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Abstract
Historical metal mining has caused extensive landscape disturbance and the
delivery of vast quantities of contaminated waste sediments to fluvial systems. The
higher erosion rates typical of former mining landscapes also means that the
geomorphological legacy of historical mining extends well beyond the active period
of extraction. Although channel responses to sediment loading from mining are often
well-documented, the scale and distribution of associated catchment disturbance
and coupling with the fluvial system are poorly understood and rarely quantified.
This study therefore assesses variability in landscape disturbance and sediment
production resulting from historical lead mining in the North Pennines, UK. Regional
trends in the distribution and geomorphic significance of historical sediment
production were reconstructed for the period 1700-1948. Post-abandonment erosion
(1868-2014) was quantified in detail at Whitesike and Bentyfield mines, using nested
scales of geomorphic change detection and a sediment budget approach.
The results show that ~7.2 Mt of waste sediment were produced by historical mining
in the study area but only ~2.3 Mt of this waste is still stored in depositional
landforms; resulting in a net sediment output of >4.8 Mt. Waste sediment output
from hushing (~4.6 Mt) was significantly higher than that from subterranean mining
(~2.6 Mt). Considerable complexity in spatial and temporal patterns of historical
mining was also recorded. The intensity of mine sediment production was highest
within the Nent (~79000 t km-2), compared with the South Tyne (~20000 t km-2),
Upper Tees (~19000 t km-2) and Black Burn (~4000 t km-2). Modelled sediment
connectivity was also highest for the Nent, making this the catchment with the most
significant level of disturbance and the most efficient slope-channel coupling.
Analysis of post-abandonment change at Whitesike and Bentyfield indicates that
fluvial processes are the key drivers of erosion at historical mines, including gullying
(187 t a-1) and bank erosion (93 t a-1). Pronounced temporal variation in erosion
rates was also recorded, with 76% of the total net change to the main gully system
occurring within one monthly interval (May 2013) and associated with a high
intensity storm. Large-scale changes at abandoned mines are driven by high
magnitude, low frequency rainfall events, although frequent low magnitude changes
play an important preparatory role in determining overall sediment yields. This
research emphasises the complex interactions between geomorphology and
archaeology within intensively mined upland landscapes and the need for
interdisciplinary approaches to their understanding and management.
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Chapter 1.

Introduction

1.1 Research context
Anthropogenic activities, including mining, have impacted on the character and flux
of sediments at the global scale (Syvitski et al., 2005; Haff, 2010; Syvitski and
Kettner, 2011), with estimates suggesting that mining and quarrying alone move
over 57 billion tonnes of material worldwide per year (Bridge, 2004). The magnitude
of sediment mobilisation by mining is so significant that it now parallels equivalent
global values for natural geomorphic processes of mass transport (Rivas et al.,
2006; Tarolli and Sofia, 2016). Alongside the creation of discrete deposits of
anthropogenic alluvium (Macklin et al., 2014), mining has also generated
widespread networks of subterranean structures, which are far larger and more
complex than other non-human forms of bioturbation (Zalasiewicz et al., 2014). This
global scale of impact has contributed to the suggestion that legacy mine sediments
should be included amongst the stratigraphic event markers used in the definition of
the proposed Anthropocene epoch (Foulds et al., 2013; James, 2013; Stinchcomb et
al., 2013).
Unlike in many other countries where contemporary or very recent mining activities
are leading to environmental impacts (Turner et al., 2008; Mackay et al., 2013), the
problem facing the UK is largely due to the legacy effect of historical mining (Howard
et al., 2015). Estimates of historical mining within the UK suggest that approximately
38.5 km3 of mining-related material, including mineral, overburden and waste, have
been mobilised since 1850 (Price et al., 2011). The mobilisation of large volumes of
waste sediments during historical mining has had a profound effect on fluvial
geomorphology in particular, with increased sediment yields and associated
contaminant release dramatically altering affected catchment areas (Macklin, 1997).
In addition to sediment production during the active period of mining, abandoned
historical mines are an important ongoing source of highly contaminated legacy
sediments, which can significantly impact on catchment geomorphology and ecology
(Mayes et al., 2009; Mayes et al., 2010; Gozzard et al., 2011). Further complicating
the situation is the fact that these abandoned mines often also represent important
archaeological sites which, as heritage assets, need to be preserved for future
generations (Falconer and Gould, 2011). Although the archaeological importance of
historical mines has been recognised, their frequent location in marginal upland
1

areas, combined with concerns over their hazardous nature, mean that such sites
have often experienced much higher rates of erosion than other comparable
archaeological site types (White, 1989; Barnatt and Penny, 2004; Jones et al.,
2004).
Despite the importance of the topic to a wide range of disciplines, quantitative
estimates of the scale of sediment release during historical mining operations
remain poorly constrained. Similarly, understanding of post-abandonment erosion
and sediment transfer patterns at historical mine sites is still relatively limited,
reducing our ability to effectively manage abandoned mines or predict how they
might change in the future. This thesis therefore aims to quantify spatial and
temporal variability in mining-related sediment production within an area of the North
Pennines, UK. The focus of the work is on historical lead mining and includes
consideration of sediment production both during the peak period of the industry
(1700 – 1948) and due to post-abandonment reworking and erosion. Lead mining in
the North Pennines dominated UK production throughout the 18th and 19th centuries
in particular, before foreign competition and the exhaustion of easily exploited
mineral veins led to a rapid decline in the later 19th century (Hunt, 1970; Raistrick
and Jennings, 1989). The extensive archaeological remains of the lead mining
industry (Forbes et al., 2003; Oakey et al., 2012), combined with the numerous
studies focusing on the fluvial geomorphology of the area (e.g. Aspinall et al., 1986;
Macklin and Lewin, 1989), make the North Pennines an ideal focus for this research.

1.2 Sediment sources associated with lead mining operations
1.2.1

Waste sediment production during historical mining operations

Fundamental to any discussion of historical mine sediment release is consideration
of the origin and character of the mine wastes themselves. Mine wastes can be
defined as ‘solid, liquid or gaseous by-products of mining, mineral processing, and
metallurgical extraction that are unwanted, have no current economic value and
accumulate at mine sites’ (Hudson-Edwards et al., 2011). Inherent in this definition
is a sub-classification of solid mine wastes into those sediments generated during
the primary extraction stage of mining, those resulting from the secondary
processing of the extracted material and those created during the tertiary phase of
metallurgical smelting (Lottermoser, 2011).
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In the context of historical lead mining operations in the North Pennines, the waste
spoil resulting from the initial extraction of country rock was referred to as ‘deads’.
The material excavated once a mineral vein was actually encountered was
collectively referred to as ‘bouse’ and included a mixture of lead ore (galena),
country rock and other gangue minerals (i.e. uneconomic minerals occurring within
the body of a vein). The subsequent separation of the lead ore from the other
gangue materials was achieved through various stages of processing, also referred
to locally as ‘dressing’ or ‘’washing’, which then resulted in additional waste known
as tailings (Hunt, 1970; Raistrick and Jennings, 1989; Turnbull, 2006).
Spoil resulting from the extraction of country rock typically consists of coarsegrained, irregularly shaped and relatively sterile (in terms of heavy metal
concentrations) waste sediments. In contrast, the tailings that result from the various
subsequent crushing and separation processes are usually finer grained, have a
larger surface area and often contain significantly elevated heavy metal
concentrations. These differing physical and geochemical characteristics mean that
the transport potential and environmental impacts of mine wastes can vary markedly
depending on their specific origin and post-extraction treatment (Palumbo-Roe and
Colman, 2010; Jamieson, 2011).
In the UK, prior to the introduction of later 19th century environmental legislation
regulating the direct input of industrial waste sediments to river systems, large
volumes of mine wastes reached the rivers either via incidental dispersal or
deliberate disposal. Evidence for this comes from a range of sources but in
particular from investigations carried out by the Rivers Pollution Commission in 1868
(Rivers Pollution Commission, 1874). This commission was established to
investigate the diverse sources of pollution known to be affecting UK rivers, with the
1874 report focusing in particular on pollution arising from mining operations and
metal manufacturers. The commission concluded that, of all the different mining
industries actively occurring within the UK, lead mining was the cause of the most
severe pollution of rivers. This was partially due to the poisonous nature of the mine
wastes but also a result of the methods used to process the ore following extraction.
The dressing procedures included various stages of ore crushing, separating and
settling, all of which typically involved the use of large volumes of running water
(Raistrick and Jennings, 1989; Forbes, 2011). Elaborate water management
systems were therefore developed at many of the larger mines, particularly during
the increased mechanisation of the industry during the 19th century. These networks
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of water courses were integral to the dressing floor operations, providing power to
the crushing mill machinery and allowing the gravitational separation of ore from
waste through the use of sieves, settling tanks and buddles (circular pits for
separating ore from waste) (Turnbull, 2006). However, these water courses also
provided a ready means of disposing of the waste sediments that remained after the
dressing processes were complete. This disposal occurred either through the
deliberate dumping of material into the channels or through the incidental physical
transport of the smaller waste particles as part of the drainage of the dressing floor
(Rivers Pollution Commission, 1874; Dawson, 1947). Since the dressing floors were
so reliant on a regulated supply of water they were often located in close proximity
to a main river channel or tributary stream, resulting in a high degree of physical
coupling between the processed waste sediments and the wider catchment.
The report produced by the Rivers Pollution Commission in 1868 concluded that the
majority of the solid waste reaching the river systems from lead mining operations
was as a result of the secondary processing, or ‘dressing’, stages of the mining
workflow (Rivers Pollution Commission, 1874). The initial extraction phase was
typically less significant due to the subterranean storage of at least some of the rock
waste (‘deads’) in carefully planned mining operations and the larger grain sizes of
the standard rock waste that was brought to the surface (Palumbo-Roe and Colman,
2010). In comparison, the fine-grained tailings waste produced by the various stages
of ore processing were far more easily transported to the stream channels, either
through geomorphic transport processes or deliberate dumping. The findings of the
Rivers Pollution Commission resulted in the introduction of the Rivers Pollution
Prevention Act of 1876 (Glen, 2012), which restricted the drainage into streams from
mines.
In theory the passing of this act should have dramatically reduced the scale of waste
sediment and contaminated water being released to rivers from mines operating
after 1876. Nevertheless, there are several reasons to doubt its efficacy in
appreciably reducing the impacts of lead mining on local river systems. The first
problem results from the date of the act, which was passed at a time when the
British lead mining industry was already experiencing significant decline. The act
would have restricted the operations of the smaller-scale lead mining that did
continue through into the mid-20th Century, as well as the extraction of other
materials such as zinc and barytes. However, in many ways, its introduction in 1876
was too late to provide an effective control on intensive lead mining landscapes
such as the North Pennines. The act makes no mention of the need to stabilise
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recently abandoned mines and therefore largely ignored the potential legacy effects
of the declining lead mining industry; a point that will be considered further in
Section 1.2.2.
Although the waste produced during the initial extractive phase of lead mining was
generally less well connected with the rivers than that resulting from the subsequent
processing stages, there are certain exceptions which should be noted. Firstly,
some of the rock waste from the extractive phase of subterranean mining will also
have undoubtedly been released into nearby rivers during the active period of
operations, either through deliberate anthropogenic dumping (Figure 1.1) or as a
result of short, effective, transport pathways between spoil heaps and stream
channels.
The second exception relates to particular methods of superficial ore extraction
which tended to maximise the potential coupling between the excavated material
and the river network. For example, hushing was a hydraulic surface mining
technique involving the construction of an upslope reservoir and the periodic
breaching of the dam to allow the flow of water to remove overburden and rock
waste that had been previously loosened through hand excavation (Cranstone,
1992; Fairbairn, 1992). A grate was typically located towards the base of the hush in
which the denser ore material would settle ready for collection. The repeated
application of this method of surface mining led to the creation of huge surface
gullies (‘hushes’) and the mobilisation of large volumes of waste sediment, including
both overburden and rock waste. Hushing therefore represented a method of mining
in which the waste was deliberately mobilised and transported by a managed flow of
water, providing a direct linkage with the wider channel network. Significantly, very
few hushes have large spoil heaps located at their outlet, reflecting the effectiveness
of the transport mechanism involved and the coupling of the waste sediments with
the rivers. Hushing in the UK had largely ceased by the mid-19th century, at least
partly due to the acknowledged damage it caused to downstream land and
watercourses (Bainbridge, 1856). It therefore represents an important, albeit
relatively early, example of extractive lead mining operations causing the
mobilisation and transport of substantial volumes of waste material.
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Figure 1.1: Diagram illustrating the range of anthropogenic pathways that mined sediments may
take following extraction. The ultimate fate of the material depends on a combination of factors,
including whether it is ore-bearing material or waste rock, the stage along the processing
workflow and the particular characteristics of the mining operations themselves. These
anthropogenic pathways are considered alongside geomorphic processes in Figure 1.2.

1.2.2

Post-abandonment reworking of legacy mine sediments

The post-abandonment reworking of mine sediments primarily occurs due to either
deliberate anthropogenic reprocessing or erosion via natural geomorphic processes.
Even after intensive historical mining operations had ceased, anthropogenic
alteration of surface mining features often still continues through to the present day.
One of the most common causes of large-scale morphological change at
abandoned metal mines is the reprocessing of waste heaps to extract further
mineral resources. This material may be the same as that being sought during the
initial mining operations, with the subsequent reprocessing frequently being made
possible by improved technological developments capable of extracting previously
discarded ore particles, or simply driven by economic necessity. Alternatively, the
reprocessing may also be designed to extract other materials that had previously
been either unwanted or uneconomic to work (Lottermoser, 2011).
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In contrast, the role of different geomorphological processes in driving the erosion
and transfer of former mining sediments varies depending on the local and regional
context of the mine site and the specific composition and characteristics of each
individual spoil heap (Toy and Hadley, 1987). One of the main drivers for research
into the post-abandonment erosion of mine sites has been the debate surrounding
the most effective method for reclaiming land disturbed by recent (later 20th century)
surface mining activities (Soulliere and Toy, 1986). Research into former mining
areas has shown that erosion and sediment transfer rates are generally significantly
higher on these disturbed lands when compared to un-mined areas (Lusby and Toy,
1976; Touysinhthiphonexay and Gardner, 1984). Mine reclamation therefore
normally involves the topographic reconstruction and re-shaping of either surface
workings or spoil heaps, with the ideal end result being a steady-state landscape
that approximates natural levels of erosion (Toy and Chuse, 2005).
Approaches to assessing the efficacy of reclamation techniques have usually
involved either fieldwork monitoring of restored mine sites (Lusby and Toy, 1976;
Olyphant and Harper, 1995; Martín-Duque et al., 2010) or computer modelling of
erosion processes and predicted sediment yields (Hancock et al., 2003; Hancock
and Willgoose, 2004; Hancock et al., 2008b). Although the majority of this research
focuses on abandoned and reclaimed mines, the need to implement careful
management procedures for existing or future mining activities is of equal
importance (Moore and Luoma, 1990; Boggs et al., 2000).
The attributes of the surface mine features themselves affect the susceptibility of the
mine sediments to varying erosion processes through the influence of factors such
as slope form (angle, length and profile) (Haigh, 1979; Martín-Moreno et al., 2013),
aspect (Nyssen and Vermeersch, 2010), sediment characteristics (Smith and
Olyphant, 1994; Dybowska et al., 2006) and vegetation cover (Haigh, 1977;
Ostrander and Clark, 1991). These characteristics need to be considered alongside
those of the local environmental setting in order to more accurately understand the
nature of sediment release and connectivity with the wider landscape. For example,
the local relief, aspect, elevation, rainfall intensity, anthropogenic sediment
pathways and proximity to drainage channels can all contribute to the nature and
rate of erosion and the degree of coupling with stream channels.
Numerous studies have attempted to quantify sediment release rates on former
mine sites and to assign relative weightings to the geomorphic drivers of this erosion
(Burton et al., 1978; Esling and Drake, 1988). Processes affecting the stability and
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ongoing erosion of mine sites include wind erosion, especially of fine waste
sediments (Johnson et al., 1978; Davies and White, 1981; Merrington and Alloway,
1994), and water erosion caused by sheetwash (Esling and Drake, 1988; Toy,
1989), concentrated runoff (Haigh, 1980; Soulliere and Toy, 1986) and direct
incision by adjacent stream channels (Gao and Bradshaw, 1995).
Other geomorphological drivers of change on mine sites include soil creep
(Palumbo-Roe and Colman, 2010) and mass movements, with the latter varying in
magnitude from relatively small landslides up to entire tip collapses and flow slides
(Bishop, 1973; Siddle, 1986; Bentley and Siddle, 1996; Siddle et al., 1996). With
regard to mass failures, one especially vulnerable component of the infrastructure
associated with waste from metal mining is the dam that is commonly used to
impound tailings resulting from mineral processing. Numerous later 20th Century
examples of tailings dam failures and associated floods have been recorded, often
resulting in the widespread dispersal of the flow failure deposit (Grimalt et al., 1999;
Macklin et al., 2003; Rico et al., 2008). However, no documentary evidence for
large-scale tailings dam failures has been identified for historic mining in the North
Pennines, suggesting that this was not a significant process in this area.

1.2.3

Initial schematic sediment budget for mine sediments

Based on the published literature relating to the key processes of mine sediment
mobilisation and transport, an initial generalised sediment budget diagram can be
constructed (Figure 1.2). Importantly, this budget includes both anthropogenic and
natural geomorphic processes, and covers the period of active mining as well as the
post-mining landscape. In this respect this schematic sediment budget represents
an important development from earlier similar diagrams (e.g. Lewin et al. (1977),
Fig. 23.1), which were largely restricted to the consideration of post-abandonment
erosion and dispersal processes.
During the active period of mining, waste sediments produced during the initial
extraction phase could be stored underground, transported directly to a stream or
transported to a surface spoil heap. The gangue material would typically be
temporarily stored close to the mine entrance before being transported to a dressing
floor for processing. The dressing floors could be local to the mine itself or at
another centralised processing site. The dressing process to extract the lead ore
resulted in further waste sediments, which would either have been dumped directly
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in nearby streams or transported to tailings heaps. The ore itself would then be
transported to another location for smelting, which would again generate additional
waste alongside the actual lead metal.
The waste heaps resulting from the dumping of barren rock (‘deads’) or processing
waste (‘tailings’) can be considered as storage landforms within the overall mine
sediment cascade. The sediments stored within these landforms can be remobilised
after their initial deposition through either anthropogenic reprocessing or natural
geomorphic processes. A wide range of geomorphic drivers have been identified as
leading to the erosion of mine waste heaps, with their occurrence and significance
depending on the local environmental context and the specific characteristics of the
waste heap. Sediment eroded from these waste heaps can then either remain as
colluvial storage, and therefore part of the hillslope domain, or enter the channel
network and be dispersed as suspended or bedload transport.
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Figure 1.2: Schematic diagram indicating the key erosion processes and transport pathways for mine sediments, based on an assessment of the published
literature. Anthropogenic elements are shown in blue, geomorphic elements in green, with processes represented as ovals and storage elements as rectangles.
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1.3 Impacts of mine sediment dispersal
Interactions between geomorphological processes and metal mining activities are
complex and multidirectional. Firstly, geomorphological processes can act as drivers
of mine sediment erosion and dispersal, as discussed in Section 1.2.2. Conversely,
mine sediments themselves can have a considerable influence on the occurrence
and rate of geomorphological processes and the morphology of resulting landforms.
Fluvial processes in particular can be significantly affected by the influx of large
volumes of mine sediments, with intensive mining in the headwaters of a catchment
being capable of impacting the entire downstream river system (Macklin et al.,
1997). This section therefore aims to briefly outline the two primary implications of
mine sediment release; channel transformation due to increases in river sediment
load and the associated issue of contaminant dispersal that is particularly common
in former metal mining areas.

1.3.1

Mine sediments and upland channel change

At the large scale, mines can be considered as discrete sediment source locations
within the overall upland sediment cascade, which are capable of introducing large
volumes of sediment of varying character to the wider system. The significance of
these locations to the fluvial geomorphology of the area is dependent on the degree
of coupling between these potential sediment sources and the active river channels,
in much the same way as with any other natural sediment source. This coupling can
be described in terms of the structural resistance of a system to geomorphic change
(Brunsden, 1993; Harvey, 2001), with the degree of connectivity being influenced by
the presence and nature of landforms that impede the transfer of sediment between
component units (Fryirs et al., 2007a; Fryirs, 2013).
The pattern of connectivity between mine sediments and river systems is
complicated by a number of additional factors, including the deliberate
anthropogenic transport and disposal of waste sediments and the widespread use of
water power during various stages of the mining workflow. When water power was
used as part of the extraction and initial separation phases of mining the waste
sediments were typically flushed directly into the local stream network, as in the
case of hushing (Cranstone, 1992) or placer mining (Nelson and Church, 2012).
However, the requirement for a reliable supply of water to power the subsequent
processing operations also meant that the surface infrastructure of historical metal
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mines was often located in close proximity to a stream. Together, these factors
typically created short, effective and often deliberately managed transport pathways
between the mines and the fluvial system, resulting in a high degree of mine-tochannel coupling.
Changes to the quantity and type of sediment delivered to river channels as a result
of anthropogenic land-use practices, such as mining, are known to have significant
impacts on the evolution of channel form and response (Owens et al., 2005;
Gregory, 2006; Simon and Rinaldi, 2006; Lane et al., 2007). The downstream
transport of large volumes of sediment, typically referred to as a sediment ‘slug’ or
‘wave’, has been shown to have dramatic effects on river channel behaviour
(Nicholas et al., 1995; Bartley and Rutherfurd, 2005) and is often caused by
changes in upstream land-use practices (Kasai, 2006). Waste sediment produced
during mining activities has been demonstrated to be one of the key pathways
through which these excessive sediment loads can originate (Knighton, 1989; Curtis
et al., 2005; Ghoshal et al., 2010), with some of the earliest research into sediment
waves being based on mining-related sediment sources (Gilbert, 1917).
Within the North Pennines there have already been a number of studies focusing on
Holocene changes to the fluvial geomorphology of the major river systems, many of
which do include consideration of the role of mine sediments as drivers of channel
change. Examples exist for selected study reaches within a range of catchments
including the River South Tyne (Aspinall et al., 1986; Macklin, 1986b; Macklin and
Lewin, 1989; Macklin et al., 1998; Passmore and Macklin, 2000) and its tributaries
the River Nent (Macklin, 1986a), Black Burn (Macklin, 1997) and the River West
Allen (Macklin and Aspinall, 1986), the River Tees (Wishart, 2004) and the River
Wear and its tributaries (Warburton et al., 2002; Wishart, 2004).
Historical channel changes identified by these studies, and others in similar miningimpacted catchments elsewhere (Lewin et al., 1983), suggest that the large and
often rapid increase in sediment supply generated by metal mining can lead to the
crossing of geomorphologically significant thresholds (Lewin and Macklin, 1987).
Channel transformation due to mine waste inputs typically involves the change from
a single channel meandering planform to a braided system, caused primarily by
aggradation following an increase in sediment supply but often actually triggered by
a major flood event. Time series of maps and aerial photographs in the North
Pennines indicate that these changes can often be linked to the intensification of
mine outputs during the 18th and 19th centuries (Macklin, 1986b; Macklin and Lewin,
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1989), coupled with an increase in flood frequency and magnitude from the later
1800s onwards (Rumsby and Macklin, 1994; Macklin and Rumsby, 2007) (Figure
1.3). The increase in active gravel floodplain area and braided planform in many of
these systems persisted well into the 20th century, largely due to a steady supply of
waste from ongoing mining operations and the inability of vegetation to recolonise
the heavily contaminated mine sediments (Macklin, 1997). In most cases the
reduction in sediment supply that followed the cessation of large-scale mining in the
20th century resulted in channel incision and the rationalisation of the system back to
a single channel planform.
The response and recovery rate of a fluvial system impacted by large volumes of
mine waste sediments varies considerably, depending on the nature of the mining
activities and the specific characteristics of the catchment (Knighton, 1989; Singer et
al., 2013). For example, placer mining for gold along the Fraser River, British
Columbia, introduced an estimated 58 x 106 m3 of additional sediment to the river
between 1858 and 1909 (Nelson and Church, 2012). However, this sediment was
added to a large, powerful river and recent modelling simulations have suggested
that the recovery of the system was rapid, resulting in minimal aggradation and with
approximately 90% of the sediment having left the mining area before the active
mining period had even ceased (Ferguson et al., 2015). Similarly, Black et al. (2004)
demonstrated that although gold mining in the Shag River catchment, New Zealand,
produced 100 times more sediment than natural background erosion rates, the mine
tailings had all been exported from the catchment within c. 60 years. In this example
the stream itself was relatively small but the catchment was steep, experienced
frequent, intense flooding and importantly had little sediment storage capacity.

1.3.2

Diffuse and point source contaminant release

An additional significant legacy of intensive metal mining is the release and longterm redistribution of contaminants to the wider catchment area. This aspect of
former metal mining landscapes has received a great deal of attention from both the
scientific research community and policy makers, particularly in relation to issues
surrounding water quality and the associated risks to natural ecosystems and
human health. A detailed discussion of contaminant flux associated with former
metal mines is beyond the scope of this thesis but the importance of the topic and its
interrelationships with mine sediment release mean that a brief consideration is
included in this section for context.
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Figure 1.3: Channel change at the Islands, River South Tyne (top) and at Black Burn (bottom)
th
th
during the later 19 and 20 centuries (after Macklin (1997). These river reaches were heavily
impacted by upstream metal mining, including increased sediment supply and channel
instability during the active period of mining, followed by incision and channel rationalisation in
th
the later 20 century. Both reaches are located within the study area for this project.
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Since legislation making mine operators responsible for post-abandonment
environmental issues was only introduced in the UK in 1999 (Environment Agency,
2008), responsibility for managing the considerable legacy problems of historical
metal mining lies primarily with the Environment Agency, DEFRA and the Coal
Authority (Potter et al., 2004). On the international stage, the European Union
introduced the Water Framework Directive (WFD) in 2000, establishing the need for
River Basin Districts (RBDs) within all member states to achieve good ecological
and chemical status by 2015 (European Commission, 2000). The focus on water
quality meant that the WFD included consideration of pollution caused by mining
operations, and was followed by additional targeted legislation in the form of the
Mining Waste Directive (MWD) in 2006 (European Commission, 2006). Importantly,
the MWD stated that all member states had to produce an inventory of closed
mining waste facilities that are causing serious environmental impacts by 2012,
meaning that the legislation extended to historical sites as well as active mines.
One consequence of this legislation was an increase in the level of attention and
funding given to establishing baseline information on the environmental impacts of
abandoned non-coal mines. This research in turn resulted in a number of national
policy frameworks and guideline documents (Environment Agency, 2007, 2012a,
2012b; DEFRA, 2013; Environment Agency, 2014), as well as several academic
papers highlighting the scale of the problem across England and Wales (Mayes et
al., 2009; Mayes et al., 2010). These assessments concluded that 465 water bodies
out of 7815 (6%) across England and Wales are impacted by pollution from non-coal
mines, with notable densities in the former mining areas of southwest England, the
Lake District, the Pennines and north and west Wales. A total of 4908 abandoned
non-coal mines were recorded by the inventory, including 338 (7%) which are known
or suspected to be discharging polluting waters into river systems (Mayes et al.,
2009).
The primary focus of much of the WFD related policy research has been on point
source contaminant release, which often originates from waters draining directly out
of mine adits. However, diffuse sources of pollution can be of equal significance in
terms of overall contaminant flux from mined catchments (Mighanetara et al., 2009).
Diffuse pollution can originate via a range of sources and transport mechanisms,
including input of contaminated groundwater to surface waters, runoff from
abandoned waste heaps and the direct input of contaminated sediments from bank
erosion (Mayes et al., 2015). Variations in the rates of contaminant release at
abandoned mine sites and the ratio of point to diffuse sources are influenced by
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localised topographic differences and changing weather or flow events (Dennis et
al., 2003; Gozzard et al., 2011; Foulds et al., 2014). These characteristics mean that
a substantial legacy issue exists in terms of diffuse pollution from widespread
heavily contaminated sediments (Macklin and Dowsett, 1989; Palumbo-Roe and
Colman, 2010), but that managing this problem is extremely problematic at anything
beyond the individual site scale (Gozzard et al., 2011; Mayes et al., 2015).
Approximately 90% of metal contaminants in former mining catchments are
associated with sedimentary rather than aqueous forms (Hudson-Edwards et al.,
2008), with the volume of contaminated sediments still stored within intensively
mined areas being considerable. For example, estimates suggest that over 123,000
tonnes of Pb are stored in contaminated sediments within the main channel belt of
the River Swale, Yorkshire, representing approximately 28% of the total Pb
produced in the entire Swale catchment (Dennis et al., 2009). The rivers draining the
North Pennines have been shown to be amongst the most heavily impacted by
mining-related metal contamination (Hudson-Edwards et al., 1997; Macklin et al.,
1997; Lord and Morgan, 2003; Environment Agency, 2012c) (Figure 1.4), although
with similarly high levels found in alluvial sediments in numerous other catchments
throughout the UK (Rowan et al., 1995; Mills et al., 2014) and worldwide (Macklin
and Klimek, 1992; Hürkamp et al., 2009a; Singer et al., 2013).
Legacy sediments such as these typically represent heavily contaminated mine
wastes that were initially mobilised during the active period of mining and have been
redistributed throughout the downstream catchment area. The potentially long
residence time of contaminated sediments has been demonstrated through research
utilising both numerical modelling (Coulthard and Macklin, 2003) and direct sampling
(Hudson-Edwards et al., 1999), indicating that contaminated sediments can remain
in alluvial systems for centuries, or even millennia, after active mining has ceased.
The spatial and stratigraphic distribution of contaminated sediments is largely
dependent on the fluvial geomorphology and flood history of the specific catchment
area in question (Bradley, 1989; Miller, 1997). Therefore understanding the
geomorphological context of a catchment is fundamental to developing an effective
approach to managing the impacts of legacy mine sediments (Macklin et al., 2006).
This context has led to the development of geomorphologically-informed
methodologies for assessing catchments impacted by metal mining (Brewer et al.,
2003; Hudson-Edwards et al., 2008); approaches that have since been successfully
applied to individual catchment areas (Newson and Atkinson, 2014).
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Figure 1.4: Left: map showing catchments of England and Wales deemed ‘at risk’ of sediment-borne metal contamination (after Hudson-Edwards et al. (2008)).
Right: map of surface soil lead concentrations derived from the British Geological Survey’s G-BASE geochemical data (Johnson et al., 2005). Data courtesy of
BGS. The significance of mining-related sediment-borne contamination in the North Pennines can be seen in both maps.
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1.4 Archaeological significance of historical lead mining
Historical lead mining within the UK has been the focus of both national
archaeological assessments (Blanchard, 1981; Stratton and Trinder, 1989), and
regional or local studies, particularly in areas where the industry was most prevalent,
such as the Peak District (Ford and Rieuwerts, 2000; Barnatt and Penny, 2004),
Lake District (Davies-Shiel and Marshall, 1969) and the Yorkshire Dales (White,
1998; Roe, 2007). More specifically, the lead industries of the Pennines have
received considerable attention through a number of historical overviews (Raistrick
and Jennings, 1989; Turnbull, 2006), including examples actually written during the
declining years of the industry in the late 19th century (Wallace, 1890 (reprinted
1986)). These accounts are supplemented by a number of more recent volumes that
focus on the geological landscapes of the Pennines (Johnson and Dunham, 1963;
Dunham, 1990; Forbes et al., 2003), as well as detailed surveys outlining the
location and characteristics of mining sites in particular catchments (Coggins, 1986;
Fairbairn, 1993, 2009). The Pennines have also been the focus of a limited number
of studies focusing on specific aspects of the lead mining industry, for example the
relatively poorly understood practice of hushing (Cranstone, 1992; Hutton, 2002).
The situation of mining remains in often remote upland environments provides both
advantages and disadvantages for their long-term survival. The potential for
archaeological remains within upland environments to survive relatively undisturbed
by recent pressures such as intensive agriculture or urban development is widely
acknowledged (Whyte and Winchester, 2005). However, the various natural and
anthropogenic pressures facing the continued preservation of archaeological sites in
upland environments have also been recognised for several decades (Darvill,
1986b, 1986a; Darvill and Fulton, 1998). Despite the aforementioned policies and a
limited number of recent published international case studies (Pederson et al., 2006;
Alcaraz Tarragüel et al., 2012) and targeted UK assessments (Lane and Dugdale,
2006; Hunt and Ainsworth, 2007; Ainsworth and Burn, 2009), the rates at which
upland archaeological sites are being eroded and their sediments released into the
wider landscape are therefore still relatively poorly understood.
The significance of surviving industrial remains and the corresponding need to
preserve them for future generations has been widely acknowledged for several
decades (Stratton, 1990; Palmer and Neaverson, 1995; Falconer and Gould, 2011).
Historically, however, the perception of industrial sites has often been that they are
somehow inherently less significant than other, non-industrial archaeological
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remains (Linsley, 1980). Suggested reasons for the relatively low regard in which
industrial remains have typically been held include that they tend to belong to the
relatively recent past, that they are often located in inaccessible upland or marginal
areas, and that they are considered to be intrinsically hazardous because of the
potential for contamination from legacy sediments (Jones et al., 2004). The
consequences of these views have been that industrial remains, such as those
encountered in intensive lead mining landscapes, have often experienced much
higher rates of decay and destruction than other comparable archaeological site
types (White, 1989; Barnatt and Penny, 2004).
Attempts to manage industrial archaeological sites through designated statutory
protection (Breeze, 2006; Department for Culture Media and Sport, 2010) and
relevant policy guideline documents (English Heritage, 2005, 2006; Natural England,
2010) have been supplemented by an industry-specific strand to the national
‘Heritage at Risk’ register (English Heritage, 2014). More recently, English Heritage
have also funded the National Association of Mining History Organisations
(NAMHO) to produce a research framework specifically aimed at developing
understanding of the archaeology of the extractive industries of England (NAMHO,
2015). Due for final publication in 2016, this document is designed to help inform
decision making with regard to future research into the management of mining
landscapes. The management and long-term preservation of abandoned lead mines
is, however, complicated by the nature of the remains themselves, which are often
not easily adapted to alternative usage after the active mining has ceased. For
example, nearly 11% of Grade I and II* industrial buildings are deemed to be ‘at risk’
by English Heritage, compared with only 3% of Grade I and II* buildings of other
non-industrial types (Palmer et al., 2012).
The recent English Heritage ‘Miner-Farmer landscapes’ project has significantly
increased knowledge and awareness of the multi-period archaeology of the area
surrounding Alston through a series of aerial and ground surveys (Ainsworth, 2008,
2009; Jessop and Whitfield, 2010; Oakey et al., 2012). These intensive surveys are
complemented by other targeted English Heritage field assessments of lead mining
sites in the Pennines (Hunt and Ainsworth, 2010) and elsewhere in Northern
England (Oswald et al., 2008). From a broader archaeological perspective, the
North Pennines have been highlighted as an area deserving of future strategic
attention by the Regional Research Frameworks for the Historic Environment for
both the North-West (Brennand, 2007) and the North-East (Petts and Gerrard,
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2006), and by the North Pennines AONB management group (North Pennines
AONB Partnership, 2009). These themes combine to emphasise that a valuable
archaeological resource exists from our industrial past but that further research is
urgently needed to fully understand the range of threats facing its long term survival.
This is especially the case in upland environments, such as the North Pennines,
where erosion processes tend to be most active.

