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ABSTRACT

Levee architecture of six submarine channel-levee systems was investigated using
seismic reflection profiles, piston cores, and boreholes. The systems span a wide range of
geological environments and comprise the Northwestern Atlantic Mid-Ocean Channel
(NAMOC), and Hueneme, Reserve, Amazon, Var, and Laurentian fans. Quantitative
measures of architecture were defined and used to investigate the spatial and stratigraphic
evolution of levees. Depositional sequences on levees display regular variations in
thickness both across-levee and downchannel. Perpendicular to channel trend,
depositional sequences thin following an exponential trend that can be quantified by a
spatial decay parameter, k. Along the upper reaches of a system, downchannel
exponential thinning of levee sediment is quantified by a second spatial decay parameter,
A. Stratigraphically, the growth of sediment waves and the evolution of levee crests
followed consistent patterns not previously recognized. No significant stratigraphic
pattern was observed for k.

Characterization of thickness variations using k and A allows the direct
comparison of levee architecture and channel morphology. Using data from all the
systems investigated, correlations were found between the inverse of k and both channel
half-width, W, and channel relief, D, and between the inverse of A and W and D. Based
on the downchannel behaviour of k and sediment thickness at the levee crest, submarine
channels divide into two discrete reaches: an upper reach where k is uniform and
sediment thickness decays exponentially downchannel, and a lower reach where k tends
to decrease and sediment thickness is uniform or decays abruptly in the downchannel
direction.

The channel-levee systems studied here have a wide range of sediment sources
and different mechanisms for flow initiation. Nevertheless, levee architecture correlates
with channel morphology, suggesting that flow processes rather than external conditions
control this architecture. A simple model of flow behaviour suggests reasons for the
observed geometric relationships provided that channel geometry relates to through-
channel volume discharge in a manner analogous to the relationships between channel

geometry and volume discharge established for rivers.
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Chapter 1
Introduction

1.1 General Statement

Submarine channel-levee systems are major pathways for the transfer of
terrigenous sediment to the deep-sea. The levees are repositories of important geological
information. They consist of both terrigenous and pelagic sediments, with their
respective fauna and flora, accumulating at rates far exceeding those of contemporaneous
deep-sea environments; thus, they can provide decadal resolution of continental and
oceanic history approaching the resolution of ice cores. The juxtaposition in time and
space of potential reservoir and source rocks makes these geological environments
attractive for hydrocarbon exploration.

The levees of submarine channels have received little attention and consequently
lack a comprehensive depositional model relating levee architecture to the depositional
mechanisms responsible for levee growth. The literature typically describes submarine
levees as wedges of fine-grained sediment adjacent to channels created by overbank
deposition from turbidity currents flowing down the main channel of a submarine fan
(e.g., Normark & Piper, 1991). Middleton & Southard (1984) defined turbidity currents
as sediment gravity flows in which the gravitational driving force is supplied by a
suspension of particles supported by fluid turbulence, making them a class of density
currents (Simpson, 1987). However, unlike density currents, where the gravitational
driving force arises from differences in state variables, like temperature or salinity,
turbidity currents are driven primarily by the presence of suspended sediment. The
turbidity currents responsible for levee deposition have been pictured as having episodic
or continuous overspill that transfers sediment from the channel to the levees (Chough &
Hesse, 1976; Piper & Normark, 1983; Normark & Piper, 1991; Clark et al., 1992; Clark
& Pickering, 1996; Hiscott et al., 1997). Beyond these general descriptions, only a few
other features of levees have received attention. The most notable of these features
include: 1) the presence of sediment waves on the backsides of some levees (Normark et

al., 1980); and 2) the asymmetry of levee height across a channel (Komar, 1969).



Levees require much additional research because they record most, if not all,
through-channel turbidity current flows, the duration of channel activity, and paleo-
climatological data for both the source area (i.e., the adjacent continent) and the overlying
water column (Clark & Pickering, 1996). Because the propensity of an individual
turbidity current to spill from the channel to the levees depends on channel depth and
because levee aggradation partly controls channel depth, an intimate relationship between
the character of the through-channel turbidity currents and the architecture of the levees
has been suggested (e.g., Menard, 1964; Komar, 1973; Hiscott et al., 1997), but has never
been thoroughly quantified. Levees contribute, in part, to the lateral boundaries of a
channel, thus the architecture and stability of levees determine the possibility of avulsion
(e.g., Flood et al., 1991) and the changing of sediment pathways in a submarine fan.
Because channels transport and often fill with coarse-grained sediment the geometry of
channel bodies controlled, in part, by levee stability will play a role in determining the
reservoir characteristics — for example, thickness and continuity — of a channel sand
(e.g., Clark & Pickering, 1996). The fine-grained sands that characterize some levees
have also been the target of hydrocarbon exploraticn because, in spite of their fine-
grained nature and therefore low primary porosity and permeability, the exceptional
continuity of these sands has been proven to make these reservoirs a productive source of
hydrocarbons (e.g., Gulf of Mexico, M. DeVries, pers. comm., 1997). The ultimate fate
of sediment introduced as or subsequently evolving into turbidity currents also plays a
role in the disposal of mining tailings into subaqueous settings (Ellis & Poling, 1995). In
this case, levees act as repositories for some of the tailings and levee stability will

partially control the dispersal of tailings into the environment.

1.2 Goal and Objectives
The investigation of levee architecture in this thesis has three main objectives:
1. to systematically and quantitatively characterize features in levee architecture from
several geologically distinct systems;
2. to define controls on levee architecture with simple models of turbidity currents;
3. to investigate the potential for using levee architecture to infer environmentally

relevant turbidity current flow parameters.



Meeting these objectives will lead to a depositional model for levees, the insights
from which will be used to understand overall fan evolution. The main goal of the thesis
is to discern what aspects of through-channel flow character are preserved in levee
architecture.

1.3 Organization of Thesis

Chapter 2 presents the some of the general methodology used in the thesis,
including the basic principles of seismic stratigraphy, the measurements of levee
architecture, and the statistical analysis. Chapters 3 and 4 investigate the levee growth
patterns from the Northwestern Atlantic Mid-Ocean Channel (NAMOC) and Hueneme
Fan off southern California, respectively. Both chapters first present a general statement
about the topics covered and then summarize available data. The next section details the
setting of each channel-levee system starting with channel morphology, followed by
summaries of previous geological investigations and the controls on the character of
turbidity currents active in each system. These controls on character include sediment
delivery, initiation mechanisms, and previous work on flow parameter reconstruction.
Following this presentation of background material, each chapter then documents the
levee architecture of the system including the depositional history revealed by acoustic
and core stratigraphy, ending with a synthesis of the levee growth patterns.

Chapter 5 presents data on the architecture of other systems including Reserve,
Amazon, and Var fans. Discussion of each system takes on a condensed form of the
previous two chapters. These systems augment the pool of observations of levee
architecture although data for characterizing the levee architecture of these systems is less
comprehensive that for NAMOC and Hueneme Fan. Chapter 6 is devoted exclusively to
the more complex Laurentian Fan and follows a structure similar to Chapters 3 and 4.

Chapters 3-6 present data from submarine channel-levee systems sampling a wide
range of geological environments. The application of consistent analytical and
quantitative techniques, discussed in Chapter 2, provides a basis for making meaningful
comparisons between systems. Chapter 7 synthesizes these data and interprets variability
in channel-levee architecture comparing the predictions of simple physical models with

empirically-derived relationships. At the end of Chapter 7, implications for the



investigation of modern and ancient submarine channel-levee systems are explored in the
light of the new understanding of levee architecture gained from this study. Chapter 8

summarizes the major conclusions of the thesis and suggests avenues for future research.
1.4 Introduction to Levee Architecture and Turbidity Current Theory

1.4.1 Architectural Elements

Miall (1985) was the first to systematically describe sedimentary sequences in
terms of architectural elements. For submarine fans, the major elements or building
blocks of the stratigraphic sequence include canyon, channel-levee, and lobe elements
(Figure 1.1) (e.g., Piper & Normark, 1983; Mutti & Normark, 1987, 1991; Clark &
Pickering, 1996). The channel-levee element may be subdivided into three sub-clements,
the channel and its associated left-hand and right-hand levees (looking downstream).
While these elements — canyon, channel-levee, and lobe — represent major features,
they do not encompass the entire range of elements within a turbidite system (see Mutti &
Normark, 1987, 1991).

Canyons focus the transfer of terrigenous sediment from the continental shelf to
the deep sea. Consequently, the canyon is often considered the sediment source, although
transport of sediment to the canyon head is implicit in any discussion of sediment supply.
Stow et al. (1985) suggested that the presence of a canyon represents a necessary
condition for the development of a submarine fan. Without a canyon, the continental
shelf acts more like a line source that feeds a slope-apron depositional environment (Stow
et al., 1985). The focusing of sediment by the canyon may also be necessary for the
development of turbidity currents (e.g., Hill & Bowen, 1983; Baltzer et al., 1994).
Canyons certainly play a role in focusing the cross-shelf transport of suspended sediment
(e.g., Shepard et al., 1979; Gorsline et al., 1984). Just as the canyon represents a
sediment source, the depositional lobe is a depocentre or sink for sediment carried by a
turbidity current. Lobes tend to be broad sedimentary deposits found on the basin plain,
characterized by coarser-grained detrital sediment than the surrounding pelagic and
hemipelagic sediments. Morphologically, the lobes begin at the termination of significant
channel relief, operationally defined as the limit of resolution of deep-tow instruments
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Figure 1.1. A. Schematic diagram of simplified canyon-channel-levee-lobe system
showing channel-levee system within overall submarine fan settting. B. High
resolution sub-bottom profile across a channel-levee system (modified after Ricci
Lucchi et al., 1985). Note the difference in acoustic penetration between the channel
and the levees and the substantial stratigraphic information contained within the levees.




(~1-2 m, Normark et al., 1979) and end as they merge into basin plain sediments or abut
against basin margins.

A channel-levee system (or systems) occupies the region between the canyon and
depositional lobe. The channel acts as a conduit for sediment transport seaward of the
canyon mouth and can act either as a sink (deposition) or source (erosion) of sediment for
the flow, depending upon the types of turbidity currents traversing the channel. Levees
act mostly as depocentres for sediment supplied to them by overspill from the channel.
However, the slumping of levee material into the channel supplies sediment to the
channel and erosion of the levees may feed sediment to more distal overbank locations or
to the depositional lobe. Nevertheless, the predominantly depositional character of levees
makes these sites attractive for the study of fan evolution (Clark & Pickering, 1996).

1.4.2 Channel-Levee Classification
Cross-sectional Morphology

Submarine channel-levee systems have been classified based on their cross-
sectional morphology (Nelson & Kulm, 1973; Mutti & Normark, 1987, 1991) and
channel sinuosity (Clark et al., 1992). Nelson & Kulm (1973) classified channel-levee
systems as erosional, depositional-erosional, and depositional based on cross-sectional
morphology (Figure 1.2). Erosional channels downcut into older sediments and no levees
form. Depositional channels show aggradation of both the channel and levees.
Depositional-erosional channels represent a hybrid between purely erosional and purely
depositional channels. The levees are predominantly sites of deposition while periods of
erosion, bypass, and deposition characterize the channel, producing a complex channel-
fill stratigraphy. Any one channel-levee system can show all three morphologies,
typically having a proximal erosional channel, followed by a depositional-erosional
channel that, farther downstream, grades into a depositional channel.

Planform Morphology

Imaging of the surficial morphology of submarine channels, especially using
sidescan sonar and multibeam bathymetry, has demonstrated that channels have a range
of sinuosities (e.g., Damuth et al., 1983; Flood & Damuth, 1987; Clark et al., 1992). The
ratio of along-channel distance between two points in the channel to the straight line
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Figure 1.2. Cross sectional channel-levee classification of Nelson &
Kulm (1973) showing: A. erosional; B. erosional/depositional; and C.
depositional systems.



distance between these same points defines sinuosity. Thus, values for sinuosity vary
from a minimum of unity for straight channels to greater than two for meandering
channels. In a review of 16 modern submarine channels, Clark et al. (1992) found
sinuosity to be a useful parameter for classifying submarine channels. In addition, Clark
et al. (1992) showed from plots of sinuosity versus channel slope (Figure 1.3) that
submarine channels resemble large river systems in that they have a peak sinuosity
related to a specific value of downchannel slope that uniquely characterizes a system.
Laboratory studies, notably by Schumm & Khan (1972), suggested that this slope-
sinuosity relationship depends on the hydraulic conditions of the through-channel flows.
In addition, many workers (e.g., Hesse et al., 1987; Flood & Damuth, 1987) have shown
that channels tend to an equilibrium or graded profile (concave upward channel profile).
The tendency toward a graded profile and the sinuosity-slope relationship suggest that
channel-levee systems evolve to a morphology that in some way relates to the types of
turbidity currents flowing through them. Pirmez (1994) demonstrated that sinuosity
correlates directly with regional slope, i.e., the difference in elevation between two points
divided by the straight-line distance between them. Where the regional slope is high,
sinuosity increases such that the local channel gradient, i.e., the difference in elevation
divided by the along-channel distance between them, is much less than the regional slope.
Such behaviour suggests that channel morphology evolves in order to accommodate a
particular downchannel profile, likely in equilibrium with the hydraulics of the average
through-channel flows (Clark et al., 1992).

1.4.3 General Flow Processes

Levee deposition occurs as turbidity currents within the channel exceed the local
channel depth and spread out away from the channel. This can occur for the head and
body of the flow, but because the head of a turbidity is about as long as it is thick,
overspill from the head does not contribute volumetrically significant amounts of
sediment to the levees. A general term for the escape of fluid and sediment from the
through-channel flow to the levees is overbanking. During overbanking the channel acts
as the source of sediment for deposition on the levees. Two types of overbanking can
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Figure 1.3. Planform channel-levee classification (modified after Clarke et al., 1992)
based on relationship between downchannel slope and sinuosity. Two end-members in
this classification scheme are straight, steep channels and meandering, low gradient
channels. From his investigation of the Northwestern Atlantic Mid-Ocean Channel
(NAMOC), Klaucke (1995) proposed a third end-member, a low sinuosity, low gradient
channel.
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potentially occur, differentiating this behaviour into overbanking that is focused at a
particular location along the channel (flow-stripping) and overbanking that occurs along
significant reaches of the channel (flow-spilling or continuous overspill).

Piper & Normark (1983) proposed the term flow-stripping to explain the
behaviour of a Holocene turbidity current on Navy Fan. The distribution of this turbidite
suggests that most of the turbidity current left the channel at an abrupt bend becoming a
new, discrete turbidity current while the flow remaining in the channel quickly
decelerated. Although deceleration of the residual channel flow was integral to the
original definition of flow-stripping, the term has since been used to describe any
overbanking that primarily occurs at a particular location along the channel. These
locations can be channel bends where flow-stripping in some cases produces spillover
lobes (Bute Inlet, Zeng et al., 1991) or low points in the levee crest, perhaps caused by
sediment failure (Var Fan, Savoye et al., 1993). In these examples, residual channel flow
does not necessarily die out. Continuation of the residual channel flow does place limits
on how much sediment is lost to flow-stripping; if a large portion of the flow is “stripped
off”’, downchannel negative buoyancy and inertia of the current may not be enough to
overcome friction, promoting rapid deceleration. Another version of flow-stripping was
proposed by Hay (1987) and termed inertial overspill. In this process, flow-stripping
occurs when the radius of curvature of the flow path in the channel is greater than the
radius of curvature of the levee crests. Deflection of the flow by centrifugal forces
diverts fluid to one side of the channel, potentially increasing flow thickness above
channel relief. Presumably, thalwegs represent the morphological expression of the
dominant flow path and so comparison of thalweg sinuosity with overall channel
sinuosity should determine whether inertial overspill is important in a channel-levee
system.

Flow-spilling or continuous overspill refers to the process by which overbanking
occurs over long reaches of a channel, reaching an equilibrium between loss of material
to the levees, changes in channel depth or channel cross-sectional area, and entrainment
of water through the upper interface of the flow (e.g., Hiscott et al., 1997). Such a
process was invoked to explain the long-distance (> 300 km) correlation of individual
turbidites on the western levee of the Northwestern Atlantic Mid-Ocean Channel
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(NAMOC) (Hesse, 1995). Continuous overspill may also explain the apparent
equilibrium between channel depth and the thickness of through-channel flows (Menard,
1964; Komar, 1973). On Amazon Fan, Pirmez (1994) used a simple continuous overspill
model to explain the variation in flow parameters that he calculated using more
conventional methods of flow parameter reconstruction (see Bowen et al., 1984 and
following section). For continuous overspill, the channe! acts as a line source of

sediment to the levees.

1.4.4 Architecture-Flow Parameter Relationships

Facies models for submarine fans commonly imply a relationship between fan
architecture and character of the turbidity currents that both create and interact with this
morphology. Piper & Normark (1983; their Figure 8) proposed a range of flows moving
through Navy Fan. Sandy flows were generally considered to be thin, high density, fast-
moving, and confined to the channel. Muddy flows that aggrade or, with increasing
intensity, possibly erode the levees were envisioned to be thick, low density, and slower
moving than sandy flows. The model of Piper & Normark (1983) explicitly showed the
interaction of differing flow types with the morphological elements of a submarine fan,
but it did not make predictions about the nature of the turbidites deposited from the
various flow types. Walker (1965) proposed a facies model showing the predominance of
massive to graded thick-bedded sands and gravels within the channel, thin-bedded, finer-
grained material on the levees, and proximal to distal fining and thinning of beds on the
depositional lobe. However, this model requires a full range of grain sizes and applies to
only a single type of flow capable of delivering this range of grain sizes. Normark &
Piper (1991) combined variations in flow type with predictions about the nature of the
resulting turbidites (Figure 1.4). The Normark & Piper (1991) model predicts the
deposits and some of the expected bedforms from large sandy flows, large muddy flows,
large mixed grain-size flows, and repeated thin muddy flows. Large sandy flows
contribute mostly to deposition in the channel and on the depositional lobe. Their
contribution to shaping channel morphology affects only indirectly levee architecture by
changing channel relief and the potential for subsequent flows to overbank. Large muddy
flows deposit relatively thick-bedded turbidites on the levees, possibly moulding these
deposits into sediment waves. Large mixed flows also deposit relatively thick-bedded
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Figure 1.4. Simplication of Normark & Piper's (1991) facies model showing the
depositional features on levees of various turbidity current flow types: large muddy flows
with the deposition of thin silt laminae and the generation of mud waves on the levees;
large mixed flows with the deposition of coarse material (perhaps up to fine sand) on the
levees; repeated thin muddy flows which develop thin-bedded muddy turbidites with
basal silt laminae on the levees. The large sandy flows discussed by Normark & Piper
(1991) do not contribute directly to levee deposition.
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turbidites on the levees which may be coarser-grained that the deposits of large muddy
flows. Thin muddy flows deposit relatively thin-bedded turbidites on the levees and may
not contribute to the development of sediment waves.

Although general statements can be made about the type of flow responsible for
various facies associations, specific determinations of flow type arise from flow
parameter reconstruction (e.g., Bowen et al., 1984). For example, using the facies model
of Normark & Piper (1991), the presence of sediment waves suggests large muddy flows
and the equation of Normark et al. (1980) provides a relationship between wavelength of
sediment waves and flow thickness. Methods for the reconstruction of flow parameters
and their successful application depend upon the types of data available and can be
divided into three general categories: flow parameters derived from 1) sediments; 2)
channel morphology; and 3) levee morphology.

Flow Parameters from Sediments

Turbidites record the character of the turbidity current from which deposition
occurred. Walker (1965) described the idealized vertical sequence in a turbidite bed, or
Bouma sequence, in terms of the flow regime under which each Bouma division deposits.
The A-division of the sequence consists of massive sandstones deposited under upper
flow regime conditions (possibly antidune conditions). A great deal of work concerning
deposition of these massive sands by high concentration turbidity currents (or sandy
debris flows; Shamugam, 1996) is available in the literature. At the very least, the
absence of such beds in levee sediments suggests that high concentration flows do not
play a direct role in levee sedimentation. B-division sediments show planar lamination
and normal grading ascribed to deposition under upper-flow-regime plane-bed conditions.
The boundary between B and C division marks the transition from upper- to lower-flow-
regime. C-division sediments are ripple cross-laminated. The D division of the Bouma
sequence comprises finer-grained laminated sediments deposited under lower-flow-
regime, plane-bed conditions. Finally, the uppermost E division of the Bouma sequence
consists of pelitic sediments, representing hemipelagic and pelagic sedimentation. Using
the bedform stability fields summarized by Allen (1985), Komar (1985) estimated flow
velocities of 0.5-1 ms™ for the C-D boundary in sand composed of 140 pm particles.
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Examination of silt laminae in muddy turbidites led Stow & Bowen (1980) to
propose a depositional model for these structures from which estimates of flow
parameters could also be made. They proposed a four stage depositional model where silt
grains initially settle through the viscous sublayer at the base of a turbidity current.
Continued supply of sediment to the boundary layer immediately above the viscous
sublayer increases the concentration of particles in this layer, promoting flocculation. At
some critical concentration, the flocs are sufficiently large to overcome the boundary
layer shear and deposit as a “mud blanket”. Predictions of this model — an upward
fining and thinning of the silt laminae and relatively constant thickness of the mud layer
— compare favourably with sediment samples from the Scotian Slope and Laurentian
Fan (Stow & Bowen, 1980). Stow & Bowen (1980), using the deposition rate equation of
McCave & Swift (1976), derived expressions for turbidity current flow parameters as a
function of the sedimentological characteristics of silt laminae, primarily the grain size
distribution, bulk density, and thickness of individual laminae. From such data, Stow &
Bowen (1980) were able to estimate the velocity, thickness, and duration of turbidity
currents. Other models for the formation of silt laminae have been proposed including: 1)
velocity fluctuations (Lombard, 1963); 2) reflection of turbidity currents by basin walls
(Van Andel & Komar, 1969); 3) passage of a series of small distinct flows (Dzulynski &
Radomski, 1955); and 4) burst-and-sweep cycles (Hesse & Chough, 1980). The literature
still does not contain a consensus view for the formation of silt laminae, and although
other models for laminae formation may be more appropriate than the Stow & Bowen
(1980) model, they have no direct applicability to the estimation of flow parameters and
will not be discussed further.

Various suspension criteria have been used to estimate flow velocity as a function
of particle settling velocity. The conditions implied by each method can be divided into
three categories: 1) autosuspension conditions; 2) threshold for sediment movement
conditions; and 3) washload conditions. Observations of turbidites generally describe
grain size distributions; consequently the general application of suspension criteria

requires a relationship between observed grain size and settling velocity.
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For single particles, balancing the gravitational force due to settling against
frictional forces acting to retard sinking predicts that the settling velocity, w, (m s, of
grain of diameter, d (m), varies according to

w? _4gd 1.1
3C,

where

g, = gPs_p‘P (1.2)

and where g (m s) is acceleration due to gravity, p, (kg m”) is grain density, p (kg m™)
is fluid density, and C; is a particle drag coefficient (e.g., Allen, 1970). For particles less
than about 200 um, C; is a function of the particle Reynolds number defined by

Re, = —Ewsd (1.3)

where i (kg m™' s) is the dynamic viscosity. Substituting the dependence of Cp on Re,

given by
¢ =2
Re,
into (1.1) yields Stokes' Law, which predicts that settling velocity scales with the square
of grain diameter according to
- _1eb.-p) 2 (1.4)
18

For particles much greater than 200 pm (i.e., Re, > 1), Cp is relatively constant and
settling velocity scales with the square root of grain diameter.

The relationship between grain size and settling velocity is useful only when
single-grain settling characterizes a deposit, but single-grain settling is only one mode by
which particles may gain the bed. Individual grains may combine to form particle
aggregates, also known as flocs. The disaggregated grain size distribution of a floc is
identical to the disaggregated grain size distribution of the flow, but floc size is not a
readily predictable function of disaggregated grain size (Kranck, 1975). However,
disaggregated grain size distributions can provide clues to the nature of the parent particle
size distribution (Kranck, 1975; 1984). For turbidites from offshore eastern Canada,
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Kranck (1984) showed that two distinct populations of grains can exist: a single-grain
population and a flocculated population. While settling velocity of the single-grain
population can be derived using (1.1) or (1.4), the settling velocity of the floc population
requires additional information. In situ measurements of floc settling velocity under a
wide range of environmental conditions suggest that this settling velocity is
approximately 0.001 m s” (e.g., Alldredge & Gotschalk, 1989; Kinecke & Sternberg,
1989; Syvitski et al., 1995; Dyer et al., 1996).

The concept of an autosuspension limit was first proposed by Bagnold (1962)
who suggested that turbidity currents must expend energy not only in overcoming the
frictional resistance to flow but also in keeping sediment in suspension. Closely related
to autosuspension is the concept of ignition (Parker, 1982). A current is said to "ignite”
when net erosion by the current increases the driving force for the flow which in turn
increases the erosion rate again increasing the driving force. Such a current accelerates
downslope. Autosuspension, on the other hand, only specifies conditions for which the
current has power in excess of that required to suspend its sediment. Bagnold (1962)
proposed that when

Wecosh (1)
usinf
with € = 1, the current would possess energy in excess of that needed to overcome friction
and keep particles in suspension. Pantin (1979) suggested the use of an efficiency factor
which reduced the value of € to 0.01, thereby making the condition for autosuspension
more limiting. Stacey & Bowen (1988b) derived an autosuspension criterion from
simplifications to the equations of motion governing the vertical structure of a turbidity
current that took the form

wcosf <

S (1.6)

uCp °

where S, lies between 0.02 and 0.06. Note that the drag coefficient, Cp, in this case,
reflects a constant of proportionality relating the square of flow velocity to the stress at
the base of the flow and should not be confused with the drag coefficient associated with
sediment grains introduced in the above discussion of settling velocity. Because the drag

coefficient, Cp, is a function of slope and bottom roughness, these forms of the
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autosuspension criterion are qualitatively similar. In each, flow velocity must be greater
than some mulitiple of the settling velocity for autosuspension to occur. Given the
settling velocity derived from grain size analysis of the deposited sediment, the
autosuspension criterion gives what most would consider an erroneous velocity estimate
because if flow conditions exceeded the autosuspension limit, the current would not be
depositing sediment. Application of the autosuspension criterion does provide, however,
a maximum velocity for the current upstream of the sample location.

A very popular method for relating flow velocity to the grain size of turbidites

% _p (1.7)

where the friction velocity, u., relates to the mean flow velocity, u, by

u? =Cpu? (1.8)
The coefficient, b, may take a range of values centred around unity with many workers
using b =1 (e.g., Reynolds, 1987; Syvitski & Schafer, 1996). With b= 1, the critical
velocity for erosion equals the settling velocity of the sediment. Such conditions hold for
single particles, but not for grains bound in flocs. Settling velocity relates to particle size
using (1.1) or (1.4), but the selection of the particle size remains controversial. The
controversy hinges on deciding which grain size within the deposit characterizes the flow
conditions for which (1.7) is valid. Bowen et al. (1984) used the median grain size,
arguing that applying this grain size should average out over the turbulent velocity
fluctuations within the flow. In addition, using median grain size, one might expect
coarser grains in the deposit to have moved as bedload and perhaps the finest grains to
have been trapped between larger grains. Strictly speaking, the median size required by
the arguments for Bowen et al. (1984) is the median particle size of the flow rather than
the median grain size determined from a disaggregated sample. In such a case,
determination of the settling velocity for the single grain population as defined by Kranck
(1984) might be the scale for which (1.7) is most valid. Komar (1985) favoured the grain
size representing the 95™ percentile of the grain size distribution, although he stated that
the choice was pragmatic rather than physically justified. Skene et al. (1997, in press)
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argued that the frictional velocity represented by the coarsest grains in the flow sets an
upper limit on the turbulent velocity fluctuations of the flow; all turbulent velocities
should be smaller than this amount and may well average to the frictional velocity
represented by the median grain size. The presence of sediment grains smaller than the
coarsest grain size was attributed to asymmetry between erosion and deposition rates,
especially for fine-grained sediment.

From a review of data relating grain size to flow condition, Bowen et al. (1984;
and references therein) constructed a plot of settling velocity versus frictional velocity
that was divided into fields pertaining to bedload conditions, suspended sediment
conditions, and washload conditions. They suggested that washload conditions, whereby
sediment is evenly distributed throughout the flow thickness, occurs for b > 7-30 in (1.7).
As with application of an autosuspension criterion, washload conditions apparently
preclude the deposition of sediment in the channel, the flow being too vigorous to allow
sedimentation. However, sediment carried as washload within the channel may be
deposited on the levees. Consequently, the application of the washload criterion to levee
sediments offers an independent constraint on velocity in the channel measured, for
example, using the threshold criterion (Bowen et al., 1984).

Flow Parameters from Channel Morphology

Two avenues exist for extracting flow parameters from channel morphology.
Both methods use simplified models of turbidity current dynamics. The first method
solves a depth-integrated, downstream momentum balance for steady, uniform flow
(Komar, 1977; Bowen et al., 1984; Stacey & Bowen, 1988a), resulting in a Chezy-type
equation,

sinf3
E+Cp

u’=g CH (1.9)

where u (m s'l) is the average velocity, C is the dimensionless volume concentration of
particles, H (m) is the flow thickness, f is the channel slope, E is the entrainment
coefficient, and Cp, is the drag coefficient. Equation (1.9) represents the balance between
the gravitational driving force provided by the suspended sediment and the frictional
resistance to motion at the base and upper interface of the flow. As such, (1.9) applies to
the steady, uniform flow of the turbidity current body. Typically, estimates of flow
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thickness assume bankfull conditions (e.g., Komar, 1977), so equation (1.9) yields
velocity as a function of volume concentration for chosen values of E and Cp,.
Alternatively, knowing velocity independently, (1.9) can be rearranged to solve for
volume concentration; estimates of volume concentration derived in this manner must be
less than 0.09 (Bagnold's Limit; Bagnold, 1962) because at volume concentrations above
0.09, grain-to-grain interactions become significant.

A second method for relating flow parameters to channel morphology solves the
depth-average, cross-channel, momentum balance for steady, uniform flow in a channel
(Komar, 1969). This method assumes that the important balance of forces across the
channel is between the pressure gradient force, the Coriolis force, and the centrifugal

force caused by channel curvature. Balancing these terms produces

JcH u?
- C—==fu+— 1.10
8o 5 fu R ( )

where f (s'l) is the Coriolis parameter, and R is the radius of curvature of the channel.
The height difference across the channel divided by channel width or twice channel half-
width, W (Figure 1.5), serves as an estimate of the cross-flow slope (Komar, 1969) such
that

—~—=VH (1.11)
where AH (m) is the difference in elevation between the left- and right-hand levee crests,

and W (m) is the horizontal distance between the channel axis and the levee crest. Bowen

et al. (1984) rearranged (1.10) using the Froude number, Fi, yielding

_%=H(£+%)Fiz (1.12)
u
where
2
Fi’ = g“CH (1.13)

In either form, the cross-flow slope equation provides a relationship between levee
asymmetry and flow velocity for a given value of Fi or C. In (1.10) the predicted cross-
levee slope is directly related to velocity while inversely related to volume concentration.

In (1.12) this same slope is directly proportional to Fi%, suggesting that supercritical flows
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Figure 1.5. Definition sketch for cross-flow slope equation. The slope of
the upper interface of the flow responds both to the action of the Coriolis
and centrifugall forces. These forces are balanced a the cross-flow
pressure gradient. In order to use levee asymmetry for insights into flow
parameters, the cross-flow slope is assumed to be equal to the difference
in levee crest elevation divided by the distance from levee crest to levee
crest.
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(Fi>1) have larger cross-flow slopes than subcritical flows (Fi<l). In addition, (1.12)

implies that the cross-flow slope goes to zero when

{:-é. (1.14)

In the northern hemisphere, the cross-flow slope produced by right-turning meander
bends counteracts the slope produced from the Coriolis force which diverts water to the
right of the flow direction.

Estimates of flow duration from channel morphology require estimates of the total
volume of sediments within an individual turbidite. Assuming that all the sediment in a
turbidite flowed through a channel cross-section for which a mean flow velocity and
volume concentration are known, then the mean sediment discharge equals the product of
cross-sectional area, velocity, and volume concentration. Dividing the total volume of
sediment by this sediment discharge then gives an estimate of flow duration.

Flow Parameters from Levee Morphology

A feature of many submarine channel levees is the presence of sediment waves
aligned obliquely to the channel trend with an acoustic morphology suggesting upstream
migration. From Var Fan, Savoye et al. (1993) showed an excellent example of sediment
waves and their apparent upstream migration imaged using high resolution airgun seismic
reflection profiles. Similar observations led Normark et al. (1980) to propose that these
features represent giant antidunes with their wavelength, L, (m), theoretically related to

volume concentration, C, and velocity, u, by

2

u

L, =2n 1.15
ow 2.C (1.15)

Alternatively, using (1.13), (1.15) becomes

L., =2nFi*h (1.16)

For Fi = 1, depth of flow is approximately one-sixth the wavelength. Applying (1. 16) to
sediment waves on Monterey Fan, Normark et al. (1980) suggested flow thicknesses
ranging from 50-800 m. Sediment waves on Var Fan described by Savoye et al. (1993)
have L, > 1000 m suggesting flows hundreds of metres thick.

An alternative model for sediment wave formation employs the analytical

streamfunction solution to flow over a sinusoidal bed proposed by Queney (1948). By
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differentiating the stream function in the direction of flow, Flood (1988) calculated the
velocity field finding a nearbed velocity maximum at 1/4L, and a velocity minimum at
3/4L,,. Using these expressions for velocity and McCave & Swift's (1976) equation for
sediment deposition, Flood (1988) formed a ratio of the minimum to maximum

sedimentation rates, termed the sedimentation rate ratio (SRR), given by

1, - pCpu’(1+ Bk, )’

SRR = - (1.17)
T, —prDuz(l—-Bk(‘,)
where
2, 2
k!, = kw(li-liw—z-] (i.18)
kf -k,
2n
k. ==L 1.19
w =T (1.19)
k, N, Fit L (1.20)
u h
/2 2 172
N = (i‘_ap_f) N (&EE“_) ~FitY (1.21)
p; Oz h hu? h
k=L (1.22)
u

where B (m) is the sediment wave amplitude, t. (kg m™ s?) is the critical shear stress for
deposition, p; (kg m™) is the flow density, k,, (m™) is the wave number of the sediment
waves, and N is the buoyancy frequency. The streamfunction solution used by Flood
(1988) applies to the case when k< k,, <k, i.e., when the vertical variation in streamline
displacement is sinusoidal and out of phase with the sediment wave. Assuming constant
conditions across a sediment wave, the SRR is a function of the flow velocity.

Flood (1988) initially derived his SRR relationship and the lee wave model to
describe sediment waves formed under thermohaline bottom currents. Applications of
the lee wave model to sediment waves associated with turbidity current flow remain
sparse in the literature. Howe (1996) invoked the lee wave model as a possible
mechanism for, if not the formation, at least the maintenance, of a sediment wave field
found distal to Barra Fan, Rockall Trough, off the northwestern UK. Howe (1996)
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presented core evidence that convincingly argues for turbidite deposition as the process
responsible for sediment wave growth. However, the criteria used to discount the
antidune model of Normark et al. (1980) are not made entirely clear, except to point out
that the antidune model requires Fi > 1. The common predictions of sediment wave
architecture made by the competing models leaves little evidence with which one can
easily choose between them.

In reviewing what is known about levee architecture and the various approaches
generally used to extract process information from the deposits of turbidity currents,
some features of levees have been used, like elevation differences between conjugate
levee crests and sediment waves, while more basic features of levee morphology have
been neglected. An enlightening comparison can be made between the quantitative
analysis of channel morphology versus levee architecture. Channel morphology — relief,
width, and slope — can be relatively easily quantified and these basic features of channel
geometry have been rigorously investigated in many studies (e.g., Hesse et al., 1987;
Clark et al., 1992; Pirmez & Flood, 1995). Part of what this study accomplishes is to
extend the quantifiable parameters of a channel-levee system to include information
recorded by levee architecture, systematically characterizing the analogous basic features
(i.e., dimensions) of levees. In addition, previous studies of submarine channels have
generally focused on the modern expression of the channel and, while important, they
cannot be used to infer anything more about turbidity current processes than those active
during the most recent phase of channel-levee development. Levees, on the other hand,
can record a high resolution stratigraphy imaged using conventional seismic profiling
techniques. Consequently, quantitative analysis of levee architecture and the
relationships between this architecture and channel morphology have the potential to
enhance our understanding not only of the geometry of channel-levee systems but also

their stratigraphic evolution.



Chapter 2
Methods

2.1 General Statement

The thesis analyzes a wide range of data collected over the last 30 years from a
variety of fans. Consequently, no single methodology strictly applies to all the systems
under investigation. However, some techniques are used throughout the thesis. Acoustic
profiles constitute the key data set that is common to each system. As such, the basic
premises and techniques of seismic stratigraphy are reviewed below. From these data and
their seismic interpretation, architectural measurements have been made. The first of
these measurements is the location of a data point within the system. The rest of the
measurements characterize some feature of this data point, for example, depositional

sequence thickness.
2.2 Seismic Stratigraphy

2.2.1 Basic Theory

The basic theory behind seismic stratigraphy deals with the propagation of sound
waves through layered media. Elastic sound waves generated by a surface source reflect
off discontinuites in the subsurface and return to the surface where their time of arrival
and their intensity are recorded. Arrival time depends upon the distance traveled by the
wave divided by the velocity at which the wave traveled. The intensity of the reflected
wave depends upon the amount of acoustic energy returned to the surface from the
discontinuity. The velocity of elastic waves, or P-waves, v, (m s™), in the earth depends
upon the density, pg (kg m’), bulk modulus, K (kg m™ s?), and shear modulus, p (kg m™
s'z), of the material according to

K+i 172
v =( ’”) @1
P

The discontinuities that generate reflections occur at contrasts in acoustic impedance, I
(kg m?s™), the product of seismic wave velocity and bulk density. The contrast in
acoustic impedance between two layers defines the reflectivity coefficient, R

(dimensionless), according to

24
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R = Liayer2 = Tiayert 2.2)
Liayer2 + Tiayeri
where layer 2 underlies layer 1. In general, large reflectivity coefficients generate a
strong seismic reflection and hence a high intensity signal arrives at the receiver. For
example, R = 0.9995 between air and water (Kearey & Brooks, 1984, p. 39). However,
for most geological material, R rarely exceeds +0.5; typical reflection coefficients are less
than +0.2 (Kearey & Brooks, 1984, p. 39). Consequently, most seismic energy is
transmitted and only a small amount reflected.

The relationship between seismic reflections and bedding is not simple, but major
contrasts in acoustic impedance and therefore high reflectivity coefficients tend to
coincide with unconformities and stratal surfaces (e.g., Mitchum et al., 1977; Brown &
Fisher, 1982). Unconformities generate large contrasts because they represent hiatuses in
the depositional record and therefore bring sediments of different ages and different
properties into vertical contact with each other. Stratal surfaces generate reflections
owing to the vertical stacking of sediments with different characteristics, for example,
interbedded sands and shales. It is these relationships between the acoustic properties of
sedimentary successions and geologically-important interfaces that spawned the
development of seismic stratigraphy.

A single-channel seismic record displays a series of seismic reflection traces
collected at a known horizontal offset; each trace (or line of data) represents the returns in
response to a single pulse (or shot) from the sound source (Figure 2.1). In marine
surveys, the sound source and receiver move continuously with the ship, with the time
between shots being held constant. Therefore, the distance between individual traces is
the elapsed time between shots multiplied by the speed of the vessel. The individual
traces are recorded and displayed such that two-way travel time (TWTT) increases
vertically downward. TWTT is the time elapsed between the shot and the return of the
seismic energy detected by the receiver. True depth is then the velocity of the sound in

the sediment multiplied by half the two-way travel time.
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A final note important to the thesis concerns the fidelity of seismic data. The
resolution of seismic data corresponds to the smallest vertical spacing between interfaces
that have the potential to generate a seismic reflection, i.e., R # 0. The frequency of the
sound source and the velocity of the sound in the sediments determines resolution. In
other words, the smallest vertical spacing between reflection horizons that can be
resolved is greater than the wavelength of the source signal. Frequency of the source also
determines attenuation of seismic energy, with high frequencies attenuated more quickly
than low frequencies. More precisely, attenuation due to absorption of seismic energy by
the medium through which it propagates is directly proportional to wavelength. For most
materials, the attenuation of seismic energy takes a value between 0.25-0.75 decibels per
wavelength (Kearey & Brooks, 1984, p. 37). For a given velocity, a low-frequency
source like an airgun will produce a low resolution record of the subsurface, but because
of the low attenuation it will image material deeper in the sedimentary succession (Figure
2.1b). Higher frequency sources like boomers or 3.5 kHz profilers, produce high
resolution records but only of the upper few tens of metres of the sediment column due to
attenuation (Figure 2.1a). In the following chapters, the type of seismic system employed

determines the level of detail with which the architecture of levees can be studied.

2.2.2 Correlation

It is instructive to think of each seismic trace as a sample of the acoustic
properties of the sub-bottom sediments just as a piston core or borehole samples the
actual sediment. The positions at which these acoustic properties generate seismic
reflections can be noted on any one trace just as sedimentary units can be distinguished in
a core. Seismic reflections can be correlated between traces thereby defining a surface or
reflector (also called horizon). It should be noted that at its most fundamental level, the
development of a seismic stratigraphy represents the correlations made between
individual traces. Thus interpretation begins very early on in the analysis of seismic data.

The correlation of reflections defines a reflector that may represent an
unconformity or stratal surface because these interfaces tend to produce reflections.
Stratal surfaces generally represent near-isochronous horizons, dividing sedimentary
successions into packages that span a definite interval of stratigraphic time. They
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represent previous depositional surfaces, and through the mapping of such surfaces, the
development of a sedimentary succession can be divided into time slices.
Unconformities, on the other hand, represent diachronous surfaces, their age potentially
changing along the reflector identified as an unconformity. Unconformities do possess
some degree of chronostratigraphic information as all the sediment overlying an
unconformity is younger than the event which produced the unconformity.

In the thesis, reflectors in particular geographic area were defined in a type
section and subsequently correlated throughout the available seismic profiles. Direct
tracing of reflectors corresponds to the correlations of reflections between individual
traces. The accuracy with which this is accomplished can be checked at cross-overs in
the seismic profiles, i.e., where two profiles cross the same point in space. The basic
methodology is to trace a reflector through the data and then to check the sub-bottom
depths at cross-overs for internal consistency. The thesis also required correlation of
reflectors based on acoustic character, defined below, and stratigraphic position, in
particular when correlating horizons across a channel. This type of correlation compares
the expression of the sediment column in seismic records, matching similar vertical

successions between separate locations.

2.2.3 Depositional Sequences

The identification and mapping of sub-bottom horizons divides the sedimentary
succession into discrete packages, termed depositional sequences. The character of each
sequence is described according to the expression of its upper and lower bounding
surfaces, its acoustic stratification, and the internal geometry of the reflections.

Important aspects of a bounding surface of a depositional sequence include its
amplitude, relief, and concordance. The intensity of a reflection, or its amplitude,
depends upon the impedance contrast between layers. Qualitatively, amplitude is
described as weak, moderate, or high. The relief of the surface denotes the deviation of
the horizon from a planar surface. For levees this relief can be divided into large- and
small-scale relief. For example, large-scale relief is associated with the reflectors as they
rise toward a levee crest; small-scale relief corresponds to the shorter wavelength

fluctuations in sub-bottom depth associated with, for example, sediment waves. Finally,



29

concordance denotes the relationship between a reflector and the underlying or overlying
reflectors (Mitchum et al., 1977). Basal discordance includes downlap, onlap, and
erosional truncations. Discordance along an upper interface includes toplap and erosional
truncation. Discordant relationships imply gaps in the stratigraphic column. In the
thesis, care was taken to identify discordance in the seismic profiles so that the
depositional sequences comprised a conformable succession of strata. As such, their
geometry reflects depositional processes.

One can also describe depositional sequences by their intemal character or seismic
facies. Seismic facies analysis describes the reflections within a depositional sequence
(e.g., Mitchum et al., 1977), and in this thesis the important aspects were the degree of
acoustic stratification and the internal geometry of the reflections. Generally, levees
consist of acoustically transparent to weakly to strongly acoustically stratified sediment,
the distinctions depending in part on the resolution of the seismic system. An
acoustically transparent depositional sequence lacks internal reflections suggesting that it
consists of homogenous material lacking internal contrasts in acoustic impedance.
However, it can also mean that the vertical scale of contrasts in acoustic impedance is less
than the resolution of the seismic system. When the sediments are acoustically stratified,
this stratification can vary from weakly to well developed. The degree of stratification
reflects the presence and magnitude of contrasts in acoustic impedance at vertical scales
greater than the resolution of the seismic system. It can also correspond to internal
multiples where acoustic energy reflects between sub-bottom interfaces before returning
to the surface. Generally, using high resolution seismic data (<0.5 m), submarine levees
show varying degrees of acoustic stratification. Typically, weakly developed
stratification is interpreted to reflect interbedded sands and silts within predominantly
muddy sediment (e.g., Piper & Fader, 1990).

A final important consideration when describing the character of depositional
sequences is the internal geometry of the reflections. Within the seismic data used in this
thesis, the internal geometry of reflections varies from sub-parallel (either wavy or flat-
lying) to divergent. Subparallel reflections possess approximately constant vertical
spacing between reflections while their overall form can have low-relief (flat-lying) or

small-scale relief (wavy, e.g., sediment waves). Divergent reflections show progressive
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changes in inter-reflection spacing, suggesting that the depositional sequence as a whole

is changing in thickness while still consisting of a conformable succession of strata.
2.3 Architectural measurements

2.3.1 Positioning

Absolute position in any marine survey is probably the single most important
measurement. Without it, any data collected are of only limited value as they cannot be
placed geographically. The navigation for data in this thesis is generally of two types and
can be divided into surveys prior to 1993 and those after 1993. Prior to 1993, positioning
was provided by an integrated LORAN C and transit satellite navigation system. With
this system, navigational accuracy is generally +150 m for survey lines run at constant
heading and speed. After 1993, the global position system (GPS) became the
navigational tool of choice, providing resolution first at the scale of 5 m, and then with
the advent of differential GPS (DGPS) resolution increased to the sub-metre scale.

Beyond knowledge of absolute geographic position, an important consideration in
the thesis was the definition of relative positions within a channel-levee system (Figure
2.2), including such features as levee flank, levee crest, etc. Throughout the thesis, a
right-handed coordinate system was used, having the positive x-axis pointing downslope.
The axis of the modern channel, selected either as the midpoint of the channel or the
deepest point within the channel, defined the origin of the y-axis. In this coordinate
system, the z axis was positive upward. For a channel that slopes southward, the positive
y-axis points east, the negative y-axis points west. Some phrases used throughout the
thesis include: 1) across-levee, meaning increasing distance from the channel axis
perpendicular to channel trend; and 2) across-channel, generally referring to differences
in a parameter on one side of the channel as compared with the opposite or conjugate side
of the channel.

