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1 | INTRODUCTION

Sediment delivery to river networks influences their morphology and
dynamics. For example, increased sediment deposition can reduce the

Summary

Scotland’s Highlands are tectonically quiescent but have experienced high rates of
isostatic uplift in response to deglaciation. To understand the effects of both deglaci-
ation and regional uplift on landscape evolution, we measured the concentration of
cosmogenic in situ **C in river sands collected in Glen Feshie (Cairngorms). Like other
terrestrial cosmogenic radionuclides, in situ 14C can be used to calculate basin-wide
denudation rates over millennial timescales. 14C has a short half-life relative to other
in situ cosmogenic radionuclides, giving it an advantage in post-glacial landscapes:
Very little **C will be inherited from exposure before glaciation of the landscape,
meaning that concentrations will reflect sediment production and transport domi-
nantly in the Holocene. When we calculate denudation rates based on the common
assumption of basin-wide homogeneity of erosion, we find no correlation between
topographic metrics such as the normalised channel steepness index and inferred
denudation rates, which range between 0.175 and 1.356 mm/year. Based on field
and remote sensing observations, we suggest that **C becomes diluted downstream
due to sediment supply from paraglacial terrace material, and develop a mixing model
to test this hypothesis. We identify the terraces that are likely to contribute sediment
to the channels through flood modelling, geomorphic mapping and remote sensing
observations. Our mixing model indicates that the observed distribution of *C con-
centrations can be explained if terrace escarpments have basin-averaged migration
distances of 8 to 30 cm during large flood events. This interpretation is consistent
with remotely sensed images of channel activity and terrace bank retreat within the
catchment. Our results show that paraglacial sediment stores contribute to sediment
fluxes in the late Holocene and highlight the on-going glacial legacy on landscape

evolution.
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capacity of channels to contain floodwaters which can lead to an
increase in  flood hazard (Slater et al, 2015; Stover &
Montgomery, 2001; Raven et al., 2009). In recent decades, detrital
cosmogenic radionuclides (CRN) in stream sediments have been
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widely used to quantify catchment average denudation rates over mil-
lennial timescales (e.g., Bierman, 1994; Brown et al., 1995; Granger
et al., 1996; von Blanckenburg, 2005). Rates derived from long-lived
isotopes, such as 19Be (half-life of ~ 1.39 Myr, Chmeleff et al., 2010),
reflect the weathering, erosion and fluvial transport of hillslope sedi-
ments which have been linked to climatic and/or tectonic controls in
active orogenic settings (e.g., Bookhagen & Strecker, 2012; Godard
et al., 2014; Safran et al., 2005; Scherler et al., 2014). To understand
these wider controls of climate and/or tectonics on landscape evolu-
tion, studies have correlated CRN-derived erosion rates to upstream
catchment characteristics, such as channel steepness, temperature
and uplift rates (e.g., Cyr et al., 2010; Delunel et al., 2010; Delunel
et al., 2020; Harel et al., 2016; Wittmann et al.2007).

Research into controls on denudation has mainly focused on non-
glaciated landscapes, however, which are typically less complex than
formerly glaciated landscapes. Key challenges associated with under-
standing geomorphic processes in low-relief, post-glacial landscapes
originate from the preservation of glacially modified topography. In
these landscapes, hillslopes can be decoupled from channels due to the
overdeepening and widening of valleys by glaciers and extensive glacial
sediment drapes (e.g., till, moraines and paraglacial terraces) influence
sediment supply and transport capacity (Ballantyne, 2019; Whitbread
et al., 2015). In many Scottish river basins, channel erosion has exposed
dramatic paraglacial terraces that appear to be contributing large quan-
tities of sediment to modern rivers (e.g., Ballantyne, 2019). Scotland
has been in a phase of glacial isostatic rebound since the disappearance
of the British-Irish Ice Sheet and complete deglaciation following the
Loch Lomond Stadial/Younger Dryas around 12 ka ago
(Ballantyne, 2019; Clark et al., 2018; Firth & Stewart, 2000; Shennan
et al., 2009). Uplift rates are spatially variable across Scotland, with the
highest uplift rates in the central and western Highlands (>1 mm/year
average over the last 1000 years; Shennan et al. 2009). Base-level sig-
nals propagating inland from the North Sea do not appear to have
transmitted this high uplift rate to the central Scottish ranges, however,
as knickpoints presumed to be caused by the isostatic rebound are
clustered around Scotland’s coastlines (Bishop et al., 2005; Castillo
et al., 2013). Relatively little is known about the rates and processes
controlling denudation in these central ranges.

In addition to geomorphic complexity, denudation rates are also
much more challenging to measure in low-relief, post-glacial landscapes
such as Scotland. The use of long-lived isotopes such as 10Be in these
settings is problematic, because repeated phases of shielding and expo-
sure during past glacial, interglacial and interstadial periods can lead to
19Be concentrations that are difficult to interpret (Fame et al., 2018).
For example, in the high-relief, glacial and post-glacial European Alps,
where the median '°Be-derived denudation rate is 0414 mm/year
(Delunel et al., 2020), denudation rates derived from °Be typically inte-
grate over millennial timescales. The integration timescales are calcu-
lated by the absorption depth scale, which is generally accepted to be
approximately the top 60 cm beneath Earth’s surface, divided by the
denudation rate (e.g., Lal, 1991). Moreover, inferred denudation rates
can be corrected for cosmogenic shielding by snow and ice (e.g., Mudd
et al., 2016) from late Holocene glacial inventories and snow cover
maps. In Scotland, which has a lower relief compared to the European
Alps, one would expect lower denudation rates (e.g, von
Blanckenburg, 2005) meaning that 1°Be erosion rates would integrate

over longer timescales (e.g., a denudation rate of 0.05 mm/year would

integrate over 12 000 years). This means that low denudation rates
derived from °Be may integrate over glacial, interglacial and interstadial
cycles (e.g., Lateglacial Interstade ~ 14.7-12.9 ka, Middle Devinsian
before the expansion of the last British-Irish Ice Sheet ~ 35 ka; Bal-
lantyne et al. 2021). This leads to the potential for large amounts of
uncertainty in °Be-derived denudation rates. Furthermore, the
recycling of sediment as well as transport of sediment across topo-
graphic divides during multiple phases of glaciation will have occurred
in post-glacial landscapes such as Scotland (Linton, 1949). As a result,
sediment grains sampled at a given location may have experienced
complex and different histories, making quantification of the inherited
component of the 1°Be concentrations difficult, if not impossible.

In contrast to 1°Be, cosmogenic in situ 1*C has a short half-life (~
5700 years, International Atomic Energy Agency, 2024), which means
that inferred denudation rates from **C concentrations in stream sedi-
ments will mainly reflect post-glacial, Holocene erosion. For example,
approximately 90% of *C will have decayed after 20 000 years of
complete burial. This technique therefore provides a new opportunity
to understand landscape evolution and rates of erosion in formerly
glaciated regions.

Applying **C to infer catchment-averaged erosion rates remains
limited, however, because of challenges associated with constraining
14C production rates and analytical methods, such as sample extrac-
tion (see Hippe, 2017, for a review). Following recent advancements
in the extraction techniques and scaling of *C production rates
(e.g., Lifton et al., 2014a; Lifton et al., 2023; Lupker et al., 2015), stud-
ies have used C alongside °Be to identify complex erosional histo-
ries (Hippe et al., 2021; Kober et al., 2019; Slosson et al., 2022). An
exciting application of **C is the ability to detect short-lived sediment
routing and storage events (100s to 1000s of years) which would not
be detectable in catchments with relatively little sediment storage
and/or where erosion rates are derived from longer-lived isotopes
such as °Be (Hippe, 2017; Slosson et al., 2022; Wittmann et al.,
2011). For example, Slosson et al. (2022) suggested that lower con-
centrations of 1C in stream sediments relative to °Be concentrations
are caused by sediment shielding and storage in highly dynamic hill-
slope talus deposits in the Argentine Andes.

In this study, we report the first Scottish *C-derived erosion
rates in the post-glacial catchment of Glen Feshie, a braided, gravel-
bedded river with an abundant sequence of paraglacial terraces and
local bedrock sections located in the Cairngorm mountains of Scot-
land. We use a nested approach with samples along the main stem
and at the mouth of tributaries to assess the contributions of various
geomorphic domains and the controls on erosion rates. In contrast
with tectonically active landscapes with coupled channels-hillslopes
where erosion rates tend to correlate with topographic metrics such
as channel steepness and uplift rates to the first-order (e.g., Kirby &
Whipple, 2012; Harel et al., 2016), we expect that a significant portion
of the fluvial sediment will be sourced from paraglacial sediment
stores in our study area (e.g., Ballantyne, 2002; Church &
Ryder, 1972), which will affect 14C concentrations. We may consider
these two scenarios as end-member hypotheses: one in which rivers
have incised through the glacial drape and adjusted to regional uplift
rates and the other where sediment is recycled from paraglacial
deposits with little modification of the underlying bedrock.

To test which of these two scenarios is more consistent with our

measured detrital *C concentrations, we explore the relationships
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between CRN-derived sediment fluxes and basin-averaged topo-
graphic parameters, such as channel steepness. We hypothesise that
if landscape denudation is driven by active bedrock incision, CRN-
derived denudation rates should positively correlate with landscape
steepness. We then explore the influence of paraglacial sediment sup-
ply on CRN-derived denudation rates by presenting a mixing model
which mixes ‘background’ sediment (i.e., sediment sourced from
basin-wide erosion) with terrace sediment with various *C concen-
trations. We assess the impact of the remobilisation of terrace sedi-
ment by first identifying the terraces that are coupled to the channel
during high flows. In the model, we then vary terrace migration dis-
tances and terrace 1*C concentrations across a realistic range based
on the constraint we have on terrace ages and historical terrace
migration. We assess the sensitivity of the results to these parameters
and combine these modelling results with our observations to con-

strain rates and processes of sediment production in Glen Feshie.

