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Erosion dynamics in carbonate bedrock channels inhibit
weathering processes
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of the dissolution of soluble carbonate minerals. Here, we present a study of rock

rock erodibility were assessed using Schmidt hammer surveys conducted in 12 cross-
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silicate channels where erosion outpaces weathering. Bedrock inundation interval is
a key control on bedrock erodibility, although to a lesser degree than channels in sili-
cate lithologies. Where the channel margin is not regularly inundated by flow,
weathering processes which weaken the rock are still present but may be locally off-
set by dissolution driven by soil seepage of low pH runoff which erodes weathered
material. Furthermore, we do not always observe the expected impacts of
weathering and erosion on channel geometry, with channel geometry seemingly
more sensitive to the availability of abrasive tools (sediment supply). Long-term esti-
mates of abrasion and dissolution rate are broadly equivalent at our study site further
demonstrating the effectiveness of dissolution at eroding carbonate lithologies,
although further work is needed to isolate feedback between these two variables.
Future studies of bedrock incision processes in carbonate landscapes should re-
evaluate how mechanical erosion and dissolution are represented, and how sensitive
the balance of these processes is to potential changes in inundation frequency and

climate.
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1 | INTRODUCTION (e.g., base-level, climate) are transmitted across landscapes, driving

changes in hillslope erosion rate, hillslope-channel connectivity, valley
Bedrock channel incision rates are intrinsically linked to bedrock erod- geometry and downstream sediment supply (e.g., Brocard & van der
ibility (e.g., Limaye & Lamb, 2014; Murphy et al, 2016; Sklar & Beek, 2006; Burbank et al., 1996; Giachetta et al., 2014; Hurst
Dietrich, 2001; Small et al., 2015). The rate at which bedrock channels et al, 2013; Limaye & Lamb, 2014; Schlunegger et al., 2001;
vertically incise mediates how changes in boundary conditions Whipple, 2004). Material properties of bedrock resist erosion and the
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erodibility of the rock can be directly related to measurements of ten-
sile strength (e.g., Lamb et al., 2015; Scheingross et al., 2014; Sklar &
Dietrich, 2001), compressive strength (e.g., Kent et al., 2020; Lifton
et al., 2009; Murphy et al., 2016; Shobe et al., 2017), discontinuity
spacing (e.g., Spotila et al., 2015) and mineral grain size (Larimer
et al., 2022; Turowski et al., 2023).

Chemical and physical weathering processes can reduce rock

tensile strength, making surfaces more susceptible to mechanical
erosion by particle impacts (abrasion) and by removal of fracture-
bound blocks of bedrock by hydraulic action (plucking) (e.g., Murphy
et al., 2016). Here, we define weathering processes as those that
contribute to the in-situ breakdown of rock, while erosion is defined
as the dynamic removal of rock surface material. Bedrock is
mechanically eroded when material is dislodged from the surface
(abrasion and plucking), which can be aided through the develop-
ment of coalescing micro-scale crack networks caused by accumu-
lated damage from sediment impacts and chemical weathering
(e.g., Chatanantavet & Parker, 2009; Larimer et al., 2022; Sklar &
Dietrich, 2001). Additionally, bedrock surfaces may develop laterally
extensive planes of weakness (e.g., along bedding planes) that facili-
tate the plucking of larger intact blocks during high-magnitude flows
(e.g., Beer et al., 2017; Whipple et al., 2000). Chemical and physical
weathering processes can also expand natural discontinuities in the
rock surface (e.g., via freeze-thaw), and accelerate erosion through
block plucking by shear flow even in the absence of bedload
sediment transport (Lifton et al, 2009). Parts of the channel
cross-section that are frequently inundated experience higher rates
of mechanical erosion through bedrock abrasion and/or plucking,
which modulates rock strength by removing weaker weathered
material (Murphy et al., 2018), resulting in mechanically stronger sur-
faces that are characterised by low bedrock erodibility. Total erosion
in this instance is set by the rate at which unweathered material is
removed from bedrock surfaces by mechanical erosion. In this sce-
nario, weathering rates could be described as kinetically-limited, as
fresh mineral surfaces are exhumed faster than weathering fronts
can develop (e.g., West et al., 2005).

Conversely, in parts of the channel cross-section that are infre-
guently inundated, weathering fronts have time to develop in the sur-
ficial few millimetres of the rock surface (e.g., Montgomery, 2004;
Phillips et al., 2019), resulting in higher bedrock erodibility (Shobe
et al,, 2017). In sedimentary lithologies (e.g., sandstone, mudstone),
surface weathering rind thickness has been shown to be less in con-
tinuously submerged parts of the channel, relative to bedrock valley
faces which experience frequent cycles of wetting and drying
(Montgomery, 2004). Johnson and Finnegan (2015) demonstrated
that repeated cycles of wetting and drying can weaken bedrock bank
material depending on the material properties of the bedrock. Weak-
ened weathered or fractured rock may then be entrained or eroded
by clear water flow (e.g., Howard, 1998). Because weathered material
at the rock surface is less frequently removed on the channel margins,
weathering rates may eventually be limited by the absence of fresh
minerals being exhumed to the rock surface (i.e., mineral-supply lim-
ited weathering). Therefore, we expect that the relative balance of
weathering and erosion should produce differences in bedrock erod-
ibility around the channel perimeter.

Modelling studies exploring the effect of bedrock weathering on

channel geometry and slope in response to variable discharge and

erosion rate, have suggested that more erodible weathered channels
(e.g., mineral supply-limited) are wider, deeper and less steep than
non-weathered channels (e.g., kinetics-limited) all else being equal
(Hancock et al., 2011). Field observations by Shobe et al. (2017)
suggested that patterns of channel erodibility are driven by spatially
variable erosion rates, which influence channel width-to-depth ratios
through the relative balance of weathering and erosion on the channel
thalweg and banks. Existing studies exploring the relative balance of
in-channel weathering and erosion in bedrock channels have focused
on catchments characterised by silicate-rich lithologies (e.g., Anderson
et al., 2000 (metagreywacke, metapelites); West et al., 2005 (granit-
oid, felsic metapelites); Emberson et al., 2016 (schist, greywacke, argil-
lite); Shobe et al., 2017 (schist, metagreywacke); Bufe et al., 2021,
2022 (shale, sandstone, granitoid)). To date, carbonate lithologies
(e.g., limestone, dolomite) have largely been overlooked in landscape
evolution studies despite them covering 10-12% of ice-free continen-
tal areas (Ford & Williams, 2007; Ott et al., 2019).