The bathymetrically highest point adjacent to the channel typically defines the
levee crest (Figure 2.2). The levee crest also divides strata dipping toward the channel
from strata dipping away from the channel. It, therefore, tends to be characterized by a
near zero across-levee slope. Some, but not all, levee crests coincide with the position of

maximum thickness of depositional sequences. A well-defined levee crest separates
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strata that dip in opposite directions; thus in many cases levee sediments can be followed
for many kilometres from the levee crest to the channel not changing their character until
near the channel. This region between the levee crest and the channel has been termed
the inner levee (Figure 2.2). The outer levee or levee flank denotes the region distal from
the levee crest (Figure 2.2).

2.3.2 Channel Morphology

Channel morphology was generally parameterized by downchannel slope, relief,
depth, half-width, and asymmetry. Slope is reported in units of metres per kilometre and
calculated as the change in elevation between two points divided by the horizontal
distance between them. Channel relief is the elevation difference between the channel
floor and the levee crest. Channel depth correspends to the average of the channel relief
taken from opposite sides of the channel. Channel half-width, W (m), represents the
distance the levee crest and the channel axis. Asymmetry in the elevation of conjugate
levee crests was reported in two ways: 1) as the elevation difference between conjugate

levee crests, AH (m); and 2) as the elevation difference divided by the distance between

conjugate levee crests, yielding what is often termed the cross-channel slope, VH

(m km'l) (e.g., Bowen et al., 1984).

2.3.3 Depositional Sequence Thickness

The calculation of depositional sequence thickness,  (m), proceeded in three
steps. The first step was simply to calculate the difference in two-way travel time
between reflector horizons. Half of this time multiplied by an estimate of the velocity of
sound in the sediments produced an estimate of depositional sequence thickness in
metres. Typically, a value of 1500 m s was used to convert two-way travel time to
depth. In some cases, the velocity structure of the sediment column was supported by
measurements on sediment samples which confirmed the use of an average velocity of
1500 ms™.

The final step in calculating the thickness of a depositional sequence was the
removal of the thickness of hemipelagic and pelagic sediments. It was assumed that for
any one cross-section the hemipelagic and pelagic contribution to the thickness of a

depositional sequence was uniform across the levee. Pelagic and hemipelagic
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sedimentation represent settling of particles from the overlying water column and no
immediate reason exists for the thickness of such sediments to systematically vary with
distance from a submarine channel. Different methods were employed to estimate the
absolute magnitude of hemipelagic and pelagic sediments, including the use of recent
sedimentation rates, the investigation of sediment cores, and the analysis of seismic
facies. Because no single method was employed, the presentation of each system
includes a discussion of how the hemipelagic sediments were accounted for in the
calculation of depositional sequence thickness. Of note, however, is that they rarely

accounted for more than 20% of the stratigraphic succession.

2.3.4 Sediment Wave Morphology

The morphology of sediment waves was parameterized by four measurements
(Figure 2.3). As with any wave, a sediment wave can be characterized by a wavelength,
L,, (m), and amplitude, B (m). Wavelength was calculated as the distance between crests
or troughs of the sediment waves. This measurement was denoted apparent wavelength
when the orientation of the seismic profile could not be placed unequivocally at right
angles to the orientation of the wave crests. When dealing strictly with the surface
expression of these features, the collection of high-resolution bathymetric data rectifies
this problem; however, when looking at the stratigraphic evolution of sediment waves,
precise imaging of their geometry requires three-dimensional seismic data, a technique
not yet applied to the study of sediment waves. The wavelengths reported for sediment
waves are principally apparent wavelength measured from trough to trough or crest to
crest on seismic profiles. Wave amplitude was calculated as half the vertical distance
between crest and trough. A third measurement for characterizing sediment waves is the
SRR (sedimentation rate ratio) which was defined by Flood (1988) as the ratio of
sediment thickness at one-quarter and three-quarters of a wavelength, respectively (Figure
2.3). This measurement, along with wave amplitude, is required by Flood’s (1988) lee
wave model for sediment wave development. The final measurements on sediment
waves quantify the character of sediment wave propagation. Most important of these is
the distance that individual troughs, Ax, (m), or crests, Ax, (m), move between overlying

and underlying sediment waves giving some indication of the amount of migration. Both
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the antidune model of Normark et al. (1980) and the lee wave model of Flood (1988)
predict upstream migration of actively developing sediment waves. Quantifying this
migration delineates the stratigraphic intervals when sediment waves were actively
migrating and may help to differentiate between the two models explaining their

formation.

2.4 Statistical Analysis

Depositional sequences tend to thin perpendicular to channel trend according to a
concave-upward function of distance from the channel axis. The variations in
depositional sequence thickness, after removal of hemipelagic and pelagic sediments,

were fit to an exponential model that has the form
1(y) = nee® (2.3)

where 1 (m) is depositional sequence thickness, n, (m) is depositional sequence thickness
y =0, y (m) is distance from the channel axis, and k (m") is the exponential decay
constant. In such a coordinate system, 1, is not an observable quantity as it represents the
thickness of the depositional sequence at the channel axis, which by definition has no
levee sediments. However, (2.3) can be used to predict the value of 1 for any value of y,
namely the levee crest, y,.. Note that the levees tend to show thinning away from the
channel axis. Consequently, k is positive for negative y and k is negative for positive y.

Characterization of thickness patterns perpendicular to channel rend using the
exponential model has been employed throughout the thesis. Theoretically, exponential-
thinning occurs because deposition from a steady-uniform flow can be described as a
first-order rate process, having an exponential solution (e.g., McCave & Swift, 1976).
The exponential model was also chosen because of the ease with which it can be
manipulated, i.e., continuously differentiable, and the potential process information
contained within the decay constant. Beyond these theoretical and analytical
considerations, the initial data analysis of NAMOC and Hueneme Fan appeared to favour
the exponential model, suggesting its use in more complex systems investigated later like
Laurentian Fan.

In some cases, the exponential trend in thickness variations is obvious not only

from visual inspection of plots but also in the statistical analysis of these variations. In
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other cases, thickness trends can be fit to an exponential model while visually these
patterns may look linear or appear to be composed of a small number of linear segments.
A third possibility is that the thickness patterns are highly variable and therefore cannot
be fit to any model or that thickness patterns show almost no variability, i.e., depositional
sequences have a uniform thickness, not producing a statistically significant regression.
Sources of error in the fitting of an exponential model to the thickness variations include:
1) small thickness variations relative to the horizontal extent of the seismic data; 2)
difficulties in correlating reflectors toward the channel; and 3) resolution limits of seismic
data, especially airgun data, with respect to imaging depositional sequences and assessing
erosion. The appropriate statistic for comparing different models is the F-score which
measures the ratio of the mean square of the regression to the mean square of the
residuals (Davis, 1986). Critical values of F depend upon significance level of the
regression and the number of degrees of freedom (i.e., n-2, where n is number of
observations). Both exponential and linear fits can be significant, i.e., p < 0.05, but the
value of F provides a basis for choosing one model over another. For example, in
deciding between an exponential fit and a linear fit, the one with the larger F-score would
be chosen. If the F-scores do not differ, then there is no statistical reason for choosing
one model over another. The comparison between the F-scores for the linear model, Fy,
and those for the exponential model, F.,,, show that the F,,; is equal or greater than F;,,
suggesting that there is either no difference between the two models or that the
exponential model is favoured (Figure 2.4).

In order to calculate the parameters, 1, and k, needed in (2.3), linear regression
was performed on the natural logarithm of (2.3) or
Inn=Inn, +ky (2.4)
using SPSS for Windows 3.1. For linear regression, the SPSS output includes several
parameters besides the values of the regression parameters. It also reports the standard
error of the regression parameters, the p value for the parameters, and the correlation
coefficient. The equations for linear regression and estimation of errors based on
confidence limits were taken from Hamilton (1992).

Linear regression estimates the value of k using
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Zy(lnn)-[z—y‘?lm-]
k= ' (2.5)
2 (ZY)Z
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and the value of In n, using
Inn, =y-k-Inn (2.6)

where the overbars denote mean values, and n is the number of data points. These
equations provide estimates for the parameters, k and n,, which can be used to produce
estimated values for y. An indication of the degree to which the regression parameters
provide a reasonable description of the data is reported as the correlation coefficient, r,
which is calculated according to
r?=1- (=9 @2.7)
>(y-9)°

where ¥ is the estimated value of y from the regression equation. The value of g reports
the amount of variance explained by the regression.

Another method for assessing the regression parameters is to calculate their
standard errors and from these confidence intervals. The standard error of the regression
parameters is found first by calculating the standard error of the residuals given by
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For the slope of the regression line, k, the standard error is

S
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2
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while for the intercept of the regression line, the standard error is

(2.11)
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The confidence interval around the regression parameter is, using k as an example,

k*t S, (2.12)
where t_ is the critical value of the t-statistic for the specified degrees of freedom and
chosen confidence interval. At the 95% confidence level, t.;, = 1.96 for infinite degrees
of freedom while t_;, = 2 for 60 degrees of freedom and it equals 2.086 for 20 degrees of
freedom (e.g., Hamilton, 1992).

Throughout the statistical analysis of the thickness data, a 95% confidence level
was used with the null hypothesis stating that the regression parameter was equal to zero
and the alternative hypothesis stating that the regression parameter was not equal to zero.
To reject the null hypothesis, i.e., calculate a regression parameter that is significantly
different from zero, at the 95% confidence level the calculated value of p had to be less
than 0.05. In cases where the null hypothesis could not be rejected, the value of k was
found to be not significantly different than zero. These cases could mean that
depositional sequence thickness is truly uniform with distance from the channel or
entirely irregular. It could also mean that the rate of decay was so small that the seismic
data did not extend to sufficient distances from the channel to capture this behaviour;
consequently, the depositional sequences only appear to be uniform. Operationally,
values of k on the order of 107 m™ or less would not be differentiated from uniform
sedimentation. At such small values of k, the lengthscale for changes in sediment
thickness is several thousand kilometres. Even if seismic data existed over such
lengthscales, theoretically allowing for the measurement of thickness variations, it is
unlikely that deposition from an overbanking turbidity current would be the only
operative depositional mechanism.

For significant statistical fits of the data, the 95% confidence interval around the
regression parameter was used to depict uncertainty in the parameter. In the plots of
depositional sequence thickness presented in the following chapters, the data are plotted
as circles with five lines (Figure 2.5): the regression line, confidence intervals, upper and
lower; and prediction intervals, upper and lower. The regression line uses the estimated
regression parameters. The prediction interval around the regression represents the

confidence that the regression parameters can predict individual values of thickness at a
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Figure 2.5. Sample plots of thickness data: A. Interpreted line drawing of 3.5 kHz profile
across Amazon Channel near Ocean Drilling Program Site 940; B. Thickness data
plotted with exponential fit; C. Thickness data plotted with linear fit.
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given value of y. Like the confidence interval on the regression parameters, the
confidence intervals around the regression line follow the equation,

§+to -SE (2.13)

y
where t_;, is again the critical value of t at the chosen confidence level for the specified
degrees of freedom. To calculate the prediction intervals, SE, has the form

N2 1/2
SEy=se(l+—l-+£ys—S—z;)) . (2.14)
n

The confidence intervals reflect the ability of the regression parameter to predict the mean

value of thickness. To calculate the confidence intervals, SE, has a slightly different

form given by
V2
1 (-9
SE, =s,| —+—— 2.15
y S‘(n SSY (215)

Figure 2.5 displays data from a high resolution 3.5 kHz profile across the eastern
levee of Amazon Fan. Figure 2.5a shows an interpreted line drawing of the data while
Figure 2.5b and Figure 2.5¢ show the plot of depositional sequence thickness versus
distance from the channel axis as well as exponential and linear fits to these data. In
Figure 2.5b and Figure 2.5c, the data points are plotted as open circles. The bold solid
line represents the regression equation. The thin solid lines depict the upper and lower
confidence limits on the regression and the dashed lines depict the upper and lower
prediction intervals. Visual inspection of the thickness data might suggest that the data
are as well represented by the linear model (Figure 2.5c¢) as they are by the exponential
model (Figure 2.5b). For both the exponential model and the linear model, the regression
parameters were significant, i.e., p<0.05, with r = 0.93 for the exponential model and r =
0.88 for the linear model, suggesting that the exponential model better describes the data
than the linear model. As mentioned, a more statistically meaningful comparison of the
degree to which the models describe the data is the F-score. The larger this value, the
more accurately the regression describes the variations in the data. For the example in
Figure 2.5, the F-score for the exponential model is 136.6 while for the linear model it is
78.8, supporting the contention that the exponential is a statistically better fit to the data.
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The regression parameters in the following chapters are reported with error
estimates representing the 95% confidence limit. In this example (Figure 2.5), the
regression was conducted on 24 data points leaving 22 degrees of freedom. The
estimated value of k and 1, for the exponential model are -17.9 x10° m™ and 32.0 m,
respectively. The critical value of t for this number of degrees of freedom is 2.074. The
standard error for k was 0.15 x 10”° m™ so that the 95% confidence limits around k are
+2.074(0.15 x 10'5) m™ or £0.31 x 10° m™. The standard error for the y-intercept, 1,
was 1.83 m so that its confidence limits are £2.074(1.83) m or +£3.80 m.

Another common set of plots used in the thesis shows an architectural parameter
versus downstream distance or stratigraphic position (Figure 2.6). These plots are
especially useful in summarizing the behaviour of a parameter within a system. Each
data point is plotted with its error bars denoting the 95% confidence interval around the
parameter estimate. Visual inspection of such plots allows for a qualitative assessment of
trends. For no system does more than a handful of data points exist to characterize any

trend; consequently, statistical analysis of trends was not warranted.

2.5 Characterizing the Large-scale Structure of Channel-Levee Systems

The major data for characterization of levee architecture comprise seismic
profiles. In the ideal case, downchannel variation in channel morphology and levee
architecture would be quantified over the entire length of a submarine channel.
Parameterization of levee architecture at particular locations downchannel includes a
spatial decay constant, k, and the thickness of sediment at the levee crest, Ny, for
individual depositional sequences. These parameters extend the quantifiable variables of
channel-levee morphology to include characterization of levee architecture. Typical
variables of channel morphology were also measured including relief, half-width, radius
of channel curvature, and slope. Where correlation of horizons could be made across the
channel, the elevation difference, AH, and the difference in depositional sequence
thickness at the levee crest, An,. were also quantified.

For modern channels, echosoundings are sufficient to delineate the present
bathymetry and are all that is necessary for the characterization of channel morphology
and the difference in elevation between conjugate levee crests. On the other hand,
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quantitative data on levee architecture require acoustic profiles that image the sub-
bottom. Furthermore, to enable meaningful downchannel comparisons, the development
of acoustic stratigraphies that could be widely correlated was necessary. However,
neither the distribution of available data nor their quality allowed for the complete
characterization of the downchannel structure of a submarine channel-levee system.
Figure 2.7 schematically depicts the location and horizontal extent of detailed data from
each of the systems studied in this thesis. Note the relative position of the detailed data
within the overall structure of a generic submarine fan system (canyon, channel-levee,
and depositional lobe). For example, the data from NAMOC cover over 400 km of the
channel length but only encompass a small portion of the overall system. Data from
Hueneme Fan cover about 20 km, but these data encompass a significant portion of this
small sandy fan. In addition, the data from NAMOC, for example, sample the upper
reaches of the channel-levee system while the data from Hueneme Fan extend to the
depositional lobe.

The strategy for investigating channel-levee architecture follows from the
limitations imposed by the available data. Downchannel patterns in architectural
parameters were sought when looking at individual systems, but not without regard for
the relationship that these parameters have in the general setting of the data with respect
to distance along the system in question. Consequently, given that detailed data exist
along various reaches of a channel-levee system, it was possible to construct a generic
pattern for channel-levee architecture, encompassing the entire extent of a channel-levee
system. Not only patterns in individual architectural parameters were sought but also the
relationship between parameters. The data cover systems sampling a wide range of
geological environments. Consequently, relationships between parameters likely reflect

underlying physical controls rather than local effects.
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the literature or investigated by the author. Reaches with detailed data refer to
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with reasonable confidence. In the regional data only general correlations could
be made, it therefore lacks an exact stratigraphy. The distances associated with
each system represent approximate distances from the inferred sediment source.



Chapter 3
Levee Architecture of NAMOC

3.1 General Statement

The Northwest Atlantic Mid-ocean Channel NAMOC) traverses the Labrador
Sea from the base of the continental slope off Hudson Strait southward to the Sohm
Abyssal Plain (Figure 3.1). The system has low sinuosity and a low bathymetric gradient,
leading Klaucke (1995) to identify it as a third end-member in the classification scheme
of Clark et al. (1992). In cross-section, NAMOC displays asymmetric levees whose long-
term growth is imaged by acoustic profiles. NAMOC provides the opportunity to study
levee growth from a glacially-fed system which is of the same size as better known
fluvially-fed systems like Amazon Fan (e.g., Manley & Flood, 1988). The ease with
which cross-channel correlations of acoustic data can be made provides insight into the
behaviour of conjugate levees and possible constraints on flow character that differences
in the growth patterns on opposite sides of the channel may provide. Furthermore, the
presence of a stable channel bifurcation along the upper reach of NAMOC provides the

opportunity to investigate the behaviour of a relatively simple spillover channel.

3.2 Data Set

The primary data set for the investigation of levee growth on NAMOC consists of
high resolution 3.5 kHz acoustic profiles, supplemented by sidescan sonar, shallow piston
cores, and airgun seismic profiles (Figure 3.2) made available by GSC (Atlantic) and
McGill University. Data coverage is somewhat sparse but excellent continuity of
reflectors in 3.5 kHz data allowed for widespread correlation of up to five subbottom
horizons. Re-interpretation of airgun seismic profiles has led to slightly different
correlations of the acoustic stratigraphy originally developed by Klaucke (1995). Deep
seismic reflection profiles have been interpreted by Myers & Piper (1988). Shallow
subsurface stratigraphy sampled by piston cores was initially investigated by Chough &
Hesse (1980) and subsequently by Hesse et al. (1987), Hesse (1995), and Wang & Hesse
(1996). Klaucke (1995), Klaucke & Hesse (1996), and Hesse et al. (1996) reported on the
results of sidescan sonar data collected in 1993, groundtruthed by available piston cores
and 3.5 kHz acoustic profiles. Resolution of the 3.5 kHz data is better than 0.5 m while
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Figure 3.1. Bathymetric map of the Labrador Sea showing trend of NAMOC
and location of study area. NAMOC continues southward of the region
shown in this map, covering a total distance of about 4000 km.
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resolution in the airgun data ranges from 10-20 m.

3.3 Setting of NAMOC
3.3.1 Channel Morphology

NAMOC is approximately 4000 km long (Figure 3.1), stretching from the base of
the slope off Hudson Strait southward to the Sohm Abyssal Plain (Hesse et al., 1987).
Based on recently collected sidescan sonar, Klaucke (1995) subdivided NAMOC into three
sections based on channel sinuosity: a 350 km upper reach possessing low sinuosity (1.01-
1.05) with little variation, a 700 km middle reach having low sinuosity (1.01-1.14), but
moderate variations in sinuosity, and a 1050 km lower reach characterized by sinuosities
ranging from straight (1.0) to meandering (almost 1.5). The relatively unchanging values of
sinuosity in the upper reach led Klaucke (1995) to suggest that this section of NAMOC had
reached an equilibrium with the hydrodynamics of the turbidity currents flowing through
the channel. The merging of tributaries draining the Labrador Slope (Figure 3.2) played a
role in the morphological development of the middle reach of NAMOC (Klaucke, 1995).
The morphology of the lower reach of NAMOC is partially to completely controlled by pre-
existing bathymetric relief (Klaucke, 1995). The present study focuses on the upper reach
of NAMOC north of the E/F tributary junction (Figure 3.2).

The equilibrium channel (term from Klaucke, 1995) possesses radii of curvature
ranging from 17-55 km and channel slopes on the order of 1 m km™', ranging from 1.5 to
0.5 mkm™ (Figure 3.3a, b). Channel depth varies from about 120-180 m generally
decreasing over the upper 400 km of NAMOC (Figure 3.3b). The westem levee (right-
hand side looking downstream) is consistently higher than the eastern levee, with the
elevation difference between conjugate levee crests averaging about 70 m over the upper
400 km of NAMOC (Figure 3.3c). Channel cross-sectional area decreases rapidly over the
first 100 km from 1800x10° m? to 600x10° m” and then varies between 600x10’ m” and
800x10° m? over the rest of the upper reach of NAMOC (Figure 3.3c).

Within the upper channel reach, NAMOC bifurcates into a western (NA) and
eastern (NB) channel segment separated by a small interchannel high (Figure 3.2). The
eastern channel segment is bathymetrically lower than the western segment, suggesting that
it may be the preferred pathway for turbidity currents flowing through this section of
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Figure 3.3. Profiles of channel morphology for NAMOC (data from Klaucke, 1995). A.

Meander radius. B. Channel depth (filled circles) and channel slope (open squares). C.
Channel cross-sectional area (filled circles) and the elevation difference between the
western (right-hand) and eastern (left-hand) levees (open squares). The uppermost
reach, less than 400 km, was termed the "equilibrium channel" by Klaucke (1995).

Approximate downchannel location of cross-sections used to characterize levee

architecture given by arrows at top of figure.
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NAMOC. At the bifurcation point, the western channel may act like a spillover channel,
tapping the upper portions of the main flow moving down the eastern channel segment.
Klaucke (1995) hypothesized that the eastern branch may transport the coarsest grain sizes
because of the elevation difference between the two branches and the concentration of the

larger grain sizes near the base of the flow.

3.3.2 Previous Work on Geology of NAMOC

Recent work on the architecture of NAMOC has focused on the relative importance
of sediment delivery through Hudson Strait and sediment derived from tributary channels
draining the continental slope off Labrador and other deep-ocean channels (Imarssuak Mid-
Ocean Channel or IMOC) (Hesse et al., 1987). In turn, some evidence exists for the
separation of grain sizes at Hudson Strait with coarse sediment feeding a submarine
braidplain east of NAMOC (Figure 3.2) and the finer-sediment maintaining NAMOC
(Klaucke, 1995; Klaucke & Hesse, 1996; Hesse et al., 1996).

General Late Cenozoic Stratigraphy

Myers & Piper (1988) defined the deep seismic stratigraphy using low resolution
airgun seismic profiles. These workers defined four regional reflectors of which the
uppermost horizon, D, separates flat-lying, high amplitude discontinuous reflections from
the channel-levee complex associated with NAMOC. Consequently, horizon D dates the
beginning of channel-levee growth associated with NAMOC. Extrapolating dates from
DSDP and ODP sites in the Labrador Sea, horizon D dates around mid-Pleistocene (Myers
& Piper, 1988). Interpretation of higher resolution sleevegun seismic profiles led Klaucke
(1995) to suggest that D does not represent an isochronous surface, becoming younger with
distance down-channel. Such an interpretation suggests that NAMOC has prograded
southward through the Pleistocene. Klaucke (1995) divided the sequence above D, as
imaged in sleevegun records, into seven depositional sequences (Figure 3.4). The lowest
five units have a consistent acoustic signature possessing a basal stratified unit and an
overlying transparent unit. Unit F consists entirely of acoustically well-stratified sediment
while the surficial unit, G, is acoustically transparent throughout. Table 3.1 summarizes the
characteristic thickness of the acoustic units measured at both the western and eastern levee
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crests as reported by Klaucke (1995). The approach toward equal thickness of sediment at
the levee crest on opposite sides of the channel was taken by Klaucke (1995) to represent
the approach to an equilibrium channel-levee system.

Table 3.1. Summary of characteristic depositional sequence thicknesses on NAMOC.
Data and definition of depositional sequences taken from Klaucke (1995). Oldest
depositional sequence is A, youngest depositional sequence is G.

Depositional Characteristic Thickness
Sequence Right-hand levee Left-hand levee
A 50-60
B 40
C 30 <18
D 20-30 15
E 30-40 13
F 50 20
G 50 50

General Late Quaternary Stratigraphy

Previous investigations of the shallow stratigraphy of NAMOC have generally
focused on the sedimentary sequence recovered from shallow (<10 m) piston cores (Chough
& Hesse, 1980; Hesse et al., 1987; Hesse, 1995; Wang & Hesse, 1996). Chough & Hesse
(1980) differentiated between laminated, fine-grained levee sediments and coarser-grained,
poorly-sorted levee sediments. The laminated levee sediments were interpreted as body-
spill turbidites while the poorly-sorted levee sediments were regarded as head-spill
turbidites (Chough & Hesse, 1980), but are now recognized as ice-rafted deposits (Wang &
Hesse, 1996). Chough & Hesse (1980) defined body-spill turbidites as the deposits
resulting from overbanking of the body of a turbidity current. Individual turbidite beds
range up to 0.1 m thick and average around 0.03 m. Hesse et al. (1987) divided the late
Quaternary section sampled by piston cores into four units: upper hemipelagic, upper
turbidite, lower hemipelagic, and lower turbidite. Correlation of lithologic units and
individual beds both across and down NAMOC shows that the levees are generally uniform
in composition along channel, although tending towards a coarser overall grain size in the
downchannel direction (Hesse et al., 1987). Wang & Hesse (1996) focused mainly on the
continental slope stratigraphy, although some of their work extended to NAMOC.
Radiocarbon dates reported by Wang & Hesse (1996) distinguish up to six phases of
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turbidity current activity that they correlated with glacial conditions: deglacial period from §
to 15 ka, ice growth phase from about 20 to 30 ka, a second deglacial phase from 35 to 40
ka, and three interstadial phases characterized by turbidites, the first of which is tentatively
dated between 44 to 50 ka. These phases were recognized on the Labrador Slope. The first
two phases of turbidite deposition likely correspond to the upper and lower turbidite units
identified by Hesse et al. (1987). Wang & Hesse (1996) found no turbidite deposition, at
least on the Labrador Slope, corresponding to the last glacial maximum.

3.3.3 Nature of Turbidity Currenis
Sediment Delivery

Pleistocene sediment delivery to NAMOC was by glacio-marine processes
including subglacial, englacial and supraglacial outwash, ice-rafting, and downslope
remobilization ice-contact deposits. As in most glacially-fed systems the magnitudes of
sediment supply are poorly known. However, examination of their deposits can constrain
the volume of sediment supplied and deposited by glacio-marine processes. Wang &
Hesse (1996) divided the sedimentary facies of the Labrador Slope into three groups:
hemipelagic, sediment gravity flow, and contourite/nepheloid plume deposits. The
hemipelagic sediments consist of bioturbated muds with diverse faunas and muds rich in
IRD (ice-rafted detritus) with sparse faunas interpreted as Heinrich events (Broecker et
al., 1992). According to Wang & Hesse (1996), hemipelagic sediment makes up
approximately 53% of the sediments sampled by shallow piston cores with 50%
consisting of bioturbated muds and 3% consisting of Heinrich layers. Sediment gravity
flow deposits represent 41% of the sediments. Of this 41%, the majority of the deposits
are turbidites (34%) with only minor debris flows (7%). The least abundant facies found
by Wang & Hesse (1996) are contourites and nepheloid plume deposits making up less
than 6% of the sediments.

The volume of sediment contained within the NAMOC system has been estimated
at about 10"° m’ (Piper et al., 1990). Using the middle Pleistocene age inferred for the
inception of NAMOC (Myers & Piper, 1988) a rough estimate of sediment input comes
to 10° m® a”'. This estimate includes turbidites, hemipelagites, and ice-rafted sediment,
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so it cannot be regarded as anything other than a guide to rate at which sediment entered
the NAMOC system.
Initiation

Several mechanisms for initiation of turbidity currents on NAMOC have been
proposed, including failure of sediment supplied by ice-rafting or meltwater and
hyperpycnal inflow of meltwater. Hesse et al. (1987) favoured failure by oversteepening
of glacially-supplied sediment leading to large-scale turbidity current surges. Hesse et al.
(1996) and Klaucke & Hesse (1996) suggested that hyperpycnal inflow of, at least, the
bedload portion of proglacial meltwater streams supplied the coarse-grained material
making up the submarine braidplain east of NAMOC (Figure 3.2). The separation of
outwash into a bedload hyperpycnal flow and a suspended load hypopycnal (or surface)
plume has been demonstrated for modern tidewater glaciers (Syvitski et al., 1987). The
association of debris flows and evidence of retrogressive failure of the slope off Hudson
Strait with the turbidites of NAMOC supports the notion that sediment failure spawned
turbidity currents (Hesse et al., 1987). For the 1929 event off the Grand Banks of
Newfoundland, Piper et al. (1992) and Piper et al. (1998a, submitted) provided evidence
for the long-term (greater than a few hours) feeding of turbidity currents by debris flows
that experience a hydraulic jump. If such a process also occurred off Hudson Strait, it
may account for the prolonged turbidity currents required not only to traverse the nearly
4000-km channel path of NAMOC but also to produce the tractional bedding structures
(ripples) observed in levee cores (Hesse et al., 1987).

The frequency of turbidity currents on NAMOC has been estimated using
sedimentation rates and benthic recolonization times for cores sampling the late
Pleistocene section. Given that the average turbidite appears to be 0.03 m thick and 2
sedimentation rate for turbidites of 0.13 m ka™', Hesse et al. (1987) reported recurrence
intervals of approximately 230 years. Benthic organisms generally require from 1 to
greater than 10 years to recolonize an area after being wiped out by a turbidity current
event (Hecker, 1980). The lack of bioturbation between successive turbidites led Hesse et
al. (1987) to suggest possible recurrence intervals of as little as 10 years. These estimates
suggest that the frequency of events on NAMOC could be one every 10 to 200 years.
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Flow Parameter Estimates

Klaucke (1995) reconstructed the flow parameters for the most recent phase of
turbidity current activity on NAMOC. His reported velocity estimates using the cross-
flow slope equation (Komar, 1969; Bowen et al., 1984) range up to 1.5 m s, Velocity
estimates from the maximum grain size of levee-crest sediments (0.25 mm, settling
velocity 0.025 m s™) ranged from 0.35-0.45 m s”, depending on the assumed value of the
drag coefficient (0.003-0.005). In all cases, Klaucke (1995) quoted Rubey (1933) as the
source for his estimates of settling velocity from grain size. The channel sediments are
markedly coarser than levee sediments, having a maximum grain size of up to 20 mm
(locally as high as 60 mm). Velocity estimates for the channel flows from this grain size
(settling velocity 0.44 m s™") range from 6.5-8 m s”'. The large difference in grain size
characteristics between the channel flow and levee crest prompted Klaucke (1995) to
suggest strong vertical velocity gradients within flows traversing NAMOC. He refuted
the interpretation of the channel sediments as a lag deposit because they were poorly-
sorted. However, the muds present in the piston core samples of such coarsely grained
sediments may not be in situ, having being mixed with the gravel by coring disturbance.
It could be that the coarsest grains in the channel fill were ice-rafted to their present
location and have little bearing on turbidity current flow character, except to set an upper
limit on flow velocity within the channel (less than that required to erode grains 20 mm in
diameter).

Excess flow densities related to these velocity estimates range from 4 kg m”
(~0.002, volume concentration) for the levee sediments to 67-87 kg m> (0.04-0.05) for
the channel sediments to 1-12 kg m™ (0.0006-0.007) for flow velocities estimated using
the cross-flow slope equation. Again, the large difference in flow densities between the
channel and levees was ascribed by Klaucke (1995) to vertical gradients within the flow.
Estimated flow thicknesses have generally been taken to be not much larger than channel
depth, which ranges from about 180 m to 160 m over the first 350 km (Figure 3.3b).
From the estimates of excess density and velocity provided by Klaucke (1995), his
assumed flow thicknesses ranged between 15 m and 60 m; however, no evidence is given

by Klaucke (1995) for how these thickness estimates were substantiated.
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In summary, the available evidence from NAMOC suggests that this glacially-fed
system was supplied with large volumes of sediment possessing a wide range of grain
sizes. Turbidity current activity on NAMOC ranged from possibly as frequent as one
event every ten years to one every 230 years. The velocities attained by these currents
was likely on the order of 1 m st possibly as high as 10 m s”'. Flow thicknesses and
volume concentrations may have been on the order of 100 - 200 m and 1073- 10'4,

respectively.

3.4 Levee Architecture of NAMOC

The present study investigates the levee architecture of the most recent phase of
channel-levee growth on NAMOC that has been imaged by 3.5 kHz sub-bottom profiler
records. Lower resolution airgun seismic data were used to delineate the long term history
of NAMOC and to establish the setting for this latest phase of levee growth. The
following section presents the general stratigraphy of the most recent phase of levee
growth, the stratigraphic evolution of NAMOC, and an analysis of levee architecture.

3.4.1 Levee Stratigraphy

A 3.5 kHz profile located on the western levee of NAMOC was chosen as the type
section for the acoustic stratigraphy (Figure 3.5). This area also represents the type
section chosen by Klaucke (1995) for his sleevegun seismic data (Figure 3.4). The 3.5
kHz type section (Figure 3.5) shows a conformable succession of weakly acoustically
stratified to acoustically transparent sediment separated by moderate amplitude,
continuous reflections that can be widely correlated. In order of increasing subbottom
depth, the regional reflectors include O, G, R, L, and A. The lowermost horizon in 3.5
kHz records, horizon A, lies above the first correlatable sub-bottom horizon in sleevegun
seismic records (green of Klaucke, 1995; Figure 3.4). Note that the acoustic stratigraphy
for the 3.5 kHz data uses letters (O, G, R, L, and A) to designate sub-bottom horizons; the
acoustic stratigraphy identified in airgun profiles uses the colour scheme of Klaucke
(1995). The reflectors define the bounding surfaces of five depositional sequences. DS1
lies between the surface and horizon O; DS2 lies between O and G; DS3 lies between G
and R; DS4 lies between R and L; and DSS5 lies between L and A. Unlike the character of
the other depositional sequences, the sediments of DS4, bounded by horizons R and L,
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Figure 3.5. 3.5 kHz type section from western levee of NAMOC
showing definition of reflectors and depositional sequences.
Location given in Figure 3.2.
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are acoustically well-stratified throughout. In the type section, the thickness of
depositional sequences 1 through 5 are 10 m, 10 m, 13 m, 7 m, and 14 m, respectively.
Radiocarbon ages reported by Wang & Hesse (1996) suggest that horizon O may date
from around 30 ka, potentially placing the entire section above horizon A within the
Wisconsinan glaciation (i.e., < 70 ka).

The reflectors identified in the type section could be correlated over almost the
entire length of the upper reach of NAMOC (i.e., upstream of the E/F junction, Figure
3.2). Successive, channel-perpendicular cross-sections show the down-channel evolution
of the NAMOC levees from broad, lenticular bodies, to narrower wedge-shaped features
(Figure 3.6). Each cross-section was manually digitized and converted to subbottom
depth based on a sound velocity of 1500 m s

Cross-section 1, the most proximal channel crossing, shows a broad levee (Figure
3.6) with some evidence for sediment waves west of the channel (Figure 3.7). The
sediment waves have apparent amplitudes up to 5 m and an apparent wavelength of 2-4
km. Small sediment waves (apparent amplitude and wavelength 2-5 m and 200-500 m,
respectively) are also seen on a dip line immediately upstream of cross-section 1 (Figure
3.7b, c) , but cannot be detected on subsequent cross-sections downchannel. The
sediment waves imaged across-strike (Figure 3.7a) began their development prior to
horizon R. These waves appear to migrate westward. When imaged on oblique dip lines
(Figure 3.7b, c) the sediment waves have apparent amplitudes of about 5 m, wavelengths
around 500 m, and appear stationary (Figure 3.7b) or migrate north or northwestward
(Figure 3.7c). In addition, the sediment waves in Figure 3.7b do not begin to develop
until after deposition of R while those waves seen in Figure 3.7a and Figure 3.7c appear
to have begun developing prior to R.

Cross-section 2 like cross-section 1, possesses broad levees. The depositional
sequences at cross-section 2 dip gently toward the channel between the levee crest and
the channel axis (Figure 3.8). At greater distances from the channel the depositional
sequences all dip away from the channel. In spite of this long wavelength relief, the

depositional sequences thin uninterruptedly perpendicular to channel trend.
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Figure 3.6. Interpreted line drawings of 3.5 kHz data from NAMOC. These lines
represent successive cross-sections down NAMOC. Boxes denote location of
seismic examples. IC = interchannel high separating western (NA) and eastern

(NB) branches of NAMOC.
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Cross-sections 3-5 all show a more classic levee form with a distally thinning
wedge of sediment occurring adjacent to the channel. Each horizon displays an easily
identifiable levee crest, except those on the western levee at cross-section 3. Here,
probable slumping of the levee has truncated reflector continuity and partially obscured
levee crest locations. Between cross-sections 2 and 3, the character of the interchannel
high between channel segments NA and NB changes. At cross-section 2, this high is
erosional in character (Figure 3.9) while at cross-section 3 it is depositional (Figure 3.6)
and reflectors could be correlated into this area. The depositional sequences on the
interchannel high at cross-section 3 show some evidence of levee morphology, thinning
away from the NA channel axis. At cross-section 4 (Figure 3.6 and Figure 3.10) and
cross-section 5 (Figure 3.6 and Figure 3.11) both sides of the channel possess a typical
levee morphology. DS1 at cross-sections 4 and 5 apparently thickens away from the
channel, but this behaviour results from the presence of a surface debris flow (Figure
3.12). The acoustic character — transparent and smoothing of underlying topography —
supports the identification of this feature as a debris flow. Cores sampling this sediment
recovered gravelly-sandy mud with clay clasts (Wang & Hesse, 1996). Pebbles and mud
clasts are uniformly distributed throughout a finer mud matrix also supporting a debris
flow origin for the deposit. Possibly this same debris flow exists at cross-section 3,
obscuring reflector correlations.

The acoustic character and external geometry of DS4 are notably different than
the other depositional sequences. Channel-perpendicular profiles of this unit at cross-
sections 1 and 4, show it to be of relatively uniform thickness (Figure 3.6, Figure 3.10,
Figure 3.11). The uniform thickness of DS4 along with its acoustically well-stratified
character suggest that it may not be the result of turbidite deposition or, at least, that the
turbidite deposition active during the accumulation of DS4 was markedly different than
that characterizing the other depositional sequences.

Most of the groundtruth available for the seismic profiles comes from shallow
piston cores that have been presented elsewhere (e.g., Hesse et al., 1987; Wang & Hesse,
1996) and have not been the focus of the present study. However, in order to provide
some appreciation for the sediments making up the levees of NAMOC, several cores

were examined. Figure 3.13 shows summary descriptions of two cores, encompassing
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Figure 3.12. 3.5 kHz profile showing surface debris flow west of
NAMOC near cross-sections 4 and 5. Location given in Figure 3.6.
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Figure 3.13. Summary core descriptions of 87025-012 (core 012) and 92045-005 (core
005). Locations given in Figure 3.2. Bioturbated sediments may have hemipelagic
origin, but could be muddy turbidites.
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the variability in those described. Core 87025-012 (core 012) was collected near the crest
of the western levee of NAMOC at cross-section 4 and penetrated to a sub-bottom depth
of 8.1 m, sampling about half the stratigraphic succession of DS1 (Figure 3.10). Core
92045-005 (core 005) was collected from the levee flank at cross-section 2, penetrating to
a sub-bottom depth of 9.8 m sampling almost the entire stratigraphic thickness of DS1 at
this location (Figure 3.14). Core 012 consists of ~1 m of interbedded dark olive-grey,
bioturbated silty muds and laminated, light olive-grey, silty mud turbidites overlying > 7
m of laminated, light olive-grey silty mud turbidites. Tan-coloured silt laminae, rich in
detrital carbonate, mark the base of many of the turbidites. The distinction between
hemipelagic and turbiditic mud was confirmed by smear slide analysis showing the
hemipelagic mud to consist of a significant fraction of coccoliths, foraminifera, and
diatoms while the turbidite mud has significant amounts of detrital carbonate and rare
biogenic particles. The turbidites grade upward into darker olive-grey sediment,
presumably due to decreasing amounts of detrital carbonate, but exact bed thickness is
difficult to assess. An objective method for characterizing the sediments reports the
frequency of laminae and beds per meter of section. Such data circumvent the
troublesome and controversial picking of turbidite bases and tops involved in assessing
bed thickness. In core 012, no trend in the frequency of laminae or beds exists (Figure
3.15). In core 005, the interbedded dark olive-grey, bioturbated silty muds and laminated
silt mud turbidites extend to about 4.5 m below sea floor (Figure 3.13). This unit, like in
core 012, overlies laminated, light olive-grey, silty mud turbidites, but has some
interbedded bioturbated silty mud between 8 and 9 m below sea floor. In this core, the
bioturbated silty muds may be hemipelagic sediments or bioturbated muddy turbidites.

The turbidite facies of these cores and all those examined from NAMOC are
dominated by a monotonous succession of laminated sediment without readily
identifiable trends in sediment properties, suggesting that the character of the flows from
which they were deposited remained relatively unchanged. Comparison of the cores with
the 3.5 kHz character suggests that the weakly stratified acoustic signature of the levees
corresponds to muddy turbidites (Figure 3.10 and Figure 3.14).
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Figure 3.14. 3.5 kHz profile over core site for 92045-005. Note that the
piston core penetrates almost the entire thickness of DS1. The solid line
within the white bar that is used to denote the piston core depicts the
approximate depth of the boundary between interbedded hemipelagic and
laminated silty mud and predominantly laminated silty mud.
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3.4.2 Stratigraphic Evolution
Airgun Seismic Data

According to the chronology of Myers & Piper (1988), NAMOC became an
active conduit for sediment sometime around mid-Pleistocene time. This activity began
at cross-sections 4 (Figure 3.16) and 5 (Figure 3.17) after deposition of blue. The airgun
seismic records reveal possible switching of the channel location through time (Figure
3.16 and Figure 3.18). The brown reflector underlying the western levee at cross-section
4 (Figure 3.16) shows little indication of rising to a levee crest as it approaches the
channel, but does appear to form a levee crest beneath the eastern levee. The reflectors
above brown on both sides of NAMOC, however, all appear to form levee crests that are
associated with the present location of NAMOC. The abandoned and buried channel
(Figure 3.18) occurs below olive. The channel could be the ancestral NAMOC or it may
be a tributary. Nevertheless, no evidence for abandoned channels can be seen above
olive, suggesting that the modern NAMOC has been in it present location since
deposition of olive.

Besides the relative stability of the channel, the record of long-term channel-levee
evolution preserved in the airgun seismic records depicts a history of channel bypassing.
Comparing the thickness of channel fill with the thickness of the levees suggests that
relatively little aggradation of the channel has occurred since blue. Presuming that blue
represents the approximate base of the channel fill then at cross-section 4 less than 50 m
of sediment have accumulated in the channel compared to over 200 m of sediment west
of the channel and about 150 m of sediment east of the channel. At cross-section 5, the
channel also has less than 50 m of fill while the modern western levee crest has about 150
m of sediment above blue and the modern eastern levee crest has about 100 m of
sediment above blue.

Between olive and yellow the bulk of levee deposition consisted of acoustically
transparent depositional sequences separated by thin intervals of high amplitude, laterally
continuous reflectors (Figure 3.16 and Figure 3.17). At cross-section 4, each of these
reflectors rises toward NAMOC forming an identifiable levee crest (Figure 3.16). At

cross-section 5, the western levee possesses a similar morphology while the eastern levee
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Figure 3.18. Buried channel-levee system, possibly ancestral NAMOC or
tributary draining Labrador Slope. Location given in Figure 3.2.
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has a more complicated morphology, likely because of relief that can be seen at reflector
blue (Figure 3.17). However, the overall reflector geometry as well as the acoustically
transparent nature of the sediment suggest that this phase of deposition along NAMOC
was characterized by the aggradation of the levees through the accumulation of muddy
turbidites.

A steady increase in the elevation difference between conjugate levee crests
accompanied this aggradation of the levees. At cross-section 4, elevation differences
began to develop after deposition of brown and increased with the emplacement of
successive depositional sequences until deposition of green. At cross-section 5, although
resolution of the depositional sequences prohibits a detailed analysis, the levee
development appears to mimic that seen at cross-section 4. Cross-plotting the water
depth of conjugate levee crests confirms these similarities: the history of differences in
levee crest elevation at cross-section 4 is almost identical to that at cross-section 5 (Figure
3.19a). The plot shows two phases in this development. Before green, elevation
differences increased between the deposition of successive reflectors as seen by the
deviation of the trends away from the 1:1 line depicting equal elevation. After green,
levee asymmetry increases only slightly, the trend in levee crest elevation parallels the
1:1 line and is best seen in the 3.5 kHz data (Figure 3.19b). This behaviour is reflected in
the observation made by Klaucke (1995) that the surface depositional sequence, G
(Figure 3.16 and Figure 3.17), possesses approximately equal thickness on either side of
NAMOC.

The history of elevation differences between conjugate levee crests appears
insensitive to the character of the depositional sequences. Deposition between yellow
and green consisted of acoustically well-stratified sediments very different from the
acoustic character of the underlying sequences. This unit displays the largest increase in
asymmetry between successive depositional sequences, but it continues the overall
evolution of asymmetric levees established after deposition of olive (Figure 3.19a). The
origin of the change in acoustic character may lie in one or several factors. The change
may reflect increases in grain size of the levee sediment. Alternatively it may represent
changes in the bedding character of the turbidites. And finally, the change in
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Figure 3.19. Cross-plot of levee crest water depth: A. Levee crests picked from airgun
data; and B. Levee crests picked from 3.5 kHz data. The 1:1 line is labeled as equal
elevation. Trends in the water depths of the levee crests that run parallel to the 1:1 line
show cases where the elevation difference remains unchanged while trends that diverge
away from the 1:1 line show cases where the elevation different increases through time.
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acoustic character may reflect that depositional processes other than turbidity currents
were active during this time.

The last depositional sequence that can be distinguished in the airgun seismic data
lies above the green reflector. The transparent acoustic character of this unit suggests
muddy turbidite deposition like the deposition prior to yellow. However, this phase of
levee growth left approximately equal amounts of sediment on either side of NAMOC
(Figure 3.16 and Figure 3.17). This behaviour also shows up in the relatively unchanging
values of the elevation difference between conjugate levees (Figure 3.19b).

