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River, AR
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Abstract Valley width is largely controlled by lithology and upstream drainage area, but little work has
focused on identifying the processes through which valleys widen. Bedrock valleys widen by first laterally
eroding bedrock valley walls, followed by the collapse of overlying bedrock material that must then be
transported away from the valley wall before the valley can continue widening. We hypothesize that talus piles
that cannot be transported by the river protect the valley wall and slow valley widening, while talus piles that are
rapidly transported allow for uninterrupted valley widening. We used field measurements from 40 locations in
both wide and narrow valleys along the Buffalo River, AR to test this hypothesis. Our data show that wide
valleys tend to have fewer talus piles and smaller talus grain sizes, whereas talus in narrow valleys is larger in
size and more continuous along valley walls. We calculated potential talus block entrainment at each site
location and found that talus blocks in wide valleys are potentially entrained and moved away from valley walls
during moderate and large flood events, whereas talus blocks in narrow valleys are very rarely moved. Our
results show that the potential transport of talus piles protecting bedrock valley walls from widening is
controlled by the block size of collapsed bedrock wall material relative to stream competency. Our results also
suggest that persistence versus mobility of collapsed talus piles is an important process in the development of
wide bedrock valleys.

Plain Language Summary The width of a river valley largely depends on the rock type of the valley
walls and the size of the upstream watershed, but we know very little about how a wide bedrock valley is
formed. A river widens a bedrock valley by first undercutting the valley wall, causing the overlying material to
collapse into the valley bottom. Then, the river must transport the collapsed material away from the valley wall
so that the widening can continue. We use field data to test a conceptual model that links the width of bedrock
valleys with how easily rivers can transport collapsed wall material. We measured the size of talus blocks and
river channel geometry at 40 locations along the wide and narrow valleys of the Buffalo National River in
northwest Arkansas. Next, we calculated whether moderate to very large floods can transport talus blocks away
from valley walls. We found that in wide valleys the river can sometimes transport talus, while in narrow
valleys, no talus blocks could be transported even in the 1000-year flood. Our results suggest that the widening
of bedrock valleys could be stalled by large, immobile blocks of talus that shield valley walls from undercutting
and eventual widening.

1. Introduction

Bedrock river valleys exhibit significant variations in width, offering valuable insights into their evolutionary
history and the underlying geomorphic processes that formed them. This paper seeks to enhance our under-
standing of the processes governing bedrock valley widening and the crucial factors influencing the development
of wide versus narrow bedrock valleys. Developing a process-based understanding of how bedrock valleys widen
has important implications for improving numerical models of strath terrace formation (e.g., Langston &
Tucker, 2018), the coupling of hillslopes with channels (e.g., Gabet, 2020; Sklar et al., 2017), and characterizing
controls on aquatic habitat unit distribution and stability (e.g., May et al., 2013).

In the absence of significant tectonic activity, climate largely controls whether a river carves a wide or narrow
bedrock valley through its influence on both sediment and water transport dynamics (e.g., Clubb et al., 2023;
Schanz et al., 2018; Wegmann & Pazzaglia, 2002). Increased sediment flux relative to water discharge en-
courages lateral erosion and valley widening (Bufe et al., 2017; Bull, 1991; Gilbert, 1877; Hancock &
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Anderson, 2002; Langston & Robertson, 2023; Merritts et al., 1994), while shifts toward reduced sediment load or
increased river discharge can lead to vertical valley incision (Diihnforth et al., 2012; Hanson et al., 2006). Climate
influences both sediment flux and river discharge, suggesting that valley morphology can potentially serve as a
proxy for past climate regimes (Meyer et al., 1995; Whittaker, 2012; Wobus et al., 2006). Strath terraces,
floodplains of wide bedrock valleys that were abandoned through river incision, provide critical evidence of times
when lateral erosion exceeded vertical incision, and are often (but not always (e.g., Limaye & Lamb, 2014))
associated with changes in climate (Devecchio et al., 2012; Pan et al., 2003; Vandenberghe, 2003). In order to
improve interpretations of strath terraces as climate proxies, we first aim to better understand the timescales of
valley widening and the processes that govern bedrock valley evolution by identifying and quantifying controls
on bedrock valley width.

River discharge and bedrock lithology have been identified as primary controls on valley width following a power
law relationship (Brocard & van der Beek, 2006; Langston & Temme, 2019; Tomkin et al., 2003). This rela-
tionship for valley width is given by V,, = KA“ where K is bedrock erodibility, A is drainage area, and ¢ is an
exponent that ranges between 0.3 and 0.6, but is often equal to 0.4 in many places (Beeson et al., 2018; Brocard &
van der Beek, 2006; May et al., 2013; Schanz & Montgomery, 2016; Snyder et al., 2003; Turowski et al., 2023).
Valley width typically increases going downstream as discharge increases (Tomkin et al., 2003; Whipple, 2004;
Wohl & David, 2008), and wider bedrock valleys tend to occur more often in easily erodible lithologies (e.g.,
weakly cemented sandstone, shale) than in more resistant lithologies (Johnson & Finnegan, 2015; Schanz &
Montgomery, 2016).

‘While drainage area and lithology are well-established parameters explaining width differences among bedrock
valleys (e.g., Brocard & van der Beek, 2006; May et al., 2013; Montgomery, 2004; Snyder et al., 2003; Tomkin
et al., 2003), mechanisms that directly link discharge and lithology to bedrock widening processes remain
incompletely understood. A novel conceptual model proposed two end members of bedrock valley widening to
explain variations in valley width beyond the influences of drainage area and lithology (Langston &
Temme, 2019). This model outlines a two-step process: first, lateral erosion and undercutting of the bedrock
riverbank followed by the eventual collapse of the overlying valley wall; and second, the removal of the collapsed
material from the base of the valley wall. This model proposes that the duration for which collapsed material
shield valley walls from further lateral erosion is an important control on valley width.