In carbonate landscapes, dissolution results in the simultaneous
removal of soluble (e.g., calcite) and surrounding insoluble minerals
from rock surfaces. In this sense, dissolution can contribute to bed-
rock erosion in carbonate channels and can occur in addition to
mechanical erosional processes such as abrasion and plucking. How-
ever, dissolution can also be considered as a chemical weathering
process. In the absence of flowing water (e.g., ponded water in bed-
rock depressions), in-situ weathering of bedrock surfaces may also
occur at a very localised scale via the dissolution of soluble minerals.
While the controls on mechanical erosion rates are relatively well-
understood (e.g., the ‘tools and cover’ effect; Sklar & Dietrich, 2001),
there is a lack of understanding of carbonate lithology dissolution
rates, patterns of surface lowering by dissolution within a channel
cross-section and the implications for the exposure of rock surfaces
to weathering. Potential feedback between dissolution and
mechanical erosion rates also remains largely unexplored at the chan-
nel reach scale. Calcite dissolution in 28 U.S. Geological Survey-
monitored streams has been estimated to result in erosion rates in
the order of a few tenths of a millimetre per year (Covington
et al,, 2015; Covington & Vaughn, 2019), which implies our current
understanding of landscape evolution, driven purely by mechanical
processes, may be missing a significant component of surface
lowering in carbonate landscapes.

Here, we investigate the relationship between bedrock channel
geometry and the distribution of rock erodibility where surface
lowering is a function of weathering, dissolution and mechanical
erosion. Using field evidence from channels incised into limestone,
we assess the feedback between bedrock erosion, weathering and
rock erodibility, applying the methodological framework of Shobe
et al. (2017). We isolate the roles of abrasion and dissolution on
rock erodibility and channel geometry by comparing two channels
with contrasting bedload sediment supply but otherwise similar
boundary conditions (e.g., lithology, climate, temperature) and calcu-
late multi-decadal estimates of bedrock abrasion and dissolution
rates using environmental data. This analysis specifically allows us
to explore (1) patterns of bedrock erodibility in carbonate channels,
(2) the role of bedload sediment supply and dissolution on carbon-
ate bedrock erodibility and geometry and (3) how cross-sectional
patterns of bedrock erodibility vary between carbonate and non-

carbonate landscapes.

5U8d17 suowwoD aAeaID a|gedt|dde sy Aq pautenob afe sapoie YO ‘8sn Jo SajnJ oy Aridi]auljuQ A3[1AN UO (SUO 1 IPUOD-pUe-SWLBIW0D A3 | 1M ARe.d Ul |uo//Sd1y) SUOIIPUOD pue SWiB | 8y 88S *[G20z/70/72] uo AriqiTauliuo AB|IM ‘S31 Ag 2900, dss/200T OT/I0p/Wwod A8 1IM AReiq 1 Ul UO//:SANY WOy papeojumod ‘G ‘G20z ‘LE86960T



DINGLE ET AL.

2 | STUDYSITE

The Moor House Bedrock River Observatory (MH-BRO) is located
within the Moor House Upper Teesdale National Nature Reserve
(North Pennines, UK; Figure 1a), which is an established research site
for ecological and environmental monitoring and part of the UK
Environmental Change Network. Within the MH-BRO site, we focus
on two bedrock channel reaches, in the Trout Beck (drainage area
of ~8 km? and Rough Sike (~1 km? mixed bedrock-alluvium
catchments. Both channels are characterised by a flashy, temperate
hydrological regime due to the high rainfall (annual total precipitation
~ 2000 mm yr-1; [Burt et al, 1998]) and extensive blanket peat,
moorland land cover (Figure 2). During winter months, the region
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frequently experiences sub-zero (°C) temperatures and bedrock chan-
nel banks experience frequent cycles of freeze-thaw physical
weathering (S| Figure S1). In both areas, channels are incised into the
same underlying geological parent unit of interbedded Carboniferous
limestone, sandstone and shale units (Johnson & Dunham, 1963;
Figure 1b). The main study channels are formed in the Tynebottom
Limestone member which consists of a blue-grey, thick-bedded, fossil-
iferous, stylolitic limestone with intercalated thin mudstone beds. The
rocks are part of a structural unit known locally as the Alston Block,
consisting of a comparatively stable area of basement rocks bounded
by faults. The main strata dip gently in an east-north-easterly
direction, approximately parallel to the Trout Beck stream, with

1

mid-Pleistocene uplift rates estimated at 0.2 mmyr - and

umaestone (unspecified, Upper group) ‘

Limestone (unspecified, Middke group) ‘
- Umestone (specified units)
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FIGURE 1 The moor house Bedrock River observatory (MH-BRO) study location. (a) The location of MH-BRO in the north Pennines natural
landscape in northern England. (b) Digital elevation model and trout Beck and Rough Sike catchment outlines. Red star shows the location of the
National River Flow Archive (NRFA) gauging station (station number 25003, grid reference NY757335). White boxes show the locations of the
bedrock study reaches in each catchment (panels d and e). (c) Map of key lithologies within MH-BRO, digitised from Johnson and Dunham (1963).
(d) Bedrock study reach in trout Beck, with cross-sections shown in red. (e) Bedrock study reach in Rough Sike, with cross-sections shown in red.
aerial images in panels D and E are 0.25 m resolution, downloaded from Getmapping, using EDINA aerial Digimap service (accessed 7th

March 2024).
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NRFA gauging station 25003

FIGURE 2 15-minute

discharge record between 1991
and 2022 from the UK National
River Flow Archive gauging station
number 25003 ‘Trout Beck at
Moor House’ located ~300 m
downstream of the confluence of
trout Beck and Rough Sike (see
Figure 1).
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subsequently altered by glacio-isostatic adjustment and erosion.
Present-day estimates of crustal movement (i.e., uplift or subsidence)
are negligible for the region (e.g., Shennan, 1989).

Carbonate dissolution microtopography (karren, scallops) is
abundant along the perimeter of the channels, where dissolution can
be driven by acidic runoff and seepage from the adjacent blanket
peat, as well as flow in the active channel. In the lower channel, local
microtopography is also generated by abrasion and pothole formation
processes. During the low flow, planar bedrock surfaces (benches)
are exposed across much of the channel bed, ~0.1 to 0.3 m above
the channel thalweg, which is incised into a narrower ‘low flow’
channel (> 1 m wide). Where seepage collects within depressions in
bedrock microtopography (i.e., it is not freely flowing), bedrock can
appear highly weathered at a very localised scale. Both channels are
approximately rectangular, and their banks are largely composed of
horizontal/sub-horizontal bedded limestone units of 0.1 to 0.7 m
thickness, with channel bank heights ranging from 0.8 to 2 m.
Channels at Trout Beck are typically wider (~4-6 m) than at Rough
Sike (~2-4 m) which reflects the contrast in upstream drainage areas.
Blanket peat, typically varying between 1 and 2 m in depth, fringes
both channels and delivers acidic runoff to the channel margin. The
streamflow pH of both Rough Sike and Trout Beck typically varies
between 4.7-7.1 and 5.3-8.1, respectively, where pH is negatively
correlated with discharge in both channels highlighting the acidic
nature of the blanket peat-dominated catchment hydrology
(Sl Figure S2).

