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Abstract. We explore how rock properties and channel morphology vary with rock type in Last Chance Canyon,
Guadalupe Mountains, New Mexico, USA. The rocks here are composed of horizontally to near-horizontally in-
terbedded carbonate and sandstone. This study focuses on first- and second-order channel sections, where the
streams have a lower channel steepness index (ks ) upstream and transition to higher kg, values downstream. We
hypothesize that differences in bed thickness and rock strength influence kg, values, both locally by influencing
bulk bedrock strength and also nonlocally through the production of coarse sediment. We collected discontinuity
intensity data (the length of bedding planes and fractures per unit area), Schmidt hammer rebound measure-
ments, and measured the largest boulder at every 12.2 m elevation contour to test this hypothesis. Bedrock and
boulder mineralogy were determined using a lab-based carbonate dissolution method. High-resolution orthomo-
saics and digital surface models (DSMs) were generated from drone and ground-based photogrammetry. The
orthomosaics were used to map channel sections with exposed bedrock. The United States Geological Survey
(USGS) 10 m digital elevation models (DEMs) were used to measure channel slope and hillslope relief. We find
that discontinuity intensity is negatively correlated with Schmidt hammer rebound values in sandstone bedrock.
Channel steepness tends to be higher where reaches are primarily incising through more thickly bedded carbon-
ate bedrock and lower where more thinly bedded sandstone is exposed. Bedrock properties also influence channel
morphology indirectly, through coarse sediment input from adjacent hillslopes. Thickly bedded rock layers on
hillslopes erode to contribute larger colluvial sediment to adjacent channels, and these reaches have higher kg,
values. Larger and more competent carbonate sediment armors both the carbonate and the more erodible sand-
stone and reduces steepness contrasts across rock types. We interpret that in the relatively steep, high-level kg,
downstream channel sections, the slope is primarily controlled by the coarse alluvial cover. We further posit that
the upstream low-level kg, reaches have a base level that is fixed by the steep downstream reaches, resulting in a
stable configuration, where channel slopes have adjusted to lithologic differences and/or sediment armor.

1 Introduction

Many studies have recognized that lithologic contrasts are
expressed in topography (e.g., Howard and Dolan, 1981; Du-
vall et al., 2004; Johnson et al., 2009; Hurst et al., 2013;
Johnstone and Hilley, 2015; Harel et al., 2016). For example,
Wohl et al. (1994) found that knickpoints in the Nahal Paran
river, Israel, formed where relatively resistant chert layers

were exposed. River channels may narrow in reaches with
harder rocks (e.g., Bursztyn et al., 2015; Montgomery and
Gran, 2001) and/or steepen (e.g., DiBiase et al., 2018; Dar-
ling and Whipple, 2015). The properties that control bedrock
erodibility (such as intact rock strength, fracture density,
and bedding dip) influence both the rates of channel adjust-
ment and how the channel and hillslope morphologies evolve
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through time (e.g., Weissel and Seidl, 1997; Wolpert and
Forte, 2021; Chilton and Spotila, 2022).

Erodibility is a model-dependent parameter. For example,
the stream power (or shear stress) erosion model can be writ-
ten as

s=(£ %A’m 1
(k) .

where K is fluvial erodibility, S is channel slope, E is ero-
sion rate, A is drainage area, and m and n are exponents
that can be calibrated to local conditions (e.g., Whipple and
Tucker, 1999). This model assumes that erosion rates can be
approximated by a power law function of reach slope and
drainage area (e.g., Howard, 1994; Stock and Montgomery,
1999). This approximation may be adequate to describe mul-
tiple processes (Gasparini and Brandon, 2011). The model
is widely applied in tectonic geomorphology to infer rel-
ative erosion rates, although the E/K ratio shows that it
is equally sensitive to erodibility differences (e.g., Whipple
and Tucker, 1999; Wobus et al., 2006). Whipple and Tucker
(1999) show that K is a function of not only bedrock prop-
erties but also channel geometry, basin hydrology, and sed-
iment load; nonetheless, the dependence of K on bedrock
properties arguably remains the largest unknown.

Using the simple and idealized stream power model
(Eq. 1), Forte et al. (2016) and Perne et al. (2017) demon-
strated that spatial contrasts in bedrock erodibility can re-
sult in complex and sometimes counterintuitive relations be-
tween local erosion rate, channel slope, and bedrock erodibil-
ity. These include local erosion rates being higher in stronger
(less erodible) bedrock layers compared to weaker layers,
channels evolving to be steeper in weaker bedrock, and a
steady-state topographic configuration being unattainable at
the spatial scale of erodibility contrasts (when measuring
elevations and erosion rates vertically). Perne et al. (2017)
showed that local channel topography tends to evolve to-
wards an “erosional continuity” steady state in which layers
with contrasting erodibilities have equal erosion rates when
measured parallel to lithologic contacts but that the topo-
graphic steady state in which erodibility contrasts are ex-
pressed in landscapes is only strictly possible for vertical
contacts. Erodibility contrasts oriented perpendicular to the
vertical — i.e., horizontal layers — “exhibit the largest depar-
tures from steady-state, and the most complex patterns of
landscape evolution” (Forte et al., 2016). An advantage of
studying approximately horizontally layered rocks is that the
spatial pattern of erodibility contrasts is predictable. Thus,
idealized models suggest that strong erodibility contrasts
from horizontal rock layers can be expressed in topography
in complex but potentially understandable ways.

A fundamental challenge in moving from models to field
constraints is that many variables influence rock erodibility.
Fluvial erosion processes, including abrasion (impact wear)
and hydraulic block plucking, depend on rock properties in
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different ways and make the relationship between overall
erodibility and measurable variables nonunique. For abrasion
from impacting grains, the bedrock incision rate should scale
inversely with the rock tensile strength (Sklar and Dietrich,
2001; Mueller-Hagmann et al., 2020). Fracture density influ-
ences bedrock incision rates and dominant processes, espe-
cially block plucking (e.g., Spotila et al., 2015; Dibiase et al.,
2018; Scott and Wohl, 2019; Scott and Wohl, 2019; Chilton
and Spotila, 2022). It remains unclear how to quantitatively
relate different rock properties to erodibility in different set-
tings; semiquantitative relations have been proposed but not
widely validated for fluvial settings (e.g., Selby, 1982).

