate
maximum that evolves with clinoform growth. Above an initially
horizontal basin floor the near-bed shear stress is everywhere less
than the critical shear stress. Sedimentation rate falls off from a
maximum at the model entrance as a function of the sediment
advection and settling velocities (Figures 6a and 6b). During this
initial phase, clinoform growth is dominantly aggradational. As
deposition raises the basin floor and water depth diminishes, flow
velocity increases to maintain a constant discharge at the model
entrance. As a result, near-bed shear stress increases to the
critical stress, and sediments bypass the region. A sedimentation
rate maximum forms over the evolving foreset slope, and
clinoform growth reaches an equilibrium form. becoming
dominantly progradational (Figures 6a and 6b). As clinoforms
prograde, a composite topset surface is formed at a constant
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depth where 1, = 7. These latter stages approximate the sedimep
accumulation rate profiles and clinoform geometries observed gy
modern deltas (e.g., Figure 4). The simulation over an initial[y
flat surface provides a simple test of the present model, because i
shows that clinoforms can be generated under physica
conditions independent of preexisting topography, that is, solely
as a result of gravitational settling under an advective flow field,

4.2. Clinoform Shape

Model clinoform surfaces exhibit the characteristic foreset. %
topset rollover and foreset-bottomset flattening observed in
natural clinoforms. The rollover (e.g., Figure 6a, left-hand side)
results in the model from the gradual increase in sedimentation
rate as shear stresses diminish over the foreset. The ﬂattcning'
results from the gradual decrease in sedimentation rate over the’
bottomset as the water column is depleted of sediment. In al] &
cases the clinoform shape is asymmetrical, that is, slope increasg
more rapidly across the rollover and decreases more slowly from S
the foreset to the bottomset (e.g., Figure 7a, right-hand side). 3

4.3. Grain Size Effects

Increasing grain size results in a steeper clinoform front witha =
more abrupt clinoform rollover and foreset-bottomset transition. =
Faster settling associated with larger grain sizes leads to narrower
sedimentation rate profiles, with deposition increasingly focused
on the upper foreset (compare Figures 6a and 6b). Relatively
steep foreset slopes are observed, for instance, on Miocene
clinoforms buried beneath the New Jersey continental shelf
where sediments are predominantly sand (Figures 3d and 3h)
[Steckler et al., 1998]. Muddy clinoforms forming the Amazon
delta, in contrast, display very gentle foreset slopes, of the order
of 0.5° or less (Figure 2).

4.4. Basin Physiography

The shape of the receiving basin, in particular the initial slope, &
affects the evolution of the clinoform shape. An initially flat -
basin floor leads to the development of an equilibrium clinoform - b
surface that is constant through time (Figures 6a and 6b). An -1
initially sloping basin floor results in a foreset slope that E
increases with time (Figure 6c). The latter is the consequence of :

more rapid seaward expansion of the flow field as the retief 5
between the topset and bottomset increases basinward. This type 'ﬁ
of foreset steepening is clearly observed in clinoforms of the
Lake Mead delta (Figures 3a and 3e), where repeat surveys were
carried out since the damming of the lake, showing progressively
steeper clinoform fronts advancing over the Colorado River

valley (mean gradient of 0.02°; Table 1).

Figure 5. (opposite) Example of model execution at a given §
time step. (a) Computed velocity and sediment concentration
distributions. The vertical velocity distribution follows 2
logarithmic distribution (equation (11)). The concentration %=
distribution is calculated using the Rouse distribution (equation 3g&:
(7). The Rouse distribution is assumed and does not play a role
in the model except in the definition of , in equation (8). (0
Computed settling flux and resuspension flux (terms in brackets,
equation (6)). (c) Sedimentation rate, computed from the
difference of the curves in Figure 5b. (d) Sediment [ayer
resulting from the sedimentation rate curve.