Despite the proximity of the channels to one another, we hypoth-
esize that the relative importance of weathering, dissolution and
mechanical erosion in Rough Sike and Trout Beck is likely to differ
because sediment supply (from incised glaciofluvial deposits beneath
the peat) has largely been evacuated from the Rough Sike channel
and banks. As such, dissolution is hypothesized to set patterns of rock
erodibility in Rough Sike. In contrast, the larger Trout Beck system has
ample coarse sediment supply that is frequently mobilised by high
flow events (Ferguson, Sharma, Hardy, et al., 2017), and there is wide-
spread evidence of bedrock abrasion and plucking on the channel bed
(Figures 3 and 4). As such, both dissolution and mechanical erosion
are hypothesised to set patterns of bedrock erodibility and channel
geometry in Trout Beck. Bedload is typically comprised of sub-
rounded to rounded sandstone and limestone particles varying in size
up to ~200 mm (e.g., Ferguson, Sharma, Hodge, et al., 2017) that are
widespread in alluvial cover upstream of the bedrock reach
(Figure 1b). While sediment cover on the bed of the channel may
inhibit or reduce potential bedrock dissolution rates (e.g., Covington

et al., 2015), the bedrock reach on Trout Beck is largely free of

persistent sediment cover which should maximise potential abrasion
rates during peak flow events. We therefore anticipate that erosion
may outpace weathering at Trout Beck, resulting in narrower and
steeper channels with more uniform patterns of rock erodibility
(e.g., Hancocket al., 2011).

3 | METHODS

3.1 |
surveys

Morphological analysis - cross-section

Channel cross-sections were measured at Rough Sike and Trout Beck
(five and seven sites, respectively; Figures 1, 3, and 4) to characterise
channel reach morphology and locate Schmidt hammer surveys.
Cross-sections were surveyed using a tape measure and metre staff,
while also noting the distribution of vertically aligned dissolution fea-
tures and limestone bedding planes on the banks. Water surface slope
(S) was calculated during low flow conditions using an EMLID Reach
RS + RTK GPS with survey accuracy of +0.02 m, down a stream
length equivalent to ~5-10 channel widths (Table 1).

At Rough Sike, cross-section 1 (RS1) is situated between two
~1 m vertical knickpoints, one of which is associated with a mineral
vein. RS2, RS3 and RS4 are located downstream of the mineral vein in
a confined bedrock gorge (Figure 3a-d). RS5 is located at the distal
end of the confined bedrock reach, before the channel transitions into
a mixed alluvial-bedrock reach (Figure 3e). Small patches of fine gravel
are present on the bed upstream of RS1, and coarser sediment and
boulders occur on the bed downstream of RS5 but are rare within the
bedrock gorge. At Trout Beck, TB1 is located downstream of an allu-
vial reach characterised by relatively coarse grain sizes (Dso = 36 mm,
Dg4 = 116 mm; Ferguson, Sharma, Hodge, et al., 2017) and is immedi-
ately upstream of the primary waterfall (~2 m high) (Figure 4a) which
is incised in the main limestone unit but does not appear to corre-
spond to any obvious lithological contact. TB2 to TB5 are within the
confined bedrock gorge (Figure 4b-e). TB6 is at the downstream limit
of the gorge, where the channel is starting to become unconfined
(Figure 4f). At TB7, the channel is mixed bedrock-alluvial, and laterally
unconfined on the right bank (Figure 4g). Sediment cover in the chan-
nel is highly variable. TB1 is virtually sediment-free. Sediment is
often evident within the low flow portion of the channel in TB2 to
TB5 (0-40%) with nearly full bed coverage at TB6 (ranging in size
from fine gravel to boulder) (Figure 4). Section TB7 is bounded by
alluvial channel banks with gravel sediment in the low-flow channel

(covering approximately 10-20% of the bed).
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FIGURE 3 (a)-(e) Cross-sections on rough Sike from upstream to downstream (RS1 to RS5), (f) distribution of vertically aligned dissolution

features at top of bank face, and scallops present near the channel bed.

32 |

Schmidt hammer surveys

To characterise rock erodibility, compressive strength measurements
were taken using an N-type Schmidt hammer (Viles et al., 2011). The
Schmidt hammer does not provide a direct measure of uniaxial com-
pressive rock strength, but rather a proprietary unit of compressive
strength, Q, which corresponds to the rebound velocity of the ham-
mer on striking the rock surface (Aydin, 2015). Higher Schmidt ham-

mer values reflect greater rock compressive strength and have been

used extensively to explore spatial patterns of weathering rates and
processes (e.g., Larimer et al., 2022; Nicholson, 2008, 2009). Estimates
of rock uniaxial compressive strength have also been made from
Schmidt hammer rebound data from a range of rock types
(e.g., Morales et al., 2004) and correlate with point load data.

At least six evenly spaced vertical sets of 25 Schmidt hammer
measurements were collected between the channel thalweg and bank
top (Table 1), on vertical rock surfaces that were free of vegetation.

We did not sample on especially uneven or fractured surfaces where
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FIGURE 4 (a)-(g) Cross-sections on trout Beck from upstream to downstream (TB1 to TB7), (h) shows vertically aligned dissolution features

(rillenkarren) beneath overhanging blanket peat.

the Schmidt hammer may not return accurate rebound values
(e.g., Aydin, 2015). At TB7, where the banks are largely alluvial, mea-
surements were restricted to the exposed bedrock bed (Figure 4). In

the confined bedrock reaches, we did not include the uppermost

section of banks if there were clearly imprinted by vertical dissolution
features (e.g., Figures 3f and 4h), formed by bank-top seepage from
adjacent blanket peat. A separate dataset assessing for differences in

Schmidt hammer value on horizontal and vertical surfaces was also
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TABLE 1 Cross-section characteristics and sampling details.

Cross-section ID Low flow water surface slope (m/m)*

RS1 0.022 150
RS2 0.082 150
RS3 0.048 150
RS4 0.069 150
RS5 0.015 150
TB1 0.041 175
TB2 0.002 150
TB3 0.028 150
TB4 0.019 150
TB5 0.017 150
TB6 0.016 150
TB7 0.011 150

Number of Schmidt samples

Description

Low gradient, semi-confined
High gradient, confined
Intermediate gradient, confined
High gradient, confined

Low gradient, semi-confined
Top of waterfall, semi-confined
End of plunge-pool, wide, confined, low gradient
High gradient, confined

High gradient, confined

High gradient, confined
Intermediate gradient, confined

Low gradient, unconfined

*Elevation data used to calculate slope values were within +0.02 m vertical accuracy.

collected to test for systematic differences that may arise through

hammer angle (see Supporting Information).

3.3 | Bedrock inundation interval and stream
power calculations

Bedrock inundation intervals (i.e., a measure of how often parts of the
bedrock bank are inundated) were calculated using flow-frequency
analysis of 15-minute interval discharge data available from the Envi-
ronment Agency Trout Beck gauging station (1991-2022; Figure 2).
To calculate flow-frequency statistics on each channel, data from the
Trout Beck gauging station were scaled by upstream catchment areas
for the Trout Beck and Rough Sike study reaches. Previous work on
Trout Beck has suggested a near 1:1 fit between measured and scaled
discharges using catchment area ratios, and in lieu of directly mea-
sured discharges we assume this area ratio approach can be similarly
applied to Rough Sike given the comparable catchment characteristics
and proximity (Sharma, 2016). As there are no significant tributaries
entering either study reach, we assumed that discharge should not
vary substantially between cross-sections, so a single discharge scaling
was used on each channel based on the contributing drainage area of
the most upstream cross-section. The overall change in catchment
area between the most upstream and downstream cross-sections was
1.1% and 1.4% on Rough Sike and Trout Beck, respectively,
supporting our approach.

