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In bedrock-dominatedupland terrains, local heterogeneity in the erodibility of rockmasses is a critical but under-
explored factor constraining sediment erosion, mobilisation and transport. Here we examine how fault-related
fracturing controls variations in the erodibility and grain-size of bedrock source material at the hillslope-scale.
We then assess how this influences the evolution of slope sediment systems using a case-study from the South-
ern Uplands, Scotland, UK. Faults are associated with fracture densities that are an order of magnitude greater
than background joint- and bedding-related fractures in weakly metamorphosed sedimentary rocks. Thus,
fault zones are enhanced source areas yieldingmore abundant, smaller clasts. They are associatedwith enhanced
erosion, gullying and debris flows, and the development of blanket colluvium on steep open hillsides. The orien-
tation at which faults intersect the hillslope constrains the evolution of the sediment system. Faults with trends
closely aligned to the direction of slope are associated with higher erosion via confined-channel debris flow ac-
tivity in strongly coupled gullies. Faults that are oblique to slope direction disrupt and segment gully systems de-
veloped on minor transfer faults. Overall, faults that are oblique to slope direction are associated with lower
erosion and give rise to decoupling within debris flow systems. Inclusion of geological weighting parameters
in the formulation of a sediment connectivity index to characterise the effect of faulting on the erodibility and
mobility of source material improves correspondence of the model with observations and provides a simple ap-
proach that could be adapted for other sources of geological heterogeneity.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Erosion,mobilisation and transport of sediment from slopes to chan-
nels are important landscape responses to climatic, tectonic and anthro-
pogenic perturbation. In upland settings, slope stability and sediment
processes are key controls on long-term landscape change (e.g.,
Willgoose et al., 1991; Burbank et al., 1996; Wolf et al., 2022), but can
also present a range of hazards and practical management challenges
for transport, energy and water infrastructure, especially under chang-
ing climate regimes (e.g., Haeberli et al., 2017; Finlayson, 2020;
Palamakumbura et al., 2021). The nature of these slope processes is
strongly conditioned by the availability of material for erosion and
transport. On many upland slopes bedrock is commonly found at or
near the surface (particularly areas unaffected by, or with limited
cover of, glacial deposits) and therefore sediment availability is deter-
mined by spatial patterns of weathering and erosion affecting in situ
rock (e.g., Neely et al., 2019; Palamakumbura et al., 2021). Heterogene-
ity in rockmass strength has long been recognised as amajor control on
slope stability (e.g., Hoek, 1999; Hoek and Brown, 2019), and recent
license (http://creativecommons.org
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work has highlighted its conditioning role in slope sediment processes
(Molnar et al., 2007; Roy et al., 2016; DiBiase et al., 2018; Neely and
DiBiase, 2020). In particular, fractures within the rock mass have been
identified as a major control on the availability and grain-size distribu-
tion of source material for rockfall (Wang et al., 2020), colluvial and de-
bris flow processes (Sklar et al., 2017; Neely and DiBiase, 2020), and
fluvial erosion (Scott and Wohl, 2018).

At the landscape-scale, differences in fracture density, and the con-
sequent influence on sediment grain-size, constrain the relief of moun-
tain ranges by influencing the slope of rock cliffs and riverbeds (Shobe
et al., 2016; DiBiase et al., 2018; Neely andDiBiase, 2020). However, var-
iations in fracture density can be highly localised. For example, fault-
related deformation commonly occurs in linear ‘damage zones’ tens
of metres wide flanking a fault plane (e.g., Faulkner et al., 2010;
Mitchell and Faulkner, 2012; Choi et al., 2016; Wang et al., 2021).
Such local-scale effects may influence slope stability, sediment erosion
and transport processes at the scale of sub-catchments and individual
slopes (e.g., Roy et al., 2016), and potentially have significant implica-
tions for hazard susceptibility, environmental management and infra-
structure design.

This study assesses how strong local variations in fracture density,
caused by faulting, control slope erosion and transport processeswithin
/licenses/by/4.0/).
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a post-glacial upland landscape in the Southern Uplands of Scotland,
UK. The study area in the Tweedsmuir Hills has been selected to
compare the impact of differences in the angle at which faults inter-
sect a slope on the development of a post-glacial sediment system.
Geomorphic mapping (e.g., Finlayson, 2020), coupling relationships
(e.g., Fryirs et al., 2007), and slope–channel connectivity analysis
(cf., Borselli et al., 2008; Cavalli et al., 2013) are used to characterise
slope systems at scales relevant for informing conceptual ground
models (e.g., Norbury, 2021) and hazard assessment (e.g., Wang
et al., 2020).

2. Geological setting

The Tweedsmuir Hills are located near the centre of Scotland's
SouthernUplands (Fig. 1). The study site lies at the head of the Talla Res-
ervoir and includes the lower reaches of the Games Hope Burn and the
TallaWater, as well as theminor catchment of the Codleteth Burn north
Fig. 1. Topography of the study area showing the location of mapped faults, observed fault gou
discussed in the text (A — Codleteth Burn, B — Gameshope, C — Gameshope gullies).
APGB Digital elevation data APGB©Getmapping Plc, Bluesky International Ltd. Contains Ordnan
100021290.

Please cite this article as: K.Whitbread, C. Thomas and A. Finlayson, The in
Quaternary slope systems, Talla, Southern..., Proceedings of the Geologists
of Talla Linnfoots. Talla Reservoir was constructed between 1897 and
1904 to supply water to the city of Edinburgh. It lies within an upland
landscape ranging in elevation from the reservoir level at approximately
290 m above Ordnance Datum (aOD) to an undulating upland plateau
over 600 m aOD with local summits at approximately 730 m aOD. The
primary land use is rough grazing, although replanting of woodland is
ongoing in much of the upper Gameshope catchment.

The Southern Uplands terrane is underlain by deformed and
metamorphosed turbiditic sandstone, with interbedded siltstone and
mudstone of Ordovician to Silurian age. The succession forms a
compressed accretionary complex consisting of a series of stacked
thrust sheets formed during continental collision between Laurentia
and Avalonia. These thrust-bound sheets have been rotated towards
the vertical during the latter phases of the collision, forming
northeast- to southwest-striking structural tracts bound by subvertical
reverse faults (Stone, 2014). Beddingwithin the structural tracts strikes
roughly northeast–southwest, sub-parallel to the tract boundaries,
ge and fracture density measurements (left hand map). Areas A–C refer to study locations

ce Survey Data © Crown copyright and database rights 2023. Ordnance Survey Licence no.
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Fig. 2. Schematic illustration of contrasting fault–slope relationships in the study area. All
fault planes in the area are sub-vertical to steeply dipping. Faults are described according
to the trend of the fault with respect to the plane of the slope. Where faults trend sub-
parallel to the slope direction (i.e., the direction of maximum dip of the slope), they are
termed 'slope-parallel', and where faults trend oblique or sub-perpendicular to the slope
direction they are termed 'slope-oblique'.
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and is steeply dipping to vertical, and in places overturned (British
Geological Survey, 2009).