1.5 Methods for investigating former mining landscapes
The methods used to quantify changes occurring to surface mining features since
their abandonment depends on a range of factors, including the desired spatial and
temporal scale of analysis, the nature of change to be recorded (e.g. topographic or
land cover) and the data sets available. Historical maps and aerial photographs
provide a valuable resource for assessing longer term change at the landscape
scale, often providing a time series that stretches back to the later years of the
historical industry itself (Wójcik, 2013; Szypula, 2014). Historical ground
photographs taken during or shortly after the active period of mining can also be
usefully compared to similarly oriented modern images to gain at least a qualitative
understanding of change (Raistrick and Roberts, 1984).
The increasing availability of remotely sensed data from both airborne and satelliteborne platforms in recent decades has enabled much higher temporal and spatial
resolution change detection analyses. This potential has been embraced by
researchers analysing changes to the extent and land use character of active, or
very recently active, mining areas (Schmidt and Glaesser, 1998; Almeida-Filho and
Shimabukuro, 2002; Townsend et al., 2009; Demirel et al., 2011a). Digital elevation
models (DEMs) from both satellite and airborne sensors have also been used to
quantify the scale of morphological change at active mines, with this change relating
to a range of drivers including additional extraction, waste dumping and surface
subsidence (Prakash et al., 2001; Palamara et al., 2007; Emel et al., 2014).
However, despite the potential of these techniques, relatively few studies have so
far applied them to analyse ongoing changes in historical mining areas (Kerfoot et
al., 2014; Kincey et al., 2014). This is particularly surprising since the use of remote
sensing for understanding change occurring in other archaeological contexts is now
relatively commonplace (Barlindhaug et al., 2007; Parcak, 2007; Hesse, 2015;
Risbøl et al., 2015).
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Similarly, multi-temporal topographic data sets are already widely used for
quantifying geomorphological change, through ‘geomorphic change detection’
(GCD) (Wheaton et al., 2013; Bangen et al., 2014a). Although some studies have
applied GCD to analyse topographic changes to alluvial environments impacted by
intensive mining (Ghoshal et al., 2010; James et al., 2012), the techniques have not
been applied to understand the geomorphology of historical mine sites themselves.
Geomorphic change detection has been applied more widely to a range of
geomorphological contexts including riverbank erosion (Thoma et al., 2005), stream
recovery following extreme floods (Milan, 2012), gully erosion (Betts et al., 2003;
Martın
́ ez-Casasnovas, 2003) and sediment displacement following landslides (Baldo
et al., 2009; DeLong et al., 2011). Published examples of GCD have utilised DEMs
produced through aerial photogrammetry (Lane et al., 2003), repeat DGPS survey
(Brasington et al., 2000), repeat terrestrial laser scanning (TLS) (Milan et al., 2007),
multi-temporal airborne laser scanning (ALS) (Bollmann et al., 2011), or a
combination of ALS and TLS surveys (Bremer and Sass, 2012). Since such
analyses are based on the construction of DEMs of Difference (DoDs) involving
multiple digital elevation data sets, consideration of errors and accuracy estimates
within the input DEMs is often an essential part of the change detection
methodology (Huising and Gomes Pereira, 1998; Lindsay and Evans, 2008).
Current methods of accounting for and distributing such error within change
detection analyses involve the use of minimum level of detection thresholding (Lane
et al., 2003), spatially variable error adjustments based on surface roughness (Milan
et al., 2011) or the use of fuzzy inference systems (Wheaton et al., 2010).
Field-based monitoring is an extremely important method for understanding changes
occurring at abandoned mines. Point-in-time field assessments remain a valuable
tool for characterising the present condition of a historical mine, particularly when
there is either reason to expect significant recent erosion due to preceding weather
conditions (Middleton, 2012) or there is a known potential future threat to the
ongoing condition of the mine remains (Hunt and Ainsworth, 2007; Ainsworth and
Burn, 2009). These assessments can then either be utilised alone in order to infer
previous changes based on surface landforms and condition, or compared with
earlier similar assessments to obtain a qualitative understanding of change, as with
English Heritage’s method for assessing Heritage at Risk (English Heritage, 2014).
In some instances these point-in-time surveys can even be used to reconstruct an
earlier mining-age ground surface based on the recording of specific surviving
features, as with the recent assessment of post-abandonment erosion at the San
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Cristóbal-Perules mining site in Mazarrón, Spain (Martín Duque et al., 2015). In this
study a differential GPS survey was used to record relict terraces relating to a 20th
century tailings dam. The original topography of the dam was then reconstructed
from the field survey data and compared with a modern airborne lidar DEM to
quantify post-abandonment morphological change.
Perhaps of more direct value for understanding high resolution rates of change are
repeat field techniques that actually quantify the scale of morphological modification
between specific time intervals. Direct measurement techniques, such as the use of
erosion pins and sediment traps, have been shown to be of value for quantifying
such erosion rates on exposed slopes associated with former mine workings (Haigh,
1977, 1979, 1980; Esling and Drake, 1988; Martín-Moreno et al., 2013). In other
contexts, the direct physical measurement of surface change is rapidly being
replaced, or at least supplemented by, indirect measurement techniques such as
terrestrial laser scanning (TLS). The multi-temporal topographic data sets resulting
from repeat TLS surveys are typically used as the basis for the calculation of
volumetric differences, which in turn can be used to estimate the rates of surface
change.
TLS is fast becoming a standard technique for quantifying high resolution
morphological change in a range of geomorphological settings (Rosser et al., 2005;
Schürch et al., 2011; Brasington et al., 2012; Grayson et al., 2012), as well as being
increasingly used for monitoring the condition of upstanding archaeological remains
(Pesci et al., 2011; Hinzen et al., 2013; Tapete et al., 2013). In a mining context,
TLS is now part of the standard suite of techniques used to monitor active mine
slopes (Osasan and Afeni, 2010) and has also been used to quantify erosion rates
on recently abandoned or reclaimed mine sites (Hancock et al., 2008a; MartínDuque et al., 2010). However, the potential of terrestrial laser scanning to inform
understanding of post-abandonment changes at historical mine sites remains to be
demonstrated.

1.6 Research gaps and priorities
Despite the recent research discussed above, there are still a number of significant
gaps in our understanding of the interactions between mine sediments and
geomorphological landscape change, especially regarding quantitative information
relating to the rates, magnitude and drivers of mine sediment release.
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The fluvial impacts of mine waste sediments released during the active period of
metal mining have already been the focus of considerable attention by the
geomorphological research community (Lewin et al., 1977; Macklin and Lewin,
1989; Miller, 1997; James, 1999; James, 2010). However, many of these studies
have tended to utilise ore output statistics as proxy data for understanding
associated mining intensities, mainly due to a lack of detailed information regarding
corresponding waste sediment volumes. This approach contains the potential
limitation that there may not always be a simple correlation between ore output and
the magnitude of associated waste sediment production. It also largely overlooks the
impact of unsuccessful mining ventures, which may have actually still generated
significant quantities of waste despite recording minimal ore outputs. Studies that
have attempted to estimate waste sediment volumes generated by mining are rare
and have typically been limited to the analysis of hydraulic mining of alluvial
deposits, where initial worked sediment volumes were either actually recorded by
the mining companies (Knighton, 1987) or can be calculated from surviving
landforms (Nelson and Church, 2012). There is therefore a need to develop detailed
local baseline information on the sources and scale of mine sediment production
and release; a research avenue already proposed by some earlier studies of the
fluvial geomorphology of former mining areas (Macklin, 1997).
The use of total mine ore output values as a proxy for sediment release to river
channels is also restricted by a lack of consideration of temporal variation in
production rates. Individual mine outputs are likely to have fluctuated significantly
through time, resulting in temporal variability in waste sediment production that
could have important implications for time series analysis of associated channel
planform transformations. One important associated limitation is that ore outputs
provide a proxy estimate of the intensity of mining activities but not necessarily the
actual volume of waste sediment output. To fully understand the significance of
mining-related sediment release to river channels it is critical that attempts are made
to translate these ore output values into estimates of associated waste sediment
production.
Analysis of localised spatial and temporal variability in mining operations also needs
to consider a range of additional factors that influence the likely scale of sediment
release and any resulting geomorphological impacts. Variability in the specific
nature of the mining operations has a considerable impact on the degree of
landscape disturbance. For example, the amount of surface disturbance and
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sediment release will differ markedly between different methods of ore extraction,
processing and waste disposal. Similarly, the location of a mine site is of
fundamental importance for determining the degree of coupling between sediments
released by the mining process and the river channels. In general terms, a mine
producing a large amount of waste sediments in a location that is unconnected from
the river channels may actually have a much lower impact on the downstream fluvial
system than a much smaller mine in a highly connected location. Although this
means that understanding patterns of connectivity is of crucial significance in being
able to reconstruct likely mining-related sediment loads, it is still an area of research
that remains to be considered in detail.
Despite a widespread acknowledgement that erosion rates in intensively mined
landscapes are typically markedly higher than in corresponding unmined areas (Toy
and Hadley, 1987), the actual causes and rates of post-abandonment erosion at
historical mines are not well understood. Earlier studies have tended to focus on
monitoring or modelling the influence of individual geomorphic processes, rather
than considering the complex interplay of processes that are likely to be acting upon
abandoned mines. Equally, studies investigating the influence of variation in the
surface characteristics of abandoned mines on post-abandonment erosion rates
have primarily focused on individual attributes, such as slope morphology or the
extent of vegetation cover. As a result, the relative contributions of the different
geomorphic processes and surface characteristics to overall rates of morphological
change and sediment release are still poorly constrained.
From an archaeological perspective, abandoned metal mines represent an
important, but historically undervalued, component of the UK’s industrial heritage.
The condition of industrial archaeological sites in upland areas has traditionally been
assessed through either point-in-time surveys or qualitative monitoring, such as
English Heritage’s ‘Heritage at Risk’ survey. However, deriving quantitative
information regarding the causes and rates of erosion from such methods is
problematic and so there is a pressing need to update methods of quantifying
morphological change at upland archaeological sites. In particular, the efficacy of
novel multi-temporal remote sensing and geomatics methods to quantify
morphological change at historical mines still remains to be demonstrated.
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1.7 Aims and objectives
The overall aim of this research is to quantify spatial and temporal variability in
landscape disturbance and sediment production by historical metal mining. Lead
mining in an area of the North Pennines, UK, is used as an example to illustrate the
key processes leading to mine sediment production and dispersal (Chapter 2). A
range of interdisciplinary methods will be used to reconstruct mining-related
sediment release, both during the peak period of lead mining (1700 – 1948) and due
to post-abandonment reworking and erosion (Chapter 3). In order to achieve this
aim, the following specific objectives have been defined:

Objective 1.

To reconstruct spatiotemporal variability in the intensity of mining
activities using a combination of existing archaeological data sets,
mapping of mining-related features and documentary research into
recorded lead ore outputs (Chapter 4).

Objective 2.

To estimate the scale of waste sediment release associated with lead
mining operations using ore to waste scaling ratios and digital terrain
analysis of surface mine workings (Chapter 5).

Objective 3.

To investigate variation in potential geomorphic coupling linkages
between historical lead mines and the main river channels using a
sediment connectivity index (Chapter 5).

Objective 4.

To assess long-term post-abandonment morphological changes
occurring at two case study lead mines (Whitesike and Bentyfield)
during the period 1868 – 2010 using historic maps and aerial
photography (Chapter 6).

Objective 5.

To quantify short-term (monthly to multi-annual) post-abandonment
morphological change at Whitesike and Bentyfield mines using
terrestrial and airborne laser scanning and a UAV survey (Chapter 6).

Objective 6.

To construct two sets of sediment budgets based on the results of
objectives 1-5; one for the active period of lead mining and another
representing post-abandonment erosion (Chapter 7).
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1.8 Thesis structure
Following this introductory section, Chapter 2 explores the physical and historical
setting of the study area, including the regional context of the North Pennines and
the sub-catchments that comprise the focus for this research. Whitesike and
Bentyfield, the two case study mines that form the primary basis for the field
investigations for this project, are then also described and discussed. Due to the
interdisciplinary nature of this project this chapter includes consideration of the
topography, geomorphology, archaeology and geology of the study area, all of
which are of relevance when considering mining landscapes and impacts. Chapter 3
then outlines the various methods used to address the research aim and objectives
outlined above.
Chapter 4 presents the results of the reconstruction of variability in landscape
disturbances due to historical lead mining. Spatial variation in the intensity and
nature of mining operations is first discussed, before temporal trends are considered
through analysis of documented lead ore production statistics. These data sets are
then combined to provide an assessment of spatiotemporal variation in mining
intensity by linking outputs from named mines to mapped locations within a GIS.
The results of the spatiotemporal analysis of mining intensities are developed further
in Chapter 5 through the estimation of the amount of waste sediments generated by
the mining process. This chapter uses a combination of ore to waste scaling ratios
and digital terrain analysis of airborne laser scanning data to provide approximate
waste sediment volumes from both subterranean and opencast mining. The volume
of mine waste still stored within spoil heaps in the present landscape is then also
calculated, providing an estimate of how much waste is unaccounted for and has
therefore potentially reached the river systems. The concept of mine-to-channel
coupling is also extended in this chapter through the application of a sediment
connectivity index, allowing the significance of different mine locations to be
assessed in terms of their geomorphic capacity to transfer sediment to the river
channels.
Since erosion rates in intensively mined landscapes are typically significantly higher
than in unmined areas, it is equally important to consider the rates and drivers of
post-abandonment morphological change at historical mine sites. Chapter 6
therefore focuses on quantifying the changes taking place at Whitesike and
Bentyfield mines in the South Tyne catchment since their abandonment in the late
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19th century. Longer-term changes are mapped from a time series of historic maps
and aerial photographs spanning the period 1868 – 2010. Shorter-term changes are
then analysed using change detection between digital elevation models derived from
an airborne laser scanning survey from 2009 and a subsequent UAV survey flown in
2012. Detailed monthly changes occurring at these two abandoned mines are also
quantified through the change detection analysis of repeat terrestrial laser scanning
surveys conducted between September 2012 and March 2014. The results of these
change detection analyses are considered in terms of their implications for rates of
mining-related sediment release and for developing understanding of the drivers of
erosion at abandoned mines.
The overall results of the thesis are discussed in Chapter 7, which draws together
the key themes from the research and considers their significance for both upland
geomorphology and archaeology. This discussion is framed around two quantified
sediment budgets generated from the results of the research; one for the active
period of lead mining and another representing post-abandonment erosion and
reworking. The wider implications of the results are then also considered through
comparison with research into complementary issues surrounding mine sediment
release, including active river channel transformation and contaminant mobilisation.
Finally, Chapter 8 concludes the thesis by providing a summary of the main findings
and suggestions for future research directions.
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Chapter 2.

Physical and historical context of

the study area
2.1 Introduction
A multi-scale analysis is necessary to fully address the research questions outlined
in Chapter 1. This involves consideration of mining activities and impacts at the
catchment-scale and higher temporal and spatial resolution analysis of changes
occurring at the scale of an individual abandoned mine. To achieve this, wider
landscape analyses were focused on an area of the North Pennines covering the
upper South Tyne, as far downstream as Alston and including the sub-catchments
of the Nent and Black Burn, and the upper Tees as far downstream as Cow Green
Reservoir. Detailed site-scale analyses were then conducted at Whitesike and
Bentyfield Mines, two adjacent abandoned lead mines in the South Tyne catchment.
Although

there

have

been

numerous

studies

focusing

on

the

fluvial

geomorphological impacts of mining within these catchments, the actual scale of
sediment release from the mines in this area is still poorly constrained.
This chapter provides a detailed overview of the historical and physical setting of
these nested study areas. The historical exploitation of the North Pennine Orefield is
first briefly considered (Section 2.2), providing a useful context to the discussion of
temporal and spatial trends of mining in subsequent chapters. The regional physical
context to the analysis is initially provided through consideration of the physiography
of the North Pennines (Section 2.3), including the regional topography, climate, land
use and geology. The key characteristics of the four study catchments are then
outlined (Section 2.4), before the two primary fieldwork mines are described
(Section 2.5). This latter section includes the geological and geomorphological
context of the fieldwork mines, the history of their mining operations and their
current archaeological and ecological designation status.

2.2 History of lead mining in the North Pennines
The historical development and subsequent collapse of lead mining in the North
Pennines was the combined product of the physical and social characteristics of the
local area and the wider national context of fluctuations in the UK lead industry.
28

Tracing the origins of lead mining in the Pennines is complicated by the intensity of
the later mining operations, which have often obliterated any evidence of earlier
workings. There has long been a widespread hypothesis that mining of the lead ore
deposits in the area was initially conducted during the Romano-British period
(Sopwith, 1833 (reprinted 1984); Raistrick and Jennings, 1989). However, despite
examples of Roman mining being identified elsewhere in the UK (Barnatt and
Penny, 2004; Timberlake, 2004), evidence in the North Pennines is largely
circumstantial.
The earliest documented evidence for lead mining in the area comes from a lease of
1130 that mentions the Carlisle Silver Mine, believed to be referring to the working
of silver-rich lead ore deposits on Alston Moor (Fairbairn, 1993). The importance of
the Mines Royal on Alston Moor is confirmed through an increasing number of
references throughout the 12th - 15th centuries to Crown involvement in the allocation
of leases and the collection of duty payments (Raistrick and Jennings, 1989). The
intensification of lead mining during this period and the role it played in transforming
the character of the Pennine landscape is also reflected in other proxy data sets. For
instance the corresponding pollen record indicates widespread woodland clearance
occurred in Weardale during the 13th century, most probably due to the need to
supply timber to the burgeoning lead mining industry (Mighall et al., 2004).
The 17th and 18th centuries saw significant changes taking place within the North
Pennine orefield and throughout the UK lead mining industry more widely. The Civil
War provided both disruption and opportunity for the industry, with trade links being
interrupted but the need for a ready supply of lead shot causing a corresponding rise
in lead prices (Fairbairn, 1993). A further significant development occurred through
changes to the legislation concerning the ownership of mineral deposits and rights
to their exploitation. The high silver content of the lead ores on Alston Moor meant
that the mines here had historically been deemed to be ‘Royal’; a situation that
continued through until the two Royal Mines Acts of 1689 and 1693. These acts
stated that any mineral deposits were now the property of the landowner and not the
Crown, thereby paving the way for the growth of large, private mining corporations
(Turnbull, 2006). These companies, including the Blackett-Beaumont families in the
Allendales and the London Lead Company on Alston Moor, would go on to dominate
the lead industries of the North Pennines until the late 19th century (Raistrick, 1977;
Raistrick and Jennings, 1989; Fairbairn, 2009).
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The London Lead Company, also variably referred to as the ‘Quaker Company’ or
the ‘Governor and Co.’ was initially chartered in 1692 (Hunt, 1970). The company
had already taken out leases at the Blagill and Tynehead mines in the North
Pennines by 1696, but it was really from the late 18th century that they came to
dominate mining in the Alston Moor area. The company’s operations were primarily
centred on the villages of Nenthead and Middleton-in-Teesdale, with Nenthead in
particular being almost entirely redesigned and developed during the early 19th
century (Fairbairn, 1993). The dominance of the London Lead Company on Alston
Moor was paralleled in Allendale and Weardale by the Blackett-Beaumont
Company, a family organisation again with its origins in the late 17th century. The
Blackett-Beaumont Company actually grew to become the largest single employer in
the North Pennine region during the 18th and 19th centuries (Hunt, 1970). Although
these two companies dominated the lead mining industry of the area during this
peak period of production, there were still numerous smaller enterprises in control of
leases for individual mines (Fairbairn, 1980; Chapman, 1991).
The growth of lead mining in the UK during the 18th century was driven by the
financial impetus provided by the major mining companies and the technological
developments that improved the efficiency of methods of mine drainage, ore
extraction and processing (Raistrick and Jennings, 1989). These developments
were enabled by the broader international context of the 18th century lead mining
industry, including a notable expansion of British trade links and a corresponding
decline in output from the Spanish and German lead mines. The UK lead industry
then continued to expand and prosper during the early to mid-19th century due to
increased national industrialisation and urbanisation. The country remained the
world’s leading producer of lead ore during this time, with the northern counties and
the North Pennines in particular being the primary contributing areas (Figure 2.1).
National growth during the mid-1800s was significantly challenged by the rapid
revival of the Spanish lead industry in particular, later compounded by the additional
growth of lead mining in Germany and the USA (Figure 2.2). Due to this increased
international competition the price of lead fell from £21 per ton in the 1850s to just
£9.50 per ton in the 1890s and it became cheaper for the UK to import ore from
abroad than pay local extraction costs (Burt, 1984). The collapse of British lead
mining in the late 19th century was rapid and its consequences dramatic for those
areas directly involved with the industry. In the North Pennines, the decline in lead
prices during the later 19th century saw the major mining companies surrendering
their leases, with the London Lead Company abandoning the area in 1882 and the
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Blackett-Beaumont Company following suit in 1884 (Raistrick and Jennings, 1989).
Although this led to a major decrease in mining operations, the situation in the North
Pennine orefield was cushioned to an extent by the growing importance of other
minerals that had previously been considered uneconomic, such as zinc, barytes
and fluorspar (Figure 2.3).
The increasing zinc prices in particular saw the London Lead Company leases being
initially taken up by the Nenthead and Tynedale Lead and Zinc Company, then by
the Vielle Montagne Zinc Company of Belgium in 1896 (Almond, 1977; Robertson,
2012). This company continued to extract lead and zinc from mines around
Nenthead and markedly increased production at Rotherhope Mine further to the
west. Operations on Alston Moor suffered a further setback due to a shortage of
miners during the First World War and never fully recovered, with the Vielle
Montagne Company finally abandoning their lease in 1947. Isolated mining ventures
did continue elsewhere in the North Pennines until the late 20th century, such as the
Fluorspar mines in Weardale. However, these were never on the same extensive
scale of the pre-20th century operations (Palumbo-Roe and Colman, 2010) and the
regional economy and population declined significantly (Figure 2.4).

Figure 2.1: Lead production by UK region, 1851-1881, showing the dominance of the North
Pennines orefield (data from Table 8 in Burt (1984)).
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Figure 2.2: Percentage of worldwide lead smelter production by main contributing country,
1841-1890 (data from Table 14 in Burt (1984)).

Figure 2.3: Comparison of ore output for the main minerals extracted in the Northern Counties,
1845-1913 (data from Burt et al. (1982; 1983a; 1983b)).

32

Figure 2.4: Census population figures for Alston with Garrigill parish compared with estimated
decadal lead ore output during the period 1801-1931 (census data from Vision of Britain website
(2014), ore output data from Fairbairn (1993) and the Kingsley Dunham archive (D/Dun 1/12)).

2.3

Physical context of the North Pennines

2.3.1

Topography, climate and land use

The North Pennines occupies the northern end of the Pennine ridge, bounded by
east-west trending geological faults marking the Tyne Gap and Stainmore Gap to
the north and south, the Pennine escarpment to the west and the former West
Durham Coalfield to the east (Figure 2.5). The area is predominately upland in
character, based on either the definition of uplands as land that lies above the 300m
contour (Atherden, 1992) or the multi-faceted definitions incorporating the influence
of altitude, climate and geology on the limits of enclosed farmland (Fielding and
Haworth, 1999). Elevations within the area range from 45m above sea level to a
height of 891m on the summit of Cross Fell, the highest peak within the Pennines,
with a mean elevation of 404m. This largely corresponds to the sub-montane (300m
– 600m) and montane (>600m) ecological zones, with the boundary between these
zones being defined by the approximate potential climatic tree-line (Horsfield and
Thompson, 1996).
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The North Pennines are grouped together as a single National Character Area
(NCA) due to the distinctive characteristics of the upland moorland and intervening
dales in the area, including a wide variety of nationally significant habitats, such as
blanket bog, heath, calcareous and calaminarian grasslands, hay meadows and
broadleaved woodland (Natural England, 2013). A number of the major river
systems of North East England have their headwaters in the North Pennines,
including the South Tyne, Wear and Tees (Figure 2.5). The upper reaches of these
rivers follow local drainage patterns before their flow is guided eastwards by the
predominant dip direction of the Alston Block, with each eventually draining into the
North Sea (Warburton, 1998).
The climate of the North Pennines is typically referred to as sub-arctic oceanic;
being dominated by cool, cloudy and wet conditions due to its relatively high altitude
and proximity to the sea (Smithson, 1985). The long time series available from the
Moor House meteorological station (556m AOD) allows broader trends in North
Pennines weather to be highlighted. Mean annual temperature at Moor House
between 1931 and 2000 was 5.2°C, with air frost days occurring in all months of the
year (Holden and Adamson, 2002). Mean annual rainfall measured at the same
station is 1982mm, with rain falling on average for 244 days per year (Foulds and
Warburton, 2007).
Snow has been recorded as lying on the ground for an average of 67 days per year
at Moor House, rising to 107 days on the summit of Great Dun Fell (847m)
(Smithson, 1985), with the melting of these snows having a significant impact on the
annual discharge characteristics of the Pennine rivers (Warburton, 1998). The
prevailing wind direction is from the southwest, with wind speeds often being high,
particularly during autumn and winter storms when speeds can exceed 10 ms-1
(Warburton, 2003; Foulds and Warburton, 2007).
The long meteorological time series available from Moor House, Great Dun Fell and
Burnhope stations in particular allow broader trends in upland climatic conditions to
be assessed (Burt and Holden, 2011). These data suggest that in recent decades
there is an increasing propensity towards greater hydrological variability, in the form
of more heavy falls of rain in winter and fewer in summer (Burt et al., 1998; Burt and
Ferranti, 2012), as well as a notable warming trend in annual temperature records
up to 2000 (Holden and Adamson, 2002). Together, the high winds, heavy rainfall
and temperatures regularly fluctuating around freezing act as efficient drivers of
geomorphological change in the North Pennines (Smithson, 1985).
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Figure 2.5: Map of the North Pennines showing the location of key physical features and the
boundary of the Area of Outstanding Natural Beauty (AONB)
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Land use within the North Pennines is dominated by sheep farming, with livestock
grazing both the improved, enclosed grassland in the valley bottoms and the higher
rough grasslands (Natural England, 2013). Small-scale managed coniferous forest
plantations are common throughout the area, as well as a limited number of still
operational quarries and mines. Large areas of the moorlands are heavily managed
as grouse shooting estates, a significant additional component of the economy in
this area and more widely throughout the UK uplands (Sotherton et al., 2010).
Overall, population densities are low, with settlement patterns primarily consisting of
small villages, hamlets and isolated farms and only a small number of larger,
nucleated towns (Figure 2.5).
The North Pennines was designated an Area of Outstanding Natural Beauty (AONB)
in 1988 and is currently the second largest such designated area in England and
Wales at 1983 km2 (North Pennines AONB Partnership, 2014). The area contains
four National Nature Reserves (NNR) and over 86 Sites of Special Scientific Interest
(SSSI), covering c.47% of the North Pennines NCA extent (Natural England, 2013).
The international significance of the natural environment in the area has been
recognised through the designation of seven Special Areas of Conservation (SCA)
covering c.44% of the NCA area under the EC Habitats Directive. The special
geological significance of the North Pennines was recognised in 2003 when the
AONB became Britain’s first UNESCO-endorsed European Geopark, later also
becoming a founding member of the Global Geoparks Network in 2004 (European
Geoparks Network, no date).