In summary, the long term growth of NAMOC can be divided into four stages.
The first stage, between blue and olive, represents the initial development of NAMOC.
The second stage between olive and yellow reflects the growth of an asymmetrical levee
system through the deposition of muddy turbidites. The third stage of NAMOC evolution
is represented by the sequence between yellow and green where deposition of
acoustically well-stratified sediment occurred while elevation differences between
conjugate levees continued to increase. The fourth and final stage of NAMOC evolution
is represented by a return to levee aggradation through the deposition of muddy
turbidites; however, in this phase of levee growth, elevation differences remained
relatively unchanged through time. Thus the modern differences in the elevation of the
levees crests of NAMOC appear to be inherited from the differences in sediment
accumulation that characterized the depositional sequences older than green.

3.5 kHz Data

It is above green in airgun seismic data that the depositional sequences analyzed
in the 3.5 kHz data occur. Having a much higher resolution than the airgun data, the 3.5
kHz data across the levees show that this succession has a slightly more complex
expression than that suggested by the airgun profiics.

Between horizons green and A as seen on the airgun seismic profile (Figure 3.16)
and continuing from horizon A to horizon L (DS5) as seen on the 3.5 kHz profile, the
levee continued to grow through deposition of acoustically transparent (Figure 3.10) to
weakly acoustically stratified sediment (Figure 3.5). Its acoustic character mimics that of
DS1 where the available sediment samples suggest that this character is indicative of
muddy turbidites.
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DS4 conformably overlies L but possesses a different acoustic character than that
of the overlying and underlying depositional sequences. This may reflect the same
changes as were suggested for the change from transparent to acoustically well-stratified
sediment seen in the airgun data, i.e., changes in bedding, grain size, and/or depositional
mechanism. In cross-section, this sedimentary package possesses a more uniform
thickness unlike the other depositional sequences (Figure 3.6 and Figure 3.10),
suggesting that, if turbidity currents were the active depositional process, then the
character of the overbanking turbidity currents differed from that of the currents
responsible for deposition of the other sequences. Relief on R changes from displaying
sediment waves at cross-section 1 (Figure 3.7a, c) to flat-lying immediately north of
cross-section 1 (Figure 3.7b) and to flat-lying at cross-sections 2-5 (Figure 3.6, Figure
3.8, Figure 3.10, and Figure 3.11).

Above R, the character of DS3 marked the return to deposition of acoustically
transparent sediment interpreted to be muddy turbidites. Similar character and inferred
depositional processes continued for DS2 and DS1 (e.g., Figure 3.5). Sediment waves
continued to develop in the north (Figure 3.7). A surface debris flow overlies and
possibly eroded DS1 on the western levee flank at cross-sections 4 (Figure 3.12) and 5
and possibly 3. Otherwise, this phase of deposition witnessed the accumulation of muddy
turbidites on both the eastern and western levees of NAMOC. At cross-sections 3-5,
elevation differences between conjugate levees throughout the succession remained
nearly identical (Figure 3.19b, trend of levee crest positions parallel to 1:1 line
representing equal elevation). One exception is the increase in the elevation difference
between horizon R and G at cross-section 3 (Figure 3.19b).

In summary, the most recent phase of levee evolution shows little deviation from
the accumulation of muddy turbidites except for the interval represented by DS4.
Elevation differences between conjugate levee crests were approximately constant at
cross-section 4 and 5 and for most of the succession distinguished at cross-section 3.
Sediment waves developed around deposition of horizon R although the exact timing of
their development varies from just below R to above R over spatial scales of less than 10
km.
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3.4.3 Architectural Data from NAMOC
Depositional Sequence Thickness

A primary component of levee architecture is the variations in depositional
sequence thickness across a levee. To investigate possible patterns in this variable, plots
of thickness versus across-levee distance were constructed for each depositional sequence
at each cross-section. The distances reported are along the seismic profile from the
modem channel axis. The variations in thickness were then parameterized by fitting them
to an exponential model (see Chapter 2 for methodology). Tables of regression data
show the calculated regression parameters, k and 7, as well as the horizontal distance
from channel axis to levee crest and the calculated value of thickness at the levee crest,
M- After presenting the thickness data for depositional sequences identified in the high
resolution 3.5 kHz profiles, attention is briefly turned to the longer term history of the
NAMOC levees revealed by the airgun seismic data collected at cross-sections 4 and 5.

As mentioned in Chapter 2, the contribution of hemipelagic sediments to the
depositional sequence thickness must be accounted for before investigating patterns in the
thickness of depositional sequences, ideally isolating turbidite deposition from other
processes. Analysis of piston cores, e.g. core 005 and 012 (Figure 3.13), suggests that the
hemipelagic contribution to depositional sequence thickness is anywhere from 0-30%. In
core 012, hemipelagic sediments compose about 0.8 m of the core which penetrated to a
sub-bottom depth of about 8 m. In other words, hemipelagic sediments make up about
10% of the core. In core 005, recognizable hemipelagic sediments make up about 3 m of
the core which has a total thickness of about 10 m. In this case, hemipelagic sediments
make up about 30% of the core. The hemipelagic component is perhaps over-estimated
in core 005 because of the difficulties in distinguishing bioturbated muddy turbidites
from hemipelagic mud without detailed smear slide analyses. For simplicity, the
regression results reported below assume that 10% of the depositional sequence thickness
at the western levee crest is hemipelagic sediments as was found in core 012 and that this
sediment is of uniform thickness across the levee. The plots of thickness versus across-
levee distance have this amount of sediment removed. Note that because it is not a
significant proportion of the depositional sequence, removal of the hemipelagic sediments

does not significantly alter the calculated regression parameters.
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At cross-section 1, DS1, DS2, and DS3 show a simple pattern of thinning across
the levee (Figure 3.20). Data for DS1 and DS2 extend from the levee flank to almost 20
km from the channel while DS3 could only be identified with certainty for distances > 30
km from the channel axis. DS4 is dominated by long wavelength variations in thickness
with peaks at about 15 km, 40 km and 55 km. No simple thinning pattern characterizes
DS4; however, some of the complexity in DS4 could result from the difficulties in
correlating horizons R and L toward the channel. For the upper three depositional
sequences, the maximum thickness of sediment on the levee occurs channelward of the
levee crest (arrows in Figure 3.20).

Table 3.2 summarizes the regression parameters for cross-section 1. Significant
regressions exist for each depositional sequence; however, the regression performed on
DS4 is notably weaker, r = 0.45, than for the overlying depositional sequences where r
ranges from 0.85 to 0.98. The decay constant, k, shows an upsection increase. The
depositional sequence thickness at the levee crest does not display any trend, varying
between a minimum of 7.4 m for DS2 and a maximum of 17.7 m for DS3. The position
of the levee crest remains fairly stable at -36 km for DS2, DS3 and DS4, moving to -34
km at the surface.

Table 3.2. Regression data for cross-section 1. All results are statistically significant, i.e.,
p <0.05. DS = depositional sequence, k (x10° m™) = decay constant, 8k (xlO's m')=
95% confidence limit on k, 1, (m) = y-intercept of regression, 87, (m) = 95% confidence
limit on 1, r = correlation coefficient, y;. (km) = distance from channel axis to levee
crest, and 1. (m) = calculated thickness of depositional sequence at levee crest.

DS [k & ©n, 6n, r Yie T
57 04 76.1 5.0 098 -34.2 10.8
31 06 226 2.7 085 -36.1 74
1.8 02 339 2.1 092 -36.2 17.7
06 04 16.1 1.2 045 -36.1 13.0

HWN -

All the depositional sequences at cross-section 2 display channel-perpendicular
thinning (Figure 3.21); however the penetration of acoustic energy only allowed
identification of the upper three depositional sequences. Like cross-section 2, the

maximum thickness of each depositional sequence occurs channelward of the levee crest.
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The regression data (Table 3.3) show that k progressively increases upsection
from 2.3 x10° m™ t0 5.5 x10° m™. The thickness of sediment at the levee crest,
decreases upsection. This decrease coincides with a channelward shift of the levee crest
— ¥, decreases upsection. However, the thickness data do not appear to show that the
underlying levee crest affects the variations in thickness of the overlying depositional
sequence. In all the cases, the data show no interruption of the thinning pattern that
might be attributed to the change in the dip of the underlying surface associated with the
levee crest (Figure 3.8).

Table 3.3. Regression data for cross-section 2. See Table 3.2 for explanation of data and

symbols.

DS| k & =nn, on, Yie T
1 |55 04 243 32 0.79 -16.2 10.0
2 |39 04 235 32 091 -17.8 11.7
3 |23 04 290 42 0.78 -18.7 18.9

For cross-section 3, depositional sequences could be identified on the interchannel
high that separates the NA and NB branches of NAMOC (Figure 3.6) as well as the
western levee. Depositional sequences on the interchannel high possess the weak
acoustic stratification and divergent reflections that suggest levee deposition. DS1 and
DS3 thin to the east, away from the channel (Figure 3.22), suggesting sediment delivery
from the NA channel branch rather than the NB channel branch. Sediment thickness in
DS2 appears uniform. The correlation of reflectors on the western levee of NAMOC at
cross-section 3 was hampered by a surface debris flow. It is this feature that accounts for
the gap in the data between about -20 km and -35 km (Figure 3.22). The crests of the
western levee correspond to the maximum thickness of the depositional sequences and
these crests do not appear to shift their position. However, slumping of the channel
proximal sediments may have partially obscured the levee crests.

Table 3.4 summarizes the regression data from the western levee of NAMOC at
cross-section 3; Table 3.5 contains the regression data for the interchannel high at cross-

section 3. On the western levee, all the identifiable depositional sequences produced a



88

(wy) sixe [suueyd woiy soueysiq

(wy) sixe [puueyd WoOJj aouB)s|

174 0 0¢-

oV~

09-

4

OLXP'0F0°L =Y
\.0 ¢x o.vﬁw.s- =) €Sa

0z 0
0 ,
f
joz
. . , . esaj, L. soxeoiEz-=y ISd
€ UO10as-ss01D :DONVN

0¢

oy

"07 € 2131 9as uoneue[dxs 10 ‘DOIVN JO € UOIIIIS-SSOIO UIOLJ B)BP SSIUNOIY], 'ZZ € 9ISy

(w) ssauxoiyy asuanbag



89

significant regression. Almost no difference exists in the parameterization of DS1 and
DS2 at a 95% significance level. DS3 has a lower decay constant.

Table 3.4. Regression data for western levee at cross-section 3. See Table 3.2 for
explanation of data and symbols.

DS |k &8 n, &, I ¥ 1
1 |20 04 174 26 0385 -84 147
2 |22 04 168 34 080 -84 140
3 j10 04 210 3.2 0.67 -84 193

On the interchannel high, the variation in thickness for each depositional sequence
could be fitted by a statistically significant regression equation. For DSI and DS3, the
thinning pattern produced a negative decay constant corresponding to thinning away from
the NA channel segment. For DS2, the calculated k is small but positive corresponding
to a weak thickening of DS2 moving away from the NA channel segment. The
correlation coefficient for this regression is small (r = 0.35) indicating a relatively poor
description of DS2 by the regression equation. This can be easily confirmed by visual
inspection of the thickness patterns (Figure 3.22). The decay constant decreases between
DS3 and DS1, but the large errors around k for DS3 suggest that this difference is not
significant at the 95% confidence level.

Table 3.5. Regression data for interchannel high at cross-section 3. See Table 3.2 for
explanation of data and symbols.

DS |k & n, 8n, r Yie Ty
1 {-29 08 336 32 088 89 26.0
2 07 0.8 144 16 035 11.3 156
3 |-74 40 37.5 204 0.74 11.5 16.0

Cross-section 4 has the longest record of levee growth in the 3.5 kHz data. At this
cross-section, the depositional sequences, except DS4, show a well-developed pattern of
thinning perpendicular to the channel trend both east and west of NAMOC (Figure 3.23).
DS4 stands out from the rest of the depositional sequences, having nearly uniform
thickness. The maximum thickness of levee sediments is slightly channelward of the
levee crests but never more than a few kilometres, unlike, for example, cross-section 2

where this distance can be more than 10 km.
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In keeping with the well-developed thinning patterns observed for cross-section 4,
the regression parameters, again except for DS4, have high r values (Table 3.6 and Table
3.7). The western levee at cross-section 4 shows an upsection increase in k from 2.4x10”
m™' to 4.8x10° m™ for the three uppermost depositional sequences. The thickness of
sediments at the levee crest, 0, dips to 9.4 m for DS2 from an otherwise relatively
constant value of 13-14 m. The change between DS2 and DS1 occurs in the distribution
of levee sediment from a thin, broad depositional sequence to a more wedge-shaped unit.
The upsection increase in k coincides with a channelward shifting of the levee crest that
has also been observed at cross-section 2. However, a straightforward correlation
between levee crest position and k may not exist because DS5 possesses the most distal
levee crest at -6.8 km but has a decay constant that does not statistically differ from DS2

whose levee crest occurs at -6.1 km.

Table 3.6. Regression data for western levee at cross-section 4. See Table 3.2 for
explanation of data and symbols. For DS4, the regression equation was not statistically
significant.

DS |k &k 71, &M, T  Yie mMp
48 06 172 20 094 -58 13.0
33 02 115 0.8 096 -6.1 94
24 04 157 1.6 0.88 -6.5 134

N B WN -

3.8 04 184 1.6 095 -6.8 142

The eastern levee at cross-section 4 also shows an upsection increase in k for the
upper three depositional sequences; although, k for DS1 is not significantly different than
k for DS2. The same is true of 1,.. Thus the only apparent difference between DS3 and
the overlying depositional sequences is in k. DS4 has weakly significant regression
parameters (r = 0.37) with a positive k. Examination of the data (Figure 3.23) shows that
this relationship exists because of slight increase in thickness that occurs for y > 20 km.
Otherwise, DS4 is uniform in thickness. The decay constant of DSS is significantly less
than the other depositional sequences while 1, is significantly greater.

Three of the five depositional sequences could be identified at cross-section 5,
allowing for the investigation of their thickness patterns (Figure 3.24). The presence of
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Table 3.7. Regression data for eastern levee at cross-section 4. See Table 3.2 for
explanation of data and symbols.

DS k ok No 81]‘) r Yic Nic
-89 12 203 14 097 46 13.6
-8.3 2 188 2 092 5.1 121
-6 06 18.1 1 096 5.7 125
06 06 91 04 037 6.2 97
-1.9 04 21.7 0.8 085 82 18.0

N hwWwN—

the braidplain east of NAMOC hampered the unequivocal identification of depositional
sequences for distances greater than 10 km east of the channel axis (Figure 3.6). On the
western levee, the greater data coverage for DS2 and DS3 compared with DS1 results
from the complicating presence of a near-surface debris flow, obscuring the true thickness
of DS1. On the eastern levee, DS3 suffers from the poorest data, mostly because of poor
penetration of acoustic energy at this location.

The regression data from the western levee of NAMOC at cross-section 5 (Table
3.8) show a distinct difference between DS1 and the underlying depositional sequences.
The decay constant increases to 9.1 x10° m™ for DS1 from around 3 x10° m™ for DS2
and DS3. The increase in k coincides with an increase in 1. Thus thinner, broader
depositional sequences (DS2 and DS3) underlie a much more wedge-shaped depositional
sequence consisting of less sediment. Although the levee crests move toward the channel

axis, the decrease in k does not correlate simply with levee crest position.

Table 3.8. Regression data for western levee at cross-section 5. See Table 3.2 for
explanation of data and symbols.

DS| k & 7©n, o, r Yie N
1 9.1 12 214 24 095 -53 13.2
2 31 07 95 10 076 -54 8.0
3 30 08 104 13 069 -59 8.7

While the upper two depositional sequences on the eastern levee at cross-section 5
can be fit to with an exponential model, DS3 lacks the data for the calculation of
significant regression parameters (Table 3.9, Figure 3.24). Although accepting the null

hypothesis in the regression may mean that sedimentation patterns were uniform, all that
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can be robustly said is that the data do not statistically support a k different from zero.
This is not so for the overlying depositional sequences which also suffer from limited
data coverage. For this levee, k decreases between DS2 and DS1 while 1. remains
unchanged at 95% confidence level. The eastern levee at cross-section 5 has a small
wedge-shaped levee overlain by a more uniform levee — a relationship not often seen on

NAMOC.

Table 3.9. Regression data for eastern levee at cross-section 5. See Table 3.2 for
explanation of data and symbols. For DS3, the regression equations was not statistically

significant.
DS |k & 71, dm, r Yie Ty

1 [-62 -1.7 17.7 19 088 4.6 133
2 -16 46 166 49 087 49 72
3

Across-channel Asymmetry

The asymmetry of levee architecture on NAMOC could be assessed where
depositional sequences could be identified on either side of the channel at cross-sections
3,4 and 5. The following section presents the asymmetry data for these cross-sections.
These data include elevation differences between conjugate levee crests, the width
between conjugate levee crests, the cross-channel slope, and comparison of the regression
parameters presented in the preceding section.

Tabulating the data on across-channel differences in the elevation of conjugate
levee crests shows that the elevation difference is notably unchanged with stratigraphic
position and downchannel location (Table 3.10). Generally, the elevation difference is
60-70 m with a minimum of 51 m for horizon R at cross-section 3. More variability is
seen in the position of the levee crests measured from the modern channel axis. The
crests generally move toward the channel axis through time producing an overall decrease
in the distance between conjugate levee crests. The net result is that the cross-channel
slope becomes more negative both upsection and downchannel.

The regression parameters calculated above can also be used to characterize the

asymmetry in levee architecture. Cross-plots of k on the western levee against k on the
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eastern levee show that k tends to be greater on the eastern levee than on the western
levee (Figure 3.25a). In three of the nine cases, k is greater on the western levee than the
eastern levee including DS2 at cross-section 3, DSS at cross-section 4, and DS1 at cross-
section 5. Except in these cases, the NAMOC has broader (i.e., lower k) western levees
than eastern levees. The thickness of sediment on conjugate levee crests tends to be more
nearly equal with the only significant outlier being for DS1 at cross-section 3 (Figure
3.25b). At this location DS is substantially thicker on the interchannel high than on the
western levee. Otherwise, sediment thickness at the levee crests is about equal. Such
behaviour is not unexpected for the latest phase of levee growth considering the
approximately equal thickness of sediments on either side of the channel seen in airgun

profiles (Figure 3.16 and Table 3.1).

Table 3.10. Summary of levee crest elevation differences and distances between
conjugate levee crests.
Cross-section 3

Reflector AH Yic Yic width VH
(m) | fory<0 | fory>0 | (km) (mkm™)
Surface 69 -8.4 8.9 17.3 -3.99
0 71 -8.4 11.3 19.7 -3.60
G 68 -8.4 11.5 19.9 -3.42
R 51 -10.0 11.9 21.9 -2.33

Cross-section 4

Reflector AH Yic Yic width VH
- (m) fory<O | fory>0 | (km) |(m km™)
Surface 63 -5.8 4.6 10.4 -6.06
0] 59 -6.1 5.1 11.2 -5.27
G 61 -6.5 5.7 12.2 -5.00
R 61 -6.8 6.2 13.0 -4.69
L 61 -6.8 6.2 13.0 -4.69
A 65 -7.1 8.2 15.3 -4.25

Cross-section 5

Reflector AH Yic Yic width VH
(m) | fory<O | fory>0 | (km) j(m km™")
Surface 67 5.3 4.6 9.9 -6.77
0] 67 -54 4.9 10.3 -6.50
G 67 -5.9 5.8 11.7 -5.73
R 65 -6.3 5.8 12.1 -5.37
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Figure 3.25. Asymmetry in regression parameters: A. decay constant for
across-levee variations in thickness, k (x10”° m™); B. thickness of sediment at
levee crest in metres. The decay constants tend to be similar or larger on the
eastern levee than the western levee. The thickness of sediment at the levee
crest tends to equal for conjugate levees.
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Sediment Waves

Sediment waves characterize a small portion of NAMOC around cross-section 1.
However, they are potentially useful indicators of flow character and thus their
morphology bears attention. Because of their limited areal extent and the paucity of data
available to characterize them, only general statements can be made concerning their
morphology. On seismic profiles running approximately subparallel to NAMOC, the
sediment waves appear to migrate north to northwest (Figure 3.7b,c); whereas, on the one
strike profile that shows sediment waves (cross-section 1), the waves appear to migrate
west (Figure 3.7a). Considering that the exact orientation of the wave crests is unknown,
only an approximate indication of the direction of wave migration is possible and it
appears to be northwest. The waves appear to continue their migration up to the surface.
Amplitude of the waves decreases slightly upsection while their wavelength appears
unchanged. As previously noted, sediment waves begin at different times in the
stratigraphic evolution of NAMOC. However, initial wave development does not show a
coherent spatial pattern, likely because of the lack of data.

3.5 Synthesis of Levee Architecture
This section compiles the data on the levee morphmetry of NAMOC in order to
explore trends in the downchannel, stratigraphic, and across-channel variations in levee

architecture.

3.5.1 Downchannel Variability

Downchannel plots of the decay constant show no consistent trend for any of the
depositional sequences (Figure 3.26). The decay constant is more variable on the eastern
levee than the western levee, but to within the 95% confidence limits of k, no overall
increase or decrease in k occurs. DS1 and to lesser extents DS2 and DS3 display
increases in k spanning cross-sections 3 to 5. Focusing especially on variability in the
first four cross-sections, the downchannel uniformity of k exists in spite of two major
changes in channel morphology. First of all, k varies only slightly even though the
channel bifurcates between cross-section 1 and 2 and merges again between cross-section
3 and 4 (Figure 3.2). Secondly, the character of the interchannel high between cross-

section 2 and 3 changes from erosional to depositional, without an identifiable response
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in the value of k. The lack of a trend in the decay constant coincides with the lack of
significant trends in channel slope. It does, however, coincide with a gradual decrease in
channel depth over the upper reach of NAMOC (Figure 3.3b).

At the scale of individual depositional sequences, downchannel plots of the
thickness of sediments at the levee crest lack a strong trend (Figure 3.272). Some
evidence exists for a downchannel decrease in sediment thickness, especially for DS2 and
DS3 on the western levee and for DS1-DS3 on the eastern levee. When the thickness
above horizon R (encompassing DS1, DS2, and DS3) on the western levee is calculated
and plotted downchannel (Figure 3.27b), an identifiable decrease in sediment thickness
emerges. It shows that the thickness of sediment at the levee crest decreases significantly
between cross-section 1 and 3 in comparison to only a minor change between cross-
sections 3 and 5. The distance over which this change from large downchannel gradients
in 1, to small gradients defines a lengthscale for downchannel evolution of levee
architecture that is of order 300 km (Figure 3.27b).

Distance between conjugate levee crests shows a consistent trend downchannel
(Figure 3.28a). Values for the elevation difference between conjugate levee crests
remains relatively uniform (Figure 3.28b). The downchannel evolution of cross-channel
slope calculated from the data presented in Figure 3.28a also shows a consistent trend
becoming more negative downchannel (Figure 3.28b). This pattern is predominantly a
function of decreasing distance between conjugate levee crests. The pattern weakly
corresponds to greater values of k on the eastern levee than the western levee where six
out nine cases have k on the eastern levee greater than k on the western levee (Figure
3.25a). The values of 1, on either side of the channel are approximately the same
(Figure 3.25b) suggesting again that trends in VH result primarily from movement of the
levee crests toward the channel axis and not preferential depositional on the western

levee.

3.5.2 Stratigraphic Variability
Stratigraphically, the decay constant shows an upsection increase in some cases
while in others no trend appears to exist (Table 3.2-Table 3.9, Figure 3.29). At cross-

sections 1 and 2, depositional sequences from the western levee display an upsection
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increase in k while at cross-section 3, k increases between DS3 and DS2, but no
significant difference exists between DS2 and DS1. On the interchannel high at cross-
section 3, k shows no stratigraphic trend. At cross-section 4, k increases slightly from
DS3 to DS1. DS4 has uniform thickness; k does not statistically differ from zero. On the
eastern levee, the magnitude of k shows a slight increase, but this increase is within the
errors of k. The stratigraphic pattern in k is almost identical on the conjugate levees at
cross-section 4. Data from cross-section 5 displays an increase in k on the western levee
while k decreases on the eastern levee between DS2 and DSI.

The history of asymmetry on NAMOC shows that the increasingly negative
values of VH arise from decreases in the distance between conjugate levee crests — the
same mechanism responsible for the downchannel pattern in VH. The thickness on
opposite sides of the channel remains approximately equal (Figure 3.25b). The strongest
upsection trends in k characterize cross-section 1 and 2, but these cross-sections,
especially cross-section 1, show no strong trend in levee crest movement. Asymmetry in
k across the channel also lacks a stratigraphic trend. Although k tends to be greater on
the eastern levee than the western levee (Figure 3.25a) the degree of asymmetry in k is
not in a direct relationship with VH (Figure 3.30). Asymmetry in k was parameterized
using the ratio of decay constants, western levee to eastern levee, termed k-ratio.

The history of asymmetry imaged by lower resolution airgun seismic profiles
shows that the elevation difference between conjugate levee crest reflects preferential
deposition on the western levee of NAMOC prior to deposition of green (Figure 3.16,
Figure 3.17, and Figure 3.192). Between olive and yellow at cross-section 4, deposition
on the western levee was always greater, often twice as great, than on the eastern levee.
Consequently, the elevation difference between conjugate levee crests progressively
increased prior to green. During this time the levee crests moved toward the channel axis
as they appear to do in the higher resolution 3.5 kHz data. With the elevation differences
increasing and the distance between levee crests decreasing, the cross-channel slope
between olive and green increased dramatically.

The stratigraphic evolution of the sediment waves north of cross-section 1 display

a variable history. In some cases, the waves show no evidence for migration while in
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other cases a steady migration from their inception is seen. Alternations between periods
of migration and periods of stagnation could not be unequivocally detected. Apparent
wavelength does not appear to change for any one wave while wave amplitude remains
constant or decreases s!ightly upsection. The sedimentation rate ratio (SRR) of the waves
tends to unity suggesting uniform deposition across the waveform. This evolution
suggests that the conditions responsible for the bedforms displayed only minor
fluctuations through time or that these sediment waves do not respond linearly to changes

in flow conditions.

3.6 Key Features

1. Data from NAMOC provide information on the variation in architecture and
morphmetry along the upper reach of a very long, glacially-fed, channel-levee system.
Although, the spatial extent of data relative to the total length of NAMOC is small, the
downchannel distance of over 400 km covered by the available data offers some
constraint on the absolute spatial scales over which turbidity-current processes operate.

2. The most recent phase of levee growth, imaged by 3.5 kHz records, represents the
continued building of levees along a relatively stable channel pathway. Evidence
suggests that the channel path of NAMOC has remained stable since deposition of
reflector olive (airgun data) well before the phase of levee growth imaged by the 3.5
kHz data. Long-term evolution of NAMOC is characterized by channel bypassing
with the accumulation of a thick succession of levee sediments and only minor channel
fill.

3. Thickness patterns on NAMOC imaged by high-resolution seismic data can be well-
characterized by exponentially thinning depositional sequences aligned perpendicular
to channel trend. The depositional sequences were fit to an exponential model using
linear regression (Chapter 2).

4. During the most recent phase of levee growth, cross-channel slope on NAMOC is
primarily a function of the distance between conjugate levee crests and not the
elevation difference between levee crests. This slope increases both upsection and
downchannel. Prior to deposition of reflector green (airgun data) the levees of

NAMOC grew due to preferential deposition of sediment west of the channel. This,
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more than variations in the distance between levee crests, dictated the increase in
cross-channel slope of the system during deposition between olive and green.

. The strongest downchannel pattern in levee architecture is characterized by
increasingly negative VH which is due mostly to the progressive migration of the levee
crests toward the channel axis rather than increases in the elevation difference between
conjugate levee crests. This pattern coincides with values of k and 1y, that show
relatively weak downchannel trends.

. The downchannel uniformity of the decay constant, k, exists in spite of a gradual
shallowing of the channel, the bifurcation and merging of NAMOC, and the spatial
transition between erosion and deposition on the interchannel high.

. The strongest stratigraphic pattern in levee architecture is also characterized by
increasingly negative values of VH caused by migration of the levee crests toward the
channel. At cross-sections 1 and 2 and to a lesser extent on the western levee at cross-

section 4, a stratigraphic increase in k occurs.



Chapter 4

Levee Architecture of Hueneme Fan

4.1 General Statement

Hueneme Fan lies within the Santa Monica Basin, off Los Angeles, California
(Figure 4.1). Itis a low sinuosity, high gradient system in the classification scheme of
Clark et al. (1992). Hueneme Fan is a small, sandy fan, lying within a tectonically active
borderland basin; these characteristics make it an excellent analogue of many ancient
sand-rich systems now exposed on land or actively pursued as oil and gas exploration
targets. Hueneme Fan offers the opportunity to study the levee growth patterns of a
relatively steep, sandy system, where the nature of turbidity current initiation is
reasonably well-constrained. Hueneme Fan developed an asymmetric levee system from
a well-defined initial basin configuration. Development of asymmetry, both inherited
from pre-existing bathymetric relief and that presumably resulting from the action of the

Coriolis force, are seen through the stratigraphic development of Hueneme Fan.

4.2 Data Set

The data for investigating the levee growth patterns of Hueneme Fan consist
almost exclusively of acoustic imagery (Figure 4.2). In 1992, single channel sleevegun,
Huntec Deep Tow System (DTS) boomer, and 12 kHz records were collected from CSS
Parizeau. These data were made available by GSC (Atlantic). For the present study,
Huntec DTS formed the primary data. Penetration on Huntec DTS records was typically
up to 50 ms on the levee flanks with a resolution of < 0.5 m. Some use was also made of
the sleevegun data recorded by the Nova Scotia Research Foundation (NSRF)
hydrophone array (hereafter referred to as “NSRF data™). These records have greater
acoustic penetration, up to 1 s, but lower resolution (< 10 m). Core data that that can be
used for groundtruthing the acous;ic records were taken from the literature, especially
Malouta et al. (1981), Reynolds (1987), and Gorsline (1996).
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Figure 4.1. Location of Hueneme Fan within Santa Monica Basin. Also
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4.3 Setting of Hueneme Fan

4.3.1 Channel Morphology

The Hueneme Canyon/Channel system extends approximately 30 kin from the head
of Hueneme Canyon, which deeply incises the continental shelf, heading in water depths of
only 30 m (Figure 4.1). The detailed bathymetric map of Hueneme Fan covers a region
between the 650 m isobath and the 800 m isobath with its most prominent feature being
Hueneme Channel (Figure 4.3). The channel profile follows a weakly exponential trend
(Figure 4.4). Many other submarine channels behave this way and have commonly been
interpreted as graded (e.g., Clark et al., 1992), suggesting that the channel has reached an
equilibrium with the hydrodynamics of the turbidity currents responsible for shaping its
morphology. In Figure 4.4 and all subsequent discussion of Hueneme Fan, distance along-
channel is measured from the 650 m isobath. The channel has a low sinuosity with one
notable bend at approximately 6 km (Figure 4.4). The channel slope varies from 5-16
m km™, decreasing downfan (Figure 4.4). Relief between the western levee crest and the
channel floor decreases from about 30 m on the upper fan to <4 m on mid-fan, at which
point the channel loses its morphological expression (Figure 4.3). The elevation difference
between conjugate levee crests varies from 20 m to < 4 m, with the westem (right-hand side
looking downchannel) levee higher than the eastern (left-hand) levee. Channel width
remains relatively constant downslope, averaging 4 km from levee crest to levee crest. In
the detailed bathymetric map (Figure 4.3) sediment waves can be seen on the right-hand
levee between 6 km and 10 km. The upper fan possesses both an inner low levee and outer,

higher levee. Distance between the crests of the inner levees averages around 1 km.

4.3.2 Previous Work on Geology of Hueneme Fan
The architecture of Hueneme Fan has most recently been investigated by Normark
et al. (1998), Piper et al. (1994) and Piper et al. (1998b, submitted). These studies have
investigated the long term growth of Hueneme Fan and the most recent phase of channel-
levee growth, building upon the initial work of Nardin (1983).
General Quaternary Stratigraphy
Normark et al. (1998) used NSRF data to develop an acoustic stratigraphy of
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Hueneme Fan that showed the stacking of channel-levee sequences and the migration of the
sediment source along the continental shelf. This migration was attributed to delta lobe
switching as the Santa Clara river crossed the narrow continental shelf, depositing deltaic
sediments that prograded onto the continental slope. These workers suggested that the
nature of fan development depended on the mechanism responsible for generating turbidity
currents which, in turn, depended on relative sea level. At lowstands of sea level, Normark
et al. (1998) suggested that direct hyperpycnal inflow from the Santa Clara River may have
been the dominant initiation mechanism. At highstands of sea level, they attributed
turbidity current initiation to resuspension of sediment supplied by littoral drift and trapped
in the canyon heads. Important to the later discussion of levee growth on Hueneme
Channel is the definition by Normark et al. (1998) of a reflector, termed J, as the base of the
most recent phase of channel-levee growth fed through Hueneme Canyon. This reflector
was tentatively dated at around the last glacial maximum based on extrapolation of
sedimentation rates at the basin margins.
General Late Quaternary Stratigraphy

Piper et al. (1998b, submitted) investigated high resolution Huntec DTS profiles,
developing an acoustic stratigraphy for the latest phase of channel-levee growth. Important
findings of this study, pertinent to levee growth on Hueneme Channel are: 1) the presence
of an inner and outer levee on the upper fan; 2) the change from sandier to muddier
sediments implied by the acoustic signature of channel-proximal sediments comprising the
inner levee; and 3) the transition from weakly acoustically stratified sediments interspersed
with continuous reflections to acoustically well-stratified sediments, likely at the 6 ka
highstand of sea level.

4.3.3 Nature of Turbidity Currents

From a survey of the literature, several broad constraints may be placed on the
character of turbidity currents delivering sediment to the fan. Each of these constraints
— sediment delivery, initiation mechanisms, and flow parameter reconstructions — is

reviewed in the following section.
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Sediment Delivery

The character of present-day sediment input into Santa Monica Basin gives some
indication of the rates and grain sizes supplied to the basin during the late Quaternary
evolution of Hueneme Fan. It should be noted that exact estimates of these parameters
are not well-known for earlier times; consequently, modern sediment input rates can only
establish order-of-magnitude estimates for past sediment delivery.

Santa Monica Basin receives sediment via littoral drift and fluvial input.
Hueneme Canyon lies at the downdrift end of the long Santa Barbara littoral cell (Figure
4.1) (Nardin, 1983). Malouta et al. (1981) estimated that the present rate of littoral drift
in the Santa Barbara cell supplies approximately 10° m’ yr'' of sediment, mainly sand,
that is intercepted by the head of Hueneme Canyon. The present fluvial sediment
discharge into the basin ranges from 10%-10" m® yr"", depending on rainfall, and comes
mainly from Santa Clara River. Given the relative proximity of the canyon head and the
mouth of the Santa Clara, it seems likely that this river fed the canyon head directly
during lowstands of sea level (Dahlen et al., 1990). In fact, the present water depth of the
canyon head at only 30 m suggests that direct fluvial input to the canyon head persisted
well into the Holocene (Normark et al., 1998).

Within Santa Monica Basin, i.e., seaward of the 750 m isobath, Gorsline (1996)
mapped the distribution of six turbidites that were deposited within the last 500 years
based on a *'°Pb chronology (Table 4.1). He compared estimates of turbidite volume
with the volume of sediment that could have accumulated in the canyon heads due to
fluvial input and littoral drift. According to Gorsline (1996), basin-floor turbidites
exceeding 50x10° m’ required both canyon emptying and slope failures. The smaller
events are coincident with major flood events (Gorsline, 1996); however, their volumes
are small enough that floods or failure of sediment in the canyon head could have
supplied the requisite sediment volumes.

Malouta et al. (1981) mapped the present day sediment cover, finding that the
shelf had sediment with grain sizes between 16-250 um, whereas the slope had finer

material ranging from 8-16 pm and even finer material, with grain sizes ranging from 4-8
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um, characterized the basin floor. These data suggest that only a limited range (< 250
um) of grain sizes was available for redeposition by turbidity currents.

Table 4.1. Data on volume and initiation mechanism for six turbidites in Santa Monica
Basin deposited over the last five centuries (data and interpreted mechanism from
Malouta et al. (1981), Reynolds (1987), Gorsline (1996).

Turbidite Volgmg Initiation Mechanism | Supporting Evidence
x10"m
1969 10 hyperpycnal inflow or 1969-1970 floods
failure of canyon head
sediments
1880's 28 hyperpycnal inflow or Mission records of floods,
failure of canyon head 1884-1891
sediments
1811- 55 seismic trigger Mission records of seismic
1812 events, 1812 "Mission
‘Qllakes"
280 a 58 seismic trigger sediment volume
400 a 75 seismic trigger sediment volume
560 a 105 seismic trigger sediment volume
Initiation

The position of relative sea level apparently influences the mechanisms initiating
turbidity currents on Hueneme Fan (Normark et al., 1998). Normark et al. (1998)
suggested that during highstands of sea level, turbidity currents are initiated by the
remobilization of littoral drift intercepted by and accumulating in the canyon heads.
Downslope remobilization of this canyon head sediment may have occurred due to storm
surges or earthquake loading, likely following the mechanisms proposed by Inman et al.
(1976) for Scripps Canyon and Anastasakis & Piper (1991) for Aegean turbidites,
respectively.

The turbidites identified by Gorsline (1996) over the past 500 years (Table 4.1)
were subdivided based on sediment volume in comparison to the total amount of
sediment that could have accumulated in the canyon heads using modemn values for
littoral drift and fluvial input. On this basis, Gorsline (1996) attributed the four oldest
events to seismic triggering of sediment failure. The coincidence in the age of the 200-

year-old turbidite with historical records of an earthquake in this area offers some support
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for this conclusion; however, the accuracy of *'°Pb-dating (+ 3-50 years) precludes a
definitive correlation. The two most recent events coincided with times of major floods
of the Santa Clara River. Reynolds (1987) suggested that hyperpycnal inflow may have
triggered the 100-year-old-turbidite, using historical records of floods as supporting
evidence. Gorsline (1996) also suggested that hyperpycnal inflow may have triggered
this event as well as the most recent turbidite, but his comparison of sediment volumes
could not differentiate between hyperpycnal inflow and the emptying of the canyons due
to sediment failure.

Normark et al. (1998) invoked hyperpycnal inflow as an initiation mechanism that
was active during lowstands of sea level. The Santa Clara River is a steep, medium-sized
river; thus, it is a likely candidate for creating hyperpycnal inflows (Mulder & Syvitski,
1995). During lowstands, the Santa Clara fed directly to the head of Hueneme Canyon
(Dahlen et al., 1990), making hyperpycnal inflow even more likely.

Flow Parameter Estimates

Previous estimates of flow parameters for turbidity currents active in the
Hueneme Fan system have focused on recent events described by Malouta et al. (1981)
(200-year turbidite) and Reynolds (1987) (100-year turbidite). Malouta et al. (1981) and
Reynolds (1987) made comparisons between their studied turbidites and the underlying
turbidites sampled by some of their cores; however, similar analyses of late Pleistocene
turbidites were hampered by the inability to correlate individual events. Normark et al.
(1998) suggested some constraints on the flows responsible for fan growth during
lowstands of sea level.

Malouta et al. (1981) mapped a near-surface turbidite having a volume of about
10° m®. Using 2'°Pb methods, they dated this turbidite at 200 a and correlated the event
with an 1812 earthquake documented in mission records. From its distribution, Malouta
et al. (1981) suggested Mugu Canyon (Figure 4.1) as the likely sediment source. This
turbidite has well developed Bouma C-D-E divisions.

Reynolds (1987) mapped the distribution of a turbidite overlying the 200-year
turbidite of Malouta et al. (1981). She estimated an age of 100 a for this event and
correlated it with the Santa Clara River flood of 1884. From its distribution, Hueneme
Canyon appears as the most likely source. The 100-year turbidite has a bimodal grain
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size with sand ranging from 90-150 pm and silt from 20-50 pm. Using suspension
criteria, Reynolds (1987) estimated flow velocities from 0.9 m s™! on the upper middle fan
to 0.1 m s on the lower middle fan. Flow thickness estimates were taken from the
distribution of the turbidite relative to bathymetric obstacles on the floor of Santa Monica
Basin and ranged from 5 m to 15 m. Using her velocity and flow thickness estimates,
Reynolds (1987) used the Chezy equation to estimate the excess density of the flow as
between 1 and 5 kg m™, decreasing downfan. The total volume of sediment deposited
was 10" m’ and, with the previous flow parameter estimates, a sediment discharge can be
calculated that yields a flow duration of approximately 10 days. The long flow duration
estimate and the distribution of the turbidite seaward of Hueneme Canyon led Reynolds
(1987) to suggest that hyperpycnal inflow from the Santa Clara initiated the turbidity
current.

Comparison between the two recent turbidites shows that the 100-year turbidite is
approximately an order of magnitude less in volume and finer-grained than the 200-year
turbidite (Reynolds, 1987). The well-developed C-D-E divisions in the 200-year turbidite
compared to the D-E divisions of the 100-year turbidite suggest that the older eventhad a
higher flow regime. Comparing the thicknesses of these turbidites with older events,
Malouta et al. (1981) suggested that older events were of greater volume than the 200-
year turbidite, thus placing a lower limit of 10® m’ on the sediment volume of past events.
Malouta et al. (1981) also estimated the frequency of events at less than one per 100 years
by comparing the volume of the 200-year turbidite to the rate of sediment supply to Santa
Monica Basin.

Evidence for the nature of turbidity currents on Hueneme Fan further back in time
is sparse due to the lack of core data. The lowstand turbidity currents envisioned by
Normark et al. (1998) built high levees and were responsible for sediment wave
formation. Using the relationship between wavelength and flow thickness proposed by
Normark et al. (1980) and assuming a Froude number of unity, the morphology of the
sediment waves suggests that flows on the western levee were on the order of 100 m.
Consequently, at least some lowstand turbidity currents were likely thick, long duration
flows (Normark & Piper, 1991).
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In summary, the available evidence suggests that the turbidity currents responsible
for the construction of Hueneme Fan had velocities on the order of < 1 m s and volume
concentrations around 10~ - 10™*. Flow thickness is less well constrained, but may have
been several times greater than channel relief. The flows transported grain sizes that
likely reflected those presently supplied by Santa Clara river or by the southerly littoral
drift, i.e., no greater than coarse sand. The frequency of turbidity currents over the last
500 years has been about one per century; during the late Pleistocene the frequency may
have been higher. The relatively small size of Hueneme Fan may reflect the relatively
low rates of sediment delivery to the system, estimated to be around 10°- 10" m’ yr'l,

based on modem values.

4.4 Levee Architecture of Hueneme Fan

The present study investigates the levee architecture of the most recent phase of
channel-levee growth on Hueneme Fan that is imaged by Huntec DTS boomer records.
This section presents the general stratigraphy of this phase of levee growth followed by
an analysis and synthesis of the architectural measures introduced in Chapter 2.

In the seismic examples and the treatment of the levee architecture of Hueneme
Fan, two-way travel time was converted to depth in metres using an average velocity of
1500 ms™. Ocean Drilling Program (ODP) site 1015 in the central Santa Monica Basin
(Figure 4.1) recovered sandy turbidites that had velocities averaging 1600 m s
(Shipboard Scientific Party, 1997). Acoustic character of these sediments, particularly
their high reflectivity, typifies sandy sediments (Figure 4.5). Comparison of this acoustic
character with that of the levees (Figure 4.5) with their moderate reflectivity strongly
suggests that the levees comprise muddier sediments. In addition, velocity data from
ODP boreholes on Amazon Fan suggest that an average velocity of 1500 m sis
appropriate for the first 100 m of section in muddy turbidites (Flood, Piper, Klaus et al.,
1995; Flood et al., 1997).

4.4.1 Levee Stratigraphy
In the Huntec DTS data, three regional reflectors were traced from the type
section on the western levee of Hueneme Channel (Figure 4.6) throughout the levee

sediments both to the west and east of Hueneme Channel. In order of increasing
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subbottom depth, these reflectors are L, G, and R (Figure 4.6). A fourth widely
correlatable reflector, J, was identified by Normark et al. (1998) in their data (Figure 4.7).
Horizon J could be directly traced beneath the channel and into the levee sediments east
of Hueneme Channel (Figure 4.8) The overlying reflectors were correlated across the
channel on the basis of reflector character and stratigraphic position relative to J. The
reflectors form the boundaries of four depositional sequences: DS4 bounded by J and R,
DS3 bounded by R and G, DS2 bounded by G and L, and DS1 bounded by L and the sea
floor. Horizon J marks the beginning the most recent phase of channel-levee growth
seaward of Hueneme Canyon (Normark et al., 1998) and the base of DS4. DS4 occurs
near the limit of acoustic penetration on the Huntec DTS records; however, in its upper
sections it appears weakly acoustically stratified (Figure 4.6). On the lower resolution
NSREF records, DS4 appears weakly to strongly acoustically stratified. DS2 and DS3 are
best imaged in the Huntec DTS records. They appear weakly acoustically stratified,
making up a conformable succession at the resolution of the Huntec DTS data. DS3 can
be locally distinguished on NSRF records where it appears weakly acoustically stratified
to acoustically transparent (Figure 4.7 and Figure 4.8). DS1 can only be distinguished on
Huntec DTS records where it appears acoustically well-stratified throughout.

Line drawings from seismic profiles that obliquely cross Hueneme Channel show
that the morphology of the channel-levee system progresses downfan from distinct to
subtle (Figure 4.9). On line 36, the inner and outer levees are pronounced while by line
20-21 the distinction between the two is less evident and finally by Line 46 little evidence
for a inner/outer levee morphology remains. DS1 and DS2 on the inner levee at line 36
(Figure 4.10a) are acoustically well-stratified, indicative of muddy sediments. Here, DS3
appears acoustically amorphous, suggesting sandier sediments. At line 20-21 (Figure
4.10b) the transition from acoustically amorphous to acoustically stratified sediment is
less distinct. At line 46, reflectors are difficult to correlate close to the channel because
of limited penetration of seismic energy. On the levee flank, the character of the
depositional sequences is similar to upstream locations (Figure 4.11). Nearer Hueneme
Channel, only R can be confidently traced toward the levee crest and then only when
using the NSRF records (Figure 4.12). At line 46, DS4 appears to thicken westward
while above horizon R, sediments have much more uniform thickness (Figure 4.12) than
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Line 16

Figure 4.9. Interpreted line drawings of seismic sections perpendicular and parallel to
Hueneme Channel. These sections have been grouped into predominantly across-
channel, or west-east (top), and down-channel, or north-south (bottom), lines. Locations
given in Figure 4.2.
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Figure 4.10. Huntec DTS profile from inner, western levee of Hueneme
Channel: A. at line 36; B. at line 20-21. Locations given in Figure 4.2 and
Figure 4.9. Note the transition from discontinuous reflections below
horizon G to continuous reflections with good acoustic stratification
above G at line 36 while this transition appears to occur after horizon G at
line 20-21.
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at locations upfan (i.e., line 36, Figure 4.9).