Numerous strike-parallel minor thrusts occur within the fault-
bound tracts. These reverse faults are locally displaced by sets of
cross-strike structures orientated north–northeast to south–southwest
andnorthwest to southeast (Fig. 1). The former commonly display sinis-
tral displacement, with dextral displacement more commonly associ-
ated with the latter. Both the thrusts and cross-strike faults are likely
to have been reactivated during regional deformation associated with
the later stages of the Caledonian orogeny and due to far-field effects
associated with the Variscan and Alpine orogenies (Stone et al., 2012).

The cross-strike faults are typically associated with brittle fracture,
with narrow zones of fault gouge noted, and are thought to have been
active since a phase of granite intrusion that occurred in the final
stage of the continental collision in the early Devonian (c., 400 Ma)
(Stone et al., 2012). These bands of fractured rock contrast with sur-
rounding unfaulted bedrock, inwhich discontinuities are related to bed-
ding structures and joints formed during rock burial under regional
tectonic stresses (Stone et al., 2012).

The study area is in the thrust tract associated with the Gala Group
(Llandovery), which is bound to the north by the Orlock Bridge Fault,
and to the south by a faulted boundary with the Ettrick Group (Fig. 1).
The underlying bedrock comprises wacke-type sandstone of the
Queensberry Formation. The sandstone is typically medium to very
coarse-grained, with beds 0.3 to 3 m thick. It is interbedded in places
with siltstone-dominated bands up to 20 m thick comprising beds of
siltstone 0.2 to 1 m thick and 1–5 m thick beds of conglomerate
(British Geological Survey, 2009).

The Southern Uplands have been shaped by erosion during repeated
phases of crustal exhumation throughout theMesozoic andCenozoic as-
sociatedwith rifting and the emplacement of the British and Irish Paleo-
gene Igneous Province (e.g.,Holford et al., 2010; Hudson, 2011; Łuszczak
et al., 2014; Cogné et al., 2016; Fame et al., 2018). The resulting land-
scape, comprising a rolling plateau dissected by broad, smooth-sided
fluvial valleys, generally displays relatively limited evidence of glacial
modification despite repeated Quaternary glaciations (Ballantyne,
2021). However, evidence for localised glacial erosion is found in the re-
gion of the Tweedsmuir Hills, which comprise the highest part of the
Southern Uplands terrane. In this area, zones of selective linear erosion
have given rise to glacial troughs (“inner valleys”) and cirques cut into
the undulating plateau (Fig. 1; Pearce et al., 2014; Sugden, 1968).

The Tweedsmuir Hills formed an ice centre during the latter phases
of the Late Devensian glaciation and briefly hosted a small plateau ice
cap which fed valley glaciers during the Younger Dryas (12.9–11.7 ka)
(Pearce et al., 2014; Ballantyne, 2021). Glacial deposits are restricted
to valley bottoms and lower slopes and include areas of till and termi-
nal, lateral and hummocky moraines developed locally as small ridges
and mounds on valley floors. In the study area, small morainic mounds
occur locally in the lower Gameshope catchment, and a well-developed
outwash fan system occurs just to the north, where the Gameshope and
Talla catchments merge at Talla Linnfoots (Pearce et al., 2014).

An extensive mantle of regolith formed by frost-weathering of bed-
rock is present on plateau areas (Ragg and Bibby, 1966; Ballantyne,
2021). The regolith is likely to have been formed under periglacial con-
ditions prior to the Late Devensian glaciation, indicating that the ice-
cover over higher ground was cold-based and associated with limited
erosion (Ragg and Bibby, 1966; Ballantyne, 2021). The regolith is the
main source material for solifluction lobes, which have formed locally
on the upland plateau (here mapped as ‘Head’ deposits), and colluvial
deposits which are present on some inner valley slopes. The latter are
indicated by terracettes formed by surface wash and down-slope
creep of the loose, fractured rock and associated soil (Ragg and Bibby,
1966).

Previous geological and geomorphicmapping indicates that bedrock
occurs at or near surface throughoutmuchof the inner, glacially scoured
valleys. Thin till is locally present on valley side walls, and moraines,
Please cite this article as: K.Whitbread, C. Thomas and A. Finlayson, The in
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other glacial deposits and alluvium are restricted to the valley floors
(British Geological Survey, 1987; Pearce et al., 2014). Scree and frost-
shattered bedrock occur locally on the rock slopes, and alluvial and debris
fans are developed at the outlets of incised rock gullies (Pearce et al.,
2014). Scree is likely to have formed during periglacial conditions that
existed during the retreat of the Late Devensian glaciers and in
unglaciated areas during the Younger Dryas. However, the presence of
active scree and debris cones indicates sediment production has persisted
up to the present day. A range of dating evidence from across the wider
Scottish Highlands, summarised by Ballantyne (2021), indicates that in
general, gullying and fan development have occurred episodically
throughout the Holocene,with local influence fromhistoric human activ-
ity as well as climatic conditions including extreme rainfall events.

Mass-wasting processes on steeper inner-valley slopes include debris
flows associated with bedrock gullies and debris avalanches on regolith-
covered (colluvial) slopes (following the classification of Hungr et al.,
2013), aswell as rock slope failures (RSFs). In theGameshope catchment,
a comparatively large RSF occurs in the eastern valley slope (Pearce et al.,
2014). Following the classification of Jarman and Harrison (2019), the
RSF is a rockslide with a short travel distance between the prominent
back scarp and the deformed rock mass below. RSFs in the study area
are paraglacial landforms resulting from deformation associated with
fluence of bedrock faulting and fracturing on sediment availability and
' Association, https://doi.org/10.1016/j.pgeola.2023.11.003
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multiple episodes of glacial erosion and loading/unloading (cf., Jarman
and Harrison, 2019; Ballantyne, 2021).

3. Methods

3.1. Geomorphic mapping

The study area includes slopes with contrasting fault–slope geome-
tries allowing for comparative analysis of the geomorphic features and
processes associated with these structures (Fig. 2). In the Codleteth
catchment (Fig. 1, Area A), the main fault trend is sub-parallel to the
slope direction. In the lower section of the catchment of the Games
Hope Burn (Fig. 1, Area B), thewestern slope is bisected by several faults
that are oblique to the slope direction, whilst the eastern slope is
unfaulted.

Geomorphic mapping of the slope deposits and landforms was un-
dertaken at 1:2000 scale using aerial photograph and digital elevation
model (DEM) analysis and field mapping. Data used included the fol-
lowing national-coverage datasets: Aerial Photography for Great Britain
(APGB) aerial imagery at 25 cm resolution (APGB © Getmapping Plc,
Bluesky International Ltd.); the APGB 2 m Digital Surface Model (DSM,
APGB © Getmapping Plc, Bluesky International Ltd.); and the Bluesky
5 m Digital Terrain Model (DTM, version 1.5, 2020 © Bluesky Interna-
tional Ltd.). Mapped features include landforms and deposits related
to glacial erosion and deposition (inner valleys, till, morainic deposits),
post-glacial rock slope failures, periglacial slope processes (solifluction
deposits), and postglacial slope and alluvial processes (gullies, debris
cones and debris aprons, colluvium and alluvial fans).