2 | STUDY AREA

The River Feshie is a tributary of the River Spey in the post-glacial

western edge of the Cairngorm Mountains (Figure 1). The main

channel flows ~ 39 km mainly northwards and has a catchment area
of ~ 231 km?. The land is managed for mostly moorland and wood-
land, with commercial forestry and farming in the lower reaches. The
catchment typically floods throughout the year and discharges peak
during the winter and spring (maximum annual discharges regularly
exceed 40 m*/s at the gauging station upstream of the confluence
with the Spey). The underlying bedrock geology is composed of
Moinian Schist with a small proportion of Cairngorm Granite which
underlies the higher ground in the northeast (BGS, 2021). Both of
these lithologies have high concentrations of quartz, making the
Feshie basin an ideal setting for studying the concentrations of in situ
14C. The Feshie is thought to have been deglaciated at the end of the
Late Devensian ~13 000 year B.P. (Young, 1975). However, it is
unknown whether the catchment was glaciated during the Loch
Lomond Stadial/Younger Dryas (12 900-11 700 B.P., Chandler et al.,
2019; Sissons, 1974). The area subsequently experienced isostatic
uplift which is estimated to be >1 mm/year over the past 1000 years
(Shennan et al., 2009). The aftermath of the last glaciation can be
observed from features such as the wide, trough-like valleys and para-
glacial outwash terraces. In comparison to other UK rivers, the Feshie
is exceptionally dynamic due to its abundant sediment supply and
flashy flow regime (Rumsby et al., 2008; Williams et al., 2020).
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FIGURE 1 Elevation map of Glen Feshie with
CRN sample locations. Red dots mark samples
collected along the main river channel and red
triangles represent samples collected in
tributaries. Inset map shows a map of Scotland
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with the Spey basin coloured in blue and Feshie in
grey. The 5-m Digital Terrain Model was sourced
from the Ordnance Survey (Ordnance

Survey, 2021).
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Studies have suggested that the Feshie's paraglacial terraces rep-

resent an initial phase of net sediment deposition by meltwater
streams during glacial retreat (Ballantyne, 2019; Robertson
Rintoul, 1986; Young, 1976). These thick valley fills were incised
throughout the Holocene leading to terrace formation. Robertson
Rintoul (1986) mapped the Feshie terraces and assigned the terraces
to five groups on the basis of soil-stratigraphic evidence. Robertson
Rintoul (1986) suggested the older, higher terraces (Groups 1 and 2)
formed at 15.6 and 11.5 cal ka BP from soil-stratigraphic comparisons
and assumed deglaciation ages. Furthermore, a radiocarbon age of
4.1-3.7 cal ka BP was obtained by Robertson Rintoul (1986) for char-
coal fragments within a horizon of buried soil in a lower-level terrace
(Group 3) in the Lorgaidh basin (see Figure 1 for location of Lorgaidh
basin) suggesting the lower-level terraces are of Late Holocene age
(i.e., post-4000 years). The buried soil layer in this terrace (95 cm
below terrace surface) suggests episodes of sediment aggradation
then incision during the Late Holocene (Robertson Rintoul, 1986). All
radiocarbon ages reported here were recalibrated using the IntCal20
calibration curve and Calib version 8.2 (Reimer et al., 2020). Calibra-
tion ranges for individual radiocarbon dates represent 420 (95.4%
probability). Ages are calibrated to BP 1950.

While the modern-day dynamics of the terraces remain relatively
unconstrained and there is little quantitative data on the lateral migra-
tion of the channel into these terraces, field observations and satellite
imagery confirm the active nature of the channel braid plain and that
terrace erosion plays a key role in providing sediment to the channels
(Figure 2). For example, Figure 3 shows tens of meters of bank erosion
between 2006 and 2019 for the downstream braided reach that is
located upstream of the confluence with the Spey.

Measurements of terrace heights and valley fill depths suggest
that the Feshie’s valley is glacially overdeepened. In the upper braided
reach downstream of the Lorgaidh confluence, a seismic refraction
survey recorded a minimum sedimentary fill depth of 30 m below the
modern-day floodplain (survey carried out by Dr. Bronwyn Matthews
and Dr. Mark Naylor from the University of Edinburgh at CRN sample
location FLOD using an array of wired seismic nodes and a known
source consisting of a hammer and plate). Downstream of the Gar-
bhlach confluence, a borehole survey taken from a 5-m high terrace
(relative to the channel) reported a fill depth of 14.5 m before inter-
secting with bedrock (BGS, 2021). In contrast to the main valley allu-
vial fill, the Feshie basin also contains steep-sided, narrow, high-relief
valleys with little sediment accommodation space such as the Gar-
bhlach basin where the hillslopes are characterised by talus and debris
flows (Figure 2). The Feshie basin also contains bedrock knickzones,
such as the one labelled in Figure 2. Bedrock knickzones are a legacy
of glacial erosion and are a common feature of post-glacial landscapes
(Whitbread et al.2015).

3 | MATERIALS AND METHODS

3.1 | 4Csediment sampling and processing
In this section, we describe the sampling strategy, sample preparation
and 14C extraction and the procedure for calculating denudation rates

based on the 1C concentrations.

3.1.1 | Sampling strategy

Nine quartz-rich sand samples were taken from modern gravel bars in
August 2021. Samples were collected with the objective of con-
straining the contribution of different geomorphic domains on Holo-
cene denudation rates in a post-glacial setting (see Section 4 for a
detailed geomorphic description of the catchment). For example, sam-
ple GAR (see Figure 1 for sample names) was collected to understand
the influence of a high-relief, steep landscape with relatively little val-
ley fill on sediment fluxes. In contrast, sample PLAT was collected to
isolate the influence of a low-relief setting with abundant valley fills
on erosion rates. The remainder of the samples were collected down-
stream along the main valley-fill sequence to understand sediment
source to sink fluxes.

3.1.2 | Sample preparation and *C extraction
Sample preparation and *C extraction were performed at the Univer-
sity of Cologne, Germany, and ETH Zrich, Switzerland. Samples were
sieved and the 250-500 pm fraction was retained for in situ 14C prep-
aration. Samples were etched in ~18 % HCI (technical grade) on a
shaking table for 24 h. For the ensuing froth flotation, to remove feld-
spar and mica, samples were activated with 1%HF and processed with
1% AERO65 frother and Laurylamine (0.03 % v/v) using a laboratory
flotation machine (MN 935/5, Humboldt Wedag). AERO65 is a
completely water-soluble polyglycol type frother that produces
a closely knit and persistent froth. Polyglcols are synthesised from
ethylene oxide; the latter is a petrochemical product (Bailey &
Koleske, 1990) that is assumed free from **C (petroleum is older than
>50 kyr; thus, all 1*C has decayed). The resulting enriched quartz was
etched twice in 5 % HF/HNO3 on a shaking table for 24 h and twice
in 1 % HF/HNOg in an ultrasonic bath for 24 h to obtain pure quartz
(Kohl & Nishiizumi, 1992) free of organic residues from froth flotation
agents (Nichols & Goehring, 2019).

We found in a previous project that fluid inclusion-rich samples
can affect the integrity of the fused silica tubes used in our setup for
in situ *C extraction, either by destructive expansion of volatiles
and/or devitrification of fused silica. Devitrification of fused silica is
accelerated in the presence of NaCl (Horii et al., 2021). NaCl is a very
common component in fluid inclusions (Bodnar & Vityk, 1984).
Therefore, we now insert a temperature treatment step prior to the
procedure of Fulop et al. (2015), after the cleaning of samples with
repeated etches in 5% HF/5% HNOj. The etch-cleaned quartz sam-
ples are heated to 1000°C in air for 30 min, in order to decrepitate
fluid inclusions (Bodnar et al., 1987). This treatment also leads to the
oxidation (to CO,) of any remaining traces of organic compounds
(natural or artificial) on samples’ surfaces (Gulbransen et al., 1963).
After the heat treatment, samples are etched in 1% HF/HNO3 over-
night, rinsed with MilliQ® water and dried. The subsequent treatment
and extraction follow that of Fiildp et al. (2015), starting with soaking
the sample in concentrated HNO; and bringing it to dryness at
120°C.

The temperature of 1000°C and holding time of 30 min are cho-
sen because at these conditions, the sublimation of NaCl is complete

(Laptev & Bram, 2024), and any redeposited NaCl can be rinsed from
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FIGURE 2 Panel (a) shows key lithological groups in Glen Feshie (lithological groups obtained from the British Geological Survey

(BGS, 2021)). ~ 3 km-long bedrock knickzone is marked along the main channel. “Alluvium-terrace” represents material that has been incised and
reworked by channels during the Holocene, whereas “Glaciofluvial” represents material that was deposited by glacial meltwater streams and
appears mostly disconnected from the modern-day channel network. Red symbols mark CRN sample locations: red dots mark samples collected
along the main river channel and red triangles represent samples collected in tributaries. The locations of Figures B, C, D and E are marked on
Figure A. Panel (b) shows an aerial image highlighting the characteristic braided nature of the Feshie (Bing Maps, 2023). Panels (c) and (d) show
terraces which are actively feeding material into the channel. Both terraces appear paraglacial and are poorly bedded and unsorted (i.e., contain a
wide range of grain sizes and angular to sub-rounded clasts with no preferential orientation direction in places). The surface of the terraces in

(c) and (d) is marked by a red dashed line and their approximate heights are also shown. Panel (e) is a photograph of the steep, high-relief
Garbhlach basin where the hillslopes are characterised by bedrock and talus deposits.

the sample with agueous solutions. We tested this approach utilising
aliquots of two surface quartz samples (vein quartz, Atacama Desert,
crushed to identical grain-size as utilised in the current study), heating

one aliquot of each to 1000°C (30 min) and not heating the others.

We found no discernible differences between the extracted amounts
of 1%C, with the samples identified as RL13-001 & RL17-024 yielding
the following concentrations: 170 +4 versus 16545 and 161 +4 ver-
sus 164+ 5 x 10° atoms *4C/ g quartz (£16), where the first number
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FIGURE 3 Evidence of meter-scale channel change from Google Earth Imagery (Google Maps, 2023) between 2006 and 2019 in the
downstream braided reach (orange box on inset map). Red line on 2019 imagery marks the approximate extent of the 2006 bankfull channel.
Tens of meters of bank migration is observed, especially at location B, which could have been enhanced by the felling of plantation woodland.
Imagery dates were selected following the limited availability of clear, cloud free images.

in each pair is the result of samples pre-treated at 1000°C and the
second number the result without pre-treatment. Hence, we find no
indication that in situ **C is lost by volume diffusion from quartz dur-
ing the pretreatment (1000°C, 30 min, in air).

