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Abstract

Active incision of bedrock rivers exerts a vital control on landscape evolution in
upland areas. Previous research found that bedrock rivers were typically steeper and
sometimes narrower than alluvial rivers. However, most of the literature on partially
exposed bedrock rivers has employed small samples mostly from mountainous
regions, so their geomorphological properties remain poorly understood. In contrast
with the existing literature, a large-sample analysis of bedrock river channel
properties would allow the controls on bedrock river width and slope to be unpicked
and reveal whether the existing literature is biased towards pristine, mountainous
bedrock rivers. Overall, such an analysis could improve the reliability of upland
landscape evolution models.

Here we present an analysis of 1,924 river sites from the EPA National Rivers and
Streams Assessment to assess the geomorphological differences between bedrock
and alluvial rivers. The influences of lithology and uplift on bedrock channel
properties are examined using external datasets. We find bedrock rivers to be
significantly steeper and wider than alluvial rivers. Sedimentary bedrock rivers were
significantly wider than igneous/ metamorphic bedrock rivers , consistent with
findings from Ferguson et al. (2017). We estimated shear stress and critical shear
stress for each river site and assessed correlation with bedrock exposure. We found
that exposed bedrock could not always be explained by local sediment transport
exceeding local sediment supply, indicating that bedrock exposure may be controlled
by other factors in bedrock rivers. Currently, uplift data are being compiled for further
analysis.

Introduction

A bedrock river can be defined as having no alluvial cover on the bed, however more
commonly they will have intermittent sections of sediment cover (Whipple at al.,
2013). Bedrock rivers are common in mountainous and upland areas where they
play a vital role in landscape evolution by actively incising into the in-place rock
(Whipple, 2004). Therefore, bedrock rivers control the landscape response to
tectonic uplift, base-level changes and climate change in these upland areas
(Whipple et al., 2013; Ouimet et al., 2009).

Bedrock exposure is thought to occur in riverbeds due to a combination of sediment-
starved conditions and active incision into the surrounding rock over long periods of
time (Montgomery et al., 1996). Sediment starved conditions are caused by local
sediment transport capacity (Qc) exceeding local sediment supply (Qs) (Montgomery
et al., 1996). The influence of these two factors on bedrock exposure is thought to
vary at different locations due to differences in uplift rates, lithology and climate
(Montgomery et al., 1996; Whipple et al., 2013).



Over the past few decades, studies have looked at the geomorphological
characteristics of bedrock rivers in different field settings to help improve landscape
evolution models. The key characteristics which influence landscape evolution
models are bedrock channel slope and width (Whipple et al., 2013). Bedrock rivers
have been shown to be steeper than alluvial rivers due to higher rates of bedrock
incision (Whipple et al., 2013). Bedrock channel width is expected to be narrower
than alluvial channel width as predicted by many bedrock incision models (Finnegan
et al., 2005; Whittaker et al., 2007). However, analyses of field data do not always
find narrowing in bedrock sections, so the controls on channel width need further
study (Whipple et al.,2013). The effects of lithology on bedrock channel width and
slope are uncertain, mainly due to small sample sizes used in most studies. Uplift
data is difficult to obtain for many river sites and few large-scale uplift datasets are
available. Therefore, the effects of uplift on bedrock river slope and width have never
been looked at on a large scale.

In this study we present a novel large-scale analysis of the shape and
geomorphology of bedrock and alluvial rivers across the USA. We also conduct
analysis to determine the controls of lithology and uplift rates on bedrock river shape.
This study will help to unpick and interpret the conflicting literature on the effects of
lithology and uplift, to help calibrate landscape evolution models to field data.

We present plots of channel slope, bankfull width and bankfull width to depth ratio
against drainage area to compare bedrock and alluvial reaches. Comparisons of
shear stress and critical shear stress at the river sites are then made to test whether
bedrock exposure is due to Qc>Qs. Lithology and uplift data are then incorporated to
help unravel the conflicting literature on the influences of these two factors on
bedrock river shape.

Methodology

Before conducting the analyses we checked for human influences at the river sites

using the Human Influence Index and the number of dams within 10 km of each river
site. All figures and analyses were produced within R using the ggplot2 package. We
took any river with percent bedrock exposure greater than zero to be a bedrock river.

First, we examined differences in bedrock river geomorphology across the whole
dataset by producing log-log plots of width, slope and width to depth ratio against
drainage area and Strahler order.

To further examine whether Qc exceeding Qs determines bedrock exposure, we
calculated shear stress and critical shear stress for the river sites using Eql and
Eqg2. A plot was produced of shear stress against critical shear stress, with a one-to-
one line added to help visualise the ratio of the two variables. To display these
trends more clearly, density plots of shear stress and critical shear stress were also
produced.



T =pgds (1) . =T (ps — Pw)Dig (2)

T = shear stress of river bed T.= critical shear stress of river bed
p = water density T* = dimensionless shear stress

g = gravitational acceleration ps = density of sediment

d = bankfull depth py, = density of water

S = water surface slope D; = sediment grain size as D50

g = gravitational acceleration

For the geology data (Schruben et al., 1994), we manually examined the 152 rock
descriptions and determined whether they defined the area specified as mostly
sedimentary, metamorphic or igneous rock types. We then extracted these values at
each river site. Faceted plots were produced for the three rock types examining
drainage area against width to depth ratio and slope.

For the uplift data we ran multiple linear regression models including variables such
as: slope, width, lithology and percent bedrock exposure.