Landforms related to postglacial erosion and transport of slope ma-
terial are of particular significance as sediment source areas. These in-
clude features associated with debris avalanches on open slopes,
where vegetated hollows mark relict backscarp areas and transport
paths, and debris flows occurring within confined gullies. These gullies
Fig. 3. Images of faulted and unfaultedwacke sandstone from the study area. A: Unfaulted sands
(black lines). B: Cataclasite exposure in the Codleteth Burn. C:Highly comminuted sandstone in
western slope of the Gameshope Catchment.
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are long-lived erosional features formed as steep-sided linear bedrock
channels that are cut into valley-side slopes. These form individual
linear features tens to hundreds of metres in length as well as complex
networks.

General information on the nature of the superficial depositswasde-
rived from field observations of surface exposures and sections, and
from quantitative analysis of field photographs. The latter was limited
to selected locations that were not obscured by vegetation cover.

3.2. Fault mapping and fracture density

A detailed fault map for the area at 1:2000 scale was constructed
from field observations of fault rock and fault-breccia (Fig. 1), linked
to mapping of slope landforms, including hollows and breaks-in-slope,
from aerial photography imagery and DEM datasets. Spatial variation
in fracture density associated with the mapped faults was determined
by quantitative analysis of scaled outcrop photographs at 52 locations
(Fig. 1). Outcrop locations were selected, where possible, to ensure rep-
resentative analysis of variation in fracture density within the site area.
Fracture density for each site was derived from digitised fracture net-
works captured for circular sampling windows following the method
of Palamakumbura et al. (2020) (Fig. 3). Areal fracture density values
were calculated by measuring the average fracture length per unit
area (m/m2; Singhal and Gupta, 2010), from fracture networks digitised
within one to three circular windows. The circular windows were
placed to avoid overlap, with placement constrained by the outcrop
shape. Window size was also scaled to the outcrop width and degree
of fracturing to ensure appropriate image resolution for delineating
the fracture networks, with the radius ranging from 0.1 m for the
highest fracture densities to 0.5 m for low fracture densities (78 % of
all fracture windows were 0.25 m radius, 14 % 0.5 m, 9 % < 0.125 m).

Estimates of block size, where blocks are defined from 2D outcrop
images by the intersection of fractures in rock outcrops, were made
tone showing circularwindows (red circles) and digitised fracturemeasurement linework
a fault zone near theCodleteth Burn. D: Part of a fault fracture zone exposed in a gully in the
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for selected sites covering a range of fracture densities to establish a re-
lationship between the fracture density and the size of blocks being
sourced from bedrock into the slope sediment system. Block size was
estimated using the circular window as a sampling area for delineation
of coherent blocks that intersect the window, with the block diameter
taken as the long axis of the block (Fig. 4). Themethod reflects a hybrid
digital approach combining fracture analysis (Palamakumbura et al.,
2020) and grain-size analysis (e.g., Neely and DiBiase, 2020) based on
image interpretation conducted in a standard GIS package.
3.3. Sediment coupling

A qualitative approach to evaluating slope-to-stream coupling rela-
tionships in gully networks was applied to focus areas including the
Codleteth catchment (Fig. 1, Area A) and a sub-area of the Gameshope
catchment (Fig. 1, Area C). Gully networks were recorded as coupled,
partially coupled or uncoupledwith respect to the slope foot— occupied
by the Talla Water and Talla Reservoir (Area A), and the Games Hope
Burn (Area C). The designation follows definitions and typologies pro-
vided by Fryirs et al. (2007), and Fryirs (2013).

The proportion of sediment removed post-glacially was determined
from the balance between excavated gully and deposited alluvial fan
volumes for the regions covered by Areas A and C in Figure 1. The vol-
umeswere estimated by constructing a synthetic ‘pre-gully’ ground sur-
face using ARC GIS geoprocessing tools and subtracting the modern
DTM from this synthetic surface following a process adapted from the
method of Carter et al. (2020). Due to the narrow nature of the gullies
and associated fan deposits in Area C (Gameshope), the synthetic pre-
erosion ground surface was derived simply by clipping the gullies out
of the APGB DTM and re-interpolating using a Natural Neighbour inter-
polation. For Area A (Codleteth Burn), a synthetic pre-erosion surface
for the larger gully area was constructed by extending contours from
the slopes adjacent to the gully. These synthetic elevation contours
were used to constrain points at 20 m spacing which were integrated
with the clipped DTM and re-interpolated using the Natural Neighbour
algorithm.
Fig. 4. Image of a wacke sandstone outcrop showing the blocks formed by the fracture
networks (black lines). Long axes of all complete blocks intersected by the circle were
measured as the longest side of a bounding box (yellow box and arrow).
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3.4. Sediment connectivity

In addition to the qualitative assessment of coupling relationships,
sediment connectivity was quantitatively assessed using the index of
connectivity (IC) developed by Borselli et al. (2008) with the additional
topographic weighting factors of Cavalli et al. (2013). IC is a function of
the catchment area and distance along the flow path estimating the
likelihood that any particular part of a catchment will supply sediment
to a specified ‘sink’ (e.g., a river channel, lake or reservoir). It is defined
as the ratio of upslope and downslope functions that describe the likeli-
hood that material will be sourced from an upslope catchment area
(Dup), and the likelihood that sediment will pass along a flow path to
the specified sink (Ddn)

IC log 10
Dup

Ddn
1

where Dup is a function of the mean slope (S) and area (A) of the up-
stream source region:

Dup WS A 2

W represents a weighting factor related to topographic roughness,
which affects the efficiency of supply and transport (Cavalli et al.,
2013). The potential for sediment to pass from a point to the defined
sink (Ddn) depends on the distance (di) that the sediment must move
along the flow path:

Ddn ∑
i

di
WiSi

3

where Wi and Si are, respectively, the weighting factor (W) and slope
(S) of the ith cell. Sediment connectivity analyses were run in ArcGIS
10.7.1, using the Bluesky 5 m Digital Terrain Model (DTM). To assess
hillslope to channel coupling, the main streams of the Talla Water and
Games Hope Burns, and the Talla reservoir were taken as the sinks.

An additional geological weighting factor (G) to account for the im-
pact of faulting on the rockmasswas also calculated from empirical data
gathered in this study (Section 5). The geological conditioning affects
both the availability of material for erosion, and the grain-size of the
sediment entering the slope–sediment system. Hence, it affects both
the upslope and downslope components of the index. The influence
of fault orientation is not included in the function as it is implicit in
the spatial application of the model i.e., the spatial distribution of G
with respect to the topographic parameters. The revised formulation
of Eq. (2) is

Dup GWS A 4

where G is the geological factor reflecting enhanced erodibility and re-
duced grain size. Eq. (3) becomes

Ddn ∑
i

di
SiWiGi

5

where Wi is the roughness factor and Gi the grain-size factor for each
cell.