Y anth (M)
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4.5. Sea Level Changes

t- The shapes of the model! clinoforms and the stacking patterns
’:Qf individual clinoform packages are clearly affected by
_Changing sea level. Rising sea level progressively increases
k4Cccommodation space above the topset, and clinoforms display
i imultaneous aggradation and progradation (Figure 7b). As sea
tlevel rises, sedimentation rate profiles narrow, with
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Figure 6. Model clinoforms produced under varying sediment grain size: (left) clinoform surfaces produced after
15 time steps and (right) corresponding sedimentation rate curves at each time step. Input parameters for each run

sedimentation focusing more sharply on the foreset. As a result,
the foreset slope increases through time in a fashion similar to
that displayed in the sloping basin floor model (Figure 6c). With
falling sea level, model clinoforms prograde rapidly basinward as
shoaling water depth leads to sediment bypassing of the topset
(Figure 7c). In this instance, sedimentation rate profiles become
broader, and the foreset slope decreases. In the case of falling sea
level the composite topset surface ceases to be flat and dips
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Figure 7. Mode! clinoforms produced under (a) constant sea level, (b) rising sea level, and (c) falling sea level.
Insert shows the sea level curve applied during the model run (1/4 cycle for runs in Figures 7b and 7c). Right side

panels show corresponding bottom slope curves at each time step. Input parameters common to all three runs are

initial slope S =0, D = 45um, U,= 0.1 m/s and Cy= 0.02.
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? gently basinward. During a sea level rise the aggradational
§’ topsets display a minor gradient that tends to become horizontal
& gs the clinoforms prograde (Figure 7b). For the same rates of sea
% |evel change and sediment discharge at the model entrance, the
1 composite topset surface atop the clinoform package is steeper

: during a relative sea level fall in comparison to that produced

% during a sea level rise. However, erosion which is not accounted
{- for in this version of the model is likely to affect the profile
& shape significantly, particularly during the falling limb of the sea
jevel curve.

5. Discussion

A basic feature of the current model is the feedback relation-
ship between the evolving topography and the hydrodynamics of
the water column. The flow field expansion in the model results
in an overall decrease of near-bed shear stresses with increasing
water depths. As sediment accumulation proceeds, so does the
bottom configuration, which, in turn, affects the distribution of
shear stresses. During the first execution step, when the basin
floor has a constant gradient [Ah(x) ~ Sx], flow expansion
determined through (9) leads to a decrease of mean flow velocity
U proportionally to 1/x, and, consequently, near-bed shear stress
calculated through (10) falls off as ~1/x%. As the basin_floor
evolves and ceases to be linear, the relationship between near-
bed shear stress and distance becomes more complex and is
solved numerically in the model.

miadiho i el
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entering an enclosed basin, with discharge being kept constant.
In natural systems, say over a continental shelf or enclosed lake
basin, near-bed shear stresses generated by stirring waves and
tides will also diminish with increasing water depth [Nittrouer
and Wright, 1994; Dyer, 1989)]. The net transport of sediment
due to waves over a period of time can be negligible, but the
important effect of wave motion stirring is that once in
suspension, sediments will be advected by even very small lateral
currents [Grant and Madsen, 1979]. In our model, the expansion
© of the flow field and consequent decrease of shear stresses with
~ increasing water depth is intended to simulate the long-term
. average effects of waves, tides, and wind-driven currents. For
% comparison with our model the depth dependence of the wave-
’stirring effects on the near-bed shear stress can be estimated as
P follows. The horizontal orbital velocity due to waves near the sea
4 bed is {e.g., Allen, 1985]:

21
Upgy = A==
o = sinh(k k)

with the angular frequency o defined by the dispersion relation
"02 g k tanh(k z), where k is the wavenumber and 4 is the wave
£ amplitude. The shear stress caused by wave orbital velocities can
 be computed using the same square law used here (equation
(10)). This wave-induced shear stress decays with depth at a rate
that is faster than in the present mode! and decreases to negligible
“’alues, that is, insufficient to suspend practically any sediment
E 8rains, below about 30-40 m for a wavelength of 50 m and
g Amplitude of 1 m (Figure 8). Wave stirring is one component of
& the total shear stress occurring in natural systems, with the effects
. Of tides and wind-driven currents further increasing the stress
3 le_"el and affecting the way stress varies with depth. The model
' thtribution of shear stress as illustrated in Figure 8 has an
§ 'Mportant effect on the shape of the clinoform surfaces generated
E by the model. For instance, clinoform surfaces modeled with the
“Wave-stirring stress distribution have a sharper rollover and

(14)
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The model velocity field is based on the concept of a river
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shorter bottomset tail when compared to our model. While we do
not include the effects of waves, currents, and tides explicitly, the
model stress distribution used here can be interpreted as being
caused by the integrated effects of all these factors. Clearly, more
detailed modeling would be desired in order to determine the ac-
tual stress distribution in any particular environment and how it
may affect sediment deposition and erosion. In our model we
also assume a single grain size and neglect the effects of sedi-
ment compaction. These simplifications may be at the source of
some of the features of natural clinoforms that are not captured
by the current version of the model, such as the tendency for
model clinoform packages to form a horizontal composite topset
surface. Nevertheless, our model appears to capture several
fundamental characteristics of natural clinoform surfaces that are
not produced by previous modeling efforts. We now address
some of the benefits of the model by comparing normalized
model and natural clinoform surfaces.

