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ABSTRACT OF DISSERTATION

SUBSTRATE CONTROLLED INTERACTIONS BETWEEN HYDRAULICS, SEDIMENT
TRANSPORT, AND EROSIONAL FORMS IN BEDROCK RIVERS

Bedrock rivers are important components of the landscape that are distinguished from
alluvial rivers by high sediment transport capacity relative to supply, and a direct link between
the underlying geology and forms and processes. This dissertation examines how independent
substrate controls influence the interactions among bedrock channel morphology, hydraulics,
sediment transport, and incision processes. Three distinct, but related chapters focus on
hydraulics, sediment transport dynamics, and incision processes at inter-reach and intra-reach
scales. The majority of this research was conducted on the Ocoee River, Tennessee, which flows
through the Blue Ridge province of the southern Appalachians. Four main study reaches were
designated based on differences in bedrock erodibility controlled by lithologic and structural

variation.

The results indicate that substrate differences correlate with variation in reach
morphology (i.e., gradient, bedform orientation and amplitude), such that less erodible substrates
are associated with steeper reach gradient and with transversely oriented ribs of greater
amplitude. One-dimensional hydraulic modeling indicates that in the reach with the least
erodible substrate, and greatest bed slope and rib amplitude, the reach-averaged hydraulic
roughness was the greatest. Increased hydraulic roughness in steepervreaches points to the
importance of positive and negative feedbacks in these systems: Greater substrate erosional

resistance limits profile lowering, which likely creates steeper bed slopes and greater stream
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power, creating a self-enhancing feedback. This local increase in stream power is balanced by
increased roughness resulting from the erosional processes that produce bedrock ribs, which
represents a self-regulating feedback. The overall result reflects quantifiable adjustments

between substrate resistance and hydraulic driving forces in bedrock channels.

Focusing on sediment transport dynamics, the results indicate that transport distance is
not a significant function of grain size, as has been reported for alluvial channels. Reach-scale
differences in channel morphology correlate with transport distance. At different intra-reach
scales, the smallest spatial resolution was the best predictor of transport distance. The highly
complex bed topography in this system leads to widely varying coarse sediment transport
dynamics. Complex interactions among gradient and bed roughness appear to govern reach-scale

differences in the degree of alluvial cover.

Inter-reach differences in lithology and channel morphology lead to differences in both
the size and spatial patterns of potholes. In reaches with more resistant rock and heterogeneous
bed topography, pothole dimensions are larger and follow an aggregated spatial pattern.
Intermediate bed elevations show the highest likelihood of pothole formation, suggesting that
local hydraulics and tools versus cover relationships govern pothole formation and maintenance.
At different spatial scales, substrate characteristics play a key role in controlling the forms and

processes of the bedrock channels examined in this study.

Jaime Ruth Goode
Department of Geosciences
Colorado State University
Fort Collins, CO 80523
Fall 2009
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CHAPTER 1. INRODUCTION

Bedrock channels are important components of the landscape, as they control the
rates of landscape evolution by setting the base level for hillslopes and translating the
overall response to external forces of climate and tectonics (Molnar and England, 1990;
Howard et al., 1994; Whipple et al., 2000a). Bedrock channels are characterized as
having little alluvial cover and conditions of high sediment transport capacity relative to
supply, leaving the characteristics of the bedrock geology to play an important role in
shaping the channel. Typically, bedrock channels occur in regions of relatively high
tectonic uplift and are common to higher elevation, lower order watersheds; they
comprise a significant portion of the landscape (Montgomery et al., 1996). A recent
explosion in bedrock channel studies has been driven by this importance. Still, little is
known regarding the processes of incision and controls on bedrock channel form,
especially from field studies; the majority of the research has focused on constraining
parameters specific to bedrock channels in order to mode] overall landscape evolution.
These models initially focused on simple scaling of drainage area and slope (i.e., stream
power or shear stress) to predict incision rates (Howard and Kirby, 1983; Howard et al.,
1994; Whipple and Tucker, 1999). Recognition of the importance of alluvial material in
bedrock systems led to further development of incision models that included bedload and
suspended load effects (Sklar and Dietrich, 1998, 2004, Lamb et al., 2008, Turowski et
al., 2007; Turowski, 2009). Still, there is a need to further constrain the processes and

interactions between the underlying geology, hydraulics, sediment transport, and erosion



that control channel form and incision at different scales. Advances in these studies will

therefore enhance our understanding and prediction of landscape evolution.

1.1 Study objectives

Overall, it is important to distinguish processes that operate differently in alluvial
and bedrock channels, and to explore the controls on those differences. I folloWed a
multi-scaled approach to attack this problem and isolate different processes at different
spatial scales. The three main scales of focus are the channel segment, inter-reach and
intra-reach scales. For the channel segment scale, variability is examined along the
channel profile at distances ranging from 100 m to 5 km. This scale includes
examinations of four streams within the main study region, the Blue Ridge Province of
the southern Appalachians. This scale highlights how regional differences in substrate
erosional resistance reflect geologic structure and influence the type and relative
effectiveness of channel erosion.

At the inter-reach scale, comparisons between hydraulics, sediment transport and
erosional forms are made based on differences in reach morphology and rock resistance
that have direct links to the underlying independent substrate control. Reaches 75>m to
200 m in length were designated based on internal consistency of bedrock substrate and
channel geometry. The main substrate differences between the four reaches of focus on
the Ocoee River are the orientation of structurally influenced bedrock ribs (explained in
detail in Chapter 3) and dominant lithology (e.g., massive metagreywacke or densely
foliated phyllite). Differences in the dynamics of coarse sediment transport dynamics, as

well as the size and spatial patterns of potholes, can be compared among the reaches and
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linked to variability in substrate characteristics. This scale highlights how local
differences in substrate influence channel erosion.

At the intra-reach scale of 10" to 10" m, comparisons between sediment transport
dynamics and erosional forms are based on differences in local channel topography that
ultimately reflects the underlying bedrock geology. This scale highlights how the
feedbacks among substrate resistance, hydraulics, and small-scale bed topography
influence channel erosion.

Combined comparisons of substrate resistance, hydraulics, sediment dynamics,
and bedrock erosion at different scales provide useful insights into the controls on
bedrock channel processes. These insights can ultimately lead to better process

parameterizations and numerical simulations of bedrock incision.

1.1.1 Research overview

In order to investigate the independent influence of bedrock substrate on the
interactions between channel morphology, hydraulics, sediment transport and erosional
processes, the dissertation is broken into three chapters which attempt to isolate each
component. Chapter 3 examines the controls on rock properties and structurally
influenced bed topography on reach-scale hydraulics and longitudinal variability in
channel morphology. In Chapter 4, the focus turns to the interactions between channel
morphology, hydraulics and coarse sediment transport at the inter- and intra-reach scales.
Chapter 5 examines the influence of rock properties and channel morphology on the
efficacy of erosion focused in potholes. Finally, Chapter 6 links all components in a

conceptual model for bedrock channel adjusiment given highly influential substrate
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parameters. Because each of the three chapters has been submitted for publication, the
journal article structure was maintained within each chapter. The study focuses on the
Ocoee River, Tennessee and the description of the study area is maintained in each

chapter so that the flow of each paper is not disrupted.



CHAPTER 2. BACKGROUND

This dissertation, which examines the influences of substrate on hydraulics,
sediment transport and erosional forms in bedrock channels based on field studies, adds
to the existing research on bedrock channel forms and processes. This research includes:
basin- and reach-scale analyses that characterize bedrock channel morphology; studies of
different erosional processes and the efficacy of these processes; numerical models of
bedrock incision; process studies of the relationship between coarse alluvial material and
bedrock incision patterns (tools vs. cover effects); and experimental studies of incision
processes and interactions between hydraulics, sediment transport and channel form. This
chapter provides background information and reviews key literature related to these
topics in order to set the stage for the three main study chapters. The results from this
field-based dissertation will enhance our understanding of bedrock channel processes and

form.

2.1 Bedrock channels

The recent surge in the study of bedrock rivers has largely been driven by
recognition that these systems occupy a significant portion of the landscape
(Montgomery et al., 1996, Wohl, 1998; Whipple, 2004) and that they are integral
components of landscape change because they set the base level for hillslope response to

tectonic and climatic forcing (Whipple, 2004; Whipple and Tucker, 1999, 2002). Overall,



the evolution of landscapes is governed by rates and processes of fluvial incision into
bedrock.

Bedrock-dominated channels largely occur in headwater regions in the high
elevation zones of tectonically active mountain belts (e.g., Howard et al., 1994;
Montgomery et al., 1996; Sklar and Dietrich; 1998; Turowski et al., 2008b). Although
Montgomery et al. (1996) suggest that bedrock reaches occur at higher channel slopes for
a given drainage area over alluvial reaches with the same drainage area, an inherent
problem arises of what defines a bedrock reach. Whipple (2004) followed a definition
that is consentient with the some of the earlier definitions (Gilbert, 1877; Howard et al.,
1994; Montgomery, et al., 1996): “Bedrock-channels lack a continuous cover of alluvial
sediments, even at low flow, and exist only where transport capacity exceeds sediment
flux over a long term.” Tinkler and Wohl (1998) provide a similar definition based on
sediment supply and capacity: “Bedrock channels are those reaches along which a
substantial portion of the boundary (>50%) is exposed bedrock, or is covered by an
alluvial veneer which is largely mobilized at high flows such that the underlying bedrock
geometry strongly influences patterns of flow hydraulics and sediment movement.”
Turowski et al. (2008b) go further and provide a quantitative description according to
hydraulic geometry-based sediment transport relationships. They indicate that this type of
definition is dynamic and not a function of channel conditions at a static state in space or
time. Regardless of the intricacies of these definitions, the central idea is that the
inherent bedrock properties provide an independent control on bedrock channel form and
processes, which are centrally linked to sediment supply and capacity. As with any other

classification, a gradual transition should exist between bedrock and alluvial channels as



dominant controls on channel dynamics shift from one to another (Turowski et al.,
2008b).

Studies in alluvial systems dominate fluvial geomorphology, but recent studies
examine fluvial processes in mountainous terrains. A central tenet to the expansion of
research in mountain rivers, and more specifically bedrock rivers, is that the long-
developed theories developed for alluvial systems are not applicable in these other
systems; central concepts such as dominant discharge (Langbein, 1964) and hydraulic
geometry (Leopold and Maddock, 1953) developed for alluvial streams may not model
bedrock systems in the same way. The logical assumption behind these differences is that
consolidated and unconso]idated'boundaries are deformed by different mechanisms and

over largely different time scales.

Bedrock channel morphology reflects hydraulic driving forces acting across
different time scales compared to alluvial systems (Baker and Ritter 1975; Baker, 1977;
O’Connor et al., 1986). The width and location of active incision of natural bedrock
channels should change with the magnitude and frequency relationship between flow and
sediment discharge (Hartshorn et al., 2002). Independent substrate properties such as
local lithologic and structural heterogeneity (Wohl and Achyuthan, 2002; Kobor and
Roering, 2004; Frankel et al., 2007), jointing (Miller, 1991; Ehlen and Wohl, 2002),
bedding, and base level history (Wohl et al., 1994 Lave and Avouac, 2002; Duvall et al.,
2004) are important influences on the processes and form of bedrock channels. The
starting assumption for self-adjusted alluvial channels is that discharge exerts the
dominant influence on channel form (Leopold and Maddock, 1953). Despite the high

erosional thresholds and substrate heterogeneity in bedrock channels, some evidence



exists that bedrock channel dimensions also scale with flow (Montgomery and Gran,
2001; Wohl and David, 2008). However, local bedrock properties also influence channel
~ morphology (Montgomery and Gran, 2001). Therefore, feedbacks between hydraulic
parameters and bedrock characteristics likely govern the balance between spatial

variability of channel form and scaling of channel dimensions by flow.

2.2.  Bedrock channel morphology

Studies of bedrock channel forms have focused on different scales. At the basin
scale, studies have focused on the longitudinal profile of bedrock channels and the
response to climatic and tectonic forces (e.g., Seidl et al., 1994; Snyder et al., 2000;
Kobor and Roering, 2004). At the reach scale, several investigators have described step-
pool and pool-riffle sequences (e.g., Keller and Melhorn, 1978; Duckson and Duckson,
1995; Wohl and Merritt, 2001). Other features such as inner channels (e.g., Baker, 1973;
Wohl, 1993; Wohl and Achyuthan, 2002), knickpoints (e.g., Crosby et al., 2006; Frankel
et al., 2007) and slot canyons with undulating walls (e.g., Wohl et al., 1999; Carter and
Anderson, 1996) have also been described. Smaller-scale sculpted forms such as
potholes, although receiving less attention, are also important features in bedrock rivers
(e.g., Alexander, 1932; Wohl, 1993; Hancock et al., 1998; Whipple et al., 2000a;
Richardson and Carling, 2005; Springer et al., 2005). At all scales these features can be

influenced to differing degrees by the underlying rock characteristics.

At the basin scale, bedrock channels typically display abrupt downstream

variation along and between reaches as a result of local or inter-reach variation in



lithology or structure (Ehlen and Wohl, 2002; Wohl et al., 1994; Duvall et al., 2004).
Previous investigators have assumed that the boundaries of bedrock channels are
sufficiently resistant and heterogeneous that channel form is dominated by substrate
characteristics. Despite local variability, many others have documented that bedrock
channel width varies systematically as a power function of drainage area (Hack 1957;
Snyder et al., 2003; Tomkin et al., 2003; Wohl and David, 2008), where drainage area is
used as a surrogate for discharge. Other recent studies have described downstream
changes in bedrock channel width because the downstream hydraulic geometry (DHG)
width relation is used in the derivation of the stream power incision law (described
below). Therefore, understanding the downstream width variability in bedrock streams is
important for modeling bedrock incision and landscape evolution. In weak sedimentary
lithologies, Montgomery and Gran (2001) did not find differences in the width-drainage
area functions among alluvial and bedrock reaches. Whipple (2004) argues that the same
physics control channel width in alluvial and bedrock channels because of similarities in

channel width for corresponding drainage areas.

In one of their study streams, Montgomery and Gran (2001) documented that
lithologic differenceé led to significant changes in the channel width; they noted that
downstream increases in width could be reset by a resistant lithology. Montgomery and
Gran (2001) noted that width decreased when the channel transitioned to a more resistant

lithology. In this case the transition was from limestone to granite.

In addition to relative rock resistance, others have noted that variations in uplift
rate along the longitudinal profile are associated with channel width variability. In cases

where uplift rate increases downstream, channel width narrows (Lave and Avouac, 2002).
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Where uplift rates are high, bedrock channels tend toward steeper gradients because
incision rates lag behind uplift (Whipple, 2004). Steeper channel reaches are associated
with narrower channels (Wohl et al., 2004). Variations in channel width and slope can
account for inferred differences in long term incision rates between rivers that are
undergoing different uplift (deall et al., 2004). These studies all document that bedrock
channels adjust dimensions such as width and gradient in response to independent
controls, such as bedrock structure and lithology and uplift rates. In terms of the
application of these results to the stream power incision law, Finnegan et al. (2005)
concluded that bedrock channel width varies with both discharge and slope. Therefore,
scaling width by only discharge in the stream power incision model underestimatés

stream power in areas where the river is steeper.

Many have argued that discharges of much greater magnitude and lower
frequency are responsible for the form of bedrock channels (Baker, 1973, O’Connor et
al., 1986). Indirect estimation of discharge in bedrock streams using various types of field
indicators, including vegetation limits and breaks in slope, suggests that channel
geometry is predominantly shaped by higher discharges of lesser frequency than
predicted based on concepts of frequently recurring bankfull as the dominant discharge
(Wolman and Miller, 1960; Wohl and Wilcox, 2005). In most bedrock-influenced
channels, more resistant substrate leads to longer relaxation times and the morphology of
a past flood may be preserved in the channel for longer time periods. Therefore, the field-
determined bankfull stage, where discernible, is associated with a large magnitude, but
less frequent return period, and the same 1-2 year frequency floods that are important for

shaping alluvial streams are not as important in bedrock reaches. At flows above bankfull
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in alluvial streams, the presence of a broad flood plain, usually with vegetation, lowers
mean shear stress and velocity by increasing roughness as the water spreads over the
wide, shallow section (Baker, 1977). Confinement in bedrock streams maintains high
velocities and shear stresses, such that a lower-than-expected flood magnitude may be

responsible for erosion of bedrock channel boundaries.

Through flume experiments aimed to investigate the collective adjustment of
bedrock channel slope, width, roughness, alluvial cover and incision rate at the reach
scale, Finnegan et al. (2007) observed that channels adjust their width through alterations
in the location of vertical incision. The location within the channel and the width of the
localized incision zone were directly related to the balance between bedload supply and
transport capacity. Similarly, the experimental results of Dietrich et al. (1989) from
alluvial channels demonstrated that reduction in sediment supply led to narrowing in the
zone of active sediment transport and coarsening of the immobile sediment along the

margins of this transport zone.
2.3. Incision processes

Fluvial incision into bedrock occurs through several processes: chemical
weathering, cavitation, plucking of bedrock blocks, and abrasion by suspended and bed
load sediment (e.g., Wohl, 1993; Hancock et al., 1998; Sklar and Dietrich, 1998; Wohl,
1998; Whipple, 2004). Chemical weathering, or corrosion, is most prevalent in carbonate
lithologies, such as limestone; it occurs through chemical interaction between the water

and rock surface. This process is important for either chemically dissolving such rocks, or
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for weakening non-carbonate rock surfaces in preparation for other erosive processes,
such as plucking or abrasion (Carling and Grodek, 1994).

Cavitation refers to a process whereby bedrock material is removed by high
instantaneousv pressure forces that result from the collapse of vapor-filled bubbles that
form in turbulent flows (Barnes, 1956). Although this process has not been well
documented in natural channels, Barnes (1956) developed an equation for its potential
occurrence in natural streams based on the Bernoulli equation.

Plucking and abrasion are the two most studied bedrock erosional processes (e.g.,
Carling and Tinkler, 1998; Hancock et al., 1998; Tinkler, 1993; Sklar and Dietrich, 2001;
Hartshorn et al., 2002). Plucking is an efficient mechanism for removing bedrock blocks
where joints are closely spaced. Blocks are typically removed via lift generated from
pressure differences in the flow around the blocks or sliding of the upper block in
response to shear stress differences (Hancock et al., 1998).

Abrasion occurs as saltating bedload or sediment in suspension translates the
kinetic energy of the mobile particle into removal of bedrock material; abrasion can be a
dominant erosional mechanism in bedrock-dominated channels, especially in massive
bedrock and where there is an intermediate supply of coarse bédload material. Given the
importance of alluvial material in bedrock channel systems, the mechanics of bedload
transport processes exert a strong influence on the rate and style of bedrock channel
incision. Hancock et al. (1998) described a process of abrasion via suspended material
that is flung against the bed in the turbulent wake zone behind sculpted features as a

scenario called “attack from the back.”
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Incision into bedrock is accomplished through a linked and interconnected set of
physical processes that vary in their efficiency both in space and time (Hancock et al.,
1998). These processes do not tend to be mutually exclusive and one process may prepare
the rock surface for erosion via another process. Several studies have suggested that the
dominance of one process over another is controlled by the hydraulics and rock
characteristics (Hancock et al., 1998; Wohl; 1998; Whipple et al., 2000a). For example,
Whipple et al. (2000a) suggested that plucking will dominate and abrasion will be

insignificant where joints are spaced less than 1 m apart.

2.3. Bedrock incision models

The initial interest in bedrock channel erosion was driven by questions related to
landscape evolution modeling. At the watershed scale, bedrock incision rate was modeled
as a power law function of the boundary shear stress (Howard and Kerby, 1983; Howard
et. al., 1994; Howard, 1994). Many of the original models assumed steady-state fluvial
incision where the incision rate keeps pace with the uplift rate. More recent models
account for bedload transp;)rt capacity and supply (Sklar and Dietrich, 1998, 2004; Lamb
et al., 2008, Turowski et al., 2008b, 2009). These recent models differ in the method used
to describe sediment transport processes. These models also make different predictions
about the response rate to climatic and tectonic forcing (Whipple and Tucker, 2002).

The earliest formulation of a bedrock incision model was developed based on
simple scaling. Howard and Kerby (1983) described detachment limited rate of bedrock
| erosion, E, or dz/dt, modeled as a power law function of drainage area, A, and slope, S,

with drainage area used as a proxy for discharge.
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E=Z=Kamsm, 2.0
where the exponents m and n depend on whether stream power or shear stress drives
incision (Whipple and Tucker, 2002), and K is a term used to describe resistance to
incision and is a function of lithology. Variations in the appropriate values for K are
poorly documented (Stock and Montgomery, 1999).

In their examination of rapidly eroding badlands topography, Howard and Kerby
(1983) found that the local erosion rates were well explained by this model. They found a
linear relation between incision rate and the bed shear stress, with the exponents m and n
equaling 1/3 and 2/3, respectively. Using drainage area as a surrogate for discharge
assumes that the time-averaged quantities of hydraulic parameters adequately integrate
the effects of the whole history of flooding in that system.

Models developed for mountain landscape evolution largely focus on incision into
bedrock because channels with a significant bedrock boundary (Turowski, et al., 2008a)
dominate in these landscapes and set the base level for hillslope erosion processes (e.g.,
Howard, 1994; Tucker and Slingerland, 1994; Whipple and Tucker, 2002; Sklar and
Dietrich, 2004; Lamb et al., 2008). The longitudinal profiles of these channels are strong
indicators of the long time-scale fluvial response to climatic and tectonic drivers.
Whipple and Tucker (1999) argued that the best way to determine the underlying physics
of fluvial processes is to study systems that are undergoing a transient response.