The intention of this analysis is to demonstrate the impact of faulting
on sediment systems where in situ fractured bedrock is the key source
material. A relatively thin layer of superficial deposits is present overly-
ing bedrock across much of the area. However, much of this sediment
comprises colluvium and talus derived from bedrock through post-
glacial weathering and slope processes and is therefore part of the
system of processes reflected by this formulation of connectivity.
It should be noted that IC is formulated for water-mediated flows
and does not fully account for factors affecting rockfall–talus
systems. Localised glacial deposits including moraines and thin till
fluence of bedrock faulting and fracturing on sediment availability and
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Fig. 5. Characterisation of fault-related fracture density. A: Relationship of mean fracture density (Fd), calculated from multiple sampling windows at each outcrop location, to distance
from a mapped fault structure (D) (black circles). The logarithmic regression (dashed black line) is significant p < 0.01, with 95 % confidence interval (dotted grey lines). The
cumulative length of fractures per unit area (white squares) was derived as sum of mean fracture length with increasing distance from the fault. Distance thresholds at approximately
25 m and 110 m are used in subsequent discussion of fault proximal (<25 m), marginal (25–110 m) and distal (>110 m) zones. B: Relationship of measured fracture density (fd) and
mean block diameter (WB) calculated for individual sampling windows at selected sites chosen to cover a range of fracture densities. The grain-size thresholds shown have been
calculated based on the ISO 14688-1 grain-size scale. The empirical relationship ofWB to fd has been used to calibrate Fd for grain-size on plot A.
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cover are not accounted for in this analysis as they occur only sparsely
within the study area and are generally restricted to the slope base
and valley floor. Periglacial deposits and blanket peat on upland pla-
teaus are likewise excluded.

4. Results — faulting and slope process systems

4.1. Fault characterisation

The faults mapped in the study area comprise a network of struc-
tures orientated generally north–northeast (NNE) to south–southwest
(SSW) (Fig. 1). In Area A, the fault network comprises a main (central)
NNE–SSW trending fault, with a series of minor splays at high angles
of incidence. In Area B, a set of sub-parallel NNE–SSW trending faults
run oblique to the western slope of the Gameshope valley. Within the
sub-area covered by Area C, minor transverse faults occur between
adjacent NNE–SSW trending structures (Fig. 1). These accommodate
displacement along themain faults andmay be associatedwith transfer
of displacement to adjacent parallel NNE–SSW trending faults.

The locations of measurements of average fracture density (Fd) de-
rived for the 52 outcrops range from<1m to 324mhorizontal distance
fromamapped fault. Fd values range from4.7m/m2 to 161.6m/m2,with
a mean of 32.8 ± 3.6 m/m2. The fracture density shows high variability,
particularly in areas within approximately 25 m of the fault zone, but
generally decreases with increasing distance from the fault (Fig. 5A,
regression p < 0.001).

Three zones of deformation with respect to distance from the fault
are interpreted based on breaks in slope of the cumulative fracture
length curve (cf., Choi et al., 2016) and the observed variability of Fd
with distance in Figure 5A. A proximal zone within 25 m of a mapped
fault yields a mean Fd of 39.9 ± 4.8 m/m2 (n = 35, ±standard error),
a marginal zone between 25 and 110 m from a fault yields a mean Fd
of 22.8 ± 2.6 m/m2 (n = 11), and a distal zone over 110 m from a
fault has a mean Fd of 10.2 ± 1.4 m/m2 (n = 6). Mann–Whitney U
tests indicate that the mean Fd values for each zone are significantly
different (p < 0.05).

The coefficient of variation of Fd calculated for the proximal zone
(70.9) is higher than for the marginal and distal zones (38.5 and 34.1
respectively), reflecting the high variability in fracture density observed
close to the faults. This is consistentwith a fault system inwhich greater
deformation is partitioned into narrow zones surrounding less de-
formed wedges or slivers of rock (e.g., Fig. 3D).

Fracture density is strongly inversely correlatedwith in situ block di-
ameters derived from the spatial intersection of fractures within the
network (Fig. 5B). The empirical relationship of block diameter to frac-
ture density was used to calibrate a rough spatial variation in the grain
size of fractured bedrock sourcematerial (Fig. 5A). In the proximal zone
the dominant grain sizes indicated by the fracture density range from
boulder to coarse gravel, whereas in themarginal zone grain-size is pre-
dominantly boulder to cobble; in the distal zone clasts of boulder size
are dominant.

The number of blocks calculated using selected sampling windows
ranges from less than 10/m2 for fracture densities lower than 8 m/m2

up to approximately 2700/m2 for fracture densities greater than 70 m/
m2. Thus, the results confirm that faults in the study area are associated
with zones of increased fracture density, resulting in the conditioning of
potential source material such that bedrock close to the fault will yield
more abundant, smaller clasts.

4.2. Unfaulted slope system

The eastern slopeof the LowerGameshope catchment is not bisected
by fault structures (Fig. 1, Area B). The lower portion of the valley side
slope falls into themarginal (25–110m) zone adjacent to faults that fol-
low the valley floor, but the bulk of the slope is in the distal zone (over
110 m).
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The absence of faulting means that the main discontinuities in the
rock mass are joints associated with near vertical bedding at 20–60
cmspacing striking betweennortheast–southwest and north–northeast
to south–southwest (Fig. 6). The dominance of planar, bedding-related
joints in unfaulted areas gives an anisotropic character to the rockmass
(Fig. 7A and B). The eastern valley slope curves, with variation in slope
aspect ranging from the northwest, in the north of the area, to the
southwest in the south. Thus, the strike of the slope in the northern
half of the area is aligned roughly parallel to the strike of the bedding-
related joints, whereas in the south, the slope strike is roughly perpen-
dicular to the strike of the bedding-related joints.

The variation in the angle of intersection of bedding with the slope
gives rise to differences in slope character. Within the inner valley, the
slope comprises an upper exposed rock face (Fig. 6, feature a)with a rel-
ict talus apron developed on the mid to lower slope (feature b). Along
the exposed rock face in the northern part of the area, localised reversals
in the dip direction of bedding and disturbance of soil on the downslope
edge of joint-bound slabs indicate tilting and downslope 'ploughing' of
joint-bound slabs (Fig. 7C; cf., Ballantyne, 2001). The talus slope is
largely vegetated but surface material indicates boulder-grade blocks
in the lower slope (Fig. 7D), fining to cobbles in the mid to higher
slope area.

A rockslide (feature d) is present on the inner edge of the valley
curve. A single gully (feature c) links the upper slopes, above the inner
valley limit, to the valley floor and a well-developed valley-floor fan is
present at the gully outlet. There is no evidence of faulting within the
gully or associated with the rockslide. However, it is possible that the
lower section of the gully and the back-scarp of the rockslide follow sec-
ondary joint orientations orientated approximately northwest–south-
east (cf., Fig. 7A and B).