In Figure 9 we plot normalized profiles of the Rhine,
Mississippi, and Lake Mead clinoforms together with a sample of
model clinoforms. Comparison between the surfaces in Figure 9
would suggest that the Rhine delta clinoforms are formed by
coarser sediment than either the Lake Mead or Mississippi
clinoforms. Given information on the basin physiography, the
model could be used to quantitatively assess the differences in
grain size and water column energy between these systems.
Comparing clinoform surfaces within the same basin can also be
facilitated through the model. For instance, the overall steepening
of the Lake Mead clinoforms appears to result primarily from the
progradation of the system over the sloping Colorado River
valley rather than from a change in sediment grain size. On the
other hand, the abrupt steepening of the clinoforms on the New
Jersey margin seen at the middle Miocene (from the time of
surface m5; Figures 1a and 3h) could be a result either of change
in the gradient of the underlying surface or of an increase in the
sediment grain size (and associated higher shear stress needed to
carry the coarser material) or still a combination of both.
Doubling the grain size (e.g., from 45 to 90 mm) represents an
increase in settling velocity by a factor of about 3.5. In the
model, given the same clinoform height (~9 m; Figure 6), this
results in an increase of the maximum equilibrium foreset
gradient by about the same factor (0.06° to 0.22°; Figures 6a and
6b). The slope increase for the middle Miocene New Jersey
clinoforms is from about 1° to 3° (between surfaces m5 and m4;
Table 1 and Figure 3). While the increase in sediment flux
indicated by the rapid middle Miocene progradation (Figure 3h)
would suggest that an increase in sediment grain size is a
plausible source for the observed steepening, the model results
would suggest that the steepening could also be accommodated
by the increase in gradient of the underlying basin floor surface
(Figures la and 6c).

The shapes of clinoforms over the large deltas of the Amazon,
Shandong, and Ganges Rivers is characteristically different from
the other clinoforms examined, with a broad, gently sloping
topset and an inflection point occurring at low elevation with
respect to the overall profile (Figure 2). The shape of these
clinoform systems is reproduced only in generalized form in our
model simulations. The simplified hydrodynamics over the
model basin floor, and the sedimentation by simple advection
and gravitetional settling of a single grain size, cannot capture
the complexity of these highly energetic clinoform systems. The
lateral advective flux simulated in our model is an extreme
simplification of the actual processes that transport sediment
across continental shelves [Nittrouer and Wright, 1994]. In
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Figure 8. Near-bed shear stress distribution as a function of
depth as calculated in our model versus that computed from a
wave model. For our model, A(x) = 5+Sx, with S=0.004. The
wave-induced orbital velocity Uy is calculated using equation
(14), with 4 = 1. U(x=0) is set equal to Uy (x=0; A= 100 m) for
this comparison. The near-bed shear stress was computed in both
cases with the quadratic stress law (equation (10)).

particular, hyperpycnal flows, either directly from high sediment
concentration rivers [e.g., Wright et al, 1990] or after
concentration of fluvially derived sediments over the topset as
fluid-mud layers [Kineke et al., 1996], have been shown to play
an important role in the growth of these deltas. In the case of the
Amazon, seaward advection of fluid muds from topset to foreset
appears to occur at an approximately yearly cycle, with water
column energy sufficiently strong to prevent incorporation of the
fluid muds into the topset. The actual mechanisms of transport of
these fluid muds are not yet well understood and cannot be
simply characterized by either mass-movement or diffusive
processes [Nittrouer et al., 1996]. The advection of fluid muds
appears to involve stirring and transport by waves and tidal
currents, as well as transport due to excess density of the fluid
muds downslope [Kineke et al., 1996].