Many studies have focused on the vertical incision component through
detachment-limited incision models (e.g., Howard, 1994). Expansion of these

longitudinal incision models has focused on the role of alluvial cover and processes of

abrasion via saltating bedload (Sklar and Dietrich, 1998, 2004; Gasparini et al., 2006;
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Turowski et al., 2009), as well as the role of suspended sediment (Lamb, et al., 2008).
Other studies have examined the lateral component to bedrock channel incision (Wobus
et al., 2006; Finnegan et al., 2007; Turowski et al., 2008b) and the implications for rivers
meandering through bedrock gorges (Stark, 2006). The data needed to evaluate different
aspects of competing models are rare (van der Beek and Bishop, 2003; Tomkin et al.,
2003). Many studies have taken an experimental or theoretical approach (Finnegan et al.,
2007; Turowski, 2009), yet others have examined the bedrock properties measured in the
field that are important controls on the rates and styles of incision.

Bedrock incision is typically modeled as a function of shear stress or unit stream
power (e.g., Howard and Kerby, 1983; Howard, 1994; Whipple.and Tucker, 1999). With
some assumptions about the relationships between channel width and discharge as well as
drainage area and discharge, both the shear stress and stream power models can be
expressed as a function of only two variables: drainage area and slope (e.g., Tucker and
Slingerland, 1997; Whipple and Tucker, 1999). Although the effects of sediment flux are
also a function of drainage area and slope, the influence of sediment flux on incision rate
is not specifically included in either the shear stress or stream power formulations.
Sediment flux therefore has an influence on fluvial incision, which may affect the scaling
relationship between incision rate and both drainage area and slope (Sklar and Dietrich,

1998; 2004; Tomkin et al., 2003; van der Beek and Bishop, 2003).

Modified versions of the stream power model incorporate the magnitude of the
tools versus cover effects via a function of the volumetric sediment supply. If both tools
and cover effects operate, this function is expected to follow a parabolic function of the

ratio of the sediment supply to transport capacity. This ratio depends on hillslope
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processes and rates, as well as the variability of hydrologic regime. Understanding the
details of bedrock incision processes provides important information on the evolution of
rivers and hillslopes in mountainous terrains. Stream power incision into bedrock groups
a range of processes of incision into a simplified form. Given the wide range of processes
by which bedrock erosion occurs, the suite of processes are not likely to vary identically
with stream power (Sklar and Dietrich, 1998). This clearly reveals the simplifications
made by stream power incision models, despite their usefulness and computational

succinctness (Howard and Kerby, 1983; Seidl et al., 1994).

3.3.1. Saltation-abrasion model of bedrock incision

Different studies have examined different factors that limit the ability of bedrock
channels to incise vertically. In one end-member case, vertical incision is limited by the
ability of erosional processes to physically remove pieces of the bedrock; this is referred
to as detachment-limited conditions. The other end of the spectrum which limits bedrock
channels from vertically incising 1s the ability to transport the sediment supply, thereby
setting up transport-limited conditions. It is unclear, however, which of these end
members dominate. Alternatively, Sklar and Dietrich (1998; 2004) describe a model of
bedrock incision that incorporates the role of bedload transport in bedrock channels. This
model essentially combines concepts of alluvial streams and bedrock streams and
describes these processes as an intermediate domain between transport-limited and
detachment-limited end-member systems. The model predicts the instantaneous bedrock
incision rate, E;, as a function of flow discharge, channel width, hydraulic roughness,
coarse sediment supply rate, and the representative grain size. In its simplest terms, the

model describes the incision rate as the product of three terms: the average volume of
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rock that is removed by bedload impacts (V}), the rate of impacts per unit bed area per
unit time (/,), and the proportion of the bedrock surface exposed and not protected by
alluvial cover (F,),

Ey = Vil F; (2.2)

2.3. Sediment transport

Particular interest has focused on the important role of bedload material in
controlling incision via abrasion in bedrock systems (Sklar and Dietrich, 1998; 2001;
Hartshorn et al., 2002). Recent research has focused on understanding reach-scale
processes involved in bedrock channel incision (e.g., Johnson and Whipple, 2007;
Finnegan et al., 2007; Chatanantavet and Parker, 2008) in order to better constrain
parameters and assumptions required for landscape evolution models (e.g., Howard,
1994; Whipple and Tucker, 2002; Sklar and Dietrich, 2004; Turowski et al., 2007; Lamb
et al., 2008).

The mechanics of bedload transport processes exert a strong influence on the rate
and style of bedrock channel incision. Under conditions of low bedload supply relative to
transport capacity, this material acts positively to abrade the bedrock channel surfaces,
creating a tools effect. Conversely, when bedload supply increases, particle collisions and
interactions favor deposition into alluvial patches, eventually covering the bedrock. In
this case the bedload material inhibits bedrock incision and the cover effect dominates. At
intermediate sediment supply rates, there are enough tools for abrasion, but not enough
for alluvial cover to form. This dual role of sediment to enhance or inhibit bedrock
incision was initially proposed by Gilbert (1877), and more recently quantified by Sklar
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and Dietrich (1998). Although this threshold model is fairly simple conceptually, there
are many nuances and details that arise when it is further examined experimentally
(Johnson and Whipple, 2007; Finnegan et al., 2007; Chatanantavet and Parker, 2008) and
in the field, as I present in this dissertation.

These effects have been incorporated into recent bedrock incision models. The
model developed by Sklar and Dietrich (2004) is based on a linear decline in the fraction
of the bed that is exposed as sediment supply increases and eventually falls to zero
bedréck exposed when the supply equals the transport. The Whipple and Tucker (2002)
model is also based on a linear decline. Turowski et al. (2007) proposed a similar model,
but with an exponential decline in the fraction of alluviation. Their model introduced a
dynamic cover term instead of the static cover term used by Sklar and Dietrich (2004).
The dynamic cover term accounts for grain-grain interactions becoming more frequent as
the concentration of mobile sediment increases, thereby reducing the grain impacts on the
bed. The cover factor is used to account for regions of the bed that are intrinsically more
or less favorable to deposition. Turowski et al. (2007) conclude that their model provides
a better fit to the erosion data of Sklar and Dietrich (2001). Given the importance of the
tools versus cover relationships, most of these models have focused on bedload transport.
Suspended sediment may also be an important abrasional tool (Whipple et al., 2000b;
Hartshorn et al., 2000), and Lamb et al. (2008) have developed a model that incorporates
both suspended and bedload sediment transport. With the inclusion of a sediment flux
variable in recent bedrock incision models, it becomes paramount to investigate these
sediment transport dynamics in the field, especially if sediment transport processes differ

from alluvial systems.
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Several investigators have studied the interactions between bedrock channel
morphology, sediment transport and the degree of alluvial cover (Finnegan et al., 2007,
Johnson and Whipple, 2007; Chatanantavet and Parker, 2008). According to the
formulations of Chatanantavet and Parker (2008), sediment supply from hillslopes in
steep, actively uplifting mountain ranges maintains antecedent sediment patches between
floods, thus preventing bedrock exposure in the channel bed. In the other end-member
bedrock channel setting, where uplifit rates are low, the corresponding low denudation
rates and sediment delivery lead to maintained exposure of the bedrock (e.g., Wohl,

1993).

2.4.  Substrate controls

Substrate plays a major role in controlling the shape of bedrock rivers, but this
parameter must be considered in reference to the flow regime and hydraulic forces
driving erosion. If the forces of discharge (hydraulic driving forces) far outweigh the
controls of substrate resistance, then it is likely that relationships such as downstream
hydraulic geometry (DHG) will be similar among bedrock and alluvial streams. Wohl
and Merritt (2001) discriminated bedrock-channel geometry according to gradient,
substrate heterogeneity, and Selby rock mass strength. Their results suggested that,
similar to alluvial streams, bedrock channel morphology reflects a balance between
hydraulic driving and substrate resisting forces. Wohl (2004) used the ratio of total
stream power (hydraulic driving force) to Dg4 (substrate resistance) as a discriminator of
mountain streams with well developed and poorly developed DHG. In mountain streams

where this ratio was greater than 10,000 Kg/s>, DHG was well developed. The inherent
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connection between bedrock river form and the rock into which they incise can lead to
strong substrate influences, such that substrate resistance exceeds the hydraulic driving

forces in controlling channel morphology.

Wohl et al. (1999) did not find differences in substrate characteristics, which
included intact rock strength, orientation and spacing, bedding and porosity, among
bedrock reaches with undulating walls and straight reaches. From this they concluded
that the hydraulic mechanisms dominated over substrate controls, and the canyon wall
undulations were formed primarily by hydraulic forces. Also, in these channels the grain
size is small and large boulders or bedforms are either lacking or are not enough to
control energy dissipation. Instead, the hydraulics interact with the substrate to form
undulations in the channel wall that are analogous to undulations in the channel bed.
Along the Cache la Poudre River, Colorado, lithologic and structural variation
corresponds to variation in channel and valley width. Reaches with higher joint density,
which are controlled by the relative location of the channel to a shear zone, tend to be
wider than reaches with low joint density where the channel veers away from the shear

zone (Ehlen and Wohl, 2002).

A comparison of substrate resistance to hydraulic driving forces must be based on
a certain flow magnitude. If the form of bedrock channels is adjusted to the larger, less
frequent flows, then it is important to realize that the hydraulic driving force of these
large flows may overcome the resistant boundary. However, the heterogeneities in
resistance may also initiate energy dissipation mechanisms such as the formation of

bedforms. Given the independent substrate controls on some bedrock channels, if
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substrate variability exerts the strongest control on channel morphology, then it might not

be possible for these channels to develop toward a uniformity in energy expenditure.

2.5 Bedforms and sculpted forms

Localized erosion in bedrock channels can result in reach- and subreach-scale bed
and bank forms such as knick points or knickzones along the profile (Gardner, 1983;
Frankel et al., 2007), inner channels within the cross section (Baker, 1973; Shepherd and
Schumm, 1974; Wohl and Ikeda, 1997; Johnson and Whipple, 2007), or sculpted
abrasional forms such as potholes, flutes and grooves (Richardson and Carling, 2005).
Another expression of focused erosion, which I explore for the first time in this '
dissertation, is the formation of undulating, structurally-controlled bedrock ribs that are
intermediate in scale between sculpted forms and either knickpoints or inner channels.
The bedforms in alluvial rivers and bedforms, wall undulations, knickzones, or sculpted
forms in bedrock channels behave similarly, with the main effect being energy
dissipation. Wohl et al. (1999) showed that periodicity in the flow structure created by
bed or bank forms perpetuates bedforms in the downstream direction, which leads to a
feedback between forms and hydraulics. This may lead to flow conditions that oscillate
around critical flow (Grant, 1997). In this dissertation, I focus on bedrock rib bedforms,
which likely act as hydraulic energy diffusers much like bedforms in alluvial channels,
effectively reducing velocity and minimizing energy expenditure between topographic
undulations (Yang, 1971; Carling, 1989; Wohl et al., 1993; 1999).

Because of the close coupling between bedrock characteristics and fluvial
processes, bedforms in bedrock channels can be influenced to varying degrees by either

hydraulic or rock properties. In their thorough evaluation of sculpted bedrock channel
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forms, Richardson and Carling (2005) describe this in the context of two end members,
“structurally controlled” channel morphologies and “hydrodynamically controlled” types
of morphologies. These end members‘ also coincide with the dominant incision process
expected: where there is structural control (i.e., joints, bedding planes or foliations),
plucking should dominate, whereas in the hydrodynamic controlled morphologies,
abrasion should dominate. In this dissertation, I examine a bedform that is an
intermediate to these end members, having structural influence, but experiencing
alterations via abrasion.

The previous discussion highlights the tight interactions among bedrock substrate
properties, channel form, hydraulics, sediment transport and erosional processes. It is
even difficult to isolate one component in discussion without reference to the others.
Because it has been widely recognized that bed load transport plays a key role in shaping
bedrock channels, it is increasingly important to examine the interactions among the
bedrock and coarse sediment transport in these systems (Johnson and Whipple, 2007;

Finnegan et al., 2007; Chatanantavet and Parker, 2008; Turowski et al., 2007).
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CHAPTER 3. SUBSTRATE CONTROLS ON THE LONGITUDINAL PROFILE OF

BEDROCK CHANNELS: IMPLICATIONS FOR REACH-SCALE ROUGHNESS

Abstract

This chapter examines the relationships among bedrock properties and hydraulics in
shaping bedrock channel morphology at the reach-scale. The Ocoee River and four other
bedrock streams in the Blue Ridge Province of the southeastern U.S., which have reach-
scale differences in bedrock erodibility controlled by lithologic and structural variation, are
the focus of this study. A simple conceptual model for concentrated erosion in bedrock
channels is described and three hypotheses are tested in order to investigate the interactions
among rock erodibility, characteristics of undulating rib-like bedforms, reach-scale gradient
and hydraulic roughness and energy dissipation. Substrate differences correlate with
variation in reach morphology (i.e., gradient, bedform orientation and amplitude), such that
less erodible substrates are associated with steeper reach gradient and with transversely
oriented ribs of greater amplitude. One-dimensional modeling in HEC-RAS indicated that in
the reach with the least erodible substrate, and greatest bed slope and rib amplitude, the
reach-averaged hydraulic roughness was the greatest. Increased hydraulic roughness in
steeper reaches points to the importance of positive and negative feedbacks in these systems:
Greater substrate erosional resistance limits profile lowering, which likely creates steeper

bed slopes and greater stream power, creating a self-enhancing feedback. This local increase
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in stream power is balanced by increased roughness resulting from the erosional processes
that produce bedrock ribs, which represents a self-regulating feedback. The overall result
reflects quantifiable adjustments between substrate resistance and hydraulic driving forces in

bedrock channels.
3.1 Introduction

The morphology of bedrock channels typically displays high spatial variability.
Bedrock channel morphology reflects hydraulic driving forces acting across different time
scales (Baker, 1978, O’Connor et al., 1986) and substrate properties such as local lithologic
and structural heterogeneity (Wohl and Achyuthan, 2002; Kobor and Roering, 2004; Frankel
et al., 2007), jointing (Miller, 1991; Ehlen and Wohl, 2002), bedding, and base level history
(Wohl et al., 1994 Lave and Avouac, 2002; Duvall et al., 2004)). The starting assumption for
self-adjusted alluvial channels is that discharge exerts the dominant influence on channel
form (Leopold and Maddock, 1953). Despite the high erosional thresholds and substrate
heterogeneity in bedrock channels, some evidence exists that bedrock channel dimensions
also scale with flow (Montgomery and Gran 2001; Wohl and David, 2008). However, local
bedrock properties also influence channel morphology (Montgomery and Gran 2001).
Therefore, feedbacks between hydraulic parameters and bedrock characteristics likely
govern the balance between spatial variability of channel form and scaling of channel

dimensions by flow.

In this chapter, I examine the effects of bedrock properties on the Ocoee River and
other bedrock channels in the southeastern United States. These channels have downstream

variations in lithology and structure that appear to correlate with variations in channel
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morphology. Based on these observations, I develop a conceptual model for reach-scale
variations in erosion along bedrock channels with high spatial variability in rock erodibility.
This conceptual model is framed in the context of hydraulic driving forces relative to rock
erodibility and explore how interactions among these two components govern reach-scale
variations in channel geometry and hydraulics. Although not explicitly quantified as a
component of these feedbacks in this chapter, sediment transport dynamics are recognized as
an important control on the bedrock channel morphology in question and are explored in

Chapter 4.

One end member of the conceptual model occurs when the substrate is homogenous
and readily erodible by available energy. Under these conditions, the bed lowers uniformly,

producing a relatively low gradient and an even bed with lower hydraulic roughness (Figure

( Homogenous rock J Heterogeneous rock ](
Uore erodible rock ] 7[ Less erodible rock
l’ ,,
] L3
i ' ! +
o ) ! . .
o3 Bedlowers 8 & ¥ Bed lowers Differential +
e 3 uniformlyat S+ 8 more slowly at erosion at -
= R i -2 o o
L0 10'-102m Q! B 101 -102m 102 - 109 m g
%1 @ ‘Bt Q2 =
oS! o o @
o, > 5! 2 @
ol g lower gradient T ’§ steeper gradient Steeper gradient Sculpted bed 3
z Q uniform bed oL a Higher “n” Sculpted bed Higher “n” g
=Ny Lower “n” ot Higher “n” Q
\ J/ \ j/ + !
A A}
Ay . \ ]
A hY 13
A A +
. . . ;
A N fo
- LowerQ -_ Greater O Lower erosive force

I
.
;
I
h
’
/
/
/
g
/
,

Steeper gradient
Greater Q

Figure 3.1. Conceptual model end members. Assuming constant discharge and channel width,
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In order to maintain simplicity, this model is considered at the reach scale for a
channel of constant width and discharge. The only degrees of freedom are slope and
boundary roughness. Rock erodibility is considered as an independent control. Alternative
end members occur under conditions of less erodible rock, when the channel bed lowers less
rapidly and reach-scale gradient steepens, or under conditions of heterogeneous substrate,
when differential erosion can create a sculpted bed. In harder, more massive rock, sculpting
is typical because wide joint spacing precludes plucking as an erosional process. In
heterogeneous rock, structural and lithologic variation may influence the location of this
sculpting such that weaker substrate is preferentiélly eroded or eroded more uniformly,
whereas less erodible rock remains as topographically higher (meter scale) or steeper
portions (reach scale) of the bed or has predominantly localized erosion. Localized erosion
can result in knick points or knickzones along the profile (Gardner, 1983; Frankel et al.,
2007), inner channels within the cross section (Baker, 1978; Shepherd and Schumm, 1974;
Wohl! and Ikeda, 1997; Johnson and Whipple, 2007), or sculpted abrasional forms such as
potholes, flutes and grooves (Richardson and Carling, 2005). Another expression of focused
erosion, which I explore for the first time in this chapter, is the formation of undulating,
structurally-controlled bedrock ribs that are intermediate in scale between sculpted forms
and either knickpoints or inner channels. When substrate is less erodible or more
heterogeneous, steeper gradient and differential erosion increase hydraulic roughness

(Figure 3.1).

Three sets of hypotheses arise from this conceptual model when applied to the Ocoee

River and associated study reaches. (1) Rock erodibility varies with lithology and substrate
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properties. (2) Differences in substrate properties correlate with differences in channel
morphology, as reflected in gradient and bedform configuration. (3) Differences in substrate
properties and channel morphology correspond to differences in hydraulic roughness. I test
these hypotheses with the goal of better understanding the relative influence of different

controls and processes shaping bedrock channel morphology.

3.2. Study Area

Substrate resistance, channel gradient and bedform configuration were studied on
two sections of the Ocoee River, TN and four reaches along three other streams flowing
through the Blue Ridge Province of the southern Appalachians: Tellico River, TN; Little

River, TN; and Cheoah River, NC (Figure 3.2, Table 3.1).

Table 3.1. Blue Ridge Streams

Stream Name (Reach)
Cheoah 1 Cheoah?2 Little Tellico

Drainage Area

(km?) 460 460 275 300
Annuaj Peak

Discharge (m’/s) 141 141 212 234
Reach Length (m) 170 144 145 192
Channel width (m) 47 55 28 59
Reach Gradient 0.0197 0.0093 0.0446 0.0418
Schmidt hammer 50 (5) 46 (5) 51 (6) 48 (4)
Selby 87 81 89 85
Rib orientation transverse transverse transverse oblique
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Figure 3.2. Study area site map. Study streams are labeled and site locations are indicated by
stars. All streams are tributary to the Tennessee River. Only the major tributaries contributing

to the study streams are shown.

These streams were selected for the presence of consistently oriented ribs, range of

bed slopes, and proximity to the main study site on the Ocoee River. The channels are

incised into deep gorges with steep valley walls, but bedrock exposure is low and hillslopes

are densely vegetated and mantled with thick soils typical of humid temperate landscapes.
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The region is tectonically quiescent, with homogenous denudation rates (25+/- 5 m/m.y.)

over 10* — 10° year time scales (Matmon et al., 2005).

The bedrock of all the study streams is composed of metasedimentary rocks (slates
and metasandstones) that are a part of the Precambrian Ocoee Supergroup. Bedrock
exposures in the main study area of the Ocoee River gorge are: the Precambrian-age
Sandsuck Formation in the western gorge, which is composed of phyllites thinly interbedded
with arkosic and calcareous quartzites; the Dean Formation, composed of thinly bedded
quartzites and phyllites; and the Hothouse Formation, composed of metagreywacke and
mica schist in the eastern gorge (Sutton, 1997). Metamorphic grade decreases in the
doWnstream direction from garnet to below biotite. Through the gorge the rock units form a
sequence of alternating resistant ledges of metagreywacke and quartzite and softer phyllite.
All other Blue Ridge streams show exposures of metasandstones of the Ocoee Supergroup

(e.g. Thunderhead Sandstone).

The two sections of the Ocoee River are impounded at the upstream boundaries by
dams Ocoee No. 3 and Ocoee No. 2, respectively. The corresponding drainage areas for
these study sections are 1200 km? and 1300 km”. These dams and their hydroelectric power
facilities are operated by the Tennessee Valley Authority (TVA). The section below Ocoee
No. 3 was chosen for detailed reach-scale measurements of hydraulic roughness. After the
closure of the Ocoee No. 3 dam in 1942, the reach extending 8-km downstream to the No. 3
power station was completely dewatered, with the exception of winter storm flows that
exceeded the hydropower capacity. Since the 1996 Olympics, the TV A has guaranteed flow
on scheduled release days for the river section below the Ocoee No. 3 dam. The channel

remains dry during much of the year except for scheduled releases. The scheduled releases
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of roughly 45 m’/s occur for six hours on both Saturday and Sunday from Memorial Day
weekend through Labor Day weekend. Winter and spring storms produce flows for which
the daily average releases from the dam are typically in the range of 40 to 60 m’/s, and peak
flows can reach 800 m’/s. In addition to this altered flow regime, the dam has also perturbed
the sediment supply and capacity. Woody vegetation exists at many locations within the
channel bed as a result of infrequent flow releases and dewatering of the channel under

regulation by the TVA.