Channel morphology adjusts not only to substrate erodi-
bility but also to transport the imposed abundance and size
distribution of sediment (e.g., Hack, 1957). Importantly, in
erosional landscapes, the sediment size distribution can re-
flect bedrock properties, as it derives primarily from hills-
lope erosion in the upstream watershed (Thaler and Coving-
ton, 2016; Shobe et al., 2021b). Mechanistically, abrasion
requires sediment transport (tools effect), while incision by
most erosion processes is inhibited by alluvial cover (cover
effect; Sklar and Dietrich, 2004). Studies have found that
the abundance and size distribution of the sediment delivered
to a channel reach from upstream and the surrounding hill-
slopes can steepen reaches beyond what might be predicted
from channel bedrock properties alone (e.g., Brocard and van
der Beek, 2006; Johnson et al., 2009; Thaler and Covington,
2016; Chilton and Spotila, 2020; Lai et al., 2021; Shobe et al.,
2021a). In particular, Thaler and Covington (2016) isolated
the role of large and relatively immobile boulders in chan-
nel slopes by comparing the reaches incised into the same
underlying bedrock but with different numbers and sizes of
boulders supplied from a caprock layer present in only some
watersheds. Furthermore, Shobe et al. (2021a) developed a
steepening ratio that calculates the impact of boulders on
channel slope in comparison with a boulder-free reach. Dis-
charge variability has also been shown to matter when at-
tempting to understand cover effects in natural systems, par-
ticularly in reaches with boulders, as the bigger the boul-
der, the larger (and more rare) the flood that can mobilize
its larger boulders will be (e.g., Lague et al., 2005; Shobe
et al., 2021b; Raming and Whipple, 2022). Importantly, the
landscape evolution models used by Forte et al. (2016) and
Perne et al. (2017) did not include the sediment load, and it
remains unclear how cover effects and boulder supply may
influence relations between topography and bedrock prop-
erties in natural landscapes. Taken as a whole, the studies
above suggest that rock properties impact erosion processes
and channel morphology in multiple ways. Strength and the
resulting erosion processes are impacted by the density of
fractures and the relative dip of the bedding. Fracture den-
sity also influences the size distributions of coarse sediment
supplied to channel reaches.

The overall objective of this study is to better understand
how fluvial network topography in a real erosional land-
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Figure 1. Regional topographic map of a section of the Guadalupe
Mountains, with location in New Mexico, USA, shown to the right.

scape is influenced by horizontal rock units, both directly
through bed erodibility and indirectly through coarse sedi-
ment supplied from hillslopes. We hypothesize that local to-
pography — as quantified through the channel steepness index
(ksn; defined below) and local relief — correlates with mea-
surable properties of both bedrock and boulders. The field
area has alternating layers of primarily sandstone and primar-
ily carbonate rocks. Our approach was to measure compres-
sive rock strength, fracture density, boulder dimensions, and
bedrock exposure along channels from extensive field sur-
veys. We objectively quantified rock mineralogy from field
samples. We do not have measurements of erosion rates and
so cannot directly calculate erodibility (Eq. 1). However, we
interpret that patterns of bedrock-controlled erodibility and
boulder distributions in this landscape have resulted in a bi-
modal topography. Upstream channels and hillslopes have
lower channel steepness, gentler hillslopes, and hypothesized
higher erodibilities. Downstream channels and hillslopes are
steeper, with hypothesized lower erodibilities.

2 Field area

This study focuses on channels with intermittent flow in Last
Chance Canyon, which is part of the Guadalupe Mountains
(Fig. 1). During the Permian period, a shallow lagoon existed
behind a reef complex to the south and deposited what would
become the interbedded carbonate and siliciclastic bedrock
of Last Chance Canyon (Hill et al., 2000; Phelps et al., 2008;
Kerans et al., 2017). The Guadalupe Mountains were uplifted
during basin and range extension beginning 27 Myr ago, ex-
posing the previously buried bedrock (Chapin et al., 1994;
Ricketts et al., 2014; Hoffman, 2014; Decker et al., 2018).
Because of its morphology and accessibility, we collected
data along tributaries of Last Chance Canyon to identify
how changes in bedrock lithology and boulder characteristics
correlate with stream channel and landscape morphology.
Over the small spatial area and range of vertical elevations

https://doi.org/10.5194/esurf-11-995-2023

997

of the specific study channels (Fig. 2), climate varies min-
imally. Mean annual precipitation is ~40-50cmyr~' and
mean annual temperature ~ 14—16° (PRISM Climate Group,
2023). Last Chance Canyon has horizontal to near-horizontal
bedded bedrock and is currently tectonically inactive (Hill,
1987, 2006). Mapped descriptions of stratigraphic units in
Last Chance Canyon include both sandstone and carbonate
bedrock, with bed thicknesses within mapped units on the
order of centimeters to meters (Fig. 2; Scholle et al., 1992;
Hill et al., 2000; Phelps et al., 2008), which agrees with what
we observed in the field (Fig. 3). This seemingly simple vari-
ation in lithology makes Last Chance Canyon an ideal loca-
tion to explore the effect of varying bedrock properties on
stream channel morphology.

Beyond Last Chance Canyon, the Guadalupe Mountains
are comprised mostly of horizontal to near-horizontal bed-
ded carbonate and siliciclastic rock (Fig. 2). Rock unit de-
scriptions from published maps are not at the scale needed
for us to constrain rock strength variability along channels
(NPS, 2007). Higher-order channels further downstream of
the survey reaches in Last Chance Canyon are inundated with
coarse alluvium and have essentially no exposed bedrock.
Therefore, we focus on first- and second-order channels, as
defined by Strahler (1957), in Last Chance Canyon because
this is where we have collected extensive data and where we
are able to measure rock properties in the channel bed. Al-
though some of our observations from Last Chance Canyon
likely apply in other locations, mapped rock units have spa-
tial variability in rock properties, and we refrain from making
conclusions about other parts of the landscape.