The cross-sections also illustrate the effect of the buried channel-levee system
(BL on Figure 4.8 and Figure 4.9) and a subsurface high (BH on Figure 4.7 and Figure
4.9) on overlying depositional sequences. On line 36, the buried channel-levee system
occurs east of the modern Hueneme Channel and lies stratigraphically below J (Figure
4.8). This feature is interpreted to be a buried levee because it has a low overall
reflectivity with divergent internal reflections and lies adjacent to high reflectivity,
acoustically amorphous sediment indicative of sandy channel fill (Figure 4.13). By line
46 (Figure 4.12), the modern channel axis occurs adjacent to but stratigraphically well-
above the flank of this buried levee. Ponding of sediment along the subsurface high is
seen in both strike (line 20-21 on Figure 4.9 and Figure 4.7) and dip (line 16) lines (BH
on Figure 4.9). Apparent relief of this subsurface high (Figure 4.7) is approximately 40
m.

On the outer levee west of Hueneme Channel, the two most proximal cross-
sections display thinning of depositional sequences perpendicular to the channel trend
(Figure 4.6b, Figure 4.9, Figure 4.14). Although not captured by the line drawings,
sediment waves exist on the levee backside. These waves are absent from the levee
backside at line 36 (Figure 4.14), but are well-developed only a few kilometres further
downstream at line 20-21 (Figure 4.6b). They can also be seen at line 46 although their
apparent (i.e., profiles not perpendicular to wave crest) amplitude and wavelength have
decreased (Figure 4.11). At line 20-21 evidence for sediment wave development can be
seen as deep as horizon R, and at line 46 sediment wave development apparently began
around horizon G. This suggests that the conditions for sediment wave development

shifted basinward between deposition of DS4 and DS3.

4.4.2 Stratigraphic Evolution

The surface defined by J delineates the initial conditions for the most recent phase
of levee growth (Figure 4.15). The most prominent feature on J is the channel-levee
system that exists east of the modern channel trend (Figure 4.8 and Figure 4.13). The
modern channel trend over the first 5 km appears to be guided by the presence of this
buried levee. However, at distances greater than 5 km, the modern channel partially

overrides this feature.
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Figure 4.14. Huntec DTS profile (Line 36) on western, outer levee of
Hueneme Channel. Location given in Figure 4.2 and Figure 4.9.
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Figure 4.15. Paleobathymetry map of horizon J. Each dot represents a
digitized data point. Contour interval is 10 m based on sound velocity of
1500 ms”. Also shown is the modern channel trend (thick, grey, solid
line). This surface shows the initial configuration of the basin prior to the
latest phase of channel-levee growth seaward of Hueneme Canyon.



134

The stratigraphic evolution of the levees since horizon J has differed between
areas west and east of Hueneme Channel and between upfan and downfan locations. On
the upper fan, the western levee of Hueneme Channel became well-established by horizon
R and this outer levee continued to aggrade throughout the recent evolution of the fan
(Figure 4.8, Figure 4.16). Around horizon G, an inner levee began to grow. The eastern
levee on the upper fan also aggraded, but because deposition tended to drape the
preexisting surface defined by horizon J (Figure 4.17), a typical levee morphology did not
develop.

Further downfan, the western levee had a similar development but also includes
the development of sediment waves just below horizon R (Figure 4.6b). The eastern
levee is poorly defined until at least horizon G and has an acoustic character suggesting
somewhat sandier sediment (Figure 4.18).

At the most distal locations covered by the data, the levees of Hueneme Channel
are subtle features. At horizon R, the western levee thickens to the west (Line 46, Figure
4.9). Above horizon R, the western levee tends to have a uniform thickness but reflectors
could not be confidently traced toward the channel, leaving the western levee poorly
defined at this downfan location. In this area sediment waves on the distal western levee
only began to develop after deposition of horizon R. Conversely, the eastern levee is
better defined and the depositional sequences above R show evidence for thinning away

from the channel.

4.4.3 Architectural Data from Hueneme Fan

From the acoustic stratigraphy of Hueneme Fan, the character of each depositional
sequence can be quantified in terms of its thickness patterns. This section details the
architectural data for each depositional sequence, first discussing the data distribution,
then presenting the architectural data, and finally presenting a statistical analysis of the
data.

Data Distribution

As can be seen in Figure 4.2, much of the acoustic data does not cross the channel

at right angles to its trend. Consequently, only the apparent geometry of the system is

imaged along any one seismic line. Because the purpose of this study is to characterize



135

TWTT (ms)

890—

900—

910—

920—

930

940—

950—{3

960—:

Depth (m)
—670
West

0 100 200 300m

East

Figure 4.16. Huntec DTS profile (Line 36) over crest of western levee.
Location given in Figure 4.2 and Figure 4.9. Note that the modern levee
crest, the crest at horizon L and the crest at horizon G stack vertically
showing no evidence for significant movement of the levee crest through

time.
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levee morphology, the lack of channel-perpendicular crossings required that the
bathymetric and paleobathymetric picks be transformed into a more suitable coordinate
system. Each point was given in latitude and longitude and transformed first to an x-y
coordinate system using a Lambert Conformable projection. In these coordinates, x
represents distances east (positive) and west (negative) of origin and y represents
distances north (positive) and south (negative) of the origin. These Cartesian coordinates
were then transformed into a streamwise coordinate system using the modern channel
trend. In this coordinate system, the x-axis represents down-channel distance and the y-
axis represents distance perpendicular to the channel trend with negative values
corresponding to the western levee (or right-hand levee looking downstream) and positive
values corresponding to the eastern levee (or left-hand levee looking downstream). As
noted above, the morphology of Hueneme Channel progresses from distinct to subtle
(e.g., Figure 4.9). To investigate downstream changes in levee architecture the data set
was divided into three sections depending upon distance down-channel from the 650 m
isobath: less than 5 km (cross-section 1), 5-10 km (cross-section 2), and 10-15 km (cross-
section 3). These divisions separate the data into a proximal section characterized by a
well-developed western levee having both an inner and outer levee, a middle section
having sediment waves, and a distal section possessing subtle channel-levee relief.
Depositional Sequence Thickness

As in Chapter 3, which presented data from the Northwestern Atlantic Mid-Ocean
Channel, patterns in the thickness of depositional sequences were investigated on
Hueneme Fan. The following sections discuss the strategy for accounting for
hemipelagic sediments in the depositional sequences and the thickness data and
regression parameters for depositional sequences from each cross-section.

The lack of published core data from Hueneme Fan required that the contribution
of hemipelagic sediments to depositional sequence thickness be estimated indirectly. The
hemipelagic contribution to Hueneme Fan sediment thickness is relatively uniform
basinwide (Christensen, 1991), having a value of about 16+0.4 mg cm” yr' over the past
several centuries (Christensen et al., 1994). Reported bulk densities range from 1100-
1500 kg m™ (Christensen et al., 1994), yielding a hemipelagic accumulation rate equal to
0.11-0.15 m ka™'. Using this range for the accumulation rate and estimates of the age of
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reflector J as anywhere from 18 to 28 ka (Normark et al., 1998) provides an estimate of 2-
3 m of hemipelagic sediment deposited since J. The amount of hemipelagic sediments in
each depositional sequence was estimated by first determining either the minimum or
median thickness of each depositional sequence. Each of these values divided by their
sum yields an estimate of the percentage of the total sediment column that each
depositional sequence represents. Using these percentages the total thickness of
hemipelagic sediments was partitioned between the depositional sequences. In no case
did the method for removing hemipelagic sediments contribute to more than a 1% change
in the parameter values calculated by the regression analysis. Table 4.2 summarizes the
estimated contribution of hemipelagic sediments for each depositional sequence.

At cross-section 1, the depositional sequences west of Hueneme Channel all show
pronounced thinning away from the channel (Figure 4.19) and, where evidence exists,
stable, aggradational levee crests (Figure 4.16). The values of k do not differ
significantly at the 95% confidence level except for DS3 for which k is about twice as

large as for the other depositional sequences.

Table 4.2. Estimates of hemipelagic sediment thickness for each depositional sequence.

Depositional Hemipelagic
Sequence Sediment Thickness
DS1 0.3m
DS2 0.3m
DS3 0.3m
DS4 1.6m
Total 25m

East of Hueneme Channel, only DS1 and DS2 show any evidence of thinning
away from the channel (Figure 4.19). DS3 east of the channel thickens slightly to the east
and as a result, k is greater than zero for this depositional sequence. DS4 east of the
channel displays no discernible thickness patterns, varying from 5 m to 25 m with an
average thickness of 10 m. For DS1 and DS2, across-channel comparison of k shows that
it does not differ significantly while the value of n is greater on the western levee than

the eastern levee by as much as 7 m for DS2 and 3 m for DS1.
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Table 4.3. Regression data for cross-section 1: western levee. DS = depositional
sequence, k (xlO'5 m™') = decay constant, 8k (x10”° m™) = 95% confidence limit on k, 7,
(m) = y-intercept of regression, 81, (m) = 95% confidence limit on n,, r = correlation
coefficient, y,. (km) = distance from channel axis to levee crest, and 7, (m) = calculated
thickness of depositional sequence at levee crest.

DS | k |8k | no |6n.| t | we | me
20.5] 32| 123] 2.2 093] 2.0 82
16.4| 42| 17.5| 40| 0.84] -2.0 [12:6
36.7| 5.0 71.7/19.6| 0.94] -2.0 | 34.4
19.7] 5.6] 58.4/19.8] 0.82] -2.0 [39.4

BN -

At cross-section 2, thickness data from west of Hueneme Channel show that each
depositional sequence thins away from the channel (Figure 4.20). The data are more
scattered than at cross-section 1; as a result the correlation coefficients for the regression
lines are less, and the error estimates are greater (compare Table 4.3 and Table 4.5). The
levee crests west of the channel again appear to be stable through time (Figure 4.16).

DS1 and DS2 possess nearly identical decay constants while the calculated thickness of
sediment at the levee crest is greater for DS2 and DS1 (Figure 4.20 and Table 4.5). Like
cross-section 1, DS3 possesses the highest decay constant. The decay constant for DS4 is
much smaller at cross-section 2 than at cross-section 1, although the thickness data at

cross-section 2 show a great deal of scatter.

Table 4.4. Regression data for cross-section 1: eastern levee. See Table 4.3 for
explanation of data and symbols. Only significant (p<0.05) results shown. For non-
significant results, k is not significantly different from zero as for DS4. In this case, the
average value of 1} is reported.

DS | k |8k | n, |6n,]| T Yie | Mic
1 |-147|54| 7 |07]|078| 2 |52
2 |-11.2|10.8| 6.6 | 1.5/ 041 | 2 |53
3 114474122 (03|1045] 2 |40
4 0 2 |12.0




143

*} UO S)IWI] 90UIPIJUOD %G6 Y1 Yim Suoje usAId s1 ) Jo anjea oY) uoissaidai (g0' > d) jueorjiusis yows 1o ‘sjeArsur uonoipaid
puE ‘S[BAISIUI 9OUIPLJU0D ‘Sul] uoissaifal ‘(sa[od uado) syutod eep Suimoys g UO1}03S-SSOI0 WOLJ BIRP SSAUNIIYL, 07 ¢ oIS

(wy) sixe [puueyd wolj asuesi|g

0l 0 oL 0z- Ol 0 0z
. . 0 ﬁ v 0
loz | 101
| J ON
1oy
f 10€
jo9
jop .m
108 | . ) =Xl &
bsqa OIX 8EFGY = esq LOIXFEFLOZ =Y g
. : 004 : : 09 &
0l 0 0L 0z- Ol 0 0b- 0z 3
. . 0 . : 0 =
) J Q&@\ &
O G O (o] \nh
. /mo s 3
O
0>A 0} | 101
spuodsa.09
0<) 101
: o 161
e o [0IX ZZV¥G 02" = ¥ SOV LLFL L= Y
ooy ooN | 250/ S0XZTFEEL =) .y LSS [ 0IXZSFITL = oL

Z U0I1)09S-SS0J7) :UB- awauany



144

Table 4.5. Regression data for cross-section 2: western levee. See Table 4.3 for
explanation of data and bols.

DS [ k [ok| no [ng] r | ¥ | M
126] 52| 7] 22 o6 -2[ 54
133 22| 129 22| 078 -2| 9.9
20.1| 3.4| 322| 86| 0.78] -2| 215
45| 3.8 43.8] 12.6] 027 -2| 40.0

W N -

East of Hueneme Channel, only DS2 and DS3 show thinning that could be
statistically explained by the exponential model. Characterization of DS4 suffers from a
lack of data (Figure 4.20). The regression parameters for DS1 are reported but are not
significant (p = 0.11). Even the regression parameters for DS2 and DS3 show relatively
low correlation coefficients and high error estimates (Table 4.6). The difficulties with
establishing significant patterns for the eastern levee may correspond to the difficulties in

correlating reflectors in this region.

Table 4.6. Regression data for cross-section 2: eastern levee. See Table 4.3 for
explanation of data and symbols.

DS | k [&k | n, [6n,) T Yie | Mic
1 -7.7) 42| 3.4 06; 031} 2 29
2 |-20.51 6.1] 6.7} 1.6 0.52] 2 4.4
3 |[-17.3] 5.7 6.8] 1.5| 0.52] 2 4.8
4 0 2 |15

Thickness data from cross-section 3 continue the apparent trend of increasing
deviation from a simple thinning of depositional sequences away from the channel
(Figure 4.21). West of Hueneme Channel, only DS3 shows thinning away from the
channel. Data from DS1 and DS2 display no apparent pattern. DS4 thickens away from
the channel. The lack of a pattern in thickness variations for DS1 and DS2 could result
from the difficulty of correlating sub-bottom “0rizons across sediment waves. The
available data, however, suggest that the depositional sequences are predominantly
uniform in thickness. The thickness of DS1 is almost exclusively 3-5 m while DS2 is
slightly more variable with most of the data lying between 5-8 m. All that can be
rigorously stated about these patterns is that any thinning that may occur does so at
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lengthscales far exceeding the data coverage. Consequently, the regression analysis
shows k to be not significantly different from zero (Table 4.7).

Table 4.7. Regression data for cross-section 3: western levee. See Table 4.3 for
explanation of data and bols.

DS | k |8k|[ n, [dn,]| T Yie | M
0 2 |45
0 2170
129} 2.1} 199{ 25| 08| -2 |[154
-7.81 22| 16.1] 1.9{ 0.57] -2 | 18.8

W N -

East of Hueneme Channel, only DS1 and DS2 show thinning that can be
significantly described by the regression parameters (Figure 4.21, Table 4.8). Neither
DS3 nor DS4 have any recognizable pattern in depositional sequence thickness. The
average thickness of DS3 is about 3-4 m while DS4 is around 15 m thick. The same
arguments applied to DS1 and DS2 west of the channel apply to DS3 and DS4 east of the
channel; thinning may be occurring at lengthscales much greater than represented by the
available data.

Table 4.8. Regression data for cross-section 3: eastern levee. See Table 4.3 for
explanation of data and symbols.

DS | k |8k n, |8n,| T Yie | Ny

1 [-143]25| 45 (05| 0.7 2 (34

2 |-213(53|166|16|058| 2 |43

3 0 2 |34

4 0 2 15
Across-channel Asymmetry

Assessing levee asymmetry development on Hueneme Fan is hampered by the
lack of channel-perpendicular crossings. Estimates can be made, however, by
reconstructing the levee development using the depositional sequence thickness data
presented in the previous section. These thickness data represent an average over
approximately 5 km of channel length, and therefore have a low resolution in the down-
channel direction, but they at least offer a consistent method of estimating levee
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asymmetry not otherwise available. They also provide estimates of asymmetry at a
directly comparable resolution to the analysis of thickness patterns presented above.

Recall that the initial surface for the development of the most recent channel-levee
system on Hueneme Fan began at J and that the paleobathymetry of horizon J shows a
distinct levee east of the modern trend of Hueneme Channel (Figure 4.15). Taking this
initial asymmetry into account, the reconstruction of levee crest elevations (Table 4.9)
closely resembles that seen in oblique channel profiles (Figure 4.9). The modern levee
crest elevation difference predicted from the reconstruction compares well with the
observed levee asymmetry of the modern channel, thereby offering some constraint on
the results.

Using the initial asymmetry of the system as a starting point, the eastern levee is
higher than the western levee until after deposition of R (Table 4.9). By the time horizon
G was deposited, the levees had begun to take the form of the modern system with the
western levee higher than the eastern levee. Channel width, defined as levee crest to
levee crest width, remained constant at about 3.5-4 km. It should be noted that while the
evidence does suggest that the position of the levee crest west of Hueneme Channel has

been stable through time at about 2 km from the modern channel axis, the position of the

Table 4.9. Reconstruction of Hueneme Fan levee crest asymmetry taking account of the
paleobathymetry on J (Figure 4.15). Tabulated values correspond to elevation above J
west of the channel. At horizon J, the eastern levee is higher than the western levee
because of the presence of the buried levee east of Hueneme Channel.

Cross-section 1 Cross-section 2 Cross-section 3
Western Eastern Western Eastern Western Eastern
Reflector | Levee (m) | Levee (m) | Levee (m) | Levee (m) | Levee (m) | Levee (m)

Surface 95 77 77 67 45 41
L 86 71 71 64 40 38

G 74 66 62 60 34 33

R 39 62 40 55 19 30

J 0 50 0 40 0 15

eastern levee crest through time is not so confidently established. The western levee crest
coincides with the position where depositional sequence thickness is greatest. Using
maximum thickness as the criterion for identifying levee crests east of the channel

consistently places them at 2 km from the modern channel axis. Using thickness to
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identify levee crests rather than elevation does presuppose no shifting of the levee crests
through time. The across-channel slope, VH (Table 4.10), mirrors the evolution of the
elevation difference between levee crests, starting at large positive values where the
western levee is lower than the eastern levee and decreasing to large negative values

where the western levee is higher than the eastermn levee.

Table 4.10. Across-levee elevation difference calculated from data in Table 4.9 and
across-levee slope calculated using channel width equal to 4 km

Cross-section 1 Cross-section 2 Cross-section 3
AH VH AH VH AH VH
Reflector |  (m) (mkm') | (m) (m km™) (m) | (mkm?)
Surface -18 -4.50 -10 -2.50 -4 -1.00
L -15 -3.75 -7 -1.75 -2 -0.50
G -8 -2.00 -2 -0.50 -1 -0.25
R 23 5.75 15 2.75 11 2.75
J 50 12.5 40 10.0 15 3.75

The asymmetry in the channel morphology develops in the absence of a simple
relationship in the asymmetry of the thickness patterns. Where decay constants could be
compared across the channel they are not significantly different (Figure 4.22a).
Asymmetry in depositional sequence thickness favours accumulation of sediment on the
western levee (Figure 4.22b). Superficially, this would suggest that the
value of the decay constant on conjugate levees does not depend on either the elevation
difference between conjugate levees or VH. However, this behaviour only characterizes
four of the 12 cases, in particular, DS1 and DS2 at cross-sections 1 and 2 where values of
VH are most negative. Where VH is only slightly negative or positive, the decay
constants from conjugate levees display complex relationships. The largest value of k on
the western levee occurs for DS3 during deposition of which VH changed from positive
values to negative values. During this time, approximately uniform deposition occurred
east of the channel. Uniform deposition also occurred east of the channel for DS4 when
VH was the most positive. West of the channel the decay constants for DS4 vary from
weakly negative (thickening away from the channel at cross-section 3) to weakly positive

(at cross-section 2) to strongly positive (at cross-section 1). Finally, when VH was
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slightly negative as it is at cross-section 3 for DS1 and DS2, uniform deposition
characterized the western levee while thinning depositional sequences occurred east of
the channel.
Sediment Waves

The sediment waves on Hueneme Fan display a complex spatial and stratigraphic
evolution. Their surface expression apparent in detailed bathymetry of the fan (Figure
4.3) shows that the wave crests are aligned oblique to the channel trend, having
wavelengths that vary between 200 m and 500 m, decreasing with distance from the
channel. The amplitude of the waves is generally less than 10 m.

The sediment waves prograded downfan between deposition of horizon R and G.
Piper et al. (1998b, submitted) stated that the stratigraphic development of the waves
displayed periods of active wave growth alternating with periods where sediment draped
the waves and infilled wave troughs. In line 46 (Figure 4.11), one can see the initial
formation and upstream migration of the sediment waves above horizon R. Up to G, the
migration and growth of the waves appears progressive with increasing amplitude and
SRR > 1. After deposition of horizon G, upstream migration is more difficult to detect
and even the few waves shown in the figure display different behaviour along equivalent
stratigraphic horizons: some showing progressive migration, some showing simple
aggradation suggesting inactivity. Between horizons G and L, wave amplitude tends to
decrease and the SRR approaches unity. Above L, the development of sediment waves
appears to have ceased.

Topographic Features

Besides the effect of the buried levee on the evolution of across-channel
asymmetry and thickness patterns, buried topographic highs west of Hueneme Channel
play a role in determining thickness patterns. A major topographic feature affects the
deposition of DS4 (Figure 4.7). This feature has approximately 40 m of relief. Near the
base of DS4, reflections onlap this feature. Onlapping, where reflections terminate
against this feature, eventually gives way to the deposition of sediments that are
acoustically continuous across the feature but pond against it. At the transition between
onlapping and ponding, the subsurface high had an apparent relief of approximately 10
m. The onlapping and then ponding of sediments continued throughout most of the
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deposition of DS4. By the time of horizon R, the subsurface high was no longer a
positive topographic feature and thus after R, the subsurface high did not control
variations in depositional sequence thickness.

Farther north, another topographic high appears to affect depositional sequences
post-R. Reflections are continuous across the feature suggesting continuity of deposition,
but inter-reflection thickness increases near the base of the feature indicative of ponding
(Figure 4.23). The relief of this feature is not well-constrained by seismic data but the
bathymetry suggests that it presently has as much as 25 m of relief (Figure 4.3).

4.5 Synthesis of Levee Architecture

This section compiles the data on the levee architecture of Hueneme Fan in order
to investigate the potential existence of trends and relationships between trends in the
downstream, stratigraphic, and across-channel variations in levee architecture.

4.5.1 Downchannel Variability

Variations in AH and VH display the most prominent downchannel pattern in
levee architecture (Figure 4.24). Superimposed on the general pattern of decreasing
asymmetry are changes in the decay constant (Figure 4.25). The elevation difference
between conjugate levee crests and the magnitude of the cross-channel slope both
decrease for the modern sea floor, horizon L, and horizon G. In other words, the channel-
levee geometry becomes more symmetric downchannel. For cross-sections 1 and 2, this
downchannel decrease in asymmetry occurs without a significant change in the decay
constant (Figure 4.25a). At cross-section 3, where asymmetry is at a minimum, the value
of k for the western levee is not significantly different from zero while the eastern levee
has decay constants around 20x10° m™. In the upper two depositional sequences levees
of the proximal channel are symmetrical in shape (denoted by similar values of k), but
asymmetric in levee crest elevation. Downchannel, the levees are asymmetrical in shape
but have low across-channel asymmetry.
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Figure 4.23. Huntec DTS profile (Line 36) showing relationship between depositional
sequences and northernmost topographic high observed in modern bathymetry (Figure
4.3) and paleobathymetry of horizon J (Figure 4.15). Note continuity of reflections but
abrupt westward thinning of individual depositional sequences indicative of ponding of
sediment against this feature.
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Thickness of sediment at the levee crest shows downchannel decreases for each
depositional sequence, but the data are sparse. However, because J could be widely
correlated, the thickness of sediment between horizon J and the sea floor could be widely
mapped. The downchannel variation in thickness of sediment at the western levee crest
above horizon J shows a dramatic decrease in sediment thickness over the upper reach of
Hueneme Channel followed by a much slower decrease in thickness (Figure 4.26). At the
very distal end of Hueneme Channel, sediment thickness above J again begins to fall off
rapidly.

Deposition of DS3 between horizons R and G spans the transition from positive to
negative values for VH. The downchannel trend for DS3 still shows decreasing
asymmetry whether measured at horizon G (becoming less negative) or R (becoming less
positive). This pattern coincides with a downchannel decrease in k (Figure 4.25b) on the
western levee while uniform thickness of sediments appear to characterize the eastern
levee. Examination of the thickness of sediments at the levee crest also shows a weak
downchannel decrease on the western levee while the eastern levee has no trend (Figure
4.25c). Except for cross-section 3, DS4 shows features similar to DS3 (Figure 4.25b)
with non-zero decay constants on the western levee that decrease downchannel and

uniform sedimentation to the east of the channel.

4.5.2 Stratigraphic Variability

The stratigraphic evolution of levee architecture is dominated by the asymmetry
of the channel-levee system that existed prior to the most recent phase of channel-levee
growth and the overcoming of this pre-existing asymmetry through time. The
stratigraphic evolution of asymmetry shows consistent trends in both AH and VH. VH
started at large positive values and progressed to large negative values, crossing through
zero sometime between deposition of R and G. The asymmetry developed due to
preferential deposition of sediment west of the channel.

At cross-sections 1 and 2 on the western levee, a complete record of variations in
the decay constant is available (Figure 4.27). The stratigraphic evolution of k lacks a
discernible trend, with k having “background” values of around 20x10° m™ at cross-

section 1 and a value of about 10x10”> m™ for cross-section 2. At both cross-sections, k
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Figure 4.27. Stratigraphic evolution of decay constants for DS1 and DS2
calculated for the western levee at cross-sections 1 and 2.
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for DS3 stands out above this background, increasing to 36.7x10”° m™ at cross-section 1

and about 20x10™ m™" at cross-section 2. The maximum in k for these cross-sections

occurred at a time when the eastern levee of Hueneme Channel passed from being

bathymetrically higher to bathymetrically lower than the western levee. This maximum

also coincided with the downfan progradation of sediment waves and evidence for active

sediment wave growth.

4.6 Key Features

1.

Hueneme Fan provides information on the general behaviour of channel-levee
architecture over the distal reaches of a submarine channel-levee system. Its channel
morphology differs from that of the Northwestern Atlantic Mid-ocean Channel
(Chapter 3) and represents part of the continuum of channel-levee architecture being
studied in this thesis.

. When depositional sequences thin perpendicular to channel trend their thickness

variations can be described by an exponential model. Of the 24 cases investigated, 15

could be statistically fit to the model.

. Severai instances exist when k is not significantly different than zero (seven of 24).

These instances characterize proximal locations east of Hueneme Channel and distal
locations west of Hueneme Channel. Two cases showed patterns where thickness

increased away from the channel.

. Differences in the elevation of conjugate levee crests evolved because of preferential

deposition of sediment west of Hueneme Channel. This deposition eventually
produced a western levee crest that was bathymetrically higher than its conjugate
eastern levee crest. The transition from positive VH to negative VH occurred during

deposition of DS3.

. Where asymmetry, whether measured as AH and VH, is greatest, the value of k on

conjugate levees is approximately equal. During times when VH was positive, the
eastern levee has uniform thickness depositional sequences while the western levee
possessed non-zero decay constants. Instances where VH is negative but small,
occurring at the distal end of Hueneme Channel, the western levee has uniform

thickness depositional sequences while the eastern levee has non-zero decay constants.
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6. Cross-channel slope shows the strongest downchannel trend of the architectural
parameters and this trend is a response to preferential accumulation of sediment on the
western levee. The decay constant shows a downchannel decrease, especially for DS3
on the western levee. Thickness of sediment at the levee crest is relatively uniform on
the eastern levee at successive locations downchannel. Sediment thickness on the
western levee shows a weak downchannel decrease between cross-sections. The
downchannel pattern in thickness of sediment at the western levee crest above horizon
J shows a strong decrease in thickness over the upper reach of Hueneme Channel,
followed by smaller decreases in thickness. At the very distal end of Hueneme
Channel, sediment thickness again begins to fall off rapidly.

7. Cross-channel slope shows a coherent stratigraphic trend, evolving from positive to
negative values through time. Decay constants show no systematic trend with the only
notable behaviour being a maximum in k for DS3 at each cross-section.

8. The stratigraphic evolution of sediment waves shows the development and
channelward migration post-deposition of R. Between R and G sediment wave growth
continued and after G but before L the sediment wave amplitude decreased. Some
waves show periods of draping sedimentation alternating with periods of channelward
migration. After deposition of L, deposition draped the relief created by the sediment

waves.

9. The thickness of DS4 in relation to a bathymetric high on the western levee (Line 16
and Line 20-21) suggests that prior to deposition of R, local relief of up to 40 m was
enough to affect sediment distribution patterns, creating onlapping reflections. At
more proximal locations (Line 36) ponding against a different bathymetric high
affected all deposition post-J. In the modern bathymetry this feature has up to 25 m of
relief. The ponding, rather than onlapping, of reflections in relation to this feature
suggests that it was not of sufficient size to interrupt sediment distribution patterns but
large enough to affect them. In general, the control of pre-existing topography on
levee architecture is pronounced on Hueneme Fan because of the short timescale for

the most recent phase of channel-levee growth. Before Holocene transgression
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reduced sediment delivery to Hueneme Fan, deposition had only begun to eliminate
these topographic obstacles and create a more typical channel-levee morphology.



Chapter 5
Levee Architecture of Other Systems

5.1 General Statement

The previous two chapters presented detailed investigations of submarine
channel-levee systems, isolating key features in levee architecture. These features
include: 1) thickness patterns both across-levee and downchannel; 2) asymmetry of
levees across the channel, parameterized by cross-channel slope and thickness patterns on
conjugate levees; 3) sediment waves, described in terms of the stratigraphic evolution of
wave morphology; and 4) the stratigraphic evolution of levee crests. This chapter looks
at these features on Reserve, Amazon, and Var fans. For each system, a general setting of
the channel-levee system is provided that includes location, channel morphology, and
general stratigraphy. This background is then followed by identification of the key
features in levee architecture. The observations of levee architecture from these systems
supplement data from Hueneme Fan and NAMOC, adding to the database of architectural
observations of channel-levee systems. These systems also have data that help to
constrain the nature of levee architecture, including boreholes on Amazon Fan and
current-meter data on Reserve Fan. Var Fan was analyzed because of data availability
and because it has features in common with Hueneme Fan and the more complex

Laurentian Fan presented in the next chapter.

5.2 Reserve Fan

Reserve Fan formed due to the discharge of mine tailings into Lake Superior
(Figure 5.1) over about 20 years (Normark & Dickson, 1976a, b). The tailings were fed
on to a subaerial delta at an average rate of 40.5x10° kg day™ by two launders (open
flumes) elevated 3 m above the delta surface which were periodically extended to keep
pace with delta progradation. In the early 1970’s, the delta was approximately 1.5 km
wide and had prograded about 1 km from the original lake shore (Normark & Dickson,
1976b). The bathymetry presented by Normark & Dickson (1976a,b) shows that Reserve
Fan begins basinward of an abrupt change in regional slope around the 180 m isobath.
Landward of the 180 m isobath is a steep (<300 m km'™' or <17°) prodelta slope.
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Figure 5.1. Bathymetry of Reserve Fan showing location of current meter
stations and acoustic profiles. Reserve Fan occurs distal of Reserve Delta
with the main fan channel beginning around the 200 m isobath. A minor
channel occurs east of the main channel. The current meter stations are
plotted along with velocity vectors that show the mean value of flow
speed and direction. Inset shows general location of Reserve Fan within

Lake Superior.

162




163

Basinward from the 180 m isobath, the slope decreases to 20 m km'. Reserve Fan covers
an area of approximately 20 km’ extending from the 180 m isobath to the 285 m isobath.
The fan has two leveed channels: a main channel and a smaller subsidiary channel to the
east (Figure 5.1). Slope of the main channel averages 20 m km™ while channel width
averages 500 m and channel depth averages about 4 m. The main channel and the
subsidiary channel begin around the 200 m isobath and lose their bathymetric expression
around the 280 m isobath, covering a distance of about 5 km. The abrupt appearance of a
leveed channel at the base of the prodelta slope was attributed by Normark & Dickson
(1976b) to a hydraulic jump.

Mapping of the tailings deposit by Normark & Dickson (1976b) using closely-
spaced (~35 m) high resolution seismic profiles and calculation of sediment volumes
from mine records, suggests that 45% of the sediment introduced at the launders became
incorporated into the fan. The majority of this sediment was deposited on the western
levee of the main channel. In cores, fan sediments are easily differentiated from normal
lake sediments because of their exotic colour and mineralogy. Typical lake sediment
consists of reddish sandy-to-silty clay whereas the tailings deposit is greyish-black with
significant proportions of magnetite (7%) in addition to quartz (50%) and amphibole
(43%). The mean grain size on the fan ranges from 17-53 um (Table 5.1). Generally, the
channel floors have the coarsest grains, with maximum grain sizes of up to 250 pum. The
levee crests have finer-grained sediment than the adjacent channel floors and become
progressively finer with distance from the channel.

The sediment character and morphology of Reserve Fan are well-constrained by
previous investigations (Normark & Dickson, 1976a,b). First, as the serendipitous result
of current meter moorings in 1972 and 1973 (Normark & Dickson, 1976a), and then in
1975 by a dedicated scientific investigation (Normark, 1989), turbidity current flow down
Reserve Fan was monitored. From these investigations, many through-channel flow
parameters are known, including sediment discharge, J (m’ s™), volume discharge, Q (m’
s"), velocity, u (m s'l), flow thickness, H (m), volume concentration, C, and particle
settling velocity, w, (m s') (Table 5.2). Behaviour of the turbidity currents on the
prodelta slope is also constrained by observation. Divers reported continuous downslope

flow of turbidity currents 3-5 m thick in water depths less than 60 m (Normark &
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Dickson, 1976a). Direct measurement also constrains the volume concentration at which
tailings enter the basin at about 0.02 (Normark & Dickson, 1976b).

Table 5.1. Mean grain size characterizing general location on Reserve Fan (data from
Normark & Dickson, 1976b). Coarsest sediment found in channels and on depositional
lobe while finer sediment occurs on levees and at locations distal of the depositional lobe.
Also note the fining of the mean grain size between the crest and flank of the western
levee.

General location Mean Grain Size (um)
Main channel 53
Subsidiary channel 42
Crest of western levee 31
Flank of western levee 22

Table 5.2. Values of channel dimensions and flow parameters taken from Normark
(1989) at 2 km downchannel at the site of the 1975 current meter location (Figure 5.1).

Variable Value Source

W (channel width) 500 m Bathymetry, Normark & Dickson (1976a)
D (channel depth) 4m Bathymetry, Normark (1989)

u (velocity) 0.1ms™" Current meter, Normark (1989)

C (volume concentration) 1.8x 107 Sampling of flow, Normark (1989)

H (flow thickness) 16 m Sampling of flow, Normark (1989)

w, (settling velocity) 0.001 ms" Normark & Dickson (1976b)

Q (volume discharge) 800m’s” uhW

J (sediment discharge) 0.0144m’ s’ | uhWC

5.2.1 Levee Architecture

Three cross-sections, associated with the locations of the current meter
deployments, were selected from the literature (Normark & Dickson, 1976b) for analysis
of thickness patterns. Ssediment on the eastern levee of the main channel was too thin to
accurately reconstruct thickness patterns. From the isopach map drawn by Normark &
Dickson (1976b, their figure 5) thickness on the eastern levee is variable but averages
approximately 3 m, extending about 2 km from the main channel. Sediment thickness,
even on the western levee, was not sufficient to isolate reflections within the tailings
deposit. Consequently, the levee architecture of Reserve Fan can only be characterized
by looking at the entire deposit and then only on the western levee of the main channel.

A more detailed stratigraphy was not possible.
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Variations in thickness across the western levee show rapid thinning at all the
cross-sections (Table 5.3, Figure 5.2). Visual inspection of the thickness plots, values for
the correlation coefficient, and the error estimates all suggest that depositional sequence
thickness conforms to the exponential model outlined in Chapter 2. Small-scale relief on
the western levee appears to increase between cross-section 1 and 3 (compare Figure
5.2a, Figure 5.2c, Figure 5.2¢). The hyperbolic reflections that these features return to the
surface represent short wavelength (< 200 m) oscillations in lake floor relief. Normark &
Dickson (1976b) postulated that this relief was the result of small overflow channels;
however, they also noted a lack of continuity of these features between successive
profiles. Such evidence suggested to them that these features represent discontinuous
depressions that may be remnants of old overflow channels. Their internal morphology
was not well-established by the acoustic profiles presented by Normark & Dickson
(1976b), consequently, the interpretation of this relief as sediment waves can be neither

supported nor refuted.

Table 5.3. Summary of regression parameters for western levee of Reserve Fan. Location
of cross-sections given in Figure 5.1. Distances given in column 1 are measured from the
180 m isobath, the start of channel relief on the fan. k = decay constant, 8k = 95%
confidence limits around decay constant, 1, = thickness at levee crest, 6n;. = 95%
confidence limits around thickness at levee crest, r = correlation coefficient.

Cross- kx10” 8k x10” N Mie r
section (m'l) (m)) (m) (m)
1 (0.5 km) 104.9 12.4 12.5 1.1 0.96
2 (1 km) 110.9 14.0 7.6 0.7 0.96
3 (2 km) 117.5 31.2 6.0 1.0 0.88

5.2.2 Synthesis of Levee Architecture on Reserve Fan

The spatial decay constant, k, for the western levee of the main channel on
Reserve Fan shows a downchannel increase (Table 5.3, Figure 5.3). However, the
increase is within the 95% confidence limits on k, reflecting no significant downchannel
trend in k between the three cross-sections. The thickness of sediments on the levee crest
decreases from about 18 m to 3 m over a distance of 5 km, following what appears to be

an exponential pattern. Regression analysis performed on these downchannel variations
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Figure 5.3. Downchannel variation in spatial decay constant, k, and
thickness of sediment at the levee crest on western levee of Reserve Fan.
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confirms the statistical significance of this exponential pattern (p < 0.05, r* =0.93),
having a downchannel decay constant of about 48.6+18.9 x10° m™. Thus, the western
levee of Reserve Fan displays exponential thinning both across the levee and down the
channel. The patterns in exponential thinning across the levee do not show any
significant differences downchannel and the rate of thinning across the levee is about
twice that of the thinning downchannel.

The spatial scale of Reserve Fan distinguishes it from all the other systems
investigated in this thesis. It has large decay constants (~ 100 x107 m") compared to
NAMOC (~1-10x10" m™, Chapter 3) and Hueneme Fan (~ 10-20x10” m™, Chapter 4).
The current-meter data reported by Normark (1989) suggest that the patterns in levee
architecture were formed from flows that had through-channel velocities of about 0.1-0.3
ms”. By way of comparison, the flow parameter reconstructions that have been
conducted on NAMOC and Hueneme Fan suggest through-channel flow velocities of 1-
10ms” on NAMOC and < 1 m's™ on Hueneme Fan. Although the estimates from
NAMOC and Hueneme Fan derive from indirect methods whereas those on Reserve Fan
come from direct measurements, an inverse relationship between flow velocity and the

across-levee spatial decay constant, k, is suggested.

5.2.3 Key Features

1. Reserve Fan is small system with channel half-widths of < 250 m and channel relief <
4 m, both less than the channel dimensions observed in other systems (e.g., NAMOC,
Chapter 3; Hueneme Fan, Chapter 4). In many ways, Reserve Fan represents an end-
member in the continuum of architectural observations being assembled in this study.

2. Thickness patterns across the western levee of Reserve Fan follow an exponential
pattern that can be parameterized by a spatial decay constant, k, and the thickness of
sediment at the levee crest, 0.

3. Downchannel variations in the thickness of sediment at the levee crest also follow an
exponential pattern. The spatial decay constant that parameterizes this behaviour is
about half that of the decay constant, k, that describes the across-levee variations in
levee thickness. The downchannel variations in thickness do not correlate with any

noticeable downchannel trend in k.
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5.3 Amazon Fan

Amazon Fan lies off the northeast coast of Brazil (Figure 5.4), seaward of the
mouth of the Amazon River. It has been the subject of numerous studies that have
described its evolution (e.g., Manley & Flood, 1988), its planform morphology (Damuth
et ai., 1988; Pirmez & Flood, 1995), its surficial sediment cover (e.g., Flood et al., 1991),
and its Quaternary history (Manley & Flood, 1988; Flood, Piper, Klaus et al., 1995). For
the purposes of this study, the morphology of Amazon Channel as revealed by multibeam
bathymetry and reported by Pirmez (1994) and Pirmez & Flood (1995) was used in
conjunction 3.5 kHz and watergun seismic profiles supplied by Lamont-Doherty Earth
Observatory.

5.3.1 General Setting

The stratigraphy of Amazon Fan shows the interfingering of channel-levee
systems with mass transport complexes composed of slides and debris flows. Manley &
Flood (1988) recognized the stacking of three mid-fan channel-levee complexes - upper
(ULC), middle (MLC), and lower (LLC) -- each composed of many channel-levee
systems (Figure 5.5). Underlying the upper levee complex (ULC) is an acoustically
transparent unit that blankets the pre-existing topography and was initially interpreted as
a debris flow complex (Manley & Flood, 1988). Results of recent ODP drilling have
suggested that this unit may be a series of slides (Flood, Piper, Klaus et al., 1995).
Preliminary chronologies, later confirmed by ODP drilling, suggested that the ULC
represents deposition during the last glacial period (Manley & Flood, 1988),
encompassing isotopic stages 4-2. The most recent phase of channel-levee growth, the
Amazon system, occurred during the last deglacial period (Piper et al., 1997).

The ULC consists of several individual channel-levee systems. Except for the
most recent system, termed Amazon, Manley & Flood (1988) distinguished previous
channel-levee systems by colours and using stratigraphic relationships assigned relative
ages. In order of increasing age these channel-levee systems include Amazon, Brown,
Aqua, Purple, Blue, and Orange. The different systems are thought to have formed in
response to successive avulsions. Downstream of an avulsion site, initial deposition is
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characterized by evenly stratified, high-amplitude packages of reflectors, termed HARPs,
that drilling has confirmed to be principally sands. Above the HARP, a channel-levee
complex developed, having a cone-shaped zone of high amplitude reflectors (HARs)
flanked by distally-thinning wedges of sediment with low amplitude reflections. The HARs
were originally interpreted as channel fill sands, later confirmed by drilling results, but their
geometry may result, in part, from hyperbolic reflections returned by the channel walls
(Flood, 1987). Upstream of an avulsion site, deposition of the channel-levee system
continued. Channel avulsions get progressively younger downfan. Consequently, the more
proximal reaches along Amazon Channel have been active conduits for longer periods of
time than more distal reaches.
Channel Morphology

Amazon Channel extends for over 1000 km from the base of the continental slope to
the basin plain. Damuth et al. (1983) initially documented the highly sinuous nature of this
deep-sea channel with apparent meander cut-offs based on GLORIA sidescan sonar.
Damuth et al. (1983) traced the modern surficial channels establishing the history of
channel bifurcations giving each a numeric designation, one through six.

The morphology of Amazon Channel has recently been investigated by Pirmez
(1994) and Pirmez & Flood (1995) based on SeaBeam bathymetric profiles. Based on the
elevation of the channel floor relative to the surrounding sea floor, Pirmez & Flood (1995)
subdivided the channel-levee system into several segments. The first 100 km represents the
canyon, the next 200 km is defined as the upper fan, the following 400 km represents the
middle fan and the last 100 km is classified as the lower fan. Sinuosities on the upper fan
are generally less than 1.5; on the middle fan, sinuosity increases to 1.5-2.5; on the lower
fan sinuosity decreases to generally less than 1.5. Channel slope is locally variable, but
generally decreases downstream from 8 m km™ to 1 m km™ (Figure 5.6). Over the entire
length of Amazon Channel, the regional downslope gradient is higher than the along-
channel gradient. Seaward of Amazon Canyon, which has a maximum depth of 400 m,
channel depth decreases from about 150 m to 30 m. Channel width decreases from around
10 km to 1 km over the first 300 km, remains at 1 km between 300 km and 600 km and
slightly increases to 2 km over the next 200 km (Figure 5.6). Pirmez (1994) also calculated
what he termed total aggradation of the levee crest which represents the thickness of
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sediment from the stratigraphic base of the ULC to the levee crest of Amazon Channel
(Figure 5.7). Although not a direct measure of the thickness of any particular channel-levee
system making up the ULC, the variations in total aggradation do give some indication of
the downchannel variations in sediment thickness, showing that sediment thickness
decreases downchannel.

The morphology of Amazon Channel reflects an apparent balance between changes
in sinuosity and entrenchment or aggradation of the channel thalweg (Pirmez & Flood,
1995). Pirmez (1994) and Pirmez & Flood (1995) pointed out the relationship between the
existence of knickpoints in the channel profile and bifurcation sites. Pirmez & Flood (1995)
postulated that avulsion leads to entrenchment of the channel upstream of the bifurcation
site and aggradation downstream of the site as the channel regraded after the perturbation to
the channel profile caused by avulsion. Periods of enhanced channel-levee progradation in
response to increased terrigenous sediment flux may cause avulsion to occur (Pirmez &
Flood, 1995); consequently, avulsions may record major changes in the character of
turbidity currents moving down the system.

Sediment Delivery

Milliman & Meade (1983) reported that the Amazon River delivers 10° m’yr” of
sediment. This present day rate of sediment input accounts for the volume of sediments
contained within the upper levee complex (ULC) deposited over the last glacial-
interglacial period (Manley & Flood, 1988). The present day distribution of sediments
shows medium sand (1.5-3 ¢) covering the outer shelf and coarse silt to clay (4-8 ¢)
making up the modern delta and inner shelf (Nittrouer et al., 1982). The outer shelf sands
are well-sorted and likely represent relict shoreface sediments dating from the last
glacioeustatic lowstand of sea level (Nittrouer et al., 1982). The inner shelf and deltaic
sediments represent the character of sediments delivered by the Amazon River and thus
probably reflect the dominant grain sizes delivered to the fan during lowstands of sea
level when the Amazon River crossed the continental shelf and fed sediment directly to
the continental slope.

Initiation
A large, relatively clean river like the Amazon is a poor candidate for the

generation of hyperpycnal inflows (Mulder & Syvitski, 1995). A more likely initiation



175

350
300-F.

m)

< 2504+ o
200+ LY

S.
1504 ~

100-- .loo' o* .‘o.

Total aggradation

50+ .

0 : : ———t—— —t —
300 350 400 450 500 550 600 650 700 750 800

Distance along channel (km)

Figure 5.7. Total aggradation of Amazon system measured from base of
ULC to modermn levee crest of Amazon Channel (data from Pirmez, 1994).