In this study, we embark on the first field test of the conceptual model from Langston and Temme (2019) by
documenting talus pile characteristics and calculating potential talus transport in the wide and narrow bedrock
valleys of the Buffalo National River in Arkansas. If the model accurately represents the dynamics of valley
widening, we expect to find wide valleys where the river efficiently transports collapsed talus blocks from the
base of the valley wall. Conversely, in areas where the river is less effective at moving collapsed talus blocks away
from valley walls, we expect persistent talus piles to shield the bedrock valley wall from further widening, ul-
timately leading to narrower valleys.

Our study aims to address two primary research questions that investigate the role of talus in the development of
wide bedrock valleys:

1. What are the grain size distributions of talus piles found in wide and narrow bedrock valleys within the Buffalo
National River?

2. What magnitude of flood event is necessary to transport the talus grain sizes in wide versus narrow bedrock
valleys?

By answering these questions, we begin to explore the relationship between bedrock valley width and how
frequently a river can access the bedrock wall and actively widen the valley by assessing the relative mobility or
persistence of protective talus cover at the base of valley walls.

2. Field Site and Methods
2.1. Field Site Description

Our field site is located in the upper reaches of the Buffalo National River (Figure 1) in northwest Arkansas. The
main stem of the river runs ~238 km from its headwaters to the confluence with the White River. The climate is
humid with an average annual precipitation of ~120 cm/yr, with most precipitation occurring during the mid-
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spring to early summer months. The river is strongly influenced by the karst system underlying the watershed and
exhibits a very flashy flow regime that responds rapidly to rain events. The USGS maintains several discharge
gages along the river; we used data from two discharge stations in this study. The discharge station at Boxley
(USGS station ID#07055646) has data records since 1993 and is located near our most upstream field site in the
wide valley reach. The station at Ponca (USGS station ID#07055660) has discharge records dating from 2008 and
is located at the beginning of the narrow valley reach (Figure 1).

Our study reaches have both wide and narrow bedrock valleys. We define a wide valley as having a valley width
many times (10x) greater than the channel width and a narrow valley is one whose valley is only a few times
wider than the channel width (Langston & Tucker, 2018). In our study reaches, river valleys range from 500 m to
over 1,500 m wide, and the narrow valleys range from 100 to 250 m wide (Figure 1). Wide valleys occur in the
upstream reaches of both the Main Stem of the Buffalo River (9 km long) and the Little Buffalo River (23.3 km),
the largest tributary of the Buffalo River. Narrow valleys are found in the downstream study reaches of both rivers
(Main Stem 51 km long, Little Buffalo 9 km long), although landslides can cause smaller scale valley narrowing
in both wide and narrow reaches.

Valley width along the Buffalo River is controlled by local lithology (Keen-Zebert et al., 2017). The study
area is dominated by two lithological units, the Mississippian-aged Boone Formation and the Ordovician-
aged Everton Formation. A distinct trend in valley narrowing occurs downstream of the lithological tran-
sition between the Boone and Everton Formations (Figure 1c). The Boone Formation, found in the upstream
reaches of the study area, is a medium to thick bedded chert bearing limestone that is 95-115 m thick
(Hudson & Turner, 2007) and commonly contains karst features such as caves and sinkholes. The Everton
Formation occurs in the downstream sections and is an interbedded sandstone, dolomite, and limestone
sequence that is 95-110 m thick in the study area (Hudson & Murray, 2003). The Newton Sandstone
Member of the Everton is a well sorted quartz arenite that makes up the more prominent bluffs along the
Main Stem Buffalo River (Hudson & Murray, 2003; Keen-Zebert et al., 2017; Zunka, 2018). Schmidt
hammer rebound values correlate with compressive rock strength and can be used to characterize rock
erodibility (Aydin & Basu, 2005; Goudie, 2006; Roda-Boluda et al., 2018). Previous work in our study area
has found that Schmidt hammer values are higher in the Boone Formation than in the Everton Formation
(Keen-Zebert et al., 2017; Thaler & Covington, 2016). While the Schmidt hammer measurements could
suggest greater resistance to physical erosion in the Boone Formation compared to the Everton, suscepti-
bility to chemical weathering is significantly higher in the limestones of the Boone than in the dolostones of
the Everton (Keen-Zebert et al., 2017). Fracture spacing can also play a role in reach-scale bedrock
erodibility. We observed greater fracture spacing in sections of the Everton Formation, especially the
Newton Sandstone, compared to the Boone Formation, but fracture spacing is quite variable across both
formations (Hudson & Murray, 2003; Hudson & Turner, 2007).

2.1.1. Site Selection

Potential field sites were initially identified using topographic, geologic, digital elevation maps, and Google
Earth. The primary selection criterion was the presence of a steep bank or bluff with exposed bedrock adjacent to
the river channel. The abundance of talus was not a determining factor. The final decision for accepting a field site
was made during field visits based on accessibility. Of the 26 sites on the Main Stem Buffalo River, 10 were in the
Boone Formation and 16 were in the Everton Formation. Thirteen sites were located on the Little Buffalo River,
with seven locations in the Boone formation and six in the Everton Formation (Figure 1).