Towards the southern part of the area, south of the rockslide, an ac-
tive talus apron is developed on the lower slope (feature e). This com-
prises largely cobble sized clasts and the ongoing slope activity is
consistent with an apparent increase in fracture density associated
with the intersection of the slope perpendicular to the strike of the
bedding-related joints.

4.3. Faulted slope system — slope-oblique fault trend

Thewestern slope of the lower Gameshope catchment is bisected by
several slope-oblique faults following two main zones— an upper zone
near the top of the inner valley and a lower zone in the lower to mid
slope (Fig. 6). The presence of these faults means that most of the
slope falls into the proximal and marginal deformation zones.

The slope is mantled in colluvial deposits comprising angular, me-
dium to coarse gravel with cobbles (2–10 cm diameter) and rock expo-
sure in open slope areas is rare (Figs. 6, 8, feature f). Disturbance of the
colluvial deposits is evident at the slope toe, where scars of seepage fail-
ures are seen, and in the upper slope where undulating ground is indic-
ative of relict debris avalanche scars (Figs. 6, 8, feature g).

Several erosional slope features are associated with the lower fault
zone, in the extreme north and southern half of the area. These features
include relatively shallow hollows and breaks-of-slope running
obliquely down the valley side (Figs. 6, 8, feature h), and narrow, dis-
continuous gullies running directly downslope (Figs. 6, 8, feature j).
The former are associated with the main north–northeast to south–
southwest fault structures, whereas the latter are formed along the
lines ofminor transfer structures developedbetween sub-parallel faults.
The steep, discontinuous gullies (feature j) commonly have small debris
fans developed at their outlets in mid-slope areas (Fig. 6).

4.4. Faulted slope system — slope-parallel fault trend

The minor catchment of the Codleteth Burn lies on the north side of
the Talla valley and comprises an active debris-flow gully system. In this
area, the faults are aligned parallel or sub-parallel to the slope direction
fluence of bedrock faulting and fracturing on sediment availability and
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Fig. 6.Geomorphicmap of theGameshope area (Fig. 1, Area B). Features labelledwith lower case letters are referenced in the text. Contains APGB aerial imagery©GetmappingPlc, Bluesky
International Ltd. Ordnance Survey data © Crown copyright and database rights 2023.
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(Fig. 9). Slopes adjacent to the steep gully are mantled in colluvial de-
posits (Fig. 9, feature l) which have been locally remobilised in debris
flows forming minor fans and cones.
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The steep Codleteth catchment comprises a branching network
of deeply incised gullies which follow the strands and splays of the
underlying fault network (Fig. 9, feature m). Within the gullies,
fluence of bedrock faulting and fracturing on sediment availability and
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Fig. 7. Field images of unfaulted bedrock (A, B) and associated slope processes (C) and talus deposits (D) on the eastern slope of the lower Gameshope catchment. The rule is 1 m long.
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upper rock slopes source debris material of coarse gravel to boulder
grade into local talus cones which infill the narrow gullies and are
periodically excavated and remobilised as debris flows (Figs. 9, 10A,
feature k).

Debris flow deposits are present along the central gully and form
a large alluvial fan system at the valley outlet (Fig. 9, feature n).
The fan system comprises several generations of fan development,
reflecting multiple phases of depositional activity and incision associ-
ated with progressive lowering and southwards propagation of the fan
(Fig. 10A). The lowest fan level is currently active.

4.5. Slope angle and sediment process on open slopes

Mean slope angles for the east and west inner-valley slopes of
the northern Gameshope catchment (Fig. 1, Area B) were derived
from the slope of the APGB 5 m DTM. The unfaulted eastern slope has
a mean slope angle of 35.71° ± 0.02, compared to the western slope
Fig. 8. Panoramic image of the western slope of the lower Gameshope ca
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which has amean angle of 34.76°± 0.03 (means are significantly dif-
ferent at p < 0.001). Histograms of the slope angle indicate that the
faulted west slope has negatively skewed unimodal distribution
with a mode at 37° (Fig. 11). This reflects a relatively constant slope
anglewith a uniform distribution of colluvial material. Low slope values
are localised in the discrete hollows and breaks in slope associated
with the oblique faults, but the highest slope values are associated
with the toe of the slope, which has been steepened by seepage fail-
ures and undercutting by the Games Hope Burn. By comparison, the
un-faulted eastern slope has a bimodal distribution of slope angle
with peaks at 32° and 39°. This is associated with the presence of
the steep rock exposures on the upper part of the slope (Fig. 6) and
the lower angle talus-covered slopes developed in the mid and lower
slope areas.

Although the aspect differs between the two sides of the valley, the
differences in the nature of the deposits and sediment processes
on the adjacent slopes are indicative of contrasting grain-size and
tchment showing the organisation of slope features noted in Fig. 6.

fluence of bedrock faulting and fracturing on sediment availability and
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Fig. 9.Geomorphicmap of Codleteth Burn area (Fig. 1, AreaA). Features labelledwith lower case letters are referenced in the text. Contains APGB aerial imagery©Getmapping Plc, Bluesky
International Ltd. Ordnance Survey data crown ©Crown copyright and database rights 2023.
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abundance of material derived from the source rock. The absence of
coarse-grained, boulder-grade material in colluvial deposits on the
western slope, along with the consistent slope, uniform colluvial cover
and dominance of creep and debris avalanches (Fig. 8), is consistent
with sediment supply from a relatively fractured source rock. By con-
trast, in the east, the rock-fall and tilting-sliding dominated processes
of the upper rock slope, and the abundance of large boulders in the
talus deposits are indicative of a sediment system conditioned by rela-
tively sparsely fractured source rock.
Fig. 10. Field photographs of the Codleteth Burn catchment (Fig. 1, area A). A: Overview of the
identified in Figure 9 and discussed in the text. B: The upper part of the slope system within th
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5. Results — sediment coupling and connectivity

5.1. Influence of faults on slope — channel coupling

The primary processes for transporting sediment from slopes into
the main streams and the Talla reservoir are debris avalanches occur-
ring in open-slope areas and debris flows in gully networks. Due to
the glaciated nature of the catchment, with a relatively broad valley
floor, the gully networks are particularly important for mobilising and
catchment. The location of image B is indicated by the black dot. Letters refer to features
e gully network.
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Fig. 11.Comparison of slope angle for the faultedwest andunfaulted east slopes in thenorthern sector of theGameshope area. Slope derived from theAPGB2mDTM. Contains APGB aerial
imagery © Getmapping Plc, Bluesky International Ltd.
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transporting sediment into stream channels. Erosional gullies that are
incised into bedrock are not unique to faulted slopes but they occur
more frequently, or as more connected systems, in association with
faults (Figs. 6 and 9). Alluvial fans are developed at the outlets of
many gullies and reflect partial, and temporary, storage of sediment
within the slope system.