The features that I designate bedrock ribs are not unique to the Ocoee and other
streams in the study area, but have not received much attention in the literature. Richardson
and Carling (2005) describe structurally influenced, joint furrows and bedding plane
furrows, which are concave sculpted features. Bedrock ribs are long, narrow portions of
bedrock that protrude above the surrounding bed and are the opposing topographic
expression of joint and bedding plane furrows (Richardson and Carling, 2005). Whether
oriented transverse or parallel to flow, ribs are asymmetrical in cross section (Figure 3.3).
Ribs are always oriented parallel to the metamorphic foliation in the rock (Figure 3.4), but in
some cases the ribs also follow dominant joints. The orientation of the long axis of the ribs
changes as the trend of the sinuous channel changes downstream, suggesting that rib
orientation is controlled by structural features in the underlying foldéd metasedimentary
units. Bedrock ribs appear to act as hydraulic controls when oriented at an angle that
opposes the main flow direction. The occurrence of sculpted forms such as potholes and
flutes along the boundaries of the ribs (e.g., along the upstream and downstream faces of
transverse ribs, and in the troughs between longitudinal ribs) suggests that abrasion is the

dominant mechanism of fluvial incision in this system.
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Figure 3.3. Photographs of bedrock ribs along the Upper Ocoee section. Arrows indicate the
mean flow direction. A) Ribs are transverse to flow with apparent sculpting. B) Ribs are
longitudinal to flow. The troughs between the ribs consist of coalesced potholes. Person in top
right for scale.

Sediment in these streams consists of sand- to boulder-sized material that occurs in
discontinuous patches, between ribs and within potholes (Figure 3.4). Isolated locations of
this alluvial fill are armored by large cobbles and boulders. High concentrations of well
sorted, gravel-sized material occur in the wake zones of the bedrock ribs. These deposits are
loose and bed sediment tracer data from these patches in the Ocoee River subreaches
indicate a high rate of exchange and flux within the deposit as a result of turbulent flow
(Goode and Wohl, 2007). Results from this tracer study show that transport distances are
greatest where ribs are of lowest amplitude, and are oriented parallel to flow. The angularity
of the material ranges from very well rounded particles within potholes to more sub angular

particles across the channel bed.
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Figure 3.4. Photograph of longitudinal ribs in Upper Ocoee R2 showing alluvial patches in
sculpted forms and between ribs. Flow is toward the viewer and there is a small tape for scale
indicated in the circle.

This angularity difference appears to reflect not only the local hydraulic environment, but
also the lithologic origin: phyllite produces more angular particles, whereas the
metagreywacke corresponds to well-rounded particles. Also, sculpted features such as
potholes tend to be larger and more numerous within reaches dpminated by the

metagreywacke.
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3.3. Methods
3.3.1. Longitudinal variation in substrate and channel morphology

Longitudinal profiles were surveyed with a laser total station along two different
sections of the Ocoee River and along three other streams in the region. The upper Ocoee
section (UO) extends 4.5 km downstream of the Ocoee No. 3 dam to the 1996 Olympic
whitewater course and includes four subreaches. The UO sectiop is the primary field site for
which I collected the most spatially detailed field data. To supplement the data from this
site, and to demonstrate that this reach of the Ocoee is not regionally unique in having
bedrock ribs, I added the middle Ocoee section (MO), which extends 3.5 km downstream
from the Ocoee No.2 dam, as well as four reaches along the Tellico, Little, and Cheoah (2

reaches) Rivers.

The longitudinal profile for the UO site had points spaced at Im intervals and was
primarily designed to detect changes in bed gradient at the scale of tens to hundreds of
meters. Rib geometry (amplitude and spacing) was measured via detailed transects parallel
and transverse to flow within the four UO subreaches; transects documented the locations of
rib crests and troughs as well as substrate type (alluvium or bedrock). Within these transects,
rib orientation was characterized as either longitudinal, oblique or transverse to the
downstream flow direction. These orientations were categorized according to the following
criteria: longitudinal ribs varied 0° + 10° with respect to the main flow direction, transverse
ribs were oriented 180° + 10° with respect to flow, and oblique ribs occurred at all other

angles to flow.
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At the other five sites, profile points were surveyed at ~3m intervals or less in order
to document undulations in the bedrock streambed. Transitions in the orientation of bedrock
ribs along each profile were noted. I also noted rib crests, troughs between ribs, and
presence of either alluvium or bedrock. I visually identified rib crests during the survey, but
determined the troughs from the minimum bed elevations upstream and downstream of the
crest from the survey data. Ribs adjacent to the thalweg were also surveyed at the crest and
lowest upstream and downstream points to document rib amplitude. Rib crest spacing was
computed from the displacement between rib crests along the thalweg profile survey
(Crickmore, 1970) or along transects surveyed orthogonal to the rib orientation when the
ribs were longitudinal or oblique. Rib amplitude was calculated from the elevation
difference between the average of the upstream and downstream trough elevations and the

rib crest.

Two parameters were used to semi-quantitatively constrain rock erodibility; Selby
rock mass strength (RMS) classification (Selby, 1980) and Schmidt hammer measurements
(Duvall et al., 2004). Selby RMS classifications are based on numerical ratings assigned to:
intact rock strength as measured using an N-type Schmidt hammer; joint spacing, width,
orientation and continuity; rock weathering; and groundwater outflow. The Selby RMS
classification scheme, intended initially for rock hillslopes, provides a semi-quantitative
measure of bedrock strength over length scales that include heterogeneities such as joints
and fractures. Schmidt hammer numbers scale empirically with compressive rock strength.
In bedrock abrasion mill experiments Sklar and Dietrich (2001) demonstrated an inverse
relation between abrasional resistance and tensile strength squared. Assuming that Schmidt

hammer numbers are proportional to the tensile strength, greater Schmidt hammer numbers
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will indicate less erodible bedrock. Although the Selby RMS partially relies on the Schmidt
hammer numbers, the Selby RMS incorporates the joint characteristics that may influence
the rib orientation and spacing, whereas, the Schmidt measure is purely a measure of the
intact strength as resistance against abrasional impacts. Selby rock mass strengths were
recorded at 21 evenly spaced locations within each subreach on the Upper Ocoee. A total of
210 Schmidt hammer measurements were taken within each subreach; an average of 10
measurements was incorporated in each Selby RMS. Selby RMSs were recorded at 10

locations within each of the other five reaches.

3.3.2.  Hydraulic modeling of reach-scale roughness

Direct measurement of flow hydraulics in high-energy bedrock streams is difficult
for practical reasons. The Ocoee River is not measurable by either wading or boat at normal
flows because flow is too fast and turbulent. Direct measurements are possible only along
the margins. There are also no bridges along the study area from which hydraulic
measurements can be obtained. In this study I used the U.S. Army Corps of Engineers
(USACE) one-dimensional flow model HEC-RAS (U.S. Army Corps of Engineers
(USACE), 2002) to examine differences in Manning’s roughness, n, between the four
subreaches of the UO. Based on a given discharge, n and form energy losses (set to the
default contraction and expansion coefficients), HEC-RAS uses the step-backwater method
to iteratively calculate energy-balanced water-surface elevations between successive
surveyed cross sections assuming steady gradually varied flow. The upstream and
downstream boundary conditions were set to the known water-surface elevations for the
bounding cross sections and subcritical flow conditions were assumed in all modeling runs.

The four UO subreaches were selected according to rib orientation. I selected unvegetated,
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straight reaches with consistent rib orientation to eliminate any other important sources of
roughness such as woody bed vegetation or split channel flow. Roughly 10 cross sections
(Table 3.2) were surveyed in each reach at a downstream spacing of approximately 15 m.
Along each cross section, points were sampled at 1-m intervals to capture the highly variable
bed topography. Figure 3.5 shows the 3-dimensional topography of the four modeled

subreaches.
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Table 3.2. HEC-RAS one-dimensional modeling results and summary data for Upper Ocoee
subreaches

Reach UOl1 UO2 U0o3 UO4

Cross sections (n) 9 12 9 10
Rib orientation longitudinal longitudinal oblique transverse
Bed Slope (m/m) 0.0075 0.0088 0.0106 0.0197
Reach length (m) 178 198 89 76
Reach average n 0.059 0.075 0.092 0.107
W/D 49.99 96.84 75.04 103.15
Stdev bed elev (m) 0.36 0.40 0.43 0.51
Energy Slope (m/m) 0.011 0.013 0.007 0.022
Velocity (m/s) 1.43 1.10 0.89 0.93
Froude Number 0.50 0.42 0.30 ©0.35
Total Shear (N/m2) 76.34 80.25 54.67 128.36
Total Stream Power (W) 4850 5900 3280 9890
Unit Stream Power (W/m?) 118.74 91.17 49.66 133.08
Schmidt reading 34 (7) 40 (6) 40 (5) 46 (6)
Selby Score 65 72 75 77
Rib amplitude (m) 0.435 0.470 0.785 0.793
Rib spacing (m) 3.529 3.611 4.490 5.467
D50 (mm) 115 100 150 145
D84 (mm) 240 230 252 235

Water-surface elevations at each cross section within the subreach were surveyed
during one known recreational flow discharge of 45 m’/s. HEC-RAS was used to iteratively
determine n for each cross section; values for n were varied until the computed and observed
maximum flow depth in the cross section converged to +/- 5 cm. In other words, these
iterations were performed until the surveyed water surface profile along the channel margin
matched the modeled water surface profile. The initial n for the downstream bounding cross
section in each reach was set at the average n of all cross sections from the subsequent
model run. I did not vary » across the cross section to maintain simplicity. The Ocoee does
not have a pronounced thalweg, and the relatively minor variation in bed topography across

each cross section justifies the use of cross-sectional average values of roughness.
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To assess uncertainty in the actual discharge in the downstream subreaches (2, 3 and
4) as a result of discharge input from one small tributary draining roughly 15 km? and
several small groundwater seeps between subreaches 1 and 2, I examined the sensitivity of
the computed water-surface elevation by varying discharge at a constant #. In all three
subreaches, I varied the discharge by 3 m?/s, which I estimated as the maximum input from
the tributary and groundwater sources between the dam and these subreaches. In subreach 4,
an increase in discharge of 3 m’/s led to a difference in the computed water surface of only
1-3 cm, which was within the level of detection. Computed water-surface elevations in

upstream cross sections were not sensitive to the assumed n for the downstream boundary.
34. Results
3.4.1. Reach-scale differences in erodibility

Inter-reach differences in rock erodibility occur in the study streams. This was
assessed by both Schmidt hammer readings and Selby rock mass strength classifications,
which vary along the profiles of both sections of the Ocoee River. Of the 26 different
reaches, differentiated along the profﬂe according to rib orientation to flow, 19 were
dominated by metagreywacke and 7 were dominated by softer and more densely foliated
phyllite. Because the lithology is mixed within each reach, it is worth noting that rock
erodibility, both in reality and in the measurements of it, may primarily reflect the relative
proportions of weak and resistant bedrock. Although there was some variation in lithology
within each reach, all reaches showed a strong dominance in bed substrate lithology (>80%).
The Schmidt hammer readings of the dominant lithology in all reaches (phyllite or

metagreywacke) were significantly different (Figure 3.6a; p=0.02). Significantly different
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Selby RMS values (Figure 6b; p<0.01) between these substrates also indicated contrasting
rock erodibility. Based on the previously explained assumption that Schmidt hammer and
Selby RMS measures are inversely related to erosional resistance, these results support the

first hypothesis by indicating that reach-scale differences in rock erodibility are present.
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Figure 3.6. Comparison of substrate resistance (A. Schmidt hammer reading; B. Selby Score)
among reaches along the Upper and Middle Ocoee sections. Reaches were distinguished based
on rib orientation to flow. Within the box plots, the solid line represents median bed gradient
and the dashed line indicates the mean. The box ends indicate the upper and lower quartile,
and whiskers are the 10th and 90th percentiles. The solid dots represent outliers.
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3.4.2. Substrate properties in relation to channel morphology

Simple regression analyses indicated that reach gradient, when adjusted by drainage
area, varied as a significant positive power function of rock erodibility (R* = 0.57 and 0.42,
for Selby RMS and Schmidt reading, respectively) (Figure 3.7). In this relationship 1
multiplied reach gradient by drainage area to control for differences in channel scale. This
new response variable is physically meaningful, as it represents a surrogate form of total
stream power. The other Blue Ridge streams had the largest measures of rock strength
because they exist farther to the east of the Ocoee River, where metamorphic grade is
higher. Figure 3.7 also shows that in addition to reach gradient, both rock erodibility
parameters tend to be larger in reaches with transverse ribs than in reaches with longitudinal

ribs.
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Schmidt reading, R? = 0.42; B) Selby Score, R2 = 0.57. Both power functions are significant at
p < 0.05. Data include reaches with varying rib orientation from all study streams (n=30).
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Localized steep zones in the longitudinal profiles of both the upper and middle
Ocoee correspond to bedrock ribs with a transverse orientation to flow, whereas
longitudinally oriented ribs occur at lower gradient sections of the longitudinal profile
(Figure 3.8). These profile plots also illustrate that steeper zones occur where the substrate
resistance is greater. Comparison to the other three streams in the region corroborates these
findings (Figure 3.9). Reach gradient was not adjusted by drainage area in this comparison
because a large portion of the reaches correspond to the same drainage area, despite
differences in rib orientation. The mean bed slope for reaches with bedrock ribs oriented
transversé to flow is 0.020, compared to a bed gradient of 0.006 in reaches with
longitudinally oriented bedrock ribs. A comparison of means with unequal variance
indicated that the bed slopes for these different rib orientations were statistically different
(p<0.01). When the main flow direction is at an angle normal to the strike of the bedding
and foliation of the substrate, the resulting bedrock ribs exert another level of resistance that

correlates with an increase in channel slope.
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Figure 3.9. Comparison of bed slope among reaches with different rib orientations. Data
include all surveyed reaches (Upper Ocoee, n=13; Middle Ocoee, n =13; Cheoah, n =2;

" Tellico, n=1; Little, n=1). Within the box plots, the solid line represents median bed gradient
and the dashed line indicates the mean. The box ends indicate the upper and lower quartile,
and whiskers are the 10th and 90th percentiles. The solid dots represent outliers.

Profile plots from three other streams in the region (Figure 3.10) illustrate that
localized steep zones (10 -m scale) correspond to ribs of large amplitude. Rib amplitude
data from these four reaches, in addition to the four subreaches on the UO, showed a
significant logarithmic relationship between reach gradient and rib amplitude (Figure
3.11). Rib amplitude is also larger in reaches with higher substrate resistance (Figure
3.12a,b). These results support the second hypothesis that bedrock properties correlate

with differences in channel morphology. Although rib amplitude and spacing are
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positively correlated (R? =0.63), rib spacing was not correlated with either reach-gradient

or substrate resistance.
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Figure 3.10. Detailed longitudinal profile plot of the Little River reach illustrating rib
amplitude and spacing. The relationship between local gradient (10" -m scale) and rib
amplitude is clearly seen in this plot. Points along the profile were identified as bedrock,
alluvium or rib crests. Values of reach gradient, and rib amplitude and spacing for all four
Blue Ridge stream reaches are presented in Table 3.1.
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Figure 3.11. Positive logarithmic relationship between reach gradient and rib amplitude
(R*=0.49; p=0.05). Data points represent the four Upper Ocoee subreaches and the four
reaches from other southeastern streams.

3.4.3.  Substrate controls on reach-scale roughness

One-dimensional flow modeling results from HEC-RAS are summarized in Table
2. These results indicate that reach-scale roughness associated with ribs longitudinally
oriented to flow 1s different from reach-scale roughness for ribs oriented transverse to

flow (Figure 3.12).
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HEC-RAS modeling. Within the box plots, the solid line represents median bed gradient
and the dashed line indicates the mean. The box ends indicate the upper and lower quartile,
and whiskers are the 10th and 90th percentiles. The solid dots represent outliers.

This result is consistent when UO1 and UO2 (longitudinal ribs) are compared
separately to UO4 (transverse ribs) (p<0.01). Comparison of mean‘Selby RMS between
UO1 and UO4 shows that substrate resistance is significantly greater in the steeper reach
with transverse ribs (p<0.01). Selby scores in UO1 and UO?2 were significantly different
(p<0.01), despite similar rib orientation, with UO1 showing lower Selby RMS than UO2.
The substrate in UO1 is dominated by the more densely foliated phyllite, whereas UO2
shows a greater proportion of metagreywacke in the exposed bedrock. The
metagreywacke and phyllite had significantly different Schmidt readings and Selby RMS

(p =0.02 and p =0.01, respectively). These lithologic differences also produced ribs of

57



different amplitude. Rib amplitude was greater in the steeper reaches, UO3 and UO4,
with oblique and transverse ribs, respectively. These substrate characteristics also

correlate with reach-scale hydraulic ronghness (Figure 3.13a,b).
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Figure 3.13. Substrate controls on reach-scale roughness. (a. R? = 0.86; b. R? =0.87). Selby
scores for each of the four Upper Ocoee reaches represent an average of 21 points in each
reach. Average n-value in each reach is from all cross sections. Rib amplitudes are averaged
from each reach (R1, n= 58, R2 n=99, R3 n=68, R4 n=70).

Although the small sample size (n=4) limits statistical conclusions, the finding
that » is directly proportional to both Selby scores and rib amplitude suggests that the
underlying bedrock subsfrate has an important influence on reach-scale hydraulics. These
resuits support the third hypothesis that differences in substrate properties and
morphology correspond to differences in hydraulic roughness. The results of these
analyses indicate that bedrock bedforms correlate strongly with reach-scale hydraulic
roughness and energy dissipation. Feedbacks among substrate characteristics and flow

hydraulics are thus likely to be important in this system.
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3.5 Discussion

Interpreted in the context of the conceptual model described previously, the
results of this study show that reach-scale differences in rock erodibility strongly
correlate with channel geometry and hydraulics. These results are interpreted to support
the feedbacks illustrated in the conceptual model (Figure 3.1): lower rock erodibility
limits bed incision, resulting in increased slope relative to segments of channel bed with
less resistant substrate. Local steepening of the profile effectively increases total stream
power, thus enhancing hydraulic driving forces. Although the Ocoee also widens in the
steeper subreaches, the change is not sufficient to produce lower values of unit stream
power (Table 3.2). The orientation of the bedrock ribs relative to flow direction in the
study reaches appears to be an independent parameter that reflects the underlying bedrock
structure. Steeper bed slopes also correlate with transversely oriented bedrock ribs of
greater amplitude, which increase reach-scale hydraulic roughness. Increased hydraulic
roughness presumably mediates the local increase in stream power along steeper reaches,
providing a self-regulating feedback. Correlations in rock erodibility and rib orientation
that appear in the data limit separation of these two variables. This precludes determining
which of the two is a more important independent control on reach-scale geometry and

hydraulics.

An interesting illustration of the adjustments among substrate resistance and
channel geometry comes from one notable meander along the MO. The local strike and
lithology of the ribs remains constant through the bend, but change in flow direction
results in variation of rib orientation to flow; ribs transition from longitudinal to oblique

and close to transverse. A corresponding transition in slope occurs through the bend and
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gradient increases as rib orientation changes from longitudinal to transverse. The
relationships between rib orientation, the dominant joint and foliation orientation, and the
channel gradient suggest that the channel bed morphology reflects the underlying
substrate. Also, the orientation of the ribs exerts another level of flow resistance to which
the channel must respond in order to maintain vertical incision. The amplitude of these
ribs also appears to increase slightly as the ribs change in orientation. This potential
correlation in rib amplitude and orientation suggests that the morphology adjusts in
response to independent substrate controls. If the transversely oriented ribs of greater
amplitude create greater hydraulic roughness, then greater reach gradient where the ribs
are transverse suggests that the stream adjusts to locélly increase reach-averaged stream

power and localize erosion in response to this independent substrate characteristic.

The interactions between hydraulics and substrate that are infered for the Ocoee
River can be compared to those proposed to act along alluvial channels. Bedforms in
alluvial systems range from dunes and ripples in sand bed streams to steps and pools in
gravel-bed streams. The geometry and characteristics of alluvial bedforms are often
interpreted in the context of extremal hypotheses (Davies and Southerland, 1980;
Richards, 1976; Grant, 1997; Wohl and Merritt, 2008). The fundamental assumption
behind extremal hypotheses which posit minimization of variance in hydraulic variables
along a channel is that sites of greater energy expenditure, such as lateral constrictions or
local steepening, will erode to a channel configuration with lower energy expenditure
(e.g., Kieffer, 1989). This assumption only holds if the boundary is readily deformable
such that channel cross-sectional geometry can change substantially in response to

increased energy expenditure. As boundary erodibility decreases, other mechanisms such
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as increased boundary roughness become more important. In coarse alluvial systems, for
example, the geometry of step-pool sequences adjusts in a manner that enhances flow
resistance when the channel is supply-limited (Davies and Sutherland, 1980; Abrahams et
al., 1995). The presence of bedrock bedforms (Wohl and Grodek, 1994; Duckson and
Duckson, 2001) suggest that interactions between hydraulic energy and bedforms in

bedrock streams might also regulate energy dissipation in these systems.