176

mechanism for the Amazon system may be failure of rapidly deposited deltaic sediments
during delta progradation on to the continental slope. The long (>1000 km), meandering
(sinuosity>1.5) travel path of channels on Amazon Fan suggests that flows remain
intricately related to the channel. The capacity of the channel is likely related to the
average size of individual flows. From boreholes collected by ODP Leg 155, Piper &
Deptuck (1997) estimated that the frequency of turbidity currents was at least on the order
of one every ten years and could possibly be annual. In addition, the presence of
sediment waves and tractional bedding features in individual turbidites suggest prolonged
flow (Normark & Piper, 1991). This combination of evidence suggests that the initiation
mechanism active on Amazon Fan created frequent, relatively small-volume, but long-
duration flows. Frequent events have smaller volumes because the time between events
along with the sediment input rate sets the amount of sediment that can accumulate in the
source area (e.g., Adams, 1989). The coincidence of small volume events with long
duration implies low volume concentration. A potential mechanism for creating low
concentration, long duration flows from slumps has recently been postulated by Piper et
al. (1998a, submitted) whereby slumps evolve into debris flows through incorporation of
water. The debris flows, in turn, transform into turbidity currents through hydraulic
jumps. If the failure is widespread then drainage of the upper slope failures by debris
flows could occur over a prolonged period, sustaining a long duration turbidity current
(Piper et al., 1998a, submitted). The most likely position for a hydraulic jump would be
near the canyon mouth where slopes drop under 7 m km'', below which Froude number
would be less than unity (Middleton, 1966).
Flow Parameter Reconstructions

The flow parameters of turbidity currents on Amazon Fan have been reconstructed
by Pirmez & Flood (1995), Pirmez (1994), Hiscott et al. (1997), and Piper & Deptuck
(1997). Pirmez (1994) and Hiscott et al. (1997) reported values of velocity, volume
concentration, and thickness for the upper, middle, and lower fan reaches of Amazon
Channel. On the upper fan, velocity estimates from grain size using suspension criteria
and channel curvature using Komar's (1969) model range from 0.05-0.1 m s” with
volume concentrations of about 5x10° and thicknesses on the order of 100 m. On the

middle fan, velocity estimates centre around 0.5 m s, volume concentrations at 0.005
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and flow thickness at 50-100 m or 1-2 times channel depth. On the lower fan, velocity
estimates increase to about 1.1 m's” with volume concentrations of 0.01 and flow
thicknesses between 40-60 m. The apparent downfan increases in velocity and volume
concentration may reflect "reconcentration” owing to the removal of the dilute upper
portions of the flow by overbanking (Pirmez, 1994; Hiscott et al., 1997). This
"reconcentration” of the flow potentially occurs as turbidity currents reach an equilibrium
between entrainment of water through the upper flow interface, loss of volume due to
flow spilling, and the downfan decrease in channel depth (Pirmez, 1994; Hiscott et al.,
1997). Although the equilibrium suggested by the continuous overspill model for
overbanking explains a great deal about the levee architecture of many systems (e.g., long
distance correlation of levee turbidites on NAMOC, Hesse, 1995), the model does not
require the "reconcentration” suggested initially by Pirmez (1994) to occur.
Alternatively, these apparent downfan increases in flow parameters may simply reflect
landward migration of fan sedimentation during the last sea level rise. The deposits upon
which most the velocity estimates were based were not necessarily the result of a single
generation of flows. The lower fan sediments that result in higher velocity estimates may
pre-date the upper fan sediments that lead to lower velocity estimates. For the
"reconcentration” process to be plausibly demonstrated using the data from Amazon Fan
the time equivalence of the depositional units used to reconstruct flow parameters would

have to be demonstrated.

5.3.2 Levee Architecture

The architecture of levees from Amazon Fan was investigated using 3.5 kHz
profiles near thrce ODP sites -- 939, 940, and 944. The data from each of these sites are
presented in turn. Unlike the presentation of other systems, the levee stratigraphy and
analysis of levee architecture are presented together for each cross-section.

Site 939

Site 939 sampled the upper 100 m of the eastern (right-hand looking downstream)
levee of Amazon Channel (Figure 5.8). Hole 939A is closest to Amazon Channel lying
about 1.6 km from the modern channel axis; Hole 939B lies 480 m east of 939A (Figure
5.9). The 3.5 kHz data across site 939 show that the boreholes penetrated a succession of
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acoustically transparent sediments interspersed with weakly-stratified packages (Figure
5.9). In this succession, four sub-bottom horizons were identified, termed R1-R4,
bounding four depositional sequences, DS1-DS4. DS1 between the sea floor and R1
appears acoustically transparent to weakly acoustically stratified and becomes particularly
transparent on approaching the channel. DS2, between R1 and R2 appears acoustically
transparent throughout. DS3 between R2 and R3 has better acoustic stratification, but
again this acoustic character grades laterally into a transparent acoustic character moving
toward the channel. DS4 between R3 and R4 is acoustically transparent.

The modern levee crest is about 500 m west of Hole 939A and about 90 m above
the channel floor, but subsurface levee crests may be much closer to 939A or in between
holes 939A and 939B (Figure 5.9). The poor quality of the data reproduction does not
immediately show evidence fo shifts in the position of subsurface levee crests although
some indication of reflectors dipping toward the channel axis appears in the sub-surface.
Better evidence of the subsurface levee crests can be seen in 3.5 kHz data collected near
Site 939 in 1984 (Figure 5.10). The location of these subsurface levee crests correlates
with low amplitude relief at the sea floor, suggesting that this small scale relief preserves
former levee crest positions.

Figure 5.11 shows the borehole stratigraphy for holes 939A and 939B. This
figure forms a template for presentation of the other boreholes, and thus warrants a
general description. For each hole presented in this section, the patterns depict different
lithologies. Upper case roman numerals denote individual lithologic units with subunits
denoted by lower case arabic letters. Down the left side of the graphic summary
description of each hole are the sub-bottom depths of selected correlation horizons
defined by Piper et al. (1997). N1-N3 horizons refer to correlation horizons based on
magnetic inclination data; ha and hb refer to correlatable peaks in the oxygen isotope
record from the holes; X, Y, and Z' denote correlation horizons identified in magnetic
intensity records. The letters a-n correspond to the interhole correlation based on
magnetic susceptibility records reported by Flood, Piper, & Klaus et al. (1997). Arrows
labeled R1-R4 denote the sub-bottom depth of reflectors in the core with two-way travel
time (TWTT) converted to sub-bottom depth using the time-depth models given by Flood

et al. (1997). Because direct correlation of reflectors between sites was not possible, the
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reflectors and depositional sequences can only be correlated from site to site based on
their stratigraphic position within the magnetic or isotopic stratigraphies.

Two major lithologic units occur at Site 939 (Flood, Piper, Klaus et al., 1995).
Unit I consists of bioturbated, carbonate-rich mud interpreted to be Holocene deposition
of hemipelagic sediments. At all sites, Unit I refers to this hemipelagic sediment. Unit II
consists of muddy silt and is divided into subunits on the basis of lamina abundance.
Overall, this unit reflects Pleistocene deposition of turbidites. The break between Unit ITa
and ITb was placed at the first occurrence of a silt lamina. For these holes and for sites
940 and 944, this criterion distinguishes Units IIa and [Ib. At Site 939, Unit IIc
distinguishes itself from IIb by the lack of silt laminae except for an interval (SP = silt
packet) characterized by abundant laminae. Unit IId resembles IIb, consisting of muddy
silt with silt laminae. Unit Ile was distinguished from IId by a reduction in the number of
apparent silt laminae and is separated from IId by a bed of structureless silty mud.

Reflectors R1-R4 could be identified in Hole 939B. R4 lies within Unit IIb. R3
lies near the boundary between Unit Ia and ITb. R1 and R2 lie within Unit [Ia and R1
could be placed in 939A also within unit [Ta. Based on the magnetic susceptibility
correlation, R2 (between b and ¢ in 939B) would fall within unit [Ta in 939a. R3 lies
below ¢ in 939B so it would be within unit ITb in 939A. From these correlations, DS1,
beneath a thin cap of hemipelagic sediments, consists of massive muddy silt turbidites in
which most of the primary sedimentary structures have been partially to completely
destroyed by bioturbation. Grain size data from Manley et al. (1997) suggest that these
sediments consist of over 80% silt with minor contributions of clay and sand (Figure
5.11). DS2 also consists of massive muddy silt turbidites. DS3 spans a transition from
laminated muddy silt turbidites to massive muddy silt turbidites. The laminated muds
may account for a greater proportion of DS3 in Hole 939A than 939B. DS4 consists of
laminated muds in both holes. Percent silt within the laminated muddy silt turbidites is
also greater than 80% (Figure 5.11, Manley et al., 1997). R1 lies between horizons Y and
N2 in the magnetostratigraphic correlation scheme constructed by Piper et al. (1997), and
below ha in the isotopic stratigraphy of Piper et al. (1997).

Although the high percentage of silt suggests that these sediments may be more

properly called silts, comparison of the grain size data with visual core descriptions
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suggest that the data of Manley et al. (1997) based on laser diffraction may be biased
towards the coarser grain sizes. They are reported here because these data represent the
only characterization of grain size common to all the cores presented. The important use
of these data is comparison between lithologic units and between sites and not their
absolute values.

For the laminated muddy silt turbidites, the detailed onboard descriptions reported
by Piper & Deptuck (1997) provide some indication of turbidite character (Figure 5.12).
The summary core description on the right side of Figure 5.12 uses vertical arrows to
denote inferred turbidite thickness. The horizontal arrows pointing to various sub-bottom
depths show the location of grain size analyses; those that are labeled are displayed on
log-probability plots on the left side of Figure 5.12. Turbidite thickness varies from 0.03-
0.06 m. At the sub-centimetre scale the beds show upward-fining of the median grain
size. The grain size distributions show a change in slope at 6-7 ¢, separating a well-
sorted medium silt to fine sand population from a more poorly-sorted fine silt and clay
population.

The correlation of the silt packet (SP in Figure 5.11) seen in holes 939A and 939B
is supported by the magnetic susceptibility correlation and thus attempts were made to
refine the correlation down to the event level (Figure 5.13). The first and last occurrence
of silt beds or laminae with centimetre- (rather than decimetre) scale spacing constrain the
thickness of the silt packet. The basal silt beds in both holes overlie thick sequences of
massive muddy silt turbidites which in turn overlie laminated muddy silt turbidites. The
packet is 2.43 m thick in Hole 939A and 2.16 m thick in Hole 939B, thinning by about
10% over 480 m. The correlation is based on the equivalence of the bottom silt beds and
the correlation of the top two silt beds in 939A with the thin intervals of closely-spaced
laminae (CSL) in 939B. All correlations beyond these general relationships are tentative.
Six silt beds occur in 939A while only one silt bed occurs in 939B. The thick units of
colour-banded muds in 939A also have no apparent correlative unit in 939B.
Consequently, the character of individual turbidites appears to change dramatically over
distances of less than 500 m.

The thickness patterns for the four depositional sequences identified at Site 939
show exponential thinning perpendicular to channel trend that can be reasonably well-
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described by a regression equation (Table 5.4, Figure 5.14) . Except for DS3,

depositional sequences have a decay constant whose magnitude averages about 24x107

m™'. DS3 has a significantly smaller decay constant indicative of a more uniform

depositional sequence. The decay constants show no correlation with lithology. DS1 and

DS2 consist of massive muddy silt turbidites while DS4 consists entirely of laminated

muddy silt turbidites. Comparison of the decay constants for these sequences shows no

significant difference. However, DS3 includes sediments from both lithologic units and

its decay constant is notably less than the other sequences.

Table 5.4. Summary of regression parameters at Site 939 for depositional sequences
identified in 3.5 kHz data. DS = depositional sequence, k = decay constant, 3k = 95%
confidence limit around decay constant, 1, = y-intercept of regression equation, 81, =
95% confidence limit around y-intercept, r = correlation coefficient, y,. = distance from

channel axis to levee crest, ;. = thickness at levee crest.

DS

k x10~

sk x107

L 1 Mo o, r Yie The

(m”) (m)) (m) (m) (km) (m)

1 -28.8 3.8 24.2 2.6 0.93 1.0 18.1

2 -20.4 6.0 7.8 14 |079] 15 5.7

3 -7.6 3.8 8.0 1.0 0.61 1.5 7.1

4 -23.6 5.2 17.4 2.6 090 ] 1.5 12.2
Site 940

Site 940 sampled about 250 m of the eastern levee of Amazon Channel about 4

km from the channel axis (Figure 5.15). This site lies downstream of the Aqua avulsion

site (Figure 5.15), so that sediment at Site 940 records the history of channel-levee

development, spanning two major avulsion episodes (i.e., Aqua to Brown, Brown to
Amazon). A line drawing of the two major reflectors, R1 and R2, identified in 3.5kHz

profiles across the channel shows that depositional sequences thin away from the channel

axis and some small scale relief at the surface that may reflect the location of a previous

levee crest like at site 939 (Figure 5.16). The modern levee crest at Site 940 is about 1

km from the channel axis and about 75 m above the channel floor. The inferred paleo-

levee crest occurs about 500 m east of the modern levee crest. A watergun profile
collected concurrently with the 3.5 kHz data shows the deeper structure of Amazon
Channel (Figure 5.17). The basal reflector defines the top of the Aqua HARP (high
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amplitude reflector packet). Above the Aqua HARP horizon, five reflectors were
identified that divide the levee into six depositional sequences: WG1 between the surface
and mid-Amazon reflector, WG2 between mid-Amazon and top Brown, WG3 between
top Brown and base Brown, WG4 between base Brown and top Aqua, WGS between top
Aqua and mid-Aqua, and WG6 between mid-Aqua and the top of the Aqua HARP.

The lithostratigraphy of the upper 100 m of Hole 940A was divided into two
major units very similar to those distinguished at Site 939 (Figure 5.18). Unit I consists
of hemipelagic silty mud, interpreted to be Holocene deposition. Unit II consists of
muddy silts, representing Pleistocene turbidite deposition. Units ITa and IIb are
distinguished by the first occurrence of a silt lamina. Unit ITc lacks silt laminae, having
an appearance similar to [la. Units IId and IIf are analogous to [Ib. An important
difference between the lithostratigraphy of Site 939 and Site 940 is the presence of
contorted bedding at several horizons, interpreted to be slumps. The thickest slump
deposit is identified as Unit IIe but thinner intervals of contorted bedding occur in Iib.

As at Site 939, the velocity model of Flood et al. (1997) was used to convert
TWTT to depth in the borehole, so that the sub-bottom horizons identified in the 3.5 kHz
profiles could be placed in the borehole stratigraphy. R1 occurs near the base of Unit [Ta
and is almost coincident with horizon N1. R2 occurs within Unit IIb just above horizon
ha and several metres above horizon Y. The occurrence of R1 and R2 within the
magnetic and isotopic stratigraphy at Site 940 suggests that both of these reflectors post-
date the first subbottom reflector identified at Site 939. At Site 940, DS1 consists almost
exclusively of massive muddy silt turbidites with about 80% silt and minor contributions
of clay and sand (Figure 5.18, Manley et al., 1997). DS2 consists of laminated muddy silt
turbidites with two minor slump deposits and has about 70-85% silt (Figure 5.18, Manley
et al., 1997).

Depositional sequences identified in the watergun profile across Amazon Channel
(Figure 5.17) could also be placed in the borehole stratigraphy from site 940 (Figure
5.19). WG6 consists of laminated muddy silt turbidites. Lamina frequency appears
approximately constant at less than 20 m’', except for a maximum of 60 m™' at 240 mbsf
(metres below sea floor). WGS and WG4 also consist of laminated muddy silt turbidites,
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Figure 5.18. Borehole stratigraphy of the upper 95 m at Site 940. Also shown is the
relative stratigraphic position of reflectors defined at sites 939 and 944. Note
approximate correlation of R1 and R2 between sites 940 and 944. According to the
magnetic and isotopic stratigraphy of Piper et al. (1997), R1 at Site 939 lies
stratigraphically below R2 at sites 940 and 944.
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although lamina frequency appears to be focused into packets. Deposition characterizing
the Brown system, WG3, shows a distinct decrease in lamina frequency. The most
pervasively laminated sediment is WG2, associated with the initial development of the
Amazon channel-levee system. Also shown on Figure 5.19 is the sub-bottom position of
R1 and R2 identified in the 3.5 kHz data, as can be seen the difference between the two
depositional sequences is the presence of silt laminae in DS2 (between R2 and R1) and
the absence of silt laminae in DS1 (above R1). Overall, WG1, which encompasses DS1
and DS2, shows packages of laminated muddy silt turbidites interspersed with massive
muddy silt turbidites.

The levee crests that could be identified in the watergun profile show a
progressive movement toward the modern channel axis. The movement appears most
pronounced after the deposition of the top-Aqua reflector. The watergun profile across
Amazon Channel also shows the apparent evolution of the channel fill. It should be
recalled that the dimensions of the HARs only approximate channel-fill dimensions
because of the complicating influence of hyperbolic reflections from the channel walls
(Flood, 1987). With this caveat in mind, the channel fill appears to narrow through time.
The narrowing of the fill does not progress smoothly. The channel appears widest
overlying the Aqua HARP. It then narrows at a stratigraphic position equivalent to the
eastern levee crest of the top-Aqua reflector. It then appears to have decreased gradually
to the modern sea floor. Narrowing of the channel fill coincides with shifting of the levee
crest toward the channel axis.

The thickness patterns observed in the high resolution data show that the observed
thinning can be well-explained by the exponential model (Table 5.5, Figure 5.20a). The
depositional sequences show no significant difference in the magnitude of the decay
constant.

Table 5.5. Summary of regression parameters at Site 940 for depositional sequences
identified in 3.5 kHz data. See Table 5.4 for explanation of symbols.

DS | k x19‘5 8kx10° [ n, M, r Yic Nic

(m™) (m™) (m) (m) (km) (m)
1 -17.2 3.0 314 36 (093] 12 25.5
2 -17.1 1.8 20.1 24 [095] 12 16.4
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The thickness patterns as observed in the watergun data show more variability
(Table 5.6, Figure 5.21). Four of the six depositional sequences — WG6, WG4, WG3,
and WG2 -- have decay constants within the range of 1 1-14x10° m™. WGI1 and WG5S
stand out from the other sequences in having much lower decay constants. Both of these
sequences show laminae occurring in packets, as does WG4. The higher resolution data
also show that within WG], the depositional sequences (DS1 and DS2) have higher decay
constants than the decay constant calculated for WG1 as a whole.

Table 5.6. Summary of regression parameters at Site 940 for depositional sequences
identified in watergun data. WG = watergun depositional sequence. See Table 5.4 for
explanation of other symbols.

WG | kx10” | 8kx107| m, e | T | e e

m) | @) | (m (m) (km) | (m)
1 24 0.6 373 1.6 0.78 1.0 36.4
2 -11.5 24 34.0 6.6 0.80 1.0 30.3
3 -134 1.4 704 7.0 0.94 1.4 58.4
4 -14.2 2.8 62.1 9.2 0.87 2.0 46.7
5 -5.5 0.8 58.3 3.6 0.90 2.1 51.9
6 -11.7 0.8 100.7 6.0 0.98 22 77.8

Site 944

A transect of three boreholes sampled the eastern levee of Amazon Channel at
Site 944 (Figure 5.22). Hole 944B lies about 2 km from the modern channel axis, Hole
944A lies 250 m east of 944B and Hole 944D lies 350 m east of 944A. Two subbottom
horizons, R1 and R2, could be identified and traced in the 3.5 kHz profile (Figure 5.16)
and their sub-bottom depths projected into the boreholes (Figure 5.23). These reflectors
form the bounding surfaces of two depositional sequences that show evidence of thinning
away from the channel axis. About 4 km east of Amazon Channel lies the Brown
Channel (Figure 5.16, Figure 5.22). The modemn bathymetry and the subbottom
reflectors rise slightly toward this feature. The depositional sequences do not, however,
thicken toward the Brown channel and thus they do not appear to be levee sequences
associated with flow down the Brown channel. The geometry here suggests that the
depositional sequences drape the pre-existing topography created during activity of the

Brown channel-levee system.
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Figure 5.22. Channel trend in the vicinity of Site 944 showing location of
boreholes and 3.5 kHz profile. Also shown is the trend of the Brown
channel east of Amazon Channel.
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The modem levee crest occurs about 500 m from the channel axis and is about 60
m above the channel floor. Although difficult to trace into the channel-proximal
sediments, R1 and R2 appear to form levee crests directly beneath the modern levee crest.
The data show no small-scale relief in the modern bathymetry that would indicate
previous locations of subsurface levee crests (Figure 5.16).

The investigation at Site 944 was restricted to the levee morphology as imaged by
3.5 kHz data and thus only the upper 80 m of section are presented (Figure 5.23). UnitI
consists of hemipelagic sediment; Unit II consists of muddy silt. As at the other sites the
boundary between [1a and ITb was placed at the first sub-bottom occurrence of an
identifiable silt laminae. Unit IIb, in Hole 944A shows some contorted bedding
interpreted as slumps, but these features occur below the depositional sequences defined
in the 3.5 kHz data, i.e., below R2. Unit IIc consists of abundantly laminated muddy silt.
R1 in Hole 944A occurs near horizon N1 and thus is approximately coeval with R1 as
defined at Site 940 (Figure 5.18). R2 in Hole 944A occurs just below horizon ha and
correlates approximately with R2 at Site 940 (Figure 5.18). Across the levee, DS1, above
R1, changes in character. At Hole 944B, DS1 consists primarily of laminated muddy silt
turbidites (Unit IIb) capped by a thin layer of massive muddy silt turbidites (Unit ITa). At
Hole 944A, DS1 can be divided into two layers of approximately equal thickness: a basal
layer made up of laminated muddy silt turbidites and an upper layer of massive muddy
silt turbidites. At Hole 944D, DS1 consists predominantly of massive muddy silt
turbidites underlain by a thin layer of laminated muddy silt turbidites. DS2, on the other
hand, consists entirely of laminated muddy silt turbidites (Unit IIb).

The variations in the thickness of the two depositional sequences at site 944 show
apparently similar patterns, but very different regression parameters ( Table 5.7, Figure
5.20b). The difference between the two depositional sequences lies in their absolute
thickness. For DS1, the depositional sequence thins from around 30 m to about 22 m
over a distance of about 3 km. DS2 thins from about 10 m to about 2 m over the same
distance. They thin by the same absolute amount but in a relative sense, DS1 is much
more uniform in thickness than DS2. It is this difference that shows up in the decay
constants, with k for DS2 being about five times greater than k for DS1. The more

uniform character of DS1 coincides with the lateral change in character of the
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depositional sequence from laminated muddy silt turbidites to massive muddy silt
turbidites.

Table 5.7. Summary of regression parameters at Site 944 for depositional sequences

identified in 3.5 kHz data. See Table 5.4 for explanation of symbols.
DS | kx10° |8kx10°| 3, r Yie MNic
@) | @) | m | m (km) | (m)
1 -5.0 2.0 314 1.8 0.73 | 038 30.2
2 -24.7 7.4 12.4 2.4 0.83 ] 0.8 10.2
Grain Size Data

Overall, the levees of Amazon Fan consist of sediments whose grain size
distributions show two general patterns, depending on average grain size. Piper &
Deptuck (1997) focused their attention on muddy turbidites from Amazon Fan and most
of these sediments display a relatively uniform, or linear, distribution across size classes
up to around 10 pm when plotted on log-log graphs (Figure 5.24) similar to grain size
distributions from turbidites reported by Kranck (1984). Above 10 pm, the grain size
distribution tails off dramatically, following a quadratic form. Slight differences between
samples can be observed in the slope of grain size distribution below 10 um, but in
general they all possess the same form. Some of the samples reported by Hiscott et al.
(1997) also show this pattern (Figure 5.25). Most of the turbidites sampled by Hiscott et
al. (1997) and some of the silt laminae sampled by Piper & Deptuck (1997) show a
slightly different distribution. In these sediments the silt fraction forms a prominent
mode in the distribution that lies between 20-30 pm (right side of Figure 5.24 and Figure
5.25), also observed by Kranck (1984).

5.3.3 Synthesis of Levee Architecture on Amazon Fan

The borehole data from Amazon Fan constrain the character of the depositional
sequences described by the regression parameters at two different scales of observation:
high resolution 3.5 kHz and low resolution watergun data. Generally, the thickness
patterns isolated in the 3.5 kHz data have decay constants greater 17x10° m™, lacking
any suggestion of spatial or stratigraphic trends. Total aggradation of the levee crest

above the base of the upper levee complex shows a downchannel decay (Figure 5.7).
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This may in part reflect downchannel thinning of sediment at the levee crest. However, it
also reflects the avulsion history of Amazon Channel, i.e., more distal channel segments
have been active for less time than more proximal channel segments. As such these data
should be regarded as only a guide to the downchannel variation in individual
depositional sequence thickness.

The lack of a significant downchannel trend in the decay constants coincides with
the approach to relatively uniform values for the cross-channel slope (Figure 5.26).
Because of the equatorial position of Amazon Fan, Coriolis force plays a small role in the
development of across-channel asymmetry compared with channel curvature. Using the
model of Komar (1969) and assuming that channel depth is a reasonable estimate of flow
thickness, the approach to uniform values of cross-channel slope suggests spatially-
uniform values of the Froude number and consequently spatially uniform flow
conditions.

For two depositional sequences the decay constant drops below 10x10° m™': DS3
at Site 939 and DS1 at Site 944. In both of these depositional sequences, the boreholes
show that the depositional sequences encompass more than one lithostratigraphic unit. At
Site 939, Hole 939A shows that DS3 possesses about equal amounts of units [Ia (massive
muddy silt turbidites) and [Ib (laminated muddy silt turbidites) while 480 m east at hole
939B, DS3 consists primarily of Unit ITa. A similar transition is seen in more detail at
Site 944. At Hole 944B, DS1 consists predominantly of Unit [Ib. At Hole 944A, DS1
consists equally of units ITa and ITb while at Hole 944D, Unit IIa makes up most of DS1.
These observations suggest that the effect of having depositional sequences composed of
heterogeneous lithologies acts to reduce the thinning. This is not to say, however, that a
particular lithology shows a distinct spatial decay constant. At Site 940, DS1 consists
exclusively of Unit ITa while DS2 consists exclusively of Unit IIb, yet no difference in the
thinning of these depositional sequence can be detected. The same is true of the
depositional sequences isolated at Site 939. Only DS3 has a decay constant that is
significantly different and this depositional sequence consists of both Unit ITa and IIb.

The stratigraphic evolution of the levee at Site 940 since its inception above the
Aqua HARP shows that the occurrence of silt laminae and the lithologic character of the

depositional sequences is variable. The decay constants for four of the six depositional
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Figure 5.26. Downchannel variation in cross-channel slope of Amazon
Channel and Froude number calculated from Komar's (1969) model
assuming that flow thickness equals channel depth. Data taken from
Pirmez (1994). Note that although the data is variable, all Froude
numbers imply subcritical flow.
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sequences (WG2-WG4, WG6) fall into a narrow range between 11-14x10° m™. WG2
has the highest frequency of silt laminae, while WG3 possesses the overall lowest
frequency of silt laminae. WG3 and WG6 display a uniform distribution of laminae
while the silt laminae in WG4 occur in discrete packets. WGS5 has a decay constant
(5.5x10”° m™) that is about half that of the other depositional sequences, but it, like WG4,
has silt laminae that occur in packets. WG1 encompasses the depositional sequences
defined in the 3.5 kHz data. It shows two major silt packets, one of which is bounded
between R1 and R2 (i.e., DS2 in the 3.5 kHz data). It may be that the difference between
the decay constants in the 3.5 kHz data and the decay constant for WG1 again reflects the
mixture of different lithologies.

According to the chronostratigraphy proposed by Piper et al. (1997), only WG5
corresponds to deposition during a sea-level lowstand. The underlying depositional
sequence, WG6, was deposited during a sea-level fall while the overlying depositional
sequences, WG1-WG4, were deposited during rising sea-level. The levee architecture, as
parameterized by the decay constant appears to show little relation with sea-level. The
decay constant does show a local minimum at the lowstand, but it may also show a
minimum in WG1 during the Holocene transgression.

The long term evolution of the levee at Site 940 shows two phases of growth. The
first phase is characterized by a wide channel with aggradational eastern levees. This
phase occurs up to deposition of top-Aqua. After top-Aqua, the width of the channel fill
gradually decreases and the levee crests moved toward the channel axis. Both of these
phases have basal depositional sequences with decay constants greater than 10x10° m
capped by much more uniform depositional sequences. Across-channel correlation of the
reflectors shows that evidence for a levee morphology on the western levee characterizes
the succession above top-Aqua. The base-Brown and top-Brown reflectors display levee
crests and these levee crests moved toward the channel. These crests are higher on the
western levee than the eastern levee, the same as for the modern levee crest.

The grain size data from the levees of Amazon Fan, at least for sites 930, 940 and
944, show two discrete distributions: one dominated by single-grain settling and the other
dominated by floc settling. A uniform distribution across size classes in the bottom

sediments suggests that the material in suspension was incorporated into flocs (e.g.,



208

Kranck, 1984; Schell, 1996). On the other hand, single grain settling produces a
relatively well-sorted distribution dominated by a single grain size (e.g., Kranck, 1984).

In those samples dominated by single-grain settling the modal silt size varies over a

narrow range between 15-20 pum, subtly decreasing downfan (Figure 5.25). In those
samples dominated by floc settling, the break between the linear and quadratic parts of

the distributions varies also varies over a narrow range of between 7-10 pum; again this

break point appears to decrease slightly downfan (Figure 5.24). The slope of the linear

portion of these distributions also shows a subtle downfan evolution, increasing between

sites 939 and 944.

5.3.4 Key Features

1.

ODP boreholes from Amazon Fan provide groundtruthing of depositional sequences
defined in acoustic data that is not available from other systems, allowing the
relationship between the sedimentology of levees and large-scale morphology of
levees to be investigated. In addition, Amazon Fan has a long, meandering channel
with channel dimensions, width and relief, roughly similar to Hueneme Fan which has
a short, straight channel.

Depositional sequences identified in 3.5 kHz data have across-levee thickness patterns
that could be described reasonably well by the exponential model with the majority of
the depositional sequences having decay constants between 17 x10” m™ and 29x107
m’". Indirect data, topographic aggradation, on downchannel variations in sediment
thickness at the levee crest also suggest downchannel thinning.

The boreholes constrain the lithologies of these depositional sequences and show that
when they consist of a single lithologic unit, either massive muddy silt turbidites (Unit
IIa) or laminated muddy turbidites (Unit IIb), no major difference in the values of k
can be detected.

Two depositional sequences identified in 3.5 kHz data have decay constants between
5-8x10”° m™'. These depositional sequences consist of mixtures of lithologic unit ITa,
massive muddy silt turbidites, and unit [Ib, laminated muddy silt turbidites. Given
that the reflectors defining the boundaries of depositional sequences represent

isochronous horizons, these two depositional sequences possess significant lateral
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changes in lithology that may be acting to produce more uniform depositional
sequences, i.e., lower values of the spatial decay constant, k.

5. Correlation of the silt packet at Site 939 suggests that while correlation at the metre
scale can be successfully demonstrated, correlations at the event level suffer, perhaps
due to strong lateral facies gradients. Within the silt packet in hole 939A, six silt beds
occur while in hole 939B only one silt bed is found. The tentative correlation of the
silt beds in hole 939A with silt laminae in hole 939B suggests that the depositional
lengthscale across the levee for bedded silt must be less than 480 m at this location.

6. The long term evolution of the channel-levee system at site 940 shows that overall the
levee has grown in two phases. The first phase was characterized by a wide channel
with an aggradational eastern levee. The western levee displays a complex pattern of
internal reflections not immediately recognizable as a levee feature. The second phase
of levee evolution saw the gradual channelward movement of the levee crests on both
the western and eastern levees. Width of the channel fill also decreased.

7. No direct sedimentological control of the thickness patterns is suggested. Grain size
spectra show only minor changes downfan. In addition, links between lamina
abundance and thickness patterns are not apparent. Thickness patterns do not relate

simply to sea level fluctuations or to the morphological evolution of the levee.

5.4 Var Fan

Var Fan lies off Nice, France in the Ligurian Sea, western Mediterranean Sea
(Figure 5.27). It occurs seaward of the Var delta and extends to the continental slope off
Corsica, covering an area of 16 200 km?. The fan has been the subject of several studies
most recently by Savoye et al. (1993) and Piper & Savoye (1993). The growth of Var
Fan revealed by airgun seismic reflection data was investigated by Savoye et al. (1993).
The data available from Var Fan consist of six airgun seismic profiles that obliquely cross
the middle fan valley (Figure 5.28). These lines form a subset of the data used by Savoye
et al. (1993).

5.4.1 General Setting
The continental shelf off Nice is narrow (0-3 km) and the continental slope is




210

“JX0} U1 0) paLIgjal sauoz [eardojoydiowoad Jofew Surmoys uey JeA Jo uoneoo ‘Lz’ 91n8ig

3.0€.8 3.00.8 3.0€.L 3.00.4
_ | _ I

louuey JoAO||IdS UIBISOM !

N.OL.EY

N.0Z.EV

P e e i R R e ey S N.OE.EV

B N.Ov.EY




211

‘ue,] 1eA JO Apnis 10J S[qe[leAE Saul] o1wsIag ‘87'S 21nS1y

3.0€.8 3.,00.8 3,08, 3.,00..
_ _ * H NoEt
wy G2 0 MJ\\
— [ e
A —{NOL.EY

N.0Z.EV

R
uonoes adk; = gg k\

wwc__o_Em_mmSQ_m ‘
|]suueyo-e)buig

NOE.EY

80

§ Nov.SY

, HEYA P




212

steep (<200 m km'l). The upper fan valley trends south of Var Canyon and is
approximately 5 ki wide and 600 m deep at the base of the slope (Piper & Savoye,
1993). The middle fan valley runs east-west, bounded to the south by the Var
Sedimentary Ridge (VSR) with up to 300 m of relief (Figure 5.27, Figure 5.29). No
significant levee exists north of the valley where sediments tend to onlap the base of the
continental slope. Together, the canyon and fan valley are 130 km iong. The water depth
of the channel displays a concave-upward profile with channel gradients decreasing from
80 m km"' in the canyon to about 10 m km™ in the middle fan valley (Figure 5.29).

Savoye et al. (1993) reconstructed the paleogeographic evolution of the Var Fan,
concluding that channel patterns controlled its growth. These workers mapped the
regional occurrence of four reflectors (I-IV) that they tentatively dated as mid-Pliocene
(reflector I), late Pliocene (reflector II), base Quaternary (reflector III), and mid-
Quaternary (reflector IV) (Savoye et al., 1993, their Figure 14). Development of the
channel-levee system began after deposition of reflector II. At reflector III, large
sediment waves developed on the VSR. Channels on Var Fan, associated with fan
development, first trended due south of Var Canyon. After deposition of reflector ITI, the
VSR developed and the main fan valley trended west. Savoye et al. (1993) also
correlated fan development with events affecting the Var delta. The most important of
these is the rapid uplift of more than 300 m inferred from raised delta deposits and
correlated with the stratigraphic interval between reflectors Il and IV. The presence of
the stage 5 highstand deposits at +8 m, near the level of stage 5 elsewhere in the world
(e.g., Gallup et al., 1994; Carew & Mylroie, 1995), suggests that the rate of uplift
decreased substantially in the late Quaternary. The general style of levee growth on the
VSR was progradational. Evidence presented by Savoye et al. (1993) suggests that the
VSR has prograded downfan since deposition of reflector IV, if not since deposition of
reflector II. This evidence included the general increase in inter-reflector spacing in
channel-parallel seismic lines. They suggested that rapid levee progradation resulted
from flow expansion and overbank deposition where the levee was no longer high enough
to contain average through-channel flows.

In 1979, land-filling operations at the Nice Airport led to slope failure. The

failure generated a turbidity current that broke two submarine telecommunication cables.
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Figure 5.29. Morphology of Var fan valley (data taken from Piper &
Savoye, 1993): A. longitudinal profile of water depth of the channel axis
and levee crest; B. downchannel variation in channel slope and relief
between channel floor and Var Sedimentary Ridge. Also shown is the
approximate extent of seismic data coverage of the fan system. Note the
abrupt decrease in relief of the Var Sedimentary Ridge associated with the
head of the Western Spillover Channel.
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The location and time elapsed between cable breaks, submersible observations of the
failure and flow path, and detailed bathymetric and seismic surveys of the fan allowed
Piper & Savoye (1993) to reconstruct the flow of this turbidity current and to compare its
deposits with those sampled by piston cores, thereby constraining the nature of late
Pleistocene turbidity currents on Var Fan. Piper & Savoye (1993) provided evidence for
up to five different types of flow active in the late Quaternary evelution of Var Fan.
Sandy flows like the 1979 event had only limited spillover onto the VSR and were
characterized mostly by channel erosion and sand and mud deposition on the abyssal
plain. Holocene flows carrying both sand and mud flowed down the Western Spillover
Channel (Figure 5.27) and overbanked the eastern VSR depositing mud on the VSR and
sand and mud in the channel and on the abyssal plain. Sandy, erosive, Late Pleistocene
flows overbanked along almost the entire VSR, eroding the channel and VSR and
depositing sand and mud on the abyssal plain. Bankfull late Pleistocene flows displayed
limited spillover on the western VSR and covered the eastern VSR. These flows
deposited thin sands and mud on the eastern VSR and sand and mud on the abyssal plain.
Finally, thick muddy late Pleistocene flows covered the entire VSR and were responsible
for sediment wave deposition. These flows deposited only limited sand and mud in the
channel and mud on the VSR and abyssal plain.

By applying the cross-channel slope model of Komar (1969), Piper & Savoye
(1993) estimated that the average through-channel velocity of the flows responsible for
the deposition of the VSR was about 0.35 m s”'. Using the length of sediment waves and
the antidune model of Normark et al. (1980), the overbanking flows were estimated to
have thickness of several hundred metres on the VSR. This estimate along with the
channel relief suggested that through-channel flow thickness was greater than 500 m.
This information incorporated into the Chezy equation of turbidity current flow with Fi
estimated between 1-2, produced estimates of volume concentration on the order of 10%.
Using McCave & Swift’s (1976) equation for fine-sediment deposition and bed
thicknesses of tens of centimetres on the VSR, flow durations were calculated to be on
the order of a few days to weeks. Thus, the flows responsible for construction of the
VSR were thick, slow-moving, and of long duration according to Piper & Savoye (1993).
They further suggested that these flows were the result of hyperpycnal inflow of cold,
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sediment-laden water from the braided Var River which acted as a proglacial, meltwater
stream during the Pleistocene glaciation of the Alpes Maritimes.

5.4.2 Levee Architecture
Levee Stratigraphy

Line D8 crosses the middle fan valley and VSR and was used as a type section. In
line D8, six sub-bottom horizons could be identified, termed R1 through R6 (Figure
5.30). These reflectors formed the bounding surfaces of six depositional sequences, D1-
D6 (Figure 5.30). R6, R4, and R3 are equivalent to regional reflectors II, III, and IV,
respectively of Savoye et al. (1993). Above R4, the VSR consists of continuous,
moderately acoustically stratified sediments. Below R4, the sediments have weak
acoustic stratification and moderate continuity. Also below R4, is a package of short
discontinuous reflections. This acoustic character is very similar to the present channel
fill and it likely represents a previous location of the fan valley (termed C6 by Savoye et
al., 1993). R1 could be correlated to lines D7 and D9-D13; thus the character of the
depositional sequence between the sea floor and R1 could be mapped along the channel
(Figure 5.31). A fault cuts through the levee flank, offsetting reflectors by as much as 50
m. However, thinning of the depositional sequences continues uninterrupted except
within 1 km of the fault; thicknesses of the depositional sequences are not substantially
affected by this feature.

According to the paleogeographic reconstruction of Savoye et al. (1993), at the
time of R6 a leveed fan valley ran directly south of Var Canyon. During deposition of
DS5, between RS and R4, the leveed fan valley established its modern morphology,
trending east-west. In line D8, RS, R4 and R3 rise to form a levee crest adjacent to the
package of discontinuous, high amplitude reflections indicative of channel fill that lies
stratigraphically above R6. The geometry of the weakly stratified sediments and their
proximity to inferred channel fill suggests that this feature represents the former location
of a fan valley. Relief between the levee crest at R3 and the top of the channel fill is
about 40 m. The total thickness of this channel fill is approximately 120 m. Almost
immediately after deposition of R3, the sediments have continuous reflections above the
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buried channel feature, suggesting that the channel position changed abruptly, most likely
northward to near its present location (Savoye et al., 1993).

After deposition of R3, relief on the VSR increased, outpacing aggradation of the
channel floor. Presuming that the top of the buried channel is near the stratigraphic base
of the present channel, then no more than 100 m of sediment accumulated in the present
channel while over 400 m of sediment have accumulated on the VSR. If the base of the
modern channel corresponds to the change in acoustic character of the channel fill at
about the same stratigraphic position as base of the former fan valley (Figure 5.30) then
about 200 m of sediment have accumulated in the channel while 400 m of sediment
accumulated on the VSR. Above R3, the levee crest of the VSR shifted away from the
channel axis until after deposition of R1. After R1, the levee crest moved toward the
channel taking up its modern location. None of the three depositional sequences (DS1-
DS3) shows a significant change in thickness associated directly with this propagation of
the levee crest through time.

Horizon R1 in line D8 could be correlated to lines D7, D9, D10, D12, and D13
based on direct tracing and reflector character. In line D8, R1 appears about mid-way
between the modern channel floor and levee crest (Figure 5.30 and Figure 5.31). The
sediments above R1 thin away from the channel and grade laterally, showing good
acoustic stratification near the channel to becoming increasingly acoustically transparent
with distance from the channel. The relative position of R1 at the channel edge evolves
such that R1 is closer to the modemn channel floor moving downchannel (Figure 5.31).
By line D13, the stratigraphic position of R1 coincides with the elevation of the modern
channel floor.

The levee crest was defined in Chapter 2 as the stratigraphically highest point on
the levee dividing reflectors that dip away from the channel from those dipping toward
the channel. In line D8, this position moves away from the channel for horizons from R3
to just above R1 (Figure 5.30). Above about midway between R1 and the surface, the
levee crest moved toward the channel. This behaviour above R1 is better seen in line
D10 (Figure 5.32a) which shows that the outer levee crest formed the stratigraphically
highest point up to horizon a (Figure 5.32b). At horizon a, the inner and outer levee
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crests had about the same elevation; above horizon a, the inner levee crest increased in
elevation above the outer levee crest (Figure 5.32b).
Levee Architecture

The seismic profiles across the VSR were all collected at oblique angles to the
modern channel trend, although they tended to be more perpendicular than parallel to the
modern channel trend (Figure 5.28). Consequently the thickness patterns may represent
apparent channel-perpendicular variations, depending on the exact position and trend of
the channel through time. Savoye et al. (1993) suggested that the middle fan valley ran
east-west since deposition of R6 (II). Below R6, the channel ran south. The seismic lines
all run approximately northeast-southwest, thus if the channel was trending west they
cross the channel at a 45° angle to the channel trend. In the regression results presented
below, distances across-levee have been projected to distances perpendicular to the
channel trend (i.e., multiplied by cos(45°)) reflecting a truer representation of channel-
perpendicular behaviour of the thickness variations. The architecture of DS1 was
investigated at lines D7 to D13, covering a downchannel distance of 20 km. The
stratigraphic evolution of levee architecture was investigated at line D8.

The depositional sequences identified on line D8 all thin away from the channel
except for DS6. This depositional sequence shows a minimum thickness around 5 km
from the modern channel axis, a maximum thickness around 9 km from the modern
channel axis and then a relatively uniform thickness at distances greater than 10 km from
the channel axis (Figure 5.33). DS2 to DSS all show a relatively simple thinning pattern
except for DS3 which displays some thinning across a fault that cuts through the levee
flank. DS1 displays a distinct change in the rate of thinning also coincident with the
surface trace of the fault. The channel-proximal levee thins from about 200 m to 100 m
over a distance of less than 3 km; the distal levee thins from 100 m to 50 m over a
distance of almost 10 km. This change in thinning behaviour may be the consequence of
erosion of the levee flank or it may imply that DS1 has a composite nature, consisting of
two subunits with different rates of thinning.

The decay constant for DS2, DS3, and DS4 on line D8 shows little variation,
ranging between 8.2-9.5x10”° m™ (Table 5.8). The decay constant for DS1 is somewhat
greater at 13.5 x10” m™, but this decay constant may not be a suitable descriptor of
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thickness variations for DS1. The decay constant for DSS, k = 21 .0x10° m™ is about
twice that of the overlying depositional sequences. The thickness variations for DS6
could not be fitted to the exponential model.

Table 5.8. Summary of regression parameters for line D8 on Var Fan. DS = depositional
sequence, k = decay constant, 3k = 95% confidence limit around decay constant, 1, = y-
intercept of regression equation, &n, = 95% confidence limit around y-intercept, r =
correlation coefficient.

DS | kx10” | 8k x10” Mo M, r
@) | @ (m) (m)
1 13.5 1.0 252.1 234 0.97
2 9.2 0.7 205.1 14.2 0.96
3 9.5 1.2 188.6 232 0.89
4 8.2 1.6 97.8 14.2 0.81
5 15.6 1.2 191.1 21.0 96

The thickness of DS1 was measured at five additional cross-sections where it
shows a consistent pattern of thinning with increasing distance from channel axis (Figure
5.34). At lines D8 (Figure 5.33) and D10 (Figure 5.34), thickness variations proximal to
the channel are greater than thickness variations on the levee flank. Nevertheless, the
thickness variations as a whole could be fitted to the exponential model (Table 5.9).
Between D7 and D8, the decay constant decreases from 22.0x10° m™ to 11.2x10° m™.
From D8 to D13, the decay constant varies between 7.3-13.2x10° m™, generally
decreasing downchannel.

As noted for DS1 at line D8, the thickness variations for this sequence may be
better described by two regression equations: one equation for the proximal levee where
the spatial change in thickness is large and one equation for the levee flank where the
thickness variations are much more gradual (Table 5.10). The decay constant of the
proximal levee, k, is up to an order of magnitude greater than the decay constant for the
levee flank, k.

Asymmetry of the VSR is an extreme example of preferential deposition on one
side of the channel, but levee development did not proceed as an identifiable movement

of the levee crests or simple aggradation of the levee. The present relief of the VSR



Table 5.9. Summary of regression parameters for DS1 on Var Fan. See Table 5.8 for

explanation of symbols.
Line | kx10” | 8§k x107 Mo &, r
@) | @) | (m) (m)
D7 17.5 1.4 2533 27.6 0.96
D8 13.5 1.0 252.1 234 0.97
D9 10.1 0.8 187.8 14.8 0.96
D10 9.5 0.8 234.8 23.2 0.93
D12 44 0.6 112.8 8.2 0.84
D13 52 0.8 199.2 24.8 0.81

Table 5.10. Regression parameters for DS1 on Var Fan calculating different regression
equations for the proximal levee and levee flank. k, = decay constant for proximal levee,
k¢ = decay constant for levee flank, 8k, = 95% confidence limit around ki, 8k¢=95%
confidence limit around kg, r = correlation coefficient, y,¢ = distance from channel axis

between data used to calculate k, and data used to calculate k..