3 Methods

3.1 DEM analysis

We used a 10m digital elevation model (DEM) of Last
Chance Canyon to identify channels of interest to survey and
to calculate relevant topographic metrics and slope breaks
along longitudinal stream profiles (USGS, 2017). The nor-
malized channel steepness index, ksp, is a measure of the
channel gradient normalized for the drainage area (i.e., in
principle allowing reach slope to be compared independent
of drainage area), as follows:

S — ksnA_gref’ (2)

where 6 is a reference concavity (Whipple and Tucker,
1999; Wobus et al., 2006). Based on a calibration to this
landscape, we use Or = 0.5, giving meters as the units for
ksn values. Although kg, is an empirical metric of the fluvial
topography (Eq. 2) and not model dependent if the stream
power model is assumed to be valid, then combining Egs. (1)
and (2) gives E/K =k, thus illustrating how this topo-
graphic metric potentially informs both erosion rates and
erodibilities. The kg, value allows for the comparison of the

slope along a single channel or among multiple channels to
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® Sampled Locations

Rock Unit
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£ Mostly 2.5 to 15 cm thick sandstone
Greyburg N n
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= - - {1540 - 1560
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g @[ Andres with some medium to very grained
g &| Formation | sandstone beds. -
e Sandstonfe Very fine-grained, well-sorted quartz
3 tongue of the | ¢, \itone with scattered, irregular
w7 |Cherry €anyon| chert nodules.
©|Formation 1400

Figure 2. (a) Topographic map with elevations superimposed on a
hillshade of Last Chance Canyon, with five ephemeral study chan-
nels (LC1-LC5) labeled. The main stem channel that all streams
flow to is colored black, with an arrow indicating the direction
of streamflow. All mapped streamlines begin with a threshold
drainage area of 1km?2. (b) Geologic map of the study area, with
panel (¢) providing a description of mapped lithologies (King, 1948;
Boyd, 1958; Hayes, 1964; USGS, 2017). Approximate elevation
and thicknesses apply only to the section of Last Chance Canyon
displayed here. Dots in panel (b) indicate the locations at which we
took measurements (in five tributaries, labeled LC1-LC5, and one
hillslope, labeled HS1). The reach marked with a red dot is LC3.2
and is shown in Fig. 4.
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isolate erosional and/or bedrock erodibility patterns (Kirby
and Whipple, 2012). We also calculated x plots (Perron and
Royden, 2013; Willet et al., 2014), which represent a method
of transforming the horizontal variable (x) of the longitudi-
nal stream profiles into dimensionless variable x. Generally
speaking, a smoothly concave stream profile without changes
in the erodibility or erosion rate along its length will be a
straight line on an elevation vs. x plot, while deviations from
linear results may represent changes in the erodibility or ero-
sion rate (Perron and Royden, 2012; Willet et al., 2014). Be-
cause channels can adjust to more resistant lithologic units
by steepening across them (Duvall et al., 2004; Jansen et al.,
2010), we used x plots and kg, maps to detect changes in the
slope that could be due to differences in bedrock erodibility
and/or sediment size and cover. TopoToolbox and MATLAB
were used to generate longitudinal profiles, ks, maps, and x
(chi) plots of all surveyed channels (Schwanghart and Scher-
ler, 2014).

We also used a DEM to measure channel slope and hill-
slope relief. Elevations were measured 75 m upstream and
75 m downstream of each reach; the downstream elevation
was then subtracted from the upstream elevation, and the
value was divided by the length, 150 m, to determine the
slope. The 150 m scale of measurement was used to smooth
the data, as is commonly done in topographic analysis, be-
cause slope data can be noisy and have artifacts (Wobus et
al., 2006; Kirby and Whipple, 2012). Relief was measured in
ArcGIS using a circular 500 m window around each reach.
The radius of the relief window was chosen because ridgetop
spacing is ~ 500 m in the field area. Therefore, our relief val-
ues roughly represent the elevation change from valley bot-
tom to ridge top.

3.2 Field surveys

In March and May of 2018 and in February of 2021, we
surveyed five channels which we had preselected based on
DEM analysis, mapped geology, and accessibility. Our inves-
tigation started in lower-order channels at elevations above
1400 m in channels LC3, LC4, and LCS and in elevations
above 1500 m in channels LC1 and LC2 (Fig. 2). We stud-
ied reaches of varying length in the five different channels.
The United States Geological Survey (USGS) topographic
contour maps of the field area use a 40 ft (= 12.2 m) contour
interval. Following these maps for convenience and to en-
sure unbiased sampling, at every & 12.2 m contour interval,
we surveyed channel reaches for bedrock properties when
exposed, measured the largest, assumedly most immobile,
boulder in the reach, and took rock samples from each to
confirm mineralogy. Previous work suggests that boulders
and the coarsest sediment size fractions can significantly in-
fluence reach topography, erosion, and transport (e.g., Shobe
et al., 2016). The largest boulder was chosen (rather than a
particular coarse grain size percentile such as D84) as a bal-
ance between the available time for field surveys and statisti-
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cal accuracy for characterizing coarse sediment. We assume
that the largest boulder size is positively correlated with other
coarse grain size percentiles when averaged over many sur-
veyed reaches, while acknowledging that this method may
introduce a bias due to size selection. For each boulder, we
measured the longest (Fig. 3a), intermediate (Fig. 3b), and
shortest (Fig. 3c) axes. We multiply these dimensions to-
gether to approximate boulder volumes. We also constrain
differences in boulder shape using a simple shape factor de-
fined as c/a (the shortest axis divided by the longest axis).

3.3 Bedrock properties and photogrammetry

We used a Schmidt hammer to take a minimum of 30 re-
bound values in each reach we surveyed that had exposed
bedrock (Niedzielski et al., 2009). Schmidt hammer rebound
values scale with compressive strength but are typically re-
ported as unitless numbers between 10 (very weak) and about
70 (very strong; e.g., Bursztyn et al., 2015; Murphy et al.,
2016). We discarded Schmidt hammer values of less than
10, which is the minimum value the device can read, as
they represent multiple values and make the statistical anal-
ysis of the data difficult (Duvall et al., 2004). Schmidt ham-
mer values were recorded at roughly evenly spaced intervals
up the thalweg of each channel, regardless of weathering or
the presence of fractures. All Schmidt hammer values were
taken perpendicular to the bedrock surface. Schmidt hammer
values are affected by proximal discontinuities. Because we
sampled at evenly spaced intervals in the exposed bedrock
and did not avoid discontinuities, our Schmidt hammer val-
ues reflect a combination/distribution of local rock elastic
properties modulated by discontinuities (Katz et al., 2000).
We used two-sample, two-tailed ¢ tests to determine if the
rebound values between rock types and between the steep
downstream and shallow upstream channel sections were dif-
ferent or similar.