Wohl and Merritt (2001) discriminated bedrock-channel geometry accord.ing to
gradient, substrate heterogeneity, and Selby rock mass strength. They interpreted
correlations between channel morphology and substrate characteristics to indicate that,
similar to alluvial streams, bedrock channel morphology reflects adjustments between
hydraulic driving forces and substrate erodibility. The presence of spatial variations in
substrate erodibility presumably creates spatial differences in these adjustments along
bedrock channels that mat limit the minimization of variance. Hartshorn et al. (2002)
found greater variability and more irregular erosion in the quartzites. They attributed
differences in channel morphology to differences in the intact rock strength and joint
spacing. Similarly, intact rock strength, Selby RMS, and orientation of bedrock structures
that can be differentially sculpted to produce bedrock ribs vary significantly among the
four subreaches of the upper Ocoee and strongly influence reach-scale geometry and

hydraulics.

The longitudinal variation in substrate characteristics along the rivers described
here likely limits the degree to which these channels develop uniform energy
expenditure, as reflected in reach-average values of stream power that vary by a factor of

~3. However, the heterogeneities in resistance may also set up mechanisms to locally
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enhance energy dissipation, resulting in feedbacks between hydraulics and substrate that
tend to reduce longitudinal variation in energy expenditure in a manner similar that

hypothesized for to alluvial streams.

Wohl et al. (1999) showed that periodicity in the flow structure, created by bed or
bank forms, perpetuates bedrock bedforms in the downstream direction, which leads to a
feedback between forms and hydraulics such that flow conditions oscillate around critical
flow, as explained for alluvial channels by Grant (1997). If flow oscillates around critical,
then the effect is to minimize downstream variation in energy expenditure. Both alluvial
and bedrock channels adjust roughness, albeit in different ways, to minimize inter-reach

variability in energy expenditure.

We have neglected bedload effects in this discussion, in part because upstream
sediment supply to the Ocoee study reaches is altered by the presence of a dam. Sediment
trarisport likely plays an important role, however, in the adjustments between hydraulics,
boundary configuration and incision of bedrock channels. Recent flume studies document
how bedrock roughness influences incision patterns through its effect on local bed
sediment transport (Johnson and Whipple, 2007; Finnegan et al., 2007). Also,
4Chatanantavet and Parker (2008) experimentally showed that the hydraulic roughness
provided by the bedrock surface is an important factor in controlling the degree of
alluviation. Their results agreed with those of Demeter et al. (2005), who showed that
bedrock beds with greater roughness required a lower sediment supply rate before
alluvial patches formed. All four of these studies point to the influence of bedrock
roughness on localized bed sediment transport, which ultimately controls the incision rate

(Sklar and Dietrich, 1998, 2004). Although I did not examine bed sediment transport in
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this study, these results indicate that hydraulic roughness is enhanced through the
development of larger bedrock bedforms in reaches of steeper gradient and greater
substrate resistance. This not only illustrates focused erosion as predicted by the
conceptual model, but also points to the importance of positive and negative feedbacks in
development of bedrock channel morphology. In Chapter 4 I investigate how bedrock
channel morphology influences bed sediment transport. Overall, the results here provide
another example where, as in alluvial streams, bedrock channel morphology reflects a
quantifiable balance between hydraulic driving forces and substrate resistance (Wohl and

Merritt, 2001).

3.6. Conclusions

Lithologic and structural variation along the profiles of the streams examined in
this study creates differences in the substrate erodibility. These substrate heterogeneities
lead to localized concentration of hydraulic energy, which is reflected by the positive
correlation between rock erodibility and reach gradient. Bedrock ribs of greater amplitude
are also consistent with steeper reach gradients. In reaches with transverse ribs, the
gradient is steeper than segments with longitudinal ribs. These results suggest that reach
gradient is largely a function of independent lithologic and structural controls. First-order
assessment of reach-scale roughness in this bedrock channel indicates that the orientation
of bedrock ribs also controls roughness and energy dissipation. Comparison of Manning’s
n between the reaches suggests that rooghness increases with rib amplitude and as the

orientation of bedrock ribs changes from longitudinal to transverse. Although increased
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reach gradient occurs where rock erodibility is lower, which suggests locally greater
potential for erosion through increased stream power, these steeper reaches are also
associated with greater bedform amplitude and increased hydraulic roughness and energy
dissipation, and this may éounteract increases in stream power. These linkages
demonstrate that there are complex feedbacks that operate between the underlying
substrate, channel morphology and hydraulics, which reflect a balance between the

hydraulic driving forces and substrate erodibility of bedrock streams.
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CHAPTER 4: COARSE SEDIMENT TRANSPORT DYNAMICS AT THREE
SPATIAL SCALES OF BEDROCK CHANNEL BED COMPLEXITY

Abstract

Independent lithologic and structural controls in bedrock systems interact with
coarse sediment transport to play a key role in bedrock incision processes such as
abrasion. This field study was conducted the Ocoee River in the Blue Ridge Province of
the southern Appalachians, USA, where the fold-dominated terrain is revealed in the
channel bed as linear bedrock ribs that vary in orientation to flow at the reach scale.
Painted tracer clasts were used to measure coarse sediment transport dynamics over
several flow events (3-year temporal scale). I designated 4 reaches with internally
consistent channel geometry within the study area, and also examined differences in
patterns of coarse clast movement between reaches and across three progressively smaller
spatial scales within each reach. These data were used to test three hypotheses designed
to enhance our understanding of coarse sediment transport dynamics in bedrock channels.
Results indicated that transport distance was not a significant function of grain size, as
has been reported for alluvial channels. Reach-scale differences in channel morphology
(rib orientation and amplitude) correlate with transport distance. At different intra-reach
scales, the smallest spatial resolution was the best predictor of tranépon distance. The
highly complex bed topography in this system leads to widely varying coarse sediment
transport dynamics. Complex interactions among gradient and bed roughness appear to

govern reach-scale differences in the degree of alluvial cover.
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4.1. Introduction

Recent research has focused on understanding reach-scale processes involved in
bedrock channel incision (e.g. Johnson and Whipple, 2007; Finnegan et al., 2007;
Chatanantavet and Parker, 2008) in order to better constrain paraméters and assumptions
required for landscape evolution models (e.g., Howard, 1994; Whipple and Tucker, 2002;
Sklar and Dietrich, 2004; Turowski et al., 2007; Lamb et al., 2008). Particular interest has
focused on the important role of bedload material in controlling incision via abrasion in
bedrock systems (Sklar and Dietrich, 1998; 2001; Hartshorn et al., 2002). Abrasion
occurs as saltating bedload translates the kinetic energy of the mobile particle into
removal of bedrock material; abrasion can be a dominant erosional mechanism in
bedrock-dominated channels, especially in massive bedrock and where there is an
intermediate supply of coarse bedload material. Given the importance of alluvial material
in bedrock channel systems, the mechanics of bedload transport processes exert a strong
influence on the rate and style of bedrock channel incision.

Despite constant hydraulic conditions, several flume (e.g., Hassan and Church,
2001; Singh et al., 2009) and field studies (e.g., Gomez and Church, 1989; Hoey, 1992;
McNamara and Borden, 2004) have observed strong spatial and temporal variability in
bedload transport rates within alluvial channels. Although several explanations have been
proposed for these fluctuations, including variability in transport over bedforms (Schmidt
and Ginz, 1995; Thompson et al., 1996; Cudden and Hoey, 2003), temporal variability in

sediment supply (Beschta, 1987), and variation in armoring and sorting (Whiting et al.,
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1988), bedload transport has also been described as a stochastic process both in early
work (Einstein, 1937; 1950) and contemporary studies of alluvial (Hassan and Church,
1992; Pyrce and Ashmore, 2003a,b; McNamara and Borden, 2004), and bedrock
(Turowski, 2009) channels. Given the high level of variability in natural systems, a
stochastic component will always need to be incorporated into any explahation or
prediction of fluvial processes and is essential to understanding the dynamics of natural
channels (Snyder at al., 2003; Tucker, 2004; Lague, et al., 2005; Turowski, 2009).
Nonetheless, constraining the components of the variability in sediment transport allows
for better understanding of these systems. In this study I examine the role that spatial
variability plays in controlling coarse sediment transport in a bedrock channel with

lithologically and structurally induced channel bed complexity.

Sediment transport and deposition in bedrock channels differ from alluvial systems in
that sediment loads are relatively low, highly turbulent flows are capable of transporting
up to boulder-sized particles for large distances, and coarse sediment is directly supplied
from the adjacent hillslopes through landslides, rock fall, or debris flows (Wohl, 1999;
Whipple, 2004). Bedrock channels also differ from alluvial counterparts because of the
influence of bedrock characteristics (i.e., lithology and structure) on channel boundary
configuration.

Under conditions of low bedload supply relative to transport capacity, sediment in
transport acts to abrade the bedrock channel surfaces and the tools effect dominates.
Conversely, when bedload supply increases, particle collisions and interactions favor
deposition into alluvial patches, eventually covering the bedrock. In this case the bedload

material inhibits bedrock incision and the cover effect dominates. At intermediate
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sediment supply rates, there are enough tools for abrasion, but not enough for alluvial
cover to form. This conceptual model was initially proposed by Gilbert (1877), and more
recently quantified by Sklar and Dietrich (1998). Although this threshold model is fairly
simple conceptually, there are many nuances and details that arise when it is further
examined experimentally (Johnson and Whipple, 2007; Finnegan et al., 2007;
Chatanantavet and Parker, 2008) and in the field, as I do in this study.

The saltation abrasion model (Sklar and Dietrich, 1998; 2004) incorporates bedload
supply and transport, for example, but does not incorporate morphology as a degree of
freedom and instead assumes a planar bed surface. Bedrock channels commonly display
complex bed topography as a result of sculpting and rock characteristics (Richardson and
Carling, 2005). This complex bed topography, in alluvial or bedrock systems, largely
influences the local flow field (Furbish, 1993; Nelson et al., 1995; Papanicolaou et al.,
2001), the dynamics of sediment transport (Yager et al, 2007; Thompson, 2007), local
erosion rate (Hancock et al., 1998; Johnson and Whipple, 2007), and spatial variation in
the surface texture of bed sediments (Dietrich, et al., 1989), such that sediment supply,
grain size, and bedrock detachment are all interrelated variables that tend to offset
variation in one another (Sklar and Dietrich, 2008). Roughness supplied from sculpted
forms in bedrock systems increases form drag, which likely reduces the local shear stress
in zones of active sediment transport and erosion (Shepherd and Schumm, 1974; Wohl
and lkeda, 1997; Wohl, 1998; Wohl et al., 1999; Johnson and Whipple, 2007; Finnegan
et al., 2007; Turowski et al., 2007; Chatanantavet and Parker, 2008). Therefore,
roughnéss is likely to locally reduce sediment transport capacity and the topography

controls the spatial distribution of sediment transport.
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As a result of these complex interactions, understanding how variable bed
topography in bedrock systems influences sediment transport processes will enhance
bedrock incision models. In considering the processes of coarse sediment transport in a
bedrock channel with a high level of spatial variability in channel form, I acknowledge
that it is the sediments considered that are likely the tools for creating the bed topography
analyzed. Understanding the spatial variation in sediment transport within this
topographic setting permits insight into the feedbacks between channel form and shaping
processes. The time scale for which the channel-shaping processes operate is much larger
than the three-year time scale over which this study was conducted.

The primary objective of this study is to examine the spatial and temporal controls
on the variability of coarse sediment transport in a bedrock channel. To address this
objective, I structure data analysis and interpretation around testing three hypotheses: (1)
Transport distance correlates with grain size. This hypothesis reflects the results of
bedload transport studies in alluvial channels, many of which demonstrate a correlation
between grain size and transport distance. I tested whether this hypothesis adequately
summarizes observed movement of marked tracer clasts during summer low flows,
annual peak flows and cumulatively over three years of study in a bedrock channel. (2)
Differences in distance of coarse sediment transport exist between study reaches and can
be explained in relation to inter-reach differences in hydraulics and channel geometry.
This hypothesis is designed to test the idea that, if transport distance is not a simple
function of grain size, then observed differences in the distances which clasts move can
be explained by other factors that govern transport and deposition. (3) Transport distance

varies with spatial resolution and the local-scale variability in channel bed topography
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has the strongest correlation with coarse sediment transport distance. This hypothesis is
designed to test the relative strength of correlations between potential control variables
and clast transport distance over three different spatial scales within each study reach. It
is also designed to examine how the interpretation of processes influencing coarse
sediment transport differs as a result of examining these processes at varying spatial
scales. I use the term coarse sediment transport rather than bedload transport because the

nature of this study precludes determination of the mode of transport.
4.2, Study Area

The study area is located in the Ocoee River gorge, Tennessee between the
Tennessee Valley Authority (TVA) Ocoee No. 3 dam and the 1996 Olympic whitewater
course (Figure 4.1). The Ocoee here ﬂdws through the Blue Ridge Province of the
Southern Appalachians, with a drainage area of approximately 1300 km?, Although the
channel flows through a deeply incised gorge with steep valley walls, hillslopes exhibit
limited bedrock exposure and are densely vegetated and mantled with thick soils typical
of humid temperate landscapes. Homogenous denudation rates (25+/- 5 m/m.y.) over 10*
— 10’ year time scales (Matmon et al., 2005) characterize this tectonically quiescent
region. Bedrock in this region consists of metasedimentary rocks (slates and
metasandstones) contained within the Precambrian Ocoee Supergroup. Specifically,
bedrock exposures through the Ocoee River gorge are: the Precambrian-age Sandsuck
Formation in the western gorge, which is composed of phyllites thinly interbedded with
arkosic and calcareous quartzites; the Dean Formation, composed of thinly bedded
quartzites and phyllites; and the Hothouse Formation, composed of metagreywacke and

mica schist in the eastern gorge (Sutton, 1997). Through the gorge the rock units alternate
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between resistant ledges of metagreywacke and quartzite and softer phyllite sequences.
As the channel in the study area meanders across folded metamorphic units, the

orientation of flow relative to the dip and lithology of the bedrock varies.

Figure 4.1. Digital Orthophoto of the Ocoee River study area (USGS, 1997). Reach
boundaries are indicated by the solid white lines. Note the downstream variation of rib

orientation. The location of Reach 4 is indicated although it was not included in this study
for reasons explained.
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The bed topography consists of undulating rib-like bedrock forms that I refer to as
bedrock ribs. These features are not unique to the Ocoee River, but occur in other streams
throughout the Blue Ridge Province (Chapter 3) and have not received much attention in
the literature. Similar structurally influenced features such as concave sculpted joint
furrows and bedding plane furrows are described by Richardson and Carling (2005) in
their comprehensive report on sculpted forms in bedrock channels. Bedrock ribs differ
from these features as opposing topographic features; they are long, narrow portions of
bedrock that protrude above the surrounding bed. Ribs are asymmetrical in cross section
regardless of planform orientation, consistently oriented parallel to the metamorphic
foliation in the rock, and occasionally follow dominant joints. The strike of the ribs varies
as the trend of the sinuous channel changes downstream, which suggests that rib
orientation is controlled by sfructural features in the underlying folded metasedimentary
units. The occurrence of sculpted forms such as potholes and flutes along the boundaries
of the ribs (e.g., along the upstream and downstream faces of transverse ribs, and in the
troughs between longitudinal ribs) suggests that abrasion is the dominant mechanism of
fluvial incision in this system. A detailed explanation of the rib features and the
interactions between hydraulics and rock erodibility associated with these forms is

outlined in Chapter 3.

These bedrock forms are associated with locally similar zones of coarse material
deposits. Alluvial material in this system consists of sand- to boulder-sized sediment that
occurs in discontinuous patches, in the intervening lows between ribs and within
potholes. Isolated locations of this alluvial fill are armored by large cobbles and boulders.

High concentrations of well sorted, gravel-sized material occur in the wake zones of the
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bedrock ribs (Error! Reference source not found.a). The angularity of the material
ranges from very well rounded particles within potholes to more sub angular particles
across the channel bed. This difference in angularity appears to reflect not only the local
hydraulic environment, but also the lithologic origin: phyllite produces more angular

particles, whereas the metagreywacke corresponds to well-rounded particles.

Figure 4.2. a) Photograph illustrating the coarse sediment deposition in between ribs in
Reach 3. b) Tracer clast (circled) downstream of a bedrock rib in a local hydraulic
environment classified as shielded. Tape measure for scale. Arrows indicate flow direction.
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The upstream boundary of the study section is impounded by the Ocoee No. 3
dam, which is operated by the TVA. The reach extending 8-km downstream to the No. 3
power station was left completely dewatered after the closure of the Ocoee No. 3 dam in
1942. Only exceptional winter storm flows that exceed the hydropower capacity are
routed through the natural channel. Since the 1996 Olympics, the TV A has guaranteed
recreational flows of roughly 45 m?/s for six hours on both Saturday and Sunday from
Memorial Day weekend through Labor Day weekend in the river section below the
Ocoee No. 3 dam. Winter and spring storms produce flows for which the daily average
releases from the dam range from 40 to 60 m?/s, and peak flows can reach 800 m?/s.
Infrequent flow releases and dewatering of the channel under regulation by the TVA has

led to woody vegetation establishment in many locations of the channel bed.

4.3. Methods

Four study reaches within the 4-km-long study area were selected according to the
orientation to flow of the bedrock ribs: longitudinal; transverse; and oblique. The length
of each surveyed reach was controlled by the persistence of the rib morphology. In other
words, reaches continued for as long as the rib orientation and dominant lithology
remained constant and the channel remained a straight, single flow channel. Tracer clasts
were sampled in all but the downstream-most reach (Reach 4; Figure 4.1). This reach is
frequented by recreational swimmers during the weekdays between summer releases. My

initial installation of painted tracers in this reach failed within the first day, when I found
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the tracers removed from the channel bed and placed in cairns on bedrock surfaces.
Therefore, anthropogenic interference precluded experimental tracers in Reach 4.

Within the first three reaches (Figure 4.1), tracer clasts were selected from the bed
material via a random walk. The high degree of spatial variation in bed topography and
alluvial cover in the study area precluded following the procedure of tracer installation
outlined by Wilcock ( 1997). In order to capture the spatial variability of depositional
environments associated with the complex bed topography, tracers were selected from the
channel bed via random walk. This random selection procedure allowed us to span the
channel width several times and capture a representative distribution of particles. A few
of the largest grains in each reach were visually identified and included in the sample so
that in the instance of a very large flood, I would have well-constrained competence
estimates. This transect method of sampling captured the wide range of depositional
zones associated with the complex bedrock channel bed topography (i.e., grains were
located up- and downstream of ribs, in the thalweg, or in pools).

The size, measured along the intermediate axis, and angularity were recorded for
each tracer. I applied a roughly 5-cm square patch of yellow concrete paint to each clast,
and wrote the tracer number on the paint patch with a black permanent marker. Care was
taken not to disrupt the bed material when clasts were tagged with paint. If the tracer was
not incorporated in the armor layer, a paint patch and number were applied to a second
side to increase the likelihood of finding the tracer if it flipped over after transport. The
initial survey of tracer locations was followed by six repeat surveys for each reach after

four summer recreational flow releases (Qpeak = 46.75 m3/s) and two yearly flows (Qpeax
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= 80.68 m’/s and 87.87 m3/s). Discharge records were obtained from the TVA and

included hourly flow data for the three years of this study (Figure 4.3).

100
—e— 2008
5 —e 2007
80 |- L - 2008

Discharge (m3/s)

Apr May
Date

Figure 4.3. Annual hydrograph for Ocoee No. 3 for three years of study. Note the systematic
fluctuations in summer recreational release flows. Hourly data obtained from the TVA.

Tracers were considered mobile if the calculated transport distance between
surveys was greater than the particle diameter. This accommodated for any error inherent
to repeat surveys. Instrument locations were consistently reoccupied so that the back-
sight error to the benchmark was less than 5 mm in distance and elevation. Because each
clast was tagged with a 5-cm square of paint, I was confident that repeat surveys
represented the same location on each clast every survey. Transport distances were

calculated by differencing the surveyed coordinates between re-surveys. Following
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Church and Hassan (1992), the grain size of the tracer clasts was divided by the fnedian
size of the sediment mobilized in a given flow. They adjusted the grain sizes by the
characteristic size of the bed material based on the expectation that the transport distance
of the tracers is influenced by its size relative to the median grain size of the bed material.
Although I recognize that many other variables in bedrock systems influence transport, as
is assessed in this study, I applied a similar standardization method to report results in a
format similar to other studies.

The overall structure of the data included six repeat surveys to examine the
temporal variability in coarse sediment transport and four spatial resolutions (1 inter-
reach, 3 intra-reach). Scales of intra-reach comparisons were: cross-sectional (cross
section morphology and average hydraulics), zonal (morphologic bed region), and local |
(grain-scale topography). Tracers were referenced to the nearest cross-section after each
re-survey. Each reach included between 9 and 10 cross sections at a spacing of roughly
10- to 15-m downstream. Tracers were located in the upstream section of all reaches.
Cross-sectional averaged hydraulics were determined from HEC-RAS one-dimensional
modeling (Chapter 3). Each peak discharge that occurred between tracer resurveys was
modeled in HEC-RAS using the Manning’s roughness coefficients determined in the
earlier study. Without known water-surface elevations at the upstream and downstream
reach boundaries for these peak flows, the downstream boundary condition was set to
critical flow. Accuracy in assuming critical flow conditions has been supported in other
studies of bedrock channels (Tinkler, 1997; Wohl and Ikeda, 1997). Although
supercritical flow likely occurs locally within each reach, model runs were performed

assuming subcritical flow and typical step-backwater calculations were performed. The
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substantial protrusion of the bedrock ribs from the channel bed, which exerts a
downstream hydraulic control, and the relatively shallow bed slopes, support this
assumption of subcritical flow. The hydraulic variables obtained from this modeling for
both cross section and reach-averaged scale analysis included: velocity, v, total boundary
shear stress, 7, and unit stream power, .