A Gumbel distribution was fitted to the 32-year of scaled maxi-
mum annual flow measurement data to calculate flow-frequency sta-
tistics for both study reaches. Using the cross-section profiles and the
flow-frequency analysis, a discharge rating curve was created at each
cross-section. Cross-sectional area with height above the thalweg was
measured at 5 cm vertical intervals and multiplied by the cross-
sectional mean flow velocity from Manning's equation to calculate
discharge (Q,,) at each 5 cm interval. Each 5 cm interval corresponded
to <0.1 m® s of Q,, so where inundation levels fell between incre-
ments, we rounded to the nearest 5 cm. We justify this approach
owing to the relatively small impact this would have on calculated
inundation interval relative to errors generated by the simplification
of cross-sectional geometry. We used the measured low-flow water

surface slope (S) at each site (Table 1). Manning’s n has previously

been calculated for a range of discharges in Trout Beck and reduces
with increasing Q,, from ~0.09 to 0.2 when Q,, < 1 m® s, to values
of ~0.04-0.08 when 1 > Q,, > 10 m3s?t (Ferguson, Sharma, Hardy,
et al., 2017). There is considerable variability in the absolute values of
n between ~100 m long reaches on Trout Beck, so it is difficult to
ascribe a single value of n relative to Q,. In our calculations of Q,,, we
simplify Manning’s n to a representative value of 0.07 based on obser-
vations made by Ferguson, Sharma, Hardy, et al. (2017), and because
the inundation interval statistics we use represent discharges > 1 m®
s~L. The calculated Q,, at each stage interval was then compared to
the flow-frequency analysis to calculate the inundation depths and
channel widths of the 2-year (Q,), 10-year (Qq0) and 50-year (Qso)
inundation interval discharges. The approximate channel width (w) of
the Qqo discharges were also measured from the cross-section
profiles.

Shobe et al. (2017) suggested that gradients of rock compressive
strength should increase with erosion rate. Their study location
spanned between the Potomac River and Piedmont province, where
103-10° yr erosion rates differ by an order of magnitude due to a
migrating knickzone. By assuming a simple linear extrapolation in ero-
sion rate between these two regions, Shobe et al. (2017) used unit
stream power (Q2) as a proxy for erosion rate in the absence of direct
measurements. Given the post-orogenic nature of our study site, we
would expect erosion rates to be uniformly low across MH-BRO.
However, we test for spatial variability in Q to explore possible drivers
in patterns of bedrock erodibility. We calculate Q using the Q4 flow
statistic at each cross-section where:

_ P3QwS
Q=== 1)

where p = fluid density (kg m~3) and g = gravitational acceleration

(ms2).

3.4 | Long-term abrasion rate estimates
To quantify the potential effectiveness of mechanical erosion
(by saltation-abrasion) in Trout Beck, we use the 15-minute gauged

flow record (1991-2022) and bedload impact plate data from our
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study reach in a modified version of the saltation-abrasion model. The
saltation-abrasion model was originally developed for quantifying
erosion rates (E) produced by abrasion of planar bedrock surfaces by

saltating sediment particles (Sklar & Dietrich, 2004) where:

E=VilF, (2)

where V; is the volume of rock eroded per particle impact, I, is the
particle impact rate per unit area and F. is the fraction of the bed
exposed to streamflow. In Trout Beck, we assume that F. is equal to
1 owing to a general lack of persistent sediment cover. The V; param-
eter in Equation 2 can also be approximated using the vertical compo-
nent of particle impact velocity onto the channel bed (ws;) where:

3 2
npsD; w5Y
Vi=———>— 3
= 3)

where p, is the density of sediment (2,650kgm™3), D, is the grain
diameter (assumed to be Dsg), Y is Young’s modulus of elasticity, k, is
a dimensionless abrasion coefficient and o7 is the tensile yield stress
of bedrock. Because direct measurements of w (in Equation 3) were
not included in their original model, Sklar and Dietrich (2004) also
suggested that a mean sediment particle descent velocity (wsq) can be

written as:

e 0.18
04— 04z (£ 1) @)

4

where R, is the nondimensional buoyant density of sediment (;’—;— 1),
7* is the dimensionless Shield’s number and 7 is the critical Shield’s
number. Sklar and Dietrich (2004) proposed that on average, the
vertical velocity attained when a particle reaches the same elevation
as take-off (on a planar surface) is approximately twice that of wsy.
This allows ws in Equation 3 to be approximated by wsy derived in

Equation 4 where:

wsj ~ 2wsy (5)

Sharma (2016) presented bedload impact rate data collected using
two 15 cm x 13 cm x 0.6 cm impact plates installed flush on the bed
of Trout Beck proximal to our cross-sections TB2 and TB7. The sen-
sors consisted of an accelerometer connected to a metal plate, that
was mounted onto the river bed, with a maximum sensor sensitivity
of 1 impact per 0.2 seconds and saturation value of 255 impacts per
5 minutes. Power-law relations were fitted between bedload impacts
per 5-minute interval () and Q,, for a series of high-flow events
documented over a 20-month period between September 2013 and
April 2015 by Sharma (2016). An average relation was also fitted to
data across all high-flow events recorded at both impact plates. These
average relations assume a critical value of Q,, (Qi) above which
appreciable bedload impacts were recorded (i.e., >50 counts per
5 minutes). We apply the average I- Q,, relation and Q. for each
impact plate across the full Q,, record for Trout Beck to generate a
timeseries of bedload impacts at 15-minute intervals. Some of the
individual bedload transport events reported in Sharma (2016) rev-
ealed evidence of sediment supply limitations (i.e., hysteresis) which

introduces uncertainty in our approach. Similarly, Q.;; varied between

individual sediment transport events. We can account for the uncer-
tainty in Qqit by using both the Q.;; value averaged over the full event
timeseries, and the highest Q. calculated for an individual storm
event to provide a more conservative abrasion rate estimate.

Using 15-minute gauged Q, data (Figure 2), we calculated
the number of bedload particle impacts per 15 minutes of the Q,,
record as:

1=72(Q, —2.5)*® (6)

for Q,, measurements in excess of Qg = 4.0 m® s~ for the impact
plates near TB2, and 4.1 m® s~ ! near TB7, as noted by Sharma (2016).
We also estimate impacts for maximum Qi values of 6.0 and
5.8 m3 57, for plates at TB2 and TB7 respectively. Estimates of 7*(
Equation 7) were also made using relations between Q,, and bed shear
stress (zr) calculated for high-flow stages on Trout Beck at TB2
(Equation 8) and at TB7 (Equation 9) (Sharma, 2016) where:

T

o= (ps — Pw)8Ds @
r=43.4Q, %" (8)
r=32.5Q,%% 9)