2.3.2

Geology of the North Pennines

The Alston Block, within which the current study area is wholly situated, is a
structural high defined by the major graben of the Northumberland Trough and
Solway Basin to the north, the Eden valley to the west and the Stainmore Trough to
the south (Clarke, 2007) (Figure 2.6). The eastern boundary is much less distinct
due to the gentle tilting of the plateau in this direction, with the eastern limit being
obscured by younger rocks beneath the North Sea (Bulman, 2004). The Alston
Block forms the northern section of an extensive orefield covering an area of c.4000
km2 and extending across the counties of Cumbria, Northumberland, Durham and
Yorkshire. This area, known as the North Pennine Orefield, is divided into two broad
parts by the Stainmore gap, with the Askrigg Block located to the south and the
Alston Block to the north (Dunham, 1990).
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The geological structure of the North Pennines has its origins in the Lower
Palaeozoic era (Figure 2.7 – 2.9). During the Ordovician Period (488 - 448 MA), the
area that was to become the North Pennines formed part of the southern floor of the
Iapetus Ocean, situated approximately 25° south of the equator (North Pennines
AONB Partnership, 2010). The convergence of the continents either side of the
ocean in the Silurian Period (448 – 416 MA) caused the thick accumulation of
Ordovician muds and silts on the ocean bed to crumple and uplift during the
Caledonian Orogeny. The resulting metamorphosed mudstones and slates form the
basement rocks of the Alston Block, with spatially limited but significant surface
outcrops along the foot of the Pennine escarpment, known as the Cross Fell inlier,
and beneath Cronkley Scar in upper Teesdale (Dunham, 1990). During the
subsequent Devonian period (416 – 359 MA) a granite batholith known as the
Weardale Granite was intruded into these earlier sediments, as confirmed by the
Rookhope Borehole drilled in 1960-61. This intrusion occurred c.399 MA and played
an important role in both the uplift of the Alston Block, due to the low density of the
granite pluton in comparison to surrounding sediments, and in driving the convection
cells responsible for the later mineralisation of the orefield (Stone et al., 2010).
The majority of the surface rocks forming the North Pennines (c. 94%) were
deposited during the Carboniferous Period (359 – 299 MA) and typically comprise
cyclical sequences of sedimentary deposits resulting from the periodic fluctuation
between marine and fresh water inundation of the gradually subsiding Alston Block
(North Pennines AONB Partnership, 2010). Referred to as Yoredale cyclothems,
these deposits characteristically comprise a succession of limestone, shale,
sandstone, seatearth (‘under coal’) and coal, resulting from the rapid deepening of
the seabed followed by gradual uplift and a return to freshwater conditions.
Cyclothemic deposition during the Lower Carboniferous occurred during the
Dinantian Epoch (359 – 327 MA), with deposits from this time being referred to as
the Alston Formation (previously known as the ‘Alston Group’). Initial, slow
deposition during this period led to the creation of thick and relatively pure
limestones as part of the Lower Alston Group. The subsequent initiation of rhythmic
fluctuations in sea level and associated marine to freshwater sedimentation
produced the typical Yoredale cyclothems of the Upper Alston Group. The top of this
group is marked by the Great Limestone Member, a thick limestone deposit laid
down at the beginning of the Namurian Epoch (327 – 316 MA) of the Upper
Carboniferous. A shift to deltaic conditions as the Namurian progressed led to the
Stainmore Formation sequences that are dominated by mudstones, siltstones and
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sandstones, with only a limited number of thin limestones, a succession that is
informally referred to as the Millstone Grit Series (Dunham, 1990; Bulman, 2004;
Stone et al., 2010).
Deposits from the subsequent Westphalian Epoch (316 - 306 MA) of the Upper
Carboniferous are commonly referred to as the ‘Coal Measures’ (North Pennines
AONB Partnership, 2010). These typically consist of cyclical successions of
sandstones, siltstones, shales, seatearths and thick coal seams, characteristic of the
swampy deltaic environments in which they were deposited. Within the North
Pennines, these deposits are largely restricted to the western extent of the Durham
Coalfield located towards the east of the AONB area.
Deposits from the Permian (299 – 251 MA) and Triassic (251 – 200 MA) periods are
limited to outcrops of sedimentary sandstones and shales along the foot of the
Pennine escarpment. However, the early Permian (c. 290 MA) also saw igneous
intrusions into the overlying Carboniferous deposits, creating a series of widespread
horizontal sills extending across much of Northern England and collectively referred
to as the Whin Sill-swarm (Stone et al., 2010). The Whin Sill and associated
contemporary dyke systems are largely composed of fine to medium-grained quartzdolerite, formed by the cooling and crystallisation of magma that had been intruded
between overlying sedimentary layers. In the North Pennines, the Whin Sill occurs in
surface outcrops along Cash Burn in the upper Black Burn catchment, near
Tynehead in the South Tyne and at several locations within Teesdale, including the
spectacular crags at Holwick Scar and those forming the waterfalls at High Force
and Cauldron Snout. Further surface exposure occurs along the length of the
Pennine escarpment, where the Whin Sill can be traced as a thin continuous layer.
The main dolerite sheet, referred to as the Great Whin Sill, reaches a maximum
thickness of c.70m in Teesdale and c.81m in West Allendale, with a much thinner
(c.2m) upper dolerite sheet known as the Little Whin Sill identified in Weardale
(North Pennines AONB Partnership, 2010; Stone et al., 2010).
Either slightly earlier than or contemporaneous with the intrusion of the Whin Sill,
folding of the Alston Block also created a major north-south monocline known as the
Burtreeford Disturbance. This structure caused the geological deposits to
downthrow steeply in an easterly direction along a fold line between Lunehead in the
south and Langdon Beck in Teesdale, essentially bisecting the orefield into eastern
and western halves (Figure 2.6). The disturbance was associated with a complex
belt of faulting and caused the displacement of adjacent strata by as much as 150m,
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forming a stratigraphic barrier to subsequent processes of mineralisation (Dunham,
1990; Bulman, 2004).
Mineralisation of the numerous faults created by the Carboniferous Period distortion
of the Alston Block is now generally considered to have occurred within the early
Permian, shortly after the Whin Sill intrusions (Stone et al., 2010). Surface saline
waters penetrated cracks formed during a period of extension, reaching the
basement rocks at a depth of over 10km and being heated to approximately 200°C
(Cann and Banks, 2001). Heat generated by the Weardale Granite batholith drove
convection currents along zones of increasing temperature towards its centre, with
the waters gaining minerals through reaction with the surrounding rocks. Different
minerals precipitated out of the saline solution during cooling as they moved away
from the centre of the granite batholith, leading to a marked zonation in the
dominant ore minerals across the orefield. This distribution can be broadly divided
into a central zone in which fluorite is the dominant gangue mineral, changing to an
outer zone dominated by barium-rich minerals (Bouch et al., 2008; Clarke, 2008)
(Figure 2.6).
Mineral veins within the orefield typically have a maximum vertical throw of only a
few metres and range in width from a few millimetres to over 10m. Three principal
vein orientations have been identified, with the most common being the eastnortheast trending veins that have been the primary source for galena (lead ore)
extraction. The north-northwest trending veins are referred to in this area as ‘Cross
Veins’ and are generally poorly mineralised, although with some exceptions on
Alston Moor. A small number of east-west trending fractures, known as ‘Quarter
Point’ veins, have also been identified as being particularly rich in fluorspar deposits
(Bouch et al., 2008; Stone et al., 2010).

39

Figure 2.6: Geological structure of the North Pennines (modified from Stone et al. 2010, p201)
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Figure 2.7: Geological timescale for the key North Pennines deposits and events (modified from
North Pennines AONB Partnership, 2010, p8)
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Figure 2.8: Simplified bedrock geology of the North Pennines (BGS Geological Map Data ©
NERC 2014)
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Figure 2.9: Geological cross section through Northern England from the Isle of Man to the North Sea, (modified from Taylor et al. (1971), p9)
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The productivity of the mineral vein is largely controlled by the lithology of the wallrock, with harder, competent rocks, such as limestone or sandstone, producing
steeper and wider ore shoots. In contrast, faults through weaker, incompetent rocks,
such as mudstone, have tended to produce shallow angled, thinner veins (Bouch et
al., 2008). Horizontal ore bodies known as ‘flats’ occur where extensive areas of the
original limestone have been replaced through the lateral spreading of the
mineralising fluids (North Pennines AONB Partnership, 2010). Galena (lead ore) and
sphalerite (zinc ore) are the most abundant ore minerals occurring throughout the
North Pennine Orefield and have been the focus of much of the historical mining
activities, with the galena typically bearing relatively high levels of silver (Dunham et
al., 2001; Stone et al., 2010). Smaller concentrations of chalcopyrite (copper ore)
have also been extracted from deposits close to Garrigill in the South Tyne
catchment. The gangue minerals of fluorspar, baryte and witherite were worked
extensively once they became economically viable during the later 20th century.
Additional regional uplift occurred after the main phase of mineralisation in the
orefield, taking place during the late Mesozoic and Cenozoic periods (c. 65.5 – 2.6
MA) and associated with the Alpine Orogeny. This uplift resulted in the reactivation
of major faults along the margins of the Alston Block and the exposure of the
Carboniferous strata (Dunham, 1990) (Figure 2.8). The present topography of the
North Pennines owes its form to the Quaternary modification of this uplifted land
surface.
Reconstructions of glaciation patterns during the Late Devensian (c.28 – 14.7 ka
BP) have indicated that the eastward transit of ice from the Lake District was
blocked by the high ground along the Pennine escarpment, instead being diverting
north along the Tyne Gap and south along the Stainmore Gap (Stone et al., 2010).
However, studies of glacial landforms in the area have demonstrated the presence
of a local ice centre in the region of Cross Fell. Analysis of the extensive drumlin
field in the upper Tees basin suggests that two major ice flows extended out from
this local ice cap, an earlier south-easterly flow along the Tees valley and a
subsequent event transverse to the main valley occurring once the ice centre had
expanded southwards to include Dufton Fell (Mitchell, 2007). The distribution of
local Pennine erratics (such as the Bullman Hills), meltwater channels and till
deposits indicates additional ice flow northwards along the South Tyne and Allen
Valleys, as well as eastwards along Weardale.
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One additional consequence of the direction of ice movement is the marked
asymmetry visible in the profile of many of the valley sides across Alston Moor.
Slopes that were in the lee of the ice direction tend to exhibit a smooth profile, due
primarily to blanketing by superficial boulder clay deposits. In contrast, slopes facing
the direction of ice movement display a distinctive ‘stepped’ profile, resulting from
the differential weathering of the alternating Carboniferous sedimentary layers and a
lack of covering superficial deposits (Clarke, 2008).
Ice cover in the North Pennines during the later Loch Lomond Stadial (c.12.65 –
11.55 ka BP) was limited, being restricted to small glaciers in locations regularly
nourished by wind-blown snow, such as the Cronkley Scar escarpment glacier
(Wilson and Clark, 1995). Despite the relative absence of glacial ice during this
period, periglacial landforms, such as blockfields, gelifluction terraces and patterned
ground, are common near the summits of Cross Fell, Knock Fell and Great Dun Fell
(Tufnell, 1985; North Pennines AONB Partnership, 2010).
Intense reworking of the glacial deposits followed the retreat of the ice sheets at the
start of the Holocene (11.55 ka BP), including the development of extensive braided
river systems and increased debris flow and landslide activity (Stone et al., 2010).
Declining sediment supply following the reworking of glacial deposits prompted a
shift to river entrenchment and incision in the UK uplands as the Holocene
progressed (Macklin et al., 1992). Although vegetation succession and soil
development was slower in the Pennine uplands than in adjacent lowland areas,
mixed deciduous and pine woodland had become widely established between 88007000 BP. The initial development of peat in the Pennine uplands is likely to have
begun c.7500-7000 BP, although with considerable local variability in the specific
date of onset and spatial extent (Huntley, 2011).
Changes in dominant tree species during the later Mesolithic (7000-5000 BP),
including an increase in alder then a rapid decline in elm, are likely to reflect the
influence of local soils, altitude and location, coupled with small-scale human
activity. Major anthropogenic woodland clearance occurred from the Neolithic
onwards (c.4000-2500 BC), with a significant increase in intensity identified during
the Bronze Age (c.2500-800 BC), suggesting that arable agriculture was dominating
the lower elevations of the North Pennines by this time. By the end of the first
millennium BC (Late Iron Age), the entire area was likely to have been relatively
treeless (Atherden, 1992; Simmons, 2003; Huntley, 2011).
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A detailed description of the archaeology of the North Pennines is beyond the scope
of this project, with a number of comprehensive publications on the subject having
already been produced. Earlier discussions have tended to suggest that, with the
exception of selected Roman-British sites, evidence for pre-Medieval archaeology in
particular in this region is relatively limited (Coggins, 1986; Manby and Turnbull,
1986). However, more recent research by English Heritage has strongly refuted this
through a number of extensive multi-period landscape surveys (Boutwood, 2002;
Hunt and Ainsworth, 2010; Oakey et al., 2012) and accompanying detailed site
analyses (Went and Ainsworth, 2009; Payne, 2011). Combined with the targeted
assessment of the archaeology of later periods (Jessop and Whitfield, 2010) and
existing historical summaries (Robertson, 2010), it is clear that the North Pennines
have a long and varied history of occupation and exploitation.

2.4

Study catchments

The focus for the broader scale analysis of mining activities and impacts is an area
of 197 km2 incorporating the catchments of the upper South Tyne, the River Nent
and Black Burn, the two major tributaries of the upper South Tyne, and the upper
Tees

as far

downstream

as

Cow Green Reservoir

(Figure

2.10–2.12).

Administratively, apart from a small section of County Durham between Crook Burn
and the River Tees, the area lies entirely within Cumbria, although with a pre-1974
historical division into the counties of Cumberland and Westmorland along the route
of the Tees. All of the land north of the Tees and east of Black Burn is included
within the civil parish of Alston Moor, with the remainder comprising the upland
Pennine sections of the east-west aligned Eden catchment parishes. Together, the
study catchments drain the western section of the Alston Block structural region
within the North Pennine Orefield.
This area was primarily selected to form a coherent physiographic unit based on the
drainage catchment of the upper South Tyne, with the additional inclusion of the
upper Tees to allow comparison with a catchment of higher mean elevation and
contrasting geomorphology (Table 2.1). The following sections consider the
characteristics of each of the four sub-catchments that comprise the study area,
including their topography, geology, land use and fluvial geomorphology. The spatial
and temporal distribution of mining activities within each catchment is covered
separately in Chapter 4.
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Table 2.1: Main morphometric characteristics of the study catchments / sub-catchments, calculated based on a 5m resolution airborne radar digital terrain model
(DTM) (Landmap, 2013)

Upper South Tyne

Nent

Black Burn

Upper Tees

Full study area

Catchment area (km2)

72.36

29.27

49.01

46.15

196.79

Minimum elevation (m AOD)

258.36

265.16

290.23

488.46

258.36

Mean elevation (m AOD)

489.73

474.88

539.69

627.54

532.28

Maximum elevation (m AOD)

746.92

670.94

891.57

890.39

891.57

Mean slope (%)

12.69

13.04

12.39

10.08

12.06
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Figure 2.10: Map of the study catchments showing the key physical features (DTM data ©
GetMapping 2009). The location of the study area within the North Pennines is shown on Figure
2.5.
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Figure 2.11: Simplified bedrock geology map of the study catchments (BGS Geological Map
Data © NERC 2014). The broader geological context of the study area is shown in Figure 2.8.
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Figure 2.12: Land use map of the study catchments based on the LCM2007 land cover map
(Morton et al., 2011). Note that all areas above 600m AOD are classified as ‘Montane’ in this
classification, even though they may relate to a range of habitat communities (LCM2007 data ©
and database right NERC (CEH) 2011. All rights reserved)
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2.4.1

River South Tyne

2.4.1.1 Topography
The South Tyne flows north from its headwaters on Alston Moor to Haltwhistle
where it turns east towards its confluence with the North Tyne near Hexham. From
here it continues east as the River Tyne, before entering the North Sea at
Tynemouth. The area of interest for the present study is the upper South Tyne, from
its source at Tynehead to just downstream of Alston and the confluence with the
River Nent, a catchment area of 72 km2 (Figure 2.13). With an elevation range of
c.258m to 746m AOD, this area includes the main north-south valley of the upper
South Tyne and the major confluences with Black Burn and the River Nent, as well
as the smaller tributary streams of Cross Gill, Ash Gill, Garrigill Burn and Dry Burn.
The river drains the high fells of the central portion of Alston Moor, including
Burnhope Seat (747m), Tynehead Fell (610m) and Round Hill (686m) to the south,
Rotherhope Fell (596m) and Scarberry Hill (598m) to the west and Flinty Fell (614m)
and Middle Fell (575m) to the east.

2.4.1.2 Geology
The bedrock geology of the valley predominately consists of the cyclothemic strata
typical of Carboniferous Period deposits in the region (Figure 2.11). Alston
Formation cyclothems consisting of Dinantian Epoch limestones, sandstones,
siltstones and mudstones form the valley floor and lower slopes of the catchment.
The upper slopes and summits are composed of later Stainmore Formation
(Namurian Epoch) sandstones, limestones and mudstones. These strata are
underlain by the earlier Devonian Weardale Granite batholith intrusion and fractured
by numerous faults and mineral veins. The Early Permian Whin Sill quartz-dolerite
intrusion is exposed in a small outcrop near Tynehead (NY 759371). Also in the
area around Tynehead are outcrops of the later Palaeogene Period Armathwaite
Dyke, a fine-grained igneous tholeiite rock originating from the vertical intrusion of
magma associated with a period of rifting and dyke formation centred on the Island
of Mull in northwest Scotland. The Armathwaite Dyke has been dated to 55.8 ± 0.9
MA and can be traced from the Eden Valley in the northwest to North Yorkshire in
the southwest, where it is known as the Cleveland Dyke (Stone et al., 2010).
Quaternary glacial ice flow through the valley would have been north-eastwards
from the Cross Fell local ice cap. Evidence for this period still survives in the form of
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thick boulder clay deposits on the western slopes of the valley and ice plucked
scarps to the east, as well as a large meltwater channel on the eastern valley slopes
south of Alston (NY 728438) (Bulman, 2004).

Figure 2.13: Map of the upper South Tyne catchment area (DTM data © GetMapping 2009)
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2.4.1.3 Land use
The headwaters of the upper catchment descend through the lower montane
(>600m AOD) and sub-montane (300-600m AOD) ecological zones (Figure 2.12).
Blanket bog is found extensively on the higher ground to the south and west of the
catchment, grading to acid grassland and heather grassland further down the valley
sides. The valley floor is predominately improved grassland, with large managed
conifer plantations on the west-facing slopes around Mount Pleasant and Flinty Fell.
Land use in the catchment is predominately pastoral agriculture, although with some
moorland management for grouse shooting on the higher ground, particularly to the
west.
Towards the north of the study area, the river flows immediately to the west of the
market town of Alston, which forms the main nucleated settlement within the upper
catchment. Aside from the small village of Garrigill near the confluence with Garrigill
Burn, the population elsewhere in the catchment is sparse and largely in the form of
dispersed farmsteads on the lower slopes overlooking the valley floor.

2.4.1.4 Fluvial geomorphology and water quality
Throughout much of the upper catchment, the South Tyne flows in a relatively steep,
narrow valley with only limited floodplain areas, largely due to bedrock constraints
on lateral channel migration. Downstream of the confluence with Garrigill Burn,
however, the valley floor widens to form an alluvial basin c.350m wide and 650m
long (NY 739421). At this location a series of six unpaired terraces have been
identified, including higher terraces formed of Pleistocene glaciofluvial deposits and
lower Holocene terraces (Macklin, 1997). A number of preserved high sinuosity
palaeochannels are clearly identifiable on the surface of the Holocene terraces. The
high heavy metal values within the fine sediments of the lower Holocene terraces
suggest that these deposits originate from the period of active upstream metal
mining. Analysis of historic mapping has demonstrated lateral channel migration of
c.70m over a period of c.130 years (1859-1986) (Aspinall et al., 1986). This activity
relates to the increased sediment load and resulting instability created by intensive
mining activities in the upstream catchment.
A large alluvial sedimentation zone is located immediately downstream of the
confluence between Black Burn and the South Tyne, at a site referred to as ‘The
Islands’ (NY 716448). Mapping of historical channel planforms, combined with
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lichenometric dating and trace metal analysis of sediments within extant gravel bars,
indicates a complex pattern of channel change and floodplain development (Macklin
and Lewin, 1989; Macklin, 1997). The change from single-thread channel to multithread braided system in the late 19th century is explained by the increased
sediment load generated by upstream metal mining, followed by vertical incision and
a return to a single channel as mining intensity declined in the early 20th century.
The high metal content of the deposited sediments has allowed the development of
rare metal-tolerant species within the riparian vegetation zone (Richards et al., 1989;
Macklin and Smith, 1990).
Several previous studies have also focused on locations downstream of the present
study area, including the reach at Lambley (Passmore and Macklin, 2000) and the
left-bank tributary catchment of Thinhope Burn (Macklin et al., 1992; Milan, 2012),
Numerous broader studies looking at specific aspects of the overall Tyne basin have
included the use of heavy metals as indicators of fine sediment provenance (Macklin
and Dowsett, 1989; Passmore and Macklin, 1994), variability in patterns of late
Holocene braiding (Passmore et al., 1993) and the response to recent (post-1700)
climate change (Rumsby and Macklin, 1994), making the Tyne one of the most
intensively researched catchments in the region (Macklin, 1997).
The upper South Tyne catchment contains four Water Framework Directive (WFD)
water body units, all of which are considered to have a ‘good’ overall ecological
status, apart from the reach between the Black Burn confluence and the River West
Allen (GB103023075530) which is ranked as ‘moderate’ (Environment Agency,
2012d). This same sub-catchment is included within the top 30 national priority
water body areas that are known to have already been impacted by non-coal mine
workings (Environment Agency, 2012b). Recent monitoring at the Alston gauging
station has indicated that the upper South Tyne, including the input from Black Burn,
is failing its Environmental Quality Standards (EQS) for both cadmium and zinc,
primarily due to input from upstream abandoned mine workings (Atkins Ltd, 2010).
Five mine sites within the catchment have been included within the Mine Waste
Directive (MWD) inventory of abandoned mines that are known to be causing
serious environmental impacts (European Commission, 2006; Environment Agency,
2014). This includes three sites within the Garrigill Burn tributary catchment
(Whitesike Mine, Bentyfield Mine and Brown Gill Mine), as well as two additional
mines further downstream on the western slopes of Middle Fell (Flow Edge Mine
and Holyfield Mine).
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2.4.2

River Nent

2.4.2.1 Topography
The River Nent drains an upland catchment area of 29 km2, flowing northwest from
its source above Nenthead to its confluence with the South Tyne just west of Alston
(Figure 2.14). The catchment has an overall relief of approximately 400m,
descending from over 670m AOD at its southern headwaters to c.265m AOD at its
outlet into the Tyne. The headwater tributaries drain the northern slopes of Flinty
Fell (614m), Knoutberry Hill (668m) and Killhope Head (648m) and include Long
Cleugh Burn, Middle Cleugh Burn, Old Carr’s Burn and Rampgill Burn. The upper
catchment around Nenthead was amongst the most intensively mined areas of the
North Pennines, with the water supply to the main channel being historically heavily
regulated through a widespread system of leats and two large reservoirs at
Handsome Mea and Perry’s Dam.

2.4.2.2 Geology
Interbedded Carboniferous limestone, sandstone, siltstone and mudstone strata also
dominate the geology of the Nent catchment (Clarke, 2007) (Figure 2.11). Alston
Formation (Dinantian) cyclothems form the valley floor and lower slopes, particularly
in the lower catchment. Stainmore Formation (Namurian) sandstones, limestones
and mudstones form the higher ground around the valley sides and head. Mineral
veins are especially abundant in the upper catchment, with notable concentrations in
the vicinity of Nenthead and the slopes adjacent to Nentsberry. The lower Nent
catchment also contains some of the best evidence for glacial activity in the area, in
particular the easterly direction of ice movement. Thick boulder clay deposits
covering the northeast facing slopes have created a smooth profile that stands in
marked contrast to the prominent terraces on the southwest facing slopes between
Blagill and Lovelady Shield (Figure 2.15). These terraces were formed by the
differential erosion of the alternating Carboniferous strata on the ice-plucked
northerly hillslopes.

2.4.2.3 Land use
The majority of the catchment is within the sub-montane zone, with limited areas of
blanket bog on land above c.500m AOD around the watershed to the north, south
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and east (Figure 2.12). Heather grassland is abundant on the middle slopes of the
upper catchment, changing to more acid grassland species in the lower catchment.
Improved grassland again dominates the land on the valley floor, with no significant
areas of arable cultivation. Conifer plantations are located either side of Dowgang
Hush and to the north of Wellgill in the upper catchment, as well as at the High
Mounthooly plantation on the south-western slopes of Newshield Moss near the
confluence with the South Tyne. Population density in the catchment is low, with the
village of Nenthead being the only nucleated settlement of any notable size outside
of Alston. Land use is again dominated by agricultural grazing, mainly sheep, and
the management of moorland for grouse shooting.

2.4.2.4 Fluvial geomorphology and water quality
The area around Blagill (NY 743468) in the lower reaches of the Nent has been the
focus of several geomorphological studies, primarily due to the evidence there for
recent channel change and floodplain development. A stable, single-thread channel
had been replaced by 1861 with a multi-thread channel and extensive gravel
deposition, triggered by a series of major floods in the 1840s and the increased
supply of coarse mining-related sediment (Macklin, 1986a). Map analyses and
lichenometric dating records the intermittent downstream movement of these coarse
gravel sediments in the form of a jerky sediment wave (Macklin, 1997). Stabilisation
of the floodplain occurred after the cessation of large scale mining in the upstream
catchment in the mid-20th century, with river incision and the return to a single
channel planform. Elements of the floodplain at Blagill have also been used as the
focus of methodological studies aimed at refining DEM-based geomorphic change
detection techniques (Chappell et al., 2003; Heritage et al., 2009; Milan et al., 2011).
The entire Nent catchment is included within a single WFD water body unit
(GB103023075420), deemed to currently be at ‘moderate’ ecological status
(Environment Agency, 2012d). The Nent is ranked 22nd in terms of national priority
water bodies known to have been impacted by non-coal mine workings, with specific
additional concerns raised about the potential for diffuse pollution inputs
(Environment Agency, 2012b). The catchment contains two MWD inventory sites
that are known to be causing serious environmental impacts; the Nenthead Mines in
the upper catchment and Hudgill Burn Mine within the middle reaches (Environment
Agency, 2014).
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Concerns over water quality and fine sediment input from the Nenthead area have
led to extensive engineering works in recent decades, including attempts to stabilise
and vegetate spoil heaps, reduce the channel gradient and strengthen the river
banks using stone revetments (Heritage et al., 2001). More recently, repeat
terrestrial laser scan (TLS) surveys have been conducted of the spoil heaps
adjacent to the river (L. Mitchell, Coal Authority, 2013, pers. comm., 11 December)
and flow meters have been installed at the entrances to two mine levels
(Caplecleugh Low and Rampgill) ahead of a proposed water treatment plant
(Jackson, 2013).

57

Figure 2.14: Map of the Nent catchment area (DTM data © GetMapping 2009)
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Figure 2.15: Lidar slope model showing the impact of Quaternary ice movement on valley topography near Blagill, River Nent. Note the contrast between the
smoothed northeast facing slopes and terraced southwest facing slopes on either side of the valley, caused by the different processes acting on either side of the
dominant glacier direction (Lidar data © English Heritage)
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2.4.3

Black Burn

2.4.3.1 Topography
Black Burn is one of the principal tributaries of the upper South Tyne, draining an
area of 49 km2 in the west of the study area (Figure 2.16). The steep, boulderbedded headwaters of the river flow northeast from their source close to the summit
of Cross Fell, the highest peak in the North Pennines at 893m AOD. After flowing
around the lower slopes of Ousby Fell, Black Burn continues north and then
northeast, eventually joining the South Tyne to the east of Leadgate. The overall
relief of the catchment is the highest out of all of the study catchments at
approximately 600m, with the confluence occurring at c.290m AOD.

2.4.3.2 Geology
The majority of the Black Burn catchment is incised into Alston Formation
(Dinantian) cyclothems of limestones, sandstones, siltstones and mudstones (Figure
2.11). Later Stainmore Formation (Namurian) cyclothem deposits are largely
restricted to the higher elevations in the upper catchment, especially the summits of
Cross Fell, Long Man Hill and Hound Hill. Namurian Epoch limestones, sandstones
and mudstones also form the ridge to the north of the catchment between Scarberry
Hill and Hartside Height. Significant outcrops of the Early Permian Whin Sill intrusion
quartz-dolerite rocks are located along a broadly east-west orientation through the
centre of the catchment. Cash Burn waterfall (NY 700387), near the confluence with
Black Burn, is located on one of these Whin Sill outcrops. Mineralised veins are
found in particular concentrations in the middle of the catchment and on the high
slopes and summits to the south.
The upper catchment contains several features dating from the Pleistocene
glaciation of the area. The Bullman Hills (NY 705372), located on the interfluve
between the headwaters of Black Burn and Cash Burn, are large glacial erratics
formed of Great Limestone and probably originating from a location over 1km to the
south (Bulman, 2004). Periglacial landforms, including blockfields and patterned
ground, are found on the north-facing slopes near the summit of Cross Fell (Tufnell,
1985; North Pennines AONB Partnership, 2010).
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Figure 2.16: Map of the Black Burn catchment area (DTM data © GetMapping 2009)
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2.4.3.3 Land use
The headwaters to the south of the catchment are within the lower montane zone,
with the remainder of the catchment being almost entirely within the sub-montane
elevation range (Figure 2.12). Extensive blanket peat occurs throughout much of the
higher ground in the area, particularly above c.450-500m AOD, with the exception of
some heather grassland on the northern slopes. Additional heather grassland is
found along the lower slopes of the upper reaches of Black Burn and in patches
close to Smittergill Burn and Aglionby Beck. Downstream of the confluence with
Aglionby Beck, the northern slopes of the catchment are dominated by acid
grassland species, with isolated areas of improved grassland close to the South
Tyne confluence. The catchment is largely uninhabited in terms of permanent
population, except for isolated farmsteads in the lower reaches near Leadgate and
Blackburn Bridge. Apart from the grazing of sheep, land use in the catchment is
overwhelmingly dominated by the management of extensive shooting estates,
clearly evident through the patchwork of heather stands at differing heights caused
by controlled burning to aid grouse populations.

2.4.3.4 Fluvial geomorphology and water quality
Several sizeable tributary streams feed into Black Burn in the upper and middle
reaches of the catchment. Cash Burn drains the southeast corner of the upper
catchment, extending from the western flanks of Long Man Hill (658m) and Pikeman
Hill (616m) before flowing into Black Burn to the west of Hound Hill (566m).
Smittergill Burn drains the land between Ousby Fell (565m) and Melmerby Fell
(709m) before joining Black Burn northwest of Greencastle Tarn. Further
downstream, Aglionby Beck feeds into Black Burn at the point where the main
channel turns north-eastwards, draining Fiend’s Fell (634m), Hartside Height (624m)
and the northern slopes of Melmerby Fell.
The largest alluvial basin within the catchment is located immediately upstream of
the Rotherhope Fell Mine and includes the confluence with Rowgill Burn / Aglionby
Beck (NY 685417). This reach represents the most extensive and active boulderbedded stream in the Tyne basin and is of particular interest due to the presence of
landforms indicative of the ongoing downstream movement of a sediment wave
(Macklin, 1997). The sediment comprising this ‘slug’ is again largely derived from
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historical mine wastes, in particular a number of hushes located on the east bank of
the river immediately upstream of the active reach.
The Black Burn catchment contains three WFD water body units, with the upper
catchment and Aglionby Beck catchment considered to be of ‘good’ ecological
status but the lower Black Burn downstream to the confluence with the South Tyne
currently categorised as ‘moderate’ status (Environment Agency, 2012d). There are
no MWD inventory sites within the catchment (Environment Agency, 2014). Black
Burn was included within the catchment monitoring survey for the upper South Tyne
based on the EQS exceedance for cadmium and zinc at the Alston gauging station
(Atkins Ltd, 2010). However, stream samples taken from Black Burn upstream of the
confluence indicate that metal contributions from here are much lower than from
some of the key South Tyne tributaries.