The bed within each reach was divided into zones of contiguous and internally
consistent morphology (e.g., zone of alluvial patch with limited rib exposure versus zone
with highly variable rib topography and substantial bedrock exposure). These zones were
visually delineated in the field and each reach was divided into between 4 and 6 different
zones. These areas were assigned in the field and each tracer was categorized into a given
zone after plotting the tracer locations and morphological zones. Morphological zones
covered bed areas of roughly 20 x 50 m. All survey points were used to calculate the
standard deviation of the bed elevation with a given zone. These values provided a
quantitative metric for comparing the meso-scale variability in morphology and
corresponding hydraulics. In addition, orthogonal transect surveys of bedrock ribs in each
morphological zone were used to calculate the mean amplitude of bedrock ribs. Because
protrusion of these ribs likely influences the local-scale hydraulics and may interfere in
downstream transport of bedload, the amplitude of ribs within each region was used as a
quantitative metric for the analysis at this intermediate spatial scale.

The local, grain-scale for each tracer was visually characterized during each re-
survey. The area within one grain diameter was visually assessed for its potential
influence on the transport of a given tracer (Figure 4.2b). These categorical variables

included: free (no surrounding particles or ribs protruded above the tracer), shielded
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(surrounding particles or ribs protruded above the tracer and appeared to alter the local
hydraulic environment of the tracer), imbricated, buried (required removing sediment in

order to recover the tracer), embedded in the armor layer, and/or within a pothole.

44. Results

The summary statistics for the tracer transport determined after each recovery are
presented in Table 4.1. The recovery rate was nearly 100% in all three reaches during the
recoveries between summer flows in the first year (2006). The recovery rate was lowest
in the last resurvey (2008), but remained above 60% in all three reaches (61%, 63%, and

70%, respectively).
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The results are presented in a progression of the three key hypotheses. In natural
systems the spatial and temporal components to the dynamics of any process are highly
intertwined. To separate these two components, the results are outlined in a progression
of decreasing spatial scale as the first tier of analysis. The temporal variability (i.e.,
variation in discharge magnitude and duration) 1s examined within each spatial scale.

The size distributions of tracers from each reach are relatively consistent (Error!
Reference source not found., Error! Reference source not found.), with median sizes
Dsp of 115 mm, 100 mm, and 110 mm, respectively. This consistency allows inter-reach
comparisons of transport dynamics without differences in the bed material size
distribution as a confounding effect that needs to be adjusted for. Nonetheless, a modified
version of the scaling convention applied by Church and Hassan (1992) is used so that
variables are reported in nondimensional terms, which both tightens the comparison of
transport dynamics at different spatial and temporal scales and enhances the potential to
compare these results to other field studies or apply relationships to other experimental
and theoretical studies. The absolute transport distances are used in comparison between
reaches because standardizing these distances by a reach-dependent variable would limit
the ability to detect variability among reaches. Examination of transport at smaller scales
in each reach used the nondimensional transport distance to isolate comparisons as a

function of scale.
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Figure 4.4. Size distribution of tracer clasts sampled from the existing bed material in each

reach

Tracer size (mm)

Table 4.2. Summary of reach differences including percent cover

Reach 1 Reach 2 Reach 3 Reach 4
Rib orientation to flow  Longitudinal Longitudinal Oblique Transverse
Mean rib amplitude (m) 0.435 0.570 0.785 0.798
Reach gradient 0.0075 0.0082 0.0106 0.0198
Manning’s n 0.059 0.075 0.094 0.107
D16 (mm) 50 46 48 na
D50 (mm) 115 100 150 na
D84 (mm) 240 230 252 na

Percent cover by substrate type (%)

Bedrock 56.8 40.3 38.2 56.6
Boulders 23.7 23.5 23.7 20.0
Cobbles 10.6 21.0 20.0 11.7
Gravel 8.9 15.2 18.2 11.7

*Percent cover was determined from surveyed grids of ~1 m spacing
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4.4.1. Transport distance and tracer size (HI)

There is no clearly defined relationship between tracer size and transport distance
(Figure 4.5), which does not support the first hypothesis. The average transport distances,
mobile tracer sizes, and hydraulic data from the four summer flow periods in 2006 were
. used in all analyses of 2006 flows. Data from these summer tracer recoveries
corresponded to the smallest magnitude and duration flows (Table 4.2; Figure 4.3), and
showed no relationship between transport distance and particle size in all reaches. The
cloud of dat‘a indicates a large amount of variability unexplained by this simple
relationship. After the winter flows during the next two years, the relationship improves
slightly (2007), but the lack of a correlation between particle size and transport distance
is maintained (Figure 4.5¢). Examining this relationship integrated over the three-year
period and increasing the temporal scale, variability in transport distance remains

unexplained by differences in tracer size (Figure 4.5d).

87



100 7 100

o Reach1 | | 2006 o Reach1 || 2007
e Reach2 | | > Reach?2 | |
> Reach 3 | > Reach 3 ?
= | -
f 10 7= ——gee %5 T
| & e BB oo o
10 T T e T QGE o 02’ Ti.? o
. S Bt o, o
o ée ogo°g-,0° ?@%‘5 eog) N
Yo e T ‘3
o l e 1 e s Gy ‘OQ Qg:‘g t%gd} j:%o? Z ;bo“
K | f’% ] - g‘*ﬂg‘%g& ¢ S
° 54 I . Z%Q ° %8% gga“[}z D(gf}\o ° &
e gl o ., op g?ﬁ”"%‘%‘}“ .
ocwgaawﬁo[]t&n o oa QQ&B. WOQ%DD w3
I D _L.Gﬁe éﬁ%—w S —— o o S oda”_fﬂ}l}o SR
so0 (B B 'ﬂ@% P ®a 0 €] mﬂf e ®
Y g‘ja %’gslj@%%gou ° 01 4 — = — —a%aP D?e%?’“ %o 2t o e
23 5o . ;
. SRR S
o Cé&:‘ 25w e $ | &
g "
TERe e
3 e i
8 0.1 | 0.01 |
< 0.1 1 10 0.1 1 10
100 . 100 -
Reach 1 | | 2008 o Readh 1 | All Years
o Reach 2 1 o  Reach?2 |
o Reach3 | | > Reach 3 |
{ ; 1 |
L s L[] — SR ——
< { i
o . o9 i
¢ © o’ o ° :
ods %o .0
2 O%gjgoﬁo © 6 o ;
0 o ‘
L i "“‘iz_igmcg‘?%i"oy5;"0‘““ 14 2 -
<& ooggglo (ggog Qu OO% E) a
* 0 a . ©
o0 o} ﬁo% &y °
hed el o
o e g,,‘:ﬁs o e
[0y [ U ——— - .‘._35_0_5;],5 [ — 0.1 4+ - ; . ey e i o
© e Ju} 3
olons
o GO% Z 8
I
0.01 t. 0.01
0.1 1 10 0.1 100
D/Dsomobite

Figure 4.5. Transport distance (normalized by the transport distance of the Dsg ,opiic tracer
for that flow period) versus the tracer size (standardized by the Dsg nonie). 2) Averages for all
four resurveys during summer release flows. b) 2007, ¢) 2008, d) Total transport over entire
study period.
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4.4.2. Inter-reach variability in transport distance (H2)

The size distributions of tracers mobilized during the entire study period in all
three reaches are fairly consistent (Figure 4.6). After all re-surveys 'the Ds5omobile 11t €ach
reach did not vary greatly, but the transport distance of that size tracer varied among
reaches (Table 4.3). For example, in the 2008 re-survey after the year of the largest peak
flow (87.87 m3/s) and the longest duration of flows (Figure 4.3), the mean transport
distance of the Dspmobiie In Reach 1 was roughly two times the distance in Reaches 2 and 3

(4.65 m, 2.52 m and 2.55, respectively for Dsg mobile = 75mm, 70mm and 80 mm,

respectively).
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Figure 4.6. Size distribution of mobile tracers from each reach. Data include tracers that
showed transport distances greater than one particle diameter in at least one re-survey
period.
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Comparison of the cumulative distributions of transport distance for all six
recoveries and three reaches (Figure 4.7) indicates that more tracers were transported
longer distances in Reach 1. More tracers were transported shorter distances in Reach 3,
whereas Reach 2 yielded an intermediate distribution of transport distances. Figure 4.7
also illustrates that in all reaches, more tracers were transported longer distances during
the 2008 flows of greater duration and higher peak discharge than any other flow period.
According to the Tukey HSD multiple comparison tests on the log-transformed mean
transport distance between reaches, Reach 1 was consistently associated with
significantly greater transport distances than the other two reaches (Figure 4.8). Transport
distances in Reach 2 and 3 were statistically similar after 2007, 2008 and the full study
period, but different during the summer flows documented in the 2006 resurveys.

The sediment sizes and transport distances integrated over the entire three-year
study period are presented in Table 4.2. The median grain size mobilized over all six
recovery periods varied slightly between the three reaches (75 mm, 80 mm and 90 mm,
respectively). Although reach 1 had the greatest Dsg of the tracers, it had the smallest
Dsomobite OVer the entire study. Reach-averaged hydraulic data from HEC-RAS modeling
of all peak flows are presented in Table 4.3. These modeling results indicated that the
reach-averaged velocities and unit stream power in Reach 1 were the largest, which
should lead to transport of larger bed material. However, the trends in total boundary
shear stress in each reach are consistent with the Dsgmebile in €ach reach (i.e., Reach 3 was
associated with the largest Dsp mobile, as well as the greatest total boundary shear stress). I
state these trends in reach-averaged sediment transport §vhile recognizing the limited

sample for rigorous statistical analyses in these trends. Also, despite this slight trend, the
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sediment sizes are not substantially different. Even with these caveats, the consistent and

statistically significant reach-scale differences in coarse sediment transport distances

support hypothesis 2.
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Figure 4.7. Cumulative distributions of transport distances after six re-surveys for all three
reaches (a, b and ¢, respectively). Numbers indicate the recovery stage. Corresponding flows
are reported in Table 4.2,
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Figure 4.8. Reach-scale variation in transport distances. Years indicate the re-survey

period. The box-plots indicate upper and lower quartiles as box ends, 10" and 90"

percentiles as whiskers, and median values as the line within each box. Dots indicate values

outside the 10™ and 90" percentiles. Transport distances were log transformed for

normality. Significant differences are indicated by contrasting letters above each box
(Tukey’s HSD following ANOVA on log transformed data).
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4.4.3 Intra-reach variability in transport distance (H3)

Within each reach, transport distance was examined at three spatial scales: (1)
cross sectional, with tracers linked to the nearest cross section and hydraulic parameters
modeled for that cross section; (2) zonal scale, with tracers linked to geomorphically
similar bed regions and analyzed in relation to both the standard deviation of bed
elevations as well as mean amplitude of bedrock ribs within that zone; and (3) local scale,
with tracers classified according to the local hydraulic environment.

ANOVA of transport distance by cross section was not significant in either the
2007 or 2008 recovery period in any of the reaches (Table 4.4). Figure 4.9 illustrates
these results from Reach 1 as an example. That transport distances were similar among
cross sections, suggests that transport distance does not vary with differences in cross-
sectionally averaged hydraulics. In Reach 1, despite a nearly two fold difference in unit
stream power between two cross sections, mean transport distances were not significantly

different (Figure 4.9).
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Table 4.3. Summary of ANOVA analysis of transport distance by intra-reach spatial scale

2007
XS ZONE LOCAL.
F value p-value Fvalue p-value Fvalue p-value
Reach 1 1.77 0.14 3.46 0.005 19.2 <0.0001
Reach 2 0.52 0.47 0.76 0.47 8.9 <0.0001
Reach 3 1.44 0.23 3.79 0.006 36.1 <0.0001

2008
XS ZONE LOCAL
Fvalue p-value Fvalue p-value Fvalue p-value
Reach 1 1.15 0.34 1.56 0.19 26.3 <0.0001
Reach 2 0.22 0.64 0.93 0.40 19.3 <0.0001

Reach 3 0.48 0.70 1.59 0.21 6.8 <0.0001
*Bolded values indicate significance (p<0.05).
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Figure 4.9. Box plot comparing the transport distance of tracers by cross section hydraulics
in Reach 1. a) Transport distance (2007) by cross section (ANOVA, F=1.77, p=0.14). b)
Transport distance (2008) by cross section (ANOVA, F=1.15; p=0.34), so comparison of
means was not appropriate. The box-plots indicate upper and lower quartiles as box ends,
10" and 90" percentiles as whiskers, and median values as the line within each box. Dots
indicate values outside the 10" and 90" percentiles. The velocity, v, total boundary shear
stress, £, and unit stream power, w, obtained from HEC-RAS modeling of the peak

Cross Sections

discharge between recoveries are indicated for each cross section.
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Variability in transport distance 1s enhance.d at the scale of morphologically
similar bed zones within a given reach (Figure 4. 10). For the 2007 tracer recovery, the
significant ANOVA results indicate zone-scale differences in transport distance in
Reaches 1 and 3 (Table 4.4). This relationship was not significant in Reach 2, or in any
reach for the 2008 recovery. Transport distances do not appear larger in bed regions
where the rib amplﬁude A and standard deviation of the bed topography Zg., are
relatively low, as one would expect. Also, in Reach 3, pairwise comparisons indicated
that the only zones with significantly different mean transport distances had similar mean
rib amplitudes (A= 0.65 m and 0.69 m, respectively) and standard deviations of the bed
elevation (Zqey = 0.33 m and 0.36 m, respectively) within each zone. Therefore, neither

rib amplitude nor topographic variability appear to control transport distance.

96



100
A=0.42m A=048m A=055m 2007
Zion = 0.32m Z e = 0.29m Z e =.0.32 m A
a
T b * a Ta
10 - I»b .
2 T b
._g b —L :
0
@)
3 T oo
0.1 - *
A=047m A=0.65m
Zstdev =037m Zstdev =0.30m
0.01
10
A=0.55m 2008
Zstdev= 0.32m B
T
1 p—
9
o)
g
B 017 a-04zm A=0.48m
O Z. . =032m 7
— stdev stdev
3 .
0.01 A
le]
A=047m A=052m A=065m
ZS‘dev =037m Zstdev =0.30m Zstdev= 0.30m
0.001
Bed Zone

Figure 4.10. Box plot comparing tracer transport distance by zone topographic metrics in
Reach 1. a) Transport distance (2007) by zone (ANOVA, ¥=3.46, p=0.005). Significant
pairwise differences in means (p<0.05) are indicated by contrasting letters above each box
(Tukey’s HSD following ANOVA on log transformed data). b. Transport distance (2008) by
zone was not significant (ANOVA, F=1.56; p=0.19), so comparison of means was not
appropriate. The box-plots indicate upper and lower quartiles as box ends, 10" and 90"
percentiles as whiskers, and median values as the line within each box. Dots indicate values
outside the 10" and 90™ percentiles. Z,,, is the standard deviation of the bed elevation
within the bed zone, and A is the mean amplitude of bedrock ribs within that area. Boxes

are in order of increasing A from left to right.
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In all three reaches and for both recovery periods, there was a strong relationship
between transport distance and the local hydraulic environment descriptor (Table 4.4). In
reach 1 for example, particles that were unaffected by surrounding grains or bedrock ribs
(free) were transported the greatest distances (Figure 4.11). In some cases, shielded
particles were transported irelatively long distances, which could be explained by local
turbulence fluctuations in wake zones. Pairwise comparisons using the Tukey HSD
following ANOVA, in all three reaches and for both years, consistently showed that the
transport distance of tracers classified as free was significantly different (p<0.05) from
imbricated, shieldéd or buried particles. The significant difference in transport distance
according to local-scale distinctions provides support for hypothesis 3, but this is more

rigorously tested through multiple regression analysis.
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Figure 4.11. Box plot comparing tracer transport distance by local hydraulic environment
classification in Reach 1. a) Transport distance (2007) by local classification (ANOVA,
F=19.17, p<0.0001). b) Transport distance (2008) by local classification (ANOVA, F=26.26;
p<0.0001). Significant pairwise differences in means (p<0.05) are indicated by contrasting
letters above each box (Tukey’s HSD following ANOVA on log transformed data). The box-
plots indicate upper and lower quartiles as box ends, 10" and 90" percentiles as whiskers,
and median values as the line within each box. Dots indicate values outside the 10" and 90™
percentiles.
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Multiple linear regression was applied to both inter-reach and intra-reach scale
variables Model selection based on the AIC and adjusted R? indicated that of the three
intra-reach scales, the local classification explained the greatest variability in transport
distance, thereby further supporting hypothesis 3. The parameters tested in these models
included: tracer size, reach, cross section unit stream power, mean rib amplitude within
the bed zone and local characterization. These model results were consistent for 2007 and
2008 analyzed separately. The best one-parameter model included only local scale
classification (p<0.0001 in both years; adjusted R?=0.45 and 0.20 for 2007 and 2008,
respectively). The best two-parameter model included the reach and local scale
(p<0.0001 in both years; adjusted R? = 0.48 and 0.32 for 2007 and 2008, respectively).
Both parameters in these models were also significant at p<0.0001. Although none of the
models tested explained more than 50 % of the variability in transport distance, multiple
linear regression was still a useful method to more rigorously address the question of
which scale is the most appropriate for predicting coarse sediment transport in bedrock
systems when grain size may not be as good a predictor as in alluvial systems. Also, the
fact that only 50 % of the variability in transport distance could be explained by these
models suggests a component of unexplained variability which supports the stochastic

nature of sediment transport in these systems.
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4.5. Discussion
4.5.1. Controls on transport distance

Transport distance was not dependent on tracer size as has been reported in
alluvial studies (Church and Hassan, 1992). This suggests that in a bedrock channel with
complex bed topography, other factors are more important in controlling coarse sediment
transport. In order to examine these other possible controls, the second and third
hypotheses tested for differences according to inter-reach (hypothesis 1) and intra-reach
(hypothesis 2) spatial scales. The most consistent significant differences occurred
between reaches and with local hydraulic environment. Reach-scale differences suggest
that reach-scale variation in morphology and hydraulics are important controls on coarse
sediment transport. Reaches in this study varied mostly in the orientation and amplitude
of bedrock ribs, which influences hydraulics. The finest spatial resolution of intra-reach
variability was the best predictor of coarse sediment transport distance. This suggests that
the complex bed topography of bedrock channels controls bedload transport differences
at scales potentially smaller than bedform scales of alluvial channels (Schmidt and Gingz,

1995; Thompson et al., 1996; Cudden and Hoey, 2003).
4.5.2. Limitations and uncertainties

There are several potential limitations to the study design discussed here that
create uncertainties when extrapolating from the results described above. Although
transport distance was not related to grain size in any of the reaches over.the study
period, it is possible that at longer time scales transport distance varies more closely with

grain size because local-scale controls that influence transport distance during single
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flows might become less important when avefaged over longer timespans that include
multiple transport events.

The Dsq of the unrecovered tracers was similar to the D5 of the mobile tracers in
the last resurvey. This suggests that unrecovered particles were transported, despite
unknown transport distances. It is uncertain whether these particles were transported
beyond the reach or moved to obscure locations within the highly variable alluvial
deposits and bedrock channel bed topography (i.e., within potholes or between ribs).
Although the recovery rates were relatively large between surveys; there are inherent
difficulties in using visually identified tracers. It was necessary to re-paint and number
most tracers each year because sun bleaching and algal growth obscured the tracer
number. There were several cases in the 2007 and 2008 resurveys where the tracer
number was indistinguishable. Re-numbering and measurement, along with spatial
comparison to the previous year’s location, allowed for these tracers to be accurately
matched to the original number and included in the recovery.

Because bed regions were not determined prior to the sediment sampling, I did
not sample an equal number of tracers from each region, making it difficult to accurately
compare coarse sediment transport between bed regions. The initial overall intent of this
tracer study was to examine reach-scale coarse sediment transport; it was after the initial
tracer installation that I decided to assess the spatial controls on sediment transport at
different scales. Alternatively, I could have installed an equal number of tracers of
uniform size in morphologically similar patches to constrain the variability and correlate
coarse sediment transport with bedrock channel bed topography, as others have done in

alluvial channels (Wilcock, 1997). However, the main goal in selecting tracers from the
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existing bed material was to ensure that the conditions were as natural as possible.
Studies that use imposed tracers tend to show higher transport rates and distances (Pyrce
and Ashmore, 2003; Sear et al., 2000) because particles are not in natural locations such
as incorporated into the armor Jayer.

During high flow conditions when the transport capacity is so high that the total
shear stress is much greater than the critical shear stress, particle hop lengths increase
more rapidly with increasing shear stress than particle impact velocities (Sklar and
Dietrich, 1998; 2004). In this study I measured the total transport distance of particles or
the path length (Einstein, 1937), which integrates all the lengths of individual saltation
hops. I cannot determine the difference between particle path lengths and hop lengths.
However, the observation that the transport distances in all three reaches were shortest for
the weekly summer recoveries with lower magnitude and shorter duration discharges,
suggests that the transport distances associated with the larger yearly flows were an
integration of several saltation hop lengths.

The shorter transport distances recorded after the four summer weekend flows
peaking at 40 m/s may reflect the shorter temporal resolution, which facilitates
documenting transport distances that may be closer to the hop length of single transport
events. However, these flows were also half the magnitude of the yearly peak, after
which larger transport distances were measured. It is not clear how the magnitude of
individual flow peaks affects the integration of all flow events. Complexity in coarse
sediment transport in this system is also demonstrated by some clasts being transported

upstream. These few upstream transport events always occurred in sites of complex bed
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topography and hydraulics. The local hydraulic environment set up by the bedrock rib
forms likely plays a strong role in determining sediment transport dynamics.