Estimates of E (Equation 1) were made for each 15-minute
increment of Q,, where bedload particle impacts were detected, and
summed to create a cumulative erosion rate. In the model, a regional
limestone or of 6.4 MPa was used based on values reported by
Attewell (1971), which varied from 1.6 to 6.4 MPa in northern
England. A Young's elastic modulus of 38 GPa was also applied
(e.g., for stylotitic limestones; Al-Shayea, 2004). While Sklar and
Dietrich (2004) originally proposed values of k, of the order of ~10°,
values of k, have been reported to be closer to ~10° for materials
with tensile strength greater than 1 MPa (Auel et al., 2017) which is
consistent with our values for o7. We assume a value of 0.045 for z}
which is widely accepted for gravel bed rivers, and a characteristic
grain size of 63mm as reported by Sharma (2016). The original
saltation-abrasion model was designed to be applied to planar
bedrock surfaces, excluding the effects of bed topography on kinetic
energy transfer to the bed (Huda & Small, 2014). Through the inclu-
sion of uneven bedrock surfaces, Huda and Small (2014) and Larimer
et al. (2021) suggested that erosion may be orders of magnitude larger
than for an equivalent plane bed. For low transport stages (where the
dimensionless transport stage (r*/z})<1) modelled erosion was
estimated to be ~10 times greater in uneven bedrock surfaces, and
more than 100 times greater at high transport stages (z*/z; > 4). We
calculate a range of possible event-scale abrasion rates for planar
bedrock surfaces (lower estimate) and uneven bedrock surfaces at
average transport stages where bedload motion is detected in

appreciable quantities (upper estimate).

3.5 | Long-term limestone dissolution rates

Point sampling of surface water pH, temperature and calcium

concentrations are available for Trout Beck (at the NRFA gauging
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station - and Rough Sike (monthly) from the UK
Environmental Change Network (ECN) stream water chemistry
dataset (Rennie et al, 2017). In total, 177 (Rough Sike) and

534 (Trout Beck) point samples between 1997 and 2011 were avail-

weekly)

able with concurrent measurements for all three variables. We use
concurrent timeseries of all three parameters in the olm (v. 0.39)
python package (Covington et al., 2015) to produce a timeseries of
dissolution rate for both systems. The Trout Beck data set was
collected downstream of the confluence with Rough Sike, so we are
unable to isolate the dissolution rate specifically on the Trout
Beck study reach itself. We implemented the palmerFromSolution()

Unit 1

EI-WiLEY-2®

function for impure calcite which uses the Palmer (1991) dissolution
equation, which is more representative of dissolution rates observed
in typical limestone bedrock (e.g., Covington & Vaughn, 2019).
Within the palmerfromSolution() function, the partial pressure of
CO, is calculated from pH, calcium concentration and water
temperature using the solutionfrompHCaRelaxed() function, which
assumes an open H,0-CO,-CaCO5 system. This approach assumes
that dissolution rates are surface reaction rate limited, however,
Covington and Vaughn (2019) found good agreement between
independently measured dissolution rates and those calculated with
the olm package.
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4 | RESULTS

41 | Compressive rock strength variability at the
cross-section scale

In four of the five cross-sections at Rough Sike (RS2-RS5), compres-
sive strength decreases with height above the channel bed (Figure 5).
The degree of scatter varies between individual sites, but in sites RS2
and RS4, there are statistically significant relations between compres-
sive strength and height above the channel bed (p-value <0.05, >95%
confidence) (Table 2). In RS1, there is no relation between compres-
sive strength and height above the channel bed, with the lowest mean
Schmidt hammer value recorded closest to the bed (Figure 5). At RS2
and RS3 the standard deviation of Schmidt hammer values increases
with height above the channel bed (Figure 5), with smaller increases in
standard deviation noted in RS1 and RS4 with increasing height. At
RS5, there is a slight decrease in Schmidt hammer value standard
deviation with height above the channel bed. At RS2 and RS4 where
the channel has the lowest width-to-depth ratio (1.8 and 1.7, respec-
tively), there is a significant relation between height and compressive
strength (p-value < 0.05). The gradient of rock compressive strength
(i.e., the slope of the best-fit relation between Schmidt hammer value
and height above the bed) at each cross-section varies from —0.4
(RS1) to 15.4 (RS2) where larger gradients reflect greater differences
in rock strength at the channel bed and bank top (Table 2), and nega-
tive values represent lower Schmidt hammer values at the bed relative
to the bank top. Where the same bedding unit is present at multiple
cross sections, Schmidt hammer values generally vary and other than
RS1, the highest Schmidt hammer values (>60 Q) are located closest
to the bed regardless of the bedding unit. This suggests that local vari-
ability in Schmidt hammer values is driven by weathering/erosion pro-
cesses rather than the material properties (e.g., mineral composition)
of each bedding unit. At RS3, there is a clearer contrast in Schmidt
hammer values between Unit 3 and Unit 4 which may be due to local

variability in rock properties.

In Trout Beck, rock compressive strength decreases with height
above the bed but there is considerable scatter in the data (Figure 6).
At TB3 and TB5, there are significant relations between Schmidt ham-
mer value and height above the bed (p-value <0.05, confidence
>95%) (Table 2), but this relation appears independent of either chan-
nel geometry or unit stream power. In contrast, at TB4 and TB7 there
is no relation between Schmidt hammer value and height (Table 2),
where bed and bank top average values are within the error range of
each other. The standard deviation in the Schmidt hammer value at
each height also varies between cross-sections, and with height above
the bed (Figure 6), but generally standard deviation in the Schmidt
hammer value increases with height above the channel bed (Figure 6).
At TB7 the channel was unconfined, limiting Schmidt hammer mea-
surements to the exposed bed of the channel which is fully inundated
by the 2-year inundation interval discharge. Schmidt hammer values
are notably uniform ranging from 56 to 59 Q and with low standard
deviation (<4 Q). The gradient of rock compressive strength at each
cross-section on Trout Beck varies from 1.2 (TB4) to 13.3 (TB1)
(Table 2), suggesting that the channel bed is typically characterised by
lower rock erodibility (i.e., greater compressive strength) than the
bank top. Like Rough Sike, individual bedding units are characterised
by a range of Schmidt hammer values between cross-sections,
although there is a strong contrast between Unit 1 and Unit 2 at TB1
(Figure 6). Unit 4 is generally characterised by higher Schmidt hammer
values in TB3-7, but is present at the base of all cross-sections where

rock strength would be expected to be greatest (see Sl Figure S3).

4.2 | Compressive rock strength and bedrock
inundation interval

At RS1-RS4, the channel contains the 50-year interval discharge
(2.9 m® s~ Table 3), but the 50-year interval discharge is overbank at
the distal downstream site (RS5) where the channel is no longer fully
confined by high bedrock banks (Figure 5). At RS2, RS3 and RS4 there

TABLE 2 Lowest (near bed) and highest (near bank top) height Schmidt hammer value measurements, and p-values between height and
Schmidt hammer value at each cross-section. Shaded cells have a p-value of < 0.05.