2.4.4

River Tees upstream of Cow Green Reservoir

2.4.4.1 Topography
The River Tees flows in a broadly east-southeast direction for a distance of c.137
km from its source at Tees Head on the east-facing slopes of Cross Fell to its mouth
at the Tees estuary near Middlesbrough. The present study is focused on the upper
Tees catchment above Cow Green Reservoir, a 3.5 km long reservoir constructed
between 1967 and 1971 to supply the downstream industries of Teesside (Figure
2.17). This 46 km2 catchment drains some of the highest land in the North Pennines,
including the summits of Cross Fell (893m), Great Dun Fell (848m) and Little Dun
Fell (842m). The outlet into Cow Green is at an elevation of 488m AOD, giving an
overall catchment relief of c.400m. The upper Tees is joined by several large
tributary streams within this area, including Trout Beck, which drains Knock Fell and
the southern slopes of Great Dun Fell, and Crook Burn, which flows south from
Burnhope Seat (747m) along the boundary between Cumbria and County Durham.
Several smaller tributaries also enter the Tees where the valley narrows towards
Cow Green, including Green Burn, Greenhurth Sike and Force Burn.

2.4.4.2 Geology
The geology of the catchment again largely dates to the Carboniferous, with Alston
Formation (Dinantian) deposits covering the majority of the catchment area at lower
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elevations (Figure 2.11). Stainmore Formation (Namurian) are limited to the higher
ground above c.700m AOD, including the summits of Cross Fell, Little Dun Fell,
Great Dun Fell and Knock Fell along the Pennine escarpment and the higher slopes
of Calvert End to the north and Burnhope Seat to the northeast. A large outcrop of
Whin Sill is located in the lower catchment, immediately upstream of the input into
Cow Green Reservoir. The Whin Sill forms the bed of the River Tees and its
tributaries in this area, including the narrow gorge and waterfall of Force Burn to the
south (Johnson and Dunham, 1963). Mineralisation is especially concentrated in
groupings of veins around Great Dun Fell to the west and along the middle reaches
of the Tees, close to its confluence with Trout Beck. Evidence for Quaternary
glaciations is present in the form of the extensive drumlin field in the lower part of
the catchment (Mitchell, 2007) and the numerous periglacial landforms near the
summits of Cross Fell, Knock Fell and Great Dun Fell (Tufnell, 1985).

2.4.4.3 Land use
The catchment spans the upper sub-montane and montane zones, with extensive
blanket peat throughout much of the area (Figure 2.12). A mixture of acid and
heather grassland habitats extend across the lower slopes close to the confluences
with Trout Beck and Crook Burn. In contrast to the other catchments the upper Tees
contains no improved grassland. The valley floors themselves typically comprise
overbank deposits of sands and silts overlying coarser channel deposits (Wishart,
2004). Most of the catchment south of the River Tees itself is included within the
Moor House and Upper Teesdale National Nature Reserve (NNR). There are no
settlements within the upper catchment and land use is almost exclusively sheep
grazing.

2.4.4.4 Fluvial geomorphology and water quality
Previous research into the upper Tees has demonstrated that the catchment is
composed of discrete sedimentation zones separated by narrow, constrained
intermediate reaches, in a similar way to many other North Pennine rivers, such as
the River Wear (Wishart, 2004). Channel planform metamorphosis along the upper
Tees has been primarily controlled by flood activity, although with upstream
historical mining providing an important source of coarse sediment. The most
significant planform changes in the area have been focused in the steeper Trout
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Beck reaches. The stabilisation of the river indicated by a reduction in gravel area
extent in recent decades has occurred once the sediment supply from historical
mining has declined.
The upper Tees catchment comprises three WFD water body units, with the upper
catchment and the reach between Trout Beck and Maize Beck being of ‘good’
ecological status but the Trout Beck catchment itself of ‘moderate’ status
(Environment Agency, 2012d). There are no MWD inventory sites within this upper
section of the Tees catchment (Environment Agency, 2014). However, elevated
levels of metal pollutants have been found in sediments sampled at downstream
locations throughout the Tees valley (Hudson-Edwards et al., 1997), in a similar
manner to alluvial deposits along the Tyne and other heavily mined catchments
(Macklin et al., 1997).
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Figure 2.17: Map of the River Tees catchment area upstream of Cow Green Reservoir (DTM data © GetMapping 2009)
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2.5

Primary fieldwork site: Whitesike and Bentyfield Mines

2.5.1

Topography

Fieldwork focused primarily on Whitesike and Bentyfield mines, two adjacent mine
complexes located approximately 1km northeast of Garrigill in the upper South Tyne
catchment (Figure 2.18). Whitesike Mine (NY 7518 4249) extends either side of the
main Alston to Harwood B6277 road, with Bentyfield Mine located immediately
upstream to the east (NY 7540 4256). These mines straddle the middle reaches of
Garrigill Burn, an east-west flowing tributary of the South Tyne, with a small
(3.51km2), steep catchment extending up the west facing slopes of Middle Fell and
Flinty Fell to the watershed with the Nent catchment. The headwaters of Garrigill
Burn are located to the east, between Black Moss and Flinty Fell and include the
larger tributary streams of Brown Gill and Souther Gill to the southeast. Elevations
within the catchment range from 330m AOD at the confluence with the South Tyne
immediately northwest of Garrigill village to 614m AOD at the summit of Flinty Fell,
with an overall channel gradient approaching 9%.

2.5.2

Geology

The underlying bedrock geology in the catchment consists of the Carboniferous
cyclothems that are typical of this area of the Alston Block (Figure 2.19). In the lower
catchment, outcropping limestone members alternate with Alston Formation
limestones, sandstones, siltstones and mudstones. Beyond the Great Limestone
Member (above c.450-470m AOD) the Stainmore Formation deposits dominate,
including mudstones, the Millstone Grit sandstones and the Upper Limestone
Group. Additional prominent bands within the middle part of the catchment are the
Little Limestone (c.480-490m AOD) and Firestone Sill Sandstone (c.500-530m
AOD). The Lower Fell Top Limestone outcrops at the higher elevations (above
570m AOD) to the north of the catchment. The majority of faults and mapped
mineral veins within the catchment follow the general southwest-northeast trending
encountered throughout the overall study area, with one major northwest trending
cross vein (Old Groves Cross Vein).
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2.5.3

Land use

Land use in the catchment is predominately rough pasture for sheep grazing,
including the enclosed land at Bentyfield Mine. Sizeable privately managed forestry
plantations are also located towards the summit of Flinty Fell, on the north bank
upstream of Bentyfield Mine and immediately downstream of Whitesike Mine. Much
of the upper catchment is open access land, with a public footpath connecting this
area to the Alston road along the route of a former tramway linking Whitesike and
Bentyfield Mines. In its lower reaches the stream passes through the hamlet of
Beldy before joining the South Tyne below Low Houses Bridge.

2.5.4

Fluvial geomorphology and water quality

The channel contains both alluvial and bedrock reaches and is generally tightly
confined within a narrow valley comprising steep ‘natural’ hillslopes and bankside
spoil heaps. The flow of Garrigill Burn within the upper reaches of the catchment has
historically been heavily regulated as part of the mining activities in the area,
including several large reservoirs, a dense network of man-made leats and the
confinement of long stretches of the stream within culverts and drystone retaining
walls (mostly now collapsed). Downstream of the Whitesike dressing floors the
stream passes through a stone arched culvert that extends below the B6277 road
and the large tailing heaps immediately to the west. The channel then becomes
more confined within a natural bedrock ravine with intermittent narrow floodplain
reaches, although with further engineered sections downstream towards the
confluence with the South Tyne.
Garrigill Burn is included within the Water Framework Directive water body covering
the South Tyne from upstream of Garrigill to the confluence with Black Burn
(GB103023075400) and is known to be one of the primary sources of metal loading
for the main river. Point source input of zinc and cadmium to Garrigill Burn from the
Whitesike and Bentyfield adits in particular, as well as hypothesised diffuse input
from adjacent mine sediments, are key factors in the South Tyne failing to meet
Environmental Quality Standards (EQS) for these metals at the Alston gauging
station (Atkins Ltd, 2010).
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Figure 2.18: Map of the Garrigill Burn catchment area (DTM data © GetMapping 2009)
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Figure 2.19: Bedrock geology and named mineral veins within the Garrigill Burn catchment (BGS Geological Map Data © NERC 2014)
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2.5.5

Mining history and archaeological context

Whitesike and Bentyfield Mines were worked in close association with each other
throughout their phases of operation and so their history of development is most
effectively considered together. Their documented history primarily covers the
period from the late 17th century until their abandonment in the early 1900s,
although the length of active mining almost certainly extends back considerably
earlier. Useful sources of information about the mines include the early edition OS
maps, mineral output statistics and recent archaeological surveys (Oakey et al.,
2012; Railton and Wooler, 2012; Strickland and Wooler, 2012) (Figures 2.20 – 2.22).

2.5.5.1 Whitesike Mine
Whitesike Mine worked the Old Groves Cross, Thortergill and Browngill veins,
eventually extending over 2km east to the Longholehead Whimsey shaft (NY 7710
4225) where it connected to Caplecleugh Horse Level and the Nenthead workings.
The 19th century discovery of coins dating from the reign of William Rufus (10871100) within the workings at Whitesike and Browngill hints at a medieval origin for
mining at this location (Wallace, 1890 (reprinted 1986)), possibly indicating that the
mine formed part of the medieval silver mines of Carlisle (Railton and Wooler,
2012). However, the earliest named reference to workings in the Whitesike area
relates to the leasing of the Old Groves Cross Vein in 1698 by John Richley and
Partners (Fairbairn, 1993). Many of the shafts, dressing waste and spoil heaps on
the fellside to the south of Whitesike and Bentyfield are likely to represent earlier
post-medieval phases of Browngill workings, which were replaced in the 18th century
by levels driven from Garrigill Burn (Strickland and Wooler, 2012).
The London Lead Company acquired the lease for the area in the early 18th century
and by 1706 had begun work on the Browngill and Thortergill Sike veins, having
already driven the Whitesike Level (NY 7518 4248) to within 60 fathoms (c.110m) of
the Browngill vein. In 1736 the Greenwich Hospital allowed part of the lease for
Browngill to pass to Colonel Liddle, who drove a new level further upstream from the
confluence of Souther Gill and Garrigill Burn (NY 7561 4252). This level, known later
as ‘Colonel’s Level’, was considered part of Whitesike Mine and was driven to both
drain and work Browngill vein (Fairbairn, 1993). When Liddle’s profits began to
decline the lease returned to the London Lead Company in c.1745, with this
company working the Whitesike area throughout much of the 18th and 19th centuries.
71

Figure 2.20: First Edition (1868) and First Revision (1899-1900) Ordnance Survey maps showing Whitesike and Bentyfield Mines (Historic OS maps © Crown
Copyright and Landmark Information Group Limited 2014)
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Figure 2.21: Documented lead ore output for Whitesike and Bentyfield Mines, 1700-1948

Figure 2.22: National Mapping Programme (NMP) aerial survey results for Whitesike and
Bentyfield Mines (Lidar and mapping data © English Heritage)
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Whitesike Mine appears as still operational on the First Edition Ordnance Survey
(OS) map of 1868 but as ‘disused’ on the First Revision OS map of 1899-1900
suggesting that it was abandoned sometime between these dates (Figure 2.20).
This fits with the published ore statistics for the mine which indicate no production
after 1885. However, a map of the Vielle Montagne Lead and Zinc Company estate
holdings from 1922 shows developed levels along the Browngill and Caplecleugh
veins, indicating that some additional working probably took place after this
company took over the leases in the early 1900s (OM7612, 1922).
Information regarding the surface features associated with Whitesike Mine is
provided by the available historic mapping and recent archaeological aerial (Oakey
et al., 2012) and field surveys (Railton and Wooler, 2012), as well as a photograph
of the Whitesike dressing floors taken soon after the mine closure in c.1895 (Figures
2.23 – 2.26). Immediately adjacent to the intact Whitesike Level portal are the
remains of two structures, presently surviving to a maximum height of c.1.5m but
visible on the c.1895 photograph as substantial two storey buildings. The proximity
of these buildings to the level entrance suggests that they may relate to the location
of the Whitesike mine shop (Johnson and Wright Ltd, 2007; Railton and Wooler,
2012), a blacksmiths and joiners shop (Strickland and Wooler, 2012) or the ‘dry’, a
building used for changing and drying clothes between shifts (Fairbairn, 1993).
Three dressing floors have been identified within the central section of Whitesike
Mine. The upper dressing floor is located on the terrace below the main level
entrance and includes nine bouse teams (storage bays for unprocessed ore) set into
the southern revetment wall. The lower dressing floor, situated on the lower terrace
further to the west, is shown in considerable detail on the c.1895 photograph and
originally contained several hotching tubs, settling tanks, tramways and a possible
circular buddle. The partial remains of the buddle and a wooden box drain were still
visible during the recent field survey (Railton and Wooler, 2012), as well as a
flagstone floor identified in the north-facing bank section during fieldwork for this
study. Low stone walls at the eastern extent of the lower dressing floor are likely to
relate to the crushing mill wheel pit in the centre of the c.1895 photograph. The
southern revetment wall still survives in good condition, including a circular wash kiln
measuring c.2m in diameter and visible on the early photograph with an upturned
waggon at its eastern edge. Tramways visible on the c.1895 photograph and still
marked by footpaths on the southern side of the mine would have originally
transported the ore from the level entrance to these two dressing floors. The third
possible dressing floor is located on the north bank of Garrigill Burn and is defined
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by a drystone revetment wall. This wall is visible on the c.1895 photograph but the
base of the processing area is now heavily vegetated and little surface detail can be
identified.
The majority of the waste from the Whitesike processing areas was dumped in tips
located below and to the west of the main B6277 road. Tramways visible on the First
Edition OS map (1868) show that ‘deads’ material from the Whitesike level entrance
were likely transported along the southern boundary of the dressing floors and
across the road before being dumped. The processed waste from the dressing
floors themselves was instead moved along a tramway that extended along a tunnel
beneath the road (incorrectly marked as a ‘level’ on the revised 1899-1900 OS
map). This tramway is possibly the one visible in the left foreground of the c.1895
photograph. The tunnel beneath the road is still accessible from the dressing floors
through to a collapse at its western extent.
Water management around Whitesike Mine was focused on managing the flow of
Garrigill Burn and ensuring an adequate supply of water to power the dressing
processes even when the capacity of the main stream was exceeded. The c.1895
photograph and 1868 OS map show Garrigill Burn contained within substantial
stone retaining walls and with considerable sections covered beneath stone
culverts. A c.40m stretch of drystone retaining wall on the left bank and 21m on the
right bank still survived adjacent to the upper dressing floor in September 2012.
Below the dressing floors Garrigill Burn flows through a stone arched culvert with a
bedrock foundation, re-appearing on the opposite side of the B6277 road before
passing through a second culvert beneath one of the large Whitesike tailings heaps.
Additional water was supplied to the Whitesike processing areas via a number of
leats and nearby reservoirs. A leat extending from the hillslope to the north of the
mine crossed the burn towards the lower dressing floor via a wooden aqueduct. This
aqueduct is visible on both the 1868 OS map and the c.1895 photograph, with the
water seemingly being used to power the wheel of the crushing mill. A small
(c.960m2) reservoir was located on the high ground immediately to the south of the
lower dressing floor which was fed by a leat from a larger (>2000m2) reservoir on
the fell top south of Bentyfield Low Level. This large reservoir was itself supplied by
an extensive leat system extending southeast to northwest along the contour around
Flinty Fell for a distance of c.4.1km from an offshoot of Ash Gill close to
Wellhopeknot Mine.
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Colonel’s Level, although recorded as part of Whitesike Mine, is located upstream of
the Bentyfield Mine workings on the south bank of Garrigill Burn (Fairbairn, 1993).
The collapsed level entrance is still identifiable, as well as a low spoil heap
extending westwards on the north bank of the burn and originally connected via a
tramway marked on the 1868 OS map (Strickland and Wooler, 2012; English
Heritage, 2015b).
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Figure 2.23: Key surface archaeological features at Whitesike Mine
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Figure 2.24: Key surface archaeological features at the Whitesike Mine spoil heap area
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Figure 2.25: Field photographs of selected surface archaeological features at Whitesike Mine
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Figure 2.26: Photograph of Whitesike dressing floors taken in c.1895, with key mining features
highlighted (Image © Nenthead Mines Conservation Society / Peter Jackson). A photograph of
the dressing floors taken from a similar viewpoint in 2012 is provided below for comparison.

80

2.5.5.2 Bentyfield Mine
Bentyfield Level worked the Taylor’s Syke Vein (also known as the Bentyfield Vein)
and Bentyfield Sun Vein via a tunnel driven from the north bank of Garrigill Burn (NY
7555 4255) (Dunham, 1990). These two veins extend in a north-easterly direction
beyond the watershed with the Nent where they connect with the Greengill Mine
workings. A second level, Bentyfield Low Level (NY 7526 4254), was driven in a
south-easterly direction from a location further downstream along Garrigill Burn until
it met Bentyfield Sun Vein, before continuing on to intersect the Thortergill Veins.
The earliest documented reference to mining here is for the working of Taylor’s Syke
Grove in 1693, with further named workings of the same vein listed in 1713 and
1727 (Fairbairn, 1993). Around the same time a carpenter from Alston, Caleb
Walton, was employed to maintain a ‘water engine’ on the south side of Garrigill
Burn in order to drain shafts on both sides of the stream, again suggesting that
much of the earlier activity was via shaft workings. Unfortunately, as is often the
case, no production records exist from these early mine workings at Bentyfield
(Figure 2.21).
The London Lead Company took up the lease from Colonel Liddle in the middle of
the 18th century and worked Bentyfield Level and Bentyfield Low Level until 1820
when the lease for the east end of the veins was purchased by Thomas Shaw and
Company. The London Lead Company had regained the full lease by 1844 and
worked the mine until the Alston Moor Mining Company took over from 1872 to
1893. At this point the lease transferred to the Nenthead and Tynedale Lead and
Zinc Company but they did not continue to work the vein (Fairbairn, 1993; Strickland
and Wooler, 2012). As with Whitesike Mine, Bentyfield also appears as ‘disused’ on
the First Revision OS map of 1899-1900 (Figure 2.20).
The current boundary between Whitesike and Bentyfield Mines is generally
considered to be the field gate just to the west of Bentyfield Low Level (NY 7525
4255). Although this location marks the historical boundary between the two mines,
geomorphologically they are both located on the same stream and therefore have to
be considered as part of the same overall sediment cascade. Surface features
associated with Bentyfield Mine include the intact portals for Bentyfield Level and
Bentyfield Low Level, each of which drains directly into Garrigill Burn (Figures 2.27 –
2.29). A tramway marked on the 1868 OS map extends out from the Bentyfield
Level before branching into a southern route taking waste rock to a large c.220m
long spoil heap to the south and a shorter northern track delivering ore directly to the
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processing areas. The spoil heap to the south is now largely vegetated, although
with some areas of eroded bare slope at its western extent. The processing areas
are depicted on the map as extending across an area of c.2500m2, through which
Garrigill Burn was apparently entirely culverted. A series of bouse teams are
depicted on a plan of Bentyfield Mine from 1839 (OMR399C, 1839) (Figure 2.30),
located c.40m west of Bentyfield Level and just north of the dressing floors. A leat
passed beneath the southern spoil heap towards this area to feed a water wheel
powering a crushing mill (NY 7543 4256). The wheel pit for this mill is still
upstanding, albeit heavily degraded in its upper courses (Strickland and Wooler,
2012). The dressing floor associated with this mill was located immediately to the
west and still survives across an area of approximately 35m by 10m, with extant
stratified deposits estimated to be between 1.5-2m deep (Flush et al., 2002; English
Heritage, 2015b). Wooden planks protruding from the slopes of this dressing floor
suggest that the archaeological preservation here is relatively good. A second
potential dressing floor upstream of the crushing mill has also been identified by the
recent archaeological field survey of the area (Railton and Wooler, 2012).
The tramway from Bentyfield Low Level extends west from the portal along the
south bank of Garrigill Burn until it divides at a point close to the Whitesike mine
shop. The southern branch continues on the higher ground above the dressing
floors, transporting the rock waste to the same dumps as the ‘deads’ from Whitesike
Level. The northern branch crosses the upper dressing floor towards the Whitesike
crushing mill and the lower dressing floor. This connection suggests that although
the two mines have differing records of ownership and development, for at least part
of their history the ore extracted from Bentyfield Low Level was being processed on
the Whitesike dressing floors.
Bentyfield Mine shop is located on the north side of Garrigill Burn, just to the west of
the main Bentyfield Level entrance (NY 7553 4256). This structure survives almost
to its original eaves level on the south side with a blocked central doorway and
windows visible on two storeys. Additional blocked openings can be traced on the
west and east elevations, but with the north side only surviving to a height of
approximately 2m. The interior of the mine shop was cleared in November 2011 and
revealed an L-shaped arrangement of walls on the east side and a series of seven
niches set into the inner face of the main walls (Strickland and Wooler, 2012). The
function of these internal features remains uncertain but the recording of this
building as a smithy on the 1839 plan of Bentyfield Mine provides one possible
interpretation for the use of the ground floor level. Stabilising the structural remains
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of the Bentyfield Mine shop was one of the key aims of the Heritage at Risk
consolidation works (Section 2.5.6.1).
A partially collapsed lime kiln is located on the north side of Garrigill Burn at the
eastern extent of Whitesike Mine (NY 7523 4255). This kiln was supplied by
limestone extracted from a c.900m2 quarry located approximately 100m to the east
and connected to the top of the lime kiln by a trackway still traceable on the ground
today. The extensive coal workings following a west-east seam c.120m further north
presumably provided a readily accessible source of fuel for the lime burning. The
siting of a kiln in close proximity to both suitable stone and a fuel supply was
common practice throughout the North Pennines during the later 18th and 19th
centuries (Robertson, 1999). The lime kiln and quarry are both marked on the 18991900 First Revision OS map as ‘old’, suggesting that they were both abandoned by
this date (Figure 2.20). The absence of a quarry on the 1868 First Edition OS map
has led some to suggest that limestone extraction must have started after this date
but before 1900 (Strickland and Wooler, 2012). However, the lime kiln itself is
marked on both the 1868 map and the earlier 1839 Bentyfield Mine plan
(OMR399C, 1839). The presence of the lime kiln for several decades before the
1868 map suggests that quarrying must have already been taking place prior to this
date, even if the quarry itself was not large enough to be recorded on the map. This
hypothesis is strengthened further by the presence of the track extending east from
the top of the lime kiln to a rock face marked on the 1868 edition map close to the
later quarry location.
Garrigill Burn was heavily managed as it flowed through the Bentyfield Mine area,
with one estimate based on historic maps suggesting that up to 70% of the stream
between the limestone quarry and the mine shop was originally culverted (Johnson
and Wright Ltd, 2007). Only one small (c.10m) stretch of culvert now survives on the
site, located adjacent to the limestone quarry (NY 7533 4256). Regulating the
overall flow of Garrigill Burn was obviously crucial to the surface workings at the two
mines and was achieved through the creation of two large reservoirs in the
headwaters close to the Nent watershed (NY 7615 4284 and NY 7616 4310).
Additional water was supplied to the dressing areas via a system of leats, including
the one powering the crushing mill wheel that originated from the same reservoir
that fed Whitesike. Additional leats and reservoirs are located on the high ground to
both the north and especially the south of the main valley, extending throughout the
extensive mine workings adjacent to the southern tributaries of Brown Gill and
Souther Gill.
83

Figure 2.27: Key surface archaeological features at Bentyfield Mine (western section)
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Figure 2.28: Key surface archaeological features at Bentyfield Mine (eastern section)
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Figure 2.29: Field photographs of selected surface archaeological features at Bentyfield Mine
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Figure 2.30: Annotated extract from plan of Bentyfield Mine dated to 1839 (although with later pencil additions to 1860) (© The Coal Authority, catalogue no.
OMR399C)
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2.5.6

Protection status and site condition

2.5.6.1 Archaeological designation and condition
Whitesike and Bentyfield Mines are jointly recorded by English Heritage as a single
Scheduled Monument (No. 1015832) and therefore under statutory protection as
archaeological sites deemed to be of national importance. The significance of these
two nucleated mines is largely due to the representation of a range of stages in the
lead mining workflow, from extraction through to processing and distribution, as well
as the deeply stratified and potentially waterlogged deposits believed to survive
below the dressing floors (English Heritage, 2013b, 2015b). The scheduled area
extends from the western edge of the Whitesike tailings heaps to Colonel’s Level in
the east, including all of the mine levels, processing areas, structures and spoil
heaps. The Bentyfield quarry to the north of Garrigill Burn, the shaft workings on the
fellside to the south and the various water management features connecting the
mines to the wider landscape are not included within the scheduling.
The changing condition of the archaeological remains at Whitesike and Bentyfield
Mines has historically been assessed as part of English Heritage’s ‘Heritage at Risk’
(HAR) register, an annual listing of those sites most at risk of damage or destruction
(English Heritage, 2015a). This programme uses annual field walkover inspections
to understand why an archaeological site is at risk and to assign qualitative category
definitions to rank its condition, with the ultimate aim being to stabilise the site and
facilitate its removal from the register (English Heritage, 2012a, 2014).
Whitesike and Bentyfield Mines were first included on the Buildings at Risk
component of the register in 1998, following their combined designation as a
Scheduled Monument in 1997. At this stage they were deemed to be experiencing
slow decay and so of limited priority, although subsequent assessments between
2000 and 2009 highlighted immediate risks of rapid deterioration (Table 2.2). The
mines were described as being in ‘very bad’ condition in 2010 (English Heritage,
2010), before being identified as a HAR priority site for North West England in 2011
(English Heritage, 2011) and 2012 (English Heritage, 2012b). A repair scheme was
subsequently agreed and implemented in 2012, with the result being that the mines
were removed from the HAR register in 2013, effectively indicating that they are no
longer considered by English Heritage to be ‘at risk’ of further significant immediate
degradation (English Heritage, 2013a). Fieldwork for the present study commenced
after the completion of the repair scheme in 2012, therefore providing a useful test
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of the efficacy of these stabilisation works in particular and of the overall Heritage at
Risk methodology more broadly.

Table 2.2: Heritage at Risk category designations for Whitesike and Bentyfield Mines, 1998-2015

Year

HAR category

1998 – 1999

C

2000 – 2009

A

2010 – 2011

B

2012

F

2013 – present

-

Definition
Slow decay, no solution agreed
Immediate risk of further rapid deterioration,
no solution agreed
Immediate risk of further rapid deterioration,
solution agreed but not implemented
Repair scheme in progress
No longer at immediate risk (i.e. removed
from HAR register)

Valuable information regarding the condition of Whitesike and Bentyfield mines is
provided by the conservation statement and architectural, civil and structural
engineering reports used to outline the proposed programme of HAR stabilisation
works (Flush et al., 2002; Johnson and Wright Ltd, 2007). The scope and potential
impacts of these works were assessed prior to implementation through a
geomorphological and flood risk management assessment (Newson, 2012) and
archaeological survey and desk-based assessment (Strickland and Wooler, 2012).
The works themselves were then also monitored through a watching brief as part of
the same archaeological assessment (Strickland and Wooler, 2012, Chapter 6).
The geomorphological assessment (Newson, 2012) focused primarily on issues
relating to the hydrology of Garrigill Burn and its potential impact on the surface
mine remains (Figure 2.31). At Whitesike Mine the key concern was deemed to be
the activation of temporary runoff channels across the dressing floors during high
flood flows. The lower dressing floor showed evidence of scour lines damaging the
surface archaeological deposits, as well as several points where the re-entry of
these flood flows into the channel had gulleyed the left bank. The upper dressing
floor was generally in better condition but with similar evidence for surface flow
paths and gullied flood re-entry points. These flows had caused two c.2m long
collapses of the left bank retaining wall and the historical collapse of much of the
equivalent right bank wall. The collapsed sections of wall had in turn created a
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boulder block cascade within Garrigill Burn, significantly reducing the flood
conveyance at this location and raising concerns about additional future collapses.
The tributaries entering Garrigill Burn at Whitesike Mine appeared largely stable,
apart from damage caused by road drainage immediately downstream of the B6277
culvert. The stability of the large spoil heaps downstream of the road were not
directly assessed as part of the report but were highlighted as representing the
greatest threat in terms of large-scale sediment input to the stream system.
At Bentyfield Mine the valley is generally narrower and the primary concern here
was the condition of the bankside deposits and their retaining walls (Newson, 2012).
The stone pitching along the right bank between the stile and the quarry was
significantly damaged, leading to the undermining of the bank by basal scour and
gullying caused by flow from the quarry tributary. The upper surface of the extant
stone culvert adjacent to the quarry was damaged at the re-entry point of
surcharging flood flows, although appeared relatively stable otherwise. The left bank
spoil heaps upstream of the culvert were noted as being clearly unstable, especially
across the dressing floor and crushing mill areas. Significant bankside or lower
slope spoil sources were also identified on both the left and right banks of Garrigill
Burn towards the eastern extent of Bentyfield Mine. The presence of bedrock at the
base of these slopes suggested that the main process causing erosion was lateral
channel movement rather than basal scour. The upper right bank tributaries were
observed to flow strongly during flood conditions but without causing obvious
additional archaeological damage or significant sediment input to the main channel.
The consolidation works conducted as part of the initiative to stabilise the mines and
remove them from the HAR register were informed by the results of the above
hydrological assessment and the associated archaeological (Strickland and Wooler,
2012) and structural engineering surveys (Johnson and Wright Ltd, 2007). At
Whitesike Mine the works included the repair of the drystone retaining wall on the
left bank of Garrigill Burn adjacent to the upper dressing floor. This repair utilised the
original stones that had collapsed to form the channel boulder block identified by the
geomorphological assessment. Interestingly, the reconstruction of the wall originally
took place in October 2011 but had to be redone in early 2012 due to the collapse of
the repaired section following further heavy rainfall and high channel flows (Jon
Charlton 2012, pers. Comm., 27 April). Other consolidation works at Whitesike Mine
included the repair of several of the bouse team divider walls to the south of the
upper dressing floor, the creation of a flagstone footpath to the north of the site and
the installation of gabion boxes on the left bank opposite the lime kiln.
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Figure 2.31: Primary findings of the geomorphological and flood risk management assessment of Whitesike and Bentyfield Mines conducted in 2012 (adapted from
Newson, 2012)
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The works at Bentyfield Mine were more extensive but again focused primarily on
minimising damage due to hydrological flow paths, stabilising masonry remains and
controlling visitor movement through the site. The tributary draining the quarry area
on the north bank had been highlighted as causing damage at its junction with
Garrigill Burn. The flow of this tributary was therefore managed through the
construction of a stone-lined channel and spillway, diverting the water downstream
of the surviving culvert and away from the previously eroding banks. Stone pitching
was added further upstream to form low retaining walls along the left bank channel
edge, especially around the remains of the crushing mill, with the aim being to
prevent lateral scouring and further collapse of the structural remains.
Additional repair works at Bentyfield included the creation of a new flagstone
footpath to reduce erosion by visitors to the site and the clearance and consolidation
of the two-storey mine shop. A wooden bridge across Garrigill Burn was erected
close to Bentyfield Level, replacing a previous bridge crossing that had collapsed
further downstream. Drainage from Bentyfield Low Level was also improved as part
of an associated community excavation, involving the clearance of the level
entrance and the installation of a drainage pipe and covering masonry structure
(Strickland and Wooler, 2012).