A single gully is present in the unfaulted eastern slope system in
the Gameshope catchment (Fig. 6) connecting the upper slopes
above the inner valley to the valley floor where a small fan is devel-
oped at the gully outlet. No evidence of faulting was observed in the
gully, however much of the channel is aligned along well-developed
northwest–southeast orientated joints that intersect the bedding
fractures (Fig. 6B). On the faulted slopes, gullies are formed in nu-
merous areas in association with faults. Two main areas of gully for-
mation, the Codleteth Burn (Area A), and the southern part of the
western Gameshope slope (Figs. 1 and 6, Area C) are contrasted in
Figure 12.

The gullies on the western side of Gameshope are relatively narrow
and shallow, forming a discontinuous network. Short, steep gullies are
developed along the transfer faults which are slope-parallel, but these
commonly end, or are diverted where they intersect a main fault with
a slope-oblique trend (Fig. 12A). The hollow or break-in-slope devel-
oped along the oblique fault disrupts the downwards flow path, in
some cases resulting in deposition of minor mid-slope debris fans, in
other cases diverting theflowalong the oblique fault for a short distance
before linking to a lower gully path.

By contrast, the Codleteth Burn catchment comprises a highly con-
nected network of deeply incised gullies formed due to the coincidence
of the fault alignment with the maximum slope angle, thereby enhanc-
ing the erosive potential of the system (Fig. 12B). The effectiveness of
sediment transfer is indicated by the large valley-floor fan system,
which has remained periodically active since deglaciation.

The volume of material removed from the gully systems, has been
estimated by comparing the current DTMwith a reconstructed immedi-
ately ‘post-glacial’ DTM surface. In the Codleteth Burn gully system
(Figs. 9, 12B), approximately 4.8 × 105 m3 of rock has been eroded
from the gully, with approximately 1.3 × 105 m3 stored in the fan at
the valley outlet. This represents about 28 % of the material eroded
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from the gullies, with the remaining 72 % evacuated from the system
into the Talla Water. Prior to the creation of the reservoir, the Talla
Water flowed down the Talla valley towards the northwest to a conflu-
ence with the River Tweed. The total amount of rock eroded from the
Codleteth Burn gully system equates to 131 m3/m of fault length. In
the west Gameshope gully system (Figs. 6, 12A), approximately 11.2 ×
103 m3 has been eroded, with 1.8 × 103 m3 stored in mid-slope fan de-
posits, which is about 16 % of the material eroded from the gullies. The
remaining 86 % of the eroded material has been evacuated along the
Games Hope Burn. The rock eroded from the Gameshope gully system
equates to 4.9 m3/m of fault length.

5.2. Faulting and sediment connectivity

Standard connectivity indices use topographic parameters to com-
pute the potential for sediment transport from slopes to sinks, high-
lighting areas of catchments that may yield enhanced sediment loads
and may be particularly responsive to changing conditions (Fig. 13A;
e.g., Cavalli et al., 2013; Bollati and Cavalli, 2021). However, in addition
to the topographic controls (i.e., slope angle), geological constraints on
sediment availability are also important in determining the spatial dis-
tribution of sediment source areas.

The connectivity index as estimated from topography alone under-
estimates the relative sediment generating capacity of the Codleteth
Burn catchment in particular (Fig. 13A, Area A). To account for the spa-
tial heterogeneity in fault-related fracturing an additional weighting
factor is included to reflect enhanced sediment availability and reduced
grain-size of source material in areas closer to faults (G in Eqs. (4) and
(5); Fig. 13B). The weighting factor was calculated using the empirical
relationship of fracture density and distance from a fault derived in
Figure 5A and normalised to a 0–1 range. The introduction of the
fault-weighting improves the correspondence between the sediment
pathways predicted by the connectivity index and the observed sedi-
ment process systems, particularly in the region of the Codleteth Burn
(compare Fig. 13A and C).

The connectivity index is also estimated for early ‘post-glacial’
times, i.e., immediately after deglaciation, using the fault-weighting fac-
tor and a reconstructed topography prior to gully erosion (Fig. 13D).
fluence of bedrock faulting and fracturing on sediment availability and
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Fig. 12.Coupling/connectivitymaps of selected areas in the southern part of (A)Gameshope
(west) and (B) Codleteth Burn, contrasting the nature and continuity of gully development.
The degree of coupling is assigned based on the observed connection of drainage pathways
within the gully to the main stream on the valley floor (uncoupled = no connection,
partially coupled = indirect or episodic connection, coupled = direct connection). The
Codleteth Burn map is rotated with north towards the bottom of the page to allow easier
comparison of the two systems.
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Comparison of the modern and immediately post-glacial connectivity
(Fig. 13C and D) highlights more focused areas of connectivity associ-
ated with the lower Codleteth Burn and the adjacent linear gully in
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Area A and is consistent with the formation of the alluvial fans at the
outlets of both gully systems since deglaciation.

6. Discussion

6.1. Faulting, regolith production and ‘source’ material

Faults in the study area comprise linear zones of highly fractured
rock. A link between areas of fractured rock and thicker regolith has pre-
viously been observed (Novitski et al., 2018). This is likely to arise due to
higher rates of mechanical and chemical weathering associatedwith in-
creased hydraulic connectivity through the fracture network (Owen
et al., 2007; Novitski et al., 2018; Scott and Wohl, 2018). Our results
show that the influence of this thicker regolith zoneon thehillslope sed-
iment system depends on the geometric relationship between the frac-
ture zone and the slope.

Where faults are slope-oblique, thicker regolith forms in a belt tra-
versing the face of the slope. In West Gameshope this occurs along
two faults located in the middle to upper slope and the lower slope
(Fig. 14B). It is likely that thicker regolith associated with the upper
fault, which, in the northern part of the site, follows the upper edge of
the inner valley, is a key source of material for the colluvial mantle
that blankets the northern segment of the slope. By contrast, continuous
spreads of colluvial deposits are absent from East Gameshope, where
faults are not present. In the latter system, coarse boulder talus deposits
occur below an upper rock-slope, with thinner colluvium only locally
developed (Fig. 14A).

In the northern part of West Gameshope, disturbed ground and
landforms associated with relict slope failures indicate that a number
of debris avalanches (sensu Hungr et al., 2013) have occurred histori-
cally, in a linear zone contiguous with the upper slope-oblique fault
(Figs. 6 and 8). The locus of avalanche initiation is consistent with con-
ditions of enhanced sediment availability due to the presence of a
thicker saprolite zone (e.g., Brayshaw and Hassan, 2009) and the influ-
ence of increased groundwater flow (e.g., Reid et al., 1997) (Fig. 14B).
However, unlike the southern part of West Gameshope, the relict rock
slope failures in the north are not associated with erosional gullies
(sensu Brayshaw and Hassan, 2009). This may indicate that there are
few slope-parallel transfer faults in the region, or that bedrock erosion
along minor structures has been prevented by the presence of the
thicker colluvial mantle sourced from the upper-fault band.