We used a GoPro Hero5 attached to the end of a selfie stick
to take wide-angle high-definition (HD) videos of the bot-
tom of 18 different reaches of varying size. We used iMovie
software to extract frames (one frame for every second of
video). We used Agisoft PhotoScan software (Agisoft Pho-
toScan Professional, 2018) to generate high-resolution or-
thomosaics. First, we aligned the frames from the GoPro
videos, then built a dense cloud, created a digital surface
model (DSM; called a DEM in Agisoft PhotoScan), and fi-
nally made an orthomosaic. Discontinuities were visually in-
terpreted and manually traced on the orthomosaic images us-
ing Adobe Illustrator software (Fig. 4). Bedding planes are
zones of weakness from which bedrock can be plucked, and
both bedding planes and fractures were treated as disconti-
nuities (Spotila et al., 2015). Although identifying disconti-
nuities from the images was somewhat subjective, the same
person did all these analyses, and so they are likely to be in-
ternally consistent. We used FraqPaQ (Healy et al., 2017), a
MATLAB software suite, to determine the discontinuity in-
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Figure 3. Photo demonstrating the differences in (a) bed thick-
nesses between lithologies and (b) large boulders (with axes labeled
in white) sourced from the more thickly bedded dolomitic rock. The
dog’s height is approximately 75 cm at shoulders.
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Figure 4. (a) An orthomosaic and (b) photo of a sandstone reach
LC3.2 (Fig. 2b), with a discontinuity intensity of 13.03Lm~ ! in
the steep channel section. The shadows in the orthomosaic are from
the GoPro and selfie stick used to film the reach. The coordinates
are 32.252513 latitude and —104.701289 longitude.

tensity, which is the length of all traced discontinuities di-
vided by the area examined in each reach. The discontinuity
intensity is reported in units of meters.

We used a drone, DJI Mavic 2 Pro, to take photos of
the five surveyed channels from elevations of approximately
20m above the five stream channels and 120 m above ad-
jacent hillslopes for three of the five channels. We used
Agisoft PhotoScan to generate high-resolution DSMs with
0.027 to 0.28 m resolution (we refer to these as DSMs rather
than DEMs because the vegetation is not removed from the
DSMs) and orthomosaics of the five channels and three ad-
jacent hillslopes. The methodology we used to create the
DSMs and orthomosaics is the same one that we used to cre-
ate the orthomosaics of the reaches and has been described in
the previous paragraph. We used the orthomosaics to quan-
tify the relative proportion of where stream channel beds
were exposed bedrock or covered with sediment. Given the
sub-decimeter scale of our channel imagery, it was generally
clear what was and was not sediment on the channel bed,
and we did this mapping by eye. We partitioned the channel
reach into lengths that were and were not covered in sedi-
ment. This means that we only looked at changes along the
channel center line. However, this seemed a reasonable as-
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sumption, as the predominant variation in sediment cover
was usually down-channel and not across-channel.

3.4 Lithology

At each ~ 12.2m elevation contour interval, we collected
rock samples from exposed bedrock and from the largest
boulder in the stream channel to ensure correct categoriza-
tion of lithology. The mineralogy of each rock sample was as-
sumed to be representative of the mineralogy of the reach or
boulder that it was taken from. Our efforts to determine end-
member lithological classifications of sandstone or carbonate
in the field were imprecise because individual samples usu-
ally contained both carbonate and quartz. To find a quantifi-
able ratio of the amount of carbonate in each sample, once
back in the lab we broke off a very small piece of each rock
sample that appeared representative of its composition and
ground up this subsample, using a jaw crusher and disk mill.
The average size of each subsample that we processed was
1.689 g, with a standard deviation of 0.707 g, and the scale
was precise to 0.001 g. The ground subsample was rinsed in
water (a minimum of five times), dried in an oven overnight,
and then weighed on the following morning. We then dis-
solved the carbonate minerals by soaking each sample in ni-
tric acid for at least 24 h. The subsample was again rinsed
in water (a minimum of five times) and dried overnight. We
used a microscope to check that only quartz remained after
dissolving each subsample in nitric acid. We then reweighed
each subsample to determine the ratio amount of dissolved
carbonate minerals. Samples were classified as carbonate if
the subsample had more than 50 % carbonate minerals and
sandstone if they had more than 60 % quartz (Bell, 2005).
Samples which ranged from 50 %—59 % quartz were litho-
logically unclassified, so that the end-member carbonate and
sandstone classes would be more distinct. However, the fact
that there was bedrock exposed was still recorded. Only 1
bedrock sample and 2 boulder samples fell in the range of
50 %—-59 % quartz, compared to 56 boulder and 56 bedrock
samples that were classified. To ensure the validity of this
methodology, we replicated this process on six samples by
repeating the process with a different subsample from the
original rock sample. For one of the samples, we replicated
this process five times. All replicate measurements demon-
strated similar results (standard deviation of 0.62 % carbon-
ate dissolved and variance of 0.39 % carbonate dissolved).

4 Results

4.1 Morphometric analysis

Last Chance Canyon tributaries have upstream sections, with
relatively shallow channels and lower-gradient hillslopes,
and a knickzone downstream, which has steep channels and
hillslopes (Fig. 5). x plots (Fig. 5c and d) and field obser-
vations demonstrate that the stream channels transition from
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steep to shallow at approximately 1640 m for channels 1 and
2 and at approximately 1550 m for channels 3, 4, and 5. At
the transition from steep to shallow in channels 1 and 2, the
slope of the x plot changes less than in channels 3, 4, and 5.
The average value for slope gradients above 1550 m in ele-
vation is 16.5 (n = 145765; 0 =11.1), above 1640 m in el-
evation the average slope is 11.5 (n = 68853; o =8.8), and
from 1400 to 1550 m in elevation the average slope gradient
is24.5 (n =70438; 0 =11.1).