We are aware of conflicting claims that in situ **C is lost from
quartz at low temperatures, above 500°C (Lifton et al., 2001; Lifton
et al., 2023), but that there is no loss of in situ **C below 900°C
(Hippe et al., 2013). The data of Lifton et al. (2001) (Figure 6 therein),
on which the claim of loss above 500°C is mainly based (Lifton et al.,
2001; Lifton et al., 2023), show an essentially flat release pattern of
14C between 500°C and 1200°C for two splits of a surface sample,
that is, the observed release of **C does not increase with tempera-

ture in this wide temperature range. Volume diffusion in solids,

however, accelerates (exponentially) with increasing temperature
(Mehrer, 2007). Therefore, volume diffusion, that is, loss of in situ **C
from the lattice, cannot be the process responsible for the observed
low-temperature release of '*C in (Lifton et al, 2001). A possible
source for the ¥*C released at low temperatures (Lifton et al., 2001;
Lifton et al., 2023) could be organic compounds from endolithic biota
carrying C (Mergelov et al., 2018). Endolithic algae/fungi/bacteria
are pervasive in surface rocks, even in the most extreme environ-
ments (Wierzchos et al., 2013). Nichols and Goehring (2019) have
demonstrated that the commonly applied treatment with 1% HF/1%
HNOS3 in quartz purification protocols (Kohl & Nishiizumi, 1992) is
insufficient for reliably removing organic compounds to the level

required of in situ **C analysis (laurylamine in the study of Nichols &
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Goehring; 2019; laurylamine has no specific affinity to the surface of
quartz Sulaymonova et al., 2018). The samples in Lifton et al. (2001)
and Lifton et al. (2023) that show a low-temperature release of 14c
were treated with 1% HF/1% HNO3 (PP4 in Lifton et al, 2001;
CRONUS-A in ; Lifton et al, 2023; preparation of CRONUS-A
described in ; Jull et al., 2015); one material (CoQtz-N), which was
more aggressively leached (2% HF/2% HNO; to 15% weight loss,
starting with pure quartz Binnie et al., 2019), did not show a 14c
release at low temperature (Lifton et al., 2023). The importance of
clean intercomparison materials has been pointed out recently
(CRONUS-N; Corbett et al., 2022). It is beyond the scope of this study
to resolve this issue conclusively. Relevant for the current study is
that we are unaware of any data published showing a low-
temperature (< 1000°C) release (pattern) of *C from quartz that
would conform with the physics of diffusive transport in solids.

The pure quartz samples (~4 g each) were extracted subse-
quently for gas-source accelerator mass spectrometer (AMS) analysis
in a custom build extraction line at the University of Cologne follow-
ing the procedure described in Filop et al. (2015). As per Fil6p et al.
(2015), carbonate was added before processing. Blanks were analysed
at the Cologne AMS facility (Schiffer et al., 2020) and samples for this
study at the ETH Zurich (Lupker et al., 2019; Wacker et al., 2013). As
is common practice since the onset of AMS technology in the 1980s,
both AMS facilities are calibrated with standard materials. Both labo-
ratories participate in international laboratory intercomparisons (Scott
et al., 2018). Both facilities use NBS-Ox Il standard material for cali-
bration. The background measurement from full processed blanks,
which was obtained by the repeated extraction of synthetic quartz
(Schiffer et al., 2020), is 38 000 + 10 000 atoms **C (+16, n=26;
measurements since 2020).

We refer the reader to Supporting Information Table S3 for infor-

mation on the blank measurements.

3.1.3 | Denudation rate calculations
Catchment-averaged denudation rates were calculated from each
sample’s *C concentration using the CAIRN (Catchment-averaged
denudation Rates from cosmogenic Nuclides) method (Mudd et al.,
2016). CAIRN calculates analytical solutions of a statement of conser-
vation of nuclide concentration through time t:

dG;

gt — D AG (1)

where C; is the concentration of nuclide j (in this case 14€) in units
atoms per gram, P; is the nuclide production rate in units atoms per
gram per year and J; is the nuclide decay coefficient (in units 1/year).
This approach is similar to that of Parker (1991), but after applying
simplifying assumptions, solutions to this equation reduce to more
widely used derivations such as Lal (1991) and Granger and Smith
(2000).

Nuclide production is a function of latitude, altitude
(or atmospheric pressure), geomagnetic field strength and shielding by
rock, soil, vegetation, water and/or snow (e.g., Balco et al., 2008).
Nuclide production can be caused by both neutrons and muons
(e.g., Gosse & Phillips, 2001). CAIRN calculates production following

the relatively simple approach of an approximation using four summed
exponential functions, similar to a number of authors (Braucher et al.,
2009; Granger & Smith, 2000; Schaller et al, 2009;
Vermeesch, 2007):

3 d
Pi(d) =Pisr Y SijFije™ 2
iz0

where P;g 1y is the total surface production rate (atoms g lyear ) at
sea level and high latitude, F;; is a dimensionless scaling that relates
the relative production of neutron spallation and muon production, §;;
is a dimensionless scaling factor that combines the effects of produc-
tion scaling and shielding of cosmic rays, d is a mass per unit area
which represents the mass overlying a point under the surface (typi-
cally reported in g cm™2) and 4; is the attenuation length for reaction
type i (g cm~2). The reaction types are i =0 for neutrons and i=1—3
for muons.

The depth d, called shielding depth, is related to depth below the
surface as follows:

d= r p(z)dz (3)

where ¢ (cm) is the elevation of the surface, 7 (cm) is the depth in the
subsurface of the sample, z (cm) is the elevation in a fixed reference
frame and p (g cm™3) is the material density, which may be a function
of depth. The shielding depth is typically reported in g cm™2. For a
constant density, d = pn.

Combining Equations (1) and (2) results in a partial differential
equation that can be solved analytically.

One simple scenario is when the denudation rate, ¢, (g cm 2
year™Y) is constant in time. The general solution for this scenario for
the concentration of a nuclide at depth d and time t that had a starting
position at depth doy and an initial concentration Cy at time tg is as

follows:

C(t) = Coe 7 1Py

3 )
SEA: o [ -t

§ CE o T _ e (t=to)d 4
E+A,’ﬂe (e € >:| ( )

i=0

We have dropped the subscript j indicating the nuclide for sim-
plicity; subsequent equations apply to any nuclide. Equation (4) is the
same as Equation (11) in Mudd et al. (2016). We can use Equation (4)
to derive more complex erosion scenarios that might occur in a tran-
sient landscape.

For computing the apparent erosion rate, CAIRN further assumes
constant erosion rates beginning at infinite depth and infinite time

(to =0 and t = 0, dp = o0), reducing the equation to the following:

3 . G.F.A.ed/A
SiFiAie
C(d) =PsiL E = (5)
i—0 E+/1/\,'

where e is the denudation rate (g cm™2 year™2). If we set d =0 (i.e, we
solve for material being eroded from the surface, with no distributed
mass loss via chemical weathering), Equation (5) reduces to equation
(6) from Granger and Smith (2000) for denudation only (i.e., no burial
or exposure) and reduces to Equation (8) of Lal (1991) if production is

due exclusively to neutrons.
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CAIRN does include modules for topographic shielding, but
DiBiase (2018) demonstrated that the shorter attenuation length from
steep slopes cancels topographic shielding so we do not reduce pro-
duction from topographic shielding to calculate denudation rates.
CAIRN then calculates the production rate for each pixel based on an
effective attenuation depth following the approach of Vermeesch
(2007). We calculate the surface production scaling, Sit, using the
scaling of Lal (1991) and Stone (2000). It should be noted that
the Lal/Stone (LSt) scaling is time invariant. Nuclide production is,
however, known to vary with the intensity of Earth’s geomagnetic
field, which is taken into account in other scaling schemes such as the
Lifton/Sato/Dunai (LSD) which take into account time-varying pro-
duction rates (Lifton et al., 2014b). The recent studies of Charreau
et al. (2019) and Stbner et al. (2023) have shown that failing to
account for time-varying production can lead to large changes in
inferred erosion rates using 19Be. However, the difference between
the LSt scaling and LSD scaling is relatively low at high latitude sites
such as ours (<10%) and where erosion rates vary by less than an
order of magnitude (Charreau et al.2019; Stbner et al., 2023). Neither
of these two studies explored the effect on *C, but this assumption
is consistent with other research showing geomagnetic fluctuations
for nuclides make little difference at latitudes higher than 50 degrees
(Dunai, 2010).

The scaling terms for individual production mechanisms, S;, may
vary depending on elevation, shielding, sample thickness or denuda-
tion rates. For example, muogenic pathways will contribute relatively
more to production when there is more shielding since muogenic
reactions penetrate deeper than spallation. Following Vermeesch
(2007), we calculate a single surface production rate, Sy, that com-
bines production scaling and topographic shielding and then partition
this total production to individual scaling terms by employing a virtual

attenuation length, A,, in units of g cm 2%

S=et (6)
We then calculate A, based on Si. Stot is calculated using the
Lal/Stone scaling, but this is calculated using the spallation production
rate reported by Borchers et al. (2016) and dividing this by the frac-
tion of production from spallation from Lupker et al. (2015), that is,
12.24 atoms/g/year divided by Fo = 0.788 to arrive at a Pgyy of
15.533 atoms/g/year. We then calculate the individual production
mechanisms such that

3
Stot =y _SiFi 7)
i=0

In Equation (7), Sio: and F; are known, whereas S; are functions of
Ay. We thus iterate upon A,, calculating S; using Equation (6) using
Newton'’s method until Equation (7) converges on a solution for A,.

We can then calculate the production of atoms of #C at every
pixel in our DTM using Equation (5). We make an initial guess at the
denudation rate, €, based on simple denudation rate estimates from
Lal (1991), and then we use the Newton-Raphson iteration to con-
verge on the observed concentrations in a given basin by changing
the e value. The full method is described in Mudd et al. (2016). The
parameter values used for the scaling and production are shown in

Table 1. Note that for in situ **C, the F, and F3 parameters are zero;

Lupker et al. (2015) found that the production curve could be repre-
sented with only one muon production pathway (negative muon
capture).