6.2. Fault orientation and the development of gully networks

Bedrock gully networks such as those in the study area are key ele-
ments in active sediment systems and need to be understood in order
to mitigate debris-flow hazards and manage water and sediment fluxes
affecting critical infrastructure (e.g., Kondolf et al., 2014; Winter et al.,
2016). The formation of gullies reflects the interplay between spatial
and temporal patterns of surface run-off and groundwater flow, and
the resistance of substrate to erosion (e.g., Kirkby and Bracken, 2009).
The results of this study illustrate the nature of this interplay by demon-
strating how geological heterogeneity and slope form combine to con-
trol the form of bedrock gullies and gully networks.

The formation of gullies reflects positive feedback between en-
hanced erosion associated with the intensely fractured rock along the
fault and the concentration of flow in topographic hollows. This feed-
back is enhanced where faults are more-or-less aligned with the direc-
tion of maximum slope. However, the development of the gully system
also depends on the fault-network structure, in particular the continuity
of faults in the slope-parallel orientation and the angle at which faults
intersect (cf., Molnar et al., 2007).

Discontinuous slope-parallel transfer faults such as those in the
West Gameshope sub-area reveal local reductions in the slope of the
gully thalweg at the point of intersection with the main oblique faults
(Fig. 14C). Someof these intersections also occur at high angles between
fluence of bedrock faulting and fracturing on sediment availability and
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Fig. 13. Sediment connectivity indices (SIC) calculated for the study area. Sinks are shown in dark blue, namely the Talla Reservoir, Games Hope Burn and TallaWater. The boxed regions
are Areas A and B (Fig. 1). The traces of mapped faults are shown as solid red lines. A: The SIC based solely on the topographic index calculated using slope and roughness weightings
(Cavalli et al., 2013). B: Map showing the fault-conditioning weighting factor representing the empirical relationship of fracture density and distance from the fault as shown in
Fig. 5A. C: The fault-weighted connectivity index calculated using the modern terrain. D: The fault-weighted connectivity index calculated using a reconstructed ‘immediately post-
glacial’ DTM with gullies removed. This shows the potential for erosion and sediment connectivity accounting for faulting.
Derived from the Bluesky 5 m DTM © Bluesky International Ltd. Ordnance Survey data crown ©Crown copyright and database rights 2023.
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Fig. 14. Schematic diagrams showing the relationships between fault fracture zones and
assemblages of deposits and geomorphic features along the inner valley of the
Gameshope area (cf., Fig. 6). The dashed line with semi-circle symbols marks the break
in slope at the top of the inner valley. A: Unfaulted slope showing upper rock slope and
lower talus slope. B: Slope-oblique faults showing thick colluvial deposits sourced from
deeper regolith zones along faults. C: Slope-oblique faults with slope parallel transfer
faults — note the absence of the upper fault which may account for thinner colluvial
deposits present in this area. The thin colluvium would favour the development of
erosional features including bedrock gullies and the rock bench along the mid-slope
oblique fault system.
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60 and 80°. In-gully deposition of debris flow material is more likely to
occur where gully junction angles are greater than 65–70° (Benda and
Cundy, 1990), and at points of reduced slope. Thus, the form of the
West Gameshope fault network results in reduced erosion and en-
hanced deposition at fault intersections and a discontinuous and
decoupled gully network. By contrast, gullies in the Codleteth Burn net-
work display relatively consistent slope across confluences and inter-
section angles of less than 60°. Some in-channel deposition, including
bars and levees associated with periodic debris flows is present within
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the system, but there is no evidence of internal ‘buffering’ (sensu
Fryirs et al., 2007) of sediment transit within the system.

The influence of geological heterogeneity in controlling where
gullies develop is likely to increase with the resistance of the intact bed-
rock. The study area comprises highly resistant, weakly metamor-
phosed and indurated wacke-sandstones with a strong contrast in
strength between unfaulted and faulted rocks. However, in weaker or
more highly jointed bedrock, gully networksmay be less strongly influ-
enced by discrete faults and fracture zones. Formation of bedrock gullies
along linear structural weaknesses (faults and major joints) occurring
parallel to slope has also been documented within small catchments
in the European Alps (Loye et al., 2012) and in association with crater
structures on Mars (Kumar et al., 2010). However, Burian et al. (2017)
did not observe a direct link between faults and the spatial distribution
of bedrock gullies in a study area in Slovakia. Their study region com-
prised sedimentary rocks of Neogene age including alluvial channel
(sandstone) and floodplain deposits (mudstone and siltstone of the
Volkovce Formation), aswell as lacustrine and deltaic units. These strata
have not been metamorphosed and are comparatively weak (Kovac
et al., 2011); the lack of a link to faulting is consistent with climate, to-
pography and land use factors playing more dominant roles in deter-
mining the distribution and form of gullies at the hillslope scale in a
weak bedrock domain.

6.3. Controls on sediment storage within gully networks

Different patterns of sediment storage in the West Gameshope and
Codleteth Burn gully networks may be associated with differences in
the slope coupling to the valley floor, and consequently the amount of
sediment entering streams and reservoirs (Fryirs, 2013). The strongly
coupled gully network of the Codleteth Burn (slope-parallel fault sys-
tem) is linked to a substantial outlet fan on the valley floor, whereas
the discontinuous gully network of West Gameshope (slope-oblique
fault system) is associated with multiple, small fan deposits formed in
mid-slope areas. The total volume of sediment exported per metre of
fault length from the Codleteth Burn system is over 20 times greater
than that exported from the West Gameshope network, emphasising
that the gully network developed along slope-parallel faults is a much
larger sediment source.

Despite the enhanced coupling within the gully network, the
Codleteth Burn system, which includes the large outlet fan, has a higher
storage ratio (28 %) relative to the distributed gully system in West
Gameshope (16 %). The lower storage ratio for the West Gameshope
area likely reflects the lower abundance of sediment within the discon-
tinuous gully network. Firstly, the thinner, smaller spreads of sediment
associated with the West Gameshope gullies are likely to be less accu-
rately identified and quantified and the volume of sediment deposits
may therefore be under-estimated. Secondly, the small deposits located
in mid slope areas are more likely to be mobilised and redistributed by
diffusive processes such as slopewash and creep. Thirdly, the absence of
valley-floor fan deposits at the lower gully outlets in West Gameshope
likely reflects efficient removal of sediment by the Games Hope Burn,
which runs in a steep bedrock channel with no adjacent flood plain in
this area of the catchment (May and Gresswell, 2004). Thus, there is
no accommodation space for sediment storage, and high transport ca-
pacity in the main-stream at the point of gully-stream coupling, result-
ing in the efficient evacuation of the gully-derived sediment that
reaches the valley floor. Sediment mobilised by the Games Hope Burn
will have been reworked downstream into the alluvial terraces and allu-
vial fan deposits of the lower Gameshope catchment.