Line k, 8k, r Yot ke dke r
x10° | x10° (km) | x10° | x107
(m™) (m™) (m™) (m™)
D7 30.7 4.0 0.97 6.0 16.9 2.0 0.95
D8 34.8 5.8 0.97 6.0 10.5 0.6 0.98
D9 19.6 2.6 0.95 8.0 8.5 1.8 0.90
D10 214 1.8 0.98 8.0 5.8 0.8 0.86
D12 114 2.2 0.91 8.0 1.5 0.8 0.49
D13 12.5 1.2 0.95 14.0 0 na 0.02

(Figure 5.29) is a good approximation of the present elevation difference between
conjugate levees because little or no levee exists north of the channel. If this was true
throughout the development of the VSR, then the elevation difference between conjugate
levee crests increased through time as the VSR grew. Stratigraphic trends in cross-
channel slope are more difficult to assess because of the complex behaviour of the levee
crests. At line D8, the levee crests below R4 moved southeastward and appear to be
associated with the buried channel whose fill appears to widen through time. Above R4
and up to just above R1, the levee crests apparently associated with the modern channel
location continued to shift to the southeast as the levee grew. The coincidence of
increasing elevation differences with increasing distance of the levee crest from the
channel axis could produce a cross-channel slope that remained constant through time.
The modern levee crest appears to be the stratigraphically highest point on the levee and
this point lies
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several kilometres channelward of the underlying levee crest. This suggests that during
deposition of DS1, the cross-channel slope may have greatly increased.

Sediment waves developed on the VSR after deposition of R4 (Figure 5.35). The
waves are aligned oblique to the modern channel trend, having amplitudes of 10-50 m
and wavelengths from 1-7 km (Piper & Savoye, 1993). The stratigraphic development of
the sediment waves shows three phases (Figure 5.35 and Figure 5.38). During the first
(between R4 and R3) and second phase (above R3) of wave growth, the crests and
troughs of the waves moved upstream by about 500 m overall. Wave amplitude
increased to 15 m prior to R3 and then decreased to 7.5 m above R3 but below R1. The
change from increasing to decreasing wave amplitude marks the beginning of the second
phase of wave growth. During the final phase, the wave crests and troughs still moved
upstream, but the overall migration was less that in the first two phases, about 250 m.
Wave amplitude was relatively constant, but may have decreased around R1. The
decrease in wave amplitude is especially noticeable on the upstream limb of the
sediments waves. Throughout their stratigraphic development, wavelength shows little
variability.
5.4.3 Synthesis of Levee Architecture on Var Fan

Prominent patterns in levee architecture from Var Fan occur downchannel. In this
direction, the spatial decay constant, k, decreases as does the thickness of sediment at the
levee crest (Figure 5.36). The ratio of these two parameters, n,/k, defines the volume of
sediment contained within the levee per unit channel length, V. (m® m™). This value
shows a downchannel increase (Figure 5.37a). As noted by Savoye et al. (1993), the
levee growth on Var Fan appears progradational. The pattern in V,,. supports this
contention and captures this behaviour better than the analysis of thickness variations
along a single seismic profile. For example, if a seismic line ran down the levee crest
then no progradational thickness trends would have been surmised; the thickness of
sediment at the levee crest decreases downchannel (Figure 5.36b). However, the decrease
in sediment thickness occurs at a slower rate than the decrease in k so that V. ( = n,/k)
increases. Thus, the levee is progradational in the sense that more sediment is

incorporated into the levee at more distal locations.
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DS1 shows thinning patterns that suggest two separate rates of decay: one for the
proximal levee, k,, and another for the levee flank, k;. Calculation of these separate
decay constants shows that k; is between 10-20 x10° m™ greater than k; (Table 5.10) and
that both k;, and k, decrease downchannel (Figure 5.37b). The existence of two
distinguishable patterns in the across-levee thinning reflects a major change in the amount
and distribution of sediment within a depositional sequence. The boundary between the
two thickness patterns corresponds to a region of erosional truncation of reflectors above
R1. This erosion in part would explain the pattern. However, reflections above R1,
proximal to the channel display a strongly divergent internal geometry; the depositional
sequence may already have been quite thin before being removed by erosion. The change
in thickness patterns could, therefore, reflect a major change in the spatial decay of
thickness within DS1; a lower unit with a decay constant best reflected by k¢ and an upper
unit whose decay constant is larger (Figure 5.37c).

The possibility of DS1 representing a composite of two very different thinning
patterns is also suggested by the evolution of the levee crest. Between R3 and R, the
space between the levee crest and the modern channel fills with low to moderate
amplitude, sub-parallel reflections indicative of muddy overbank deposits. During this
time, the levee crest appears to have shifted away from the channel axis. At about
midway through DS1, the position of the levee crest moved toward the channel axis. The
potential change in thickness patterns within DS1 corresponds to the development of the
modern levee crest closer to the channel axis, suggesting different depositional geometry
for the upper portion of DS1 compared to the lower half of DS1.

Piper & Savoye (1993) used the sediment waves on Var Fan to constrain
interpretation of turbidity current flow thickness on the levee. They discounted the lee
wave model for sediment wave development using a Froude number argument. Fi’isa
direct function of slope (Middleton, 1966) and for the slopes on which the sediment wave
developed, of order 10 m km™', Fi would be greater than one, corresponding to
supercritical flow. Piper & Savoye (1993) stated that the lee wave model does not apply
for Fi< n", well within the region of subcritical flow. Using the antidune model, the
wavelengths ranging from 1-7 km suggest flow thickness on the levee of several hundred

metres, assuming Fi = 1. Strictly speaking, the antidune model and the flow parameters



231

Stratigraphic B y.ory,

- Position A B 4

% R1— Phase 3
a

® v

S A

3 Phase 2
Q

E R3—» X

()]

c

] Phase 1
aQ

o

g V¥V R4— v

Figure 5.38. Schematic depiction of sediment wave evolution for seismic
profile shown in Figure 5.35: A. wave amplitude; B. position of wave
crest, y,, or trough, y,.



232

predicted by it applies only to those stratigraphic horizons where the wavelength being

measured coincides with active wave growth. If upstream migration reflects wave

activity, then these estimates of flow thickness reflect conditions characterizing levee

development since R4 (Figure 5.38). However, if active wave growth must also include

increases in wave amplitude, then flows several hundred metres thick only characterized

the stratigraphic interval between R4 and R3. The decrease in wave amplitude and the

reduced upstream migration above R3 may reflect a change in the average character of
the overbanking flows, perhaps a decrease in flow thickness below that predicted by the
antidune model and the length of the sediment waves.

5.4.4 Key Features

1.

Var Fan with its straight, steep, highly asymmetric channel, is 2 medium-sized system
within a continuum of systems having a similar gross-scale morphology, larger than

Hueneme Fan and smaller than Laurentian Fan.

. An exponential model describes the variations in depositional sequence thickness

perpendicular to channel trend. In general, Var Fan consists of depositional sequences
with decay constants on the order of 10x10° m™.

. The nature of thickness variations of DS1 suggests that two separate equations may

describe the depositional sequence geometry of the proximal and distal levee. Decay
constants on the proximal levee were about three times greater than decay constants
for the distal levee.

. No stratigraphic trends occur in the value of the decay constant, parameterizing across

levee variations in depositional sequence thickness.

. The decay constants decrease downchannel. V,;. increases downchannel. The

elevation difference between conjugate levees decreases downchannel.

. While levee asymmetry developed due to preferential deposition on the Var

Sedimentary Ridge, recognizable levee crests on the VSR are difficult to identify,
because of the complex evolution of the levee above R3. Prior to about midway
between R1 and the surface, an inner and outer levee developed with the

stratigraphically highest point on the levee associated with the outer levee. After this
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time and up to present day, the inner levee crest became the stratigraphically highest
point.

7. Below R4, the levee developed levee crests that shifted away from the channel axis
coincident with an apparent increase in the width of channel fill.

8. Sediment waves show three phases of development. Phase 1 was characterized by
increase in wave amplitude and rapid upstream migration. Phase 2 continued the
upstream migration but wave amplitude first decreased and then stabilized. The final
phase of sediment wave growth saw a lessening in the rate of upstream migration and
little change in wave amplitude. Throughout sediment wave development, wavelength

remained virtually unchanged.

5.5 General Summary

This chapter has documented the levee architecture from three additional
submarine channel-levee systems, showing that some of the features initially found on
NAMOC (Chapter 3) and Hueneme Fan (Chapter 4) are more widely seen. First of all,
the levees of Reserve, Amazon, and Var fans all show thinning perpendicular to channel
trend that can be described by an exponential model and parameterized by a decay
constant, k. These decay constants tend to be uniform within a particular system, but
vary between systems from as high as 100x10”° m™ to 10-20x10° m™ for Amazon and
Var fans. With the data from NAMOGC, the total range of values that k takes can range
over two orders of magnitude from 1-100x10”° m™. These systems also show
downchannel thinning of sediment thickness at the levee crest that coincides with no
significant downchannel trend in the decay constant. Grain size data from Reserve Fan
(Normark & Dickson, 1976b) and Amazon Fan (Piper & Deptuck, 1997; Hiscott et al.,
1997; Manley et al., 1997) show that the levees consist of silty mud. Furthermore,
evidence from boreholes on Amazon Fan suggest that variations in lamina abundance do
not immediately correlate with the magnitude of k. Examination of these systems

supports the contention that levees tend to be uniform in composition whereas k varies by

orders of magnitude.



Chapter 6
Levee Architecture of Laurentian Fan

6.1 General Statement

Laurentian Fan, located seaward of Laurentian Channel off eastern Canada
(Figure 6.1), displays a great deal of diversity within a single depositional system,
perhaps more diversity than in any one of the other systems previously presented. The
system distinguishes itself from others in several ways including: 1) multiple, recently-
active fan valleys; 2) proximal glacial source; and 3) extremely deep and wide channels.
It also has features common to the other systems studied in this thesis, including straight
channels with large slopes (Hueneme, Reserve, and Var fans) and asymmetrical levees
(NAMOC, Hueneme Fan, and Var Fan). The general morphology of the upper fan is
different between the western and eastern sides of the system (Figure 6.2 and Figure 6.3).
A network of tributaries feeds Western Valley, like those feeding NAMOC, whereas
Eastern Valley receives sediment from a single channel that heads near the shelf break.
Laurentian Fan offers the opportunity to study levee architecture where, within a single
system, channel-levee morphology takes on radically different forms, perhaps owing to
the nature of sediment delivery to the fan. Also, the proximity of Laurentian Fan to a
major outlet for Laurentide ice during the Pleistocene, i.e., Laurentian Channel, suggests

that its architecture may respond to ice sheet dynamics.

6.2 Data Set

The main data set for the investigation of Laurentian Fan consists of 40 in’ airgun
seismic and sparker reflection profiles collected over the past three decades and made
available by the Geological Survey of Canada Atlantic (Figure 6.2). The sparker data
have a vertical resolution of < 20 m with navigation fixes estimated to be accurate within
+150 m. The airgun data have a vertical resolution of < 10 m with navigation provided
by LORAN C and transite satellite for cruises prior to 1992 (accuracy +150 m) and by
GPS (accuracy +5 m) after this time. In addition, recent cores and high resolution 3.5
kHz data provide some groundtruth for the sediments imaged by the seismic data. These
data are augmented by GLORIA, SeaMarc, and SAR sidescan sonar and SeaBeam
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Study Area

Figure 6.1. General map of the continental margin off Nova Scotia showing
the location of Laurentian Fan and the study area.
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Figure 6.3. Detailed bathymetry of Laurentian Fan (after Hughes-Clarke,
1988). Contour interval is 100 m.
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bathymetry of selected areas of the fan that have been reported elsewhere (e.g., Masson et
al. 1985, Hughes-Clarke, 1988; Hughes-Clarke et al., 1989; Piper et al., 1998a,
submitted). Sparker data collected in 1978 were presented by Piper & Normark (1982).
These workers developed an acoustic stratigraphy of the fan that has been used and
extended in the present study.

6.3 Setting of Laurentian Fan

Laurentian Fan occurs off the eastern Canadian continental margin (Figure 6.1),
bounded to the north and east by the Grand Banks of Newfoundland. It lies seaward of
Laurentian Channel, a glacially-excavated trough with an average water depth of 400 m,
about 300 m greater than the regional water depth of the continental shelf. Laurentian
Channel acted as a major outlet for continental ice sheets centred in eastern Canada (e.g.,
Piper et al., 1990). Consequently, fan growth recorded the complex interaction between
ice sheet dynamics and sediment supply.

6.3.1 Channel Morphology

The channel system on the continental slope and upper fan shows two different
forms (Figure 6.3). Eastern Valley heads near the present shelf break in water depths of
around 400-500 m and extends as a continuous feature to water depths in excess of 4500
m. Both east and west of Eastern Valley, a complex network of tributaries drain the
continental slope. In the west, this network includes drainage from the continental slope
off Laurentian Channel and perhaps Banquereau (Figure 6.1) and a system of tributaries
that merge into Central Valley and appear to feed from Eastern Valley (F igure 6.3). In
the east, drainage from the continental slope off St. Pierre and Whale banks (Figure 6.1)
first merges into a single valley, informally termed Grand Banks Valley by Masson et al.
(1985) and Hughes-Clarke (1988), and then joins Eastern Valley around the 3900 m
isobath (Figure 6.3).

Eastern Valley has relief up to 900 m. The relief of the western levee increases
from 300 m to 900 m at about 180 km from the shelf break and then gradually decreases
to 200 m around 300 km from the shelf break (Figure 6.4). Width of channel floor is
about 25 km and remains uniform over nearly 200 km after which point, near the 4400 m
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isobath, an inter-channel high splits Eastern Valley into two segments (Figure 6.3). The
distance between levee crests is also uniform and averages 40 km. The western levee of
Eastern Valley (WLEV) is higher than the eastern levee of Eastern Valley (ELEV) by as
much as 700 m. Grand Banks Valley joins Eastern Valley around the 4100 m isobath. Its
relief increases from 150 m to 400 m between the 3200 m and 3700 m isobaths and then
decreases back to 150 m between the 3700 m and 4100 m isobaths (Figure 6.3). Grand
Banks Valley has channel relief that is notably less than the adjacent Eastern Valley,
although the channel slopes are similar at about 10 m km™.

Western Valley is smaller than Eastern Valley with a maximum relief of less than
600 m (Figure 6.3 and Figure 6.5). The channel floor of Western Valley is narrower than
Eastern Valley, with widths around 10-15 km. Near the 4100 m isobath, Central Valley
joins Western Valley. Relief of Central Valley decreases from greater than 400 m above
the 3700 m isobath to 100 m at the 4100 m isobath. The network of tributaries feeding
Central Valley appear to head on the western levee of Eastern Valley and may be
spillover channels that tapped flows moving through Eastern Valley. If so, the lower part
of Western Valley, > 4100 m, receives drainage originating though Eastern Valley and
drainage from the western continental slope off Laurentian Channel. The downchannel
slope of Western Valley decreases from 40 m km™' at 30 km from the shelf break to about
10 m km™ at 100 km form the shelf break. After this point, slopes vary between 5-10 m
km™ for the next 200 km.

6.3.2 Previous Work on Geology of Laurentian Fan
General Quaternary Stratigraphy

The most prominent event in the evolution of Laurentian Fan was the re-
organization of the channel pattern from a single leveed fan valley to the present multiple
fan valleys some time in the Quaternary. Piper & Normark (1982) suggested that the re-
organization occurred in response to the glacial excavation of Laurentian Channel. A
distinct reflector in multi-channel seismic records, horizon L, was identified by Uchupi &
Austin (1979) as the base of Laurentian Fan, separating pelagic sediments from
terrigenous turbidites. Piper & Normark (1989) tentatively dated horizon L as Late
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Pliocene or older based on samples recovered from sea floor outcrops by DSRV Alvin.
The base of the Late Pliocene also represents the start of turbidite deposition in Deep Sea
Drilling Project Site 382 from the margin of the Sohm Abyssal Plain (Tucholke et al.,
1979). Above L, Piper & Normark (1982) mapped two regional reflectors, A and Q, and
subdivided the evolution of the fan into several phases. From L to A, a single, leveed fan
valley existed on Laurentian Fan. From the locations of buried levees below A, these
workers suggested that the channel followed the modern trend of Eastern Valley.
Between A and L, thickness variations appear on east-west (strike) lines but the thickness
remains relatively uniform on north-south (dip) lines (Piper & Normark, 1982). Above
A, the first evidence exists for multiple fan valleys. Piper & Normark (1982) suggested
that Central Valley originated as a spillover channel from Eastern Valley while Western
Valley was fed from the continental slope off Laurentian Channel. Thickness patterns in
the section above A show little variation in both across- and downfan directions, except
where removed by erosion north of 44°N and across pre-existing relief (Piper &
Normark, 1982).

General Late Quaternary Stratigraphy

The late Quaternary stratigraphy of Laurentian Fan revealed by shallow (<30 m)
piston cores can be generally divided into units by sediment colour and core location.
Understanding of this stratigraphy is primarily the result of work by Stow (1977) who
investigated piston cores on the middle fan between the 3500 m and 4000 m isobaths.
Sediments flooring the fan valleys consist of sands and gravels. The levees commonly
show two stratigraphic units: reddish-brown, muddy turbidites commonly with a basal silt
lamina or laminae and olive-grey, bioturbated silty mud. The red sediments are generally
considered to be Pleistocene in age, supplied by the glacial erosion of Carboniferous red
beds in the Gulf of St. Lawrence. The olive-grey mud represents hemipelagic deposition
(e.g., Hill, 1984) with the uppermost occurrence of olive-grey mud interpreted to be of
Holocene age.

Recent work by Piper & Skene (1998) detected the presence of detrital carbonate
beds on Laurentian Fan which radiocarbon dates bracket between 14.5 ka and 14 ka. The
event appears to correlate with the episodic discharge of icebergs through Hudson Strait,
termed Heinrich events (e.g., Bond et al., 1992; Dowdeswell et al., 1995). These beds
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occur above the reddish-brown muddy turbidites, suggesting that the turbidites pre-date
14.5 ka. One core examined by Piper & Skene (1998) from the eastern levee of Eastern
Valley penetrates the entire section of reddish-brown muddy turbidites. It shows that
they are underlain by a second gravelly-mud unit, rich in detrital carbonate that may
correspond to H2 (Heinrich event 2) which dates from 21 ka. If so, then the succession of
reddish-brown muddy turbidites typically sampled in shallow piston cores from
Laurentian Fan represents deposition starting just before the glacial maximum and
terminating before 14.5 ka. Within the turbidite unit, thin intervals of olive-grey
sediment, typically less than 0.05 m, interrupt the otherwise monotonous succession of
reddish-brown sediments (Stow, 1977). These units resemble the overlying Holocene
hemipelagic sediments and may reflect cessation of turbidite deposition.

6.3.3 Nature of Turbidity Currents
Sediment Delivery

Sediment delivery to the continental slope off Laurentian Channel potentially
occurred due to glacio-marine processes including transport by proglacial, englacial, and
supraglacial meltwater, ice-rafting, and even ice-contact deposition. The magnitude of
sediment delivery, as in any glacial system, is difficult to gauge precisely, but can be
indirectly estimated from the amount of sediment incorporated into the fan. The volume
of sediments comprising the fan is estimated at 10%-10" m?, deposited since the middle
to late Pliocene, yielding an estimate for sediment delivery of 10°-10" m’ yr": equal to or
perhaps greater than the sediment delivery estimated for NAMOC using the same type of
calculation (Chapter 3). Sediments recovered from the channel floors and observed
during submersible dives suggest that a wide range of grain sizes are supplied to fan,
from gravel to clay (Stow, 1977; Hughes-Clarke et al., 1989).

Initiation

In 1929, a magnitude 7.2 earthquake with its epicentre located on upper St. Pierre
Slope (Figure 6.1) instantaneously broke several deep-sea telegraph cables on the upper
continental slope (Heezen & Ewing, 1952; Hughes-Clarke, 1988). The event also
produced cable breaks at progressively greater distances downslope and at successively

later times. The instantaneous cable breaks were attributed to sediment failure caused by
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the earthquake. The delayed cable breaks were interpreted to have resulted from the
downslope flow of a turbidity current spawned by upper slope sediment failure. This
turbidity current eroded the channel floors, thereby increasing its sediment load and
excess density and promoting acceleration, a process termed ignition (Parker et al., 1986).
From high resolution sidescan sonar on the upper St. Pierre Slope, Piper et al. (1998a,
submitted) reconstructed the evolution of the seismically triggered slump into a turbidity
current, suggesting that fluid entrainment associated with a hydraulic jump was
responsible for the generation of a turbidity current. Furthermore, they argued that
drainage of the upper slope by debris flows would occur, not instantaneously, but over 2
finite time period. Thus, the feeding of turbidity currents by debris flows could
potentially take place over a prolonged period. While loading by an earthquake was
responsible for the 1929 Grand Banks event, sediment failure of upper slope sediment
supplied by ice-rafting, meltwater or grounded ice may have been active during the
Pleistocene (Piper & Normark, 1982).

A completely separate initiation mechanism for turbidity currents on Laurentian
Fan is associated with episodic outbursts of subglacial meltwater (Piper et al., in prep.).
Based on isotopic evidence for meltwater dilution in the Gulf of Mexico, Emiliani et al.
(1978) proposed that massive floods emerged from beneath the Laurentide ice sheet near
the end of the Late Wisconsinan glaciation. Shaw & Kvill (1984) and Shaw & Sharpe
(1987) interpreted many glaciogenic features on land to have resulted from the flow of
subglacial, sediment-laden water rather than ice. Such floods might generate hyperpycnal
inflows and may have been responsible for the molding of gravel waves on the floor of
Eastern Valley.

Flow Parameter Estimates

For the 1929 event, the known distances between cables and the elapsed time
between cable breaks has been used to establish average flow velocities (Heezen &
Ewing, 1952). These data suggest velocities of 10 m s't020m s™. The nature of the
flow and its deposits have been studied in detail using sidescan sonar and submersible
observations (e.g., Hughes-Clarke, 1988; Hughes-Clarke et al., 1989). Erosional
trimlines on the walls of Eastern Valley suggest that the flow increased in thickness
downstream from about 150 m to as much as 300 m (Hughes-Clarke, 1988). Using the



245

Chezy equation for velocity of a turbidity current, estimates of flow thickness from
trimlines and velocity estimates from cable breaks, Hughes-Clarke (1988) calculated
volume concentrations between 0.04 and 0.06. These data can be combined to estimate a
sediment discharge which in turn yield estimates of flow duration ranging from 4-11
hours (Hughes-Clarke, 1988). The sediment budget for the 1929 event also shows that
the volume of sediment contained in the turbidite (< 200x1 o’ ms) does not account for
more than 20x10° m® of mud (Piper & Aksu, 1987) which was possibly advected south in
the Western Boundary Undercurrent (Piper & Aksu, 1987; Hughes-Clarke, 1988).

The 1929 event was a fast-moving, thin, high concentration flow that did not
apparently overtop the levees of Eastern Valley. Such a flow is very different than the
thick, slow-moving, low concentration, Late Pleistocene flows suggested by Stow &
Bowen (1980) from analysis of laminated muds collected from the levees. For these
flows, the analysis of Stow & Bowen (1980) suggested velocities of 0.1-0.15 m s with

volume concentrations of 107 to 10™* and durations of several days to weeks.
6.4 Levee Architecture of Laurentian Fan

6.4.1 Levee Stratigraphy

Prominent reflectors were identified on WLEV (Figure 6.6) and correlated
throughout the available seismic data. In order of increasing sub-bottom depth these
reflectors are O, Q, B, and A. A and Q are the same horizons as were originally defined
by Piper & Normark (1982). At the type section location, the seismic profile consists of
alternating packages of acoustically transparent and acoustically well-stratified
sediments. Horizon A occurs at the top of a thin package of acoustically well-stratified
sediments that is overlain by more acoustically transparent sediment. The transparent
package is overlain by another thin package of acoustically well-stratified sediments, the
top of which corresponds to horizon B. The pattern is repeated above horizon B with
horizon Q identified at the top of an acoustically well-stratified interval. Horizon O
occurs at the base of weakly acoustically stratified to acoustically transparent sediments.
Between Q and O, the sequence appears weakly acoustically stratified throughout. In
general, each horizon on WLEYV tends to be flat-lying, with the only significant relief
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associated with a hinge line (Figure 6.6) identified by Piper & Normark (1982). The
thinning of depositional sequences across the hinge line represents the only significant
across-levee change in thickness on WLEV. At the resolution of the data, the levee
sequence of WLEV appears conformable.

The reflectors were correlated across the channels based on reflector character and
stratigraphic position. Horizon A was identified on a multi-channel seismic line
(GADO008) where it could be traced from the western levee of Western Valley (WLWYV)
to the western edge of Eastern Valley (Figure 6.7a, b). Horizon L could be identified
under the western levee of Western Valley by correlation with data of Piper & Normark
(1982) and Uchupi & Austin (1979). An additional reflector, horizon L', was identified,
which overlies horizon L and represents the stratigraphic change from continuous high
amplitude reflections to lower amplitude reflections on WLWYV. On approaching
Western Valley, horizons L and L' merge (Figure 6.7a). Horizon A was correlated across
Eastern Valley on the basis of reflector character and relative stratigraphic position above
L' (Figure 6.7b,c).

This multi-channel seismic line, GAD008 (Figure 6.7), provides a clear picture of
the large-scale structure of Laurentian Fan. The section between L' and A doubles in
thickness across Eastern Valley (Figure 6.8). Above horizon A, sediment thickness on
WLEV and WLWYV is everywhere greater than on ELEV. Thickness of sediment
between horizons A and Q is about the same on WLEV and WLWYV; however, above Q,
the sediment thickness of WLWYV is greater than on WLEV, suggesting a westward shift
of the locus of maximum sediment accumulation. These patterns suggest that the western
side of Eastern Valley has always been the preferential site for sediment accumulation;
however, after horizon Q, the western levee of Western Valley received more sediment
than western levee of Eastern Valley.

A single-channel airgun seismic profile across WLEV near GAD003 (Figure 6.9)
shows a similar, but higher quality, image of the acoustic stratigraphy compared to the
sparker (Figure 6.6) or multi-channel data (Figure 6.7b) . It shows the same alternation
between acoustically well-stratified and acoustically poorly stratified sediments and the
same relative thickness between reflectors. In this case, correlation across the hinge line

is easier and shows that the thinning of depositional sequences associated with this
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Western levee of Western levee of Eastern levee of
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Figure 6.8. Comparison of sediment thickness at crest of fan valleys on
Laurentian Fan showing the predominance of sediment accumulation west
of Eastern Valley since horizon L' and the shift of maximum sediment
accumulation to west of Western Valley since horizon Q.
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feature is greatest for the interval between horizons B and Q.

Single-channel airgun data across ELEV (Figure 6.10) close to GADC08 show
that this levee has an acoustic character similar to WLEV (Figure 6.6 and Figure 6.9).
Again, the levee consists of alternating sequences of acoustically well-stratified sediment
and poorly acoustically stratified to transparent sediment. This section also shows several
erosional events that post-date horizon A (denoted by arrows in Figure 6.10). The oldest
and most significant (i.e., greatest relief) of these occurs about midway between horizons
A and B. The erosion appears focused close to the channel. After the erosional event,
sediments filled the space apparently created by this channel-widening erosion, first
onlapping (labeled OL in Figure 6.10) the relief and then draping it. The next major
erosional horizon corresponds to horizon B. Its relief is less than the underlying erosional
event, but it is likewise overlain by reflectors that are continuous across the erosional
relief. Between B and Q, a package of acoustically well-stratified sediment was
deposited that shows only minor evidence for erosion, which is focused above the
inflection point in horizon B. Horizon O also corresponds to an erosional horizon. Its
relief is mostly inherited from the prexisting topography, and its erosional nature is
mainly indicated by hyperbolic returns, indicating a rough surface. These hyperbolic
echoes also characterize the seafloor returns suggesting relatively recent erosion of
ELEV. The erosional character of ELEV does not extend far from the channel. Away
from the channel (toward the east in Figure 6.10), the levee consists of a conformable
succession at the resolution of the data. In Figure 6.10 one can see the abrupt transition
from eroded levee to conformable levee sediments.

A feature, grossly similar to the hinge line seen on WLEV (Figure 6.9), occurs on
ELEV (Figure 6.11). The relief on this feature, unlike the hinge line, appears to coincide
with erosion at horizon B that truncates a package of flat-lying reflectors. It is somewhat
similar to the erosion seen near Eastern Valley (Figure 6.10), but this surface appears
related to erosional downcutting associated with a subsurface debris flow (Figure 6.12).
This debris flow appears to erosionally truncate horizon B and thus post-dates this
reflector. A second debris flow occurs above horizon Q (Figure 6.12).

ELEYV also has a prominent toplap surface (Figure 6.13) that occurs downfan of
the confluence between Grand Banks Valley and Eastern Valley. Stratigraphically, the
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Figure 6.12. Sleevegun seismic profile across ELEV showing debris
flows above horizons B and Q. Location given in Figure 6.2.




257

‘79 2ng1y ul udAI3 uones0]
‘g uozuoy e dejdoy Suimoys AFTH Suoje ajyyoId owusias undiry “¢[°9 an3iy

—0029
009¥—
| V— _§ 00S¥—-0009
g uozyoy
jsulebe deydoy 100y —
$10}09}j0y —008G

g uozioy eAoqe T e N 1
sJojo8)yal jo dip R _ . . = Gt 0020095
uj ebueyd Jolep L Sl RS : :

—00YS
(sw)
LimL

' (w)
uinos ypop Wdsq@




258

surface coincides with horizon B, marking an abrupt change in the regional dip of
reflectors. Below B and including horizon A, reflectors dip southward at 12 m km™.
Above horizon B, the dip of reflectors decreases by about half to 5 m km™. In contrast,
dip lines along WLEV and WLWYV display sub-parallel reflectors, gently dipping south
(Figure 6.14 and Figure 6.15).

On WLWYV, the regional stratigraphy could be correlated into four of five
channel-perpendicular cross-sections spanning a distance of 140 km down Western
Valley (Figure 6.2). At cross-sections 3 (Figure 6.16) and 4, two additional horizons
were correlated, G and P, refining the stratigraphy of the sequence above horizon O. At
cross-section 3 on WLWYV, which has a similar acoustic stratigraphy to cross-sections 4
and 5, horizons A and B appear as low relief reflectors, consisting of moderate amplitude
reflections. The interval between A and B, like on WLEV and ELEV, spans acoustically
transparent to weakly acoustically stratified sediment. Horizon Q at this cross-section has
moderate relief. The interval between B and Q shows two phases of development. The
basal sequence unit consists of subparallel, low amplitude reflections that is qualitatively
similar to the underlying interval between A and B. The overlying sequence shows relief
development. This relief appears to be predominantly depositional and may reflect the
growth of sediment waves. The interval between Q and O also can also be divided in two
sequences, based on reflection amplitude and topographic relief. The basal sequence
comprises low amplitude reflections and shows some evidence for upslope migration of
the wave forms. The overlying sequence consists of high amplitude reflections; the wave
forms still show evidence for upslope migration, but wave amplitude decreases upsection
until only subtle relief exists at horizon O. Horizon O returns hyperbolic echoes in
some places, suggesting increased surface roughness probably due to erosion. Above O,
the sediments appear acoustically well-stratified. No significant change in acoustic
character differentiates the intervals between O and P, P and G, and G and the seafloor.

At cross-section 2 on WLWYV, only horizon O and Q could be confidently
identified (Figure 6.17). Horizon Q at cross-section 2 has low relief, markedly different
from its character at cross-section 3. The observable sequence above Q is no more than
150 m thick, substantially thinner than at cross-section 3 where this same interval is
around 300 m thick. Direct comparison of thickness is hampered by the limited data
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Figure 6.14. Sleevegun seismic profile along WLEV. Location
given in Figure 6.2.
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Figure 6.15. Sleevegun seismic profile along WLWV.
Location given in Figure 6.2.
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Figure 6.17. Sleevegun seismic profile of WLWYV at cross-section 2.
Location given in Figure 6.2.
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coverage and the erosive character of the levee crest at cross-section 2. The simplest
interpretation of the change in thickness between cross-sections 2 and 3 is that the
sediment eroded from the levee crest at cross-section 2 was deposited at cross-section 3
and beyond. However, the levee becomes depositional at a distance of 15 km from the
channel axis, only 5 km from the eroded levee crest, and the thickness of sediment above
Q at this location is approximately 150 m. At cross-section 3, the sequence above Q is
not observed to decrease to a thickness of 150 m where the levee is depositional.
Projecting the spatial rate of thinning for the interval above Q suggests that this interval
would be around 150 m thick at distances more than 50 km from the channel axis. While
it cannot immediately discount erosion as an important factor in the downchannel channel
increase in thickness, the geometry of the levees tends to support the contention that the
increase in sediment thickness between cross-section 2 and 3 is accounted for by more
than just erosional removal of sediment.

On WLWYV at cross-section 2, the stratigraphy below horizon Q is masked by the
presence of a debris flow (Figure 6.17). The debris flow thickens to the west (Figure
6.18) where it can be tentatively placed above horizon B. A surface debris flow is
apparent near cross-section 2 which, while smaller than the subsurface example, has
similar acoustic character. This debris flow also thickens westward. Beneath horizon Q,
the reflectors have high relief (labelled relief development on Figure 6.17) which may be
sediment waves, an artifact in the data, or result from the presence of gas in the
sediments.

High quality 3.5 kHz profiles were analyzed at cross-section 2 and 3 in order to
quantify the near surface geometry of levee architecture. A sub-bottom horizon, R1,
could be directly correlated between the cross-sections. At cross-section 3 (Figure 6.19),
this horizon occurs within an otherwise acoustically transparent interval above a distinct
package of acoustically well-stratified sediments. Above R1, the sediments are
moderately acoustically stratified. At cross-section 2 (Figure 6.20), the sediments above
R1 also show moderate acoustic stratification. Beneath R1, the distinct package of
acoustically well-stratified sediment has substantially lower amplitude.

Four cores from Laurentian Fan were chosen to constrain the late Quaternary

stratigraphy and sedimentology of the levees (Figure 6.21). Three of these cores, MD95-
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Figure 6.18. Sleevegun seismic profile of WLWYV near cross-section 2
showing debris flows. Location given in Figure 6.2.
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Figure 6.20. 3.5 kHz profile of WLWYV at cross-section 2.
Location given in Figure 6.2.
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Figure 6.21. Summary descriptions of selected piston cores. Correlations based on

sub-bottom occurrence of marker beds including brick-red sandy muds, light grey,

gravelly muds rich in detrital carbonate, and intervals of bioturbated, olive-grey

silty mud within the reddish-brown laminated muds.
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2029 (core 2029), 92029-069 (core 069), and 92069-070 (core 070) form an east-west
transect across Laurentian Fan, each sampling sediments from a levee crest (Figure 6.2):
core 2029 was collected from the crest of ELEV, core 069 was collected from the crest of
WLEYV, and core 070 was collected from the crest of WLWV. Core 070 coincides with
cross-section 4. The fourth core, 96029-072 (core 072) samples the flank of WLWYV at
cross-section 2.

Core 2029 is the longest piston core collected from Laurentian Fan, penetrating
over 30 m below the seafloor, although coring disturbance may have expanded muddy
sections by as much as 50%. The stated sub-bottom depths for core 2029 are uncorrected
for possible disturbance. In its upper 16 m, core 2029 has three major lithologic units,
interspersed with several key marker beds (Figure 6.21). The uppermost lithologic unit
consists of olive-grey, bioturbated silty mud, generally thought to reflect Holocene
hemipelagic deposition on the eastern Canadian continental margin (e.g., Hill, 1984).
The middle unit consists of olive-grey mud with several fine sand beds. Within this unit,
three marker beds occur. Two of these are brick-red sandy muds and the third is a light
grey, sandy mud, rich in detrital carbonate. Reddish-brown muddy turbidites, many with
basal silt laminae, compose the third unit in core 2029. This unit extends from about 8.2
m to 27 m in core 2029. Within the turbidite unit, thin intervals of bioturbated, olive-
grey silty mud occur that divide the reddish-brown turbidites into discrete units.

The marker beds allow for a detailed correlation between the cores, showing two
major features. Correlation of the thin hemipelagic units within the reddish-brown
turbidite succession suggests that the uppermost sequence of turbidites thickens to the
west. It is 3-4 m thick in cores 2029 and 069 and over 6 m thick in cores 070 and 072.
These cores along with those presented by Stow (1977) suggest that deposition of
reddish-brown, fine-grained turbidites was widespread and represents deposition between
21 ka and > 14.5 ka, spanning the last glacial maximum and early deglacial period (Piper
& Skene, 1998). Correlation of the ice-rafted deposits suggests that the late deglacial
history of Laurentian Fan, i.e., post 14.5 ka, displayed a complex interplay between shifts
in sediment source and changes in depositional mechanism.

Turbidite deposition on Laurentian Fan represented by the laminated reddish-

brown muds does not show any significant change within the section sampled by piston
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cores. For cores 069, 070, and 072, in lieu of measuring bed thickness, the number of
laminae per metre was tabulated in order to investigate possible trends in turbidite
character (Figure 6.22). These data show that sediment character in terms of laminae per
metre is uniform down core 069, slightly more variable down core 070, and shows a
weak increase down core 072.

The same uniformity in sediment character appears in grain size analyses (Figure
6.23). For core 2029, core 010, and core 011, selected grain size analyses performed by
Schell (1996) are presented. In all these analyses, the grain size spectra are similar,
suggesting no major changes in the grain size of the levee sediments. In a more detailed
study of grain size variations in these and other cores from Laurentian Fan, Schell (1996)

reported no major downcore trends.

6.4.2 Stratigraphic Evolution

From horizon L to A, Laurentian Fan had a single leveed fan valley that followed
the trend of the present Eastern Valley (Piper & Normark, 1982). Within Eastern Valley,
acoustically stratified, intrachannel highs exist, suggesting that Eastern Valley was
narrower that at present (Piper & Normark, 1982). Even with the erosional widening of
Eastern Valley, the relative elevation difference of horizon A across Eastern Valley
places an upper limit of 400 m on the elevation difference between conjugate levees
around A. This substantial asymmetry could be entirely due to the action of the Coriolis
force, as has been suggested on Var Fan (Savoye et al., 1993; Piper & Savoye, 1993).
Although erosional widening of the channel has removed the eastern levee crest, the dip
of reflectors suggests that it would not have been much less than 300 m below the
western levee crest. Beneath the present western levee of both Eastern and Western
Valley, the levee sediments deposited between L and A consist of acoustically transparent
material that thins to the west. The sediments beneath the eastern levee of Eastern Valley
have a similar acoustic character and thin eastward. Above A, ELEV has 500 m of
sediment compared to over 1 km of sediment beneath WLEV and 900 m of sediment
beneath WLWYV. Sediment accumulation was focused to the west in accordance with
either deflection of flows by the Coriolis force or bottom currents. Comparison of any

particular interval shows that preferential sediment accumulation west of Eastern Valley
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persisted throughout the history of the fan, but may have moved from WLEV to WLWV
above Q.

Between horizons A and B, the sediments accumulated without a significant
stratigraphic change in character. Beneath WLWV, WLEV, and on the distal portion of
ELEV the sediments appear acoustically transparent to weakly stratified. Relief
developed on horizon A created a hinge line on WLEV. Piper & Normark (1982)
interpreted the thinning of depositional sequences across the hinge line to be the result of
local flow acceleration and reduced deposition. Such an interpretation suggests that
flows originated from Eastern Valley. Another notable feature associated with Eastern
Valley is the presence of a prominent erosional horizon adjacent to the channel (Figure
6.10). This erosion appears to have removed channel-proximal sediment, leaving a high
relief surface during the time between A and B that was filled by onlapping and then
draping sediments. The acoustic character of the onlapping sediment fill suggests sandier
sediments. Above this, a package of continuous, low amplitude reflections overlies the
erosion surface, suggesting a return to deposition of predominantly muddy sediments. At
horizon B, the ELEV displays a toplap relationship with underlying reflectors (Figure
6.13) which suggests a major reorganization of depositional patterns at least for the
eastern side of Laurentian Fan. This change could correlate with the formation of Grand
Banks Valley.

The interval between B and Q displays several events. Just above B, a debris flow
is found on the flank of WLWYV and could be associated with the initial excavation of
Western Valley. On WLWYV, the interval between B and Q below the confluence of
Western Valley with Central Valley shows the development of local relief that could be
sediment waves. These wave forms appear to migrate eastward suggesting that the were
sourced from flows originating to the east and may represent the initial deposition
associated with flow down Western Valley. Beneath WLEV, the interval between B and
Q is almost identical to the underlying sequence between A and B. The hinge line
continued to be the only major influence of depositional patterns. On ELEV, horizon B
corresponds to a erosional event similar to that seen between horizons A and B. This

event did not create as much erosional relief as the previous episode.
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Between horizons Q and O, the irregular relief on WLWYV gradually lessened
until it was essentially removed by erosion at O. The interval between Q and O displays
a distinct change in reflection amplitude that correlates with the decrease in wave
migration. The relief developed on horizon Q decreased only slightly within the low
amplitude interval, but lessened substantially within the overlying, higher amplitude
sequence. Active migration of the wave forms characterized the low amplitude zone;
during deposition of the high amplitude reflections, movement of the wave forms
lessened substantially and their relief gradually diminished. Again, WLEV showed no
change in depositional character. Between Q and O on ELEV, deposition continued to
influenced by erosional events that appear to have removed channel proximal sediments.
These events did not create the same level of erosional downcutting, suggesting less
powerful flows.

Above horizon O, the levees continued to aggrade. On both WLWYV and WLEV,
depositional sequence above O consists of weakly to moderately acoustically stratified
sediments. The relief on WLWYV created by sediment waves below O propagated
upsection, but no evidence for wave migration or increases in wave amplitude is seen.
Thus the flow conditions responsible for sediment wave growth did not characterize
flows above O. Erosional events still appear to have affected the architecture of ELEV,
but these events have even less downcutting than the underlying interval between Q and
O, suggesting a continued decrease in flow power, perhaps because levee aggradation
increased channel depth, tending to contain more of the erosive portion of flows within

the channel.

6.4.3 Levee Architecture
Thickness Patterns
Thickness patterns on the levees of Laurentian Fan were investigated for the
western levee of Western Valley (WLWYV) at four cross-sections. Architecture was
studied at the highest possible resolution allowed by the available data. At cross-sections
2 and 3, this meant the investigation of 3.5 kHz profiles. However, because high quality
3.5 kHz data were not available for each cross-section, the airgun data were also used to

characterize levee architecture above horizon Q. For cross-sections 3 and 4, the
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stratigraphy could be refined to include horizons G and P. The thickness patterns
identified in the airgun data are for the interval between O and the seafloor for cross-
sections 2 and 5 and for the interval between G and the seafloor at cross-sections 3 and 4.

The depositional sequence between R1 and the seafloor was identified in 3.5 kHz
data from cross-sections 2 and 3 (Figure 6.24a,b). These data show that the near-surface
sediments thin away from the channel axis. The regression data show that this thinning
conforms to an exponential trend (Table 6.1). The decay constant, k, and thickness at the
levee crest, 1., both increase between cross-section 2 and 3.

The thickness patterns for two depositional sequences were quantified. The first
depositional sequence lies between horizon G and the surface. It could be identified at
cross-section 3 and 4. Like in the high resolution data the depositional sequence thins
with increasing distance from the channel axis. For this sequence, however, the thinning
appears to be more linear than exponential (Figure 6.24c, d). Nevertheless, the data could
be adequately fit by the exponential model (Table 6.2) and such was done so as to retain
consistency between systems. Even though the interval between horizon G and the
seafloor is more than twice as thick at the levee crest than the high resolution depositional
sequence, the value of k is not statistically different at the 95% confidence level (compare
Table 6.1 and Table 6.2). Between cross-sections 3 and 4, the decay constant for the
interval between horizon G and the seafloor is not statistically different while 1

decreases.

Table 6.1. Summary of regression parameters calculated for thickness patterns in 3.5 kHz
data. k =decay constant, 8k = 95% confidence limits around decay constant, n =y-
intercept of regression equation, 5n = 95% confidence limits around y-intercept, r =
correlation coefficient, y;. = distance from channel axis to levee crest, n,. = depositional
sequence thickness at levee crest.
Section k Sk n on r Yic Nic
x10° | x10° | (m) | (m) (am) | (m)
@) | (m?)
1.5 0.2 34.9 2.1 095 |[-1033| 299
23 0.4 47.5 2.1 095 |[-11.38| 36.6

W N
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Table 6.2. Summary of regression data for thickness variations between horizon G and
the surface. See Table 6.1 for explanation of symbols.

Section | k 3k n & r Yie M
x10® | x10?® (m) (m) (km) (m)
m") | @
3 2.8 0.4 140.1 12.6 095 |-11.38 | 101.9
4 2.1 1 107.0 20.2 0.76 | -10.14| 86.5

The second depositional sequence identified in the airgun data lies between
horizon O and the seafloor. It is the only depositional sequence that could be identified at
all four cross-sections. The variations in the thickness of this depositional sequence also
display thinning with distance from the channel axis (Figure 6.25). Again, the thinning
could be described as linear, but instead it was fit to an exponential model. Compared to
cross-sections 1 and 4, the decay constant is low for cross-sections 3 and 4 while is
much greater Comparison of Table 6.2 and Table 6.3 shows that the decay constant
calculated for the interval above horizon G is slightly greater than for the interval
overlying horizon O. It is likely that, between horizons O and G, thickness is more
uniform. However, taking into account the errors on k, the difference between the two
depositional sequences is very minor. In fact all the data for Laurentian Fan, regardless
of the resolution at which depositional sequences are defined suggest that the decay
constant varies between 1-3x10° m™.

Table 6.3. Summary of regression data for thickness variations between horizon O and
the surface. See Table 6.1 for explanation of symbols.