We report uncertainties on the denudation rates by calculating
denudation rates from the reported ¥*C concentrations =+ the blank-
corrected uncertainty values. We refer the reader to Supporting Infor-
mation Table S1 for a glossary of all the symbols outlined in this
section.

3.2 | Basin-averaged topographic parameters

As described in Section 4, studies in mountainous landscapes have
found that denudation rates tend to correlate with topographic met-
rics such as channel steepness and elevation (e.g., Cyr et al., 2010;
Delunel et al., 2010; Delunel et al., 2020; Harel et al., 2016; Wittmann
et al., 2007). For example, Delunel et al. (2010) found a correlation
between denudation rates and mean basin elevation in the Western
French Alps, from which they suggested frost-shattering to be the
main driver of denudation rates in their study area. For each sample,
we determine the upstream contributing basin area and then calculate
basin-averaged topographic metrics from the 5-m Digital Terrain
Model (DTM) from the Ordnance Survey (Ordnance Survey, 2021).
Basin area, elevation (proxy for temperature), slope and channel
steepness were derived from the DTM in LSDTopoTools (Mudd et al.,
2023). We calculate the normalised channel steepness index, ks,
which is the channel slope normalised to drainage area and typically
reflects the erosive ability of a channel (Flint, 1974; Wobus et al.,
2006). We use the algorithms from Mudd et al. (2014) to calculate ki,
using a concavity index of 0.45 (Mudd et al., 2014). A map of channel
steepness across the Feshie basin is available in Figure S1 in the

Supporting Information.

3.3 | Terrace mixing model

Erosion rates derived from 4C concentrations in catchments with lit-
tle valley fill (e.g., Garbhlach tributary) can be reasonably assumed to
represent catchment-wide denudation rates. However, as described in
Section 4, the Feshie contains an abundant sequence of paraglacial
terraces along the main channel and along the Lorgaidh and
Fhearnasdail tributaries. To test whether these terraces are contribut-
ing significant quantities of sediment to the modern channel and
affecting the detrital *C concentrations, we present a mixing model
which mixes the ‘background’ sediment with terrace sediment. The
‘background’ erosion rate reflects sediment sourced ‘basin-wide’
from erosion of channels and hillslopes with no contribution from
transient sediment stores. In this section, we first present the model,
followed by the methodologies to obtain terrace bank heights, lengths

and ages which will all influence the output of the mixing model.

3.3.1 | Description of model and assumptions
We hypothesise that samples along the main channel and River
Lorgaidh will provide faster apparent catchment-averaged erosion

rates than they should because they will contain sediment with
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background *C concentrations mixed with lower concentration mate-
rial from terraces bordering the channels. We hypothesise that the
terrace material has lower CRN concentrations because (1) the pro-
duction of CRN in terrace materials decreases with depth (see cartoon
diagram in Figure 4) and (2) terrace materials have remained buried
until the last phase of major incisio and were therefore largely
shielded from cosmic rays (i.e., fill-cut’ terraces; see Section 4 for fur-
ther discussion).

To test our overarching hypothesis of low *C concentration ter-
race material mixing with high **C concentration ‘background’ mate-
rial, we perform a mass balance calculation for each sample (except
GAR which is from a catchment that is largely devoid of terrace mate-
rial) which calculates a drainage basin’s 1C outlet concentration,
Cgasin, by mixing the ‘background’ sediments with terrace sediments.
Our approach is similar to the theoretical model outlined by Wittmann
and von Blanckenburg (2009), who proposed a method to detect sedi-
ment storage and transfer in depositional basins from **C. Our model
assumes that both terrace sediments and ‘background’ sediments
have similar concentrations of quartz and that there have been no dif-
ferences in the chemical depletion rates among sediment sources.

Assuming all sediments are well-mixed, the concentration of 14¢c
in the collected sediments, Cpqsin, is equal to the number of atoms sup-
plied to the sampling site divided by the mass of sediment supplied.
We assume that the sample is composed of atoms (@) and masses (M)

of *C supplied by background erosion (abg, Mpg) and terrace erosion

TABLE 1 Parameters used in CRN calculations.

Parameter Value
Po,sthi 15.533 atoms/g/year
Fo 0.788
F1 0.212

Note: The length scales for spallation and muogenic production are 160
and 1500 g/cm?for Fg, F1, respectively. The relative scaling parameters are
from Lupker et al. (2015). Note that in this scheme F, and F3 are zero. The
total production rate at high latitude and sea level is calculated using the
production from the Lal/Stone scaling reported for spallation in Borchers
et al. (2016) divided by the spallation scaling, Fo. The decay coefficient is
1.2158 % year .

Terrace height

FIGURE 4 2D cartoon diagram showing the
terrace components of our model, modified from .
Wittmann and von Blanckenburg (2009). The o
production of 14C is shown to decrease with o .
depth (red dashed line, production curve taken
from Hippe, 2017). Terrace height Hr, terrace o
migration distance in the time period considered .
Dy, and terrace length Lt (not shown because our
cartoon is 2D) control the concentration of the o o
terrace material entering the river in our model.
Valley fill depth is not to scale because it is largely

Terrace migration =={>

(af,Mf). The timing and frequency of terrace erosion is largely
unknown in the catchment. For example, terraces could erode pro-
gressively through time (i.e., low magnitude, high frequency scenario)
or only erode during major flood events (high magnitude, low-
frequency scenario). Field observations suggest that both scenarios
are likely: We observe sloped sediment deposits at the base of ter-
races, indicating a more progressive system and also observe undercut
terraces, suggesting flood events drive geomorphic change. For the
purpose of this study and the mixing model proposed, we assume that
terrace sediment was sourced from the last major flood event before
sample collection, the details of which are outlined in Section 4. Also
supporting this assumption is the fact that, when observed, the accu-
mulations of debris at the toe of terrace scarps (which testify to pro-
gressive terrace erosion) tend to be disconnected from the active
channel, that is, not in contact with the flowing water at low flow. This
sediment may therefore become incorporated only during major
floods, even if it has progressively accumulated between two
major floods.
Cpasin, in atoms per gram, is given by the following:
pg +af

CBasin = W (8)

The mass supplied in the last flood event from the terraces is the
sediment density times the volume transferred to the channel. For
convenience, we use units of g/m3 for density, which allows us to
match unit conventions for measuring CRN concentrations and dis-
tances. The units of density in these equations cancel as they appear
in both top and bottom terms of the fraction in Equation (8), so they
are, in practice, arbitrary. The volume from the terraces is the product
of the migration distance (Dr in meters), the height of the terrace bank
relative to the channel (H7 in meters) and the length of the eroded ter-
race (Lt in meters). The model assumes that the terrace walls are verti-
cal (see Figure 4). The number of atoms supplied is this mass times
the concentration of **C in the terrace (Cr, in atoms/gram). The mass
of the sediment supplied from the ‘background’ at the sampling point
is the erosion rate (Eyg, units m/year) times the time since the last
flood, AT, times the upstream area (A in m?), times the sediment den-

sity (g/m%). The number of atoms supplied from the ‘background’ at
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unknown and likely to be spatially variable.
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the sampling point are this mass times the concentration in the back-
ground (Cpg). Note that all these terms include the density, which we
assume to be the same for both the ‘background’ and terrace sedi-

ment, so these terms cancel, resulting in the following:

CngbgAAT+CTLTHTDT
EbgAAT+ LtHtDr

)

Cpasin =

In Equation (9), the numerator is in units atoms m®/g and the
denominator is in units m, so the units of Cpqgi, are atoms/g. To calcu-
late the background concentration, C,g, we need to assume a given
background erosion rate; we then use CAIRN to solve for the concen-
tration at the sampling point. We note in this stage that the sample
GAR could be a good candidate for this assumed background erosion
rate, as its upstream area is relatively devoid of terraces (Figures 1
and 2) and **C concentrations will likely represent catchment-wide
denudation rates, as will be discussed. The methods for obtaining ter-
race bank heights, lengths and concentrations are outlined in
Section 4. Terrace migration distances are largely an unknown, so we
model a range of migration distances and discuss these in relation to
terrace concentrations in Section 4. Variations in terrace bank migra-
tion distances, ages and heights are expected to cause differences in
14C concentrations (and apparent denudation rates) between sites
that have recorded a paraglacial terrace signal.

3.3.2 | Methods for obtaining terrace bank heights
and lengths

As highlighted above, we assume that sediment was sourced and
transported from the terraces during the last major flood event before
sample collection. To obtain the lengths (Lt) and heights (Ht) of the
terrace banks connected to the channel network during this flood
event, we create a flood extent map. The following section describes
the flood modelling and terrace extraction methodology.

To document flood trends prior to sample collection, we down-
load discharge and rainfall data from UKCEH (https://nrfa.ceh.ac.uk/
data/station/peakflow/8013) for the gauging station at Feshiebridge

(located near MILC sample in Figure 1, also marked on Figure 9). The
discharge time-series (Figure 5) shows that the last major flood event
(February 2021, 86.99 m3/s) had occurred 6 months before sample
collection in August 2021. This flood event is equivalent to a ~ 1 in
5-year flood event (see Figure S2 in the Supporting Information). We
simulate the flood extent associated with this discharge in
HAIL-CAESAR on the 5-m DTM. HAIL-CAESAR is a hydrodynamic
landscape evolution model which is derived from the CAESAR-
Lisflood model (Coulthard et al., 2013).

We run the model in ‘catchment mode’ which requires the input
of rainfall to generate runoff. Rainfall data were unavailable for the
February 2021 flood event so we use rainfall data from a flood event
in September 2009 when a similar discharge of 86.6 m®/s was
recorded. We run the model with rainfall 20 days prior to the flood
event with a Manning’s roughness value of 0.04 which represents
mountain rivers with gravels, cobbles and boulders (Chow, 1959). We
set the topmodel m value, which controls the peak and duration of
flood events, to 0.001 which represents high infiltration rates for high,
flashy flood peaks (Beven, 1997). With these parameters, including a
high topmodel m value, the simulated peak discharge was 62 m®/s,
which highlights the potential of spatially heterogeneous rainfall.
Because we are interested in mapping the flood extent associated
with a 86.6 m®/s flood, rather than replicating the precise flow
dynamics, we increased the rainfall by 30%, which produced a simu-
lated discharge of 82 m®/s which is very close to our target discharge.
We refer the reader to the Supporting Information for the simulated
flood hydrograph (Figure S3).