Figure 1. (a) Upper Buffalo River watershed with site measurement locations and USGS discharge gage locations shown over a simplified geological map. Blue arrows
indicate river flow direction. Wide bedrock valleys are found in the Boone Formation (pink shading) and narrow valleys are found in the Everton Formation (green
shading). (b) Narrow bedrock valleys on the Main Stem Buftalo River. In this reach of the river, the dolostones and sandstones of the Everton Formation create bedrock
bluffs ~75 m tall and the valley bottom is typically ~150-200 m wide. (c) Narrow valley cross-section at location E6m with measured valley width indicated with a
green line and calculated widths and heights of the 2-year, 100-year, and 1000-year floods indicated by dashed, orange, and blue lines. (d) Wide bedrock valleys in the
upstream reaches of the Main Stem Buffalo River. The bedrock valley walls are made up of Boone Formation limestone and range from 15-85 m above river elevation.
The valley bottom is ~500-800 m wide in this reach. (e) Wide valley cross-section at location B10m with measured valley width indicated with a green line and
calculated widths and heights of the 2-year, 100-year, and 1,000-year floods indicated by dashed, orange, and blue lines.
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Figure 2. (a) Talus at site E4m. The D, grain size of the talus at this site is 341 mm, and the Dy, talus grain size is 627 mm.
The talus pile is outlined in red, the yellow line is the vertical height of the talus pile (7 m), and the orange line indicates the
depth of the pile. The blue line indicates the horizontal length of the pile (65 m), part of which extends outside the picture
frame. (b) Pictured is site E11m; mature trees and woody vegetation cover much of the talus pile. The tall bedrock valley wall
is visible in the background. This talus pile and the bedrock valley wall extend hundreds of meters along the river's edge.
(c) Measuring large talus grains at E1m using a measuring stick on the intermediate axis. (d) Measuring talus grains at BSm
using a measuring tape.

2.2. Field Measurements

Ateach field site, we measured grain sizes of channel and bar sediments, grain sizes of talus blocks at the base of
valley walls, and bankfull width. We characterized the grain size distribution of the bedload from the riverbed and
cobble bars using the Wolman pebble count method. At least 100 individual bed grains at each site were measured
within the range of 5.6 mm to >300 mm using a standard gravel meter. Grain sizes of sediments in channels and
bars reflect sediment sizes that are transported by the river with some regularity. Given that the last major flood in
the study area occurred 11 years before our field measurements, we assume that the measured bed and bar
sediment reflects sediment transport during typical flow conditions as opposed to flood transport.

Similarly, we characterized the grain size distribution of talus blocks in piles at the base of valley walls (Figure 2).
The goal was to measure a minimum of 50 talus blocks at each site, but we often measured more than 60 indi-
vidual talus blocks. If a talus pile had fewer than 50 blocks, we measured all talus blocks in the pile. We measured
the intermediate (b-axis) of each block using a measuring stick (Verdian et al., 2020). Occasionally, we observed
talus blocks in the pile that showed signs of river transport, such as rounding or imbrication; these blocks were
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excluded from the talus grain size count. In order to systematically measure talus grains from different areas of the
talus piles, two 30-m-long transects were established along the talus pile parallel to the valley wall, one transect
along the lower section of the talus pile closest to the river and one transect in the upper section of the pile.
Additionally, we placed at least two perpendicular transect lines, stretching from the waterline to the top of the
talus pile or the valley wall. If the length of the talus pile was shorter than 30 m, the transects parallel to the valley
wall ran across the entire length of the pile. The volume and geometry of talus piles varied among sites, leading to
variable transect lengths from site to site. Individual block sizes were measured every 0.5 m unless talus blocks at
a site were 1.0 m or greater in diameter, in which case we used a 1.0 m interval for measuring talus grain sizes.
Statistical analysis showed no significant difference in the means between measurements taken at 0.5 mand 1 m
for the same talus pile.

We used 9 m DEMs (USGS, 2023) to extract drainage area and slope information at each measurement location.
Channel slope was calculated by averaging data over a 400 m span obtained from stream profiles extracted from
the 9 m resolution DEM. DEM-derived drainage areas were used to calculate site-specific discharges. At each site
location, we measured valley width from the 9 m DEM. Valley width was determined by measuring the distance
between the bedrock valley walls or the distance between a bedrock valley wall and a break in cross-section slope
between the floodplain and higher terrace surfaces on the opposite side of the valley (Figures 1b—1le).

2.3. Discharge and Shear Stress Calculations

We calculated the magnitude of the 2-year, 100-year, and 1,000-year flood discharges at each sample location
using discharge records from two USGS gage stations in our study area (Boxley and Ponca) and reported 100-year
and 500-year flood magnitudes at five locations in our study reach (Neely, 1985). We first plotted the reported
100-year and 500-year flood discharges reported by Neely (1985) at six locations in our study against the
respective drainage areas and applied linear regression analysis to fit straight lines to these data points (Figure S1
in Supporting Information S1). These five locations are identified in Neely (1985) as Boxley, Ponca, Steel Creek,
Kyle's Landing, Ozark, and Pruitt and correspond to our study sites B3m, E5Sm, Elm, E12m, and E17m,
respectively. The R2 values for the 100-year and 500-year flood discharge versus drainage area relationship
calculated from Neely (1985) were 0.997 and 0.996, respectively (Figure S1 in Supporting Information S1). We
applied the same method to determine the drainage area - discharge relationship in our study area using discharge
records from two USGS discharge stations in our study area (Boxley and Ponca). The linear fits for drainage area
versus flood discharges from the two USGS gages and Neely (1985) had very similar slopes (2.96 and 3.07,
respectively), but the magnitude of discharges reported by Neely (1985) were higher than those we calculated
from the 30-year discharge record at Boxley (Figure S1 in Supporting Information S1).