By contrast, in the Codleteth Burn system, sediment has been con-
centrated in a substantial outlet fan deposited over a broad, flat plain
of alluvial and glaciofluvial sediments at the head of the Talla valley
(Fig. 9). This fan system reflects the greater accommodation space and
lower transport capacity of the Talla Water at the point of gully–stream
coupling, aswell as thehigh volume of sediment supplied from the gully
fluence of bedrock faulting and fracturing on sediment availability and
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network (May and Gresswell, 2004). Terracing of the fan, and erosion of
the fan toe (Figs. 9 and 10), indicates partial reworking of sediment by
the Talla Water in earlier post-glacial times.

6.4. Applications for connectivity analysis

The study shows thatmodification of awell-known andwidely used
connectivity index to account for the presence of faults gives better cor-
respondence between the modelled pattern of sediment connectivity
between slopes and streams and observations of erosional debris flow
activity. This reflects the fact that spatial heterogeneity in rock proper-
ties arising from brittle faulting is a particularly strong conditioning fac-
tor for erosion and sediment transport due to the reduction in internal
cohesion, increased water flow through the rock mass, and creation of
smaller particles that can bemore readily transported away from source
areas (Roy et al., 2016; DiBiase et al., 2018; Scott andWohl, 2018; Neely
and DiBiase, 2020). The modification of the connectivity index (IC) in
this study was formulated to reflect both the increased susceptibility
of erosion and the increasedmobility of clasts sourced from faulted bed-
rock. In principle, the methodology can be upscaled for wider applica-
tion, particularly in metasedimentary terrains comparable to the study
area. However, further testing of the empirical relationship of fracture
density and distance from fault derived in this study would be needed.

It is likely that ignoring spatial variation in source material proper-
ties is a factor underlying previously observed mismatches between
geomorphic observations of coupling and decoupling and sediment
connectivity predictions in upland settings (Messenzehl et al., 2014).
In recent work, Bollati and Cavalli (2021) indirectly accounted for the
control exerted by geological factors through comparative geomorpho-
logical and sediment connectivity analysis of a catchment characterised
by two distinct lithological domains, highlighting the importance of
combining these approaches to understand system dynamics. This
study demonstrates how a relatively simple geological metric can be di-
rectly incorporated into the formulation of IC, resulting in a model
which better reflects the observed partitioning of erosion and sediment
delivery from hillslopes to rivers and reservoirs.

Uplands are sensitive to land-use and climatic change (Bonn et al.,
2009), and present a range of challenges for the management of water,
energy and transport infrastructure (Winter et al., 2016; Finlayson,
2020; Palamakumbura et al., 2021). In these settings, sediment connec-
tivitymethodsmay offer real potential as tools for understanding system
dynamics and informing effective environmental management and land
use decision-making. To realise this potential, it is important that rock
fracturing and lithological variability, as well as understanding of the
complex grain-size controls on sediment cascades (Neely and DiBiase,
2020), are accounted for and sediment connectivity indices adequately
reflect the dynamics of bedrock-dominated hillslopes.

Application of connectivity indices in decision-making would also
benefit from targeted investigation of the links between connectivity
and channelmorphodynamics. Sediment delivery fromhillslopes to riv-
ers in upland landscapes is typically episodic and can locally affect the
channel planform (e.g., Harvey, 1991) and influence downstream
changes in sediment grainsize within catchments (e.g., Sklar et al.,
2020). The influence of geology on spatial variation in sediment supply
and grain size, as highlighted by this study, is therefore likely to exert an
important control on river morphology and processes over a range of
spatial scales. Future investigation of the relationship between the
index of connectivity and channel morphodynamics would be valuable
for decision-making and management applications.

6.5. Implications for landscape evolution

The study area lies within a post-orogenic terrain located in a
passive-margin setting. Within Scotland, regional fault systems were
formed and reactivated during several orogenic and extensional tec-
tonic phases throughout the Phanerozoic but the current stress regime
Please cite this article as: K.Whitbread, C. Thomas and A. Finlayson, The in
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is low (e.g., Woodcock and Strachan, 2012; Gordon and Stone, 2021),
and glacio-isostatic adjustment is largely responsible for driving re-
gional uplift (Firth and Stewart, 2000). The results of this study highlight
how inherited fault-related deformation of the rock mass controls local
erosional and depositional processes on slopes, with implications for
long-term landscape evolution.

In the study area, post-glacial erosion is inhibited along valley side-
walls that are unfaulted or intersected by slope-oblique faults. By con-
trast, erosion along slope-parallel faults, as seen in the Codleteth Burn
catchment, may ultimately lead to the formation, and persistence, of
valleys over geological timescales (e.g., Twidale, 2004; Manjoro, 2015;
Scott andWohl, 2018). The role of geological control on valley formation
has been demonstrated in northeast Scotland, where the orientations of
valleys within granitic rocks of the Cairngorms massif are controlled by
linear alteration zones (zones of weakness caused by hydrothermal al-
teration around fractures) (Hall and Gillespie, 2017; Thomas and
Gillespie, 2004). These structurally controlled valley systems have
persisted since Devonian times and retain a strong imprint on the land-
scape despite regional uplift and tilting of the Scottish Highlands during
the Cenozoic and periods of glacial and periglacial erosion during the
Quaternary. A comparable assessment of potential structural control
on the larger-scale valley systems of the Southern Uplands is beyond
the scope of this study. However, our observations show how faulting
is controlling the locus of erosion along the sidewalls of glacially scoured
inner valleys, highlighting a keymechanism underpinning the evolution
of this landscape.

7. Conclusions

Fault-related fracturing is a key control on post-glacial slope evolution
in the study area. Faulted and unfaulted areas display different geomor-
phic patterns of postglacial sediment production due to heterogeneity
in the abundance of source material, the mobility of clasts with respect
to motion in water mediated flows, and the stability of slopes.

Because faults are generally linear features, the angle at which they
intersect slopes within a catchment is a key control on the evolution of
the slope–sediment system. The degree of alignment of the fault struc-
ture with the direction of maximum slope is a critical factor determining
the degree of coupling between slopes and the valley floor. Close align-
ment of the fault trend and the direction of maximum slope results in
higher erosion rates, and higher levels of coupling in debrisflow systems.

By contrast, faults with slope-oblique trends are associated with
more restricted erosional debris flow activity and reduced coupling.
However, the efficacy of sediment transfer to the valley floormay be re-
duced in circumstanceswhere fault trends are alignedwith the slopedi-
rection and large fans form at the outlet of highly connected gully
systems. This observation highlights a feedback response associated
with the complex dynamics of sediment storage within glacially-
conditioned mountain landscapes.

Accounting for faulting-induced heterogeneity in the erodibility and
mobility of source material improves the correspondence of sediment
connectivity models with observed sediment dynamics within the
catchment. Simple weighting factors to account for sourcematerial het-
erogeneity may be readily adapted to account for other sources of vari-
ability in geological material properties, such as tensile strength. Hence
this approach provides a useful way of adapting sediment connectivity
models for use in a range of bedrock-dominated systems. Ensuring
that sediment connectivity models accurately reflect real-world sys-
tems is necessary to support their use for informing the planning and
management of upland infrastructure.
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