To obtain the height of the terrace banks relative to the channel,
we create a 10-m buffer around the modelled flood extent and sample
this 10-m buffer every 5 m to create nodes. We then clip the nodes
to the BGS alluvium/terrace dataset (BGS, 2021). We choose a buffer
distance of 10 m to account for sloped sediment deposits between
the terraces and the edge of the simulated flood extent, based on sat-
ellite and field observations (Figure 6). Many of the exposed terrace
faces along the river are near vertical (see Figure 2), but we use a
10-m buffer to ensure that we capture the top of the terrace surfaces
reliably. For example, even for a 45° terrace scarp, we would still cap-

ture a 10-m-high terrace. We then compare the elevation of each 5-m
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FIGURE 5 Mean daily discharge recorded at the Feshiebridge gauging station (near MILC sampling point, also marked on Figure 9). Discharge
data (and rainfall) were sourced from the UKCEH (https://nrfa.ceh.ac.uk/data/station/peakflow/8013). The green star shows the most recent
major flood event prior to sample collection which is a = 1 in 5-year flood event. The flood modelling in this study is based on the 2009 event
(yellow star) because no rainfall was available for the 2021 event (see Figure S4 in the Supporting Information for available rainfall data).
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FIGURE 6 Flood modelling methodology used to infer the approximate height of terrace banks bordering the channel in the Feshie basin.
We simulate a 1 in 5-year flood event (shown by the blue ‘Flood extent’ polygon) in HAIL-CAESAR which represents the approximate return
period of the last major flood event prior to sample collection. This flood extent is then buffered by 10 m and the resulting polygon is sampled
every 5 m to create nodes (‘10-m buffer nodes’). These nodes are then clipped to the terrace/alluvium polygon which was sourced from the BGS
(see Figure 2 for the alluvium/terrace extent of the Feshie catchment, BGS, 2021). To obtain the height of the terrace banks, the elevation of the
terrace nodes is compared to the elevation of the nearest channel using the algorithms from Clubb et al. (2017).

terrace bank node to the nearest channel's elevation (which was
derived from the DEM) using the steepest descent flow routing algo-
rithm presented by Clubb et al. (2017). We will refer to this height as
terrace height in the rest of the paper.

3.3.3 | Methods for obtaining terrace
concentrations

The mixing model presented in Equation (9) requires terrace concen-
trations, Cr, to model a basin’s outlet concentration, Cpusin. The con-
centration of C in terraces is mostly a function of the exposure time
to cosmic rays. We explore an end-member scenario, whereby the
sediment in the terraces has been shielded before exposure as the fill-
cut terraces were formed. In this experiment, we assess whether
incorporation of terrace material with the lowest **C concentration
possible could explain the observations. *“C inheritance in the ter-
races may be spatially variable and there is no data regarding these
concentrations, hence the choice of this conservative scenario.

The timing of late Holocene major incision events and thus

lower-level terrace (exposure) ages are largely unknown. To our

knowledge, only one terrace date in the Feshie basin has been
published: A radiocarbon age of 4.1-3.7 cal ka BP was obtained by
Robertson Rintoul (1986) for a lower-level terrace (Group 3) in the
Lorgaidh basin, suggesting that the lower-level terraces are of Late
Holocene age (post-4000 years). Robertson Rintoul (1986) also
inferred a younger terrace group of 900 cal ka BP to exist
from soil stratigraphic mapping (Group 4). Both of these terrace
groups (1000 and 4000 years) were interpreted to border the
modern-day channel in the mapped extent which focused on the
upper braided reach and Lorgaidh basin (location B in Figure 2).
These results imply that the channel receives sediment from ter-
races aged at both 1000 and 4000 years. Based on these findings,
we tentatively model our terrace bank migration distances with ter-
race ages of 1000 and 4000 years and discuss the implications in
Section 4.

We simulate the concentration of **C in terraces using a column
model available in LSDTopoTools (Mudd et al., 2023). This model fol-
lows the same governing equation as Equation (4), but in this case, we
simulate C concentrations as a function of depth over a fixed dura-
tion (t—to = t;, where t; is the age of the terrace) such that the

governing equation reduces to the following:
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C(tt,d) = Coefmli +Po

We therefore assume minimal denudation over the age of the ter-
race (e ~0) in the column model. The scaling and production parame-
ters for this component of the study are shown in Table 1. The
column model is evolved from the particle-based model presented in
Mudd (2017) but includes the more rigorous production and scaling
mechanisms from Mudd et al. (2016).

The mixing model presented in Equation (9) assumes that the
total height of a terrace column, Dr, collapses into the river during a
flood event. We therefore sample the column’s *C concentration
every 0.05 m, following which we calculate a depth-averaged concen-
tration (Cr in Equation (9)). The column model assumes that there is
no mixing or bioturbation within the terrace deposits. This assumption
is supported by the fact that, when observed, terraces in the Feshie
appear paraglacial and are largely composed of unsorted gravels, with
very little soil relative to the total terrace height (Figure 2). Moreover,
if mixing is present within a thin soil layer, then the depth-averaged
14C concentration of a terrace is likely to resemble that of an unmixed
terrace profile (Hippe, 2017).

We set the elevation and height of the column to the average ele-
vation and height of the terraces in the Feshie as defined in the ter-
race bank extraction method section (Section 4). We also perform a
sensitivity analysis to test the influence of terrace elevations
(i.e., production rates of 14C) on the terrace concentrations.

As discussed, we assume that there is no initial 1*C concentration,
on the basis that the material was buried deep enough before the for-
mation of the terrace such that all pre-existing *C had decayed. This
latter assumption may not perfectly reflect reality: Terraces will have
accumulated a small percentage of 1C during their burial phases from
deep production by muons (see Figure 4). For example, the total in situ
14C concentration at 10-m depth is <5% of the surface nuclide pro-
duction (Figure 4, Hippe, 2017). Moreover, Robertson Rintoul (1986)
documented a buried soil layer (95 cm below the terrace surface) with
a radiocarbon age of 4.1-3.7 cal ka BP, suggesting sediment aggrada-
tion above previous floodplain levels. As a result, it is likely that the
terrace sediment may not have been completely shielded until terrace
formation. We do not add an initial concentration to the terrace col-
umn model because we largely do not know the **C concentrations
and burial history of the terraces. Any antecedent C will increase
the concentration of *C derived from the terraces, so terrace migra-

tion rates estimated from our model will be minimum rates.

34 | Methods for calculating erosion rates from
sediment fluxes

Erosion rates derived from #C concentrations in catchments with
abundant paraglacial terraces are not expected to represent true
‘basin-wide’ denudation rates. To further understand the relationships
between denudation rates and the isostatic uplift rate in these basins,
we calculate erosion rates from sediment fluxes. That is, we test
whether the erosion rate from sediment fluxes is, in fact, comparable
to the isostatic uplift rate in basins with paraglacial terraces when

both the ‘background’ erosion of hillslopes and the erosion of

paraglacial material are considered. The erosion rate from sediment
flux, Egux, is the sum of the ‘background’ erosion rate (Epg, units
m/year) and of the terrace volume that collapses into the river during
a large flood event divided by the sample’s drainage area (A in m?).
The latter represents the equivalent erosion rate had the volume of
material from the terrace been sourced from uniform erosion
upstream of the sample. The volume of sediment from the terraces is
the product of the migration distance (Dt in meters), the height of the
terrace bank relative to the channel (Hr in meters) and the length of
the eroded terrace (Lt in meters; see Section 4 for a full description of
these parameters). For the purpose of this study, we assume that ter-
race collapse occurs during large annual flood events. The erosion rate
from sediment flux, in units m/year, is given by the following:

LyHrDr
A

Eflux = Ebg +

4 | RESULTS

41 | Overview of inferred denudation rates

The following section presents catchment-averaged denudation
rates inferred from concentrations of **C in detrital sediments. We
say ‘inferred’ because these denudation rates are based on the
assumption that concentrations result from steady, spatially homoge-
neous denudation. We report rates in mm/year, as these rates are
perhaps more intuitive than a mass-based denudation rate which rep-
resent an equivalent bedrock lowering with a density of 2650 kg/m®
in the parent material. The denudation rates reported below are calcu-
lated using CAIRN (Mudd et al., 2016), which is described in detail in
Section 4. We also calculate denudation rates using version 3 of CRO-
NUS (Balco et al., 2008), which are approximately 10% lower than the
CAIRN-derived erosion rates (see Table 2).

Overall, the inferred denudation rates are similar for seven out of
the nine sampled sites, with rates between 0.442 and 0.612 mm/year.
The denudation rate calculated for the high-elevation, low-relief Gaick
plateau is 0.478 mm/year (PLAT). Downstream of this sample, the
river flows through a bedrock knickzone (Figure 2) downstream of
which the inferred denudation rate is similar to that from the Gaick
plateau (sample ADD, 0.442 mm/year). Around 4.5 km downstream,
the Feshie then enters the main glacial trough where the main valley-
fill sequence begins and debris flows enter the channel. Here, the
inferred catchment-averaged denudation rate increases to
0.612 mm/year (UBRU). Further downstream, the denudation rates
show little change where the river passes the confluence with the
Lorgaidh and flows through the uppermost braided section (UBRM,
0.582 mm/year; FLOD, 0.582 mm/year). The Lorgaidh (LORG), which
displays evidence of Holocene hillslope failure (e.g., talus deposits,
debris flows) and contains terraces which the river is laterally migrat-
ing into, has a slightly lower inferred denudation rate of
0.457 mm/year.

The steep, high-relief Garbhlach tributary has the lowest inferred
denudation rate in the entire catchment (GAR, 0.175 mm/year).
Downstream of the confluence with the Garbhlach, an inferred denu-
dation rate of 0.523 mm/year is calculated from sample ALEAN which

is similar to the sample upstream of the Garbhlach’s confluence along
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the main channel (FLOD, 0.582 mm/year). Finally, our downstream-
most sample, MILC, which is ~ 1.5 km upstream of the Feshie’s con-
fluence with the Spey, displays the highest erosion rate recorded in
this study, 1.356 mm/year. Overall, the catchment-averaged denuda-
tion rates are, on average, significantly lower than the isostatic uplift

m—WI LEY 13 of 24

rates predicted for the Feshie basin of >1 mm/year (Shennan et al.,
2009).