Section | k 3k n &n r Yie The
x10° | x10° | (m) | (m) (km) | (m)
m") | @m)
2 23 | 02 | 1266 | 64 | 098 |-1033] 99.8
3 16 | 04 | 3030 264 | 089 |-11.38| 2526
4 12 | 02 | 2139 124 | 088 |-10.14| 189.4
5 28 | 04 | 1689 | 181 | 092 | -8.04 | 1349

Levee Asymmetry
The asymmetry of the levees of Laurentian Fan cannot be easily quantified
because, except for the modern channels, levee crests are difficult to detect. The present

elevation difference on the conjugate levees of Eastern Valley varies from less than 100
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m to greater than 600 m. The relief of ELEV is approximately 200 m and does not
change significantly between the 3000 m and 4500 m isobaths (Figure 6.3). Conversely,
the relief of WLEV increases to 900 m around the 4000 m isobaths and then decreases to
less than 300 m around the 4500 m isobath (Figure 6.3 and Figure 6.4). Distance
between conjugate levee crests averages 40 km with only minor variability. From these
data, the cross-channel slope, VH (m km’"), of Eastern Valley ranges from less than -5 m
km™' to more than 15 m km™ (Figure 6.26a). The downchannel variability in VH occurs
independent of variations in channel slope that average 10 m km™ over this channel
reach.

Even the present asymmetry of Western Valley is difficult to gauge because of its
proximity to Eastern Valley. The crest of WLWYV is bathymetrically lower than WLEV
by as much as 300 m. Comparison of sediment thickness between WLEV and WLWV
through time suggests that WLWYV became the preferential site for deposition after
horizon Q (Figure 6.8). Relative to sediment thickness on WLEV, WLWV is as much as
50% thicker. Prior to Q, across-fan variations in thickness show minor thinning to the
west and east of Eastern Valley. Thus, while the crest of WLWYV remains
bathymetrically lower than WLEYV, the preferential deposition on WLWV after Q had
begun to decrease the elevation difference.

Sediment Waves

Possible sediment waves on WLWYV characterize the interval between just below
horizon Q and horizon O. The topographic expression, however, extends to the seafloor
(Figure 6.19). The sediment waves have a wavelength of 5-7 km and amplitudes between
5-15 m. The waves appear to migrate eastward toward the channel axis between just
below Q and O. Minor discontinuities in reflections can be seen on the upslope limb of
the sediment waves at some horizons, suggesting erosion. The evolution of wave
position and amplitude shows three phases (Figure 6.27). In the first phase, amplitude
increases and the waves migrated upstream. Decreasing amplitude coupled with limited
upstream migration characterized the second phase of wave growth. In the third phase,
wave amplitude continued to decrease and the position of sediment waves remained

fixed. This phase was terminated by erosion at horizon O that removed most of the
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Figure 6.27. Schematic depiction of sediment wave evolution on WLWV.
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seafloor relief associated with the sediment waves, although minor relief has persisted to
the present.
Hinge Lines
The stratigraphic evolution of the hinge line on WLEV shows that its effect on the
thickness of overlying depositional sequences decreased through time (Figure 6.6 and
Figure 6.9). Above horizon A the depositional sequence thins between 40% to 50%
across the hinge line (Figure 6.28). Successive horizons show a decrease in the amount
of thinning until, above horizon O, the thickness over the hinge line is 90% of its
thickness on either side of the hinge line. The evolution of thinning over the hinge line
shows slight differences at different distances downfan. At the more proximal location,
the percent thinning follows a linear trend from 0.4 to 0.9. At the more distal location,
thinning decreases from 0.7 to 0.9. These data suggest that the control of the hinge line
on depositional sequence thickness has both spatial and temporal components. The
temporal component consists of the overall decrease in the control of the hinge line
through time. The spatial component consists of an apparent decrease in the affect of the
hinge line downfan: its influence on thickness patterns decreases downfan.
Levee Erosion on Eastern Levee of Eastern Valley
On ELEV, erosional horizons appear to be focused over short horizontal
lengthscale and they create relief. Adjacent to Eastern Valley, this erosion may be
associated with widening of the channel. After each erosional event, there was a return to
continuous deposition across the relief created by the erosional event. One exception to
this pattern occurs after the first erosional surface above horizon B. Subsequent to this
event, channel proximal reflectors that appear to onlap the erosional surface. Overlying
this package of acoustically stratified sediment, some indication of a second erosional
surface is present. Above this second erosional surface, the sediments appear weakly
acoustically stratified to acoustically transparent and they are continuous across the
underlying relief.
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Figure 6.28. Stratigraphic variation in amount of thinning across hinge
line on WLEV. Data from 78022 shown in Figure 6.6 and data from
95033 shown in Figure 6.9.
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6.5 Synthesis of Levee Architecture

6.5.1 Downstream Variability

Spatial decay constants which parameterize the variation in depositional sequence
thickness across a levee range from 1-3x10” m™', showing no trend over a downchannel
distance of over 100 km (Figure 6.29a). The thickness of sediment at the levee crest
above horizon O is variable but shows a gradual decrease downchannel over more than
250 km (Figure 6.29b). At the distal end of the Western Valley, sediment thickness
decreases abruptly.

The only other coherent downchannel trend that characterizes Laurentian Fan is
the variation in VH (Figure 6.26). The cross-channel slope equation of Komar (1969),
assuming that Fi’ = 1 and that average channel depth equals flow thickness, yields
estimates of the bankfull, through-channel velocity and volume concentration. These
estimates suggest that through-channel flows traveling less than 4 m s (Figure 6.26b),
having volume concentrations less than 0.002 can easily account for the observed
asymmetry.

The pattern in asymmetry may have more to do with erosion than with the balance
between cross-flow forces. The pattern in asymmetry is entirely the result of variations in
the relief of WLEV. As noted by Piper & Normark (1982), the levees north of 44°N are
erosional. Thus, part of the increase in channel relief on Eastern Valley reflects the
transition from an erosional to depositional levee. ELEV displays evidence for multiple
erosional events. Its present relief does not vary substantially downchannel and averages
200 m. Lacking data from ELEV seaward of the data shown in Figure 6.10, one cannot
demonstrate that ELEV is characterized by erosional events along its entire length. Given
that the present asymmetry has likely been erosional modified, flow parameters
calculated from this asymmetry must be viewed with skepticism.

6.5.2 Stratigraphic Variability

Stratigraphic variability on Laurentian Fan can only be demonstrated at very large
scales. Laurentian Fan displays an evolution from a relatively simple system with a
single fan valley and sediment source to a more complex system with multiple fan valleys

and potential sediment pathways (Piper & Normark, 1982). The history of Laurentian
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Figure 6.29. Downchannel variation in regression parameters: A. decay
constant; and B. thickness of sediment at levee crest (m). Note different
horizontal scales for A and B.
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Fan has been refined stratigraphically and extended spatially with the new data. Points
important to the present study of levee architecture are that: 1) Central Valley has existed
since before deposition of horizon B; 2) Western Valley became active after deposition of
B. In the GADOOS profile (Figure 6.7), the location of maximum sediment thickness
appears to migrate westward through time. Prior to horizon B, WLEV received the bulk
of sediment deposition consistent with Eastern Valley acting as the primary sediment
transport path. After Q, WLWYV was the depocentre. It suggests that flows through
Eastern Valley contributed proportionally less to levee deposition west of the channel
than flows through Western Valley. Asymmetry of this kind is also seen in the piston
cores where the upper red mud unit appears thickest in cores 072 and 070 on WLWV.

6.6 Key Features

1. Laurentian Fan is large submarine fan having channel dimensions that are greater than
any other channel-levee system studied in this thesis, while still possessing some
gross-scale morphological features in common with Hueneme and Var fans, allowing
the scale relationships between levee architecture and system size to be investigated
among generically-related systems.

2. Whereas thickness variations show thinning with distance from the channel axis, these
variations can, in some instances, be indistinguishable from linear decreases in
thickness. Nevertheless, thickness variations could be fit to the exponential model for
depositional sequences above horizon O.

3. The decay constants range from 1-3x10” m™', among the smallest values determined
for levee depositional sequences.

4. The decay constants calculated for the western levee of Western Valley show no
downchannel trend for the interval above horizon O. The thickness of sediment at the
levee crest is variable but shows a gradual downchannel decrease. At the distal end of
Western Valley, sediment thickness at the levee crest decreases abruptly.

5. Levee asymmetry was created by preferential deposition on the western side of

channel, but downchannel patterns in asymmetry may be controlled more by erosion.



Chapter 7
Synthesis of Levee Architecture

7.1 General Statement

Imaging of levees in modern environments by conventional seismic reflection
profiles shows that they preserve a wealth of stratigraphic and morphological
information. However, the use of levee architecture to unravel the dynamics of channel-
levee development has suffered because a quantitative understanding of the links between
levee architecture and through-channel flow character is lacking. This study has
identified parameters that systematically describe levee architecture, something not
previously attempted. The challenge taken up in this chapter is to determine how levee
architecture relates to channel morphology and potentially to the character of the through-
channel turbidity currents.

Observations of levee architecture from the several fans studied include across-
levee and downchannel variations in depositional sequence thickness, differences in the
architecture of conjugate levees, i.e., asymmetry, the stratigraphic evolution of levee
crests, and the stratigraphic development of sediment waves. The goals of this chapter
are to establish which aspects of levee architecture correlate with channel morphology

and to explore causative explanations for the observed relationships.
7.2 Observations of Levee Architecture

7.2.1 Thickness Patterns

The spatial decay constant, k, quantifies variations in depositional sequence
thickness perpendicular to channel trend. The inverse of this decay constant, k', defines
the distance over which sediment thickness decreases by a factor of 1/e and represents a
quantitative definition of levee width. The variability of k within any particular system,
with some minor exceptions, shows little evidence for systematic trends, either
downchannel or stratigraphically. The exceptions include examples from NAMOC,
Hueneme Fan, and Var Fan. On NAMOC, the decay constant for DS1 on the western
levee increases from 2+0.4x10™ m™ to 9.1+2.4x10”° m™ over a downchannel distance of
over 300 km (Fig. 3.26). On the Var Sedimentary Ridge, the decay constant decreases

286
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downchannel by a factor of 3-4 over a distance of about 20 km (Fig. 5.36). On the
western levee of Hueneme Fan, the decay constants for DS1 and DS3 show a
downchannel decrease (Fig. 4.25). The only consistent downchannel trend that emerges
is a decrease in k along the distal reaches of a submarine channel-levee system.

Thickness of sediment at levee crests decreases downchannel. Along the upper
reach of channels, thickness apparently decays exponentially downchannel (Figure 7.1).
In some cases (particularly along Western Valley, Laurentian Fan) which otherwise show
an exponential downchannel decay, sediment thickness at the levee crest decreases
abruptly at the distal end of the channel (Figure 7.1). Regression analysis of thickness
variations along the upper reaches of channels produces statistically significant
exponential fits (Figure 7.1, Table 7.1). The distance over which thickness decreases by a
factor of 1/e, A”! (m), defines the e-folding length for downchannel changes in sediment
thickness at the levee crest and represents a quantitative definition of levee length. Most
importantly, k! shows little downchannel variability and the channel reaches for which
k! is uniform downchannel display exponential thinning of sediment thickness at the

levee crest in the downchannel direction.

Table 7.1. Summary of regression results from exponential fit to downchannel variations
in sediment thickness at levee crest. Error in decay constant reflects 95% confidence
limit on decay constant. A" = e-folding length or inverse of decay constant, r =
correlation coefficient.

System Decay constant Error At r
(x10° m™) (x10° m™) (km)

NAMOC -0.21 +0.17 476.2 0.92
Hueneme -8.80 £2.67 114 0.88
Reserve -48.64 +18.86 2.1 0.96
Amazon -0.38 +0.03 263.2 0.96
Var -1.35 %0.67 74.1 0.70
Laurentian -0.13 +0.03 769.2 0.87

Between systems, the decay constant, k, varies by two orders of magnitude having
a maximum of greater than 100x10”° m™ on Reserve Fan and a minimum of around
1x10° m™ on NAMOC and Laurentian Fan. The magnitude of channel dimensions also
shows such variability. Channel half-width, W (m), and channel relief, D (m), vary by
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about two orders of magnitude while channel slope spans about one order of magnitude.
A plot of the inverse of the decay constant, k"' (m), versus the half-width of the channel
shows a positive relationship (Figure 7.2) when plotting data from all systems together.
A positive relationship also occurs between k" and channel relief (Figure 7.3). The
inverse relationship between k"' and downchannel channel slope (Figure 7.4) is weak, but
statistically significant.

The magnitude of A also varies by about two orders of magnitude between
systems, having a maximum of greater than 700 km on Laurentian Fan and a minimum of
about 2 km on Reserve Fan (Table 7.1); however, determination of this parameter is
limited by the downchannel coverage of the available data (Figure 7.5a). A plot of At
versus average channel half-width over the same reach of the channel used to define At
shows a positive relationship (Figure 7.5b), suggesting that wide channels have more
gradual variations in sediment thickness at the levee crest than narrower channels. A
similar relationship exists between A"! and channel relief, D (Figure 7.5c), suggesting that
deep channels have more gradual downchannel variations in sediment thickness at the
levee crest than shallow channels.

The relationships between levee architecture and channel morphology plotted on
log-log graphs display linear trends that can be quantified using regression analysis. The
general form of the regression equation equates some feature of levee architecture, Y, to
some measure of channel morphology, X, according to
Y = 105 Xt (7.1)
where a is the intercept of the regression line and b is the slope of the regression line.

The errors on a and b reflect the 95% confidence limits on the regression parameters.

The value of "' scales directly with channel width (Figure 7.5a) according to

x—l - WlJltl.lG (7‘2)
with r* = 0.71. The relationship between A" and D (Figure 7.5b) is given by
l-[ - D12510.67 (7.3)

with r* = 0.87. These relationships imply that the downchannel lengthscale over which

sediment thickness at the levee crest varies scales with the size of the channel.
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The observations of levee architecture suggest a direct relationship between
channel relief and the inverse decay constant, k', defined by across-levee variations in
depositional sequence thickness (Figure 7.3). Channel relief scales with k™ according to
k- = 10303037 [)053£018 (7.4)
with r* = 0.58. Within the 95% confidence limits of the regression equation, k™! scales
with D2, The relationship between k" and W (Figure 7.2) suggests that k™! scales with
W according to
K- = 10062009 57092014 (1.5)
with r* = 0.69. The dependence of k' on both channel relief and channel half-width
might result from the covariance of channel relief with channel half-width. A plot of log
of channel half-width versus log of channel relief (Figure 7.6) displays a dependence of
width on relief according to
W = ] (248£0.51 [70.52£0.24 (7.6)
with r? = 0.45. The relationship between W and D, rather than the relationship between
k" and W, may reflect a fundamental characteristic of submarine channels, further
supported by the inclusion of data from other submarine channel-levee systems (Figure
7.6). The regression equation that fits the entire data set predicts that W scales with D
according to
W = 102128031 0.62:0.16 1.7)
with r? = 0.54 which has a slightly different exponent than (7.6); however, the two
equations agree within the 95% confidence limits. The relationship between k" and

downchannel slope, B, varies according to

k! = 10134£0293-039£032 (7.8)

with I’ = 0.18.

The empirical relationships between levee architecture and chaanel morphology
suggest that levee architecture scales with channel dimensions — half-width and relief —
but inversely with downchannel slope and then only weakly. Because channel
morphology is generally thought to reflect the hydrodynamics of the through-channel
turbidity currents, these empirical relationships may help to isolate the functional

dependence of levee architecture on through-channel flow character.
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7.2.2 Levee Asymmetry

The cross-sectional profile of a channel-levee system commonly displays a
pronounced asymmetry, parameterized by VH, the elevation difference between
conjugate levee crests divided by the horizontal distance between levee crests. Komar
(1969) suggested that the elevation difference between conjugate levees reflects flow
deflection caused by the Coriolis force owing to the Earth's rotation and/or the centrifugal
force arising from channel curvature. Flow deflection promotes deposition on one side of
the channel thereby creating the observed differences in the elevation of conjugate levee
crests. Observations of levee asymmetry show that changes in VH can arise because of
changes in the horizontal distance between levee crests without significant changes in the
elevation difference between conjugate levee crests. Table 7.2 summarizes the

observations of asymmetry made in previous chapters.

Table 7.2. Dominant control, origin, and patterns in cross-channel slope. These systems
have relatively straight channels and thus asymmetry is likely controlled by the balance
between Coriolis force and the cross-channel pressure gradient. N/A = not available.

System Principal Down- Strati-
control of channel graphic
VH Origin of pattern trend in -VH | trend in -VH
NAMOC Coriolis initially preferential increase increase
deposition then
reduction in channel
width
Hueneme Coriolis preferential deposition decrease increase
Var Coriolis preferential deposition decrease N/A
Laurentian | Coriolis preferential deposition decrease N/A

On NAMOGC, asymmetry increases downchannel (Fig. 3.28) as a result of
reductions in channel width. Approximately equal amounts of sediment accumulated on
conjugate levees during the latest phase of channel-levee growth. On Hueneme (Fig.
4.24), Var (Fig. 5.29), and Laurentian (Fig. 6.26) fans asymmetry decreases downchannel
as a result of decreases in sediment thickness on the right-hand levee relative to sediment
thickness on the left-hand levee (e.g., Figure 7.7). The difference in sediment thickness
on conjugate levee crests divided by the distance between levee crests is denoted by Vn.
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Differences in the elevation of conjugate levees reflect preferential deposition on
one side of the channel and these differences may arise from deflection of the flow by
Coriolis and/or centrifugal forces. Where the radius of channel curvature is very large,
Komar's (1969) model for levee asymmetry balances the cross-channel pressure gradient
against the Coriolis force such that

_vg - (7.9)
g8,C

where

g, = gPs_p‘E (7.10)

and where f (s'l) is the Coriolis parameter, u (m s") is the through-channel velocity, C is
the volume concentration, g (m s?) is the acceleration due to gravity, p, (kg m™) is grain
density, and p (kg m™) is the ambient fluid density. In deriving (7.9), Komar (1969)
assumed that the cross-channel gradient in flow thickness which produces the pressure
gradient scales directly with VH and that no cross-channel gradients in volume
concentration exist. The asymmetry created by through-channel flows implicitly assumes
that the flows are overbanking, requiring that the flows lose sediment to the levees,
promoting decreases in C. If volume concentration decreases, then the downchannel
patterns in levee asymmetry, provided that levee asymmetry is given by (7.9), record the
behaviour of velocity relative to volume concentration (Figure 7.8). If reductions in
volume concentration occur without significant changes in velocity, perhaps because of
dilution by entrainment, then asymmetry would increase downchannel (case 1, Figure
7.8) as is seen on NAMOC. If velocity varies directly with C then asymmetry would
remain constant downchannel (case 2, Figure 7.8). If velocity decays more rapidly than
C, implying rapid deceleration of the flow, perhaps because of decreasing slope, then
asymmetry would decrease (case 3, Figure 7.8) as is the case on Hueneme, Var, and
Laurentian fans.

Where the thickness of sediment on conjugate levees is equal, e.g., on NAMOC,
equation (7.9) may not apply, leaving the question — does the flow deflection
responsible for levee asymmetry require that depositional sequence thickness also be
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asymmetrical? The modern value of VH records the value of Vn integrated over the
entire history of the channel (Figure 7.8). A constant value of Vn at successive
stratigraphic horizons, a possible indication of equilibrium conditions, produces an ever-
increasing value for VH (Figure 7.8). Alternatively, a constant value of VH for
successive stratigraphic horizons requires that Vn be zero (Figure 7.8). In this case, the
value of VH seen at a particular stratigraphic horizon represents a value inherited from an
earlier phase of channel-levee development. A question that remains unresolved in the
application of (7.9) is whether VH measured at any particular stratigraphic horizon relates
to the flow conditions active at that stratigraphic time. Because the value of VH
represents the sum of Vn over time, VH is more likely a measure of the integrated
behaviour of the through-channel flows. On the other hand, Vn reflects conditions
corresponding to a particular stratigraphic interval; however, no model exists relating Vn
to flow parameters.

The model of Komar (1969) has been used by many workers to estimate flow
parameters from levee asymmetry and should potentially represent a key tool for
establishing the links between levee architecture and through-channel flow character.
However, the observations of both the stratigraphic and spatial patterns in asymmetry
suggest that Komar’s (1969) model cannot be applied without consideration of relative
contributions of preferential deposition (i.e., the stratigraphic evolution of Vn) and
changes in channel width to asymmetry. Even then predictions about the stratigraphic or
downchannel evolution of flow parameters may not be easily extracted without a refined

model.

7.2.3 Levee Crest Evolution

The levee crest represents a fundamental morphological feature common to all
channel-levee systems. Its elevation plays a role in defining channel depth, its horizontal
position in defining channel width. The levee crest represents the topographically highest
point on the levee, separating strata that dip toward and away from the channel. Most
levee crests migrate toward the channel axis through time. On NAMOC (Fig. 3.10, Fig.
3.11), the western levee crest at cross-sections 4 and 5 moved gradually whereas the

eastern levee crest moved abruptly between horizons R and G, and more gradually
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thereafter. Similarly on Amazon Fan, the levee crests shift toward the channel axis as the
width of the channel fill decreases (Fig. 5.17).

Two different stages of levee crest development are seen on Hueneme and Var
fans (Figure 7.9). On Hueneme Fan, deposition on the inner levee was insufficient to
raise its crest above the outer levee crest, and consequently, the outer levee crest
remained stable. On Var Fan, however, one sees a later phase in the development of an
inner levee. At horizon R1, the inner levee crest occurs at a lower elevation than the
outer levee crest, similar to the present morphology on Hueneme Fan. After deposition of
R1, the space between the outer levee crest and the channel filled such that by horizon a,
the inner and outer levee crests had about the same elevation. Further deposition after
horizon a produced the modern levee crest substantially closer to the channel axis that its
position at R1.

Laurentian Fan has levee crests that shifted away from the channel (Figure 7.10).
On the western levee of Western Valley, the levee crest moved away from the channel
axis suggesting that the channel has widened through time. On the eastern levee of
Eastern Valley, erosional events are pronounced. After each erosional event, deposition
began to fill the available space by onlapping the erosional surface (OL in Figure 7.10) or
draping it, but the fill never attained sufficient thickness to move the levee crest toward
the channel axis. The successive erosional events presumably acted to keep the levee
crest from the commonly observed behaviour of shifting toward the channel axis.

The evolution of the position of a levee crest can be predicted from a simple
geometric model that relates the timing of levee crest movement to two morphologic
parameters: the angle of the inner levee slope and the distribution of sediment within
depositional sequences. Inner levee slope parameterizes the space available for the
accumulation of sediment between the channel and the outer levee crest. Filling of this
space by sediment is parameterized by a spatial decay constant and sediment thickness at
the origin. Figure 7.11 schematically illustrates the evolution of a simplified levee
morphology for various combinations of decay constant and inner levee slope. For all
cases, the depositional sequences contain the same volume of sediment per unit channel

length, i.e., ny/k is constant. What is being varied between the cases is the distribution of
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A.
Western Levee of Western Valley
West East

Erosional terrace
~200 m above
channel floor

Eastern Levee of Eastern Valley
West Y East

v Bathymetrically highest point on levee
— Major reflector
—— minor reflections schematically drawn to depict internal geometry
of depositional sequences: onlap or drape

/
/

Figure 7.10. Evolution of levee crests on Laurentian Fan taken from A.
western levee of Western Valley and B. eastern levee of Eastern Valley.
Both show that the stratigraphically highest point on the levee moves
away from the channel through time. Dr = draping reflectors, OL =
onlapping reflectors.
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the same amount of sediment into narrow (sediment thickness decays rapidly away from
channel axis) or broad (sediment thickness more uniform ) levees. Cases A and B have
large values of k and 1, corresponding to levees that are narrow, mounded features.
Cases C and D have small values of k and 1, corresponding to levees that are broad, low
relief features. Levee crest movement is taken to have occurred when the position of the
maximum elevation on a levee switches from the outer to inner levee crest.

Where the inner levee slope is high, the space available for sediment channelward
of the levee crest is large. For high values of k, sediment deposition is focused close to
the channel and the space between the channel and previous levee crest fills rapidly
(Figure 7.11b). Channelward movement of the levee crest occurs even more rapidly
when the initial inner levee slope is low (Figure 7.11a). Conversely, low values of k
spread deposition over a larger distance. Consequently, the space available between the
original levee crest and the channei fills more slowly (Figure 7.11c, d).

The most important aspect of the levee crest evolution captured by both
observations and the geometric model (Figure 7.11) is that under a wide range of
conditions levee crests will move channelward. However, not all combinations of decay
constant and inner levee slope may be equally probable. Data from NAMOC, Hueneme
Fan, Amazon Fan, and Var Fan show that the decay constant generally increases with
inner levee slope (Figure 7.11¢). This suggests that levee crests will shift abruptly
between successive stratigraphic horizons rather than occurring gradually throughout the
development of a levee. Consequently, a likely scenario for levee crest evolution, in the
absence of erosion, would be to observe extended periods of levee crest aggradation
followed by an abrupt movement of the levee crest toward the channel.

Channelward movement of the levee crest in the absence of erosion and at the
resolution of the available seismic data appears to be an inherent behaviour of levee
growth. Because movement is abrupt it is not easily related to the long-term average
behaviour of through-channel flows thought to be preserved by channel morphology and

possibly preserved by thickness patterns in levee architecture.
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7.2.4 Sediment Waves

Sediment waves are large-scale bedforms that occur on some submarine levees.
They commonly display an asymmetric morphology and their stratigraphic development
appears to show upslope migration. This morphology led Normark et al. (1980) to
propose that these features represent giant antidunes formed by the supercritical flow of
overbanking turbidity currents. Sediment waves also form in regions where bottom
currents, rather than turbidity currents, transport sediment. Observations of sediment
waves off Argentina led Flood (1988) to propose that such waves formed as lee waves.
The lee wave model has been applied to sediment waves formed under turbidity currents
(Howe, 1996). Thus, the same bedform has two potential models explaining its
formation and development.

Even in the small sampling of submarine channel-levee systems presented in this
thesis, the occurrence of sediment waves spans a wide spectrum of geological
environments and potential morphological controls (Table 7.3). Sediment waves form on
a wide range of levee slopes and are associated with a large range of channel
morphologies. While these conditions reflect areas where sediment waves occur, similar
values of, for example, levee slope, occur at other locations along the channel where no
sediment waves develop. The range of conditions over which sediment waves can
develop appears to contradict their rather restricted occurrence within an individual
system.

Although sediment waves appear to occur over a range of geological settings,
their stratigraphic development in any of these settings follows a general pattern that can
be differentiated into four phases (Figure 7.12). In the first phase of growth, wave
amplitude increases and the waves migrate upstream. In the second phase, wave
amplitude stabilizes while upstream migration continues. In the third phase of wave
development, amplitude decreases. However, the reduction in amplitude can still
coincide with upstream migration. Finally, in the fourth phase of growth, amplitude
continues to decrease and migration ceases. Throughout wave development, wavelength
remains relatively unchanged except where sediment waves coalesce upsection. In this

case, wavelength increases. In other examples, larger sediment waves develop a
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Figure 7.12. Schematic representation of the stratigraphic
development of sediment waves, synthesizing observations from
NAMOC, Hueneme Fan, Var Fan, and Laurentian Fan.
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hummocky morphology on their downstream limb, perhaps indicating the development of

smaller waveforms, analogous to ripples forming on the back of dunes.

Table 7.3. Summary of sediment wave characteristics and associated channel and levee
morphology. L, = wavelength, B = amplitude. Values of channel slope and channel
depth are reported for modern channel only to give some indication of the differences in
channel morphology between the systems and not to suggest the possible values for
channel slope and channel depth at the time of sediment wave formation.

System Lo B Levee Channel | Channel
(km) (m) slope slope depth
(mkm") | (mkm") | (m)
NAMOC 0.5-1 2-5 ~1 1-2 100-200
Hueneme Fan 0.2-0.5 5-10 ~10 5-15 10-30
Var Fan 1-7 10-50 ~10 5-10 100-300
Laurentian Fan 5-7 5-15 ~5 ~ 10 400-600

Comparison of Sediment Wave Models

The consistent stratigraphic development of sediment waves is not explicitly
accounted for in the antidune model of Normark et al. (1980). Because wavelength does
not vary substantially, predictions of the antidune model (see Eq. 1.16) would suggest
that flow character remains unchanged in spite of the fact that wave amplitude and
migration progressively change through time. Alternatively, the antidune model may
only apply to the initial phase of sediment wave growth

The lee wave model for sediment wave growth (Flood, 1988), of which the
antidune model (Normark et al., 1980) is an end-member, predicts upstream migration of
the sediment wave and changes in wave amplitude. The lee wave model (see Eq. 1.17)
relates the ratio between sedimentation rates on the upstream and downstream limbs of
the sediment wave, expressed as the sedimentation rate ratio (SRR), to flow velocity,
wavelength, and wave amplitude. The relationships between SRR, wave amplitude, and
migration rate suggest potential feedbacks between morphology of a sediment wave and
wave growth. Once sediment waves begin to grow under the influence of a particular
flow velocity, the SRR will promote an increase in the amplitude of the waveform and
upstream migration of the wave. However, because SRR is inversely related to
amplitude, an increase in amplitude will promote a decrease in the SRR. Because the

SRR reflects the difference in sediment deposited on the upstream and downstream limbs,
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a decrease in the SRR reflects more uniform deposition which reduces wave amplitude
and decreases the apparent migration of the waves. The feedbacks predicted by the lee
wave model may explain the observed stratigraphic development of sediment waves, but
the model is sufficiently complex that exact predictions of sediment wave development
cannot be derived easily. Furthermore, the apparently random occurrence of sediment
waves on levees makes them difficult to incorporate into 2 model that relates levee

architecture to through-channel flow character.

7.3 Physical Interpretation of Depositional Lengthscales in Levee Architecture

A major finding of this thesis has been that identifiable lengthscales exist in levee
architecture. These lengthscales include k™', defined by the variations in depositional
sequence thickness perpendicular to channel trend, and A", the lengthscale for
downchannel variations in sediment thickness at the levee crest. Parameterizing levee
architecture in such a manner allows for the investigation of quantitative relationships
between these measures of levee architecture and measures of channel morphology,
including channel half-width, W, channel relief, D, and downchannel slope, B. The
extension of the quantifiable parameters of a channel-levee system to explicitly include
levee architecture represents a fundamental improvement on the description of these
systems and facilitates comparison between submarine channel-levee systems and fluvial
systems. Furthermore, the relationships between levee architecture and channel
morphology suggest that physical parameters of through-channel turbidity currents may
be recorded by levee architecture.

In this section, simple models are constructed to explain the physical dependence
of the depositional lengthscales in levee architecture on the character of the through-
channel flow. Because levee deposits record sediment removal from the through-channel
flow, levee architecture may respond to through-channel flow character. Furthermore, it
is generally thought that channels evolve so as to reflect the hydrodynamics of through-
channel flows (e.g., Komar, 1973; Clark et al., 1992). Consequently, correlation of the
across-levee lengthscale for thickness variations, k'!, and the downchannel lengthscale for
thickness variations, 1!, with channel morphology may reflect the control of flow

character not only on channel morphology but also on levee architecture. Therefore,
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changes in levee architecture may reflect changes in channel morphology and flow
character.

7.3.1 General Interpretation of Across-Levee Lengthscale

An important feature of thickness patterns is the distribution of this sediment
across the levee, parameterized by a spatial decay constant, k. A simple scaling argument
balancing the flux of sediment to the bed, w,L,C (m2 s"), against the flux of sediment
across the levee originating from the channel, vhC (m®s™), yields

2 (7.11)

Ws

where C is the volume concentration of sediment, L, (m) is levee width and estimated
using the inverse decay constant, k' (m), vh (m*s™) is the volume flux across the levee,
and w, (m s} is the settling velocity of particles deposited on the levee. The vh term
represents the product of across-levee velocity, v (m s'l), and overbank flow thickness, h
(m). The relationship given by (7.11) would also arise from the steady-state balance
between the time scale for removal of particles from the flow, h/w, and the time scale for
movement of sediment across the levee, L,/v. A simplified but more formal presentation

of the steady-state balance describing across-levee variations in volume concentration is

given by
XL __ ¥ (7.12)
oy vh
which, when vh and w, are constants, suggests that C varies across a levee according to
(w
C=C_exp| -— ) 7.13
o P\ "Th (7.13)

A simple model for sediment deposition (e.g., McCave & Swift, 1977) suggests that
sediment thickness across a levee scales with volume concentration according to

Me ~ WCnt (7.14)
where, n is the number of events and t (s) is the average duration of an event, neither of
which should vary substantially either across a levee or downchannel. Substituting (7.13)
into (7.14) yields



311

n~w,.Cont exp(-—-:’—l: ) (7.15)

which suggests that the spatial decay constant calculated from variations in sediment
thickness perpendicular to channel trend is given by w/vh. At the levee crest sediment

thickness, n,, is given by
WS

M ~ wsConT €Xp| — Yic (7.16)
vh

The balance of fluxes across a levee, (7.11), or solution of a simple sediment
conservation equation, (7.13), suggests that large values of k! correspond to either large
values of vh or small values of w,. It should be noted that k'l, calculated from a
depositional sequence, reflects the integrated behaviour of many flows. Because of this,
the vh term estimated from k™' represents an average value for the flux of fluid transferred
to the levee from the typical through-channel flow. Although not necessarily at the scale
of individual events, the internal reflection geometry of depositional sequences is
conformable and divergent. Such a simple internal geometry favours limited variability
in the flow character of individual events making up a depositional sequence. If flows
possessed a wide range of thicknesses and/or velocities on a levee, it is likely that such
behaviour would be expressed in the acoustic character of depositional sequences
(especially when imaged by high resolution instruments). Furthermore, depositional
sequences composed of turbidites deposited under widely variable flow conditions might
not be expected to conform to an exponential pattern.

The w, term in (7.11) represents the average settling velocity of the particles
deposited on the levee and does not appear to vary significantly between systems. Levees
tend to be fine-grained monotonous successions of muddy silts commonly with
intervening silt and fine sand beds, providing further evidence for the limited variability
in vh. Core data from the systems studied here suggest that levees consist of turbidites
whose character does not radically change either within a system or between systems.
Some minor variability can be seen in modal grain size on Amazon Fan (Chapter 5; Fig.
5.24-5.25). The frequency of laminae also varies, but this only appears to affect the
depositional style of the silt fraction and not the overall grain size of the levee sediments.
The lowest decay constants characterize NAMOC (Chapter 3; Tables 3.2-3.9) and
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Laurentian Fan (Chapter 6; Tables 6.1-6.3), but cores show the levees to be muddy silt to
silty mud with silt laminae. Amazon Fan (Chapter 5; Tables 5.4-5.7) has decay constants
up to an order of magnitude greater than on NAMOC or Laurentian Fan, yet the levee
sediments still consist of muddy silts with silt laminae. On Reserve Fan (Chapter 5;
Table 5.1) where decay constants are greatest, the levees consist of muddy silts.
Consequently, over two-orders-of-magnitude difference in the decay constant between
systems is not readily explained by such a range in the settling velocity of the particles
deposited on the levees. Although the effects of flocculation complicate the relationship
between grain size of the deposit and particle size within the flow (e.g., Kranck, 1984),
one might reasonably expect that if settling velocity varied by two orders of magnitude
that some indication would be present in the character of the turbidites deposited on the
levees of different systems.

The relative uniformity of the sediments on levees and, by inference, the limited
variability in particle settling velocity leaves the vh term in (7.11) as the potential source
of differences in k™' between systems. Furthermore, the simple internal reflection
geometry of depositional sequences and the limited variability in bedding character in
levee sediments suggests that the vh calculated from k! represents a meaningful
ensemble average. The large values of k' characterizing systems like NAMOC and
Laurentian Fan reflect flows where vh is large whereas smaller values of k' such as those
on Hueneme, Amazon, and Reserve fans suggest that the vh term is small. On Reserve
Fan (k'l ~ 1 km), where the flow was monitored directly (Normark, 1989), through-
channel velocity was estimated to be about 0.1 m s'. On Amazon Fan (k'l ~ 5 km),
velocity estimates derived from the grain size of particles deposited by the flow and from
application of the cross-flow slope equation (Komar, 1969) are on the order of 1 m s’
(e.g., Pirmez & Flood, 1995). On NAMOC (k"' > 20 km), similar indirect methods
suggest velocities of several metres per second (Klaucke et al., 1997). This evidence
suggests that vh is a direct function of flow velocity, but says little about the exact form
that this dependence might take. What is needed to link levee architecture to the
character of through-channel flows is a model relating the magnitude of fluid losses to

levees, vh, to through-channel flow character.
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7.3.2 Constant Thickness Model

Consider a turbidity current flowing through a channel of depth, D, that entrains
ambient fluid through its upper interface and because flow thickness, H, exceeds local
channel relief, the flow discharges fluid from the channel to the levees (Figure 7.13).
Furthermore, assume that the flux to the levees is kinematically defined such that the flux
of fluid to levees exactly balances entrainment and divergence of the through-channel
advective flux. In such a flow, the turbidity current maintains a constant thickness while
volume concentration of sediment decreases downchannel; clean water enters the flow
from above and an equal volume of sediment-laden fluid exits the flow out the sides. If
fluid losses to the levees outpace fluid gains due to entrainment, flow thickness would
decrease and overbanking could cease. Consequently, this type of flow represents
conditions for the maximum, sustainable loss of sediment to the levees while remaining
consistent with the observed downchannel continuity of levee deposition. Appendix A
reports the full derivation of the equations for conservation of water, sediment, and
momentum describing such a flow.

The model envisioned above makes several simplifying assumptions about
channel morphology, namely that channel size and slope are constant in the downchannel
direction. In most of the systems presented in this thesis, channel width (or half-width) is
uniform downchannel over the channel reach characterized by levee deposition (Hueneme
Fan, Fig. 4.3; Reserve Fan, Fig. 5.1; Laurentian Fan, Fig 6.3). On Amazon Fan (Fig.
5.6), channel width is relatively uniform over about 400 km of the middle channel reach
(from 300 - 700 km downchannel), increasing slightly over the last 100 km. The most
significant changes in channel half-width are seen on NAMOC (Fig. 3.6). However,
most of the variability characterizes the upper reach of NAMOC. Between cross-section
3 and 5, a distance of approximately 300 km, half-width decreases from about 8 km to
about 5 km and between cross-sections 4 and 5, a distance of about 200 km, half-width
does not change significantly, averaging about 5 km.

Slope does tend to decrease downchannel, but the variability in slope within a

system is small relative to the variability in slope between systems. On NAMOC, slope
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Figure 7.13. Definition skectch for constant thickness model.
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does not change significantly from an average value of about 0.7 m km™ (Fig. 3.3). A
gradual decrease in slope characterizes Amazon Fan, but this decrease from about 8 m
km™ to around 2 m km™ (Fig. 5.6) occurs over a distance of 700 km. Slopes on Hueneme
Fan decrease as well from about 18 m km™ to about 5 m km'; however, this decrease
includes the region of the fan where the channel merges with the depositional lobe. On
Laurentian and Reserve fans, variability in slope is small with Laurentian Fan having
average channel slopes of 10 m km™' (Fig. 6.5) and Reserve Fan having slopes of about
20m km™.

A similar trend can be seen in channel relief; it also tends to decrease
downchannel, but not dramatically. The largest channel relief is seen on Laurentian Fan
where along Western Valley it averages about 500 m along the upper reach of the channel
(over a distance of up to 150 km) before decreasing (Fig. 6.5). Over the upper reaches of
Hueneme Channel (< 10 km downchannel), channel relief decreases from about 30 m to
20 m. It then declines sharply as the channel merges with the depositional lobe. More
subtle changes in channel relief occur on Amazon Fan where channel relief varies
between 50 m and 100 m over the lower 500 km of the channel (Fig. 5.6) and NAMOC
where channel relief decreases from 220 m to about 100 m over 400 km.

The simplified equations for conservation of momentum, water, and sediment
arising from the assumptions of constant channel morphology and a kinematic definition

of fluid losses to the levees can be written as

ou’ . (E+CD) 2

—_—=2 C-2~——u*, 7.1

~— =2g,sinpC-2-——""u (7.17)

vh=EuW - HW—aE, (7.18)
ox

and

a_C_=_E, (7.19)

ox H

respectively, where u (m s") is the layer- and width-averaged velocity downchannel, v (m
s™)is the layer-averaged cross-levee velocity at the channel edge (y = W), h (m) is the
overbank flow thickness, and H (m) is the through-channel flow thickness. Provided that
the entrainment coefficient and slope are constants, (7.19) has the solution
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C ( Ex)
—=exp| ——|, 7.20
C exp\ H (7.20)

o
suggesting that volume concentration decreases exponentially with distance. Under the
assumptions of the model, the transfer of sediment from the through-channel flow to the
levees is responsible for the decay in volume concentration. The entrainment coefficient,
E, is not well constrained but is known to be a direct function of slope and an inverse
function of Richardson number (Ellison & Tumer, 1959). In turn, Richardson number
may be an inverse function of slope (Middleton, 1966b; Bowen et al., 1984).
Consequently, the relatively uniform values of slope characterizing individual submarine
channels argues in favour of the entrainment coefficient being approximately constant.
Equation (7.20) can be substituted into (7.17) yielding a first-order differential

equation whose solution is given by

2

(—“—J = De ™1 4 (1-T,)e X+ (7.21)
uO

where
= 2g, smBCOI;I _2Ri, sinf3 (7.22)

(E+2Cp)ul  (E+2Cp)
and where Ri, is the initial bulk Richardson number of the flow and is given by
Ri, = _g_o% (7.23)
u

[+]

The second term in (7.21) reflects near-field effects imposed by the somewhat artificial
initial conditions for flow that are used to solve the equations. The initial conditions are
artificial in the sense that the flow is required to start off exceeding local channel depth
by some specified amount. Such conditions may occur where the start of the leveed
channel coincides with a break in slope that produces a hydraulic jump which abruptly
increases flow thickness above channel relief. On the other hand, a perhaps more
plausible condition would have the flow begin confined within the channel and then,
because of entrainment, it would progressively increase in thickness eventually growing
to exceed channel relief. Nevertheless, although the initial conditions for flow have been
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chosen carefully in order to simplify the governing equations, their effect dies out
quickly.

The first term on the right-hand side of (7.21) contains the relevant physics
describing the large-scale behaviour of the flow, i.e., after the effect of the initial
conditions has decayed, and is of primary interest here. Retaining this term, the solution

for velocity simplifies to

2
(i] =[,e B (1.24)
uo
This equation can be recast into a more familiar form given by
2 sinf
u' =g CH—m— 7.25
&L Cy) (7:25)

which is equivalent to the Chezy equation for turbidity current flow (e.g., Komar, 1977,
Bowen et al., 1984; Stacey & Bowen, 1988a) with a slightly modified form for the
frictional drag on the flow.

Substituting (7.24) and its derivative with respect to x into (7.18) yields

vh= %EuW , (7.26)

suggesting that vh depends on the product of the entrainment coefficient, E, the through-
channel velocity, u, and channel half-width, W. Unfortunately, u is unknown and E is not
well-constrained, although it is a function of slope and bulk Richardson number (e.g.,
Ellison & Turner, 1959).

Figure 7.14 graphically depicts the variation of u/u, and vh/EuW described by
(7.21) and the full solution of vh given in Appendix A by (A.35) for various values of T
(see Appendix A for definition) and I, (Table 7.4). In all cases, velocity decreases
downchannel (Figure 7.14a) and the value of vi/EuW converges to 1.5. This behaviour
occurs for values of E/Cp, that span about two orders of magnitude (Table 7.4), suggesting

that the model is relatively insensitive to these rather poorly known parameters.
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Table 7.4. Values of I'; and I', and the corresponding value of E/Cp, used to produce
model results in Fi 7.14.

rl FL E/CD
0.6 1.07 0.14
0.8 1.20 0.5
1.0 1.33 1
1.25 1.50 2
1.75 1.83 10

Because the model suggests that vh depends on unknowns, additional information
is required to test the model against observations. Using the simple equation of sediment
deposition, (7.14), downchannel patterns in 1, likely scale with downchannel patterns in
volume concentration. In the model, volume concentration decays exponentially,
suggesting that sediment thickness at the levee crest decays exponentially. Substituting
(7.20) into (7.14) yields
D) o -E5), @27
N (0) H
providing a physical interpretation of the downchannel lengthscale for variations in
sediment thickness at the levee crest parameterized by A", Note that in using (7.14) the
same assumptions concerning limited variability in flow conditions are being made as
was done in relating k! to vh/w,. But again, the internal geometry of the depositional
sequences shows no evidence for such variability in flow conditions.

In the model, the lengthscales for levee deposition depend upon flow parameters.

The model suggests that downchannel variations in sediment thickness, parameterized by

A", is given by
H

Al=— 7.28
E (7.28)

Using (7.11) and (7.26), the lengthscale for variations in sediment thickness across the
levee, k', is given by

3 EuW

k==
2w

(7.29)
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To assess the validity of the model using either (7.28) or (7.29) requires knowledge of the
entrainment coefficient, E. However, the product of (7.28) and (7.29) removes the effect
of the entrainment coefficient and is given by

k't = 3 = 3Q
2w, 2w

(7.30)

where Q (m® s) is through-channel volume discharge; unfortunately, Q is also an
unknown parameter.

For fluvial systems, the relationships between volume discharge and channel
parameters like width, depth, and velocity, are described by the hydraulic geometry of the
channel (Leopold & Maddock, 1953). Each of the three main channel parameters —
width, depth, and velocity — vary with discharge according to power laws given by
width ~ Q°
depth ~ Qf (7.31)
velocity ~Q™
where b, f, m are empirical or theoretical exponents. The exponents have been assessed
empirically for a large number of rivers and the values of the exponents vary because of
such variables as climate, bedrock type, and channel form (e.g., Ritter, 1986). Studies
that have synthesized the world-wide variability in these exponents (Knighton, 1975;
Park, 1977; Rhodes, 1977) all show that the exponents have a wide range of values.
Rhodes (1977) suggested that the exponents should be expected to take almost any
combination of values and that their actual values may be useful in the development of an
empirical classification of channels. His study highlights the fact that hydraulic geometry
represents a simple description of a complex process. However, Langbein & Leopold
(1964) derived equilibrium values for b, f, and m by assuming that work done by a river
at a particular cross-section is distributed uniformly. In the absence of interactions
between sediment load, flow resistance, flow depth, and flow velocity, a uniform
distribution of work requires that each exponent equal 0.33. But because such
interactions do occur (for example, resistance to flow in river channels scales with flow
depth; Langbein & Leopold, 1964) the theoretically-derived values for b, f, and m are
0.23, 0.42, and 0.35, respectively. Agreement between these theoretical values and the
original estimates of Leopold & Maddock (1953) was favourable (Langbein & Leopold,
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1964) and has led to their general acceptance in geomorphology literature (e.g., Ritter,
1986).