Our model presently simulates a fluvial source that remains
fixed as clinoforms prograde basinward. The depth of the topset
surface and clinoform rotlover is dependent on the magnitude of
the shear stress in the water column vis-3-vis the grain settling
velocity. The model clinoforms, as in most natural clinoform
surfaces, display a clinoform rollovar at a water depth depending
primarily on the energy conditions prevailing in the water
column. In both modern and ancient clinoforms the shoreline and
“offlap break,” or subaqueous clinoform front [Vail et al., 1991],
can vary from being coincident to >100 km apart (e.g., Figures
1-3; Molenaar and Baird, [1992)). However, sequence
stratigraphic concepts have not yet been fully modified to
account for the possible variations in distance between these
features, nor for the causes for these variations. The offlap break
and the shoreline positions are critical, for they are used to
interpret the extent of subaerial exposure of the shelf during sea
level falls and to predict facies distributions. Natural clinoform
surfaces investigated here commonly show that the topset
surfaces dip at a small angle. In energetic shelf environments,
such as in the Amazon and Ganges, the clinoform break can be
widely separated from the coastline.
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The results on clinoform geometry under varying sea leve] %=
(Figure 7) are consistent with the clinoform stratal pattemns in. =
ferred by the conceptual sequence stratigraphic mode] &
[Posamentier et al., 1988]. In that model the geometry of
clinoform surfaces depends primarily on the rate at which new &
space is produced for sediments to accumulate and on the influx
of sediments. As relative sea level rises, during the lowstand
systems tract, the addition of space at the top of the clinoforms
would result in a progressive change from prograding to
aggrading packages. Conversely, during a relative sea level fall, 3
water depth remains constant or decreases above the foreset 3
resulting in sediment bypass and clinoform progradation:

Whether differences in the geometry of clinoforms, such as the J
systematically different topset slope between lowstand
highstand clinoform packages (Figures 7b and 7c, respectively); 5
are preserved in the geologic record remains to be tested against 4 : |
natural systems. In general, the topset surfaces of highstand%
clinoforms will be subject to erosion as sea level falls. However§
these surfaces could be at least in part preserved where the
change in water depth is relatively small, preventing marké.
erosion of the topsets. -
Where clinoforms prograde across a dipping basin floor, the
foreset slope steepens with time (Figure 6¢). This occurs because,
with a constant sediment input and advection velocity, sediment
is allowed to fill the available space up to the water depth where
tb equals tc. The model at present does not limit the foreset slope
from attaining an unrealistic high gradient. Steepening foreset
slopes of natural clinoforms would at some point fail
Presumably, mass wasting of the steep foresets would act to
retreat the clinoform front, with the foreset returning to smaller,
more stable slopes. Alternatively, the action of storm waves and
currents could erode material from and/or induce mass-failures at  *
the clinoform front. A possible example is seen on the Rhine o
delta clinoforms, which show a rapid decrease in gradient v
followed by a progressive increase through time (Figure 3f). o
Material removed from the clinoform front by mass wasting " 4
would deposit over the bottomset region, raising the seafloor and ;
thus decreasing the relief between topset and bottomset regions -
of the clinoform. In the model this would result in spreading the. §
sedimentation rate profile over a broader region. The model Z
results suggest that mass wasting is likely to become more
significant relatively late in the evolution of a clinoform package, -
as the system advances into deeper water and foreset slopes rise

to some critical limit. The Lake Mead delta is a good example of
a system that shows clinoform steepening during progradation
over an inclined surface (the pre-dam Colorado River valley):
Apparently, the Lake Mead delta sediments have largely been S
able to sustain clinoform front gradients up to 1.2° after 11 years : 4
of delta growth (Figure 3e). The early Miocene clinoforms off &
New Jersey show a rapid steepening of the middle Miocene &
clinoform fronts (Figure 3h), with clinoform height and foreset‘
angle being directly related (Table 1; Steckler et al. [19931);‘
Patterns of increasing slope through time are detected internallyy
within some of the early Miocene sequences, and significant S
steepening also is seen in the late Miocene to Pleistocef‘G
sequences off New Jersey [Steckler et al., 1993; G. Mountaif, 3
personal communication, 1996]. Ross et al. {1994] observed
similar tendency of clinoform surfaces to steepen with time
they prograded into deeper water. K
The model sensitivity tests performed thus far suggest that 3
quantitative constraints on sediment grain size, relative sea leV"'U
sediment supply, and depositional. environment might
obtained from clinoform geometry, particularly in instaﬂc@
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% where one or more of these factors are known (e.g., Figure 9).
" Geometric models suggest that stratigraphic sequences are a
§ complex and possibly non unique combination of these factors
7 plus subsidence [Burton et al., 1987]. However, in assuming a
* predefined clinoform shape, these models forfeit formative
constraints provided by clinoform geometries. Diffusion-based
? models suffer similar limitations. While it is a common
observation that steeper clinoform fronts in siliciclastic systems
tend to be associated with higher-energy environments and
coarser grain sizes [Sangree and Windmier, 1977), there has been

no attempt to quantify this important property of clinoform
morphology in terms of grain size or facies. Diffusion models
display steep fronts when the diffusion coefficient is small, that