After we confirmed that we could expect a robust drainage area—discharge relationship using discharge records
from only the Boxley and Ponca gages (Figure S1 in Supporting Information S1), we then calculated 2-year, 100-
year, and 1000-year floods for analysis in this paper. We plotted the predicted 2-year, 100-year, and 1,000-year
discharges from the two discharge stations against the respective drainage area at the gage station and applied
linear regression analysis to fit straight lines to these data points (Figure S1 in Supporting Information S1). The
equations derived from the fitted lines enabled us to calculate discharge at each site location based on the specific
drainage area of each individual measurement site (Figure S1 in Supporting Information S1).

Collapsed talus blocks are potentially transported away from valley walls by shear stress exerted by the river. We
calculated shear stresses during 2-year, 100-year, and 1,000-year flood events as follows:

T = pgHpmS (1

where 7;, is the boundary shear stress, p is the density of water, g is gravity, H,,,. is the maximum flow depth
during each flood size, and § is the slope of each site (Figure 3). We found H,,,, at each site by progressively
increasing the flow depth in valley cross sections until the calculated discharge was within 1% of the discharge
found from the linear regressions. We calculated discharge for each site as follows:

0= wR™St

n

(@)
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Figure 3. Slope (a, b), measured valley widths and calculated flood widths (c, d), and calculated flood depths (e, ) for the Main Stem and Little Buffalo Rivers. Where
the calculated flood width is wider than the measured valley width (e.g., locations E16m, E17m), the calculated flood width covers terrace surfaces that are 1015 m
higher than the channel elevation (Figure S3 in Supporting Information S1).

where w is the calculated channel flood width, R is the hydraulic radius, and » is Manning's roughness coefficient.
‘We used 0.04 for Manning's roughness coefficient at all sites (Neely, 1985). We then found H,,,, as the difference
between the flood elevation for the calculated flood discharge and the lowest point on DEM-derived valley cross
sections from each site location (Figures 1c and 1e). Our calculated 100-year flood heights agree reasonably well
with documented 100-year flood heights from flooding in 1982 on the Buffalo River (Neely, 1985) (Figure S2 in
Supporting Information S1).

The minimum shear stress needed to potentially move a certain grain size is determined by the critical shear stress:

7. = tps — py) gD (3
6 is the non-dimensional Shields parameter (with 8 = 0.045 in this study (Buffington & Montgomery, 1997), p, is
the density of rock, p,is the density of water, g is acceleration due to gravity, and D is the diameter of the grain size

being considered, in meters.

Entrainment of sediment grains by a river depends on the boundary shear stress imposed by the river and the size
of the sediment grains. Other factors such as grain packing, grain shape, and vegetation also play a role in
sediment entrainment (Yager et al., 2018; Yang et al., 2015), but these factors are not considered in our calcu-
lations. We calculated critical shear stresses of the Dg, and Dy grain sizes for both bedload and talus at each of
our field sites. Using calculated shear stresses at each site location during the 2-year, 100-year, and 1,000-year

flood events we then determined excess shear stress for the different flood events and grain sizes, Z,ycees = 2
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When excess shear stress is less than one, sediment grains are below the potential transport threshold for a
particular shear stress; when excess shear stress is greater than one, sediment transport becomes possible.

3. Results

The talus piles observed throughout the study areas showed significant variation in terms of talus abundance,
volume, and geometry. Some talus piles consisted of only a small number of blocks perched on exposed bedrock
ledges, others formed half-cone-shaped piles of talus, while other talus piles covered the base of the bedrock
valley wall for hundreds of meters (Figure 2). We observed fewer talus piles at the measurement locations in the
Boone Formation reaches. Out of 40 measurement sites, six sites did not have a talus pile at the base of the valley
wall; five locations with no talus pile were in the Boone Formation and one was in the Everton Formation. In the
narrow valleys of the Everton Formation, the talus piles were notably more laterally extensive compared to those
in the wide valleys of the Boone Formation, and often extended along the valley wall for several hundred meters.

3.1. Bedload and Talus Grain Size Distributions

Bedload grain size generally decreased as expected going downstream in our study reaches with the D5, bedload
ranging from 26 to 140 mm (Figure 4), but we found significant and substantial differences in talus grain size
between the wide and narrow valley study reaches. On the Main Stem Buffalo River, the talus blocks of the Boone
Formation were significantly (p = le—5; Figure S4 in Supporting Information S1) and substantially smaller than
talus in the Everton Formation, although the largest talus blocks were similar in size in the Boone (1,021 mm) and
Everton (1,080 mm). Although talus was generally smaller in the Boone Formation, there was a larger range in
D5, talus grain sizes in the Boone study reaches compared to the Everton reaches. In the Boone study reaches, D5,
talus sizes ranged from 97-600 mm, compared to D5, talus size range of 263—542 mm in the Everton (Figure 4;
Figure S4 in Supporting Information S1). On the Little Buffalo, talus grain sizes in the Boone reach were slightly
smaller overall compared to the Everton reach (p = 0.0075; Figure 4; Figure S4 in Supporting Information S1),
but talus blocks from both reaches had a similar range in size. The limited differences in talus characteristics
between the Boone and Everton sites may be due to the lack of talus data in the Boone reach of the Little Buffalo
(three Boone Formation sites vs. six Everton Formation sites).