2.5.6.2 Ecological designation and condition
The majority of Whitesike Mine between the B6277 road and Bentyfield Low Level is
also designated a Site of Special Scientific Interest (SSSI) by Natural England. This
area is incorporated within the broader ‘Whitesike Mine and Flinty Fell’ SSSI (No.
1027647), designated due to the calaminarian (metallophyte) grassland species
found particularly on the metal rich soils close to the dressing floors and on nearby
roadside verges (Natural England, 2000). Whitesike Mine includes metal tolerant
species such as Spring Sandwort (Minuartia verna) on the mine spoils themselves
and a broader succession towards a species rich calcareous grassland sward in the
less contaminated surrounding areas. Although the condition of the Whitesike SSSI
was judged to be ‘favourable’ following the latest field assessment in 2011, the
extent of bare ground was noted to be at the lower acceptable limit of c.20%
(Stainer, 2011). Any further decline in the extent of bare, metal rich spoil areas could
potentially lead to the site becoming unfavourable for the rare metallophyte species
on which the SSSI designation is based.
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This situation potentially puts the SSSI management agenda in conflict with the
heritage management and water quality priorities. The periodic flooding of the
Whitesike dressing floors by Garrigill Burn is specifically mentioned by Natural
England as being favourable for the continued maintenance of an open vegetation
cover and the ongoing survival of the metallophyte communities (Natural England,
2000). However, these flood flows have previously proved to be highly damaging to
the ongoing archaeological survival of the dressing floors and their associated
structural remains (Newson, 2012). The SSSI management principles further state
that rotovation should ideally be employed in areas where an accumulation of dead
plant material has allowed more competitive vegetation species to encroach on the
bare ground (Natural England, 2004). Although the use of rotovation would increase
the area of bare ground and re-establish toxic surface soil conditions it could in turn
lead to the direct disturbance of in-situ stratified archaeological deposits and the
release of higher levels of diffuse contaminants in the form of eroded sediments.
Conversely, although the establishment of a more extensive surface vegetation
cover would be detrimental to the survival of metallophyte communities, it could
potentially stabilise sensitive archaeological deposits and reduce the influx of
contaminated sediments to Garrigill Burn. Reconciling these different and often
competing designation priorities is one of the key challenges facing the ongoing
management of abandoned mine sites.

2.6

Chapter summary

Lead mining in the North Pennines probably originated in the Romano-British period,
although the earliest conclusive evidence is from the 12th century. The industry
expanded considerably during the 17th century, before reaching its peak during the
18th and early 19th centuries. Foreign competition and the exhaustion of easily
accessible mineral veins meant that the industry went into rapid decline in the late
19th century. Diversification into the extraction of other minerals, such as zinc and
barytes, meant that mining continued into the 20th century but the overall North
Pennine economy never fully recovered.
The catchments of the upper South Tyne, Nent, Black Burn and upper Tees share
many of the principal physical characteristics found throughout the North Pennine
region. Their relatively steep headwater channels, composed of intermittent bedrock
and gravel-bed reaches, drain the summits of the Alston Block, a coherent
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geological structural unit forming the core of the North Pennine upland area. The
geology of the catchments is dominated by the interbedded limestones, sandstones,
siltstones and mudstones of the Carboniferous cyclothems. Later igneous intrusions,
most notably the Whin Sill, outcrop through the sedimentary layers at a limited
number of locations, with the entire area being underlain by an earlier granite
batholith in the form of the Weardale Granite. The extensive mineralisation of the
orefield is the result of the fracturing of the Carboniferous strata during subsequent
regional uplifting, coupled with the convection of early Permian saline waters driven
by heat generated from the earlier Devonian Weardale Granite. Modification of the
uplifted, mineralised Alston Block by Quaternary glacial and periglacial processes
was primarily driven by a local ice sheet centred on Cross Fell and resulted in the
broad catchment structure of the present day (Figure 2.5). Holocene fluvial sediment
reworking and incision, combined with later human land use practices, particularly in
the form of woodland clearance, agriculture and metal mining, has then further
altered the topography and landscape character of the area.
Although the four study catchments share a number of characteristics in terms of
their geological development and underlying structure, there are important
differences between them, especially regarding their modern topography, fluvial
geomorphology and history of land use. In general terms, the upper South Tyne and
Nent catchment areas contain higher proportions of improved grassland, conifer
plantations and nucleated settlements, reflecting their lower overall elevations and
long history of occupation. The upper Tees and Black Burn, in contrast, drain some
of the highest land in the North Pennines and are dominated by extensive areas of
blanket peat and acidic grassland species. Settlement and improved grassland
within these higher elevation areas are minimal, with the land being primarily utilised
as managed upland moor for large grouse shooting estates.
From a fluvial geomorphological perspective, all of the catchments have narrow
constrained intermediate reaches interspersed with discrete sedimentation zones,
many of which show evidence for mining-related river planform change. Existing
studies have already highlighted marked variation in the distribution of metal
contaminated sediments both between and within these catchment areas (Macklin,
1997). Relating differences in the physical characteristics of the landscape to spatial
and temporal variation in mining activities is crucial to the development of a
thorough understanding of mining impacts. Therefore the analysis of mining-age
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sediment release will focus on a catchment level scale of spatial analysis (Chapters
4 and 5).
This chapter has also introduced the two mines that form the basis of the high
spatial and temporal resolution field analysis of legacy sediment release taking
place at abandoned mine sites. The adjacent lead mines at Whitesike and Bentyfield
were worked in close association with each other during their main periods of
operation (1600s to early 1900s). However, the specific characteristics of the mines
do vary considerably, particularly in terms of the type and condition of mining
features that have survived to the present day (Figures 2.23 – 2.29). The importance
of these two mines has been recognised through their designation as a Site of
Special Scientific Interest (SSSI), a site of national archaeological importance
(Scheduled Monument), and a priority site in terms of the impact of contaminants
from the mines leading to the potential failure of the South Tyne to meet the
requirements of the Water Framework Directive. The selection of only two specific
mine sites was necessary due to the time constraints involved in collecting and
analysing the required field data.
Whereas the catchment-scale analyses will primarily focus on the scale of sediment
release by the mining operations themselves, this site-scale analysis will instead
concentrate on the ongoing erosion and mobilisation of surface mine waste
sediments (Chapter 6). Field monitoring of Whitesike and Bentyfield mines therefore
provides the opportunity to better understand the nature and rates of geomorphic
processes driving sediment release at abandoned metal mines in upland
environments, the results of which will be of direct value to a wide range of
stakeholder groups.
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Chapter 3.

Methods

3.1 Introduction
This chapter describes the methods used to address the research objectives
outlined in Chapter 1. The various scales of analysis that comprise these objectives
necessitated a wide range of different techniques, involving field and desk-based
work and the use of both empirical data collection and background research. The
methods employed in this research can be broadly divided into two groups; those
that address the quantification of mining-age sediment production and those that
analyse patterns of post-abandonment erosion on historical mine sites (Figure 3.1).
The methods used in the quantification of mining-age sediment production are first
discussed in Sections 3.2 – 3.5. This includes the mapping and characterisation of
mines located within the study area (Section 3.2), the quantification of ore
production statistics (Section 3.3) and the estimation of corresponding mine waste
sediment volumes (Section 3.4). This latter task includes the approximation of waste
sediment output based on the relationship between documented ore production and
associated waste (Section 3.4.1), as well as the direct quantification of surface
mining remains using digital terrain analyses (Section 3.4.2). The sediment
connectivity model used to explore spatial variability in the degree of coupling
between different mines and the river channels is then described in Section 3.5.
The quantification of post-abandonment erosion and sediment release are covered
in Sections 3.6 – 3.8. These assessments focused on changes taking place at
Whitesike and Bentyfield mines; two adjacent abandoned mines in the South Tyne
catchment. The methods used in the assessment of long-term post-abandonment
changes are outlined in Section 3.6, including description of the archival data sets
that formed the basis of the analysis. Short-term post-abandonment changes have
been quantified using change detection between digital elevation models (DEMs)
produced from an unmanned aerial vehicle (UAV) survey in 2012 and an earlier
archival airborne laser scanning (ALS) data set from 2009, which are described in
Section 3.7. Finally, the field monitoring techniques used to quantify ongoing erosion
rates on abandoned mines are discussed in Section 3.8, focusing primarily on
change detection using DEMs of Difference (DoDs) derived from 18 months of
repeat terrestrial laser scanning (TLS) surveys.
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Figure 3.1: Overview of key methods in relation to the main research objectives set out in Section 1.7.
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3.2 Mine site mapping and characterisation
3.2.1

Existing archaeological data sets

The primary data for the distribution of industrial archaeological sites discussed in
Chapter 4 were aerial photographic transcriptions generated by English Heritage’s
National Mapping Programme (NMP) (Horne, 2009). The NMP conducted an aerial
survey of an area of the North Pennines as part of the ‘Miner Farmer Landscapes’
project, including mapping of all multi-period archaeological features visible on a
series of aerial photographs and airborne laser scanning data (Oakey et al., 2012).
The results of the NMP mapping were supplied by English Heritage in CAD format
(.dwg) and so had to first be converted into ArcGIS shapefiles. The full data were
clipped to the project study area and an attribute query used to isolate just the
digitised features relating to industrial sites. A second query was then used to also
generate a new vector layer representing only the features relating to lead mining
sites (Figure 3.2a).
The NMP mapping covered 80.04% (157.51km2) of the project study area, with gaps
in the Black Burn catchment to the west and the Upper Tees catchment to the south.
The county historic environment record (HER) data were therefore also obtained to
provide existing baseline archaeological information for the full study area. Searches
were made of the Cumbria, County Durham and Northumberland county HER
databases, with the results being collated into the GIS files representing known
industrial archaeological sites in the study area.
The NMP methodology is based on the recording of extant surface archaeological
features that are visible from aerial data sets and so provides a very detailed spatial
record but with little corresponding attribute information, such as the names or
working dates of the mine sites. To supplement this, detailed desk-based research
into the named mines within the study area was carried out. This research was
based primarily on the excellent range of mine gazetteer publications that are
available for the North Pennines (Dunham, 1990; Fairbairn, 1993, 2009; Smith and
Murphy, 2011), as well as unpublished sources (Hutton, 2002; McAnelly, 2004) and
online sources (Northern Mine Research Society, 2013; AditNow, 2014; Durham
Mining Museum, 2014).
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Figure 3.2: (A) Example extract from NMP data for Rotherhope Mine, Black Burn catchment (NMP data © English Heritage 2012) and (B) corresponding extract from
First Edition OS County Series mapping (1895)
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Mines listed in these references were integrated into a single spreadsheet, along
with additional information relating to the location and nature of the mining activities
(Table 3.1). The spreadsheet was then imported into ArcGIS using the national grid
references to allocate point locations to each named mine. This process allowed the
detailed spatial mapping from the NMP survey to be correlated with the tabular
information resulting from the documentary research.

Table 3.1: Table showing range of information collated from secondary sources for each named
mine within the project study area

Field name

Content

Example entry

Mine

Name of mine

Dunfell

Level(s)

Low Level
Level

Mineral vein

Name of specific mine level(s)
Nature of mining (e.g. shaft,
opencast)
Name of mineral vein

Easting

NGR easting

372050

Northing

NGR northing

531850

Comment

Additional information

Also iron mining in 1941-2

Comment_2

NGR from 1 Edition OS
No

Alternative name

Additional information
Included within Hunt 18451913 mineral statistics?
Alternative mine name

Primary gazetteer

Main source for information

Fairbairn (2009)

Pb output?

Recorded lead ore output?

Earliest date

Earliest recorded working date

Latest date

Latest recoded working date

Yes
c.1700? Ore from Dunfell delivered
to Whitfield Mill in 1791. Dunfell Low
Level driven early in LLC tenure
(c.1802).
Level reached its forehead by 1827.

Working type

Mineral Stats?

3.2.2

Dunfell Vein (=Henrake Vein)

st

N/A

Mapping of mine site locations

3.2.2.1 Extension of NMP coverage
Although HER data was obtained for the entire study area this was not directly
comparable to the NMP results in terms of the level of mapped detail, with HER
entries typically either being just point locations or broad polygons representing
approximate mine extents. The result was that there were obvious discrepancies
with areas outside the NMP project coverage. Therefore further detailed aerial
mapping was required in the sections of the study area not covered by the NMP
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project (39.27km2). With the focus of this research being on mine sediment
dynamics the decision was taken to restrict this mapping to just include the
recording of spoil heaps and areas of dressing waste. Mapping was conducted
within ArcGIS using two different aerial photographic data sets (Table 3.2), with all
features being mapped as vector polygons. Once mapped, these vectors were
merged with the equivalent NMP data to create a single polygon layer representing
all mine spoil features within the study area.

Table 3.2: Aerial photographic data sets used in the extension of the NMP mine mapping

Data set

Coverage

Colour-infrared
aerial
photography

Black Burn
catchment;
headwaters of
Tees

RGB aerial
imagery

Full area

Spatial
resolution

Date(s)

Source of data

0.5m

20062009

Landmap Kaia
(www.landmap.ac.uk)

1m

2012

ESRI ArcGIS base map
imagery (source:
Getmapping)

3.2.2.2 First Edition OS mapping
To provide a historical perspective on changes to the mining landscapes taking
place at longer (centennial) timescales, GIS mapping was also carried out based on
the First Edition County Series Ordnance Survey (OS) maps. The First Edition OS
maps were selected as the earliest map source (1859-1895) at a detailed mapping
scale (1:2500) that was available for the entire study area (Edina Digimap, 2014).
The mapping covered several original map sheets so there was some variability in
survey dates, although all were completed prior to 1895 (Table 3.3).

Table 3.3: Mapping dates of First Edition Ordnance Survey county sheets

County map sheet

Date(s)

Cumberland

1859-1895

Durham

1895

Northumberland

1895

Westmorland

1861
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All industrial features visible on the historic maps were digitised within ArcGIS, as
well as all water courses, both natural and anthropogenic (e.g. leats). The
classification categories used in the mapping are shown in Table 3.4 and were
designed to allow direct comparison between the features digitised from the 1895
OS map and the 2012 NMP survey. Where possible, features were digitised as
vector polygons to allow quantitative (areal) analyses between data sets. The
exceptions to this were single walls and stream channels that were mapped as
polylines and certain features that had to be recorded as points due to the nature of
their depiction on the OS map (e.g. mine shafts) (Figure 3.2b).

Table 3.4: Categories used in the classification mapping of industrial features from the First
Edition County Series OS maps

Polygon feature categories

Polyline feature categories

Point feature categories

Aqueduct

Stream channel / leat

Coal Mine

Bridge

Wall

Level

Chimney

Level (Iron Mine)

Coal Mine

Lime kiln

Dam

Shaft

Flue
Hush
Iron Mine
Launder
Level
Lime kiln
Opencast
Pond
Quarry
Reservoir
Spoil heap
Spoil heap (Coal)
Spoil heap (Iron)
Spoil spread
Structure
Tramway
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3.3 Mineral production statistics
Understanding the changing scale of lead ore output through time on an individual
mine-by-mine basis is necessary in order to fully consider spatial and temporal
variability in potential landscape impacts. Construction of an accurate time series of
historical production is complicated by a range of factors, including changing political
requirements for the reporting of mine outputs, external societal factors such as
wartime privations and variability in the survival of primary documents. Even on a
national UK scale, estimates of temporal variation in total lead ore output are
incomplete, especially for mining operations before the mid-19th century. However,
attempts were made to generate as accurate a time series as possible through the
collation of figures recorded in a range of published and unpublished material.

3.3.1

Quantifying national and regional lead ore production

Records of overall UK lead production are largely restricted to the period from 1845
until 1972, covering the later period and declining decades of the industry. The start
of this period corresponds with the initiation of the Mining Record Office, set up in
response to the re-expansion of production following the post-Napoleonic Wars
economic depression (Burt and Waite, 1983). The first annual mine returns were
collected in 1845 by Robert Hunt, Keeper of Mining Records until his retirement in
1882. Although there was no statutory requirement for mine owners to return details
of output until the passing of the Metalliferous Mines Regulation Act in 1872, the
diligence of Hunt and the general cooperation of the mine owners mean that there is
an unbroken annual series of lead production statistics available from 1845 until
1913. Detailed mine records ceased with the outbreak of the First World War, but
with overall UK total outputs still being published after this date through various
governmental statistical digests. UK-scale lead output statistics were collated from
the sources shown in Table 3.5, providing annual values from 1845-1972.
Regional production for the period 1845-1913 is also readily obtainable from the
aforementioned government Mineral Statistics, which have since been re-published
as county summaries as part of a research project by the Mining History Network at
the University of Exeter. Due to the changes to the county boundaries in the region
in 1974, the county summaries for Cumberland (Burt et al., 1982), County Durham
(Burt et al., 1983a) and Westmorland (Burt et al., 1983b) were all examined for this
present study.
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Table 3.5: Sources used in the quantification of lead ore outputs, 1845 – 1972

Spatial scale

Data set

National

UK lead production and
imports

Dates

Reference(s)

Source

1845 – 1938
(annual)

Kingsley Dunham archives (D/Dun 1/12; D/Dun 1/13)

Durham Record Office (DRO)

UK government statistics (Mines Department, 1920 - 1937;
Mines Inspectorate / Department, 1920 - 1948; Ministry of Fuel
and Power, 1950 - 1973)

North of England Institute of
Mining and Mechanical
Engineers (NEIMME),
Newcastle

National

UK lead and zinc production

1913 – 1972
(annual)

National

UK lead ore and metal
production

1845 – 1914
(annual)

(Burt, 1984)

Published

National

UK and World lead smelter
production

1841 – 1890
(decadal)

(Burt, 1984)

Published

National

UK lead and zinc
concentrates, by region

1850 – 1947
(estimated totals)

(Dunham, 1958)

Published

Regional

Lead ore production for the
Northern counties

1845 – 1913
(annual)

Cumberland (Burt et al., 1982), Westmorland (Burt et al.,
1983b), Durham and Northumberland (Burt et al., 1983a)

Published

North
Pennines

Lead ore output from Alston
Moor and the Westmorland
Pennines

1845 – 1938
(annual)

Kingsley Dunham archives (D/Dun 1/12; D/Dun 1/13)

Durham Record Office (DRO)

North
Pennines

Lead ore output for Alston
Moor

1737 – 1887
(decadal)

(Fairbairn, 1993)

Published

North
Pennines

Lead ore and metal
concentrates output for the
North Pennines, by named
mining area

Up to 1938
(estimated totals)

(Dunham, 1944, 1990)

Published
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North
Pennines

Lead ore output for Alston
Moor

1737 – 1887
(estimated total)

(Nall, 1904)

Published

Study area

Reports of mines in the
Alston District

1778 – 1881 (total
outputs for selected
mines)

(DX 344/2)

Cumbria Record Office
(CRO), Carlisle

Study area

‘The Mineral Statistics of the
United Kingdom’
(lead ore output by named
mine)

1845 – 1913
(annual)

Cumberland (Burt et al., 1982)
Westmorland (Burt et al., 1983b)
Durham and Northumberland (Burt et al., 1983a)

Published

Study area

Statement of lead ore totals

1863 (year totals)

(DWAL/15/5)

Cumbria Record Office
(CRO), Carlisle

Study area

Assorted secondary sources
recording incomplete lead
ore outputs for selected
mines

1700 – 1948 (varied
resolutions)

(Wallace, 1890 (reprinted 1986); Smith, 1923; Dunham, 1944;
Hunt, 1970; Critchley, 1984; Raistrick and Jennings, 1989;
Dunham, 1990; Fairbairn, 1993, 2009; Smith and Murphy,
2011; Robertson, 2012)

Published
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The scale and importance of the North Pennine orefield means that there has
already been considerable research into the mining landscapes of the area,
resulting in several estimates of more localised lead ore production. These sources
provide combined decadal estimates of output from 1737-1845 and annual output
from 1845-1938 for all mines operating within the Alston Moor and Westmorland
Pennine mining areas (Table 3.5). With the project study area covering the majority
of these two areas, useful overall summary statistics have been obtained that can
be compared with the broader regional and national context.

3.3.2

Quantifying individual mine production statistics (1700-1948)

The government mineral statistics provide lead production values by named mine for
the period 1845-1913 and have already been used by other authors to look at
temporal patterns in production for specific mining companies working on Alston
Moor (Almond, 1977; Lawson, 1978; Burt et al., 1979). However, since the North
Pennines lead industry was already well developed prior to the introduction of the
government Mineral Statistics and continued for some years after their cessation,
attempts were made to extend the time series of named mine outputs to the period
1700-1948. This period was selected to include the significant burgeoning of the
industry in the 18th century through until 1948 when the Vielle Montagne Company
gave up their leases and lead mining on Alston Moor effectively ceased (Robertson,
2012). Information for lead production either side of the government statistics was
largely obtained from assorted published sources containing incomplete records of
ore output for selected mines (Table 3.5). Although clearly of a lower resolution in
terms of where and when production was recorded, this approach provides a better
estimate of overall mining intensity than consideration of the government records
alone.
All relevant records from this period that related to mines within the project study
area were entered into a spreadsheet, including mine names, outputs and national
grid references where recorded. This was then cross-referenced with the record of
named mines outlined in Section 3.2.1 to generate a detailed overall database of
mine information. All recorded output units were converted into metric tonnes where
necessary, using the conversion factors in Fairbairn (1993). If output was recorded
as a specified amount over a number of years then a mean value was calculated for
each year within this period. Where dates were recorded as being from Michaelmas
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(29th September) of one year to Michaelmas of the next then the output was always
assigned to the second calendar year for consistency.
Grid references were checked against those recorded in the various gazetteers, as
well as the position of mines on the 1:2500 First Edition OS mapping (1895). In
some instances the recorded output for selected years was for aggregated returns
from a group of mines, such as the ‘Nenthead Mines’ records from 1883-1913. This
was particularly an issue for the period from 1882 when the Nenthead and Tynedale
Lead and Zinc Company took over the London Lead Company leases. In these
cases an approximate location was assigned by using a central grid reference from
the group of mines known to have been owned by the company in each named
area.

3.4 Estimating the magnitude of mine waste sediment production
3.4.1

Converting ore production statistics to waste sediment estimates

The lead ore values typically recorded by historical production statistics relate to the
amount of material obtained following extraction and processing but prior to
smelting. However, it is the waste rock and sediment resulting from the mining
operations that are of more direct interest in terms of their impact on the wider
landscape. Waste sediments are typically generated at a number of stages along
the mining workflow, including:
1. The excavation of ‘dead ground’ (i.e. unproductive rock of no mineral value) in
search of a mineral vein or for the construction of associated infrastructure, such as
drainage levels.
2. The separation of lead ore from country rock and other gangue materials (i.e.
non-valuable minerals occurring in a vein) through ore processing or dressing.
3. The smelting of the dressed lead ore to extract usable lead metal.
Although other historical mining operations elsewhere occasionally documented the
amount of waste sediment produced alongside ore values, such as hydraulic mining
in Tasmania (Knighton, 1987), historical metal mines in the UK did not routinely
record this information. Estimating the amount of waste sediment from the lead ore
statistics alone is therefore problematic, especially due to significant variability in the
productivity of mineral veins. For example, some unproductive veins may produce
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high volumes of waste sediments for very low lead ore outputs, whilst so called
‘bonanza’ deposits containing large, easily worked ore-bodies will generate far less
waste per tonne of ore.
Previous estimates for the North Pennines have suggested that, on average, the
ratio for historical mines was approximately 10% galena to 90% waste host rock,
although this represents a generalised rule based on a ‘typical’ ore body (PalumboRoe and Colman, 2010). In an attempt to further refine understanding of ore to
waste ratios, this study has utilised the few available examples of mine records in
the North Pennines which document both the amount of ore produced and the total
mined development distance. This data set includes a group of 37 mines in
Weardale for which both total ore production and total worked distance have been
recorded (Dunham, 1944), combined with a series of nine mine abandonment plans
from within the project study area (see Table 5.1 for full details). These
abandonment plans were scanned and scaled appropriately within ArcGIS, before
being digitised as a series of polyline features. The combined length of the digitised
features on each plan was then calculated and used to represent the total mined
distance.
Converting the linear distances to volumes was then achieved using the upper and
lower cubic fathom estimates proposed by Dunham (1944), which suggest that mine
tunnel fathoms typically varied between 6 ft x 6 ft x 3 ft (3.06 m3) and 6 ft x 6 ft x 4 ft
(4.08 m3). These values were used to generate upper and lower tunnel volumes that
were converted into sediment mass estimates using the workflow outlined in Figure
3.3. The regression equation produced by comparing the documented ore output to
the estimated waste rock mass was then used to predict the amount of waste
generated by the other mines in the study area (Section 5.2.1).
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Figure 3.3: Outline of the workflow used to estimate waste sediment totals based on
documented ore production records

3.4.2

Quantification of sediment volumes for surface mining features

The mapping of the numerous surface archaeological features located throughout
the study area (Section 3.2) provides a detailed spatial record of the nature and
density of past mining activities. The availability of extensive high resolution digital
elevation data in the form of airborne laser scanning (ALS) provides the opportunity
to also analyse the three-dimensional characteristics of these mining features,
allowing volumetric estimates of landform size to be made and corresponding
sediment dynamics to be inferred. This method utilises surface archaeological
features and so is particularly useful for quantifying the scale of mining impacts prior
to the systematic recording of mine outputs from 1845.
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For this study, digital terrain analyses were used to quantify the volume of sediment
displaced by hushing, a large-scale surface hydraulic mining technique, as well as
the volume of mine waste still remaining in the modern landscape in the form of
spoil heaps. Geomorphological studies using high resolution digital elevation models
to analyse 3D landform characteristics include the quantification of gully erosion in
the peatlands of the South Pennines (Evans and Lindsay, 2010) and the dimensions
of glacial bedforms in western Central Scotland (Smith et al., 2009; Hillier and
Smith, 2012). A similar approach has also been successfully applied to the
quantification of hydraulic placer mining along the Fraser River, British Columbia
(Nelson and Church, 2012).

3.4.2.1 Digital infilling of surface mine workings
Although not a statutory requirement, opencast mine workings were typically
included within the 1845-1913 government mineral returns alongside extraction via
subterranean level (Burt and Waite, 1983). Despite this, there are certain opencast
features that can be dated based on their morphology to the period prior to the
collection of government statistics (Cranstone, 1994).
The process of hushing, involving the controlled release of water to assist the
removal of surface deposits in order to identify or expose a mineral vein, has
created characteristic linear gullies often with associated dams and leats (Forster,
1883 (reprinted 1985)). Although difficult to date directly, the consensus based on
documentary evidence and the relative stratigraphy of earthwork remains is that
hushing in the North Pennines was typically carried out on a large scale from the
late 17th century, becoming commonplace throughout the 1700s, before a rapid
decline in the early 19th century (Cranstone, 1992; Fairbairn, 1992; Cranstone,
1994). Greengill and Redgroves hushes, in the Nent and South Tyne catchments
respectively, ceased to be worked in c.1820-30 and are likely to represent the last
hushes to be in production on Alston Moor (Fairbairn, 1992). The limited ore output
recorded in the government mineral statistics in 1840 for Greengill hush probably
represents either small-scale surface reworking or production from one of the
several shafts and levels close to the hush.
The environmental impact of hushing was substantial, transporting vast quantities of
sediment considerable distances downstream, with miners even being employed to
search stream beds several miles below the hush to collect additional ore pieces
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resulting from the process (Hunt, 1970). The potential damage to the land and rivers
around the hush was well understood at the time and often led to clauses being
inserted into mining leases by landowners wanting to control or even prohibit the
practice (Fairbairn, 1992).
To quantify the scale of sediment release resulting from this method of surface
mining the mapped hushes were initially extracted from the overall mine GIS
database (Section 3.2). Hush volumes were then calculated using the workflow
outlined in Figures 3.4 and 3.5, involving the extraction of height points around the
perimeter of the hush and the subsequent triangulation of a modelled pre-hush land
surface. The difference between the modelled pre-hush surface and the modern
post-hush terrain was used to calculate the volume displaced by the hushing
process in each case. It is worth noting that this approach assumes that the original
topography was uniformly at the elevation of the mapped hush perimeter, which may
well not have been the case if the hush was located along a pre-existing gully for
example. The presence of visible hush pathways in some of the modelled pre-hush
terrain models (e.g. Figure 3.5) suggests that either the mapping of the hushes by
the NMP has not captured the entire hush extent, or there were pre-existing
drainage routes along the line of the hush. In the absence of site-specific information
on the pre-hush land surface the results of the analysis therefore represent an
approximation of the volume of sediment mobilised by hushing.
To obtain realistic volume estimates it was necessary to use height values derived
from available airborne laser scanning (ALS) data (1 m resolution) rather than a
lower resolution DEM, such as the 5 m NextMap data. Due to gaps in ALS coverage
within the study area, only 78 out of the total 120 mapped hushes (65%) could be
included in this analysis. The regression equation summarising the relationship
between the quantified hush areas and volumes was therefore used to provide an
approximate estimate of the volumes for hushes outside of the ALS data coverage
(see Section 5.2.2).
Since hushing involves the removal of surficial sediments as well as rock deposits,
converting hush volumes into approximate sediment mass values required
estimates to be made of the depth and character of the overburden for each
individual hush. Information regarding the distribution of overburden deposits was
obtained from the BGS superficial geological data, which allowed areas to be
categorised as either till, peat or colluvium. In the absence of any local field data, all
overburden layers were assigned a standardised depth of 2 m and average bulk
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density values applied based on suggested regional characteristics (Jarvis, 1984;
Baynes, 2012). Details of the methods used to convert hush volumes to estimates of
sediment production are outlined in Figure 3.6.

Figure 3.4: Workflow for calculating modelled pre-hush ground surface and hush volume
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Figure 3.5: Example workflow images from the hush volume calculation analyses (Greengill Hush, Nent catchment), showing mapped hush (A), modelled TIN (B), modelled DTM (C), Cut-Fill calculation (D), perspective views of present landscape
(E) and pre-hushed landscape (F) (ALS data © English Heritage)
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Figure 3.6: Workflow for converting hush volumes into approximate sediment mass values
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3.4.2.2 Volume calculation of surface mine waste deposits
The creation of waste sediments as part of the mining process does not
automatically imply that those sediments will have been freely available for dispersal
to the wider landscape. Often the waste sediments were deliberately stockpiled in
carefully constructed spoil heaps, either close to the mine entrances in the case of
excavated ‘deads’ or adjacent to the dressing floors for processed tailings. In terms
of the overall upland sediment transfer system, these spoil heaps essentially act as
anthropogenically constructed storage landforms. The proportion of waste that is
contained within these landforms, as compared to overall estimates of total mine
waste output, can be used to infer the volume of waste that has potentially been
transported to the river network.
The method for calculating the volume of mine waste stored in spoil heaps within the
modern landscape was almost identical to that for quantifying the hush volumes
(Figure 3.4). The mapped spoil heaps were extracted and surfaces triangulated
between ALS-derived elevation points constructed around their exterior perimeter.
However, instead of digital infilling as with the hushes, these spoil heap features
were then subtracted from the modern topography to model the pre-spoil heap land
surface (Figure 3.7). The method again assumes a pre-mining topography that was
uniform between the exterior feature heights, in this case prior to the stockpiling of
mine spoil at that location. Conversion of the spoil heap volumes into approximate
sediment mass totals was achieved using the average of mine waste bulk density
values obtained from six published sources (Table 3.6).