Schmidt hammer value (Q) Mean Schmidt Height above bed and Height above bed
at lowest sample hammer value (Q) Schmidt hammer value (Q) Schmidt hammer and Schmidt
Cross-section ID  (+ 2 x SD) (+2xSD) at highest sample (+ 2 x SD) p-value hammer r?
Rough Sike
RS1 39 £ 16 45+ 16 47 £ 15 0.95 <0.01
RS2 60+5 50 + 16 38+ 11 0.01 0.84
RS3 54 +12 47 +18 45+ 15 0.34 0.23
RS4 57 +11 48 £ 19 45+ 11 0.05 0.67
RS5 51+15 51+13 48 +12 0.10 0.53
Trout Beck
TB1 50+9 50 £ 22 42 + 17 0.06 0.54
TB2 52+ 11 49 + 16 43 +17 0.08 0.58
TB3 575 52+ 16 47 £ 14 0.02 0.79
TB4 56 +5 52+17 51+11 0.88 0.01
TB5 57+5 54 + 13 45+ 11 0.03 0.73
TB6 55+9 52 +13 50 + 13 0.07 0.60
TB7 49 7 58+5 57 +4 0.43 0.16
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TABLE 3 Bedrock inundation discharges for 2-, 10- and 50-year
intervals on trout Beck and Rough Sike.

Inundation interval Trout Beck Rough Sike
Q 9.5m3s? 1.3m3s7?
Q10 15.6mes? 21m3s?t
Qso 21.6mést 29mis?t

is a general increase in compressive rock strength with decreasing
inundation interval, but values are largely within the error range of
each other (+2 SD). At Trout Beck, the channel only typically contains
the 2- to 10-year interval discharges (9.5 and 15.6 m® s~!

tively; Table 3) before going overbank (Figure 6). At TB3, the capacity

, respec-

of the bedrock reach is slightly larger and can contain the 50-year
interval discharge (21.6 m®s™1).

There is a statistically significant relation between Schmidt
hammer value and bedrock inundation interval at both Trout Beck
and Rough Sike, with Spearman correlation coefficients (p) of —0.60
and —0.65, respectively, and p-values of <0.0005 (Figure 7). This is
comparable with observations made in silicate-dominated terrain by
Shobe et al. (2017), which showed similar values of correlation and
significance (—0.71 and <0.0001, respectively). Schmidt hammer
values in Trout Beck and Rough Sike do not reduce with increasing
bedrock inundation interval to the same degree as noted in Shobe
et al. (2017), with mean Schmidt hammer values for >10-year interval
discharges remaining largely above 40 Q in Trout Beck and Rough
Sike, while dropping below 20 Q in Virginia. This may in part relate to
the limited number of measurements with inundation intervals greater
than 50 years in Trout Beck, as these discharges were out of the
channel.

In Rough Sike, the channel width-to-depth ratio varies between
1.7 and 5.0 for the 10-year inundation interval discharge, while Q var-
ies between 57 (RS5) and 706 W m~2 (RS2) (Table 4). There is a nega-
tive correlation between channel width-to-depth ratio and Q on
Rough Sike which is significant at >99% confidence (r?> = 0.96,
p-value <0.01). There is a weak positive correlation between Q and
the gradient of rock compressive strength (> = 0.66, p-value = 0.09)
at Rough Sike (Figure 8b), and no relation between the gradient
of rock compressive strength and channel width-to-depth ratio
(r* = 0.46, p-value = 0.21) (Table 4). In Trout Beck, the channel
width-to-depth ratio is less variable ranging from 2.94 (TB2) to 5.66
(TB1), while Q ranges from 47 Wm~2 (TB2) to 754 W m~2 (TB1)
(Figure 8a). There is no correlation between Q and channel width-
to-depth ratio (r> = 0.37, p-value = 0.20), between Q and the gradient
of rock compressive strength (r?> = 0.28, p-value = 0.28), or channel
width to depth ratio and the gradient of rock compressive strength
(> = 0.46, p-value = 0.14) at Trout Beck (Table 4). For a given value
of Q, the gradient of rock compressive strength is generally higher in
Rough Sike than in Trout Beck (Figure 8b). As Q increases, the channel
width-to-depth ratio tends to increase in Trout Beck but decreases in
Rough Sike (Figure 8a).

4.3 | Long-term abrasion estimates

Over the 32-year discharge record, potential cumulative erosion

(by abrasion) varies between 9.6 and 13.7 mm at Trout Beck

(0.3-0.4 mm yr~1) (Figure 9). Using the more conservative Q. value
yields lower erosion of 6.9-9.0 mm (0.2-0.3 mm yr~%). The average
dimensionless transport stage (z* /z}) during which substantial bedload
impacts were observed was 2.6 at the upstream impact plate (at TB2)
and 1.6 at the downstream impact plate (at TB7). Accounting for
variations in bed topography and transport stage (Huda &
Small, 2014), we place an upper limit on potential erosion rates by
abrasion at 2.2-4.3 mmyr—? (~ 10 times the solution for a planar bed,

based on the average dimensionless transport stage and Q).

44 | Long-term dissolution rate estimates
Dissolution rates varied between 0 and 7.0 mm yr~! with long-term
averages of 0.98 mm yr~* and 0.58 mm yr~* at Rough Sike and Trout
Beck, respectively (Figure 10). These rates are generally quite high in
comparison to other limestone channels (e.g., Covington et al., 2015;
Covington & Vaughn, 2019) but we attribute this to the relatively
low pH of surface waters which will facilitate faster rates of
dissolution (e.g., Alkattan et al., 1998). This also reflects the higher
dissolution rate in Rough Sike, which is likely caused by the lower
average pH in Rough Sike over Trout Beck. These dissolution rates
are consistent with observations in Alaska, where runoff from acidic
peat bogs has produced dissolution rates of up to 1.66 mm yr—?
(Allred, 2004). Ten samples in the Trout Beck record (<2% of total
samples) produced no dissolution, which we attribute to supersatura-
tion with respect to calcite owing to high pH values on these days
(pH > ~8).

5 | DISCUSSION

51 | What sets how bedrock erodibility is
distributed in carbonate channels?

5.1.1 | Rough Sike (dissolution dominated erosion)
Patterns of bedrock erodibility have been shown to be sensitive to
erosion rate, however, at MH-BRO we expect uniform rates of ero-
sion as crustal movement and fault activity at MH-BRO are negligible
(e.g., Shennan, 1989). This may explain the general lack of relations
between Q and channel width-to-depth ratio and gradient of rock
compressive strength (Figure 8). However, we still find a statistical
correlation between Q and the gradient of rock compressive strength
at Rough Sike. It has been suggested that a weak scaling (1/3 to 1/2
power) between dissolution rate and flow shear stress exists, where
dissolution rates are controlled by mass transport rather than just sur-
face reaction rate (Covington et al., 2015; Opdyke et al., 1987). Owing
to the lack of readily available sediment to mechanically abrade the
bed in Rough Sike, the higher values of rock compressive strength
found near the bed at RS2-RS4 may reflect higher Q, which facilitates
higher rates of carbonate dissolution than at RS1 and RS5 for a given
discharge (Table 4). Higher rates of dissolution should promote the
removal of weakened bedrock surface material and yield a higher rock
compressive strength, which is consistent with our observations at
Rough Sike. However, we cannot neglect the influence of mechanical

erosion by plucking along the channel margins. Field observations
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TABLE 4 Unit stream power and channel width to depth ratios for 10-year inundation interval discharges, and gradient of compressive rock
strength at each cross-section.