Spatial variations in turbulence structure, and thereby sediment flux, which are
not describable in terms of local bed shear stress, are likely to be of fundamental
significance to almost all aspects of coarse sediment transport (Nelson et al., 1995;
Papanicolaou et al., 2001). I consistently observed redistribution of gravel located in the
lee of bedrock ribs. The gravel-sized tracers in this hydraulic environment showed
measurable transport distances in each re-survey, but overall these particles typically
remained within the same lee deposit. Tracer particles were commonly buried within

these deposits and recovery required sorting through the deposit.
4.5.3. Consideration of dam effects on sediment supply and alluvial cover

There are a few reasons why well-developed alluvial patches occur in this
bedrock system despite the location downstream from a dam. Greater bed roughness may
lead to a higher likelihood of forming alluvial patches at lower sediment supply rates.
Davis et al. (2005) documented similar results in a flume study examining the influence
of channel bed topography on partial alluviation. To address this question further, I
compared the degree of alluvial cover in the four reaches, which varied in channel slope
and roughness of the bedrock channel bed topography. If the dam exerts a dominant
effect on the coarse sediment supply, then alluvial cover should be lower in the upstream
reaches. Reach 1 did show the least degree of alluviation, which would suggest that the
dam had reduced the sediment supply in this system. However, Reach 1 also showed the
lowest hydraulic roughness and rib amplitude (Table 4.1), as well as the largest reach-

averaged velocity and unit stream power (Table 4.3). Because roughness has been shown
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to control the degree of alluvial cover, as I describe further below, there are competing
arguments for why this reach would show the lowest alluviation (roughness vs.
downstream dam effects).

Another effect of the dam is the alterations to the flow regime. Ocoee No. 3 is
unique because the channel downstream remains dry much of the time, with the
exception of regularly scheduled summer recreational releases and large floods that
cannot be stored in the upstream reservoir. The majority of the flow is diverted by the
TVA to a power station 8 km downstream. The result is that without regularly occurring
flows in this portion of the channel, and with continuing limited sediment input from
lateral sources such as valley walls, banks, and tributaries, the sediment supply within the
channel bed may have changed relatively little under the existing, severely limited regime
of flow and sediment transport. In the absence of large, prolonged flows to transport
sediment downstream of the dam, the typically documented downstream effects that
dams have on sediment supply would be minimized in this system. Other investigators
working in regulated rivers have also inferred that armoring, degradation, and
morphologic change or textural response below dams can be negligible in cases of low
sediment supply and transport rates (Fassnacht et al., 2003). For a given reduction in the
sediment supply, if the flows are correspondingly reduced to produce no change in the
ratio of supply to transport capacity, then it is not likely that changes in the alluvial cover

downstream from the dam will occur.
4.5.4. Factors influencing alluvial cover in bedrock channels

Beyond the effects of the dam on sediment supply and transport, inter-reach

variations in gradient might also influence the degree of alluvial cover. Reach gradient
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increases downstream among the four study reaches examined here. Gradient, as a
component of shear stress and stream power, can be used as an indirect measure of reach-
averaged sediment transport when discharge does not vary between reaches. Therefore,
assuming a relatively constant sediment supply in all four reaches, the fourth reach
farthest downstream should display the lowest degree of alluviation because the relative
transport capacity is greatest. Under this assumption, reach-averaged transport distances
should also be positively correlated with gradient. Reach 4 did display the lowest
percentage of alluvial cover (Table 4.1). Reach 1 (shallowest gradient) also had the
lowest proportion of alluvial cover, however, and consistently had the largest coarse
sediment transport distances. Less alluvial cover and greater sediment transport distances
in Reach 1 could be explained by reach-averaged velocity and unit stream power being
largest in this reach; these hydraulics appeared to be controlled by the relatively narrow
channel width and high velocity associated with lower hydraulic roughness supplied by
smaller, longitudinal ribs.

According to flume studies (Davis, et al., 2005; Finnegan et al., 2007; Johnson
and Whipple, 2007; Chatanantavet and Parker, 2008), if the roughness of the channel bed
topography is the dominant control on the degree of alluviation, then Reach 4, having the
greatest variation in bed topography and the highest roughness values from the hydraulic
modeling (Chapter 3), should show the largest proportion of alluvial cover. The fact that
both Reach 1 (lowest roughness) and Reach 4 (highest roughness) showed the largest
proportion 6f bedrock exposure (both with 57% bedrock exposed) (Table 4.1) suggests
that factors other than bed roughness influence alluviation in the study area. The junction

of a tributary channel between reaches 1 and 2 suggests that lower alluvial cover in reach
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I might represent primarily dam influences, whereas lower alluvial cover in reach 4
might reflect the influence of gradient, but I cannot rigorously test this interpretation.

Chatanantavet and Parker (2008) examined the relationship between sediment
ratio, channel slope and proportion of bedrock exposure and found a rationale for two
scenarios of alluviation. In steep bedrock channels with large immobile boulders, a
negative linear relationship exists between the proportion of bedrock exposure and the
sediment ratio (supply/capacity). On the other hand, where bedrock channels lack large
boulders, there is a threshold value of the sediment ratio at which bedrock exposure
decreases and the channel transitions from fully exposed to fully alluviated. The value of
the sediment ratio at which this progressive alluviation occurs is dependent on slope. At
higher slopes, the bedrock remains exposed for larger sediment ratios. In cases where
progressive alluviation occurs, a positive feedback is set up between increasing hydraulic
roughness of the channel bed and enhanced deposition. This decreased transport capacity
then leads to continued deposition (Chatanantavet and Parker, 2008). In a similar but
opposite scenario where bedrock exposure is maintained, a positive feedback exists to
promote exposure: Greater bedrock exposure reduces the hydraulic roughness, which
increases the transport capacity and leads to clearing the bedrock surface.

A major assumption of the experiments of Chatanantavet and Parker (2008) is that
the hydraulic roughness associated with grain roughness and alluvial bedforms
superimposed on a bedrock surface is greater than hydraulic resistance supplied by the
bedrock. They clearly state that their experiments focus on plane-bed bedrock channel
beds. Considering the two positive feedbacks that they used to summarize their

experimental results in the context of the Ocoee and other streams in the Blue Ridge with
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bedrock ribs, the same assumption regarding the relative hydraulic resistance associated
with the alluvium versus bedrock cannot be made. In the reaches examined in this study,
bedrock topography has larger dimensions than the alluvial material. The bedrock ribs
have a lower relative submergence than even the Dg4 in most cases. The only patches of
alluvium that exist in these streams occur in topographic lows between ribs and within
sculpted features such as potholes. The Ocoee thus best fits Chatanantavet and Parker’s
(2008) first scenario, of large immobile obstacles to flow that promote a negative linear
relation between bedrock exposure and sediment supply/capacity. Assuming that
sediment supply is similar in the three reaches downstream from the tributary junction,
the lack of any consistent trend in bedrock exposure with respect to either gradient or
bedrock rib amplitude suggests that multiple processes govern alluviation. Complex
interactions among the three potential controls of distance from the dam, gradient, and
bed roughness on alluvial cover limit us from separating their relative importance
between reaches.

This study is a snapshot in time and although many interesting questions arise, an
understanding of the sediment transport regime and dynamics that have led to the
exposed bedrock topography seen along the Ocoee is not explicitly developed. However,
two other streams studied in this region not affected by a dam upstream showed similar
topography. I did not measure sediment transport along these streams or bedrock
exposure, because without regulation I did not have proper constraints on discharge. The
experimental set up along the Ocoee River, using the dam to control the flows at which I
documented sediment movement, provided the best control for testing questions related

to bedload transpoft in this large and complicated fluvial system.
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4.6. Conclusion

This study demonstrates that complex-bed topography in a bedrock channel exerts
a major control on the transport dynamics of coarse material over at least relatively short
temporal (circa 3 yr) and small spatial (10% m) scales. Complex bed topography in a
bedrock channel appears to preclude size—depéndent transport distance by creating
extreme spatial variability in the magnitude of hydraulic forces that influence sediment
entrainment and transport. A comparison of three reaches with different bedrock rib
orientation and amplitude indicates that where ribs are longitudinal to flow and of lower
amplitude transport is less obstructed, which leads to greater transport distances than in
reaches where the ribs are oblique to flow and of larger amplitude. At the reach-scale,
oblique or transverse ribs increase the reach-scale roughness and reduce reach-averaged
velocity, which corresponds to lower transport distances. Because local scale bedrock
channel morphology correlates most strongly with transport distance, it likely plays a
dominant role in the transport of coarse sediment. Ribs of greater amplitude create more
localized zones of low velocity to shield clasts from entrainment. The importance of
local-scale controls and the lack of size dependence on coarse-sediment transport
distance may limit the use of reach-scale sediment transport functions in bedrock

channels with similar morphologic complexity.

109



References

Beschta, R.L., (1987), Conceptual models of sediment transport in streams, in Sediment
transport in gravel-bed rivers, edited by C.R. Thorne, J.C. Bathurst, and R.D.
Hey, pp. 387-419, John Wiley and Sons, Chichester.

Chatanantavet, P., G. Parker (2008), Experimental study of bedrock channel alleviation
under varied sediment supply and hydraulic conditions, Water Resour. Res., 44,
W12446, doi:10.1029/2007WR006581.

Church, M. and M.A. Hassan (1992), Size and distance of travel of unconstrained clasts
on a streambed, Water Resour. Res., 28(1), 299-303.

Cudden, J.R. and T.B. Hoey (2003), The causes of bedload pulses in a gravel channel: the
implications of bedload grain- size distributions, Earth Surf. Proc. Landforms, 28,
1411-1428.

Davis, J. R., L. S. Sklar, G. I. Demeter, J. P. Johnson, and K. X. Whipple (2005), The
influence of bed roughness on partial alluviation in an experimental bedrock
channel, Eos Trans. AGU, 86(52), Fall Meet. Suppl., Abstract H53D-0508.

Dietrich, W. E., J. W. Kirchner, H. Ikeda, and F. Iseya (1989), Sediment supply and the
development of the coarse surface layer in gravel-bedded rivers, Nature, 340,
215-217.

Einstein, H. A. (1937), Bedload transport as a probability problem. Ph.D. Dissertation
(English translation, in Sedimentation, Water Resources Publications edited by
H.W. Shen, Appendix C, pp. 105, Fort Collins, CO.

Einstein, H. A. (1950), The bed-load function for sediment transportation in open channel
flows, Tech. Bull., 1026, Soil Conserv. Serv., U.S. Dep. of Agric, Washington, D.
C.

Fassnacht, H., E.M. McClure, G.E. Grant, P.C. Klingman (2003), Downstream effects of
the Pelton-Round Butte hydroelectric project on bedload transport, channel
morphology, and channel-bed texture, Lower Deschutes River, Oregon, In: A
Peculiar River: Geology Geomorphology, and Hydrology of the Deschutes River,
Oregon, Water Science and Application, 7, edited by G. E. Grant and J.E.
O’Connor, pp. 169-201, AGU, Washington, D. C.

Finnegan, N. J., L. S. Sklar, and T. K. Fuller (2007), Interplay of sediment supply, river
inciston, and channel morphology revealed by the transient evolution of an
experimental bedrock channel, J. of Geophys. Res., Earth Surf., 112, FO3S11,
doi:10.1029/2006JF000569.

Furbish, D.J. (1993), Flow structure in a boulder mountain stream with complex bed
topography, Water Resour. Res., 29(7), 2249-2263.

110



Gomez, B. and M. Church (1989), An assessment of bed load sediment transport
formulae for gravel bed rivers, Water Resour. Res., 25(6), 1161-1186.

Hancock G.S., Anderson R.S., and Whipple KX. 1998. Beyond power: bedrock river
incision process and form. in River Over Rock: Fluvial Processes in Bedrock
Channels, Rivers Over Rock, Geophys. Monogr. Ser., 107, edited by K. Tinkler
and E. E. Wohl, pp. 35-60, AGU, Washington, D. C.

Hartshorn, K., N. Hovius, W.B. Dade, R.L. Slingerland (2002), Climate-driven bedrock
incision in an active mountain belt. Science 297, 2036-2038.

Hassan, M.A. and M. Church. (1992), The movement of individual grains on the
streambed, in Dynamics of gravel-bed rivers, edited by P. Billi, R.D. Hey, C.R.
Thorne and P. Tacconi, pp. 159-175, John Wiley and Sons, Chichester.

Hassan, M. A., and M. Church (2001), Sensitivity of bed load transport in Harris Creek:
Seasonal and spatial variation over a cobble-gravel bar, Water Resour. Res.,
37(3), 813— 825, doi:10.1029/2000WR900346.

Hoey, T., (1992), Temporal variations in bedload transport rates and sediment storage in
gravel-bed rivers, Progress in Physical Geography, 16, 319-338.

Howard, A. D. (1994), A detachment-limited model of drainage basin evolution, Water
Resour. Res., 30, 2261 2285.

Johnson, J. P., and K. X. Whipple (2007), Feedbacks between erosion and sediment
transport in experimental bedrock channels, Earth Surf. Proc. Landforms, 32,
1048-1062.

Kirchner, J. W., W. E. Dietrich, F. Iseya, and H. Tkeda (1990), The variability of critical
shear stress, friction angle, and grain protrusion in waterworked sediments,
Sedimentology, 37, 647—- 672.

Lague, D., N. Hovius, and P. Davy (2005), Discharge, discharge variability, and the
bedrock channel profile, J. of Geophys. Res., Earth Surf., 110, FO4006,
doi:10.1029/2004JF000259.

Lamb, M. P., W. E. Dietrich, and L. S. Sklar (2008), A model for fluvial bedrock incision
by impacting suspended and bedload sediment, J. of Geophys. Res., Earth Surf.,
113, F03025, doi:10.1029/2007JF000915.

Matmon, A., P.R., Bierman, J. Larsen, S. Southworth, M. Pavich, M. Caffee, (2005),

Temporally and spatially uniform rates of erosion in the southern Appalachian
Great Smoky Mountains, Geology 31, 155-158.

111



McNamara, J.P. and C. Borden, (2004), Observations on the movement of coarse gravel
using implanted motion-sensing radio transmitters, Hydrological Processes, 18,
1871-1884.

Nelson, J., Shreve, R. L., McLean, S. R., and Drake, T. G. (1995). ‘‘Role of near-bed
turbulence structure in bed-load transport and bed-form mechanics.”” Water
Resour. Res., 31(8), 2071-2086.

Papanicolaou, A.N., P. Diplas, C.L. Dancey, M. Balakrishnan, (2001), Surface roughness
effects in near-bed turbulence: Implications to sediment entrainment, J./ of Eng.
Mechanics, 127,211-218.

Pyrce, R.S. and P.E. Ashmore (2003a), Particle path length distributions in meandering
gravel-bed streams: results from physical models, Earth Surf. Proc. Landforms,
28, 951-966.

Pyrce, R.S. and P.E. Ashmore (2003b), The relation between particle path length
distributions and channel morphology in gravel-bed streams: a synthesis,
Geomorphology, 56, 167-187.

Richardson, K., P.A. Carling (2005), A typology of sculpted forms in open bedrock
channels. GSA. Special Paper 392. pp.108.

Schmidt, K.-H. and D. Gintz (1995), Results of bedload tracer experiments in a mountain
river, in River geomorphology, edited by E.J. Hickin, pp. 37-54, John Wiley and
Sons, Chichester.

Sear, D.A., M.W E. Lee, R.J. Oakey, P.A. Carling, and M.B. Collins (2000), Coarse
sediment tracing technology in littoral and fluvial environments: A review, in
Tracers in Geomorphology, edited by 1. D. L. Foster, pp. 21-55, John Wiley and
Sons, Chichester.

Shepherd RG, S.A. Schumm (1974), Experimental study of river incision. Geological
Society of America Bulletin 85 257-268.

Singh, A., K. Fienberg, D.J. Jerolmack, J. Marr, and E. Foufoula-Georgiou (2009),
Experimental evidence for statistical scaling and intemittency in sediment
transport rates, J. of Geophys. Res., Earth Surf., 114, FO10125.

Sklar, L. S., and W. E. Dietrich (1998), River longitudinal profiles and bedrock incision
models: Stream power and the influence of sediment supply, in River Over Rock:
Fluvial Processes in Bedrock Channels, Rivers Over Rock, Geophys. Monogr.
Ser., 107, edited by K. Tinkler and E. E. Wohl, pp. 237-260, AGU, Washington,
D.C.

Sklar, L., and W. E. Dietrich (2001), Sediment and rock strength controls on river
incision into bedrock, Geology, 29, 1087~ 1090, doi:10.1130/00917613

112



Sklar, L., and W. E. Dietrich (2004), A mechanistic model for river incision into bedrock
by saltating bed load, Water Resour. Res., 40,
W06301,doi: 10.1029/2003WR002496.

Snyder, N. P., K. X. Whipple, G. E. Tucker, and D. J. Merritts (2003), Importance of a
stochastic distribution of floods and erosion thresholds in the bedrock river
incision problem, J. of Geophys. Res., Earth Surf., 108(B2), 2117,
doi:10.1029/2001JB001655.

Sutton, S.J. (1991), Development of domainal slaty cleavage fabric at Ocoee Gorge,
Tennessee. J. of Geology 99 (6) 789-800.

Thompson, D.M. (2007), The influence of lee sediment behind large bed elements on
bedload transport rates in supply-limited channels, Geomorphology, 99, 420-432.

Thompson, D.M., E.E. Wohl, and R.D. Jarrett (1996), A revised velocity-reversal and
sediment-sorting model for a high-gradient, pool-riffle stream, Physical
Geography, 17, 142-156.

Tucker, G.E. (2004), Drainage basin sensitivity to tectonic and climatic forcing:
Implications of a stochastic model for the role of entrainment and erosion
thresholds, Earth Surf. Proc. Landforms, 29, 185-205.

Turowski, J. M. (2009), Stochastic modeling of the cover effect and bedrock erosion,
Water Resour. Res., 45, W03422, doi:10.1029/2008 WR007262.

Turowski, J. M., D. Lague, and N. Hovius (2007), Cover effect in bedrock abrasion: A
new derivation and its implications for the modeling of bedrock channel
morphology, J. of Geophys. Res., Earth Surf., 112, FO4006,
doi:10.1029/2006JF000697.

U.S. Geological Survey (1997), Digital orthophoto quarter-quadrangles, Menlo Park, CA.

Wilcock, P.R. (1997), Entrainment, displacement and transport of tracer gravels, Earth
Surf. Proc. Landforms 22, 1125-1138.

Whipple K. X. (2004), Bedrock rivers and the geomorphology of active orogens. Annual
Review of Earth and Planetary Sciences 32, 151-185.

Whipple, K. X., and G. E. Tucker (2002), Implications of sediment-flux dependent river
inciston models for landscape evolution, J. of Geophys. Res., Earth Surf.,
107(B2), 2039, doi:10.1029/2000JB000044.

Whiting, P.J., W.E. Dietrich, L.B. Leopold, T.G. Drake, and R.L. Shreve (1988), Bedload
sheets in heterogeneous sediment, Geology, 16, 105-108, 1988.

Wohl, E. E. (1993), Bedrock channel incision along Piccaninny Creek, Australia, J.
Geol., 101, 749-761.

113



Wohl, E.E. (1998), Bedrock channel morphology in relation to erosional processes, in
River Over Rock: Fluvial Processes in Bedrock Channels, Rivers Over Rock,
Geophys. Monogr. Ser., 107, edited by K. Tinkler and E. E. Wohl, pp. 133-151,
AGU, Washington, D. C.

Wohl, E.E. (1999), Incised bedrock channels, in Incised River Channels: Processes,
Forms, Engineering and Management, edited by S.Darby and A. Simon, pp. 187-
218, John Wiley and Sons, Chichester.

Wohl, E.E., H. Ikeda (1997), Experimental simulation of channel incision into a cohesive
substrate at varying gradients. Geology 25, 295-298.

Wohl, E. E., D. M. Thompson, and A. J. Miller (1999), Canyons with undulating walls,
Geol. Soc. Am. Bull., 111, 949—- 959,

Yager, E. M., J. W. Kirchner, and W. E. Dietrich (2007), Calculating bedload transport in

steep boulder bed channels, Water Resour. Res., 43,W(07418,
doi: 10.1029/2006 WR005432.

114



CHAPTER 5. SUBSTRATE INFLUENCES ON THE SIZE AND SPATIAL
PATTERNS OF STREAM POTHOLES: A FIELD EXAMPLE

Abstract

Adjustment to bedrock-channel form largely occurs via either abrasion or
plucking, with abrasion being the dominant mechanism of erosion in massive substrate.
Localized abrasion occurs as sculpted forms; at this field site, primarily potholes. I
measured the dimensions and surveyed the locations of potholes in four reaches along the
Ocoee River, Tennessee in the Blue Ridge Province of the Southern Appalachians. The
goal was to assess the inter- and intra-reach spatial occurrence of potholes in a bedrock
channel with no defined thalweg and heterogeneous substrate of varying erosional
resistance. Inter-reach differences in lithology and channel morphology lead to
differences in both the size and spatial patterns of potholes. In reaches with more resistant
rock and heterogeneous bed topography, pothole dimensions (i.e., radius and depth) are
larger and follow an aggregated spatial pattern. The likelihood of pothole formation tends
to be greatest at intermediate relative bed elevations, suggesting that local hydraulics and
tools versus cover relationships govern pothole formation and maintenance. The relative
abrasion of experimental concrete grinders supports the interpretation that local hydraulic
epvironment, as reflected by bed elevation, tends to be more important than pothole

dimensions in controlling the erosional efficiency of potholes.
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5.1. Introduction

Potholes are often cited as the most efficient mechanism of bedrock abrasion in
massive lithologies (Hancock et al., 1998; Whipple et al., 2000a), thereby providing
locally effective means of channel incision (Gilbert, 1906; Alexander, 1932; Kale and
Shingade, 1987; Wohl, 1993). In their flume study of the interactions between bedload
transport and bedrock channel morphology, Johnson and Whipple (2007) noted pothole
erosion 50 times greater than the flume-averaged incision within a single time increment.
In an experimental flume study, Carter and Anderson (2006) observed that potholes
formed readily in all model geometries when sediment was supplied.