Error bars are shown on the CAIRN-derived erosion rates on
Figure 7. Error values represent erosion rates calculated from the
reported *C concentrations + the blank-corrected uncertainty

TABLE 2
Basin Sample
River area elevation
Sample name Lat. Long. (km?) (m)
GAR Garbhlach  57.03407  —3.8729 447 438
ADD Feshie 56.9786  —3.83459  73.13 450
LORG Lorgaidh ~ 57.00016 —3.9047 726 376
PLAT Feshie 56.97275 —3.79523 3357 513
ALEAN Feshie 57.04437 —-3.89655 12657 324
FLOD Feshie 57.02548 —-3.89996 116.12 343
UBRM Feshie 57.01004 —-3.90527 100.76 358
UBRU Feshie 56.9946 —3.8914 91.65 380
MILC Feshie 57.12184 —-3.90915 23228 229

14C sample details, + blank-corrected C concentrations, and modelled erosion rates from CAIRN and CRONUS.

Sample *C  Uncertainty

CAIRN-derived

CRONUS-derived

(atoms g =+ (atoms g erosion rate (mm erosion rate (mm
) ") year %) year %)

100440 2570 0.175 0.167

52500 2450 0.442 0.389

49050 2500 0.457 0.421

47130 2520 0.478 0.434

45100 2520 0.523 0.470

42480 2510 0.582 0.514

41290 2510 0.582 0.541

40860 2510 0.612 0.550

24260 2520 1.356 1.03

Note: All erosion rates are calculated using the Lal/Stone scaling. We refer the reader to Supporting Information Tables S4 and S5 for more detailed
descriptions of the 4C concentrations and erosion rates.

FIGURE 7
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(a) Map of the Feshie with sample names and *C-derived erosion rates. (b) Plot of main river profile (blue line) and erosion rates
calculated through both CAIRN (pink markers) and CRONUS (purple markers). CAIRN error values represent erosion rates calculated from the
reported **C concentrations + the blank-corrected uncertainty values. CRONUS error values represent both measurement uncertainty and
production rate uncertainty. We refer the reader to Supporting Information Tables S4 and Table S5 for more detailed descriptions of the 4C
concentrations and erosion rates.
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FIGURE 8 Relationship between denudation rates and catchment-averaged topographic parameters including mean basin slope, elevation,
drainage area and normalised channel steepness. R? linear regression values are shown for each plot.

values. The key findings discussed above remain the same when these
errors are considered. That is, we find the lowest inferred denudation
in the steep, high-relief Garbhlach tributary and the highest apparent
denudation rate at our downstream-most sample near the Spey,
MILC. These key findings are also consistent with the denudation
rates and uncertainties derived from CRONUS (see Table 2 and
Figure 7, Balco et al., 2008). We refer the reader to Supporting Infor-
mation Table S3 for information on blank measurements and

uncertainties.

4.2 | Relationships between apparent erosion rates
and basin-averaged topographic parameters

Many studies have correlated denudation rates to basin-averaged
topographic parameters to understand the wider controls of climate
and/or tectonics on landscape evolution (e.g., Cyr et al., 2010; Delunel
et al., 2010; Hack et al., 1957; Harel et al., 2016; Wittmann et al.,
2007). In this study, we counter-intuitively find negative correlations
between the apparent erosion rates and upstream basin-averaged
slope, normalised channel steepness, and elevation (proxy for temper-
ature, Figure 8). We find the highest inferred denudation rate of

1.356 mm/year at the most downstream sample, MILC, and the low-
est inferred denudation rate of 0.175 mm/year in the steepest tribu-
tary catchment, the Garbhlach basin (GAR). Furthermore, we cannot
explain our erosion rates from any apparent geological controls, as the
bedrock geology is relatively homogeneous in the catchment
(BGS, 2021). Similarly, vegetation does not appear to exert a primary
control on the erosion rates. Commercial forestry dominates the
lower areas of the catchment near the confluence with the Spey, and
new native forest and moorland occupy much of the upper basin. It is
important to note that we find the lowest denudation rate in the Gar-
bhlach tributary, a catchment that is very steep and largely devoid of
terrace materials. This result supports our hypothesis that a significant
portion of the sediment transported by the main stem river is sourced
from low-concentration terrace materials. In the following section, we

use our mixing model to test this hypothesis.

4.3 | Terrace mixing model results
To run our mixing model, we need a ‘background’ denudation rate
that is representative of catchment-wide denudation. In the absence

of other reliable catchment-wide denudation rates, we assume that
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the Garbhlach’s denudation rate of 0.175 mm/year represents this
background denudation rate. We note that this is likely an upper
bound and that the real background denudation rate may be lower, as
the Garbhlach is one of the steepest tributaries in the catchment.
Using the GAR value of 0.175 mm/year as the background denuda-
tion rate, we use CAIRN to calculate the expected **C concentration
for all the other samples. We then use the mixing model to simulate
the impact of introducing lower concentration material from the
upstream terraces, as explained in the methods. The dilution proceeds
iteratively. For example, the sample near the Spey (MILC) features the
lowest **C concentration and the highest apparent erosion rate
(1.356 mm/year). This means that sediments with relatively low *C
concentrations must have been supplied between MILC and ALEAN.
The model assumes these lower concentration sediments have been
supplied by terraces. We also note that no other potential sources of
lower concentration sediments (e.g., landslides) are observed between
MILC and ALEAN. The height and age of the terrace will affect the
14C concentrations in the terrace material that is remobilised. For
example, erosion of higher and/or younger terraces will lead to the
introduction of material with lower average “C concentrations.
The terrace migration rate will affect the ratio of background material

to terrace material in the river sediment: the greater the migration
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rate, the greater the dilution of the background sediment with low
14C concentration sediment from the terraces. We examine each of

these possibilities in the following discussion.

43.1 | Terrace height results

Figure 9 shows a map and longitudinal river profile of the left and
right terrace heights in the Feshie basin. Terrace heights, derived from
the 10 m buffer zone, average 2.2 m above the channel for the entire
basin (see Figure S5 in the Supporting Information for distribution of
terrace heights). There is no obvious downstream trend in terrace
heights, although terraces in the headwaters (upstream of flow dis-
tance 35 km) tend to be not as high as further downstream. Localised
reaches with higher terraces above ~5m are observed at locations
such as the Garbhlach confluence and upstream of sample UBRU
(flow distance between 20 and 25 km). Terrace heights do not appear
to increase between sample ALEAN and MILC, and average between
2 and 2.5 m, suggesting that terrace height does not account for the
higher erosion rate (lower concentration) near the Spey. There do not
appear to be any high terraces feeding the tributary channels between
ALEAN and MILC.

(b) Right
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FIGURE 9 (a, b) Maps of left (a) and right (b) terrace heights (m) derived from the 2009 flood with a 10-m buffer. (c, d) Long profile plot of
the main Feshie River with left (c) and right (d) terrace heights marked in red. Main channel erosion rates are shown by the black triangles.
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4.3.2 | Terrace age results

Figure 10 shows the relationship between terrace ages and depth-
averaged *C concentrations for the average terrace height of 2.2 m
and average terrace elevation of 420 m in the Feshie basin, simulated
by our terrace column model. As the average terrace age increases,
the depth-averaged terrace 2*C concentration increases.

Terrace elevations mostly range between 230 and 600 m, which
is #200m below and above the mean elevation of 420m in the
Feshie basin. With regard to the influence of elevation on **C produc-
tion rates, a change in terrace elevation of 200m changes the final
terrace concentration by 10% for our average terrace height of 2.2
m. Error bars on Figure 10 represent this 10% uncertainty (see
Table S2 in the Supporting Information for full sensitivity analysis).
Latitude makes a negligible difference to the modelled terrace con-
centrations due to the catchment size. The uncertainty from elevation
on terrace ages is discussed in more detail alongside the terrace
migration results in Section 4.

As discussed in Section 4, Robertson Rintoul (1986) interpreted
the lower level terraces in the Feshie basin to have formed 1000
(Group 4) and 4000 (Group 3) years ago, from radiocarbon dating and
geomorphic mapping. These ages correspond to depth-averaged ter-
race *C concentrations of approximately 8000 and 27 000 atoms/g,
respectively. Therefore, we tentatively model each samples’ C basin
outlet concentration with terrace migration distances associated with
these depth-averaged terrace concentrations and discuss the implica-

tions in Section 4.

433 | Terrace migration distance results

We first present results using a range of catchment-averaged terrace
migration distances per flood event (D7 in Equation (9)), that is, all ter-
races upstream of each sampling point are assumed to migrate at the

same rate. We perform the calculation for each sampling point.

6000

(a)

Count

400 500 600 700
Terrace elevations (m)

The results for ALEAN and MILC (sample near Spey) are shown in
Figure 11. The remainder of the samples yield similar results to
ALEAN and are shown in Figure S6 in the Supporting Information. If
the terraces that are contributing sediment to the modern channel
have been exposed to cosmic rays for 1000 years throughout the
Feshie basin, then we can explain MILC'’s lower sampled concentra-
tion with higher terrace migration distances during a flood event. This
result remains valid even when we take into account the uncertainty
from terrace elevation-derived production rates (see shaded lines on
Figure 11). For example, if the average terrace concentrations in the
Feshie equate to 8000 atoms/g (i.e., exposed to cosmic rays for
1000 years), then we can explain ALEAN'’s observed basin outlet con-
centration with catchment-averaged terrace migration distances of
0.08 m/flood event. To explain the highest apparent erosion rate from
the MILC sample (with the lowest measured **C concentration) down-
stream near the Spey, catchment-averaged terrace migration dis-
tances must be significantly higher (0.3 m/flood event) for the same
terrace concentration of 8000 atoms/g.