Table 3.6: Bulk density values for mine wastes from a range of locations and contexts

Source

Type of mining

Location

Bulk density
3
(t/m )

Mean
bulk
3
density (t/m )

DeLong et al. (2012a)

Coal

USA

1.70 - 1.84

1.77

Huang et al.(2012)

Lead / Zinc

Various

1.6-1.8

1.7

Martin-Moreno et al. (2013)

Kaolin

Spain

1.41

1.41

Nelson and Church (2012)

Gold

USA

1.75

1.75

Quille and O'Kelly (2010)

Zinc / Lead

Ireland

2.01 - 2.08

2.045

Sheoran et al. (2010)

Coal

Various

1.8 - 1.91

1.855
1.755
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Figure 3.7: Example workflow images from the spoil heap volume calculation analyses (Nenthead, Nent catchment), showing mapped spoil heaps (A), modelled TIN (B), modelled DTM (C), Cut-Fill calculation (D), perspective views of present
landscape (E) and pre-spoil landscape (F) (ALS data © English Heritage)
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3.5 Establishing mine-channel coupling relationships
Establishing the level of connectivity between waste sediments released by the
mining operations and the local river network is a crucial stage in the comprehensive
assessment of broader geomorphological landscape impacts. Understanding spatial
variability in hillslope-channel coupling allows the significance of particular sediment
source locations or events to be quantified in terms of their likely channel linkages,
providing a better estimate of overall patterns of sediment transfer and informing the
construction of more realistic sediment budgets.
In the absence of extensive field measurements of sediment connectivity, this study
aims to model expected coupling relationships using a GIS-based index originally
developed by Borselli et al. (2008) and refined by Cavalli et al. (2013). This
sediment connectivity index has been successfully applied to a number of other
studies in upland or mountainous environments (Sougnez et al., 2011; D'Haen et al.,
2013; López-Vicente et al., 2013; Messenzehl et al., 2014), as well as in the
assessment of sediment transfer through larger fluvial systems (Chartin et al., 2013;
Kumar et al., 2014).

3.5.1

Modelling potential connectivity between mine sites and channels

The Index of Connectivity (IC) developed by Borselli et al. (2008) generates a raster
connectivity map representing the potential connectivity between different parts of a
modelled watershed. For each location (raster cell) within the landscape, the
potential sediment connectivity is calculated based on the characteristics of both the
upslope contributing area and downslope flow characteristics.
The IC is defined as:
𝐷𝐷𝑢𝑢𝑢𝑢
𝐼𝐼𝐼𝐼 = log10 �
�
𝐷𝐷𝑑𝑑𝑑𝑑

3-1

where D up and D dn are the upslope and downslope components of connectivity
respectively and the IC values are in the range of -∞ to +∞, with larger IC values
indicating greater connectivity (Figure 3.8).
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Figure 3.8: Definition of upslope and downslope components for the index of connectivity (IC)
(from Borselli et al. 2008)

The upslope component D up models the potential for downward routing of water and
sediment from the upslope catchment area and is calculated as:
𝐷𝐷𝑢𝑢𝑢𝑢 = 𝑊𝑊 𝑆𝑆 √𝐴𝐴

3-2

where 𝑊𝑊 is the average weighting factor of the upslope contributing area (explained

below), 𝑆𝑆 is the average slope gradient of the upslope contributing area (m/m) and A

is the upslope contributing area (m2).

The downslope component D dn models the flow path that a particle has to travel to
arrive at the nearest sink (i.e. stream), with the sediment delivery ratio in this case
being influenced by the flow length and path surface characteristics. This
component of the model is calculated as:
𝐷𝐷𝑑𝑑𝑑𝑑 = �
𝑖𝑖

𝑑𝑑𝑖𝑖
𝑊𝑊𝑖𝑖 𝑆𝑆𝑖𝑖

3-3
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where d i is the length of the flow path along the ith cell according to the steepest
downslope direction (m), W i is the weighting factor of the ith cell and S i is the slope
gradient of the ith cell.
The overall IC index formula can therefore be expanded to:

𝐼𝐼𝐼𝐼𝑘𝑘 = log10 �

𝐷𝐷𝑢𝑢𝑢𝑢,𝑘𝑘
𝑊𝑊𝑘𝑘 𝑆𝑆𝑘𝑘 �𝐴𝐴𝑘𝑘
� = log10 �
�
𝑑𝑑
𝐷𝐷𝑑𝑑𝑑𝑑,𝑘𝑘
∑𝑖𝑖=𝑘𝑘 𝑖𝑖
𝑊𝑊𝑖𝑖 𝑆𝑆𝑖𝑖
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In this case the subscript k is used to emphasise that each output raster cell has its
own IC value (Borselli et al., 2008).

3.5.2

Model inputs and implementation

The primary data set for the calculation of the IC index is an accurate digital terrain
model (DTM) of the study catchment, from which the necessary slope and drainage
derivatives can be calculated. For this study, a five metre resolution DTM obtained
through airborne radar surveys by Intermap in 2002-3 was sourced from
GetMapping via the Landmap data service (Landmap, 2013).
The weighting factor W is used to adjust both the upslope and downslope
components of the IC index and represents an impedance factor preventing the
unrestricted transport of sediment between locations. In their original development
of the IC index, Borselli et al. (2008) used the C-factor of the Revised Universal Soil
Loss Equation (RUSLE) as the W weighting layer. This C-factor relates to the effect
of vegetation and land management on soil loss and is typically calculated from
continuous land cover data (Renard et al., 1997). However, due to the lack of
detailed land cover information for the period of active mining, the alternative
method for calculating W proposed by Cavalli et al. (2013) has instead been applied.
This method uses the internal topographic characteristics of the study terrain itself to
model likely transport impedance and is based on the additional calculation of a
roughness index, RI (Cavalli and Marchi, 2008; Cavalli et al., 2008). The roughness
index is calculated as the standard deviation of the residual topography resulting
from the difference between the original DTM and a smoothed version based on a 5
x 5 cell moving analysis window. This can be summarised as:

119

∑25 (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑚𝑚 )2
𝑅𝑅𝑅𝑅 = � 𝑖𝑖=1
25
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where 25 is the number of processing cells, x i is the value of one specific cell of the
residual topography within the moving window and x m is the mean of the 25 cell
values.
The roughness index is then converted to a standardised weighting factor, W, using:
𝑊𝑊 = 1 − �

𝑅𝑅𝑅𝑅
�
𝑅𝑅𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀
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where RI MAX is the maximum value of RI in the study area. This standardisation of
the RI values is implemented to provide a value range equivalent to the slope factor
S in order to allocate equal weightings.
The modified IC workflow proposed by Cavalli et al. (2013) also included an
alternative method for calculating the contributing area of the upslope component of
the model. Cavalli et al. (2013) utilised the D-infinity flow direction algorithm instead
of the D8 flow calculation applied by the original Borselli et al. (2008) model. This
approach produces a more realistic approximation of hydrological flow and therefore
overland sediment transport, especially in situations where the DTM cell size is
smaller than the typical channel width (Tarboton, 1997) (Figure 3.9).
The IC index can either be constructed to model sediment connectivity with respect
to the overall outlet of the catchment area or to a specified sink layer, such as a
mapped channel network. Since this study is interested in the potential impact of
mine sediments on the local drainage network rather than just the export of
sediment at catchment outlets, the main river channels (Nent, South Tyne, Black
Burn and Upper Tees) were used as model target features. The model was
implemented through ArcGIS v10.2, utilising a combination of the Spatial Analyst
extension, the TauDEM 5.1.2 tools and the Connectivity Index toolbox. Summary IC
values were then extracted for each of the four catchment areas to allow
comparison. To assess variation in the degree of coupling between the mine
locations and the channel network, summary IC values were also extracted to the
mapped polygons defining the extent of each mine site.
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Figure 3.9: Comparison between the IC index model calculated using the D8 (left) and D-Infinity (right) algorithms. The image shows an extract from the headwaters
of Black Burn and Smittergill Burn.
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3.6 Assessing long-term post-abandonment change (1868-2010)
Long-term surface change occurring at historical mines since their initial
abandonment was assessed through the analysis of a time series of maps and
aerial photographs (Table 3.7). The focus of this analysis was an area covering
Whitesike and Bentyfield mines, two adjacent abandoned mines situated along
Garrigill Burn in the upper South Tyne catchment (Section 2.5). Although all of the
historic maps used in the analysis were provided already spatially located by Edina
Digimap, the aerial photographic sources had to be georeferenced to the most
recent OS mapping in order to allow direct comparison between data sets.
Morphological changes were primarily identified through visual inspection of the
different epochs of data, with the key aim being to develop a qualitative
understanding of long-term trends (Section 6.2.1). Deriving small-scale quantitative
information from historic map sources is problematic due to variation in accuracy
and recording techniques (Carr, 1962; Hooke and Kain, 1982; Hooke and Redmond,
1989; Oliver, 2005). However, attempts were made to quantify broad trends in areal
extent change of the larger spoil heaps at the mines through the direct digitisation
and comparison of the features within the GIS (Section 6.2.5).

Table 3.7: Maps and aerial photographs used in the analysis of long-term surface change at
Whitesike and Bentyfield mines.

Description

Date

Scale

Source

OS First Edition County Series Map

1856

1:2500

Edina Digimap

OS First Revision County Series Map

1899 - 1900

1:2500

Edina Digimap

OS National Grid Series Map (Imperial)

1953 - 1957

1:10560

Edina Digimap

OS National Grid Series Map (Metric)

1978 - 1982

1:10000

Edina Digimap

OS modern map

2010

1:10000

Edina Digimap

RAF vertical AP (RAF/58/2655/F22/13)

1958

1:9900

English Heritage

OS vertical AP (OS/76215/183)

1976

1:8200

English Heritage

NMR oblique AP (NMR/17212/31)

1999

N/A

English Heritage

Infoterra vertical AP (Miner-Farmer)

2009

1:22813

English Heritage

Maps

Aerial Photographs
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3.7 Quantifying short-term post-abandonment change using
airborne remote sensing
Quantitative short-term change at Whitesike and Bentyfield mines was analysed
through change detection between DEMs derived from an archival airborne laser
scanning (ALS) data set from 2009 (Section 3.7.1) and an unmanned aerial vehicle
(UAV) survey flown in 2012 (Section 3.7.2); an interval of 3.38 years. Change
detection between these data sets used the method outlined by Wheaton et al.
(2010), which involves the construction of a DEM of Difference (DoD) based on the
application of a fuzzy inference system to estimate spatial variability in elevation
uncertainty (Section 3.7.3). The same methodology was used for the detection of
change between the repeat monthly terrestrial laser scan (TLS) surveys, although
with altered parameters to suit the differing survey techniques (Section 3.8.3).

3.7.1

Airborne laser scanning (ALS) analysis

The archival airborne laser scan (ALS) data were captured on 20th April 2009 using
an Optech Gemini 167 sensor mounted on a fixed-wing aircraft operating at an
approximate altitude of 4000 m. The survey was conducted by Infoterra Ltd and
commissioned by English Heritage, who also provided access to the data for this
study. All point positions had already been globally registered using differential GPS
data and reprojected to the OSGB36 coordinate system by Infoterra. Data were
supplied as raw point clouds in .las format and as gridded digital elevation models
(DEMs) at 0.5 m spatial resolution.
For the purposes of this analysis, a subset of the raw point cloud data for the area of
interest was extracted and processed using the TerraScan software package within
MicroStation V8i. Following the removal of obvious outliers, the point cloud was
classified to isolate above ground points (e.g. vegetation) from the ground surface
returns. This filtering process utilises the progressive triangulated network algorithm
developed by Axelsson (1999, 2000) and allows the extraction of a separate point
cloud representing just the bare ground surface. The resulting ground point cloud
was saved as a separate .las file with positional (xyz) and intensity (i) attributes.
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3.7.2

Unmanned Aerial Vehicle (UAV) survey

3.7.2.1 Field data collection
High resolution aerial imagery was obtained on 5th September 2012 using a
Personal Aerial Mapping System (PAMS) SmartOne Unmanned Aerial Vehicle
(UAV) (Smart Planes, 2010) (Figure 3.10). This fixed-wing UAV has a wing span of
1.2 m and weighs 1.1 kg, including a Canon Ixus 120 IS 12.1 megapixel compact
camera and on-board GPS unit. The UAV is driven by a 200 w electric motor
powered from 11.1V Lithium Polymer batteries, providing a typical mission
endurance time of c.35 minutes. Contact between the UAV and the control laptop is
maintained using an 868 MHz telemetry link but with the aircraft operating in
autonomous mode during actual data collection.

Figure 3.10: SmartOne Unmanned Aerial Vehicle (UAV) (left) and UAV in flight during the survey
at Whitesike and Bentyfield mines (right)

The area of interest was defined using the UAV’s mission planning software,
resulting in four individual but overlapping flight blocks due to the limitations placed
on flying time by the battery unit. A total of 343 individual images were acquired from
a range of altitudes, although the majority were collected from ~135 m above ground
level. Weather conditions were generally good but with intermittent strong winds and
regularly changing light conditions due to high, fast moving cloud cover. These
factors caused a number of images to have significant problems in terms of image
blurring and unmatched contrast levels, meaning that only 209 photographs were
used in the final processing stages.
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3.7.2.2 Data processing
Image processing was conducted within Agisoft PhotoScan (v.0.9.0.1586), a
computer vision software program that uses the structure from motion (SfM)
principle to construct 3D content from input photographs (Agisoft, 2014). Structure
from motion is now becoming a widely used method of 3D data generation in both
archaeology (De Reu et al., 2013; Green et al., 2014) and the geosciences
(Westoby et al., 2012; Fonstad et al., 2013).
Following initial quality checks and photo pre-selection the images were imported
into Photoscan and aligned using the automated SfM algorithms. This first stage
results in a sparse point cloud and a set of camera positions based on common
point matching between input images (Figure 3.11). The second stage of processing
was to construct a detailed geometry mesh using the pixel-based multiview stereoreconstruction algorithms provided by Photoscan. The ‘height field’ object type
algorithm was selected for this study, being the most suited for reconstructing terrain
models from aerial photography (Verhoeven, 2011). The third processing step
involved the texturing of the mesh using the ‘orthophoto’ mapping mode, providing a
photo-realistic 3D terrain model.
Georeferencing of the resulting model was achieved through the addition of ground
control points (GCPs) recorded by a combination of concurrent field-based dGPS
survey and additional control extracted from TLS data collected one day later
(06/09/12). This method of retroactively increasing the number of photogrammetric
GCPs through the use of high resolution DEMs has proven successful in other
similar studies (James et al., 2006). GCPs were added as markers on the actual 3D
model in Photoscan, as recommended by Clayton (2012). The georeferencing of the
Photoscan model using 29 GCPs resulted in RMSE values of 0.215 m (X), 0.259 m
(Y) and 0.224 m (Z) (Table 3.8), which are comparable to other similar studies
utilising UAVs (Clayton, 2012).
Following georeferencing the model was exported as a 0.04 m resolution orthophoto
and 0.15 m digital elevation model, prior to integration into ArcGIS (Figure 3.12).
The point cloud data was also exported directly from Photoscan as an XYZ .txt file in
order to allow registration of the ALS point cloud to the UAV data ahead of the
change detection analysis (Section 3.7.3).
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Figure 3.11: Photoscan workflow for UAV image processing, showing sparse point cloud
following SfM image alignment (A), solid mesh model resulting from multi-view stereo
reconstruction (B) and final textured 3D model (C). Camera positions are shown in blue.
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Table 3.8: Photoscan ground control point (GCP) locations and registration errors

Marker

Easting

Northing

Elevation

X error (m)

Y error (m)

Z error (m)

GCP_001

375324.027

542565.245

444.209

0.177

-0.085

-0.118

GCP_002

375426.410

542574.865

450.186

-0.037

-0.164

-0.048

GCP_003

375455.161

542573.220

453.581

0.466

-0.241

-0.023

GCP_004

375504.396

542551.283

457.699

-0.118

-0.181

-0.061

GCP_005

375482.101

542542.368

458.464

0.524

0.324

-0.194

GCP_006

375457.199

542559.220

451.298

-0.132

-0.263

0.070

GCP_007

375405.333

542558.686

448.881

0.489

-0.154

0.019

GCP_008

375354.516

542562.244

443.426

0.241

-0.264

-0.157

GCP_009

375285.043

542563.062

438.586

0.061

-0.157

-0.226

GCP_010

375256.032

542551.275

435.539

0.067

-0.189

-0.026

GCP_011

375161.754

542499.942

431.716

-0.113

-0.206

-0.205

GCP_012

375112.983

542487.315

427.048

0.123

-0.415

-0.014

GCP_013

375089.782

542487.413

425.623

0.320

0.161

0.701

GCP_014

375102.105

542474.457

428.130

0.049

0.035

0.040

GCP_015

375199.913

542505.746

432.607

0.132

0.266

-0.067

GCP_016

375048.669

542460.522

427.932

-0.057

-0.178

-0.267

GCP_017

375010.257

542424.492

430.120

-0.021

-0.351

-0.308

GCP_018

374827.991

542508.553

443.650

0.027

0.053

0.063

GCP_019

374958.999

542324.006

432.170

-0.075

0.194

0.168

GCP_020

375294.096

542522.966

452.550

0.064

-0.086

0.081

GCP_021

375571.865

542437.664
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Figure 3.12: Full UAV orthophoto mosaic (A), SfM DEM (B) and SfM DEM slope model (C),
showing overlapping flight blocks in black and GCP locations in red
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3.7.3

Change detection between ALS and UAV digital elevation models

3.7.3.1 Point cloud registration and DEM interpolation
Change detection between multi-temporal digital elevation data relies on the
different data sets being accurately co-registered. The global registration of the two
data sets had already been achieved using differential GPS positions (see Sections
3.7.1 and 3.7.2). However, to further improve the registration accuracy the
processed point clouds from the 2009 ALS and 2012 UAV surveys were imported
into separate scan positions within the RiScan Pro software. The Multi Station
Adjustment (MSA) function was then used to refine the cloud-to-cloud registration,
using the UAV data as the fixed point cloud against which the ALS data was
matched. The MSA process is based on an iterative closest points (ICP) algorithm
and is further discussed in relation to the TLS processing in Section 3.8.2. This
matching process achieved an overall standard deviation registration error between
point clouds of 0.08 m, which is within the expected tolerance for these data sets.
Once the point clouds had been registered, the two data sets were exported from
RiScan as XYZ coordinates in ASCII format (.txt).
Digital elevation models (DEMs) based on the two point cloud data sets were
interpolated within ENVI v5.1 using the ‘rasterise point data’ function. Although the
average point density of the UAV data (61 pts/m2) was significantly higher than the
ALS data (9.5 pts/m2), both data sets were interpolated to 0.5 m resolution DEMs.
This value was selected based on the point density of the lower resolution ALS data,
with the UAV data being downsampled to allow cell-by-cell change comparison.

3.7.3.2 Construction of DEMs of Difference (DoDs)
In its simplest form, the quantification of change between multi-temporal DEMs
involves the subtraction of an earlier DEM (Z 1 ) from a later DEM (Z 2 ) to calculate a
change in elevation (δE) for each raster cell.
𝛿𝛿𝛿𝛿 = 𝑍𝑍2 − 𝑍𝑍1

3-7

The resulting output is a DEM of Difference (DoD) representing the difference in
elevation between the two inputs, with negative values typically representing erosion
and positive values deposition. However, this approach assumes that both of the
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input DEMs are exact representations of the surface topography, with no associated
elevation errors. In reality, DEMs characteristically include a wide range of potential
errors associated with the various processes of survey data capture, processing and
DEM construction (Heritage et al., 2009; Rayburg et al., 2009; Gallay et al., 2013).
This means that the elevation difference value (Z DEM ) produced by a basic DoD is
likely to include a component of vertical error (δz), which can be summarised by the
following equation from Wheaton et al. (2010):
𝑍𝑍𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷 ± 𝛿𝛿𝛿𝛿

3-8

The significance of this error component is that it adds uncertainty to the distinction
between what is actual geomorphic change and what has been caused by errors
propagated from the input DEMs. James et al. (2012) argue that this uncertainty can
be usefully considered as a signal-to-noise ratio in the form:
𝑆𝑆 𝑉𝑉𝐺𝐺𝐺𝐺
=
𝑁𝑁 𝑉𝑉𝐸𝐸𝐸𝐸

3-9

where S / N is the signal-to-noise ratio, V GC is variability caused by actual
geomorphic change and V EP is variability caused by errors. The obvious implication
of this ratio is that DoD change values are far more likely to be real when the
magnitude of actual geomorphic change is higher than that of associated errors.
Methods for accounting for uncertainty in elevation change values have traditionally
involved the specification of a minimum level of detection ( min LoD) threshold value,
below which it is deemed not possible to distinguish between real geomorphic
change and noise caused by inherent errors (Rosser et al., 2005; DeLong et al.,
2012b; Risbøl et al., 2015). Since DoDs include propagated error from two input
DEMs, the minimum level of detection value to be applied can be estimated as:
𝛿𝛿𝛿𝛿 = �(𝛿𝛿𝛿𝛿12 + 𝛿𝛿𝛿𝛿22 )

3-10

where δu is the propagated error in the DoD and δz 1 and δz 2 are the errors
associated with each of the two input DEMs (Brasington et al., 2003).
The key limitation of the minimum level of detection approach to error accounting
within change detection analyses is that it assumes that error is spatially uniform
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across the entire DoD extent. However, DEM errors actually exhibit pronounced
spatial variability due to factors such as variable sampling strategies, slope angles
and local surface roughness (Wheaton, 2008). Spatially uniform error adjustments
therefore tend to be over-conservative in their thresholding of change values, often
resulting in the removal of geomorphically significant low magnitude topographic
changes (Milan et al., 2011). Methods for assigning spatially variable error estimates
have been developed based on either the broad classification of DEMs into regions
with similar characteristics (Lane et al., 2003; Westaway et al., 2003) or using
particular surface attributes, such as local topographic variability (Milan et al., 2011).
The change detection approach selected for this project was the method developed
by Wheaton et al. (Wheaton, 2008; Wheaton et al., 2010), which includes
consideration of spatial uncertainty in DEM error resulting from a number of input
survey and terrain parameters. This change detection method involves three main
stages: (1) the creation of spatially variable error surfaces for each input DEM, (2)
the application of a spatial coherence filter to define areas of contiguous change and
(3) the combination of probability surfaces resulting from these first two steps into an
overall thresholded DoD (Wheaton et al., 2010). This method of error accounting
has been successfully employed by a number of recent studies utilising multitemporal DEMs for change detection analysis (Bangen et al., 2014b; Blasone et al.,
2014; Kuo et al., 2015; Schaffrath et al., 2015; Tamminga et al., 2015).
The spatially variable DEM error surfaces are based on the consideration of userdefined input parameters within a fuzzy inference system (FIS). These input
parameters are selected based on the factors that are likely to have influenced DEM
accuracy and that can be readily measured using available data. In a
geomorphological context, typical examples include slope angle, point density,
measurement quality and surface roughness (Wheaton, 2008; Sailer et al., 2014).
The magnitude of error associated with each parameter is translated into a linguistic
category (e.g. low, medium, high), with the boundaries and overlap between these
categories being specified by the analyst. A series of FIS rules are then defined in
order to relate different combinations of input categories to corresponding levels of
output elevation uncertainty. The fuzzy inference system applies these rules on a
cell-by-cell basis before calculating a ‘defuzzified’ centroid elevation uncertainty
value to each cell (Figure 3.13). The resulting elevation uncertainty rasters for the
two DEMs are then combined into a single propagated error raster and a t score
used to calculate the probability that the change is real, based on the method
outlined by Brasington et al. (2003) (Figure 3.14).
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Figure 3.13: Example of a two input (slope and point density) fuzzy inference system
representing a ‘high’ elevation uncertainty situation. The total consequence of the relevant
rules is aggregated to the shape in the lower right, which is then defuzzified using a centroid
method into a single measure of elevation uncertainty. The thin red vertical lines in the slope
and point density columns represent the corresponding input values. When a rule is applicable,
the mass of the membership function it intersects is highlighted yellow. The output
membership function is shaded blue only when it has two applicable inputs. Figure and caption
information taken from Wheaton et al. (2010).

Figure 3.14: FIS construction and resulting DoD probability map for repeat surveys of the River
Feshie, Scotland. FIS surfaces are based on the input variables of point density, slope and GPS
point quality. Figure taken from Wheaton et al. (2010).
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The second stage of the analysis involves the consideration of spatial coherence in
elevation change values and is based on the concept that areas of erosion and
deposition tend to occur in discrete units (Wheaton et al., 2013). For example, an
elevation change value representing erosion is more likely to represent real change
rather than DEM error if it is also surrounded by other cells representing erosional
change. Spatial coherence is calculated via a convolution filter that counts the
number of cells in each analysis window that are erosional and depositional. A linear
transform function is then used to relate the output of the convolution filter to a cellby-cell probability that elevation change is real. Finally, these conditional probability
values are combined with the a priori FIS probability values to create an updated
posterior probability surface. Output DoD cell values are then either retained as real
change or rejected as relating to error based on a selected confidence threshold.
The Geomorphic Change Detection (GCD) v6.1.8 software add-in for ArcGIS v10.2
was used to apply the method described above to the multi-temporal DEM data sets
used in this project. A three input fuzzy inference system was used in the
construction of the initial DEM elevation uncertainty rasters. Input factors included
slope, point density and surface roughness, with the GCD software using the
detrended standard deviation of point elevations as a proxy for surface roughness
(Rychkov et al., 2012). FIS rules and input parameter boundaries were based on
those recommended for corresponding survey techniques within the FIS library
provided with the software, which themselves were developed by rigorous bootstrap
field experiments (Wheaton, 2008). A spatial coherence filter was applied with a
neighbourhood size of 5 x 5 cells and a minimum linear transform boundary value of
70%. Probabilistic uncertainty for the final DoD was set to a threshold of 95%.
Following the application of the coherence filter it was found that typically > 90% of
all change cells were accepted as representing real geomorphic change. Although
this is far higher than in published examples (Wheaton, 2008; Wheaton et al., 2010),
this is comparable with levels recorded in the GCD software tutorials (Wheaton,
2011) and is typical of results obtained in studies with very high point densities and
relatively low surface roughness characteristics (Philip Bailey 2015, pers. comm., 11
June). One result of this high acceptance level is that most of the DEM cells were
included in the change analyses, which in turn may have overlooked small-scale
registration errors between monthly point clouds. The implications of this
methodological problem for the current study are limited due to the relatively large
scale of topographic change being recorded, although it probably explains the
cyclical pattern of small-scale changes identified in the monthly comparison of the
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Bentyfield bank erosion subset areas (Section 6.4.2.2.2-4). However, it is
recommended that future studies dealing with repeat high resolution TLS surveys
incorporate the co-registration error of the point clouds (~10 mm) into the GCD
change analysis workflow as an additional minimum level of detection threshold step
(see Section 8.4).
The primary outputs of the GCD software were the thresholded DEM of Difference
(e.g. Figure 3.15) and tabular information corresponding to the total volume of
change and associated errors. The final stage of the analysis was to classify the
elevation differences retained by the thresholded DoD based on an interpretation of
the geomorphic processes leading to the change. This step, referred to in the
software as ‘budget segregation’, involves the digitisation of polygons representing
discrete areas of change that can be assigned to specific geomorphic processes.
Elevation change values are then extracted to each individual category of polygon
(e.g. ‘bank erosion’). This enables the magnitude of each geomorphic process to be
quantified and also allows non-process change (e.g. vegetation growth) to be
isolated and discounted. The results of this stage form the basis of the
contemporary sediment budget discussed in Chapter 7.
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Figure 3.15: Example DEMs and DEM of difference (DoD) output from the GCD software for the
west facing slope of Whitesike tailings heaps. Data are from the repeat TLS surveys conducted
between March and May 2013 (see Section 3.8)
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3.8 Quantifying high resolution (monthly) post-abandonment
change using repeat terrestrial laser scanning (TLS)
To better understand the extent of ongoing sediment release from abandoned mine
sites in the North Pennines, a series of fieldwork monitoring surveys were conducted
at Whitesike and Bentyfield mines (Figure 3.16). An initial survey control network
was established at the site in August 2012 using a Leica 1200 differential GPS. This
network was subsequently checked and updated through additional surveys using
dGPS and a robotic Leica 1200 Total Station in July 2013. The main monitoring
phase occurred over an 18 month period between September 2012 and March
2014, with repeat surveys taking place at approximately monthly intervals. Survey
techniques included repeat terrestrial laser scanning (TLS) and fixed point
photography.

3.8.1

Field data collection

Terrestrial laser scanning (TLS) was used to monitor erosion at Whitesike and
Bentyfield mines over an 18 month period (September 2012 to March 2014). Point
clouds produced through repeat laser scanning were aligned and processed to
generate a time series of digital elevation models (DEMs), which were then
compared to quantify topographic surface change. Laser scans were collected at
approximately monthly intervals, with a total of 14 data sets out of 19 months being
captured (Figure 3.16). Five data sets were not collected due to prolonged heavy
rain (December 2012), snow cover (February and April 2013) and equipment
unavailability (July 2013 and February 2014).
Data were collected using a Riegl VZ-1000 terrestrial laser scanner, a time-of-flight
based instrument with integrated digital camera and GPS receiver (RIEGL, 2013)
(Table 3.9; Figure 3.17). The scanner was set to operate using the 450m (300 kHz)
measurement program, recording a point every 0.03° within a 30-130° vertical and
0-360° horizontal range. This equates to a point spacing of 0.01m at a distance of
20m from the scanner, with the mean distance between the scan stations and the
limit of the scanned coverage area being 22.78m. Each individual scan recorded a
potential maximum of 40,011,334 points and took 5 minutes 31 seconds to collect.
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Mar 2014

Feb 2014

Jan 2014

Dec 2013

Nov 2013

Oct 2013

Sept 2013

Aug 2013

July 2013

June 2013

May 2013

Apr 2013

Mar 2013

Feb 2013

Jan 2013

Dec 2012

Nov 2012

Oct 2012

Sept 2012

Aug 2012

Method

DGPS /
Total Station
UAV

TLS

Fixed-point
photography

Figure 3.16: Gannt chart of fieldwork data collection. The main monitoring period covered 18 months, between September 2012 and March 2014.
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Table 3.9: Specifications of the Riegl VZ1000 terrestrial laser scanner

Effective measurement rate

122,000 measurements/second

Maximum measurement range

1400 metres

Field of view (FOV)

100° x 360°

Beam divergence

0.3

mrad

(equals

30mm

increase

beamwidth per 100m of range)

Laser wavelength

Near infrared

Accuracy

8 mm (one sigma @ 100m range)

Precision

5 mm (one sigma @ 100m range)

Positional control
Digital camera

of

Integrated GPS (L1 antenna), inclinometer
and compass
Nikon D700, 12.1 megapixel

Figure 3.17: Riegl VZ-1000 laser scanner in operation at Bentyfield Mine, September 2012
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Due to the size (0.023 km2) and variable topography of the survey area, the laser
scanning had to be conducted from 21 individual scan stations each month. This
was necessary in order to maintain approximately equal point density throughout the
area and avoid the potential for large areas of occluded data. For ease of data
collection and processing the survey was subdivided into three areas. The
easternmost area included 13 scan positions covering Bentyfield Mine, the central
area included 6 positions covering the majority of Whitesike Mine and the
westernmost area included 2 positions covering the tailings heaps to the west of
Whitesike Mine, which are separated from the rest of the site by the main B6277
road (Figure 3.18).
To aid the registration of the multiple point clouds an additional 20 target markers
(ground control points) were situated throughout the survey area. Cylindrical
reflective targets measuring 100mm (d) x 100mm (h) were positioned on a
combination of nearby scan stations and target locations for each scan position,
providing between 3 and 10 sets of target registration coordinates per scan. The
locations of both the scan stations and target markers were recorded using a Leica
1200 differential GPS, providing a mean 3D positional accuracy of 20mm.