Gradient of

10 yr unit stream 10 yr width/depth compressive
Cross-section ID power (USP) (W m—2) ratio (WDR) strength (GCS) WDR and USP GCS and USP GCS and WDR
Rough Sike (RS)
RS1 109 4.0 ~0.4 R?=0.96 R? = 0.66 R? =0.46
RS2 706 1.8 15.4 p-value = 0.004 p-value = 0.09 p-value = 0.21
RS3 328 3.4 9.9
RS4 651 1.7 10.2
RS5 57 5.0 6.6
Trout Beck (TB)
TB1 754 5.7 13.3 R?=0.37 R?=0.28 R? =0.46
TB2 47 29 3.8 p-value = 0.20 p-value = 0.28 p-value = 0.14
TB3 789 34 6.1
TB4 426 3.9 1.2
TB5 411 3.5 8.8
TBé 385 34 6.8
TB7 - - -

indicate mechanical erosion by block plucking is likely to be minimal
on the active channel bed, which appears largely polished (Figure 3).
Plucking is more evident on channel banks which often appear more
blocky (Figure 3b). Theoretically, this should lead to a strengthening of
the banks relative to the bed (if erosion and weathering by dissolution
were not important), however, we see the reverse (Figure 5). The
absence of large detached blocks of limestone in and downstream of
the Rough Sike study reach suggests that plucking is perhaps only
relevant during very exceptional flows and over long timescales.
We therefore expect patterns of rock erodibility to reflect the
shorter-term balance of weathering and dissolution.

Bedrock inundation interval also appears to influence gradients of
compressive strength to some degree. RS5 has a relatively low gradi-
ent of compressive strength while still having relatively high Schmidt
hammer values at both bed and bank top samples. This may to attrib-
utable to a difference in channel geometry and capacity, where the
channel can only contain the 2-year inundation interval discharge at

RS5, which should aid in the mechanical removal of weathered or

weakened rock surfaces by shear flow at a higher elevation due to the
more frequent inundation (Howard, 1998; Johnson & Finnegan, 2015;
Montgomery, 2004).

512 |
erosion)

Trout Beck (dissolution and mechanical

The relation between rock compressive strength and Q is less clear on
Trout Beck, where bedrock inundation interval seems to have a stron-
ger control on patterns of erodibility. Cross-sections with the highest
near-bed Schmidt hammer values correspond to high Q, but gradients
of rock compressive strength are poorly correlated to Q with consid-
erable variability over a narrow range of Q. The lower gradients of
rock compressive strength and the higher average Schmidt hammer
values in Trout Beck over Rough Sike reflect the greater inundation
frequency in Trout Beck, where the Trout Beck channel can typically

only contain the 2- to 10-year inundation interval discharge. Greater
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FIGURE 8 (a) Channel geometry and unit stream power in rough
Sike and trout Beck, (b) unit stream power and gradient of rock
compressive strength in channel banks of rough Sike and trout Beck.
Published data from non-carbonate sites in Shobe et al. (2017) are
shown in red. Additional analysis removing data points TB4, RS1 and
RS3 are also shown in Figure S4 and Table S1 as these are sites where
no or very weak correlation between rock compressive strength and
height above bed were noted.

inundation frequency promotes the removal of weathered or dam-
aged rock surfaces on the channel banks (e.g., Montgomery, 2004).
Unlike Rough Sike, we find evidence of active plucking such as sub-
angular blocks of limestone on the channel bed at Trout Beck, which
would be facilitated by more frequent channel inundating flows.
When low bedrock inundation intervals are combined with mechanical
erosion by plucking and abrasion, higher rock compressive strengths
can be maintained around the channel boundary at Trout Beck
resulting in lower gradients of compressive strength for a given value
of Q than observed in Rough Sike (Figure 8b). As such, we hypo-
thesise that gradients of compressive rock strength are sensitive to
the low bedrock inundation interval at Trout Beck, which is enabled

by the relatively small capacity of the bedrock channel and the flashy

catchment discharge regime. Unlike Rough Sike, there is limited time
for weathering fronts to develop in the bedrock surface of the banks
at Trout Beck between high flow events, meaning bedrock incision is
more closely linked to erosion by both dissolution and mechanical
processes. This is consistent with earlier studies in that where erosion
outpaces weathering, bedrock should be stronger with lower gradi-
ents of compressive strength (e.g., Hancock et al., 2011; Shobe
etal., 2017).

5.2 | What effect does bedload sediment supply
and dissolution have on carbonate bedrock erodibility
and channel geometry?

Bedload sediment supply appears to affect both bedrock erodibility
and channel geometry. Maximum Schmidt hammer values are compa-
rable between Rough Sike and Trout Beck, possibly indicating the
maximum strength of unweathered carbonate units across the study
area. The greater variability in near-bed Schmidt hammer values (and
higher standard deviations) at Rough Sike (Figure 5) may indicate that
dissolution does not erode damaged bedrock surfaces as effectively
or uniformly as where mechanical erosion by bedload transport is also
present. Greater variability in Schmidt hammer values at Rough Sike
could also reflect smaller scale variations in bedrock composition
between limestone sub-units across sampling sites.

Width-depth ratios at Rough Sike are often lower than at Trout
Beck which could suggest that erosion is outpacing weathering at
Rough Sike to a greater degree. However, we find that channel geom-
etry is poorly correlated to patterns of rock erodibility. For channels
that experience both dissolution and mechanical erosion (e.g., Trout
Beck), we suggest that the dominant processes controlling the width-
depth ratio is more likely some combination of higher rates of bank
material plucking (Spotila et al., 2015) and the presence of bedload
supply rather than the weathering impact on rock erodibility. Increas-
ing bedload sediment supply has been shown to cause widening of
bedrock channels (e.g., Baynes et al., 2020; Buckley et al., 2024;
Finnegan et al., 2007; Li et al., 2023; Yanites & Tucker, 2010), by wid-
ening the band of active sediment transport along exposed bedrock
channel beds until sediment cover starts to develop on the channel
bed. Similarly, higher rates of bank plucking facilitated by more fre-
quent channel inundating flows would contribute to channel widen-
ing. At MH-BRO, we would therefore expect to see wider channels
with mechanically stronger beds at Trout Beck than Rough Sike for all
else being equal owing to mechanical erosion.

At Rough Sike, we might anticipate that the total erosion rate
would be lower than at Trout Beck owing to the lack of bedload sup-
ply. This is supported by the lower gradients of compressive strength
observed at Trout Beck than Rough Sike for a given value of Q. Our
estimates of the potential abrasion rate along Trout Beck suggest
mechanical erosion could be highly effective. The greatest source of
uncertainty in the potential abrasion rate estimates is accounting for
bed topography during high transport stages, which increases the cal-
culated abrasion rate by an order of magnitude. The model also
assumes that saltating particles are of an equivalent lithology to the
impacted bedrock surface. At Trout Beck, much of the available
bedload supply entering the limestone bedrock reach is sandstone

gravels, cobbles and small boulders which visually appear quite
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FIGURE 9 Time-series of discharge
(grey), and potential cumulative erosion
(by abrasion) for upstream (red) and
downstream (blue) impact plate data.
Estimates using the average (solid line)
and maximum (dashed line) Qqit
thresholds are shown for both sets of
data. Average abrasion rates (mm yr—%)
are shown by the red and blue horizontal
lines.
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to those produced by mechanical erosion of bedrock surfaces.