We used a ¢ test to verify a bimodal distribution of hill-
slopes between the shallow section, with elevations above
1550 m in channels 3, 4, and 5 and above 1640 m in chan-
nels 1 and 2, and the steep section, with elevations from 1400
to 1550 m. The null hypothesis was that the hillslope val-
ues in the steep and shallow sections are the same and/or do
not vary between the lower-steepness (upstream) and higher-
steepness (downstream) reaches. This would indicate that the
landscape form does not change at the elevations we inter-
preted using the x plots in Fig. 5. Conversely, if the hills-
lope values from the different elevation bins are from statis-
tically different populations, then this supports our interpre-
tation that landscape form changes at an elevation of 1550 m
in channels 3, 4, and 5 and 1640 m in channels 1 and 2. The ¢
test (t = —155.4; teritical = 1.96, @ = 0.05) demonstrated that
slope gradient values from the shallow channel section are
different to slope gradient values from the steep channel sec-
tion.

‘We do not have erosion rate data for the field channels and
so cannot quantitatively constrain the erodibility (Eq. 1). Our
overall approach instead is to evaluate whether the existing
fluvial morphology in this part of the landscape likely reflects
measurable rock properties.

4.2 Bedrock properties

The extent of exposed sandstone and carbonate rock in the
five study channels is presented in Table 1. The data are pre-
sented for above and below 1550 m elevation, which is the
elevation at which the channel steepness index changes in
LC3, LC4, and LC5. Due to limits on our field time, there
are reaches of exposed bedrock above 1550 m that we were
not able to sample, and these are labeled as “undefined rock™.
In all the channels, except LC1, there is more alluvial cover
downstream of 1550 m than above 1550 m.

Discontinuity intensity and Schmidt hammer values
change with slope in the more thinly bedded sandstone rock
but not in carbonate rock (Fig. 6). Because the units are hori-
zontally to near-horizontally bedded, steeper stream channels
cutting through thinly bedded sandstone rock have more ex-
posed bedding planes than channels with lower slopes. They
also have lower Schmidt hammer values (Fig. 6a). However,
discontinuity intensity and rebound values are invariant with
slope in the thickly bedded carbonate rock.
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The average discontinuity intensity and Schmidt hammer
values from the thinly bedded sandstone in the steep chan-
nel section, where more bedding planes are exposed than in
carbonate reaches, are 7.98 m~! (n =2 reaches; standard de-
viation o =5.04) and 31.6 (n =61; 0 =9.5), respectively.
The average discontinuity intensity of the thickly bedded
carbonate in the steep channel section is 2.34 m™! (n =6;
o =0.56), and they have an average Schmidt hammer value
of 36.1 (n =240; o =10.8). Within the upstream channel
sections, the reaches have a shallower slope, with fewer
exposed bedding planes per channel distance. In the shal-
lower sandstone reaches, the measured discontinuity inten-
sity is smaller at 0.77 m~! (n=3; 0 =0.16), but the av-
erage Schmidt hammer values are larger at 41.7 (n =88;
o =9.1), when compared with the sandstone in the steeper
section. Carbonate reaches in the shallow channel sections
have a slightly higher discontinuity intensity of 1.51 m™!
(n=6; 0 =0.32) and an average Schmidt hammer value
of 37.1 (n =90; 0 =9.3), when compared with the shallow
sandstone reaches. In carbonates, the discontinuity intensity
and Schmidt hammer values are essentially uncorrelated with
channel slope.

We calculated four separate ¢ tests on Schmidt hammer
measurements from the different rock types and channel sec-
tions in Last Chance Canyon to determine if they are sam-
pled from different populations. The null hypothesis is that
the populations of Schmidt hammer values in the carbonate
and sandstone rocks are the same and/or do not vary between
the lower-steepness (upstream) and higher-steepness (down-
stream) reaches. This would indicate that the rock strength
of the two different rock types is statistically the same and
would support the idea that the erodibility does not vary
between rock types or within rock types or with channel
steepness. Conversely, if the sampled Schmidt hammer val-
ues from different rock types are from statistically different
populations, then this supports the idea that the different rock
types have different strengths and possibly different erodibil-
ities.

We compared the Schmidt hammer values between
carbonate and sandstone reaches in the high (¢ =3.0,
teritical = 2.6, and @ = 0.05) and low (t = —3.4, fcritical = 2.6,
and o =0.05) kg values in parts of the channel and found
them both to be of different populations. In other words,
in the high kg, value reaches of the channel, the sampled
Schmidt hammer values from the carbonate and sandstone
rocks are from statistically different populations. The same is
true in the low kg, value reaches of the channel. The Schmidt
hammer values for sandstone reaches in the steep section
were found to be statistically different from the Schmidt
hammer values from the sandstone in the shallow section
(t = —6.6, tcritical = 2.6, and a = 0.05). Schmidt hammer val-
ues for carbonate reaches in steep and shallow sections were
found to be from the same statistical population (r = —1.1,
teritical = 2.6, and o =0.05), which was the null hypothesis.
This was the only test of the four in which the null hypothe-
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1550 m. (¢) x plots of LC1 and LC2 and (d) LC3, LC4, and LC5, with the inset of channel profiles. The downstream portion of the channels

that is colored in black in panels (¢) and (d) was not surveyed.

sis was accepted and further demonstrates the lack of a strong
correlation between channel slope and rock strength in car-
bonate reaches.

4.3 Boulder analysis

As the relief (calculated using a 500 m window) increases,
the volume of the largest boulder in each reach tends to

Earth Surf. Dynam., 11, 995-1011, 2023

increase exponentially (Fig. 7). Carbonate boulders tend to
show a larger change in volume with relief than sandstone
boulders do. Of the boulders we measured, 70 % of the boul-
ders in the high kg, channel section and 64 % of the boul-
ders in the low kg, channel section are carbonate. The boul-
der shape is also somewhat different between sandstones
and carbonates. We used a simple shape factor c/a (i.e., the
minimum boulder axis length divided by the maximum axis

https://doi.org/10.5194/esurf-11-995-2023



S. Anderson et al.: Building a bimodal landscape

1003

Table 1. Table describing the channel lithology and sediment cover characteristics in the steep and shallow sections of the five study channels.