The terrace migration values presented above are catchment-
averaged. However, we know that the sediment sampled at ALEAN
has a *C concentration that is nearly twice that at MILC further
downstream, implying that a significant change in terrace dynamics
occurs in the nested basin between ALEAN and MILC. Major rivers
within this nested basin include both the section of the main Feshie
channel between the two sampling locations and the Fhearnasdail
tributary (see Figure 1 for location). To calculate the required migra-
tion distances in this nested basin, we run our sediment mixing model
(Equation (9)) and set the terrace migration distances upstream of
ALEAN to 0.08 m/flood event (e.g., 1000-year scenario). We then
model the required nested basin’s terrace migration distances to
obtain MILC's outlet concentration. For example, if the terraces
upstream of ALEAN have a migration rate of 0.08 m/flood event, we
find that the nested basin requires migration distances of around 0.5
m/flood event if terraces have been exposed to cosmic rays for
1000 years.
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FIGURE 10 (a) Histogram of the terrace elevations derived from the 10-m buffer method for the entire Feshie catchment. (b) Relationship
between terrace age and depth-averaged terrace 1*C concentration using our average terrace height of 2.2 m and elevation of 420 m. 10% error
bars represent uncertainty associated with the production rates from terrace elevation (i.e., an increase in elevation of 200 m increases the
terrace **C concentration by approximately 10% for the same terrace scarp height).
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FIGURE 11 Results of the mixing model for MILC (downstream site near Spey) and ALEAN. This model considers catchment-averaged
terrace migration rates, that is, all terraces upstream of each sampling location migrate at the same rates. The measured “C concentration at
these sites (‘actual outlet concentration’) is shown by the black horizontal dashed line. Blank-corrected analytical uncertainties are shown by the
grey shaded error bars on the ‘actual outlet concentration’. The influence of various terrace migration distances per flood event (0.08, 0.1, 0.2,
0.3, 1, 5 m) on the predicted **C concentration at these sites is shown by the coloured lines with their corresponding terrace concentrations.
Grey vertical lines represent concentrations for terrace with ages of 1000 (8000 atoms/g) and 4000 years (27 000 atoms/g), with shaded 10%
error bars. These error bars represent uncertainty from terrace elevation-derived **C production rates (see Section 4). See Figure S6 in the

Supporting Information for results at other sample sites.

Another hypothesis is that the terraces in the Feshie basin have
been exposed to cosmic rays for 4000 years and thus have an approx-
imate depth-averaged **C concentration of 27 000 atoms/gram (see
Section 4). In this scenario, terraces upstream of ALEAN require a
basin-averaged retreat rate of approximately 0.2 m/flood event. Our
results suggest that it may be possible to yield MILC’s lower basin out-
let concentration with basin-averaged retreat rates of 5 m/flood event
when considering terrace production rate uncertainties. However, we
know that, in this scenario (i.e., terraces exposed to cosmic rays for
4000 years), the required migration distances upstream of ALEAN are
0.2 m/flood event. When we calculate the required terrace migration
rates in the nested basin between MILC and ALEAN, we find that
even a terrace migration rate of 1000 m/flood event, which is unreal-
istic, cannot yield the measured outlet concentration at MILC. We
therefore cannot explain MILC's basin outlet concentration if all ter-
races that are feeding material into the modern channel have rela-
tively high **C concentrations (i.e., 27 000 atoms/gram).

An alternative hypothesis to the lower concentration recorded at
MILC is the possibility of younger terraces between MILC and ALEAN
that are inputting lower concentration material into the river. Our
basin-averaged terrace model suggests that the lower basin outlet
concentration at MILC could be explained if MILC has younger
catchment-averaged terraces than ALEAN, while the terrace migration
rates remain the same (Figure 11). That is, if terraces upstream of
ALEAN have been exposed to cosmic rays for 4000 years (i.e., terrace
group 3 according to Robertson Rintoul (1986)'s classification), then a
terrace migration rate of 0.2 m/flood event is required. Likewise, if
terraces in the entire MILC basin have been exposed to cosmic rays
for 1000 years (terrace group 4), then a similar terrace migration rate
of 0.2 m/flood event can explain the lower basin outlet concentration.
However, we know that, in this scenario, terraces upstream of ALEAN
have a depth-averaged '*C concentration of 27 000 atoms/gram
(i.e., exposed to cosmic rays for 4000 years), which means that the

nested basin between ALEAN and MILC is where a change in terrace

concentrations must occur if the retreat rates remain the same. If we
run our mixing model and set the terraces upstream of ALEAN to
27 000 atoms/gram, we find that even if the terraces in the nested
basin have a **C concentration of 0 atoms/gram, then MILC's basin
outlet concentration cannot be obtained. Therefore, younger terrace
ages alone cannot account for MILC's basin outlet concentration as it
is not possible to obtain the outlet concentration at MILC with the

same migration distances as ALEAN.

44 | Erosion rates from sediment fluxes

Here, we present overall sediment volumes sourced from both para-
glacial terraces and ‘background’ material on annual timescales
(Figure 12). Specifically, we assume that terrace material is sourced
from large annual flood events and that the ‘background’ denudation
rate is that of the Garbhlach’s, 0.175 mm/year, for the entire Feshie
basin. The volume of sediment from the terraces is the product of the
migration distance (D7), the height of the terrace banks relative to
the channel (Hr) and the length of the eroded terraces (Lt). Regarding
the terrace migration distances, we use the basin-averaged migration
distances associated with a 1000-year-old terrace for each sample
(see Section 4). We use this scenario because we can obtain realistic
terrace migration rates when we mix the ‘background” sediment with
1000-year-old terraces that, importantly, have low 4C concentra-
tions. We do not use migration rates associated with 4000-year-old
terraces because the modelled concentrations in these terraces are
higher and require unrealistic migration rates (see Figure 11).

The total volume of sediment sourced from paraglacial terraces
during large annual flood events is slightly lower than the ‘back-
ground’ sediment volume for most samples (Figure 12). MILC, which
is the sample located near the confluence with the Spey and has the
lowest basin outlet *C concentration, has a significantly higher ter-

race volume relative to the ‘background’ volume. That is, to explain
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(a) CAIRN erosion rates and sediment flux erosion rates for main channel samples. Sediment flux erosion rates represent the

sum of the ‘background’ erosion rates and the terrace erosion rates. The approximate isostatic uplift rate is marked by a black dashed line
(Shennan et al. 2009). (b) Paraglacial terrace and ‘background’ sediment volumes for main channel samples. The background denudation rate
(from CAIRN) for the Garbhlach basin, 0.175 mm/year, was used to calculate the ‘background’ sediment volumes and sediment flux derived
erosion rates shown in these plots. Terrace migration rates associated with a terrace age of 1000 years were used to calculate terrace volumes

and erosion rates from sediment fluxes.

MILC'’s low outlet concentration, we need to dilute the ‘background’
concentration with a larger volume of low concentration terrace
material compared to the other samples which require smaller
terrace volumes (due to their higher basin outlet concentrations).

We calculate erosion rates from sediment fluxes in basins with
abundant paraglacial terraces (i.e., all samples except GAR). Similar to
the inferred erosion rates from CAIRN, we find that these erosion

rates are significantly lower than the isostatic uplift rates for the

Feshie basin.
5 | DISCUSSION
5.1 | Relationships between uplift, denudation

and slope

We interpret the Garbhlach’s denudation rate of 0.175 mm/year to
be representative of the true catchment-wide denudation because
unlike the remainder of our sampled basins, the Garbhlach is largely
devoid of transient sediment stores and the hillslopes in the Gar-
bhlach basin appear to be connected to the channel, as shown by the
‘V’-shaped valley. The Garbhlach’s denudation rate is near the upper
bound of previously reported Late Holocene bedrock incision rates in
upland rivers in Scotland. Jansen et al. (2011) and Kim (2004) inferred
the present-day vertical incision rates of 0.07-0.24 mm/year by mea-
suring 1°Be concentrations of bedrock surfaces along knickpoint
reaches that are assumed to be caused by base-level fall. The
Garbhlach is also the steepest catchment in the Feshie basin which
supports the idea that 0.175 mm/year is likely to be an upper bound
and that the real background denudation rate in the Feshie may be
lower. Nonetheless, the Garbhlach’s denudation rate is an order of
magnitude lower than the glacial isostatic uplift rates predicted for
the Feshie basin of >1 mm/year (Shennan et al., 2009). We also find
that erosion rates calculated from sediment fluxes, which represent
the sum of the ‘background’ and terrace erosion rates and vary
between 0.2 and 0.6 mm/year, are lower than the isostatic uplift rate.
These results support studies which have proposed that base-level

signals propagating inland from the coast, which are indicated by the

presence of knickpoints, have stagnated near Scotland’s coastlines
(Bishop et al., 2005; Castillo et al., 2013). Likewise, we also find that
the inferred denudation rates (0.175-1.356 mm/year) do not corre-
late with any basin-wide topographic characteristics, such as the
normalised channel steepness index. Our findings therefore align with
studies which have suggested that without the renewal of relief
through sustained tectonic activity or base-level lowering, post-
glaciated landscapes in tectonically quiescent terrains may remain in a
state of transient dynamics that last for millions of years
(e.g., Ballantyne, 2002; Egholm et al., 2013; Whitbread et al., 2015). In
the absence of sustained tectonic uplift, valleys are likely to maintain
their glacially inherited ‘U’-shaped topography, meaning hillslopes will

remain largely decoupled from channels.

5.2 | Variations in the spatial distribution of the
inferred denudation rates

To explain the spatial distribution of our inferred denudation rates, we
suggest catchments with paraglacial terraces, into which the rivers are
actively eroding (inferred from flood modelling, geomorphic mapping
and remote sensing observations), record apparently higher CRN
denudation rates in comparison to catchments with little alluvial fill.
The novel sediment mixing model presented can reproduce basin out-
let 2*C concentrations that correlate to those observed in *C mea-
surements, using terrace heights, lengths and realistic terrace
migration distances. Thus, we interpret paraglacial terraces to be a pri-
mary source of sediment in the Feshie River which supports previous
studies (Robertson Rintoul, 1986; Young, 1976) and highlights the
long-lasting impact of the glacial legacy.

Our interpretation of **C-derived denudation rates to not reflect
basin-wide denudation in catchments with significant sediment stor-
14C  studies

(e.g., Hippe, 2017; Slosson et al., 2022). For example, Slosson et al.

age aligns with theoretical and recent applied
(2022) attributed the relatively lower concentrations of **C in com-
parison to 1°Be concentrations in their study area in the Andes to the
presence of complex sediment storage dynamics in hillslope deposits.

Future studies should therefore carefully characterise upstream
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geomorphic processes when using *C to infer denudation rates, as
14C concentrations appear highly sensitive to such processes due to
the relatively short timescales over which *C accumulates and
decays.