Complex topography is the rule rather than the exception for sculpted bedrock
features, making characterizing their geometry very difficult. Quantitative studies of
pothole geometries have focused on the relationship between depth and radius, because
these variables influence the hydraulics within individual potholes (Alexander, 1932;
Angeby, 1951). The geometry of individual potholes has been linked to formative
mech‘anisms and internal hydraulics using simple power functions between pothole depth
and aperture size (Kale and Shingade, 1987; Springer et al., 2005, 2006).

Many of the initial investigations stressed the importance of bedload material
within potholes as the tools of pothole abrasion (Gilbert, 1877; Alexander, 1932; Angeby,
1951). Kale and Shingade (1987) documented a good correlation between the grinder
particle size and pothole dimensions. The vortex-induced sediment transport associated
with potholes produces significantly larger erosion via bedload than suspended load

(Sklar and Dietrich, 2001). Although many studies have recognized the importance of
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pothole erosion as a mechanism of bedrock channel incision, few have quantitatively
documented pothole spatial occurrence and erosional effectiveness in field settings.

The spatial distribution and size of potholes have been qualitatively linked to
inner channels and slot canyons (Shepherd and Schumm, 1974; Wohl and lkeda, 1997,
Springer et al., 2006; Johnson and Whipple, 2007), knickpoints (Kale and Shingade,
1987) and to distance from the channel center (Lorenc et al., 1994; Kale and Shingade,
1987). In slot canyons within the Navajo Sandstone, coalescence of potholes has been
argued as a mechanism of channel formation, and the hydraulic variability between
merging potholes has been shown to influence the distribution of energy between the
channel bed and canyon walls (Wohl et al., 1999; Johnson et al., 2005). Lateral potholes
on bedrock channel walls have also been suggested as an efficient mechanism of
adjusting bedrock channel width (Zen and Prestegaard, 1994). In their study of potholes
associated with a large knick point, Kale and Shingade (1987) noted a disparity in the
number of potholes occurring on each bank, which they attributed to variation in relative
elevation of each bank and the consequences for flood inundation. They also reported a
larger frequency of isolated potholes than coalesced potholes. Coalesced potholes tended
to be concentrated in the channel center, where they expected abrasion processes to be
more intense and prolonged, although they did not consider cover effects in these deeper
channel sections. Hartshorn et al. (2002) reported the greatest erosion rates within a
parabolic-shaped channel at intermediate elevations, which they attributed to variation in
the caliber and frequency of impacting sediment at different elevations.

Recent studies have focused on lateral incision and adjustment in bedrock channel

width and cross sectional form as an additional degree of freedom for bedrock channel
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change (Finnegan et al., 2005; Stark, 2006; Wobus et al., 2006; Turowski et al., 2008). In
massive substrates where abrasion dominates channel erosion and geometric adjustment,
the distribution of potholes across the channel is likely related to bedrock channel width
adjustment. In flume experiments aimed to investigate the collective adjustment of
bedrock channel slope, width, roughness, alluvial cover and incision rate, Finnegan et al.
(2007) observed that channels adjust their width through alterations in the location of
vertical incision. The location within the channel and the width of the localized incision
zone are directly related to the balance between bedload supply and transport capacity.
The spatial distribution and dimension of potholes may therefore provide insight into
width adjustment in bedrock channels.

In bedrock channels such as the one examined in this study, where lithologic and
structural variation strongly influence channel form and cross-sectional geometry is broad
and shallow, the spatial distribution of potholes may not be localized to the channel
thalweg or the bedrock walls. In cases such as this, there may be other influences on the
spatial distribution of potholes; understanding the potential controls on pothole locations
will enhance our ability to predict lateral and vertical incision as related to the lithologic
and structural setting. Here, I present the first quantitative evaluation of spatial patterns of
pothole occurrence in a bedrock channel with a high width-to-depth ratio and undulating
bedrock rib bedforms that are largely controlled by rock properties, and lacking steep
bedrock banks or walls.

We quantify parameters that are integral to understanding the importance of
potholes in bedrock channel incision. The field site is divided into four study reaches

differentiated based on lithology and structural expression of bedrock ribs in the channel
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bed (Chapter 3). If rock characteristics influence the dominant mechanism of bedrock
erosion (plucking versus abrasion), then potholes, as indicators of abrasion, will be less
developed in more densely jointed lithologies that facilitate plucking. This assumes that
plucking of material around potholes will limit pothole growth in these reaches. A reach
dominated by a more massive lithology will favor the formation of larger potholes.
Consequently, I hypothesize that, at the inter-reach scale, pothole dimensions (depth and
radius) will be significantly different between the four study reaches (H1). If we assume
that potholes form preferentially where more variable bed topography creates more
complicated hydraulics that facilitate flow separation and localized abrasion, then
potholes will follow a more aggregated pattern in reaches with the greatest topographic
variability. The second hypothesis is thus that the spatial patterns of potholes will differ
between the four reaches (H2). At the intra-reach scale, I hypothesize that potholes that
follow an aggregated spatial pattern will be segregated according to dimensions (H3).
This hypothesis is based on the assumption that larger pot};oles will form in regions of
the channel with higher local velocities and associated stronger vorticity, greater bedload
transport, and larger supply of grinders to potholes. In a channel with a well-defined
thalweg, the largest potholes would be expected to form in the channel center, which
receives the most flow over more prolonged durations. Lacking a well-defined thalweg, 1
expect potholes at the study sites to form where local channel configuration enhances
abrasion. Finally, I hypothesize that the spatial occurrence of potholes is correlated to the
bed elevation relative to some arbitrary water-surface elevation, which relates the pothole
to the local hydraulics (H4). Because the channel lacks a well-defined thalweg, inner

channel and steep channel walls, I assume that the relative elevation of potholes
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compared to a spatially variable and complex channel bed topography is a better
descriptor of the local hydraulic environment than distance from the channel margin.

In addition to testing these hypotheses regarding the spatial distribution and
dimensions of potholes, I examine the relative efficiency of pothole abrasion by testing
for correlations between the relative abrasion of experimental grinders and pothole
dimensions. I also compare the relationships between pothole depth and radius in this
study to the results of Springer et al. (2006). Potholes are defined following Richardson
and Carling (2005) (p.14), as “essentially round (in plan view), deep depressions, which
are, or can be expected to be, eroded by vortices with approximately vertical axes by

mechanisms other than plucking.”

5.2. Study Area

This study was conducted along the Ocoee River gorge, Tennessee, which flows
through the Blue Ridge Province of the Southern Appalachians, and drains an area of
approximately 1300 km?. Four study reaches were located between the Tennessee Valley
Authority (TVA) Ocoee No. 3 dam and the 1996 Olympic whitewater course (Figure
5.1). The channel flows through a deeply incised gorge with steep valley walls, but
hillslopes exhibit limited bedrock exposure and are densely vegetated and mantled with
thick soils typical of humid temperate landscapes. This tectonically quiescent region has
homogenous denudation rates (25+/- 5 m/m.y.) over 10* - 10° year time scales (Matmon
et al., 2005). The regional lithology consists of metasedimentary rocks (slates and
metasandstones) contained within the Precambrian Ocoee Supergroup. Specifically,

bedrock exposures through the Ocoee River gorge are: the Precambrian-age Sandsuck
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Formation in the western gorge, which is composed of phyllites thinly interbedded with
arkosic and calcareous quartzites; the Dean Formation, composed of thinly bedded
quartzites and phyllites; and the Hothouse Formation, composed of metagreywacke and
mica schist in the eastern gorge (Sutton, 1997). Through the gorge the rock units alternate
between resistant ledges of metagreywacke and quartzite and softer phyllite sequences.
As the channel in the study area meanders across folded metamorphic units, the

orientation of flow relative to the dip and lithology of the bedrock varies.

Tennessee

Figure 5.1. Study area. Location of study section on the Ocoee River is indicated be the star,
and the rech locations are shown on the Digital Orthophoto of the Ocoee River study area
(USGS, 1997). Reach boundaries are indicated by the solid white lines.
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The bed topography consists of long, narrow portions of bedrock that protrude
above the surrounding bed; I refer to these as bedrock ribs (Chapter 3). Ribs are
asymmetrical in cross section regardless of planform orientation, consistently oriented
parallel to the metamorphic foliation in the rock, and occasionally follow dominant joints.
The strike of the ribs varies as the trend of the sinuous channel changes downstream. A
detailed explanation of the rib features and the interactions between hydraulics and rock

erodibility associated with these forms is outlined in Chapter 3.

Bedrock ribs are associated with locally similar zones of coarse material deposits.
Alluvial material in this system consists of sand- to boulder-sized sediment that occurs in
discontinuous patches, in the intervening lows between ribs and within potholes. The
angularity of the material ranges from very well rounded particles within potholes to
more sub angular particles across the channel bed. This difference in angularity appears
to reflect not only the local hydraulic environment, but also the lithologic origin: phyllite
produces more angular particles, whereas the metagreywacke corresponds to well-

rounded particles.

The upstream boundary of the study section is impounded by the Ocoee No. 3
dam, which is operated by the TVA (Figure 5.1). The segment extending 8-km
downstream to the No. 3 power station was left completely dewatered after the closure of
the Ocoee No. 3 dam in 1942. Only exceptional winter storm flows that exceed the
hydropower capacity are routed through the natural channel. Since the 1996 Olympics,
the TVA has guaranteed recreational flows of roughly 45 m*/s for six hours on both
Saturday and Sunday from Memorial Day weekend through Labor Day weekend in the

river section below the Ocoee No. 3 dam. Winter and spring storms produce flows for
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which the daily average releases from the dam range from 40 to 60 m’/s, and peak flows

can reach 800 m°/s.

5.3. Methods
5.3.1. Field Methods

Four study reaches within the 4-km-long study area were selected according to the

orientation to flow of the bedrock ribs: longitudinal; oblique and transverse (Figure 5.1).

Longitudinal ribs occurred in the first two reaches, but differed in amplitudes and

dominant lithology (Table 5.1).

Table 5.1. Reach variable summary

Reach 1 Reach 2 Reach 3 Reach 4
Rib orientation to flow Longitudinal Longitudinal Oblique Transverse
Mean rib amplitude (m) 0.43 0.57 0.78 0.80
Reach gradient (m/m) 0.0075 0.0082 0.0106 0.0198
Manning’s n 0.059 0.075 0.092 0.107
MSE from planar regressions 0.065 0.1091 0.153 0.255
Mean Schmidt reading 34 40 40 45
Mean Selby Score 65 72 75 77
Number of potholes surveyed 105 296 176 146
Area of pothole survey (m?) 3885 5130 5695 9898
Mean pothole density 0.027 0.058 0.031 0.015
Mean Pothole Radius (cm) 15.5 20.5 24.6 21.5
Mean Pothole Depth (cm) 17.1 21.8 27.9 36.8
Mean Pothole Max Depth (cm) 23.2 299 39.7 497

Oblique ribs and transverse ribs occurred in reaches 3 and 4, respectively. The spatial

locations of all potholes were surveyed within a sub area of each reach, where I also had

highly detailed bed topography surveys. Pothole dimensions (depth and radius) were

determined from five survey points; one at the base and four along the rim (Figure 5.2).

Grinders were excavated from filled potholes in order to get the most accurate depth
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measurements. The mean depth was calculated as the difference between the mean rim
elevation and the pothole center elevation. Because the rim elevations tended to vary
widely, I also calculated the maximum depth based on the highest rim elevation. Pothole
rims were defined in the field as being where the perimeter had substantial curvature,

which likely reflects the extent of the vortex associated with the pothole.

Figure 5.2. Photograph of pothole in Reach 4 on the downstream side of a massive rib. Note
the variability in the rim elevation that is typical of potholes cut into rib perimeters.

In the three upstream-most reaches, a randomly selected subset of 25 potholes
was selected for dertailed measurements. All grinders were removed from these potholes
and grain sizes (3 axes) were measured from a random subsample. Experimental concrete
grinders of similar dimension to the Dsg excavated from the potholes were installed in the
cleared potholes. Repeat measurements of the grinder size were performed for each
reach on grinders that remained in the original pothole after each of four summer

recreational flow releases (Qpcax = 46.8 cms), and one survey was performed the
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following summer after winter flows (Qpeak = 80.7 cms). Between flows the grinders were
recovered and the three axes were measured to determine the change in grinder diameter

between flows.
5.3.2. Statistical Analyses

Ripley’s K-function, a cumulative distribution function of distances between
points within a set area, was used to graphically determine the spatial pattern of potholes
at different locations within each reach (Ripley, 1977) and thereby test (H2). The K-
function is a second-order statistic that can be used to test the null hypothesis of spatial
randomness according to a Poisson distribution. This statistic examines the proportion of
the total possible points within a rectangular area that are within a specified distance of
each other. The range of pothole sizes was grouped into three equal sample size classes of
radius and depth and the largest and smallest of the three groups were tested for spatial
relationships in pothole size using both Pielou's index of segregation and the Multi-
Response Permutation Procedure for Association (MRPPA). These statistics were used to
test (H3). Pielou’s index tests the null hypothesis of spatial independence (i.e., no
segregation) based on a Chi-square distribution (Pielou, 1961). This statistic is calculated
by taking an individual pothole, locating its nearest neighbor, and recording the size class
of both potholes. This procedure is repeated n times. A positive test statistic indiqates
positive segregation (i.e., similarly sized potholes are located near each other), whereas a
negative test statistic indicates that differently sized potholes tend to occur together. The
distance-based MRPPA statistic is calculated as a weighted average (over groups) of the

within group distances and computes all pairwise distances (Milelke, 1986). If the within-
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group distances are smaller, then the groups are clustered. This statistic is used to test the

null hypothesis of no segregation.

5.3.3. Modeling the probability of pothole formation

Topographic data within the active channel from different surveys (~ 1-m
sampling frequency) within each reach were used to define a mean surface though the
reach. These surfaces were determined through planar regressions. All reaches have

relatively high width-to-depth ratios and no well-defined thalweg, which justifies the use

of a planar surface. The predicted values of this mean bed surface were increased by 2 m.

Subtracting the actual elevation of the pothole center and adding the mean pothole depth

yielded the depth below this assumed water-surface slope, Z,..iqtive(Figure 5.3).
Zretative = (Zpreaictea + 2m = depthyn) — Zaceuar

Although water surface slopes in these reaches are not uniform, this metric provides the

best descriptor of the pothole’s llocal hydraulic environment (i.e., flow depth above the

pothole center), given the lack of true water-surface elevations, but wealth of bed

topography data.
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Figure 5.3. Schematic showing how pothole elevations relative to some arbitrary flow depth
were calculated. Flow is from left to right in this longitudinal view of the surveyed channel
bed and hypothetical water surface. The water surface was assumed to mirror the mean bed
elevations for simplicity.

If the location of potholes is related to the local hydraulic environment, then
whether a pothole can form and be maintained should relate to the elevation of the
bedrock surface relative to some water surface elevation, Z,.;4¢ive- This assumption is
rooted in the concept of tools versus cover effects (Sklar and Dietrich, 1998; 2004), as
applied to potholes. The formation and maintenance of stream potholes via abrasion
requires a constant flux of tools delivered as bedload. For larger Z,01a¢ipe- it 18 more
likely that the deep trough is filled with alluvial material of limited mobility (cover
effect), thereby limiting pothole formation. Lower values of Z,..;,;ive likely correspond to
the crests of ribs, or bedrock elevations that are inaccessible by bedload under most flows
and subject to abrasion only by suspended sediment. Therefore, it is expected that bed
location at an intermediate depth will have the greatest probability of forming a pothole,
because the hydraulics favor the supply and transport of coarse material that can act as

grinders and facilitate pothole abrasion.
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Let Y; = 1 if a pothole exists at relative elevation X;, and Y; = O at relative elevations

where there are no potholes, where E; is the expected value of relative elevations:

Y, =1 when E, <X,
Y. =0 when E >X,

For a given relative elevation X; selected at random,
P(Yi zllXi):P(Ei SXi) (2).

The probability P(Ei <X, ) is the cumulative probability distribution (cdf) of potholes of

all relative elevations within each individual reach. Assuming a logistic expression of the

cdf of pothole locations, then

exp(B0 +B,X, +---+BkXik)

P(E, <X, )= .
1+exp(B0 +B,X, +-+B, X, )

1

Taking the first derivative of P(Ei < Xi) yields the probability density function (pdf) of

pothole relative elevations, p(x). Polynomial logistic regression was used to describe the
cdf of the probability of observing a pothole at a particular Z,.¢;4¢i1e and estimate the
regression coefficients, Sy In all reaches, the fifth-order polynomial provided the best fit
based on the Akaike Information Criteria (AIC, Akaike, 1978). These pdfs from each
reach were used to calculate the probability at all other surveyed points based on their
relative elevations. Contour plots of probabilities were created using kriging in the terrain

and surface modeling program Surfer.
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- 54.  Results
5.4.1. Inter-reach variability

The relationship between the pothole depth and radius follows a significant
positive power function in all four reaches (Figure 5.4). Figure 5.4 shows the wide
variability in pothole dimensions, which is also indicated by the low correlation
coefficients in each reach (r = O.v63, 0.62, 0.26, 0.20, respectively). There is ﬁo clear
distinction in these relationships between reaches; the coefficients and exponents are
fairly consistent (Table 5.2). The exponents to these relationships in pothole dimensions
reported by Springer et al. (2006) are two times as large as those reported here, and show
much better correlations. Nonetheless, the exponents are consistently less than one in this

study, indicating that pothole depth tends to increase faster than the radius.

Table 5.2. Dimension regression statistics (R = aD?)

Reach n a b R2 p-value
1 105 4.21 0.47 0.40 <0.0001
2 296 4.83 0.48 0.39 <0.0001
3 176 5.50 0.46 0.26 <0.0001
4 146 5.69 0.38 0.20 <0.0001
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Figure 5.4. Pothole dimension relationships: Depth versus radius power functions for all
four reaches. Statistics are reported in Table 5.2.

Comparing the pothole dimensions between the four reaches indicates that all
dimensions in Reach 1 are significantly smaller than all four other reaches (Tukey HSD
p<0.0001). Reach 1 is the only reach of the four where the more densely jointed phyllite
is the dominant substrate, as demonstrated in Chapter 3. Both the mean and maximum
pothole depths are significantly different among all four reaches (Figure 5.5). These
results support the hypothesis that pothole dimensions differ in the four reaches that vary
in substrate characteristics (H1). The results also indicate that pothole dimensions vary in
the direction expected (denser jointing results in smaller potholes).

The spatial patterns of potholes differ between the four reaches (Figure 5.6). At
the smallest distances (1 to 10 m), the spatial pattern of potholes in all reaches is

aggregated. The degree of aggregation is indicated by the K-functions as the level of
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deviation above the 95 percent confidence limits of the simulated Poisson K-functions.
Comparing the spatial patterns of all reaches at an intermediate distance of 30 m, the
spatial pattern in Reach 1 is completely random based on the Cramér-von Mises
goodness-of-fit (p =0.13) and examination of the K-function. In all other reaches, the
pattern of potholes was aggregated at a 30 m distance (p<0.0001). These results support
the hypothesis that the spatial patterns of potholes differ between reaches (H2) and show

that potholes are more aggregated in reaches with more variable bed topography.
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133



5.4.2. Intra-reach variability

Potholes did not show consistent segregation or association by size in any of the
four reaches (Table 5.3). Pophole spatial patterns were not significantly related to either
depth or radius in Reach 1. This result is consistent to the interpretation of the K-function
above, which indicated that at distances greater than 30 m, potholes in this reach were
randomly distributed. In Reach 3, potholes of similar depth dimensions were positively
segregated and associated (Pielou’s Index = 0.889, p<0.0001; MRPPA, p=0.001). In this
reach, nearest neighbor analysis (Pielou’s Index) showed positive segregation according
to pothole radius (Pielou’s Index = 0.152, p=0.0258), the weighted average testing all
possible pairwise distances (MRPPA) showed that potholes of similar sized radii were
associated (p=0.001). The results thus partially support the hypothesis that potholes that
follow an aggregated spatial pattern will be segregated according to dimensions (H3). In
Reach 3 and Reach 4, where the greatest aggregation occurred (Figure 5.6), potholes

were segregated by either depth or radius, although inconsistently.