Above 1550 m

Exposed Exposed Exposed Alluvial Mean boulder Boulder standard
carbonate  sandstone  undefined rock cover volume (m3) deviation (m3)
LCl1 1.4 % 4.4 % 0.0 % 94.2 % 1.3 2.2
LC2 7.5 % 1.1% 1.3% 90.2 % 0.3 0.1
LC3 2.8 % 10.0 % 19.9 % 67.3 % 0.2 0.2
LC4 15.7 % 8.3% 4.8 % 71.2 % 0.6 0.8
LCS 13.8 % 6.9 % 17.8 % 61.5 % 0.5 0.7
Below 1550 m
Exposed Exposed Exposed Alluvial Mean boulder Boulder standard
carbonate  sandstone  undefined rock cover volume (m3) deviation (m3)
LC1 18.2 % 7.8 % 0.0 % 74.0 % 2.7 2.7
LC2 0.0 % 0.0 % 0.0% 100.0 % 0.4 0.1
LC3 14.0 % 0.8 % 0.0 % 85.2 % 4.4 3.8
LC4 8.0% 0.0 % 0.0 % 92.0 % 11.9 12.7
LC5 18.6 % 2.2 % 0.0 % 79.2 % 15.8 21.5

Table 2. The list of the (a) discontinuity intensity values, (b) mean
Schmidt hammer values, and (¢) number of Schmidt hammer re-
bound values for sandstones and carbonates in the steep and shallow
channel sections. Parts (a) and (b) include the differences (Delta)
between the means of the same rock types or the same channel
steepness. In part (b), the delta value in italics indicates that the
Schmidt hammer populations are statistically the same, while bold
delta values indicate that the populations are statistically different.

(a) Mean discontinuity intensity values (L m_l)

Lithology
Sandstone  Dolomite Delta
Shallow 0.77 1.22 0.45
Steep 7.98 2.28 5.70
Delta 7.22 1.06
(b) Mean Schmidt hammer values
Lithology
Sandstone  Dolomite Delta
Shallow 41.7 37.1 4.6
Steep 31.6 36.1 4.5
Delta 10.2 1.0

(¢) Number of rebound values

Lithology
Sandstone  Dolomite
Shallow 88 90
Steep 61 240

https://doi.org/10.5194/esurf-11-995-2023

length) to quantify the differences. Carbonate boulders had
an average shape factor of 0.36 (n =39; 0 =0.17) compared
to sandstone boulders, which had an average shape factor of
0.29 (n =19; o =0.18). Although the difference is small,
carbonate boulders were on average more equidimensional
(short and long axes more similar), while sandstone boulders
were more elongated (a greater proportional difference be-
tween axes).

The correlation between the a, b, and ¢ axes and the relief
is similar for the carbonate boulders we measured (R2 > 0.5;
similar regression exponents from 0.014 to 0.016; Fig. 7).
Lower relief corresponds to the upstream reaches. In the
sandstone boulders we measured, the ¢ axis correlates best
with relief (R? =0.54; regression slope of 1.1). The length
of the b axis shows a slightly weaker relationship with the re-
lief (R? = 0.46; regression slope of 1.8) than the ¢ axis. The
length of the a axis (R =0.11; regression slope of 0.97) cor-
relates poorly with the relief. We fit an exponential trend line
to the carbonate because it empirically gives a higher R? than
a linear regression. Conversely, when we fit a linear trend line
to the sandstone boulders, it gave a higher R? for the ¢ axis.
There was minimal difference between the R? values for ex-
ponential and linear fits for the a and b axes of the sandstone
boulders.

5 Discussion

Bedrock properties vary between lithologies and etch their
signal on the landscape morphology (Jansen et al., 2010;
Scharf et al., 2013; Bursztyn et al., 2015; Yanites et al.,
2017). In Last Chance Canyon, differences in the measured
rock properties vary with changes in channel slope and local
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relief. Here, we introduce three key interpretations from our
study.

1. Because discontinuity intensity affects rock strength,
we interpret that thickly bedded carbonate bedrock in
our study area has high rock strength and low rock
erodibility. In contrast, we interpret that the more thinly
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bedded sandstone rock (in comparison with the carbon-
ate rock) has low rock strength and high rock erodibility.

2. We interpret that sediment input from hillslopes, and
not rock properties on the channel bed, can set the rock
erodibility when channels are armored with sediment
(following previous studies such as Duvall et al., 2004;
Johnson et al., 2009; Finnegan et al., 2017; Keen-Zebert
et al., 2017).

3. We interpret that steep slopes can be sustained even
where the channel bed is relatively weak sandstone be-
cause larger and more competent carbonate sediment ar-
mors the bed.

Putting these three interpretations together, we hypothe-
size that despite the change from the low steepness upstream
to the high steepness downstream in our study channels, this
is a relatively stable morphology in the current situation. We
hypothesize that the channel sections with high steepness
are not eroding due to the more massive carbonate units and
the large, immobile boulders armoring the channel, both of
which lead to low channel erodibility. If the channel sections
with high steepness are not actively eroding, then this cre-
ates a pinned base level for the low-steepness channel sec-
tions upstream. This pinned base level leads us to hypothe-
size that the high erodibility, low-steepness upstream chan-
nels are also not eroding, thus creating an overall stable mor-

phology.

5.1 Lithology, discontinuity intensity, and bed slope

The local slope, bedding plane spacing, and fracture den-
sity control the discontinuity intensity at the reach scale in
Last Chance Canyon. If we assume that all bedding planes
and fractures are horizontal, then for a given length of the
channel reach, steeper reaches cut across more discontinu-
ities than shallower reaches (Fig. 8). We find that thinly bed-
ded sandstone bedrock at our field site has anisotropic prop-
erties. Layers are weaker (as measured by lower Schmidt
hammer rebound values and higher discontinuity intensities)
when exposed in steep channels and are stronger in reaches
with lower slopes that are more parallel to bedding plane ori-
entation (Weissel and Seidl, 1997) (Fig. 6). When sandstone
bedrock is eroded down to lower slopes that are sub-parallel
to bedding, then the rock strength effectively increases and
erodibility decreases, thus slowing further erosion.