Overlap between talus and bedload grain sizes may indicate a river's ability to transport talus grain sizes during
flood events. Such overlap may hint that talus piles at these locations are less persistent over time. Our results
show that talus and bedload grain sizes overlap at approximately half of the site locations in the Boone Formation
along the Main Stem, whereas no sites in the Everton Formation show such overlap (Figure 4). Site B7m exhibits
the most overlap in terms of absolute magnitude, with the Dg, bedload grain size 85 mm larger than the D4 talus
grain size. Conversely, at most sites in the Everton Formation, the D4 talus size was on the order of 100 mm
larger than the Dg, bedload size.

There were no locations along the Little Buffalo River where the Dy, bedload and the D4 talus grains overlapped,
but talus and bedload grain sizes were closer in the Boone reach than in the Everton reach. In the Boone reach of
the Little Buffalo, talus and bedload grain sizes were typically within 50 mm of each other, compared to the
Everton reach, where the D4 talus was at least 80 mm larger than the Dy, bedload grain size (site E11b; Figure 4).

3.2. Discharge, Shear Stress, and Transport Potential

Maximum shear stress exerted by the river during 2-year, 100-year, and 1,000-year flood events generally
decreased going downstream due to decreasing channel slopes (Figures 3a and 3b; Figure 5a; Figure 6a). The
downstream pattern of shear stresses was also affected by flood widths. Flood widths for the 100- and 1,000-year
floods follow trends in valley width: valley width increases from ~100 m up to more than 700 m going down-
stream within the Boone Formation before narrowing abruptly in the Everton Formation (Figures 3c and 3d).
Valley width does not increase going downstream in the Everton but rather remains consistently between 150—
200 m. Maximum flood depths increase going downstream, particularly in the Everton Formation reach
(Figures 1c and 1d; Figures 3e and 3f), due to decreasing slope and unchanging valley width.

‘We assessed the potential movement of D5 and Dy, grain sizes for both talus and bedload during the three flood
magnitudes using excess shear stress values. During the 2-year flood, excess shear stress for the D5, bedload
consistently exceeded the transport threshold at nearly every site location (39 out of 40) (Figure 5b; Figure 6b).

GROEBER AND LANGSTON

8 of 17

08 FTOT "T106691T

sy waory

SUOHIPUC) PUE SULSL, 3 205 TrZ0zE0/91] ve Aeqr] SWmO A * BRI SEIS SEEY - uo)siuET T TERNqY 49 Z19L0040ET0Z/6T01 01 1OP/mo L3m Al

PO Aa A

SSUSOYT SUOMIIO ) Sarear]) qqeargde g fq paLLacd are SYPIIE iy 60 Jo sy so) ARl SUrpQ AS[IA e (Suony



AP .
A Journal of Geophysical Research: Earth Surface 10.1029/2023JF007612
AND SPACE SCIENCES
a Main Stem Buffalo River

£ { l

E

g

2o o o e

Lot IBounle Fon‘nationl Ewid? vallely) IE\rert?n Ful:rnatiuln {narrow \falley]l

b

£ a0
& &8 8 & &£ & ‘9"@ B R A

&
&
sample locations (upstream to downstream)

& L L
ST T F S

Little Buffalo River

B s
10% @ Bedicad

grain size (mm)
=
2,

10t

O @
&

a0

Boone Formation (wide valley) Everton Formation (narrow valley)
I - M O L

sample locations {upstream to downstream)

Figure 4. Talus (red) and bedload (blue) grain sizes at all site locations on the Main Stem Buffalo River (a) and the Little Buffalo River (b). The top whisker represents
the Dy, grain size, the center marker represents the D5 grain size, and the bottom whisker represents the D ; grain size. In the upstream reaches, the Boone Formation is
shaded with gray boxes, and in the downstream reaches, the Everton Formation is shaded with tan boxes. (a) Main Stem Buftalo River: Site B9m is colored light orange
because there are only six individual talus blocks in the distribution. We exclude B9m for the rest of our analysis. (b) Little Buffalo River: 4/7 site locations in the Boone
Formation reach of the Little Buffalo had no talus pile present.

Excess shear stress for the Dg, bedload grain size also exceeded the transport threshold at most site locations (29
out of 40) during the 2-year flood, although there was a downstream decline in the potential transport of Dg,
bedload grain sizes (Figure 5b; Figure 6b). The calculated excess shear stress values for the 2-year flood align
with prior studies indicating that most bedload should be transported during such events (MacKenzie &
Eaton, 2017). For both the 100-year and 1,000-year floods, excess shear stresses for the D5, and Dg, bedload grain
sizes were well above the transport threshold at every site (Figures S5 and S6 in Supporting Information S1).

Calculated excess shear stresses for talus grains were significantly lower than bedload grains due to the larger
grain sizes of talus. During the 2-year flood event, calculated excess shear stresses for D5, and Dy, talus grain
sizes were well below the transport threshold at the majority of sites along both the Main Stem Buffalo River and
the Little Buffalo River (Figures 7a and 8a). For the 100-year flood event, the D5, excess shear stress values
exceeded the transport threshold at half of the sites in the Boone Formation reaches, while in the Everton For-
mation, the transport threshold for D5 talus grains was not exceeded at any of 22 sites (Figures 7b and 8b). Excess
shear stresses for Dg, talus grain sizes in the 100-year flood were below the transport threshold at nearly all sites in
the Boone and the Everton.
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Figure 5. (a) Calculated boundary shear stress for Main Stem Buffalo River site locations for the two-year, 100-year, and
1,000-year flood discharges (Equation 2). (b) Excess shear stress (z;,/z,) for the bedload material (D5, and Dyg,) during the
calculated 2-year flood in the Main Stem Buffalo River. In the upstream reaches, the Boone Formation is shaded with gray
boxes, and in the downstream reaches, the Everton Formation is shaded with tan boxes.