Results

The first hypothesis we tested was whether bedrock exposure affects the geometry
of bedrock rivers. Figure la indicates that bedrock rivers are similar in width to
alluvial rivers at low drainage areas but become wider at drainage areas greater than
100km2. Additionally, the width to depth ratio of bedrock rivers is higher than alluvial
rivers at drainage areas ~100km2, as seen in figure 1c. Figure le indicates that
bedrock rivers are steeper than alluvial rivers at all drainage areas.
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Figure 1. Plots a, c and e show bankfull width, bankfull width to depth ratio and water surface slope against drainage area
respectively, split for bedrock and alluvial rivers. Plots b, d and f show box plots of the same metrics against Strahler order..
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Figure 2. Slope (a) and width to depth ratio (b) against drainage area, split into
different rock types and bedrock/ alluvial rivers.



Shear Stress

The second hypothesis we tested was how lithology influences bedrock river shape.
Figure 2a shows that bedrock rivers could be steeper than alluvial rivers for all rock
types. Figure 2b shows sedimentary bedrock channels are wider and shallower at all
drainage areas whereas igneous/metamorphic bedrock rivers are similar to alluvial
rivers.
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Figure 3. A plot of critical shear stress against shear stress for bedrock and alluvial
rivers.

The third hypothesis we tested was could sediment supply be causing bedrock
exposure. To test this, we looked at the ratio of shear stress to critical shear stress.
Figure 3 shows bedrock rivers to possibly have shear stress exceeding critical shear
stress when the grain size is small. However, at higher critical shear stress, bedrock
rivers are observed to have a lower ratio of shear stress to critical shear stress than
alluvial rivers. As bedrock exposure increases, critical shear stress increases at a
faster rate than shear stress (figure 4).
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Figure 4. Density plots of critical shear stress (a) and shear stress (b) for bedrock and
alluvial rivers



Discussion

We found bedrock channels to be wider and have a higher width to depth ratio than
alluvial channels, which contrasts the majority of current literature (Lavé and Avouac,
2001; Duval et al., 2004; Yanites et al., 2018). These differences in width are less
pronounced in smaller drainage areas >100km2. It is expected that exposed bedrock
enables the bed to be incised at a rapid rate. In mountainous areas bedrock rivers
tend to incise downwards rather than laterally to oppose the high uplift rates. Hence,
bedrock rivers are expected to be narrower and deeper than alluvial rivers. Our
findings suggest that other factors are influencing bedrock river width and width to
depth ratio which will be further examined later in this discussion section.

The ratio of shear stress to critical shear stress for the bedrock river sites was lower
than expected in figure 3 with many bedrock sites having higher critical shear stress
than shear stress. At lower critical shear stresses, where the sediment grain size is
smaller, the ratio of shear stress to critical shear stress for bedrock rivers is >1 so
bedrock exposure may be controlled by Qc>Qs. At higher critical shear stress the
bedrock river sites have a similar ratio of shear stress to critical shear stress as
alluvial rivers, indicating other factors influence bedrock exposure when the grain
size is larger. However, the methods of measuring grain size in the dataset are not
very precise so any conclusions drawn from this data are tentative.

Lithology appears to influence the width to depth ratio of bedrock rivers as shown in
figure 2b. Sedimentary bedrock rivers are shown to form a distinct geomorphological
subclass compared to igneous and metamorphic bedrock rivers. The width to depth
ratios for igneous and metamorphic bedrock rivers align with current literature and
show bedrock rivers to be narrower and deeper than alluvial rivers. However,
sedimentary bedrock rivers are seen to be wider than igneous/metamorphic bedrock
rivers at all drainage areas, consistent with the findings of Ferguson et al. (2017).
This could be because sedimentary rocks have lower rock strength than igneous and
metamorphic rocks (Sklar and Dietrich, 2001), though this may be a generalisation of
these rock types.

The plots in figure 2 also show sedimentary bedrock river sections occur at larger
drainage areas which could indicate that they make up most of the bedrock river
sections not found in upland areas. Therefore, due to most studies focusing on
mountainous bedrock rivers, sedimentary bedrock rivers could be underrepresented
in the current literature.

Conclusions

This study provides a novel large-scale field analysis of the differences between
alluvial and bedrock rivers as suggested by Whipple (2004). We found the analyses
of channel slope to be consistent with the current literature, showing bedrock rivers
to be steeper than alluvial rivers. However, some bedrock rivers were found to be
wider than alluvial rivers which contrasts bedrock incision models and other, smaller
sample size field studies. Upon further examination lithology was found to have a
major influence on bedrock channel width to depth ratio with sedimentary bedrock
rivers forming a distinct geomorphological subclass in comparison to



igneous/metamorphic bedrock rivers. Further research needs to be conducted into
the controls of lithology on bedrock river geomorphology by testing specific rock
types in different environments.

The dataset examined was one of the first large datasets with percentage bedrock
exposure data. Therefore, we were able to look at the ratio of shear stress to critical
shear stress at bedrock and alluvial sites in this study. We found that Qc>Qs could
only explain bedrock exposure when the local grain size was smaller, and at high
critical shear stresses the ratio of shear stress to critical shear stress was similar in
bedrock and alluvial rivers. This reveals that controls on bedrock exposure may be
more complex or governed by different factors in mountainous and non-mountainous
areas. Further studies should be carried out on mixed-bedrock rivers in non-
mountainous environments. Additionally, a more diverse range of bedrock river sites
could be found using spatial data and remote sensing techniques.

These analyses have implications in landscape evolution modelling of upland areas.
Bedrock river incision and shape could be predicted more reliably by including
lithology and uplift variables in the models. This will help us understand how to better
manage anthropogenic changes to rivers in the future.
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