This apparent reduction in the discontinuity density holds
true regardless of the vertical discontinuity spacing (Fig. 8).
However, the apparent reduction in the discontinuity inten-
sity has less of an impact on the strength of the carbonate
rock because even in the steep channel reaches the disconti-
nuity intensity is low. We think this results in the carbonate
rock strength being independent of channel slope at our field
site (Fig. 6). Our statistical analysis of the Schmidt hammer
values from carbonate bedrock in the shallow upstream and
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steep downstream channel sections confirmed that they are
of the same population.

There is a lack of exposed sandstone rock in channel
reaches with a higher slope. We only identified one sandstone
reach in a steep downstream channel section. In surveyed
channel reaches within the steeper downstream channel sec-
tions, we observed 0 % to 7.8 % of the channel to be exposed
sandstone and 74 % to 100 % alluvial cover (Fig. 9; Table 1).
In all five surveyed channels, the steeper downstream chan-
nel sections had more carbonate rock exposed than sandstone
bedrock. We believe that our limited observation of the sand-
stone in the steep channel reaches is because, in compari-
son to the relatively hard carbonate rock, the relatively weak
sandstone rock cannot maintain steep slopes. Where there is
siliciclastic bedrock in the steep reaches, we interpret that it
is armored by boulders.

In summary, the landscape seemingly reflects the tendency
of sandstone rock to erode to low slopes, creating a bimodal
landscape. In the shallow upstream channel section, there are
more thinly bedded siliciclastic units exposed. In contrast,
the steep channel section is mostly made up of thickly bedded
carbonate rock or is inundated with sediment, resulting in a
lower erodibility channel.

5.2 Lithology and coarse sediment production

More thickly bedded and higher-relief hillslopes contribute
larger-sized and more geomorphically relevant boulders from
the hillslopes to the channel (Neely et al., 2020; Fig. 7). The
steep channel sections of Last Chance Canyon are incised
into relatively narrow canyons when compared with the up-
stream, low-steepness portions of the landscape. Hillslope-
derived sediment from the thickly bedded units in the canyon
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of our study area.

wall armors the channel bed in the steep reaches. We think
that these boulder deposits allow the relatively weak sand-
stone channel reaches to steepen through boulder deposition,
as has been shown elsewhere (Shobe et al., 2016; Thaler and
Covington, 2016; Chilton and Spotila, 2020). We assume that
there are carbonate reaches that are also armored in sediment.
However, where bedrock is exposed in the steep channels,
it is predominantly carbonate rocks, which are harder and
presumably less erodible than the sandstone reaches (see the
subsection above). Within these steep channel sections which
are inundated with sediment, we interpret that the channel
slope is somewhat independent of the bedrock properties
and instead depends on the amount, size, and competency of

Earth Surf. Dynam., 11, 995-1011, 2023

sediment armor sourced from proximal hillslopes. In other
words, we think that the larger sediment armoring the steep
reaches effectively decreases the erodibility of these reaches.

Bed thickness and fracture patterns control the initial size
of the sediment supplied by hillslopes to channels (Sklar et
al., 2017; Verdian et al., 2021; Shobe et al., 2021). In Last
Chance Canyon, the maximum length of one axis of a boul-
der entering a channel from proximal hillslopes is controlled
by the distance between bedding planes and fractures. In car-
bonate bedrock, the distance between bedding planes tends
to be longer than in the sandstone bedrock. Where hillslope
relief increases, bedrock units are thicker, and the length of
the a, b, and ¢ axes increases for the carbonate boulders
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(Fig. 7). (We do not have measurements of discontinuity in-
tensity from the hillslopes. Our observations were that steep
hillslopes were primarily composed of massive carbonate.)
In sandstone boulders, the ¢ axis correlates with hillslope
relief; the b axis length also correlates with relief, but to a
lesser extent; and the a axis length does not demonstrate any
relationship with relief. Because sandstone bedrock is more
thinly bedded, the ¢ axis (shortest) will tend to reflect the
distance between bedding planes from the source rock.

The carbonate boulders are more equidimensional and
have a higher average shape factor of 0.36 in comparison
with the sandstone boulders which have an average shape
factor of 0.29. Although small, this difference in shape fac-
tor may reflect how the distance between bedding planes af-
fects the sediment shape. Because a sediment grain tends to
break across its shortest axis, the more elongated sandstone
boulders are less competent than carbonate boulders (Allan,
1997). Abrasion also reduces the boulder size and may de-
crease the size of elongate boulders more rapidly (e.g., Miller
et al., 2014). Also, this could be why there were fewer sand-
stone than carbonate boulders. Of the 58 boulders we mea-
sured, 70 % in the steep channel section and 64 % in the
shallow channel section were carbonate. Because carbon-
ate bedrock is thickly bedded, boulders sourced from this
bedrock tend to be larger. Furthermore, because the carbon-
ate boulders are more equidimensional, they likely stay larger
for longer than sandstone boulders.

5.3 Are Last Chance Canyon channels adjusted to
reflect rock properties?

We interpret that erosion in the steep reaches of our study
channels is inhibited due to the presence of thick and resis-
tant bedrock and large boulders that we interpret to be immo-
bile. The downstream portions of our study channels are both
steeper and have higher-steepness indices than the upstream
channel lengths (Figs. 5 and 9), and high-steepness indices
are thought to correlate with high-erosion rates and/or less
erodible rocks (Hilley and Arrowsmith, 2008). Although we
do not have measurements of erosion rate in Last Chance
Canyon, we make the link between channel steepness and
erodibility by assuming all channel reaches have a similar
low-erosion rate. In other parts of the Guadalupe Mountains,
west of Last Chance Canyon, erosion rates do not vary sys-
tematically with the rock type or with the slope (Tranel and
Happel, 2020). We suggest that the spatial variations in erodi-
bility, rather than spatial variations in erosion rates, control
channel steepness in our study channels.

We further hypothesize that the upstream channel sections
also have low-erosion rates but for a different reason. These
channel reaches have lower slope and lower channel steep-
ness indices (Figs. 5 and 9). The upstream channel reaches
are less armored and have more sandstone exposed in the
channel than their downstream reaches. These observations
suggest that these upstream reaches are likely more erodi-
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ble. Past erosion has reduced channel slopes, leading to lower
channel steepness.