In the Boone Formation reaches, excess shear stress calculations for the 1,000-year flood showed little change in
transport potential compared with the 100-year flood. Wider valleys in the Boone reaches allow flood waters to
spread out over the valley bottom, resulting in smaller increases in flood height (Figure 3). In the Boone reaches
D5, talus grains were potentially transportable at most (8 out of 12) sites, but even during the 1000-year flood, Dg,
grain sizes were transportable at only two sites (Figures 7c and 8c). In the Everton reaches, excess shear stress
exceeds the transport threshold for the Dy a talus grain size at a single site (out of 22), and Dy, talus grain sizes
remain well below the threshold at every site in the Everton reaches (Figures 7c and 8c).

4. Discussion

Previous research has recognized bedrock erodibility as a pivotal factor in determining valley width, with wider
valleys generally found in areas with weaker bedrock and narrower valleys in locations with more resistant
bedrock (Bursztyn et al., 2015; Johnson & Finnegan, 2015; Scott & Wohl, 2019; Spotilaet al., 2015; Wohl, 2008).
Lithology clearly controls valley width in our study area (Figure 1) (Keen-Zebert et al., 2017), but the mechanism
through which lithology creates wide versus narrow valleys is unknown.

In order to determine if the duration that the talus protects the valley wall helps determine bedrock valley width,
we would ideally work in a setting where the bedrock erodibility is the same in wide and narrow bedrock valleys.
Earlier research in our study area showed that Schmidt hammer values of the Boone Formation were higher than
those of the Everton Formation (Keen-Zebert et al., 2017; Thaler & Covington, 2016). This could suggest greater
erosional resistance in the wide valley lithology and less erosional resistance in the narrow valley lithology,
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. a Little Buffalo River contrary to expectations based on well-established observations that wider
1,000-ear flood valleys typically occur in more erodible lithology. However, bedrock erod-
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Figure 6. (a) Calculated boundary shear stress for Little Buffalo River site

@’0 @‘0

locations for the two-year, 100-year, and 1,000-year flood discharges

(Equation 2). (b) Excess shear stress (z, /7,) for the bedload material (D5, and

Dyg,) during the calculated 2-year flood in the Little Buffalo River. In the

upstream reaches, the Boone Formation is shaded with gray boxes, and in the

downstream reaches, the Everton Formation is shaded with tan boxes.

ibility is a notoriously difficult parameter to characterize (Korup, 2008;
Larimer et al., 2022; Roda-Boluda et al., 2018) and centimeter-scale erod-
ibility characterized by Schmidt hammer measurements does not encompass
other rock properties that determine bedrock erodibility.

Reach scale bedrock erodibility is governed in part by fracture spacing; closer
fracture spacing allows for more frequent bedrock incision through plucking
and potentially less steep channel slopes (Chatanantavet & Parker, 2009;
Chilton & Spotila, 2022). Denser fracture spacing in some sections of the
Boone Formation compared to the Everton Formation (Hudson & Mur-
ray, 2003; Hudson & Tumer, 2007) potentially results in faster rates of lateral
bedrock erosion on the valley wall through plucking. Additionally, bedrock
erodibility is influenced by the degree of chemical weathering. Lithologies
that are more susceptible to chemical weathering (such as the limestones of
the Boone Formation compared to the dolostones and sandstones of the
Everton Formation) can be weakened in situ, potentially accelerating lateral
bedrock erosion through dissolution (e.g., Goodfellow et al., 2016; Murphy
et al., 2016).

The relief of bedrock valley walls is another way that valley-scale bedrock
erodibility can potentially be assessed (Montgomery, 2001; Schmidt &
Montgomery, 1995). We did not observe systematically lower relief walls
in the wide valleys of the Boone and higher relief walls in the narrow
valleys of the Everton (Figures 1c and le), although the tallest walls were
in the narrow valley reach (Langston et al., 2024). This leaves open the
possibility that the erodibility of the two lithological units is more similar
than the fracture spacing or chemical susceptibility would suggest. We
cannot disregard the possibility that the differences in valley width in our
field area could be the result of different bedrock erodibilities and different
rates of lateral bedrock erosion, with no significant effect of how often
talus piles are transported away from valley walls. But, the similarity of
metrics that characterize erodibility on both centimeter and valley scales
suggests that additional mechanistic controls on valley width could also be
at work.

4.1. Variation in Talus Grain Sizes

Our observations of variation in talus grain sizes between the narrow and wide valleys along the Buffalo River

may shed light on the mechanisms of valley widening along the river's course. Our results show that the grain

sizes of blocks in talus piles in wide valleys versus narrow valleys may be a significant factor that controls the
potential transport of talus piles away from bedrock valley walls. The varying talus grain sizes may explain why
narrow valleys remain narrow; larger blocks persist along the valley walls for extended periods, preventing lateral
erosion at the base of the valley wall until the talus pile is eventually removed.

One possible explanation for these differences in valley width within lithological river reaches could be attributed
to varying rates of chemical or physical weathering of the bedrock talus blocks. Weathering processes gradually
reduce the size of talus blocks over time until they reach a size that can be transported by the river. Notably,

limestone blocks of the Boone Formation tend to undergo chemical weathering at a faster rate than the sandstone
and dolostone blocks of the Everton Formation (Covington et al., 2015; Covington & Vaughn, 2019; Keen-Zebert
etal., 2017). In a scenario where talus blocks in wide and narrow valleys arrive at the valley bottom with similar
grain size distributions but with different chemical weathering rates, the more soluble talus blocks could weather

into a transportable size more rapidly. This would result in less time spent obstructing the valley wall from further
lateral erosion and undercutting, potentially leading to a wider valley.
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Figure 7. Excess shear stress (z;,/z,) for talus grains (D5 and Dg,) in the Main Stem Buffalo River during the calculated 2-
year flood (a), the 100-year flood (b), and the 1,000-year flood (c). The transport threshold where excess shear stress = 1 is
indicated with a black dashed line. In the upstream reaches, the Boone Formation is shaded with gray boxes, and in the
downstream reaches, the Everton Formation is shaded with tan boxes. As there were only six individual talus grains at site
B9m, this site was excluded from analysis.