In deriving their values of b, f, and m, Langbein & Leopold (1964) required that
W scale as D**, a relationship that holds for a flow where the forces applied to the bed
and banks are distributed uniformly (Nizery & Braudeau, 1955). In a preceding section,
it was shown that there is a relationship between channel half-width and channel relief
(Figure 7.6),i.e., W ~ D%62%-18 This relationship is very close to the relationship of
Nizery & Braudeau (1955) which in turn forms the basis for the equilibrium hydraulic
geometry relationships of Langbein & Leopold (1964). Although it cannot be further
tested given the available data from submarine channels, if the equilibrium hydraulic
geometry relationships also hold for submarine channels then the product of k'and A"
should scale as D** 8, i.e., using f=0.42 and where D ~ Q°‘42 .

The product of k™ and A" varies with D (Figure 7.15) according to
k™A ~ D000 (7.32)
with r° = 0.92. At the 95% confidence level the observed relationship between k'A! and
D cannot be considered different from the relationship derived from hydraulic geometry
and accounts for a significant amount of the variance in the data. This suggests that the
physical interpretation of depositional lengthscales given by the constant thickness model
may represent a reasonable, albeit simplified, depiction of an overbanking flow with
losses to the levees from overbanking, vh, scaling as EuW.

7.4 Discussion

The present study of levee architecture has developed empirical relationships
between levee and channel morphology and has proposed a simple model to account for
the potential physical parameters of through-channel turbidity currents recorded by levee
deposition. The following section discusses some outstanding issues that have arisen
from this study including, how the empirical relationships might be applied to the study
of channel-levee systems, the origin of variability between systems, and the development
of a tentative model encompassing the expected downchannel structure of channel-levee

systems.
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Figure 7.15. Observed relationship between channel relief, D, and
the product of k' and A". Using the constant thickness model and
the hydraulic geometry relationships of Langbein & Leopold (1964),
this product should scale as D**.
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7.4.1 Application of the Empirical Relationships

In developing the empirical relationships between measures of levee architecture
and channel morphology, data were taken from a wide variety of channel-levee systems,
spanning different geological settings. Consequently, the relationships capture the mean
behaviour of channel-levee architecture, just as the compilations of hydraulic geometry
from many rivers reflect the mean behaviour of fluvial systems. It has often been noted
that for a particular section of a particular river the relationships predicted by the general
hydraulic geometry equations do not hold. This lack of agreement between theoretical
relationships and observations generally has led fluvial geomorphologists to investigate
other factors that may influence the behaviour of a river, such as bedrock type, climate, or
vegetation (e.g., Ritter, 1986). In rivers, the hydraulic geometry relationships describe a
quasi-equilibrium condition (e.g., Langbein & Leopold, 1964). This same reasoning can
be applied to the scale relationships derived for submarine channel-levee systems. The
scale relationships themselves provide an indication of equilibrium behaviour which can
be applied to an individual system. What now exists because of this study is a standard
for comparison, providing a means for quantitatively assessing the information recorded
in channel-levee architecture.

Both channel half-width and levee width scale approximately with the square root
of channel depth. Wide channels are deep and have wide levees; narrow channels are
shallow and have narrow levees. For modern channels, the history of channel filling is
poorly resolved by standard seismic reflection profiling because channel floor sediments
have high reflectivity that prevents penetration of acoustic energy and if mud is lacking,
do not possess impedance contrasts. However, the levees, comprising alternating silt and
mud tend to well resolved by seismic reflection profiling. Provided that the relationships
advanced here are correct, the scaling between channel relief and levee width provides a
method for estimating past values of channel depth. Coupled with the elevation of buried
levee crests, estimates of past channel depths provide estimates of the thickness of
channel fill over a particular stratigraphic interval, indirectly providing a stratigraphy for
the channel fill within the limits of error associated with the empirical relationships.




324

This procedure for indirectly estimating past channel depth and channel fill
stratigraphy was applied to Hueneme Fan. On Hueneme Fan all that is known
unequivocally about the channel fill is that since deposition of horizon J about 75 m of
sediment have accumulated. During this same interval, the levee stratigraphy can be
divided into four discrete time slices (Chapter 4). Using the relationships derived from
the analysis of levee thickness patterns, a history of channel fill can be proposed (Figure
7.16). Application of (7.4) predicts that channel depth was at a minimum during
deposition of DS3 and that post-dating horizon G but pre-dating horizon L, the channel
was erosionally deepened. The timing of this channel deepening generally correlates
with a time of widespread sand deposition on the distal fan (Piper et al., 1998b,
submitted).

In order to test the validity of the empirical relationships between levee
architecture and channel morphology, they need to be applied to a channel-levee system
not used in the regression analysis. One such system is Zaire Fan off the west coast of
Affica, studied most recently by Droz et al. (1996). This channel-levee system has
sinuosities comparable to Amazon Channel (Chapter 5), averaging 1.85. Channel relief
decreases from about 300 m on the upper fan to < 100 m on the lower fan. Channel slope
also decreases downchannel from about 8 m km™ to 3.1 mkm™. Using a middle fan
seismic line published by Droz et al. (1996; their Fig. 3b), the levee architecture of Zaire
Fan channel can be assessed (Figure 7.17). The decay constant for Zaire Fan is
approximately 16.4+1.8x10” m™ which equates to a levee width of 6.1 km. The
predicted value of levee width from channel relief is 14.7 km with a range that lies
between 5.9 km and 36.7 km. The predicted value of levee width from channel half-
width is 3.2 km with the 95% confidence limits encompassing a range from 1.2 - 8.8 km.
For both relationships, the observed value of k™' lies within the confidence intervals of the
expected values of k!, lending support for the estimated regression equations.
Application of the relationships also shows the large errors associated with using the

scaling relationships for individual systems.
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Figure 7.16. A. Schematic depiction of western levee and reconstruction of channel fill
history at cross-section 1 of Hueneme Fan. B. Stratigraphic variation in k" for western
levee of Hueneme Fan. C. Estimates of channel depth related to values of k. D. Bar
graph shows thickness of channel fill at increasingly younger stratigraphic horizons. The
decreases in channel fill thickness between G and L suggests erosion of the channel at
some time between these horizons.



326

‘(qg *814 11941 ‘9661) ‘Ie 19 Zoi ut paystiqnd ajyyoid srwsios [eurduQ ‘sdiysuoneror
Surjeos Jo suonsipald *D ‘sixe [ouueyd woy ssuelsip jsureSe panojd erep ssoudiy ], ‘g ‘oqyyoid orwsias jo
Suimerp su pajerdiou 'y fuey a1rez woy 21nosIyoIe 99A9] 0 sdiysuonefar jeoundws jo uonesiddy ‘£ 1°, amSig

(wy) sixe [guueyd wolj soue)si(]

b 0 - z ¢- ' G- 9 L
T T T T T T T T T m @)
D
©
O
wn
uipim-jley =2
(wyg'g-2L)wyze [ouueyd woy 3
) Pejoipald 1’892 ="4 00} o
joy0) G'66€ = "4 .m
(wy £'9€ - 6'G) Wy L'yl |BUUBYD WOy ‘910N &
N pejoIpald 560 = 3
60 = =
(wy6'9-g'g)wy L'9 ) panesqo W OLXg LFYOL =Y H0G) =
)
suopoIpald ") m
»
w 0097 + elep ssewjolyL ‘g 3
o uoz|ioy wopoqaqnsg Y
2 ooszf = /oom
1]
2 00¥e| — —
= | wo9L=4a looy esg
3 006CF wyseL=m umeo»?m._
suojsuswig ue aufez sso.oe s|yoid yf

[suuey)



327

The empirical relationships between levee architecture and channel morphology
also play a role in subsurface and outcrop mapping of ancient channel-levee systems. In
outcrop mapping of channel-levee systems, it is the thickness rather than horizontal
extent of features that can be determined most easily, simply because exposures are rarely
widespread enough to display a complete channel-levee cross-section. In subsurface
mapping, owing to the vertical resolution of typical industry seismic data, it is the
horizontal extent of features that is better defined. However, horizontal lengthscales in
channel-levee systems like levee and channel width are intimately related to vertical
lengthscales like channel depth. In subsurface studies, for example, estimates of channel
depth can be made from mapping the width of channel features and using the correlation
between channel width and channel relief. Furthermore, the width of a channel sets the
width of the levees; consequently, mapping of an individual channel provides an estimate
of the areal extent of overbank deposition. Channel width also scales with the e-folding
length of a channel-levee system, Al so that measurement of a single feature, channel
width, can potentially determine the large-scale structure — channel relief, channel

length, and levee width — of a submarine channel-levee system.

7.4.2 Differences Between Channel-Levee Systems

The initial sections of Chapters 3-6 presented detailed examinations of individual
channel-levee systems, focusing on the such parameters as magnitude and nature of
sediment delivery, initiation mechanisms and estimates of turbidity current frequency.
When viewed in total, the sample set of channel-levee systems spans a wide range of
conditions that could potentially control channel-levee architecture. However, what has
been found in the thesis is that the structure of channel-levee systems parameterized by
variations in depositional sequence thickness and channel size conforms to simple
empirical relationships in spite of differences in source area dynamics or initiation
mechanisms. No major outliers exist in correlations between channel morphology and
levee architecture that systematically point to differences between systems like NAMOC
and Laurentian Fan fed by continental glaciers and systems like Amazon and Hueneme
Fan fed by rivers. Furthermore, Amazon and Hueneme Fan have depositional channels

(sensu Nelson and Kulm, 1973) whereas NAMOC, Laurentian Fan, and Reserve Fan



328

have depositional-erosional channels. It also appears that planform geometry of the
channel, i.e., meandering versus straight, is not immediately related to levee architecture.
Hueneme and Amazon Fan have approximately equal values of k', but Hueneme
Channel is relatively straight whereas Amazon Channel is highly sinuous. Clark et al.
(1992) showed that channel slope may play a role in determining sinuosity and therefore
the relatively weak dependence of k' on channel slope is consistent with the weak
dependence of thickness patterns on planform geometry.

Faced with numerous sources of variability between systems, it would be natural
to presume that levee architecture might well be exceedingly complex. However, the lack
of a distinct expression of this variability in levee architecture suggests that an underlying
physical process is responsible for the patterns, namely the exponential decay of
thickness both across-levee and downchannel and the correlation of this structure with
channel morphology. That is not to say that such factors as sediment delivery or
initiation mechanisms do not play role in determining channel-levee morphology. It does
suggest that the expression of such factors cannot be found in the large-scale structure of
levees, potentially limiting the search for causal mechanisms responsible for overail
submarine fan morphology to the mechanisms that control channel size. Simply stated,
the question that remains unanswered is what is the origin of a particular channel size.
Theoretical and experimental work on channel inception (e.g., Imran et al., 1998) may
provide insight into this fundamental question.

7.4.3 Physical Process of Overbanking

Most if not all flows will overtop their channels (Clark & Pickering, 1996), but
what happens to a flow once it has begun to overbank? The model for overbanking flows
presented in this thesis suggests that the depositional lengthscales both across-levee, k',
and downchannel, )C', can be explained by a kinematic balance between losses to the
levees, vh, and gains due to entrainment, EuW. Such a balance has been proposed, but
not well justified, by Pirmez (1994) and Hiscott et al. (1997).

The kinematic balance that forms the basis for the constant thickness model
represents a simplified description of overbanking flow. It does suggest relationships that

may be reasonable and that are consistent with observations. It does not, however,
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represent a model that explains all observations of levee architecture. In particular, the
direct relationship between vh and through-channel flow velocity suggests that vh and,
therefore, levee width should decrease downchannel because velocity in the model
decreases downchannel. Such behaviour is not consistent with observations that show no
systematic behaviour of k! within an individual channel-levee system. It could be that
the decreases in through-channel velocity are small or occur over greater downchannel
lengthscales than the lengthscales over which observations of k' have been made. Note
that the constant thickness model suggests that e-folding length for downchannel
variations in velocity is 2H/E, twice that of the e-folding length for variations in volume
concentration (i.e., H/E). Given the errors in determining k' and that the uniformity of k”
! occurs for distances on the order of H/E or less, it is perhaps to be expected that a
demonstrable trend in k™' could not be observed.

Alternatively, velocity could remain approximately uniform if the volume
concentration of sediment transferred from the through-channel flow to the levees
represented only a fraction of the layer- and width-averaged volume concentration. This
might occur where flows possess vertical gradients in volume concentration (e.g., Stacey
& Bowen, 1988a). In such cases, the upper portions of the flow would be more dilute
than the average volume concentration of the flow and the loss of sediment to the levees
may not substantially deplete the gravitational driving force of the flow. If under such
conditions vh still scaled with EuW, then the downchannel variation in u would be
smaller than that given by the constant thickness model and thus downchannel variation
in vh and k™ would also be small.

As a third alternative, losses of fluid to the levees may represent some fraction of
the gains of fluid caused by entrainment, i.e., less than that suggested by the constant
thickness model. Similar to the effect of vertical gradients in volume concentration, the
downchannel variations in velocity would be less than suggested by the constant
thickness model. In such cases, thickness of the through-channel flow would tend to
grow downchannel, but at a lesser rate than caused by entrainment in a confined flow.
Eventually, a state may be reached where the channel no longer acts to confine the
majority of the flow and a transition may occur from overbanking flow to spreading flow.
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The potential consequences of this transition in the downchannel structure of channel-

levee systems are further explored in the next section.

7.4.4 Implications for Downchannel Structure of Channel-Levee Systems

Observations of the downchannel structure of channel-levee systems have
previously been synthesized into generic patterns for the evolution of channel depth
(Menard, 1964), longitudinal profiles (e.g., Pirmez & Flood, 1995), and slope-sinuosity
relationships (Clark et al., 1992). The importance of these studies has been to
characterize the general behaviour of a channel-levee system to which individual systems
can be compared, thereby highlighting potentially anomalous features requiring further
investigation. The present study extends the quantifiable parameters of a channel-levee
system to include levee width and depositional sequence thickness at the levee crest,
finding that the downchannel evolution of these features can be placed within a generic
pattern as well. The pattern highlights the nature of correlation between these features of
channel-levee architecture that distinguish a channel-levee system into two discrete
reaches.

Figure 7.18 summarizes the downchannel patterns of the two most important
parameters describing the large-scale structure of levee architecture (Figure 7.18a, b) and
the relative average values for channel half-width and channel relief (Figure 7.18c) along
with the horizontal extent of individual channel-levee systems used to groundtruth the
downchannel patterns. Figure 7.18d schematically depicts the differences in overbanking
flow character responsible for the potential bipartite division of a channel-levee system.
A primary feature of channel-levee architecture is the observation that decay constants,
which parameterize the variations in depositional sequence thickness perpendicular to
channel trend, along the upper reach of a channel show little or no systematic trend over
distances that can exceed several hundred kilometres NAMOC, Chapter 3; Laurentian
Fan, Chapter 6; Figure 7.18a). When trends in decay constants occur they show a
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decrease at the distal ends of channel levee systems (Hueneme Fan, Chapter 4, Figure
7.18a). Where k™' is uniform, thickness at the levee crest decays exponentially (Figure
7.18b). As k! increases (i.e., k decreases) on the lower reaches of a channel-levee
system, thickness at the levee crest is uniform or decays abruptly.

In terms of flow processes, the inter-relationships between various parameters can
be explained by the division of a through-channel flow into two regimes (Figure 7.18d).
In the first regime, termed overspilling flow, the channel acts as the main conduit for the
downslope transport of sediment. The flow loses sediment to the levees, but does so at a
rate that is some fraction of the gains of fluid caused by entrainment. Such a flow will
gradually increase in thickness. Continuous depletion of sediment from the through-
channel flow, no matter how small, will eventually lead to deceleration of the flow. This
deceleration will also tend to increase flow thickness, forcing more of the flow above the
confines of the channel. Under these conditions, termed spreading flow, the flow is no
longer significantly confined by the channel. Such a flow would produce levees which
would increase in width as the flow decelerated.

The downchannel changes in sediment thickness at the levee crest resulting from
spreading flow are difficult to predict. Both uniform sediment thickness and abrupt
decreases in sediment thickness have been observed along the distal reaches of the
systems studied here and in flume experiments studying spreading and axisymmetric
turbidity currents. In experiments studying the flow of spreading turbidity currents
(Luthi, 1981), a linear decay of velocity with distance coincides with a linear increase in
the half-width of the deposit (Figure 7.19). Sediment thickness decays exponentially
with distance. Linear decreases in velocity with distance also characterize axisymmetric
turbidity currents (Figure 7.20) studied experimentally by Bonnecaze et al. (1995). In
these experiments, a sector tank was used which widened with distance at an angle of 8°
(Figure 7.20). Although not free to spread, these flume results show that the decay of
velocity behaves linearly as flow width increases linearly. In these flows, the deposit
displays regions of relatively uniform thickness interrupted by regions of abrupt
decreases in thickness. While the division of the flow into an overspilling portion and a
spreading portion remains tentative at this point, this model explains most of the overall

downchannel structure of a channel-levee system.
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Figure 7.19. Experimental results from investigation of spreading turbidity currents by
Luthi (1981); A. flow parameters versus time showing advance of the flow and the
velocity of this advance; B. flow and deposit parameters versus distance down flume.
Sediment grains used were quartz silt with a mean grain size of 37 mm.
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The downchannel structure of an entire fan system is best represented by data
from Hueneme Fan (Figure 7.18¢). The expression of overspilling flow is evident on the
upper fan (profile A-A") where a well-developed levee shows an obvious contrast in
acoustic character with channel fill. This morphology gives way to a more subtle
channel-levee system that lacks significant differences in acoustic character between the
channel fill and the levee sediments (profile B-B'). This downchannel pattern suggests
that separation between channel filling processes and levee growth on the upper fan
progressively changes to more uniform deposition. The difference in character on the
upper fan indicates different types of sediment and presumably different processes acting
in the channel compared to on the levees. In the simple model for downchannel structure
of channel-levee systems differences arise because the channel acts as the primary
conduit for downslope movement of sediment while the levees passively receive
sediment from this downslope flow. On the lower fan, the more uniform character of the
sediments both acoustically and in terms of thickness suggests more uniform downslope
flow. More uniform conditions perpendicular to channel trend characterize the spreading
flow phase. It is suggested that where entire systems can be investigated the
downchannel structure schematically depicted in Figure 7.18 should generally be seen.

The division of channel-levee systems into two discrete reaches potentially
provides a quantitative method of classifying systems. Although there is no generally
accepted definition of the terms upper, middle, and lower fan, the channel extends
downslope from the transition between the canyon and channel to the transition between
the channel and depositional lobe. It is proposed that a channel-levee system can be
divided into two reaches based on the architecture of the levees and channel and the
differences in flow behaviour that characterize these reaches. The transition from fan
valley to depositional lobe is simply an extension of the spreading flow behaviour
established over the lower reaches of a channel-levee system. In addition, because levees
are on average almost an order of magnitude more areally important than channels (i.e.,
levees are approximately eight times wider than channels) their downchannel structure
potentially controls the seismic expression of submarine fans in low resolution industry
seismic profiles. Because channel-levee morphology divides into reaches characterized

by fundamentally different physical processes, future investigation of channel-levee
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morphology will be better able to construct relevant physical models by first recognizing

where along a submarine channel-levee system the investigation is located.

7.5 Closing Statement

The most important contributions of this study concern the thickness patterns in
depositional sequences on levees. The thickness patterns obey relationships that correlate
with channel morphology. Because channel morphology is thought to reflect the
hydrodynamics of through-channel turbidity currents, a model was sought to link levee
architecture directly with through-channel flow parameters. The constant thickness
model explores the flow behaviour and levee architecture resulting from the maximal,
sustainable loss of sediment and fluid from the through-channel flow. The model
represents a physical treatment of a balance suggested by Pirmez (1994) and Hiscott et al.
(1997). Testing of the model against observations displays reasonable agreement,
provided that through-channel volume discharge of turbidity currents relates to flow
parameters in a way analogous to the relationships described by the hydraulic geometry
of fluvial systems as given by Langbein & Leopold (1964). The observed relationship
between channel half-width and channel relief for submarine systems and its agreement
with the relationship describing river channels supports such a contention.

At the outset of this project, levee architecture and its importance to
understanding the processes that shape the large-scale structure of channel-levee systems
were largely unknown, a limitation also hampering the study of fluvial levees (Brierley et
al., 1997). That is not to say that various features of levee architecture like asymmetry,
sediment waves, and sediment characteristics (i.€., grain size, sedimentary structures, etc.)
had not been studied. Rather, these features have been looked at extensively in the
modemn, and where possible, ancient record of submarine channel-levee systems, but
these observations and their interpretation lacked a framework for the expected behaviour
of levee architecture. This thesis has addressed what levees look like, placing important
constraints on the more fundamental question, what should levees look like? The
morphological description of levee architecture has shown that various lengthscales
within a channel-levee system are related, at least at the large-scale. The physical
interpretation of these lengthscales points to a conceptualization of through-channel flows
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that produce levees whose thickness decays exponentially downchannel while their cross-
sectional morphology, also displaying exponential patterns in thickness perpendicular to
channel trend, remains uniform over downchannel lengthscales that can exceed several
hundred kilometres. The absolute magnitude of these lengthscales are correlated directly
with channel dimensions, ultimately suggesting that the range of channel-levee
architecture, parameterized by levee width, k', levee length, A", channel relief, D, and
channel half-width, W, is both restricted and related to the hydrodynamics of through-

channel flows.



Chapter 8
Conclusions, Contributions,

and Directions for Future Research

8.1 General Statement

In Chapter 1, three objectives were presented that, if met, would lead to an
improved and more quantitative understanding of levee architecture and the expression of
turbidity current flow dynamics in that architecture. These objectives were (1) the
systematic and quantitative characterization of levee architecture, (2) the definition of
physical controls on levee architecture, and (3) investigation of the potential for using
levee architecture to infer environmentally-relevant turbidity current flow parameters. In
order to meet those objectives, the architecture of levees from a wide range of geological
environments has been investigated. The channel-levee systems investigated include
NAMOC and Hueneme, Reserve, Amazon, Var, and Laurentian fans. This chapter
summarizes the major findings and conclusions of this thesis, and then briefly discusses
the implications this study has for guiding future research into submarine fans and

turbidity-current processes.

8.2 Characterization of Channel-Levee Architecture

Levees constitute an important element not only of submarine channel-levee
systems but also of submarine fans. However, prior to this study, little attention had been
paid to the systematic and quantitative analysis of levee architecture. An important
contribution of this thesis has been to recognize that thickness variations in levees
perpendicular to channel trend can be quantified using an exponential model (Chapter 2
for methodology, Fig. 2.5; Table 8.1 for applications to individual systems). This
procedure yields a consistent and reproducible measure of the cross-sectional shape of a
levee, parameterized by a spatial decay constant, k, and the thickness of a depositional
sequence at the levee crest, 1,.. In some cases, linear trends in thickness could be seen,
but for the sake of consistency between systems exponential models were favoured.
Statistical comparison of exponential versus linear models for across-levee variations in

thickness shows that there is either no significant difference between the two models or

338
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that the exponential model is favoured (Fig. 2.4). The inverse of the spatial decay
constant, k', defines the e-folding length for across-levee variations in the thickness of
depositional sequences. This lengthscale represents a quantitative measure of levee
width.

Table 8.1. Summary of figures showing across-levee variations in depositional sequence
thickness.

System Figure reference
NAMOC Figs. 3.20-3.24
Hueneme Fan Figs. 4.19-4.21
Reserve Fan Fig. 5.2
Amazon Fan Figs. 5.14, 5.20-5.21
Var Fan Figs. 5.24-5.25
Laurentian Fan Figs. 6.24-6.25

The structure of levees can also be characterized by the downchannel behaviour of
the spatial decay constant (e.g., Fig. 3.26, 4.25, 5.3, 6.29). The variations in k™' showed
no significant downchannel trends except on Hueneme Fan (Fig. 3.26) where data
coverage spanned the channel-levee to lobe transition. Variations in depositional
sequence thickness at the levee crest could be fit to an exponential model (Fig. 7.1; Table
7.1), parameterized by a decay constant, A, whose inverse, A", defines the e-folding
length for downchannel variations in the thickness of levee depositional sequences. This
downchannel lengthscale represents a quantitative definition of levee length.

Calculation of these measures of levee architecture extends the quantifiable
parameters of a channel-levee system beyond measures of channel morphology
investigated by previous workers (e.g., Clark et al., 1992) which include, for example,
channel relief, slope, width, sinuosity, and levee asymmetry — the elevation difference
between conjugate levees and cross-channel slope. Although measures such as channel
relief include information on the thickness of sediment on levees, channel relief does not
explicitly characterize levee deposits. Whether the channel is a site of deposition,
erosion, or bypass influences channel relief in manner not necessarily related to sediment

accumulation on the levees. Consequently, including explicit measures of levee
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architecture represents a fundamental improvement to the quantitative description of

submarine channel-levee systems.

8.3 Empirical Relationships

The six systems studied in this thesis were used to develop empirical relationships
describing channel-levee architecture. Between systems, the application of consistent
quantitative techniques allowed direct comparison of parameters describing levee
architecture with parameters describing channel morphology. Downchannel, the
observations of channel-levee architecture were incorporated into a generic model
tentatively describing the expected behaviour of channel-levee architecture.
Stratigraphically, regular patterns were found in the evolution of levee crests and

sediment waves.

8.3.1 Inter-system Variability

Quantitative measures of channel-levee morphology show variability spanning
over two orders of magnitude. General relationships exist between the lengthscale for
variations in depositional sequence across a levee, k' or levee width, and channel
dimensions. In particular, levee width depends approximately linearly on channel half-
width, W (Fig. 7.2), and the square root of channel relief, D (Fig. 7.3). Channel half-
width scales as D*2*016 (Fig. 7.6).

General relationships also exist between the lengthscale for downchannel
variations in depositional sequence thickness at the levee crest, A"!, and channel
dimensions. Although the strength of these relationships suffers from a lack of data
points (six in total), A" scales approximately with w318 (Fig. 7.5b) and D"#™9%7 (Fig,
7.5¢c). The product of the two lengthscales, k', scales with p208 (Fig. 7.15).

These inter-system relationships exist in spite of a range of geological differences
between systems. Continental glaciers influenced sediment delivery to NAMOC
(Chapter 3.3.3) and Laurentian Fan (Chapter 6.3.3) while alpine glaciation may have
played a role in sediment delivery to Var Fan (Chapter 5.3.1). Hueneme (Chapter 4.3.3)
and Amazon (Chapter 5.3.1) fans were fed by rivers during lowstands of sea-level, but
Hueneme Fan may have been more influenced by turbidity currents triggered from

hyperpycnal inflow of dense river water than the failure of rapidly-deposited deltaic
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sediment likely responsible for generating flows on Amazon Fan. The comparison of
Amazon and Hueneme Fan is particularly intriguing considering that they have similar
values of k' but very different values of slope and sinuosity (Fig. 4.4 and 5.6). In light of
such variability, it might be expected that comparison of levee architecture between
systems would show few relationships. The fact that such relationships do exist suggests
that an underlying physical process is responsible for patterns in levee architecture.

The general relationships between levee architecture and channel morphology
provide scaling relationships that are useful in the mapping and interpretation of channel-
levee systems where data are limited. The intrinsic dependence of horizontal lengthscales
(channel half-width, channel length, and levee width) on vertical lengthscales (channel
relief, depositional sequence thickness) can be used to guide outcrop and subsurface
investigations where neither of these dimensions can be completely determined from

analysis of extant data.

8.3.2 Downchannel Variability

Examination of the downchannel trends in levee architecture from all the systems
studied here suggests some systematic behaviour. Sediment thickness at the levee crest
decreases exponentially over the upper reaches of a submarine channel (Fig. 7.1). This
thinning is parameterized by A"!, and it coincides with generally uniform values of k
sometimes over large downchannel distances (e.g., Fig 3.26). Sediment thickness at the
levee crest over the lower reaches of some submarine channels appears uniform, but on
others it decays abruptly (Fig. 7.1).

These patterns in levee architecture generally coincide with rather limited
variability in channel morphology, especially in comparison to the variability in channel
and levee dimensions between systems (Chapter 7.3.2). Channel width tends to be
particularly uniform downchannel, whereas both channel relief and channel slope tend to
decrease, but do not show variations that encompass the variation in these parameters
between systems. Thus, a single value of channel width, relief, and slope, generally
characterizes an individual system.

Downchannel patterns in levee asymmetry, parameterized by the cross-channel

slope, VH, also characterize submarine channels. In the cases studied, where the cross-
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channel slope increases with distance downchannel (NAMOC, Fig. 3.28), this pattern
results from reductions in the distance between conjugate levee crests rather than changes
in the elevation difference between conjugate levee crests. Where the cross-channel slope
decreases with distance downchannel (e.g., Figs. 3.28, 5.26, 7.7), the decrease results
from reductions in the elevation difference between conjugate levees. The decrease in the
elevation difference arises because the cross-channel gradient in depositional sequence
thickness at the levee crest, V1., decreases. In other words, deposition occurs
preferentially on one side of channel along the upper reaches of the system and becomes

progressively more symmetric with distance downchannel.

8.3.3 Stratigraphic Variability

Regular stratigraphic patterns were observed in the evolution of levee crests and
sediment waves. The levee crest, defined as the topographically highest point on the
levee separating strata that dip toward the channel from strata that dip away from the
channel, shows a general tendency, in the absence of erosion, to move toward the channel
axis. A geometric model (Fig. 7.11) suggests that the channelward movement of levee
crests can be explained by the filling of the space that exists between the levee crest and
channel. A direct relationship may exist between the angle of the inner levee slope, a
measure of the available space, and the spatial decay constant which parameterizes the
filling of this space (Fig. 7.11e). This relationship, guided by insight from the geometric
model, suggests that, in the absence of erosion and at the resolution of available seismic
data, levee crests shift abruptly after extended periods of aggradation rather than
continuously migrating toward the channel axis through time.

Sediment waves develop following a consistent pattern. After their initial
development, likely in response to some exceptional event given their apparently random
occurrence within individual systems (Table 7.3), sediment waves proceed to grow and
decay in discrete phases characterized by variations in their amplitude and rate of
upstream migration (e.g., Figs. 3.7, 5.35, 6.16, 7.7). At no time in their development
does wavelength show any significant variations or correlate with variations in either
wave amplitude or the rate of upstream migration. Examination of existing models

relating sediment wave morphology to turbidity flow parameters suggests that the lee
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wave model of Flood (1988) may explain the observed stratigraphic patterns better than
the antidune model of Normark et al. (1980).

The value of the spatial decay constant for across-levee variations in thickness, k,
shows no systematic stratigraphic patterns (e.g., Figs. 3.29, 4.27, Tables 5.6, 5.8). In the
high resolution data on systems like NAMOC and Amazon Fan, the stratigraphic interval
encompassed by a depositional sequence tends to be much less that the duration of
channel activity. Changes in channel morphology between successive depositional
sequences are minor, and consequently the expected changes in levee architecture would
be small and likely less than the errors associated with estimating the decay constant.
Similarly, there are no stratigraphic trends in k for depositional sequences defined in the
lower resolution seismic data. However, the stratigraphic interval between successive
stratigraphic horizons is much larger in the low resolution seismic data and the past

morphology of the channel is difficult to determine.

8.4 Physical Interpretation of Thickness Patterns

Submarine channels act as conduits for turbidity currents transporting terrigenous
detritus to the deep-sea. Levee deposition occurs because the thickness of these through-
channel turbidity currents can exceed local channel relief and spill out from the channel
onto the levee. Of the features examined and quantified in this thesis only thickness
patterns varied in a systematic way with channel morphology, suggesting that they may
record the hydrodynamics of through-channel turbidity currents.

A simple model suggests that the depositional lengthscale for across-levee
thickness variations, k™, depends on the character of the through-channel turbidity current
(Chapter 7.3.1). This lengthscale scales with the flux of fluid transferred from the
through-channel flow, vh, divided by the average settling velocity of the particles on the
levee, w,. Core data suggest that all the systems have levees composed of silty mud and
may have similar w,, leaving differences in vh as the source of variability in k' which
exceeds two orders of magnitude. In addition, bedding in levee sediments shows little
evidence of dramatic changes; levees are generally comprised of monotonous sucessions
of laminated silty muds (e.g., Fig. 5.19). The divergent internal reflection geometry,

conformable nature of depositional sequences (at a resolution of < 0.5 m for some seismic
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data), and monotonous bedding character of turbidites on levees argue in favour of
limited variability in the character of individual flows and thereby suggest that the vh
term related to individual turbidity current events can be estimated from the ensemble-
average represented by k™. It is unlikely that large variability in vh at the event level
would produce the simple exponential thinning pattern observed in across-levee
variations of depositional sequence thickness or the conformable, divergent internal
reflection geometry. Evidence from direct observations of turbidity current flow
(Reserve Fan) and indirect estimates of flow parameters (e.g., NAMOC and Hueneme
Fan) suggest that k', and therefore vh, scales directly with through-channel flow velocity.
Exploring the link between vh and through-channel flow parameters required
construction of a model through simplifications to the equations governing the
conservation of momentum, fluid mass, and sediment mass in an overbanking turbidity
current (Chapter 7.3.2; Appendix A). In the constant thickness model, losses to the
levees are assumed to be as large as possible while still allowing for downchannel
continuity of levee deposition. The flow is envisioned to travel through a channel of
constant size and uniform downchannel slope, maintaining a constant thickness because
entrainment of sediment-free water through the top of the flow balances the loss of
sediment-laden fluid out the sides of the flow. In this model, volume concentration (and
therefore sediment thickness at the levee crest) decays exponentially downchannel. The
lengthscale for this downchannel variation is given by H/E where H is the total flow
thickness in channel and E is the entrainment coefficient. The model suggests that vh
(and therefore, k’l) scales with EuW, where u is the through-channel velocity and W is
channel half-width. In the constant thickness model, the product of the two lengthscales,
k" and "' goes as volume discharge Q. Using the hydraulic geometry relationships of
Langbein & Leopold (1964), Q scales with D*** where D is channel relief. Observations
show that k'A"! scales with D**®%® (Fig. 7.15) which is not significantly different from
the relationship suggested by the constant thickness model. Given the available data, the
use of the hydraulic geometry relationships of Langbein & Leopold (1964) cannot be
directly tested; however, in their theoretical derivation of the hydraulic geometry

exponents, Langbein & Leopold (1964) required that W scale as D%, a theoretical
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condition proposed by Nizery & Braudeau (1955). This scaling relationship is not
significantly different that that found for submarine channels (Fig. 7.6).

8.5 Generic Model for Channel-Levee Architecture

The large-scale structure of channel-levee systems obeys certain constraints that
have been recognized empirically and supported theoretically. These constraints suggest
that the dimensions of a channel-levee system are all inter-related. Exponential
lengthscales characterize thickness patterns on levees (Fig. 7.1, Table 7.1, Table 8.1) and
correlations exist between these lengthscales and channel morphology (Figs. 7.2-7.3, 7.5).
Using the constant thickness model, the product of k', the lengthscale for across-levee
variations in thickness, and A.”', the lengthscale for downchannel variations in thickness,
varies with the magnitude of the initial through-channel volume discharge. Systems with
large through-channel volume discharge have wide, deep, and long channels with broad,
long levees. Small through-channel volume discharge coincides with channel-levee
systems having narrow, shallow, and short channels and narrow, short levees.

Regardless of system size, the downchannel structure of channel-levee
architecture shows two reaches (Fig. 7.20): 1) an upper reach with uniform levee width
and exponential downchannel decreases in sediment thickness at the levee crest; and 2) a
lower reach with increasing levee width and more complex variations in sediment
thickness at the levee crest. The morphological distinctiveness of these reaches may arise
from different types of overbanking. Over the upper reach, the levees grow by deposition
from overspilling turbidity currents where sediment moves from through-channel flow to
the levees in manner potentially described by the constant thickness model. Over the
lower reach, sediment transport through the channel progressively gives way to transport
across the levee analogous to the spreading of an unconfined flow. It should be noted
that such a model for downchannel structure is tentative at present because little data was
available from the lower reaches of the submarine channel levee systems studied here; to
propose it as a general model for channel-levee architecture requires additional

investigation.



346

8.6 Suggestions for Future Research

1. The present study has focused on the levees of submarine channels, finding that over
significant reaches of the channel they behave in a consistent manner. However, the
possible models that describe their architecture would benefit from study of two very
important locations along a channel-levee system: 1) the transition between the canyon
and channel-levee system; and 2) the transition between the channel-levee system and
depositional lobe. The correlations between channel morphology and levee
architecture suggest that factors determining channel size control the large-scale
structure of channel-levee systems; in addition, construction of simple flow models
like the one used here requires knowledge of the initial flow conditions. Thus, study of
the canyon-channel transition may provide necessary insight into the processes of
channel inception and the initial conditions of through-channel flows. The tentative
model for the general structure of channel-levee systems also suffers from the lack of
detailed knowledge of channel-levee systems as they merge with the depositional lobe.
Improved understanding of this transition will help constrain future models.

2. A major tool used by this study has been the development of empirical relationships
between features of levee architecture. Extension of the study to include data from
many more systems will help to refine the accuracy of these relationships. Channel-
levee systems of particular interest are: 1) Indus and Bengal fans because they are the
largest modern submarine fans; 2) Zaire and Rhone fans because they have a
morphology similar to Amazon Fan; and 3) any or all of the numerous fans located in
the California Continental Borderland because they represent a wide range of channel
dimensions and levee architectures within a relatively small geographic area.

3. Application of the hydraulic geometry relationships, the work of others on submarine
channel morphology (e.g., Clark et al, 1992), and anecdotal evidence from fluvial
levees (Allen, 1970, p. 137) suggest similarities between submarine levees and fluvial
levees that appears to be a promising avenue for future investigation.

4. A major limitation of the geological understanding of channel-levee architecture arise
from the lack of theoretical and flume work on overbanking flows. This work is vital
in separating the possible from the plausible when interpreting the geological record of

geophysical-scale phenomena.



Appendix A:

Derivation of Constant Thickness Model

Consider a turbidity current flowing through a channel of depth, D, that entrains
ambient fluid through its upper interface and because flow thickness, H, exceeds local
channel relief, the flow discharges fluid from the channel to the levees. Furthermore,
assume that the flux to the levees in kinematically defined such that the flux of fluid to
levees exactly balances entrainment and divergence of the through-channel advective
flux. In such a flow, a turbidity current maintains a constant thickness while volume
concentration of sediment decreases downchannel. In this conceptualization of an
overbanking flow, clean water enters the flow from above and an equal volume of
sediment-laden fluid exits the Jlow out the sides. If fluid losses outpaced fluid gains due
to entrainment, flow thickness would decrease and overbanking would cease.
Consequently, this type of flow represents conditions for the maximum, sustainable loss
of sediment to the levees while remaining consistent with the observed downchannel
continuity of levee deposition. The following model explores the consequences of such
flow on the conservation of water, sediment, and momentum.

The continuity equation for the flow can be written as

M Mg (A.1)
ox oy oz

where u is horizontal velocity in x, v is horizontal velocity in y, w is vertical velocity.

Averaging over the layer thickness, H, yields

a_u__’_ﬁ_‘_!{ —Ev—‘ =0 (A.2)
ox ay Hz:H Hz=0

where u and v now represent layer-averaged values for velocity and shape-factors
resulting from the integration have been assumed equal to unity. Assuming that u and w
are independent of y, averaging over the channel half-width, W, yields

_a_u+‘v_' —ll +E‘ _!V—I =0 (A.3)
ox Wy:W wy:O I—Iz=H I-Iz=0
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Assuming symmetry about the channel axis, v(0) equals zero. Furthermore, the vertical
fluid velocity at the sediment water interface is assumed to be zero, i.e., there is no flow

of water into or out of the bed. Under these conditions, (A.3) reduces to

L' _w _ou (A.4)
w y=W H z=H ox

By using the entrainment assumption (Ellison & Turner, 1959), the vertical velocity at the

upper interface is assumed proportional to the downchannel flow velocity yielding

_“’I _Eu (A.5)
H,_, H

With this assumption, the continuity equation becomes

l* _Eu_ou (A.6)
Wi.w H o

Total flow thickness, H, is the sum of D, channel relief, and h, the overbank flow
thickness and therefore, vH equals vD + vh. Assuming that v is zero for z < D, vH equals

vh and (A.6) becomes
vh=EuW—WH% (A7)

To investigate the behaviour of this expression of continuity requires expressions for
velocity and gradients in velocity derived from equations for conservation of sediment
mass and momentum in turbidity currents.

At steady-state, the equation for conservation of sediment mass can be written as

duc vo owe_ S, 0y B, aK@ 2y & a5
ox oy oz oz ox *ox oy Yoy oy ‘oz

where K,, K,, and K, represent diffusion coefficients in x, y, and z respectively and arise

from modelling the turbulent fluctuations in volume concentration diffusively (e.g.,
Stacey & Bowen, 1988a). Integrating (A.8) over the channel half-width and assuming
that u, w, w, and c are independent of y yields

W 0
duc ve| . dwe awsc_aKxac+K,( Jac|  K,(0)ac c2x. %
x W 2 oz o&x “ox W ay| oz ‘oz

=W

If gradients in sediment concentration in y are assumed small then (A.9) becomes
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duc vc owc owce O éc 0 dc
—+ + —_— S =—K, —+—K,— A.10
ox W oz oz ox “ox oz ‘oz ( )

y=W
Integrating (A.10) over the flow thickness, H, yields

uC vC wc] wc| wc| ﬁl
+—+ +
x W Hl_y Hlo Hl.u o
_ g € K& _Kzgl
T ox “ox H oz, H ozl

where C is the layer-averaged volume concentration. Atz = 0, the flux can be specified

(A.11)

by
we|  wg| K, ocl

=0 (A.12)
H z=0 H |z=0 H az|z—()

provided that there is no net deposition, i.e., the settling flux (second term in (A.12))
offsets the diffusive flux (third term in (A.12)). Atz = H, the flux can be specified by
we|  wl K, oc|

=0 A.13
Hlow  H |y H 22l (A-13)

z=H
and assuming a local balance between the downward settling flux and the upward
diffusive flux and the interface at z = H represents a fixed surface that allows sediment-
free fluid into the flow that can only be exported out the sides of the flow. These
boundary conditions simplify (A.11) to

uC ¥C  _dg X_, (A.14)

+ X
x  Wl_w 0x *ox

2 _0 g oC__EuC (A.15)

ox ox Tox H
Scale analysis shows that the diffusive term in (A.15) is small t_‘elative to the other terms
and can be neglected. Consider a downchannel lengthscale for x of H/E (Ellison &
Turner, 1959) and that Kx scales with BUH where B is a coefficient near unity (Csanady,
1982). With these scales the terms in (A.15) go as

U,EBU_U (A.16)

H H H
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Because E << 1 — maximum values is around 0.09 (Ellison & Turner, 1959) — diffusion

can be neglected and (A.15) becomes

aC EC
x H (A-17)
which, if E is constant, has the solution
E
C=C, exp(—ﬁx) s (A.18)

predicting that volume concentration of the flow decays exponentially downchannel

because of losses of sediment to the levees.

At steady-state, the equation for conservation of downchannel momentum can be

written as
u? duv Ouw ) 8 ou
; & o g, sinfc Y (A.19)

by keeping only the lowest order terms (e.g., Stacey, 1982). Averaging over the channel
half-width and assuming that u, w, and c are independent of y yields

ou? uv uv Juw ) 0 Ju
—+—‘ ———’ +——=g_sinfc+—A, — (A-20)
ox  Wl.w Wiy-o oz ° oz oz

which, because v(0) = 0, simplifies to

du? uv Juw . d, du

—_—+ +——=g sinfc+—A, — A2l
ox "W, oz gosmpe+—A, = (A21)

Averaging (A.21) over flow thickness produces

2

6u_+u_v{ +ﬂ{ _E“—,’ =g, sinfC + Az aul - Az @I (A.22)
ox Wy:W H z=H H z=0 H azlz:H H |z=0

Using

A, & _ Cpu? (A23)
H &z, H

and

uw A, Ou
_—= =0 A24
EL—-—H H gL:H ( )

simplifies (A.22) to
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2 2
Wl g sinpc- oY (A25)
x Wi,y H

Using (A.6) , (A.25) becomes

du’> Eu’ du : Cpu?
el - sinBC - ';{ (A-26)
which simplifies to
2 E+C
%=2go simrsc-z(—HL)u2 (A:27)

Using (A.18), (A.27) represents a first-order differential equation whose solution is given
by

2 . -
(1] ZotBCall e o IBIBGE e (azg
(E+2Cp)ul (E+2Cp)u;

with the boundary condition that u(x = 0) = u,. Defining I'; according to

U,

2g,sinBC_H 2Ri,sinf
_ %8 ot _ ° A.29
27 (E+2Co)u2  (E+2Cp) (4-29)

where Ri, is the initial bulk Richardson number of the flow and is given by

Ri, = 2ol (A30)

U,

the solution of (A.27) can be written

2
(—“-) = e ™0 4 ¢ 2E* o) _p e E o (A31)

U,

To solve for the losses to the levees that satisfy (A.6), (A.27) can be written as

H%:(Risinﬁ-}s-co)u (A.32)
where
2 2
Ri = gocz:H = gOCZOH e—B(/H(u_O) = Rioe-EX/H(EQ-) (A.33)
u u u u

o
which when substituted into (A.6) yields

vh _

> (2E+Cp —Risinf) (A.34)
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or
vh 1 -Ex/H uz) (E"'ZCD)

Y A o o A= — "D A35
EuW ( 17528 u? E (A-35)
where

2E+C

= D (A.36)

E+2Cp

The model for turbidity current flow is completely defined by (A.18), (A.31),
(A.35), with two dimensionless parameters, I', and I',, given by (A.36) and (A.29),
respectively. The values that the parameters may take can be investigated. The definition
of '} can be rearranged to solve for E yielding

2T, -1

T (A37)

E=CD

and since E must be greater than zero, the range of values that I") can taken fall within 0.5
<T, <2. For example, Middleton (1966) suggests E/Cp ~ 0.43, which equates to I'
equal to about 0.75.

The second parameter in the model, I';, can be expressed in terms of I'; according
to
2 Ri, sinf

I, =
273 Cp

(2-1) (A.38)

Although the range of I, is restricted, no a priori reason exists for a similar restriction on
I,; thus, [, is related to I';, but is not necessarily predicted by I';. However, if the initial
Richardson number of the flow is given by

Ri sinf=E+Cj (A.39)
which is true for steady-uniform flow (e.g., Bowen et al., 1984; Turner, 1986) down low
slopes (sinf ~ tanf), then I'; depends on I'; according to

I, =-§-(1“l +1) (A.40)

Under these conditions, solutions for dimensionless velocity, dimensionless volume

concentration, and the non-dimensional losses of fluid to the levees as a function of Ex/H

depend on a single parameter, I', that has a restricted range of values.
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