The distinct upstream low-steepness channel and down-
stream high-steepness channel are not consistent in all of our
study channels. x plots for channels LC3, LC4, and LC5
demonstrate two well-defined channel sections, where in the
higher-elevation, lower-relief, and lower-slope section above
1550 m, there is more exposed bedrock, more exposed sand-
stone, less alluvium, and smaller boulders armoring the chan-
nel (Fig. 9). In contrast, LC1 and LC2 lack the obvious tran-
sition from downstream steep section to upstream shallow
section observed in LC3, LC4, and LC5. We interpret that the
less notable change in upstream steepness in LC1 and LC2
is due to the armoring of sandstone rock units and relative
abundance (in comparison with LC3, LC4, and LCS5) of allu-
vium above 1550 m elevation. Lithology measurements from
proximal hillslopes in LC1 and LC2 indicate that just above
1550 m elevation, there are sandstone units in the channel, as
there are in LC3, LC4, and LCS5, but they are buried by al-
luvium in LC1 and LC2 (Fig. 9; Table 1). We note that the
transition to a lower steepness occurs at a higher elevation in
LCI and LC2, at about 1640 m (Fig. 5), and it may be less
distinct in comparison with LC3, LC4, and LC5. We do not
know why there is more extensive armoring in LC1 and LC2
in comparison with LC3, LC4, and LCS5. One possibility for
this armor is the outcropping of the queen formation on the
hillslopes above LC1 and LC2 but not above LC3, LC4, and
LC5 (Fig. 2). Regardless of the reason, the fact that LC1 and
LC2 remain steep even when the channel bed is sandstone
supports our idea that sediment cover can hide the properties
of the local bedrock and impact channel morphology.

Through landscape evolution modeling using the stream
power model (Eq. 1), Forte et al. (2016) showed that where
more erodible rocks upstream are underlain by less erodible
rocks downstream, the upstream reaches can have an effec-
tively pinned base level, such that channel steepnesses evolve
to reflect the contrast in rock properties. Our overall inter-
pretation of the Last Chance Canyon landscape is consistent
with bedrock properties exerting this type of control. We also
note that Perne et al. (2017) demonstrated that if topogra-
phy is adjusted to bedrock erodibility in horizontally layered
rocks, then erosion rates should only be consistent if mea-
sured parallel to the layering. We interpret the Last Chance
Canyon landform to approximate a steady-state geometry but
relative to the horizontal bedding over time (Perne and Cov-
ington, 2017). Our bedrock property data also illustrate the
challenges in directly linking measurable rock properties to
bedrock channel reach erodibility. However, our data also
suggest that coarse sediment — rarely mobile boulders which
reflect nearby bedrock eroding from hillslopes but not the lo-
cal channel bed itself — are a key mechanism by which litho-
logic contrasts are expressed in this landscape. Future work
could explore how boulder transport may move and disperse
zones of lithologic control downstream of boulder source ar-
eas. Regardless, we interpret that the bimodal topography in
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Last Chance Canyon — with low- to high-steepness channels
and less steep to steeper hillslopes — has evolved to reflect the
rock properties of the two dominant lithologies, both locally
and nonlocally.

5.4 The Guadalupe Mountains beyond Last Chance
Canyon

Our ability to hypothesize about the impact of rock properties
on landscape morphology in Last Chance Canyon required
extensive observations and field and lab measurements. Even
in our small study area of 8 km?, the morphology of channels
LC1 and LC2 varies from LC3, LC4, and LC5 above 1550 m.
Our measurements of sediment cover and buried rock type
allowed us to hypothesize why these channels are different,
despite incising into the same stratigraphic units. This led to a
consistent process interpretation, despite different landscape
morphologies.

South of Last Chance Canyon, in the main escarpment of
the Guadalupe Mountains where channels drain to the south-
east (Fig. 1), the reef complex led to more massive carbonate
deposits. Those deposits now form prominent peaks, such as
El Capitan, in the southernmost part of the Guadalupe Moun-
tains. The longevity of these peaks and the strength of the de-
posits that form them suggest that the reef complex deposits
are less erodible than the surrounding deposits. Given the
complex local and nonlocal role of rock properties in channel
morphology and the different rock units that outcrop beyond
Last Chance Canyon, we are hesitant to project our interpre-
tations of how rock properties impact channel morphology
to the greater Guadalupe Mountains. However, we think that
the methods laid out in this paper, along with the modeling
frameworks of how rock erodibility contrasts impact channel
evolution (Forte et al., 2016; Perne et al., 2017), present a
guide for deconvolving the complex role of rock properties
in channel morphology in the broader Guadalupe Mountains
and beyond.

6 Conclusions

We present several observations about the effects of rock
properties on bedrock channel steepness in tributaries of Last
Chance Canyon. We suggest that discontinuity intensity in-
fluences channel steepness. Streams steepen across carbon-
ate units that have thicker beds and lower discontinuity in-
tensities in comparison with the sandstone in this area. Con-
versely, channel steepness is lower in channel reaches incised
into thinly bedded sandstone units with higher discontinuity
intensity.

The extent of sediment cover and the size of boulders in
the channel also impact channel morphology. More thickly
bedded carbonate bedrock on the hillslopes contributes larger
alluvium to the channel. This coarse carbonate sediment
armors both the more and less thickly bedded bedrock
and smooths the channel slope across reaches with differ-

Earth Surf. Dynam., 11, 995-1011, 2023

S. Anderson et al.: Building a bimodal landscape

ent lithologies and discontinuity intensities. In Last Chance
Canyon, channel sections that contain larger carbonate allu-
vium amounts are generally steeper, even if the channel bed
is siliciclastic with high discontinuity intensity.

Finally, we interpret that the study reaches have evolved to
a relatively stable morphology adjusted to bedrock erodibil-
ity and local coarse sediment supply. The more erodible shal-
low channel reaches at the top of Last Chance Canyon have
a base level that is pinned by the steep, and less erodible,
channel downstream. Any downcutting of the steep channel
reaches downstream will likely result in corresponding low-
ering in the lower slope and more erodible reaches upstream,
maintaining a similar channel profile through time.
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