Another plausible explanation is that talus from different lithologies arrives at the base of bedrock cliffs with
substantially different grain size distributions (e.g., Attal & Lavé, 2006). Characteristics of the bedrock lithology,
such as fracture spacing, affect the size of talus blocks sourced from the valley walls (Verdian et al., 2020) much
as fracture spacing controls the size of blocks released by hillslopes (DiBiase et al., 2018; Sklar et al., 2017). If
talus blocks arrive at the valley bottom with inherently different grain size distributions, the rate of talus block
weathering does not play a critical role in determining the persistence or mobility of the talus. The smaller talus
blocks should be transported away from valley walls more rapidly than larger talus blocks regardless of
weathering rate.

In our study area of the Buffalo River, it appears likely that both differences in weathering rates and bedrock
properties influence the grain size distributions of talus blocks, although neither of these scenarios have been
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Figure 8. Excess shear stress (r,,/7_) for talus grains (Ds; and Dgy) in the
Little Buffalo River during the calculated 2-year flood (a), the 100-year
flood (b), and the 1,000-year flood (c). The transport threshold where excess
shear stress = 1 is indicated with a black dashed line. In the upstream
reaches, the Boone Formation is shaded with gray boxes, and in the
downstream reaches, the Everton Formation is shaded with tan boxes.

tested. The smaller overall talus grain size in the Boone Formation sites
suggests that bedrock properties (e.g., fracture spacing) may cause talus
blocks to reach the base of the valley already smaller than those in the Everton
talus. The substantially larger range of talus grain sizes in the Boone For-
mation implies that talus piles may have a range of residence times in the
valley bottom, and a range of durations of chemical weathering that reduces
block size. Regardless of the primary control on talus block size in the
Everton Formation, it appears that these conditions remain consistent going
downstream in the river, as indicated by the remarkably uniform talus grain
size distributions over a 30-km stretch and between the two study reaches
(Figure 4). The vast majority of Everton talus blocks consist of sandstones
and dolostones, suggesting that the chemical and physical weathering pro-
cesses responsible for reducing block size occur at a much slower pace than
the limestone of the Boone Formation. If talus blocks in the Everton For-
mation reaches were rapidly decreasing in size over time, we would expect to
find a wide range of talus grain sizes along the study reach, representing talus
in various stages of the weathering process.

4.2. Excess Shear Stress

We calculated maximum shear stresses acting on the riverbed to estimate the
excess shear stress required to initiate the transport of talus blocks. Because
flow velocity at the edges of the channel is often slowed by the presence of
vegetation and other roughness elements (Yager et al., 2018; Yang
et al., 2015), the actual shear stresses needed to initiate the transport of talus
blocks are likely higher than our calculations indicate. Although our calcu-
lations probably underestimate shear stress, the comparison of excess shear
stresses in the Boone Formation and the Everton Formation is still reasonable,
as shear stress along the entire study reach is equally underestimated.

The downstream trend in excess shear stresses for talus grains is striking.
Talus blocks in the Boone Formation are consistently well above the transport
threshold during larger floods, whereas they abruptly fall below this threshold
in the Everton Formation (Figures 7 and 8). Talus block transport is possible
at half of the sites in the Boone Formation reaches during the 100-year flood,
while in the Everton reaches the vast majority of talus blocks are below the
transport threshold even during the 1,000-year flood. This trend lends further
support to our hypothesis that the frequency of talus material transport may
play a crucial role in controlling valley width: if the talus piles that line
bedrock valley walls cannot be transported or are transported away from the
wall very infrequently, the bedrock valley wall cannot be accessed to laterally
erode and further widen the valley.

This pattern of more frequent transport of collapsed bedrock wall material in
the wide valley study reaches might also explain the absence of talus piles at
numerous locations in the Boone Formation, especially within the Little
Buffalo River. In the Little Buffalo talus piles at the base of valley walls were
present at only three out of seven sites in the Boone and when talus piles were

present, they tended to have larger grain sizes than in the Main Stem (Figure 4b). The scarcity of smaller talus
grains and talus piles in the Boone Formation reach of the Little Buffalo could imply that these smaller talus grains
and entire talus piles are frequently transported away by the river.

Conversely, our results suggest that the talus remains in place for long intervals of time in the Everton Formation,
shielding valley walls from lateral erosion and further widening. Talus blocks that are not transported by the
1,000-year flood remain in place until they weather down to a transportable size or until an extreme flood event
exceeding the magnitude of the 1,000-year flood occurs to mobilize the talus blocks. Considering the relative
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resistance to weathering of sandstone and dolostone talus blocks in the Everton Formation, it is likely that in-
dividual talus piles may endure substantial periods at the base of valley walls in these reaches. Moreover, if talus
piles are indeed more persistent in the Everton Formation, there is a greater likelihood of vegetation being
established on these piles. Although this study did not include a systematic evaluation of vegetation, there
appeared to be a higher density of vegetation on the talus piles of the Everton Formation. Vegetation can both
anchor the talus pile and increase bed roughness, slowing the flow and making talus block transport less likely
(Yager & Schmeeckle, 2013). To initiate talus transport on vegetated talus piles, there is an additional obstacle of
also exceeding the critical shear stress required to initially strip the vegetation from the talus pile.