3.8.2

Data processing

The processing workflow for the TLS point cloud data is outlined in Figure 3.19. The
majority of the point cloud processing was conducted within RiScan Pro v1.7.9, with
the subsequent DEM construction and analyses within ENVI v5.1 and ArcGIS v10.2.
The initial processing step prior to registration was the manual cleaning of each
point cloud through the deletion of erroneous points, particularly an issue when
there was any precipitation during data collection. Careful registration of multiple
point clouds is a crucial stage in the comparison of multi-temporal laser scan data
and involved a two-stage process within RiScan. Each individual point cloud was
first registered to the cylindrical reflector targets that were fine scanned during
fieldwork, using the dGPS coordinates as registration tie point positions. This
typically achieved an internal monthly registration accuracy of c.10-30mm, largely
due to the limitations imposed by the 3D quality of the dGPS measurements.
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Figure 3.18: Location of the three main TLS survey areas and corresponding scan stations
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Figure 3.19: Summary diagram showing TLS processing workflow, from raw point clouds to output DEMs
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In order to improve the within-month registration the next stage was to run the Multi
Station Adjustment (MSA) tool, a cloud matching plugin for RiScan based on an
iterative closest points (ICP) algorithm. MSA operates on a prepared (i.e. reduced)
version of the full data set and so involved an initial plane patch filter to isolate
planar areas within the point cloud, followed by the MSA adjustment itself. The MSA
adjustment was applied to each of the three survey blocks within each month
independently due to the lack of overlap between the point clouds. The MSA
typically achieved an internal monthly registration standard deviation error of
<10mm.
Once the individual within-month point clouds had been registered together using
the MSA tool, the next requirement was to register all of the combined monthly data
sets to each other. However, the raw data volume of the full point clouds (21 scans x
~40 x 106 points x 14 months) was too high for the hardware capabilities running
RiScan and so data reduction was necessary. To facilitate this, an octree filter was
applied to each of the monthly point clouds. This filter uses an octree structure with
a user-defined base cube size to reduce the density of a point cloud to a specified
level. Empirical testing led to the decision to use a base grid size of 30mm, which
proved an appropriate compromise between maintaining a relatively high point
density and a reduced file size that was manageable during subsequent processing
stages. All octree filtered monthly data sets were imported into a single project
before being aligned together using a further MSA adjustment. For each of the three
survey blocks the initial (September 2012) data set was used as the locked
reference cloud for others to be matched to, with the resulting MSA standard
deviation error residuals each being <10mm.
Although the full coverage data sets had to be octree filtered prior to co-registration,
certain subset areas were selected for analysis at the full, unfiltered registration.
These subsets correspond to areas of particular interest within the survey extent
(see Sections 6.4.1.2 and 6.4.2.2) and were defined using CAD polygons digitised
within ArcGIS that were then used as selection masks in RiScan. The registered
point clouds for these areas were extracted as duplicate polydata files prior to the
aforementioned octree filtering. These subset areas were each co-registered within
separate projects using the same MSA approach outlined above.
Where necessary, for example on the stream bank detail areas (Section 6.4.2.2.2 –
4), the point clouds were transformed so that the Z-axis was perpendicular to the
slope face. Rotation of the point clouds was achieved by importing the September
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2012 subset data into Cloud Compare v2.5.5.2 software and manually rotating it to
the desired orientation (i.e. face on to the bank or slope). The 4x4 transformation
matrix used in this manual rotation was then saved as a .txt file and applied to all of
the other corresponding monthly point clouds. These rotated point clouds were then
imported back into RiScan Pro for the final filtering stage of processing.
Transformation of point cloud data in this way is necessary when the aim is to
quantify lateral change, such as with coastal cliff evolution (Lim et al., 2005; Rosser
et al., 2005) or riverbank erosion (O'Neal and Pizzuto, 2011). For this study the
transformed data allows the direct comparison of lateral surface change, such as
bank recession, measured through TLS DEM differencing.
Ground cover at Whitesike and Bentyfield includes dense grasses and small groups
of trees as well as areas of bare rock, tracks, rubble and mine sediments. An
additional filtering stage therefore had to be included in order to separate off-terrain
laser returns (e.g. vegetation) from ground terrain points. RiScan Pro includes a
terrain filter function based on the hierarchic grid-based filtering of the point cloud
(RIEGL, 2012). A coarse grid is initially fitted to the point cloud and a ‘representative
cell point’ (RCP) selected within each grid cell based on a selected percentile of
higher points. A locally-fitted surface is then interpolated between the RCPs and the
points outside a specified tolerance range of this surface are classified as ‘offterrain’. This process is then repeated on the four sub-cells of the next smallest
hierarchic iteration level and so on until the finest specified level has been reached.
A fine filter step with a smaller tolerance is subsequently applied before the final
output terrain points are determined.
Following testing of the various terrain filter parameters on a small subset of data it
was apparent that no single set of values were able to effectively remove both tall
vegetation (e.g. trees) and low vegetation (e.g. grasses), while still retaining all
important mining features (Figure 3.20). This was due to the misclassification of the
numerous upstanding architectural features as vegetation if the filter parameters
were too aggressive or the inclusion of too much vegetation as terrain points if the
parameters were relaxed. The compromise was to use the moderate default
‘vegetation’ parameters available within the terrain filter tool, followed by the manual
removal of residual vegetation points and the re-inclusion of misclassified
architectural points (Table 3.10). Although a time-consuming process, this achieved
the most accurate classification output.
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The filtered monthly point clouds were exported as XYZ coordinates in ASCII format
(.txt) before being imported into ENVI v5.1, where the ‘rasterize point data’ function
was used to generate digital elevation models (DEMs). A triangulated irregular
network (TIN) is initially created from the irregularly spaced input points using
Delaunay triangulation, before this TIN is interpolated to form a gridded DEM. A grid
resolution of 0.05m was used for full area DEMs and 0.02m for the full resolution
detail areas, selected based on the density of points within each cloud in RiScan.

Figure 3.20: Example point cloud showing results of default terrain filter prior to manual editing
(off-terrain points are in red). The vegetation has been correctly identified but sections of the
19th century wall in the foreground have been misclassified as off-terrain features.

Table 3.10: Parameters used in the RiScan terrain filtering process

Base grid size (m)

0.250

Number of hierarchic processing levels

8

Tolerance factor

0.7

Percentile (%)

1

Maximum slope angle (°)

60

Fine filter tolerance

0.1
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3.8.3

Change detection between repeat TLS digital elevation models

Change detection between the monthly terrestrial laser scans used the same
methodology as that applied to the quantification of change between the 2009 ALS
and 2012 UAV surveys (Section 3.7.3). The three input FIS again included surfaces
relating to point density, slope and roughness, although with specific rule values
based on those recommended for TLS data within the corresponding FIS library.

3.8.4

Fixed point photography

Following intermittent but ongoing problems with the integrated digital camera on the
terrestrial laser scanner during the first six months of monitoring, the decision was
made in May 2013 to take supplementary monthly digital photographs from fixed
locations. Fifteen additional survey pegs were positioned across the two mine sites
and their positions recorded using GPS. Photographs were then taken from each of
these locations in all subsequent monitoring visits (May 2013 to March 2014).
Although these images do not extend across the full monitoring period they
nevertheless provide invaluable information relating to additional factors, such as
vegetation change, that are not readily provided by the TLS point cloud data.

3.8.5

Weather data

Weather data for the period of fieldwork monitoring was obtained from the Met
Office Integrated Data Archive System (MIDAS), made available via NERC’s British
Atmospheric Data Centre (BADC) (UK Meteorological Office, 2012). Data were
downloaded for two stations located within the overall study area; Alston
Springhouse Park and Great Dun Fell No 2 (Table 3.11). Data from the station
closest to Whitesike Mine were primarily used for comparison with the fieldwork
results (Alston Springhouse Park, located 5.7km to the northwest).

Table 3.11: Weather station locations and available data sets

Station name

Alston Springhouse Park

Great Dun Fell No 2

Met Office ID

24793

1085

Grid ref

NY 707462

NY 710322

Elevation

320 metres
Daily rainfall, temperature, wind speed
/ direction and snowfall / depth.

847 metres
Daily temperature,
Hourly wind speed / direction.

Data sets
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3.9 Chapter summary
Given the interdisciplinary nature of this project and the nested scales of analysis
required to fully investigate the research objectives, the methods involved are by
necessity diverse. A range of desk-based and fieldwork methods have therefore
been utilised, including both established techniques and novel approaches to
investigate the interactions between historical mines and sediment production.
Landscape disturbance during the main period of historical lead mining in the study
area (1700–1948) has been assessed and quantified through a combination of
targeted mapping from cartographic and remotely sensed data sets and analysis of
pre-existing archaeological and historical sources (see Chapter 4 for results).
Translating data relating to mine outputs and surface disturbance into estimates of
sediment production is complicated by a lack of primary accounts describing the
magnitude and treatment of mine wastes. Novel approaches to estimate the scale of
sediment production have therefore been developed; including the construction of
ore-to-waste scaling ratios and the quantification of volumetric disturbance due to
surface mine workings using digital terrain analyses (see Sections 5.2 and 5.3 for
results). Spatial variability in potential coupling between mine waste sediments and
the river systems has then been investigated through the application of a sediment
connectivity index (see Section 5.4 for results). Although typically applied to
investigate patterns of connectivity between natural sediment sources and river
channels, this approach has significant potential to also improve understanding of
variability in the impacts of anthropogenic sediment transfer.
Post-abandonment changes at two adjacent mines (Whitesike and Bentyfield) have
been investigated at a range of temporal scales and utilising a variety of techniques.
Long-term post-abandonment changes were assessed through the examination of a
time series of historic maps and aerial photographs covering the period 1868–2010.
Short-term topographic changes were quantified through the comparison of an ALS
survey from 2009 and a UAV survey flown in 2012. This ~3 year analysis interval
was then immediately followed by even higher temporal resolution monitoring of the
same mines using repeat TLS surveys. The change detection method used to
analyse these data sets included consideration of spatially variable sources of error
within the input DEMs. In addition to recording the scale of morphological change,
these geomatics techniques also allowed the geomorphic and anthropogenic
processes underlying the changes to be identified and individually quantified. The
results of the analysis of post-abandonment changes are reported in Chapter 6.
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Chapter 4.

Reconstructing spatiotemporal

variability in landscape disturbance due to
historical lead mining
4.1 Introduction
This chapter outlines the results of the analysis into spatial and temporal variability
in the intensity of historic lead mining operations within the study catchments. This
analysis of mining intensity comprises an assessment of both the spatial extent of
surface disturbance by mining and the use of mine output statistics to reconstruct
temporal trends in the amount of ore extracted. These measures provide valuable
insights into the scale of landscape disturbance by historical mining, especially when
used to inform estimates of associated waste sediment release (Chapter 5).
The spatial distribution of mining operations is first described, based on the recent
(2012) mapping of mining-related features from aerial imagery by the National
Mapping Programme (NMP) and from historical Ordnance Survey maps (18591895) as part of this project (Section 4.2). This spatial distribution provides
information relating to the extent and nature of surface landscape disturbance by
historical mining operations. The distribution of named mine sites is also recorded
based on additional documentary and cartographic sources, enabling recorded mine
outputs to be linked to the spatial distribution of mining operations.
The changing magnitude of mine ore outputs through time is then outlined, using
documented ore production statistics as a proxy for temporal variation in mining
intensity during the period 1700-1948 (Section 4.3). This period covers the peak
centuries of the lead mining industry in this part of the North Pennines, through until
the Vielle Montagne Company, the last major operator in the area, abandoned their
leases in the mid-20th century. Trends in ore production in the overall study area are
compared to records from each individual catchment area in order to highlight
potential catchment-scale variation. Spatiotemporal variability in individual mine ore
outputs are then considered based on the geolocation of individual ore output
records and the detailed analysis of trends at a mine-by-mine scale (Section 4.4).
Quantifying variation in output at the scale of the individual mine allows key
sediment source locations to be identified and related to wider landscape impacts.
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4.2 Spatial variability in surface disturbance due to lead mining
4.2.1

Distribution of surface mining features

The distribution of surface disturbance due to mining operations within the study
catchments was obtained from the mapping of lead mining-related features from the
First Edition Ordnance Survey 1:2500 scale maps (1859-1895) and the extraction of
relevant data from the National Mapping Programme (NMP) survey results (Oakey
et al., 2012). The NMP records feature classification based on a predefined
thesaurus of terms, with each monument usually assigned both a broad (e.g. ‘lead
mine’) and narrow (e.g. ‘shaft) category type. Although the wide range of categories
utilised by the NMP survey provides valuable information regarding the detail
present within the former mining landscapes, making direct comparisons between
areas was simplified for this project by grouping the categories into broader classes.
For the purposes of this analysis, five new broad classes of features were defined
based on the various stages and unique elements of the overall mining workflow;
extractive, infrastructure, processing, smelting and waste. The First Edition OS
mapping and NMP survey feature categories were then each subsequently assigned
to one of these five classes (Table 4.1). Since there are some feature categories
that could relate to more than one stage of the mining process, the class that
historical accounts (e.g. Hunt, 1970; Raistrick and Jennings, 1989; Forbes et al.,
2003; Turnbull, 2006) suggest was most closely related was selected. For example,
leats and water channels were primarily used to direct water to where it was needed
for powering surface dressing activities and so were assigned to the ‘processing’
class, but some may also have had the dual function of draining levels associated
with ore extraction. Generic feature categories, such as buildings, structures and
earthworks, were typically assigned to the infrastructure class in the absence of
further diagnostic information.
The significance of these classes relates to the differing degree to which each
category of mining feature would have impacted on the local landscape (Table 4.1).
From a geomorphological perspective, the level of impact caused by many of the
features classed as infrastructure (e.g. buildings) will be markedly less than those
relating to other classes, such as extraction or processing. These infrastructure
features primarily relate to structures that were utilised as part of various stages of
the mining workflow but that had little direct geomorphic impact themselves. The
exception to this would be the tramways and roads which acted as anthropogenic
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transport pathways, moving extracted material to alternative locations within the
landscape.
Extractive features, by definition, involve the excavation of ore and associated
waste, thereby often leading to significant surface disturbance and the generation of
large volumes of sediment. However, much of this excavated material is then
transported to either processing or waste sites, meaning that the geomorphic impact
of the extractive class largely relates to surface disturbance rather than sediment
deposition. The actual method of ore extraction would have also resulted in varying
degrees of surface disturbance. For example, subterranean extraction via mine adit
would have resulted in only minimal surface disturbance, particularly when
compared with opencast or hydraulic mining techniques, such as hushing.
The geomorphic impact of the processing class is considerable, especially in terms
of the production of large volumes of fine waste sediment, much of which was
released directly into nearby rivers during earlier mining operations (see Chapter 1).
Since water management features are also included within this processing class, a
further geomorphic consequence was in the modification of the pre-existing
hydrology. This often involved the redirection of natural flow paths along leats and
the channelization of tributary streams close to dressing floors.
Waste landforms were created by both the extraction (rock waste) and processing
(tailings) stages of the mining workflow. Therefore the geomorphic impact of this
class primarily relates to the deposition of large volumes of sediment onto the land
surface. These waste landforms subsequently act as ongoing sediment sources due
to post-depositional reworking and erosion. Variability in the geomorphic impact of
different waste landforms relates mainly to the character of the waste material, the
morphology of the landform and its location within the landscape.
Smelting tended to occur at a limited number of centralised locations within a mining
landscape. Despite this, the impacts of the smelting process could be far more
widespread than their actual ground footprint, due to the potential for the airborne
transport of contaminated particles across large areas (Kettles and Bonham-Carter,
2002; Mills et al., 2014). During later operations these fumes were redirected away
from the smelt mill itself to fell-top locations using long flues, meaning that the actual
smelter site was not necessarily the core focus of the contaminant release. Although
the smelting process generated considerably less solid waste than the extraction or
processing stages of the workflow, there would also have been a limited amount of
waste sediments generated at these sites.
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Table 4.1: Broad classes used to group sub-categories of data from the First Edition OS
mapping and NMP data.

Broad class

Extractive

First Edition OS
categories

NMP categories

Hush / hush dam

Extractive pit

Level / adit

Hush / hush dam

Opencast

Lead mine / workings

Shaft

Level / adit
Opencut
Prospecting pit
Rake
Shaft
Winding circle

Infrastructure

Bridge

Bank (earthwork)

Building / Structure

Boundary

Tramway

Building / Structure
Ditch
Drain
Enclosure
Powder magazine
Revetment
Road

Primary geomorphic impact(s)

1. Surface disturbance,
especially during opencast
and hydraulic mining (e.g.
hushing)
2. Generation of large
volumes of mined material
that required redistribution to
features within the other four
classes.

1. Direct alteration of land
surface through construction
2. Redistribution of mined
material to alternative
locations within the landscape
via tramways and roads (i.e.
anthropogenic sediment
transport pathways),

Trackway
Tramway
Processing

Smelting

Aqueduct
Dam
Launder
Pond
Reservoir

Chimney
Flue
Smelt Mill

Aqueduct
Bouse Team
Buddle
Crushing Mill
Dam
Dressing Floor
Leat / water channel
Reservoir
Wheel pit

Chimney
Flue
Smelt Mill

1. Production of large volumes
of fine waste material through
processes such as crushing
and buddling.
2. Release of waste to local
rivers due to water powered
processes.
3. Modification of ‘natural’
hydrology of landscape
1. Release of significant
quantities of airborne
contaminants
2. Generation of a limited
amount of associated waste
sediments

Dressing waste /
spoil spread
Waste

Spoil heap

Dressing waste
Shaft mound
Spoil heap

1. Deposition of large volumes
of waste sediments resulting
from extraction, processing
and smelting.
2. Creates legacy of ongoing
sediment source locations
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The results of the First Edition mapping are shown in Figure 4.1 and the NMP
survey data in Figure 4.2. The NMP survey area covered 80.04% of the overall
study area, including the entirety of the Nent and South Tyne catchments, but only
63.97% and 53.17% of the Black Burn and Tees catchments respectively. The
detailed discussion of variation in feature categories between catchments therefore
utilises both data sets, but with the NMP feature densities for Black Burn and Tees
adjusted to represent the proportion of the catchment that has been covered by the
NMP survey where possible.
The First Edition OS mapping recorded a total of 1549 individual features relating to
lead mining within the study catchments. In comparison, the NMP survey recorded a
total of 12371 features within the c.80% of the study area which it covered. This
large difference in the number of features recorded relates primarily to the nature of
the survey used in each case. The original 19th century OS survey would have been
aimed at recording large-scale features that were deemed relevant for inclusion on a
county-level administrative map. This included any mines still currently operational
at the time of survey as well as recently abandoned mines, recorded as ‘disused’ on
the OS maps, that would still have been significant features within the landscape. In
contrast, the remit of the NMP survey is to record all features of archaeological
interest, including features of any size and dating from any period (Horne, 2009).
Whereas the First Edition OS survey would have been conducted through traditional
ground-based field surveys, the NMP utilises high spatial resolution airborne data
(aerial photographs and airborne lidar).
The result of this is that the First Edition survey provides a useful point-in-time
record of the operational mining landscape towards the declining years of the
industry in the area, while the NMP provides a detailed record of archaeological
evidence surviving for mining activities across all periods. However, it is important to
remember that the scale and intensity of the 19th century mining will have
dramatically reworked and potentially reduced the surface evidence for earlier
phases of mining activities, meaning that later period remains will still dominate
much of the NMP survey results.
Despite the differences in the nature of the two data sets, the distributions visible on
the First Edition OS mapping (Figure 4.1) and the NMP data (Figure 4.2) do show a
similar pattern. This suggests that they are both reflecting the overall arrangement of
mining activities within the study area, with this distribution being largely controlled
by the arrangement and productivity of mineral veins within the area. The geological
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structure of the area is paramount in determining where the mineral veins occur, and
by extension, where the greatest disturbance due to mining activities has taken
place. However, the relationship of these mineral veins to individual catchment
boundaries is also of significance for any consideration of spatial variability in mining
disturbance. This is partly due to the need to harness reliable water supplies during
the period of active mining, which acted as a control on where the surface mine
infrastructure could be located, but also relates to patterns of waste sediment
dispersal both during the mining operations and since their abandonment. Fluvial
geomorphic processes are of fundamental importance in understanding the routing
of mine waste sediments and their dispersal to the wider catchment (Miller, 1997).
Therefore, although the ore bodies themselves are independent of catchment
boundaries, the following descriptions of spatial variation in surface mining
disturbance will largely focus on variation within and between the study catchment
areas.
Visually, both data sets show significant concentrations of lead mining features
towards the northeast and east of the study area, especially within the Nent and
eastern portion of the South Tyne catchments. Within the Nent valley, the
distribution of mining features is fairly evenly spread throughout the upper
catchment,

although

with

clear

concentrations

around

Nenthead.

Further

downstream there are additional concentrations of surface features visible on both
sides of the valley through the middle catchment and on the south-facing slopes
above Blagill. The distribution within the South Tyne catchment is more clearly
defined, with high densities of features within the upper catchment and the eastern
slopes of the middle catchment. Particularly high concentrations are found along the
tributary streams of Garrigill Burn and Ash Gill, the headwaters of Cross Gill and
across the slopes of Middle Fell. Densities on the west side of the valley are
noticeably lower, reflecting the reduced number and productivity of mineral veins in
this area.
Overall densities of mining features within the Black Burn catchment are generally
lower, although there are sizeable concentrations visible on both the First Edition
OS and NMP data along the headwaters of Black Burn and Cash Burn in the upper
catchment. Additional concentrations are located on the eastern slopes of the valley
near Greencastle and in the lower catchment near Rotherhope Fell Mine. The
western section of the catchment typically has much lower densities, with only small
concentrations recorded near Smittergill Head and the higher slopes near Hartside
and Melmerby Fell.
152

Figure 4.1: Distribution of surface lead mining features mapped from the First Edition Ordnance
Survey (OS) map series (1859-1895).
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Figure 4.2: Distribution of surface lead mining features recorded by the National Mapping
Programme (NMP) within the study catchments (NMP data © English Heritage). Data are
displayed using the simplified ‘broad type’ attribute code for display purposes, rather than the
‘narrow type’ categories discussed in the text.
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The main concentration within the Upper Tees valley is focused around the
confluence of the River Tees and Trout Beck, particularly around Teesside, Nether
Hearth and Metal Band mines. Further concentrations are also found around the
headwaters of Crook Burn to the east of the catchment and the headwaters of Trout
Beck below the Dun Fell summits. The spread of features noted in the upper Black
Burn catchment also continues across the drainage divide into the upper Tees,
following the southwest-northeast trending veins to the east of Cross Fell. The area
to the south of Troutbeck and the River Tees is outside of the NMP survey but the
results from the First Edition OS mapping indicate that it contains noticeably fewer
recorded features than areas to the centre and north of the catchment.
These visual distributions are supported by the numbers of features that have been
recorded within each catchment from the First Edition map, with 527 features within
the South Tyne catchment, 481 for the Nent, 314 for Black Burn and only 227 for the
Tees (Table 4.2). In addition to the number of features recorded, the size of each
catchment area is also important in determining the spatial intensity of mining
activities and therefore potential associated landscape impacts. When the mapped
results are adjusted to represent the number of mapped features per square
kilometre it is clear that the intensity of mining has been highest within the Nent
catchment (16.4 features per km2). This is substantially greater than the density of
features within the South Tyne (7.3 features per km2), Black Burn (6.4 per km2) and
Tees (4.9 per km2) catchments, or the density across the overall study area (7.9 per
km2).
The spatial intensity of mining activities can be examined further by analysing the
total area of mapped features per catchment, rather than just the count of feature
numbers. For the First Edition OS data, total mapped mining features cover a
combined area of 1.15km2, representing 0.58% of the overall study area. Within the
Nent valley, mining features cover 0.54km2, accounting for 1.86% of the Nent
catchment area and 46.96% of the total area of mapped features across the entire
study area. Proportionally therefore the surface mining features cover over 4.5 times
as much of the Nent catchment as in the South Tyne (0.38%) and Black Burn
(0.41%) and over 6.7 times more than the Tees catchment (0.27%).
Since the NMP surveys recorded many more features than were visible on the First
Edition OS mapping, the percentage of the catchments that can be attributed to
mining activities is also markedly higher. However, once the values for the Black
Burn and Tees catchments are adjusted for the proportion of the catchment areas
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that were actually mapped, the NMP results do show a similar pattern to those
obtained from the First Edition OS data (Table 4.2).
The categorisation of the mapped features based on the type of mining feature they
relate to provides useful information regarding the nature and extent of surface
disturbance likely to have occurred in each catchment. Analysis of the categories
recorded from the First Edition OS maps show that the majority of features relate to
buildings or structures associated with the lead mining operations, comprising
23.95% of all mapped features (Figure 4.3). Spoil heaps form the second highest
category (20.79%), followed by tramways (13.69%), mine levels or adits (13.82%)
and mine shafts (12.91%). The other significant categories identified were spreads
of spoil or dressing waste (7.68%), hushes (2.32%) and opencast workings (2.13%).
All other categories represented less than 1% of the total mapped features.
The area covered by each feature category is again just as significant as the
number of features identified. Although the number of features identified as mine
buildings or structures was highest, their spatial extent represents only 0.02 km2 or
1.73% of the total mapped feature area. The feature categories covering the
greatest spatial area were the spreads of spoil or dressing waste at 0.46 km2
(40.22%), the spoil heaps at 0.36 km2 (31.44%) and the hushes at 0.25 km2
(21.83%). Apart from the tramways (1.53%) and opencast workings (1.06%), all
other feature categories cover less than 1% of the total mapped feature area.
The categories used by the NMP survey were more varied than those for the First
Edition OS mapping, reflecting the nature and purpose of the underlying survey
method (Figure 4.4). Within the NMP survey data, shaft mounds (31.52%) and mine
shafts (22.37%) represent the most frequently occurring feature categories. Other
significant feature categories mapped by the NMP include leats and water channels
(15.38%), spoil heaps (8.67%), extractive pits (3.98%), dressing waste (3.53%),
levels or adits (2.19%), lead rakes (2.03%), trackways (1.79%), dams (1.64%), mine
buildings or structures (1.97%) and prospecting pits (1.08%). All other categories
represented less than 1% of the total mapped NMP features.
The area covered by features within each of the NMP categories is again
informative in terms of the intensity of spatial impacts. Spoil heaps (0.53 km2) and
areas of dressing waste (0.33 km2) are both again important components of the total
mapped feature area, representing 22.72% and 14.34% respectively. Shaft mounds,
essentially the ring of spoil around the surface entrance to a mine shaft, are also
significant with a combined area of 0.32 km2 (13.53%). The generic NMP categories
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of ‘lead mine’ and ‘lead workings’ together cover over 24% of the total mapped
feature area but cannot be directly related to features from the First Edition OS
mapping. However, analysis of corresponding aerial photography indicates that
these relate primarily to surface extractive workings that have been broadly grouped
together under a general designation. Other noteworthy categories in terms of total
spatial extent based on the NMP mapping are leats and water channels (9.73%),
extractive pits (2.65%), dams (1.82%), trackways (1.81%), mine shafts (1.49%), lead
rakes (1.35%), hushes (1.19%) and tramways (1.02%).
Differences between the First Edition OS mapping and the NMP data in terms of the
relative numbers belonging to each category can be largely explained by the focus
of each of these surveys and the type of data used to record the mining features.
For example, the relatively low proportion of mine buildings or structures on the
NMP survey when compared to the First Edition OS mapping is likely to relate to the
poor survival of this class of monument when compared to large earthwork remains
and surviving structures not always being visible on the aerial data sets utilised by
the NMP methodology. Similarly, the lack of shaft mounds within the First Edition
OS data is because shaft mounds around mine shafts were not typically recorded on
the First Edition OS maps. The greater proportion of actual mine shafts present on
the NMP data is likely to reflect the recording of shaft workings from earlier periods
than the 19th century landscape of the First Edition OS maps.
The classification of the First Edition OS map results into the five broad classes
outlined in Table 4.1 indicates that the majority of mapped features (n=585) relate to
infrastructure associated with mining operations, primarily due to the high number of
buildings, structures and tramways (Table 4.3, Figure 4.5). Extractive features, such
as levels, opencast workings and shafts, form the next most frequently identified
class (n=483), followed by waste features, including spoil heaps and spreads of
spoil or dressing waste (n=441). The processing (n=32) and smelting (n=8) classes
contain the least number of identified features. The area covered by the features
within these classes shows that, although the infrastructure and extractive classes
contain the highest number of features, they actually represent a relatively small
proportion of the total mapped area. Infrastructure features covered just 0.04 km2
(3.26% of the total feature area) while extractive features were higher at 0.26 km2
(22.93%). The areas covered by features belonging to the processing (0.02 km2 /
1.56%) and smelting (0.01 km2 or 0.59%) classes were negligible. In contrast, waste
features covered 0.82 km2 (71.66%) and so clearly had the greatest impact on the
landscape, at least in terms of areal coverage.
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Table 4.2: Summary of mapped mining-related features for each study catchment

Total number of mapped
mining features

Number of mapped
features per km2

Total area of mapped mining
features (km2)

Mapped area as percentage
of total catchment (%)

Catchment

1st Edition OS

NMP

1st Edition OS

NMP

1st Edition OS

NMP

1st Edition OS

NMP

South Tyne

527 (34%)

5682 (46%)

7.3

78.5

0.28

0.74

0.38

1.02

Nent

481 (31%)

4570 (37%)

16.4

156.1

0.54

1.17

1.86

3.99

Black Burn

314 (20%)

1057 (8%)

6.4

33.7

0.20

0.25

0.41

0.79

Tees

227 (15%)

1062 (9%)

4.9

43.3

0.13

0.17

0.27

0.71

1549

12371

7.9

78.5

1.15

2.33

0.58

1.48

Total study
area
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Table 4.3: Summary of broad classification results by individual catchment area

Extractive
Infrastructure
Processing
Smelting
Waste
1st
1st
1st
1st
1st
Edition NMP Edition NMP Edition
NMP Edition NMP Edition NMP
120 1433
209
183
10
803
4
41
138 2110
0.09
0.45
0.02
0.02
0.00
0.08
0.01 0.01
0.43
0.61
0.31
1.52
0.06
0.07
0.00
0.27
0.02 0.04
1.47
2.10

Nent

Count
Area (km2)
Percentage of catchment area (%)

South Tyne

Count
Area (km2)
Percentage of catchment area (%)

195
0.05
0.07

2059
0.24
0.33

152
0.01
0.01

236
0.03
0.04

12
0.01
0.02

866
0.11
0.15

3
0.00
0.00

30
0.00
0.01

165
0.20
0.28

2491
0.37
0.51

Black Burn

Count
Area (km2)
Percentage of catchment area (%)

87
0.06
0.12

335
0.05
0.17

148
0.01
0.02

90
0.03
0.09

5
0.00
0.01

220
0.05
0.17

1
0.00
0.00

3
0.00
0.00

73
0.13
0.26

409
0.11
0.36

Tees

Count
Area (km2)
Percentage of catchment area (%)

81
0.06
0.13

320
0.02
0.07

76
0.00
0.01

49
0.01
0.03

5
0.00
0.01

294
0.07
0.27

0
0.00
0.00

0
0.00
0.00

65
0.06
0.13

399
0.08
0.34

Total area

Count
Area (km2)
Percentage of total area (%)

483
0.26
0.13

4147
0.75
0.48

585
0.04
0.02

558
0.08
0.05

32
0.02
0.01

2183
0.30
0.19

8
0.01
0.00

74
0.01
0.01

441
0.82
0.42

5409
1.18
0.75
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Figure 4.3: Number of mapped features (top) and total feature area (bottom) by individual mapping category for the First Edition OS map series.
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Figure 4.4; Number of mapped features (top) and total feature area (bottom) by individual mapping category for the NMP data. These categories correspond to the
‘narrow type’ NMP attribute field.
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Figure 4.5: Number of mapped features and combined feature area displayed by broad
classification category for the First Edition OS mapping (top) and the NMP data (bottom).