How do cross-sectional patterns of bedrock
erodibility compare between carbonate and non-

The patterns of bedrock erodibility in this study and that of Shobe
et al. (2017) appear remarkably similar, although may be a result of

equifinality due to the variable erosion processes at work in carbonate
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FIGURE 10 Timeseries of dissolution rate estimates on trout
Beck (blue) and rough Sike (red), with the 15-year average value
shown by dashed lines.

weathered (and edge-rounded). The tensile strength of sandstone is
typically lower than limestone and would be further reduced if weath-
ered. As such, total abrasion by sandstone particles impacting a
mechanically stronger limestone bedrock surface is likely to be lower
than for equivalent limestone particles (e.g., Attal & Lavé, 2009; Fox
et al., 2023).

Importantly, evidence of dissolution is widespread at Trout Beck
despite high abrasion potential, where small patches of dissolution
features such as scallops are present (Sl Figure S5). Our time-series of
dissolution rate suggests that surface lowering via dissolution can be a
continuous process that can be active for as long as the unsaturated
flow is present in the channel and yield comparable decadal-averaged
erosion rates to abrasion. For a region that is tectonically quiescent,
our first-order erosion estimates are >1 mm yr~! which seems high.
There are also outstanding questions regarding how dissolution rate
impacts the volume of bedrock detached during individual particle col-
lisions by saltating bedload. More research is needed to better under-
stand how dissolution and abrasion interact and collectively erode
bedrock. Without longer-term monitoring studies of bedrock incision
rates (e.g., erosion pins, surface change detection), it is difficult to
apportion the relative contributions of dissolution, saltation-abrasion
and plucking to total bedrock incision rates at Trout Beck. Yet, given
the contrast in bedload sediment supply between Rough Sike and

existing studies (Shobe et al., 2017), we can infer that limestone

and silicate landscapes (e.g., Covington et al., 2015) (Figure 10). Similar
to earlier studies, bedrock inundation interval plays an important role
in setting cross-sectional patterns of bedrock erodibility in limestone
channels. Patterns in compressive rock strength and inundation inter-
val appear to diverge in Rough Sike and channels in Virginia (Shobe
et al., 2017). Samples from Rough Sike do not lose compressive
strength as rapidly at higher inundation intervals in comparison to
samples in Virginia which may be an effect of limited sampling at high
bedrock inundation intervals at Rough Sike (Figure 7). Alternatively,
this divergence could be explained by bank top and face dissolution
driven by bank seepage from blanket peat set back from the bank top
in Rough Sike that could result in the removal of weathered material
in comparison to silicate lithologies that would likely just weather in-
situ. The widespread presence of vertically aligned dissolution fea-
tures on the upper banks of Rough Sike (Figure 3) is indicative of bank
runoff being persistent, suggesting that upper bank surfaces may be
experiencing some degree of dissolution irrespective of in-channel
flow, which may locally strengthen or weaken the bank face
depending on how effectively seepage removes weathered material
from the bedrock surface. This interaction of in-situ weathering
(e.g., freeze-thaw) and seepage may also produce higher gradients of
rock compressive strength at Rough Sike, where the channel is also
rarely completely inundated. If channels did not experience seepage,
we may expect a stronger weathering signal in the upper banks (above
Qso), yielding cross-sectional patterns of rock erodibility that are more
similar to a silicate-dominated landscape with lower rates of erosion.
Similarly, if the channel on Trout Beck was larger capacity, we might
expect to see a stronger signal of weathering on the upper bank
where bedrock is less frequently inundated.

All else being equal, Hancock et al. (2011) predicted that channels

should be wider, deeper and less steep in slower-eroding landscapes
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where weathering is allowed to increase rock erodibility. At MH-BRO

we would expect to see relatively low rates of erosion and expect
weathering processes to have an influence on patterns of rock erod-
ibility, yet we find comparable gradients of rock compressive strength
to those in Shobe et al. (2017) across erosion rates that ranged from
~0.1 m/kyr to >0.8 m/kyr. This suggests that erosional processes may
be outpacing weathering at MH-BRO, which is consistent with our
observations more generally. Interestingly, we find that relations
between gradients of compressive strength and Q are not fully consis-
tent with patterns observed by Shobe et al. (2017), where we see
increases in the gradient of compressive strength with Q rather than
decreases (Figure 8b). One interpretation of this relation reversal is
due to scale effects, where Q between the two studies varies by an
order of magnitude and we may not be representing dynamics in
larger catchments. Alternatively, given sites at MH-BRO should be
eroding at a uniform rate, variations in Q may simply arise from
localised variability in limestone mineralogy and erodibility. Where
bedrock is locally stronger, channel geometry may adjust and produce
higher Q. This is consistent with sites at Rough Sike where we
observe a strong correlation (r* = 0.96) between Q and width to
depth ratio (Table 4). Elevated Q should promote an increase in disso-
lution rate at the channel bed (sensu Opdyke et al., 1987). This could
result in an increase in the gradient of compressive strength, such as
we observe at Rough Sike in particular, where the channel margins are
also much less frequently inundated than Trout Beck.

Dissolution is a key erosional process in carbonate channels that
has implications for accurately modelling landscape evolution, where
dissolution can maintain low erodibility surfaces within channels in
the absence of mechanical erosion. While our observations at Rough
Sike and, to a lesser degree, Trout Beck represent end-member sce-
narios (e.g., low pH, limited bedload supply), we have used this to spe-
cifically isolate the effects of bedload sediment supply and dissolution
on rock erodibility. How well our findings map onto larger carbonate
systems with different climatic regimes and environmental conditions
(e.g., streamflow pH, mineralogy, tectonic setting), requires further
investigation.

6 | CONCLUSIONS

Bedrock erosion processes in carbonate channels can produce compa-
rable gradients of compressive rock strength to those in silicate chan-
nels characterised by high erosion rates, which we hypothesise is due
to the dissolution of soluble minerals in the wetted perimeter of the
channel. Dissolution, particularly in sections of the channel that are
regularly inundated, limits the development of deep weathering pro-
files in carbonate rocks, leading to a lower gradient of compressive
rock strength between the channel bed and the top of the banks. At
the top of channel banks which are not regularly inundated by flow,
weathering processes which act to weaken the rock are still present in
carbonate channels but do not always generate the expected wider
and deeper channel geometries that we would expect according to
existing weathering-channel geometry models. We attribute this
to the enhanced removal of weathered material by bank-top seepage.
We find that mechanical erosion by abrasion is the dominant control
on bedrock geometry, rather than patterns of bedrock erodibility.

Collectively, our findings suggest that dissolution is potentially as

important as mechanical erosion (saltation-abrasion) for controlling
rates and patterns of weathering and erosion within bedrock chan-
nels. Given the extent of carbonate lithologies in continental land
masses, future studies of bedrock channel incision processes should
re-evaluate how mechanical erosion and dissolution are represented
or parameterised, and how sensitive the balance of these erosional
processes are to potential changes in flood and channel inundation

frequency.
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