Our results showing that Dg, bedload grains are either above or just under the transport threshold during the two
year flood (Figure 6) support the observation that bedload grain sizes observed on gravel bars typically represent
grains regularly transported by the river during bankfull flows and moderate flood stage discharges (Attal
et al., 2015; MacKenzie et al., 2018; Parker, 1978; Wilcock & McArdell, 1993). Consequently, a metric for
describing the relationship between bedload grain size and talus grain size could be used to evaluate the potential
transport of talus blocks solely from the comparison of talus and bedload grain sizes (Figure 4). The pattern of
more potential talus transport in the Boone Formation reaches (Figure 7) is caused by a combination of smaller
talus grain sizes and higher boundary shear stresses upstream and larger talus sizes and decreasing shear stresses
downstream. The observed trend in the overlap of talus and bedload grain sizes (Figure 4) shows a similar pattern,
but without the need for explicit shear stress calculations. The magnitude of grain size overlap between the talus
and bedload grains appears to be related to the how close or far talus grains are from potential transport (Figures 3
and 7). At locations where the largest bedload grains and the smallest talus grains are close in size or even
overlapping, talus blocks are closer to potential transport by the river, as shown by locations B7m, B2m, B 10m,
and E11m (Figures 3 and 7). However, where the smallest talus blocks (D,4) are multiple grain size classes larger
than the largest (Dg4) bedload, talus block transport is very unlikely at typical or even historic discharge levels
(e.g., locations E8m, E14m, and E17m). We have not precisely defined how to quantify “overlap” between the
talus and bedload grain size distributions, and such a definition is beyond the scope of this study. Despite the
uncertainties of how to quantify such a transport metric from talus and bedload grain sizes, the possibility of a
metric that characterizes potential transport without requiring a record of hydrological measurements is
intriguing.

4.3. Implications for Channel, Valley, and Landscape Evolution

Although we cannot definitively differentiate the effects of bedrock lithology and mobility versus persistence of
talus on bedrock valley width, our data support the idea that talus mobility plays a role in determining bedrock
valley width and the rate of bedrock valley widening. A similar mechanism has been noted in alluvial rivers,
where collapsed valley walls can shield the valley wall from further erosion (Malatesta et al., 2017). Additionally
in alluvial rivers, valley wall height has been shown to limit valley width by supplying pulses of sediment that
overwhelm the channel's ability to transport that sediment, and potentially force the channel to narrow (Malatesta
etal., 2017; Tofelde et al., 2022). In bedrock valleys, the relationship between valley width and valley wall height
has not yet been demonstrated, although it has been suggested (Langston & Temme, 2019). If valley wall height is
a proxy for talus pile volume, then all else being equal, larger talus piles will take longer to evacuate, shielding
valley walls for longer durations. Our results show the variability in potential talus transport and imply that the
volume of the talus pile may control valley width, but only if the talus grains can be transported by the channel.

Boulders can inhibit vertical bedrock incision by shielding the channel bed and reducing flow velocity (Shobe
etal., 2021), much as we conceptualize talus protecting valley walls from lateral bedrock incision. Inputs of large
talus blocks can act as boulders and steepen channel slopes, creating local knickzones (Brocard & van der
Beek, 2006; Thaler & Covington, 2016), can potentially narrow the channel or push it away from the valley wall
and ignite a new meander, although we did not observe any of these events in our field sites. How boulder or talus
armoring of the channel bed and valley wall would impact the relative rates of vertical and lateral erosion is
strongly dependent on the specific fluvial setting. In a case where the channel narrows and straightens due to
boulder/talus input to the channel bed, potential lateral erosion may decrease due to decreased channel curvature
and laterally directed shear stress (Langston & Tucker, 2018). Alternatively, a narrowed, straightened channel
may drastically increase the transport capacity of the river, allowing more rapid talus export and faster exposure of
bedrock valley walls to laterally widen (Croissant et al., 2017).
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5. Conclusions

QOur study investigated the impact of the frequency of talus block transport on the development of wide versus
narrow bedrock valleys. We collected data from 40 field locations in the Buffalo River watershed in both wide and
narrow valleys. Our findings highlight significant differences in talus pile characteristics between wide and
narrow valleys, with smaller and more variable talus grain sizes in wide valleys compared to larger talus blocks
with little size variation in narrow valleys. Furthermore, we observed that the largest bedload grain sizes and
smallest talus grain sizes often overlap in wide valleys, contrasting with the absence of overlap in narrow valleys.
Excess shear stress calculations demonstrated that talus in the wide valleys is transported more frequently
compared with talus in narrow valleys.

Our results suggest that the duration for which a talus pile shields the base of a bedrock valley wall may play a role
in the development of wide valleys and the maintenance of narrow valleys. The size of talus blocks is only one of
several factors that influence how long talus piles protect valley walls from further widening; other considerations
include talus pile volume, weathering characteristics of talus blocks, and bed shear stress at the talus pile location.
This study not only provides empirical support for a conceptual model of valley widening (Langston &
Temme, 2019) but also advances our understanding of bedrock valley widening processes, moving beyond the
classic, purely empirical approach for predicting valley width. Although these findings apply specifically to the
Buffalo River, they offer a gateway for further investigation and enhanced understanding of bedrock valley
widening processes.

Data Availability Statement

Field data from the Buffalo River and Little Buffalo River reported in this manuscript can be accessed at
(Langston et al., 2024) https://doi.org/10.5281/zenodo.10463303.
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