Table 5.3. Summary statistics from segregation by size analysis

Pothole radius Pothole depth
mmrpa Pielou's mmrpa Pielou's
Reach (p-value) Index  p-value (p-value) Index p-value
1 0.104  -0.043 0.69 0.023  0.171 0.130
2 0.278 0.047 0.24 0.132  0.083 <0.0001
3 0412 0.152  0.0258 0.001 0.289 <0.0001
4 0.005 0.152  0.0086 0.195 0.131 0.09

Spatial patterns of potholes within each reach are best described in reference to
the K-functions (Figure 5.6). In Reach 1, the potholes are aggregated at spatial scales up
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to 30 m, beyond which the pattern is random. This is indicated by the observed K-
function plotting within the simulated envelopes of a Poisson process. In Reach 2 (Figure
5.6b), where ribs are longitudinal to flow, of larger amplitude than in Reach 1, and the
lithology is predominantly the more massive and resistant metagreywacke, the potholes
follow an aggregated spatial pattern at spatial scales less than 40 m. This K-function plots
below the Poisson envelopes at distances greater than 40 m, indicating that the clumps of
potholes follow a regular pattern. In Reach 3 (Figure 5.6¢), where ribs are oblique to
flow, of larger amplitude than the former reaches, and lithology is more resistant,
potholes are aggregated at distances up to 45 m. The observed K-function plots within the
envelopes at this distance, indicating that the smaller scale clumps follow a random
spatial pattern. In Reach 4 (Figure 5.6d), where the ribs are transverse to flow, of the
greatest amplitude, and the rock is the most resistant (Schmidt hammer reading =45,

Table 5.1), the potholes are consistently aggregated at all scales.
5.4.3. Probability of pothole occurrence

The probability density functions of the pothole relative elevations are
consistently centered at intermediate elevations in all reaches (Figure 5.7b). The spread
and specific center of these distributions, however, differ among reaches. In Reach 1, the
distribution is the narrowest, with a slight bulge in probability at lower relative
elevations. The pdf of Reach 2 is centered consistently with the pdf of Reach 1, but the
distribution is spread over a wider range of relative elevations. The pdf of Reach 3 is
shifted to a center at slightly lower relative elevations, but has a similar spread to Reach

2. The pdf of Reach 4 shows the greatest spread in relative elevations.
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When the relative elevations of all other survey points in each reach are applied to
the pdfs generated from the pothole data, and these probabilities are plotted in space
(Figure 5.8), the probabilities reflect the topography because they represent elevation.
Mapping the actual locations of the potholes over these probabilities shows that potholes
are consistently located in regions of greater likelihood. Notably, in Reach 1, the potholes
follow the spatial pattern of the oblique ribs. The results thus support the hypothesis that
the spatial occurrence of potholes is correlated to the bed elevation and, by inference, to

the local hydraulics (H4).
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Figure 5.7 a) Cumulative distribution function of pothole elevations relative (Z,.,..) to an
arbitrary water surface elevation that parallels the mean bed slope (Figure 5.2). b)
Probability density function pothole Z,,,. for all four reaches.
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5.4.4. Relative abrasional efficiency

The size distribution of actual grinders excavated from a subset of surveyed
potholes was significantly correlated with the size of the pothole radius (Figure 5.9). Of
the 25 experimental grinders placed in the subset of fully excavated potholes, after the
summer flow releases 64%, 88% and 84%, respectively, were retained in the three
upstream reaches; and 52%, 80% and 76%, respectively, were retained after the winter
flows. Grinders installed at Reach 4 were not used in this analysis because I observed
disruption by recreational swimmers near the Olympic whitewater course. No
correlations were found between experimental grinder abrasion and pothole dimensions
after either recovery period (Figure 5.10). The greatest change in grinder size occurred
within a small pothole (dimensions) in Reach 1, which was situated on a planar surface
adjacent to the largest rib in this reach. This rib was composed of the more massive
metagreywacke, whereas the pothole was incising into a more uniform surface of
phyllite. Observations of the flow at this location during summer releases suggested
relatively high velocities associated with the constriction formed by the rib. Prior to
installing this grinder, the pothole contained a few well rounded gravel particles and a
clearly abraded and polished interior. I was surprised to find that the grinder decreased in
diameter by 35% after only 12 hours of flow at 45 m’/s. Although the sample size is too
small to conduct an analysis of grinder abrasion according to pothole location within each
reach, this example illustrates the key role that the local environment plays in abrasion
within a pothole. It also suggests that the channel is still actively incising, albeit at slow
rates. If we focus our attention to the results from Reach 1, which had the most

homogenous substrate, there is a positive correlation between pothole dimensions and
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experimental grinder abrasion. In 2007, excluding the outlier discussed above, this

relationship also appears.
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Figure 5.9. Relationship between grinder size and pothole radius. Data include the subset of
selected potholes for all reaches for the experimental grinder analysis. Dsy and D,,,,, are
based on a random sampling of 100 actual grinders excavated from each pothole.
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Figure 5.10. Relative experimental grinder abrasion. Circle indicates outlier in Reach 1,
which was located in a uniform topographic and high velocity zone.

5.5.

Discussion

’

Although pothole depth and radius were correlated based on positive power

functions, there is a large degree of unexplained variability and the exponents determined

in this study are nearly half the values found by Springer et al. (2005), indicating that

potholes at the Ocoee site tend to be shallower and wider than those described along the

Orange River in South Africa. These size differences may reflect the weaker lithology

along the Ocoee River (Schmidt hammer readings ranging from 35 to 45) as opposed to
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the Orange River (Schmidt hammer readings ranging from 60 to 70). If the relationship
of pothole depth to radius is a representation of the local hydraulics within the pothole,
then the unexplained variability in these relationships from the Ocoee River may be
related more to the hydraulics around the pothole, which set up the internal hydraulic
environment. The relationship between pothole depth and radius in Reach 1 explains the
most variability in comparison to the other three reaches. This suggests that in reaches
with greater substrate heterogeneity, differing erosional resistance limits the development
of a consistent relationship between pothole depth and radius.

Lacking inner channel development, none of the reaches displayed active
coalescence of potholes observed by other investigators of potholes associated wiih deep
inner channels (Kale and Shingade, 1987; Wohl, 1993; Whipple et al., 2000b; Springer et
al., 2005). In steeper sections of the Ocoee, ~ 5 km downstream of the study reaches, 1
observed more coalesced potholes where a thalweg was more defined. Therefore, it 1s
likely that the large width-to-depth ratios, lack of an inner channel, relatively moderate
bed slopes, and relatively weaker lithology have contributed to the small size of potholes
along the Ocoee River study reaches compared to other reports of potholes dimensions

(e.g., Springer et al., 2005).

5.5.1. Pothole variability as a function of rock characteristics: Reach-scale differences
Differences in pothole dimensions and spatial patterns appear to be related to
inter-reach differences in rock properties and channel morphology, which suggests that
lithology has an important influence on the dominant erosional mechanism. Reach 1,
which has the lowest hydraulic roughness (Manning’s n determined from hydraulic

modeling and MSE from planar regressions; Chapter 3); Table 5.1), least variable
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topography, and weakest rock (i.e., prevailing lithology densely jointed and foliated
phyllite), also has the smallest potholes and random spatial pattern. Given its substrate
characteristics, the fact that this is the only reach to show a random spacing of potholes
suggests that rock properties influence the location and size of potholes. The significantly
smaller pothole dimensions in Reach 1 and the dominance of the densely jointed phyllite
suggest that hydraulic plucking is important in this reach. It is likely that the dense
spacing of joints and foliations in this substrate promote plucking, which inhibits
sustained pothole growth. This quantitative comparison is consistent with observations
and suggestions of others (Angeby, 1951; Hanckock et al., 1998; Whipple et al., 2000a),
but not with Hartshorn et al. (2002), who reported the highest erosion rates in more
continuously jointed and massive quartzite, compared to densely foliated schist. They
attributed this difference to the efficient removal of large, joint bounded blocks of
quartzite and to the greater elevational exposure of quartzite relative to the schist.
Differences in erosion rates as a function of elevation are explored in the following
section. Although I observed larger potholes in the reaches composed of metagreywacke
and quartzite, I infer that differences in pothole size reflect the relative importance of
abrasion versus plucking mechanisms in these reaches based on lithologic differences; I
cannot extrapolate these results to differences in erosion rates.

The reaches also differ in bed slope; Reach 1 has the lowest slope and Reach 4
has the largest. Johnson and Whipple (2007) noted that potholes tended to form only on
the steepest slopes tested in their flume, suggesting that a threshold in energy expenditure
needs to be overcome to initiate pothole formation in a homogenous substrate. At steeper

channel slopes and lower sediment supply rates, Finnegan et al. (2007) reported that
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incision was focused in the channel center. Alternatively, at lower slopes and higher
sediment supply rates, incision and transport were spread over the channel bed. Given
the role of channel slope in controlling the interactions between incision rates and
processes, differences in pothole dimensions and spatial patterns between reaches may be
partly controlled by variations in bed slope. If rock properties provide an independent
control on bed slope, these differences can be attributed predominantly to substrate

characteristics.
5.5.2.  Relative elevation and optimal locations for pothole formation

In order to function as abrasional tools, grinders must be delivered to potholes
(Angeby, 1951). This flux in bedload sediment was documented in the flume by Johnson
and Whipple (2007). They observed no static sediment maintained in potholes; potholes
were eroded by sediment that entered the pothole as bedload and was moved out of the
pothole after localized suspension by the upward-directed flow. In this study, I found that
potholes are most likely to occur at intermediate elevations within a topographically
variable channel bed. These results are consistent with the hypothesis that low elevations
are preferentially filled with alluvial material and higher elevations are inaccessible for
the bedload-sized grinders that form and maintain potholes. In a channel of similar
metasedimentary lithology (i.e., schist and quartzite), but different in cross sectional
shape (i.e., steep-walled and parabolic) than the reaches examined in this study,
Hartshorn et al. (2002) reported a peak in erosion rates at higher elevations within the
active channel. They propose infrequent but significant impacts of large saltating
boulders and essentially continuous abrasion via very coarse sand in suspension as a

mechanistic explanation for this peak in incision. This peak in erosion rates at
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intermediate elevations is consistent with the probability distributions of the relative
elevation of potholes, which suggests that intermediate elevations in a variable channel
bed have the greatest probability for pothole formation and persistence. Both results are

attributed to the vertical distribution of sediment transport.

5.5.3. Interactions between potholes and bedrock ribs

Bedrock channel wall forms have been suggested to form through pothole
breaching and convergence (Wohl, 1993, 1998; Richardson and Carling, 2005). Carter
and Anderson (2006), however, observed pothole formation in response to preexisting
undulating wall forms, which created favorable hydraulic environments for pothole
formation. Placing observations from the Ocoee River in the context of these
experimental studies and qualitative interpretations, feedbacks likely operate between the
formation of bedrock ribs via the convergence of potholes and pothole formation in
response to bedrock ribs.

One interesting observation of the occurrence of potholes in all study reaches 1s
the association of potholes with bedrock ribs (e.g., upstream, downstream or lateral
margins). Reach 3 notably shows a consistent spatial relationship between pothole
locations and bedrock ribs. In some cases I observed potholes formed in longitudinal
succession adjacent to ribs. In reach 2, where ribs were longitudinal to the flow, I
observed a cross stream spatial progression of potholes that appeared to be excavating the
eventual rib troughs (Figure 5.11). This leads to the hypothesis that this spatial
progression may represent a temporal evolution of rib geometry, where potholes coalesce

and leave the ribs as intervening positive topographic features. This hypothesized process
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is similar to observations of inner channel and:canyon formation through the breaching
and merging of potholes (Shepherd and Schumm, 1974; Wohl et al., 1999; Johnson and

Whipple, 2007). These results point to the importance of feedbacks between these two

forms and the local hydraulics and sediment transport dynamics.

Figure 5.11. Coalesced potholes between longitudinal ribs. Flow is top to bottom.

Local hydraulics within potholes may be partly controlled by the potholes’
internal dimensions, but the hydraulic environment around the pothole is likely to have an
even larger influence on these dimensions. The experimental grinders showed that
grinder abrasion was not significantly related to pothole dimensions, which suggests that
the internal dimensions do not significantly control hydraulics. The early experiments of
Alexander (1932) documented strong relationships between the strength of the
recirculating vortex within a pothole and the angle of flow entrance. The kinetic energy,

measured via the movement and angular velocity of grinding tools, was greatly reduced
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as pothole depth increased. Through its influence on the local hydraulics around potholes,
it is likely that variation in bed topography limits the ability to discern a clear relationship
between pothole depth and grinder abrasion. However, I observed little evidence of
abrasion of grinders in the deepest potholes (~1 m depth), whereas the shallowest
potholes showed noticeable smoothing of the experimental grinder, thus indicating the
effects of the recirculating vortex. In Reach 1, where the bed topography was the most
homogenous, there appears to be the best relationship between pothole dimensions and
experimental grinder abrasion, albeit statistically insignificant, which could partly be
attributed to the limited sample size. Nonetheless, the lack of significant relationship
between dimensions and experimental grinder abrasion points to other influences on the
hydraulics within potholes. Considering these results in the context of the spatial patterns
of potholes within each reach, it is likely that the topography surrounding an individual
pothole and the relative elevation of the pothole are important influences on pothole

dynamics.

5.6. Conclusion

This study demonstrates that complex-bed topography and substrate variability in
a bedrock channel exert a major control on the abrasional sculpting by channel potholes.
Lack of a defined thalweg precludes focused erosion in the center of the channel at the
Ocoee study site. A comparison of four reaches with different substrate properties,
bedrock rib orientation and amplitude indicates that, where the channel bed is more
‘topographically homogenous, potholes follow a more random pattern. In contrast,

potholes are aggregated in reaches that have high spatial variability in bed topography.

147



Within each reach, potholes are segregated by size and aggregations correspond to
channel bed areas with the greatest topographic variation. Probability distributions show
that potholes tend to be focused at intermediate bed elevations, which is conceptually
supported by local and vertically oriented tools versus cover concepts applied to pothole
formation. Potholes tend to be focused on the downstream sides of transverse ribs, and
lateral to longitudinal ribs. Focused erosion in these locations is likely a result of flow
separation associated with the rib forms. Because spatial aggregation of focused erosion
in potholes does not vary systematically along the channel cross section, the results from

this study will be useful for modeling the lateral component of bedrock incision.
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CHAPTER 6: CONCLUSIONS

The interactions and feedbacks among rock characteristics, hydraulics, sediment
transport, incision processes and bedrock channel forms have been documented in
experimental settings (Wohl and Ikeda, 1997; Johnson and Whipple, 2007; Finnegan et
al., 2007) and inferred from field studies (Wohl, 1993; Wohl et al., 1999; Johnson and
Whipple, 2005). However, most of these studies limited their scope to a few components
of these interactions at a single scale. The research presented here provides new insights
into these interactions by centering on the independent function of bedrock characteristics
(i.e., resistance and spatial variability), and separately examining hydraulics, sediment
transport and incision processes in this context at different spatial scales.

The Ocoee River study area offered a logical field setﬁng for the research
questions addressed in this dissertation. The channel displays bedforms that are
undocumented in the literature, leading to an examination of the structural influence on
hydraulic roughness, sediment fransport and erosional mechanisms (i.e., potholing). The
fact that the channel exhibits a large width-to-depth ratio and no well defined thalweg or
inner channel development also allows investigation of these processes in a different
context from the confined bedrock gorges or tectonically active regions that tend to
dominate the current bedrock literature. This study was implemented by taking advantage
of the dam operations followed for recreational flows by the TVA. A problem with field
surveys on intermediate sized rivers (too large to take waded measurements, but too small

for measurement by boat or bridge) is the feasibility of direct measurements. The
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regulated regime allowed indirect examinations of sediment transport and pothole

abrasion to be well constrained with respect to the flow regime.

In Chapter 3 the effects 0f substrate on channel form and the implications for
reach-scale hydraulics were examined. The structurally influenced substrate that gives
rise to what I term bedrock ribs reflects positive and negative feedbacks between rock
properties and channel form, as schematically illustrated in the conceptual model below.
The results of this component of the dissertation show that reach-scale differences in rock
erodibility strongly correlate with channel geometry and hydraulics. Lower rock
erodibility limits bed incision, resulting in increased slope relative to segments of channel
bed with less resistant substrate. Local steepening of the profile effectively increases total
stream power, thus enhancing hydraulic driving forces. The orientation of the bedrock
ribs relative to flow direction in the study reaches appears‘to be an independent parameter
that reflects the underlying bedrock structure. Steeper bed slopes also correlate with
transversely oriented bedrock ribs of greater amplitude, which increase reach-scale
hydraulic roughness. Increased hydraulic roughness presumably mediates the local
increase in stream power along steeper reaches, prpviding a self-régulating feedback for
flow energy available to perform work against the channel boundaries.

Chapter 4 demonstrates that complex-bed topography in a bedrock channel also
exerts a major control on the transport dynamics of coarse material over at least relatively
short temporal (circa 3 yr) and small spatial ’(102 m) scales. This complex bed topography
in a bedrock channel appears to limit size-dependent transport distance by creating

extreme spatial variability in the magnitude of hydraulic forces that influence sediment
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entrainment and transport. A comparison of three reaches with different bedrock rib
orientation and amplitude indicates that where ribs are longitudinal to flow and of lower
amplitude transport is less obstructed, which leads to greater transport distances than in
reaches where the ribs are oblique to flow and of larger amplitude. At the reach-scale,
oblique or transverse ribs increase the reach-scale roughness and reduce reach-averaged
velocity, which corresponds to lower transport distances. Because local-scale bedrockv
channel morphology correlates most strongly with transport distance, it likely plays a
dominant role in tﬁe transport of coarse sediment. Ribs of greater amplitude create more
localized zones of low velocity to shield clasts from entrainment.

Chaptgr 5 demonstrates that complex-bed topography and substrate variability
exert a major control on abrasional sculpting by potholes. Lack of a defined thalweg
precludes focused erosion in the center of the channel at the Ocoee study site. A
comparison of four reaches with different substrate properties, bedrock rib Qrientation
and amplitude indicates that, where the channel bed is more topographically
homogenous, potholes follow a more random pattern. In contrast, potholes are aggregated
in reaches that have high spatial variability in bed topography. Within each reach,
potholes are segregated by size and aggregations correspond to channel bed areas with
the greatest topographic variation. Probability distributions show that potholes tend to be
focused at intermediate bed elevations, which is conceptually supported by applying local
and vertically oriented tools versus cover concepts to pothole formation. Potholes tend to
be focused on the downstream sides of transverse ribs, and lateral to longitudinal ribs.
Focused erosion in these locations is likely a result of flow separation associated with the

rib forms. Because spatial aggregation of focused erosion in potholes does not vary
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systematically along the channel cross section, the results from this study will be useful

for modeling the lateral component of bedrock incision.

Linking the results of the three field studies elucidates the interactions among
hydraulics, sediment transport, and incision processes with the central independent

control of substrate properties (Figure 6.1).

(( Rock Properties

Pothole
Incision

Sediment
Transport

| Channel
Morphology

/

% Hydraulics

Figure 6.1. Flow diagram of the interactions among channel morphology, sediment
transport, pothole incision, and hydraulics, which are all influenced directly or indirectly by
rock properties.

The independent rock properties (lithology and structure) have a direct effect on
channel morphology in the Ocoee River and other Blue Ridge streams examined in

Chapter 3. The underlying folded structure and variation between metagreywacke and
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phyllite creates differences in the orientation and amplitude of bedrock ribs in the channel
bed. The bedrock lithology also controls the size and lithology of the coarse sedimént
transported in the Ocoee River. Differences in rock resistance between the two dominant
lithologies also directly lead to differences in the size and spatial patterns of potholes,
which appear to be the most effective incision process in this bedrock system. Through
the other interactions, rock properties lead to differences in hydraulics examined at the
reach scale.

As shown in Figure 6.1, channel morphology, pothole incision, hydraulics and
sediment transport are all interconnected, with channel morphology as the overall control.
The three outer circle components were separately the focus of the three key study
chapters. Summarizing these interactions is complicated, so it is best to focus on channel
morphology and follow a single path through these interactions, despite the many
potential directions. This discussion follows the progression of the three study chapters.

The hydraulics within this bedrock system are intricately linked to the differences
in bedrock rib morphology; transverse, higher amplitude ribs are associated with the
greatest hydraulic resistance quantified by the Manning’s roughness coefficient, n.
Hydraulic differences at both the inter-reach and intra-reach scales produce variations in
sediment transport distances, and the greatest transport distances are associated with t‘he
longitudinal ribs, greatest reach-averaged velocity, and least interference of transport at
the smallest scales. Hydraulics and pothole incision also show a direct interaction, as
potholes are more likely located at intermediate elevations. Indirectly, hydraulics
influence sediment transport processes, which provide the flux of tools to initiate and

maintain potholes. Both pothole incision process and sediment transport, through the
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mechanism of abrasion, are important for shaping the bedrock morphology, thereby
closing the interaction loop. Overall, by separately examining these components to the
extent possible in the field, new insight is gained regarding these interactions, which adds
to and supports the experimental work of others (Johnson and Whipple, 2007; Finnegan

et al., 2007; Chatanantavet and Parker, 2008).

6.1. Future directions

There are still many unanswered questions regarding the forms and processes
within bedrock channels dominated by abrasional processes. Based on the research
presented in this dissertation, several directions for future study can be suggested that
would build on these results. Given the new recognition of the bedrock rib morphology
examined here, it would be beneficial to further examine the presence of this morphology
in other contexts. Several streams in the Blue Ridge Province displayed this morphology,
but reporting the existence of these features in other regions dominated by metasediments
or by other lithologies would enhance the broad applicability of the results reported here.

The high width-to-depth ratio and lack of an inner channel pose the question of
whether there are field settings in which threshold slopes, values of stream powers, rock
resistance and/or uplift rates, cause the formation of an inner channel, and analogous
combinations of these variables that preclude the formation of an inner channel. Other
investigators have interpreted the presence of an inner channel as a mechanism of
focused erosion in response to greater substrate resistance or relative base level fall, and

the relatively non-resistant substrates and stable base level of the field area supports this
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interpretation. Much remains to be done, however, before we can quantitatively predict
the conditions under which an inner channel will or will not form.

The high variability of sediment transport in this system suggests that much more
research is needed to predict sediment transport processes, especially given the
importance of bedload material in shaping bedrock channels. If pothole abrasion is the
most effective mechanism of bedrock incision in massive substrates, then more research
on the mechanics and spatial variability of pothole erosion is needed to improve the
shallow literature in this area. Focusing on smaller scale hydraulics around ribs and
within potholes, as well as sediment flux through potholes at different flows, would likely
provide useful insights.

Given the recent advancements in bedrock river studies, and recognition of the
importance of these systems within the whole landscape, future studies will continue to
constrain concepts of bedrock channel form and process. Our knowledge of these systems

might one day be on par with that of their alluvial counterparts.
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CROSS SECTION PLOTS
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