In our mixing model, we assume that the Garbhlach’s denudation
rate of 0.175 mm/year represents the ‘background’ denudation rate
because the Garbhlach is largely devoid of transient sediment stores.
As mentioned previously, we believe that this rate of 0.175 mm/year
is likely to be an upper bound as the Garbhlach is the steepest tribu-
tary catchment in the Feshie basin; the real background denudation
rate in the Feshie may be lower. We find that lowering the ‘back-
ground’ denudation rate in our mixing model makes a minor differ-
ence to the terrace migration rates (see Figure S7 in the Supporting
Information). A future research direction therefore includes sampling
across a range of slope gradients where the upstream basins are
devoid of sediment stores.

Studies have shown that CRN-derived erosion rates based on
samples of a given grain size fraction (e.g., sand) may not give a com-
plete picture of the denudation of the surrounding hillslopes, as sedi-
ment of different grain size fractions may experience different
denudation histories: sand may originate from the abrasion of clasts
during fluvial transport, whereas larger clasts may originate from pro-
cesses such as deep-seated landslides (e.g., Belmont et al., 2007;
Lupker et al., 2017). This may challenge the interpretation of the GAR
sample (0.175 mm/year) which is assumed to represent basin-wide
denudation. However, field observations of hillslope material in the
Garbhlach basin show abundant sand in soils within hillslope material
and debris flows (see Figure S8 in the Supporting Information), due to
the granite weathering by granular disintegration in this climate. This
observation suggests that the sand sampled in the Garbhlach is repre-
sentative of surrounding hillslope erosion from debris flows and pla-
teau erosional processes. Extracting *C concentrations from the

pebble fraction would shed further light on this theory.

5.3 | Terrace migration and terrace ages in
Scottish rivers

The modelled terrace migration distances presented in Section 4 are
basin-averaged (and nested basin-averaged); that is, the model
assumes that all terraces connected to the channel at high flow erode
at the same rate. The migration rates we have calculated appear rea-
sonable for such an active river, which is a characteristic feature of
the Feshie (e.g., Ballantyne, 2019; Rumsby et al., 2008; Williams et al.,
2020). We found that terrace migration rates between 0.08 and 0.5 m
per flood event are required to explain our measured **C concentra-
tions. However, it is unlikely that terraces migrate at the same rate
across the catchment: The values we derived may instead represent
an average that reflects a mix between sections that erode slowly and
terrace reaches that experience large amounts of geomorphic change
locally. For example, through flood modelling, Fieman et al. (2020) did
not observe widespread change in the channel planform along the
140 km long River Dee, Aberdeenshire, following Storm Frank
(>200 year recurrence interval). Instead, they observed meter-scale
change at the reach scale (1 km). Our results show that to obtain
MILC’s basin outlet concentration, the terrace migration distances
must be higher between the MILC and ALEAN sampling locations,

HEd-WILEY

even when taking into account production rate uncertainties and ter-

race age variations. This supports the idea that significant geomorphic
changes may occur locally, as exemplified by the 5-km reach down-
stream of the confluence with the Fhearnasdail tributary. Satellite
imagery observations show this reach to be exceptionally braided with
tens of meters of bank migration observed between 2006 and 2019
(Figure 3). Repeat topographic surveys and bank inundation modelling
would shed light on the spatial distribution, timing and frequency of
terrace erosion (e.g., Williams et al., 2016; Williams et al., 2020).

The mixing model presented in Equation (9) assumes that the
total height of a terrace column collapses into the river during a flood
event. It is likely, however, that not all terraces eroded through total
column collapse during the flood event before sample collection. That
is, some terraces may have eroded by undercutting alone, meaning
that only their base was eroded, while others may have eroded from
top collapse, due to destabilisation of the base from previous flood
events. If we consider a scenario where all three mechanisms of ter-
race collapse occur throughout the Feshie basin, then the average
concentration of **C coming from the terraces will be similar to a sce-
nario where we only consider total column collapse. For example, if
terraces in the Feshie formed 1000 years ago and have an average
total height of 2.2 m, with one third eroding due to undercutting
(e.g., depth from surface = 1.1 to 2.2 m, average terrace concentra-
tion = 4000 atoms/g), one third eroding from the terrace top collaps-
ing (e.g., depth from surface = O to 1.1 m, average terrace
concentration = 12000 atoms/g) and one third eroding based on total
terrace thickness (e.g., average terrace concentration = 8000 atoms/
g), then the average terrace concentration (8000 atoms/g) is the same
as concentrations from the terrace erosion model based on the total
terrace column thickness alone. In addition, a combination of terrace
erosion mechanisms (i.e., undercutting, top collapse, and total column
collapse) would also mean that the average terrace height in
Equation (9) would be lower than a scenario where we just consider
the whole terrace column collapsing. The basin average terrace retreat
rates would therefore be higher in a scenario where terraces erode by
various mechanisms.

A future research direction includes constraining the concentra-
tions of paraglacial terraces in the Feshie basin, which would shed
light on their ages and burial history. Designing a sampling strategy to
correlate preserved terraces by terrace height (relative to the channel)
appears challenging, however. Field observations of bedrock reaches
(e.g., bedrock knickzone marked on Figure 2, bedrock reach at the
bridge downstream from sample ALEAN) between alluvial reaches
suggests terraces could be longitudinally disconnected. This means
that inferring basin-wide terrace ages (from a small number of sam-
pled terrace profiles) by terrace heights requires careful consideration
of the aforementioned geographical, morphological and temporal
complexities.

In the terrace column model, we assume there is no initial C
concentration, on the basis that the material was buried deep enough
before the formation of the terrace such that all pre-existing **C had
decayed. There is a strong possibility that the terraces contain more
14C than considered in our end-member scenario, as suggested by the
presence of 4 ka old charcoal fragments buried within a terrace, which
suggests that sediment was transported and deposited 4 ka ago
(Robertson Rintoul, 1986)). As such, the terrace migration rates esti-

mated from our experiment will be minimum rates. As discussed in
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the previous paragraph, we highlight the dating of terraces in the

Feshie basin as a future research direction.

5.4 | Choice of CRN to infer denudation rates in
post-glacial landscapes

The average integration timescale of the denudation rate for the Gar-
bhlach basin is approximately 3400 years (Lal, 1991). According to this
integration timescale, it could be possible to constrain denudation
rates with 1°Be in high-relief basins with complex Late Pleistocene
glacial histories. However, it is important to consider that the erosion
rates and integration timescales are catchment averaged and that in
reality, a basin will very rarely erode uniformly; some areas will
undergo faster denudation, while others will erode more slowly.
Regarding the Garbhlach basin, it is likely that its upper reaches, which
drain the low-relief Cairngorm plateau (see Figure 1), erode at a lower
rate than the catchment-averaged rate and potentially integrate over
the Late Pleistocene. For example, denudation rates lower than
approximately 0.05 mm/year would integrate over the Late Pleisto-
cene, when the Feshie catchment may have been glaciated (Chandler
et al., 2019; Sissons, 1974)). The long half-life of 1°Be (1.39 Myr) rela-
tive to '#C (5700 years) means that °Be would contain larger
amounts of uncertainty from prior exposure during interglacial and
interstadial periods. The short half-life of *C means that inferred
denudation rates from *C atoms in stream sediments will mainly
reflect Holocene denudation rates and sediment storage dynamics.
14C is therefore particularly useful for understanding landscape evolu-
tion in regions with complex Pleistocene glacial histories. Moreover,
sediment grains in glacial and paraglacial deposits (e.g., till, paraglacial
terraces), which we suggest contribute to the modern channel sedi-
ment flux, may have been transported across topographic divides with
different glacial histories. Understanding the inherited component of

10Be (due to its long half-life) in these sediment stores is challenging.

6 | CONCLUSIONS

In this study, we calculate Scotland’s first denudation rates over late
Holocene time scales from C concentrations in stream sediments.
We counter-intuitively find that the inferred denudation rates (0.175-
1.356 mm/year) do not correlate with any basin-wide topographic
characteristics (e.g., slope) and are, on average, lower than the glacial
isostatic uplift rates predicted for the Feshie basin of >1 mm/year.
We find that catchments with paraglacial terraces into which the
rivers are actively eroding (inferred from field observations, flood
modelling and geomorphic mapping) record higher apparent CRN
denudation rates in comparison to catchments with little alluvial fill.
Terraces are expected to deliver lower concentration material because
the production of CRN in terrace materials decreases with surface
depth and terraces were buried until the last phase of major Holocene
incision (post-4000 years). The steepest tributary catchment of the
Feshie River, the Garbhlach, which is largely devoid of terraces,
records an apparent denudation rate of 0.175 mm/year, providing an
upper bound on the background erosion rate in the Feshie. We pro-
pose that the higher apparent denudation rates along the main stem
of the Feshie River and the Lorgaidh tributary result from the mixing

of ‘background’ sediment with low-CRN-concentration material
derived from terrace erosion. These results suggest that 1*C-derived
denudation rates in catchments with paraglacial terraces are not rep-
resentative of true catchment-averaged denudation rates because the
14C concentrations can be influenced by short-lived sediment routing
and storage processes due to the isotope’s short half-life (5700 years).

We present a sediment mixing model which combines the ‘back-
ground’ sediment from catchment-wide denudation with sediment
derived from the incision of paraglacial terraces. We model terrace
migration distances during major flood events and calculate the 4C
concentration at each sampling location using two terrace age scenar-
jos (1000 and 4000 years old). We demonstrate that the samples from
the upper and middle sections of the Feshie basin require similar
catchment-averaged terrace migration distances of 0.08 m/flood
event (1000-year old terraces) to produce the observed **C concen-
trations, when considering a flood event with a return period of
around 5 years. We show that the lower area of the Feshie basin
requires higher terrace migration distances (e.g., 0.5 m/flood event for
the area between ALEAN and MILC for 1000 year scenario) to obtain
the measured *C concentration at the downstream-most sampling
site. These rates are compatible with terrace migration rates derived
from satellite imagery between 2006 and 2019. These novel results
highlight the long-lasting impacts of the glacial legacy on sediment
dynamics and indicate that future studies should carefully characterise
upstream geomorphic processes when using **C to infer denudation

rates.
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