< is, in situations where sediment transport is interpreted to be
4 inefficient. In the present mode! the clinoform front slope will
;! vary with time if the clinoform advances into deeper water or if
= sea level height changes. The equilibrium slope achieved under
& an initially flat basin, however, indicates that the maximum slope
. 3 depends on a combination of parameters, in particular the settling
B velocity (grain size) and the near-bed shear stress, the latter
f depending on the flow velocity field. If information on sediment
kproperties is available, say from samples or well logs, it may be
I Dossible to use the model in order to place constraints on the

B Prevalent water column energy conditions during deposition.

4.

g
=
Ed

4B 6. Conclusions

B - We present a sediment dispersal model in which settling
sediment grains are advected laterally or deposited according to
the shear stress level near the bed. The model couples sedimen-

tation with a fluid flow model that simulates a decrease in shear
E Stress with increased water depth, thought to represent the
® Variation of shear stresses in a basin due to the long-term aver-
’,: = aged effects of waves, tides, and wind-driven currents. While the
§ fluid flow model used here is extremely simple, the resulting
model clinoforms reproduce some of the most fundamental
characteristics of natural clinoform systems and provide the basis
for some predictions that can be tested in the field and with
3 further modeling. Among the characteristics of clinoforms
teproduced here are (1) the gradual change in slope at the’
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Figure 9. Comparison of normalized model clinoforms and selected natural clinoforms. Model clinoforms
correspond to those shown in Figures 6a—6c. Natural clinoforms are taken from those shown in Figure 3.

rollover between topset and foreset segments of a clinoform, as
well as between the foreset and bottomset, resulting from the
lateral variation in near-bed shear stresses affecting sediment
accumulation rate; (2) the separation between the point of
sediment input, or river mouth/coastline, and the rollover point is
due to high shear stresses preventing deposition on the topset; (3)
the equilibrium foreset slope increases with increasing grain size
input to the system; (4) foreset slope increases progressively
through time where clinoforms advance over a sloping basin
floor (equilibrium foreset slope in these cases probably is limited
by a combination of processes such as slope stability, sediment
supply and accumulation rate, and erosion caused by storm
events); and (5) temporal changes in clinoform morphology with
varying space available for sediment accommodation, that is,
relative sea level changes.

Perhaps most significantly, the model clinoform shapes result
from a balance between sediment settling velocity, horizontal
advection, and the turbulent energy that prevents deposition and
keeps sediment in suspension. The linkage between the flow
velocity field and basin physiography results in a feedback loop
between sedimentation and the water column energy that is
intrinsic to prograding clinoform systems.

Notation

subscript to indicate a near-bed quantity, b << H

mean sediment concentration in water layer.
suspended sediment concentration (by volume).
suspended sediment concentration near the bed.

Drag coefficient (set to 0.005).

layer thickness or total water depth.

height of clinoform.

von Karman's constant (set to 0.4).

coefficient of turbulent diffusion.

wavelength.

wavenumber, 2n/A.

probability of sediment particle "sticking" to bed (=1).
sediment discharge vector.

rate of sediment accumulation.

fluid density.

bulk-density of deposited layer (set to 1800 kg/m?).
ratio of near-bed to layer-average sediment concentration.
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s scaling factor, ratio between i and g0
S bottom slope.

near-bed shear stress.

tcritical shear stress for deposition.

t time.

U mean horizontal fluid velocity in layer.

u  horizontal component of fluid velocity vector.
u, shear velocity [u,= ‘/(rb/ [DI8

u,, critical shear velocity for deposition.

U 00 horizontal component of fluid velocity 1 m above bed.
W grain settling velocity.

o wave angular frequency, 2n/period.

x  horizontal distance from sediment source.

z  depth below sea level.

Nikuradse roughness parameter (1/30th of grain diameter).
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