The classification of the NMP data shows some significant differences, again
relating to the method of underlying survey involved. Infrastructure features are this
time relatively poorly represented (n=558) in comparison to waste (n=5409),
extractive (n=4147) and processing (n=2183) features. This is likely to represent the
poor survival of mine buildings, structures and tramways relative to other larger
earthwork remains. The area coverage of each class does show a similar pattern to
the First Edition OS mapping though, with waste features dominating (1.18 km2 /
50.60%), followed by extractive (0.75 km2 / 33.52%), processing (0.30 km2 /
17.65%) and infrastructure (0.08 km2 / 4.51%). Only 74 features relating to smelting
were identified from the NMP survey, covering an area of 0.01 km2 (0.61%).
Analysis of the broad classification of features on a catchment scale basis shows
that the overall trends in the number and area covered by features within each class
are relatively consistent (Table 4.3, Figure 4.6). However, there are some notable
differences between certain catchments that suggest variation in the nature of
mining activities and the differential survival of mine sites to the present day. The
NMP data shows a broadly similar pattern to the First Edition OS mapping results,
although with the aforementioned marked differences due to the relative lack of
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infrastructure features on the recent NMP survey. Since the NMP survey did not
cover the entirety of the Black Burn and Tees catchments, the following discussion
focuses primarily on the results of the First Edition OS data.
The First Edition OS data shows that the majority of features within the Nent
catchment relate to the mining infrastructure class (43%), followed by waste
(28.69%) and extractive (24.95%) features. The processing (2.08%) and smelting
(0.83%) class features are the least frequently identified, as with all of the other
catchments. In terms of feature area, waste features dominate the Nent catchment
more than any other (79.10%), with extractive features (16.70%) being the only
other class covering more than 5% of the total mapped feature area. The South
Tyne shows a slightly different pattern with extractive features (37.00%) comprising
the highest proportion of mapped mining features, followed by the waste (31.31%)
and infrastructure (28.84%) classes. The feature areas for the South Tyne do,
however, show a very similar pattern to the Nent, with waste features covering
73.29% of the total mapped feature area, followed by extractive features at 18.91%.
Although the Black Burn distribution on the First Edition OS data closely follows that
of the Nent for the extractive (27.71%) and infrastructure (47.13%) feature count, the
proportion of waste features is noticeably lower (23.25%). This is reflected in the
lower percentage for the area of mapped waste features (64.43%) and the higher
percentage for the extractive (29.96%) and infrastructure (4.38%) classes. The high
number and area coverage for the infrastructure class in this catchment is likely to
reflect the extensive set of buildings, structures, tramways and trackways associated
with Rotherhope Fell Mine in the lower catchment; a mine that was still operational
when the First Edition OS map was surveyed.
The Tees catchment shows a distribution on the First Edition OS data that is more
similar to the South Tyne, with a slightly higher proportion of extractive features
(35.68%) relative to the infrastructure (33.48%) and waste (28.63%) classes. The
area covered by each feature class is different though, with a much higher
percentage covered by extractive features (47.32%) and lower percentage covered
by waste features (47.65%) relative to the other catchments.
Comparison of the catchment feature class data with individual catchment sizes
again provides a useful indication of the proportion of each area that has been
impacted by historic lead mining (Table 4.3, Figure 4.7). Both the First Edition OS
mapping and the NMP data show that the waste and extractive stages of the mining
process have had the most significant impact on the Nent catchment. The First
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Edition OS mapping suggests that 0.43 km2 (1.47%) of the Nent catchment has
been impacted by waste features, compared to 0.09 km2 (0.31%) for extractive
features. Due to the nature of the survey involved, these values rise to 0.61 km2
(2.10%) for waste and 0.45 km2 (1.52%) for extractive features in the NMP data, but
still indicate a similar distribution to the First Edition OS map.
Values for the waste class in the other catchments are much lower, with the First
Edition OS results indicating that the South Tyne is the next most impacted
catchment (0.28%), followed by Black Burn (0.26%) and the Tees (0.13%). The
reverse order appears for the extractive class, with the Tees (0.13%) having the
highest proportion of the catchment impacted by these features, slightly ahead of
Black Burn (0.12%) and the South Tyne (0.07%). Values for the infrastructure,
processing and smelting classes in the First Edition OS data are all below 0.1% of
the overall mapped feature area. The values for these classes in the NMP data
show much greater variability but interpreting these results is problematic due to the
data for Black Burn and the Tees only relating to a portion of these catchment areas.
The limited number of smelting features reflects the concentration of this stage of
the mining process at only four identified locations within the study area, the
documented smelt mills at Nenthead, Blagill, Tynehead and Cash Burn (also known
as Cross Fell Mill) (Fairbairn, 1993). However, as discussed above, the impacts of
smelting in terms of the airborne transport of contaminated particles were often
dispersed across large areas, due to a combination of wind-blown transport and the
use of long flues. This suggests that caution should be applied to the use of simple
spatial area as a direct indicator of the magnitude of mining impacts.
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Figure 4.6: Percentage of total recorded feature area for each broad class. Data are displayed
per catchment area for the NMP data and the First Edition OS mapping.
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Figure 4.7: Mapped feature area per broad class as a percentage of overall individual catchment
area, displayed for the NMP data and the First Edition OS mapping.
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4.2.2

Distribution of named mine workings

The mapping of mining features is useful in developing an understanding of the
overall distribution of surface mining activities and expressions but does not provide
a direct insight into the magnitude and duration of ore production from subterranean
workings. Since much of the ore extraction throughout the peak centuries of lead
mining in the Pennines was via levels and shaft workings, quantifying the output
from these subterranean operations is a crucial stage in estimating overall sediment
outputs. Since ore outputs are typically recorded by named mine, the detailed deskbased research outlined in Section 3.3 was used to develop a database of named
mine sites that could be linked to the GIS mapping. This spatial database then
formed the basis of the analysis of spatiotemporal variation in mine ore outputs
discussed in Section 4.4.
A total of 465 named mine workings were identified within the overall study area,
including 156 (33.55%) within the South Tyne catchment, 128 (27.53%) within the
Nent, 101 (21.72%) in the Tees and 80 (17.20%) in the Black Burn area. When
catchment area is accounted for it is again clear that the Nent is the most intensively
disturbed valley relative to its size, with an average of 4.36 named mine workings
per km2. The Tees and South Tyne catchments have similar densities, with 2.19 and
2.17 named mine workings per km2 respectively, with the Black Burn catchment
having an average of only 1.62 named mine workings per km2.
Understandably, the distribution of named mine workings shows close similarities to
that obtained from the mapping of surface mine features outlined above (Figure 4.8).
Significant clusters of named workings are located in the upper Nent valley,
particularly around Nenthead, as well as in the lower catchment around Blagill
(Figure 4.9). In the South Tyne the density is highest around Tynehead in the upper
catchment and to the northeast around Middle Fell (Figure 4.10). Black Burn has
notable concentrations throughout the headwaters of the main river and Cash Burn,
as well as around Smittergill Head and downstream of the confluence with
Smittergill Burn in the middle catchment (Figure 4.11). The cluster of mine sites in
the upper Black Burn reaches extends across the watershed into the upper Tees
catchment, with an additional concentration near to Great Dun Fell further south
along the escarpment ridge (Figure 4.12). Further significant densities of named
mine workings are found around the confluence between the River Tees and Trout
Beck, as well as downstream near Crook Burn, Force Burn and Greenhurth Sike.
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Figure 4.8: Distribution of all named mine workings within the study catchments, with mines for
which recorded ore output has been identified (30%) highlighted in red.
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Figure 4.9: Distribution of named mines within the Nent catchment, with mines for which recorded ore output has been identified highlighted in red.
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Figure 4.10: Distribution of named mines within the South Tyne catchment, with mines for which recorded ore output has been identified highlighted in red.

170

Figure 4.11: Distribution of named mines within the Black Burn catchment, with mines for which recorded ore output has been identified highlighted in red
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Figure 4.12: Distribution of named mines within the Tees catchment, with mines for which recorded ore output has been identified highlighted in red
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Of the total number of named mine workings only 30% (n=141) have any definite
recorded ore output associated with them, based on the available data used in the
documentary research. The percentage of named mine workings with associated
output does, however, vary quite significantly between catchment areas (Table 4.4,
Figure 4.13). The South Tyne has the highest proportion of mines with recorded
output, followed by the Nent and Tees. The Black Burn catchment has the least
number of named mines with recorded output.

Table 4.4: Number of named mines with recorded ore outputs for the period 1700-1948

Catchment

Number of named
mines

Named mines with
recorded output

Named mines with
recorded output (%)

Nent

128

49

38.28

South Tyne

156

61

39.10

Black Burn

80

10

12.50

Tees

101

21

20.79

Total area

465

141

30.32

2

Figure 4.13: Number of named mine workings and average number of named mines per km for
each study catchment. The number of mines for which recorded ore output has been identified
is shown in green.
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There are various reasons why the other named workings may have no recorded
output, including the possibility that they were unproductive mine trials, that their
output has been aggregated into recordings from another centralised named mine
location, or that the documentary evidence for their output has not survived.
Additional documentary sources may clarify which of these factors underlie the
reason for an individual mine site having no recorded production, but these were not
available for the present study. Instead the analysis of variations in mine outputs
proceeds on the hypothesis that the most important and productive mine locations
were recorded with associated output statistics and so the c.30% subset represents
the most significant mine sites in terms of production and therefore impact.
However, it is acknowledged that because of this limitation the analysis of the spatial
and temporal variability in mine outputs is almost certainly going to represent an
underestimate of total production levels.

4.3 Temporal variability in lead ore outputs
4.3.1

Temporal variability in total annual lead ore outputs

The total recorded lead ore output from all named mines within the study area
during the period 1700-1948 was 443454 tonnes. This total amount is useful in
understanding the overall scale of lead extraction within the entire study area.
However, the analysis of documented annual ore outputs on a mine-by-mine basis
provides a unique opportunity to understand detailed trends in mining intensity at a
level of resolution that has rarely before been achieved. Since mine outputs provide
an approximation of the level of associated landscape disturbance and waste
sediment production, these data can therefore also be used to estimate temporal
changes in geomorphological impacts.
Temporal variability in total lead ore outputs for the study catchments between 1700
and 1948 is shown in Figure 4.14, with the additional output from unspecified mines
also highlighted for reference (see discussion in Section 4.3.3). Production from
named mines within the study catchments throughout the first half of the 18th century
is negligible, with only minor peaks in the mid-1720s and 1730s. However, this
absence of recorded output is not necessarily an indication that no intensive mining
was taking place during this time. Recorded mine outputs are intermittent prior to the
introduction of the government mineral statistics in 1845, due to the lack of a
centralised bureaucracy to oversee the industry and the piecemeal survival of
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documents that did happen to record any production during this period. A greater
number of records do survive from the mid-18th century onwards but the intensity of
earlier mining needs to generally be reconstructed from archaeological evidence, as
discussed below (Section 4.4).
Documented production increased significantly from 1763 onwards, rising to a sharp
peak of over 3700 tonnes in 1769 before a number of lower but pronounced peaks
and troughs throughout the 1770s and 1780s. Following a plateau in production of
around 500-600 tonnes per year through the 1790s, output increased again for a
sustained period between c.1800 and 1815. Despite a decrease between 1815 and
1819, production then soared to over 8000 tonnes in 1820, the second highest
annual output during the entire 248 year study period. This major increase in output
lasted until a subsequent collapse in the early to mid-1830s, which, with the
exception of a peak in 1840, lasted until c.1845 and the initiation of the published
government mineral returns.
The years between c.1845 and 1865 saw consistently high lead ore output from the
study area mines, with annual production peaking at 8576 tonnes in 1849 and being
maintained at over 5500 tonnes per year for most of the remaining period. A sharp
decline in the 1870s saw production drop to just over 2200 tonnes in 1874, before
rising again slightly by the early 1880s. From 1885 onwards the recorded output
from named mines continued to fall sharply, reaching a low of only 373 tonnes in
1909, the lowest recorded annual output for approximately 120 years. In contrast,
the lead ore output from records with no definite spatial location, which includes
those assigned to the London Lead Company and those listed as coming from
‘Alston Moor’, show a major additional peak in production between c.1882 and 1902.
This additional production reached a high of 8126 tonnes in 1885, before declining
then recovering to a secondary peak of 6254 tonnes in 1894. Since the LLC
abandoned their Alston Moor leases in 1882, the majority of this additional
unassigned production will relate to mines in the Tees catchment. However, the LLC
maintained leases throughout Teesdale and so this output cannot be securely
assigned to the portion of the upper catchment within the current study area (see
Section 4.3.3).
Production recovered from the 1909 low to reach an output of nearly 2000 tonnes in
1913, before dropping sharply to an average of just over 500 tonnes per year
between 1914 and 1922. This plateau represents the averaging of sparse output
records throughout the wartime and early post-war years, with the cessation of
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detailed government returns in 1913 for a combination of reasons relating to security
and resource prioritisation. The 1920s saw another increase in production, reaching
a peak of 4897 tonnes in 1929 before a subsequent decline throughout the 1930s.
By the outbreak of World War II in 1939, annual production had dropped back to just
over 500 tonnes. The limited number of recorded outputs during the early 1940s
again reflects the privations and intelligence concerns of wartime Britain, set against
the backdrop of an already declining industry. Despite this, the war years did see the
treatment of former lead tailings dumps at Nenthead, primarily for zinc ore extraction
to support the war effort (Dawson, 1947).
Local factors such as the chance discovery of productive veins or increased
investment in new mining technologies by companies working in the area
undoubtedly had an influence on the fine-scale temporal variation visible in ore
outputs during the period 1700-1948. However, the Pennine miners were operating
within the wider context of the overall UK lead industry, which itself was to an extent
reliant on global mining practices and prices. This can be demonstrated through a
comparison of the output from the named study area mines and the overall UK
production for the period of annual government records (1845-1913) (Figure 4.15).
Both data sets show a consistent, albeit fluctuating, reduction in output from the mid19th century through until the early decades of the 20th century, representing the
declining decades of the lead industry. A recovery peak is present within the study
area mines from c.1922-1939, occurring slightly earlier than a similar increase in
overall UK production in c.1935. The significance of the study area mines to the
national economy is clear when the data is viewed as a percentage of overall UK
lead ore output (Figure 4.16). Production from this relatively small area of the North
Pennines (<200km2) accounts for an average of 5.90% of the entire UK output
between 1845-1913, even reaching over 20% of national production in 1929.
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Figure 4.14: Total lead ore output for named mines within the study catchments during the
period 1700-1948. Additional production peaks relating to general entries with no exact
specified location are also included for reference. The two vertical dashed lines represent the
start and end of the recording of annual government mineral statistics (1845-1913).

Figure 4.15: Total lead ore output (1845-1913) for all named study area mines (top) and for the
entire UK (bottom). UK output data obtained from Burt (1984). Overall UK output was not
published in 1939-40 due to the outbreak of WWII.
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Figure 4.16: Study area lead ore output as a percentage of total UK production, 1845-1913.

4.3.2

Temporal variability in catchment-scale lead ore outputs

The mine output data show significant variation when analysed at the individual
catchment scale, both in terms of total ore values for the period 1700-1948 and in
temporal fluctuations in annual production. Combined output from mines within the
Nent catchment during this period was 263432 tonnes, representing over 59% of the
total study area production (Figure 4.17). Total output from the Black Burn (76186
tonnes) and South Tyne (69112 tonnes) catchments was relatively similar,
accounting for 17% and 16% of the entire study area output respectively. During the
same period the output from the Tees catchment only totalled 34724 tonnes, or 8%
of the total production.
Assessing temporal variation between catchments is important in understanding
when mining intensities were likely to be at their highest in each area (Figures 4.18
and 4.19). The first quantified production from a named mine within the Nent
catchment was in the early 1760s, rising to a number of significant peaks throughout
the 1770s and 1780s. Following a period of relatively low output during the 1790s
the Nent production increased to over 1200 tonnes per annum in the early 1800s,
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before a pronounced peak of over 6400 tonnes in 1820. A major period of
production continued until a collapse in output during the early 1830s. The Nent
production then saw another significant period of output between 1848 and 1870,
followed by a steady decline through until 1913 when the government statistics were
discontinued and no output was recorded again until 1923. A final large-scale peak
in output from the catchment then occurred between 1924 and 1938, prior to a
period of zero recorded production until 1948. Although no lead ore output was
documented during this final decade of study, wartime reprocessing of the Nenthead
spoil heaps for zinc is known to have occurred during this time (Dawson, 1947).

Figure 4.17: Total lead ore output by individual catchment area for the period 1700-1948

The limited amount of documented early 18th century output was produced solely
from mines within the South Tyne catchment, with minor peaks in the 1720s and
1730s. Production within this catchment then increased from c.1770 onwards,
before a series of fluctuations through until the 1870s. Although this represented
around a century of prolonged output, annual production from the catchment never
reached above the peak of 1394.11 tonnes achieved in 1826. A steep decline
followed during the 1880s before documented output for the South Tyne ceased in
1891, with the exception of a single record of 8 tonnes being listed in 1912.

179

Figure 4.18: Temporal variability in annual lead ore output by individual catchment area for the
period 1700-1948
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Figure 4.19: Cumulative annual lead ore output by individual catchment area for the period
1700-1948

Apart from an outlying spike of 320 tonnes in 1790, no production was recorded in
the Black Burn catchment until 1805. An intense period of fluctuating output
interspersed with barren years of no production then followed until another phase of
zero output between 1821 and 1825. Output settled to approximately 350 tonnes per
year between 1826 and 1847 before reaching a maximum annual catchment total of
2496 tonnes in 1849. A period of relatively high, sustained output continued until a
sharp decline in the mid-1860s was followed by a return to a fluctuating output of
between c.300-500 tonnes for the remainder of the 19th century. Production
increased again after 1910, with notable spikes in 1913 and 1938 separated by
averaged output from otherwise sparse aggregated returns.
The data for the Tees catchment show an even shorter period of recorded
production. With the exception of a single record of 5 tonnes for 1791, production is
restricted to the period between 1806 and 1902. Following an initial period of
increased output lasting until 1815, production then remained largely consistent at
between c.150-400 tonnes per year. A peak in production followed from 1880 to
1890, reaching a high of 1257 tonnes in 1885, before a sharp decline preceding the
end of recorded output from the Tees catchment in 1902.
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The contrast in annual ore outputs between each river catchment becomes even
more pronounced when the catchment size is considered. When production values
are adjusted to represent ore output per square kilometre, the Nent catchment
dominates the overall distribution to an even greater extent, with an average output
of 8829 tonnes per km2 based on total output between 1700 and 1948 (Figure 4.20).
The relative significance of the output from the Tees and Black Burn catchments
also increases as a result of their moderate catchment size, despite the absolute
output from the Tees still being considerably lower than from the other areas.
Total output from mines in the South Tyne catchment was over 3.8 times less than
that for the Nent but was from an area more than twice the size, resulting in an
average output of only 945 tonnes per km2. These values are of particular
significance when considering the spatial intensity of mining activities as an indicator
of likely landscape disturbance and associated waste sediment production, with the
Nent again clearly the most severely impacted catchment within the study area.
The annual output data also provides a useful insight into the characteristics of
mines within each river catchment. The distribution of total ore output values from all
recorded mines within the overall study area shows that there were a large number
of low to medium producing mines and a much smaller number of very high
producing mines. This pattern can be explained by the widespread occurrence of
small-scale mining operations hoping to find extensive lead-rich deposits and the
relatively few mines that actually located so called ‘bonanza-deposits’, where the ore
body was productive enough to permit large-scale, high yield extraction.
However, when the equivalent data are examined at the catchment scale there are
marked differences between the distributions (Figure 4.21, Table 4.5). Although the
Nent catchment has a similar pattern with a higher number of low producing mines,
the frequency of medium and high producing mines is significantly increased in this
area. In contrast the South Tyne catchment has a very high number of low
producing mines but no mines producing a total output of over 1500 tonnes. This
distinction is emphasised further when the summary statistics for mine output within
each catchment area are compared. Mean lifetime production for a mine within the
Nent catchment was 5291 tonnes with a standard deviation of 10258, compared
with a mean of only 1115 tonnes and standard deviation of 2218 for the South Tyne.
The Black Burn catchment contains very few mines with recorded production (n=7),
with the majority being relatively low producing apart from a single very high
producing outlier (Rotherhope Fell Mine). This outlier has the maximum total output
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for any mine within the study area (63939 tonnes) and has had the effect of giving
Black Burn the highest mean lifetime output of any catchment (10712 tonnes) and a
standard deviation of 23597. Mines within the upper Tees catchment are again
typically low producing but with a small number of mines with moderately high
output. The mean lifetime output for a mine within the Tees area is 1424 tonnes,
with a standard deviation of 3703.
When the spatial density of named mines discussed above (Section 4.2.2) is
compared with the average lifetime output per individual mine, it is clear that the
intensity of mining was again significantly greater within the Nent catchment. The
Nent had the highest average lifetime output per individual mine (8829 tonnes)
combined with the highest spatial density of mines (4.36 per km2) (Figure 4.22). The
Black Burn catchment had the second highest average mine output (1632 tonnes)
but the lowest spatial mine density (1.62 per km2). The South Tyne average mine
output value of 945 tonnes was slightly higher than that for the upper Tees (624
tonnes), but with both these catchments having very similar mine densities of 2.17
and 2.19 per km2.
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Figure 4.20: Temporal variability in annual lead ore output per km by individual catchment area
for the period 1700-1948
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Figure 4.21: Histograms of total ore output (1700-1948) from individual mines within each study catchment. The square root of ore output has been used in order to
reduce the overall data range for display purposes.
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Table 4.5: Summary statistics of total ore output (1700-1948) from individual mines within each study catchment

Catchment

Total number of

Minimum total

mines with

output per

recorded output

individual mine
(tonnes)

Maximum total
output per
individual mine
(tonnes)

Mean total output

Standard

per individual

deviation of

mine (tonnes)

mine outputs

Skewness of
mine outputs

Kurtosis of
mine
outputs

Nent

49

0.30

50508.90

5291.24

10258.24

2.72

10.51

South Tyne

61

1.00

11532.84

1115.08

2218.23

2.91

11.61

Black Burn

7

2.40

63939.07

10711.80

23596.84

2.00

5.07

Tees

24

0.49

17683.40

1424.00

3703.38

3.79

16.93

Combined

141

0.30

63939.07

3095.38

8430.92

4.80

29.34

area
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Figure 4.22: Comparison of average spatial density of mines and average total ore output from
individual mines during the period (1700-1948).

4.3.3

Potential limitations of the temporal record of mine ore outputs

The documentary research highlighted a number of other recorded mine outputs
that may also relate to locations within the study catchments, suggesting that the
total ore production could have actually been considerably higher. Output from
unnamed mine locations is present in two main entries between 1845-1848 and
1883-1902, when the published government mineral statistics record significant
output totalling 83246 tonnes from entries listed as coming from the London Lead
Company (Burt et al., 1982; Burt et al., 1983a) (Figure 4.14). This recording of
output by mine company rather than individual named mine site is atypical for the
government mineral statistics but can probably be explained by the dates involved.
The collation of official annual mine returns by the Mining Record Office began in
1845 but there were difficulties in obtaining comprehensive figures for the first few
years of the initiative (Burt and Waite, 1983). The recording of generalised lead ore
output assigned to the London Lead Company (LLC) for the period 1845-1848 is
therefore likely to relate to problems associated with this developmental phase.
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The reasoning behind the second period of grouped returns (1883-1902) could
relate to a number of possible factors. In 1882 the LLC abandoned its mining leases
on Alston Moor due to falling profits and shifted focus to Teesdale, with the declining
company finally closing in 1905 (Raistrick, 1977). The aggregated LLC returns for
this period may therefore reflect the upheaval caused by this change in geographical
focus and steady decline in operations. However, 1882 was also the year in which
Robert Hunt, the leading architect of the government mineral statistics, retired and
the publication of mine outputs went through several new forms and revisions
through until its cessation in 1913 (Burt and Waite, 1983).
Alongside the grouped LLC records there are smaller amounts of ore production
recorded under other headings that may also potentially relate to the study
catchments. A total of 367 tonnes is recorded as coming from ‘Alston Moor’ between
1876 and 1880, although there is no further information to help clarify which mines
this production relates to. There is also a record of 0.30 tonnes of lead being
retrieved from the River Nent in 1853 and 4 tonnes from the River Tyne between
1865 and 1868. Although it is unclear exactly which river reaches this ore was
retrieved from, these returns do provide an interesting insight into the linkages
between mining activities and the main river systems. The comparatively large
amount of ore in question, particularly for the River Tyne, suggests that high levels
of ore-rich material was still reaching the main rivers during the mid-19th century,
most likely due to relatively inefficient upstream extraction and processing activities.
The second conclusion that can be drawn is that, since this output has been
reported in the official government mineral statistics, it may be indicating the
organised retrieval of lead ore from river sediments by mining companies, rather
than piecemeal recovery by individuals. This practice could have provided a useful
and relatively easily obtainable additional supplement to overall annual yields,
particularly when there was a surplus of workers due to weather conditions
temporarily halting surface dressing activities.
If production from these unspecified locations is taken into account then the total
recorded output is 5270701 tonnes. However, this output does not necessarily relate
to the actual study area in question, with the LLC records and the record from the
River Tees potentially originating from sites further down Teesdale, and the Alston
Moor record possibly including areas downstream of Alston. The only additional
record that can be securely attributed to the study area is that for the River Nent
(0.30 tonnes), which was added to the total output for that catchment area.
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4.4 Spatiotemporal variability in individual mine outputs
4.4.1

Total variability in individual mine outputs, 1700-1948

The catchment-scale assessment outlined above is useful in understanding overall
variation in mining intensities and characteristics between different river catchments.
However, the histograms of total output from individual mines indicate that there
were certain mines within the study catchments that were producing far more ore
than others (Figure 4.21). Although output is not necessarily a direct indicator of the
scale of resulting landscape impact, the mines that were extracting greater volumes
of ore and operating over longer timescales would typically be causing more
disturbance and generating more waste sediments. Quantifying the spatial and
temporal variability of activity at the scale of the individual mine site is therefore a
crucial additional stage in identifying the key waste sediment source locations and
release periods.
The importance of relating individual mine outputs to their spatial location can be
seen in Figures 4.23 and 4.24. The kernel density map that has been weighted by
total mine output shows a strikingly different distribution to that obtained from using
all named mine locations without any density weighting (Figure 4.23). This indicates
that although the spatial density of named mines may be high in many locations
throughout the study area, the main high producing mines are largely restricted to
the upper and middle reaches of the Nent, the lower reaches of Black Burn and the
lower reaches of the Tees.
When the data are viewed as individually scaled markers representing each mine
location (Figure 4.24), it is clear that the very high density of ore output in the upper
and middle Nent comes from a large number of active mines. In contrast the high
density values in the lower Black Burn and lower Tees catchments derive from
output from very high producing single mines (Rotherhope Fell and Green Hurth
mines respectively). Additional concentrations of moderately high producing mines
are also located on the eastern slopes of the middle South Tyne valley, the lower
Nent around Blagill, the watershed between Black Burn and the Tees, and to a
lesser degree along the valley of the upper South Tyne and around the confluence
of the Tees and Trout Beck.
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Figure 4.23: Density rasters based on the spatial location of all named mine sites within the study catchments (left) and incorporating the total ore output from
each mine as a population density weighting field (right).
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Figure 4.24: Spatial variation in total ore output from individual mines (1700-1948), displayed as proportional point symbols.
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4.4.2

Sub-catchment spatiotemporal variability in individual mine outputs

The mine output records vary considerably in their availability and coverage, with
annual documentation between 1845 and 1913 but with recording on a much more
intermittent basis both before and after these dates (see Section 3.3). Therefore the
following detailed analysis of spatiotemporal variability in ore outputs from individual
mines is based on the aggregation of records into 25 year intervals between 1700
and 1948. This interval length was selected to at least partially account for the
inconsistent availability of annual records, particularly during the 18th century, whilst
still providing a relatively high temporal resolution of analysis. Total study area
variation is displayed in Figure 4.25, with individual catchment area data shown in
Figures 4.26 – 4.29. The numbered mine locations displayed in the catchment scale
data refer to the named mines shown earlier in Figures 4.09 – 4.12

4.4.2.1 1700-1724
There is only one example of documented ore output within the entire study area
during the period 1700-1724, with Clargill Head Mine in the upper South Tyne
catchment recording 24 tonnes of lead ore production in 1724 (Figure 4.27).

4.4.2.2 1725-1749
Production at Clargill Head Mine had increased to 94 tonnes by 1737. Small-scale
output (<15 tonnes) was also recorded at Calvert Mine in the upper South Tyne
(Figure 4.27) and from Nenthead Fields Mine, Nentsberry Haggs Mine and shaft
workings at Greengill, all located within the middle Nent catchment (Figure 4.26).

4.4.2.3 1750-1774
Output increased noticeably within the Nent and South Tyne catchments during the
period 1750-1774, although with no corresponding output recorded in either the
Black Burn or Tees catchments. In the middle South Tyne catchment Browngill Mine
saw the extraction of 304 tonnes of ore in 1768 and Tynebottom Mine recorded 550
tonnes of ore between 1771 and 1774 (Figure 4.27). The majority of output occurred
within the Nent, however, with particularly high concentrations in the upper part of
the catchment (Figure 4.26). Brownley Hill Mine, Cow Hill and Middlecleugh Mine all
produced over 1000 tonnes of ore within this period.
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4.4.2.4 1775-1799
The period 1775-1799 saw the first recorded output from named mines within the
Black Burn and Tees catchments, although the amount of production was still low
(Figures 4.28 and 4.29). The most significant outputs from the South Tyne were
from the middle catchment with continued output of 3440 tonnes from Tynebottom
Mine and 2170 tonnes from Crag Green’s Sun Vein Level (Figure 4.27). In the upper
Nent catchment, Rampgill Mine and Carrs and Hanging Shaw Mine both recorded
over 2000 tonnes, while Brownley Hill Mine recorded 4845 tonnes between 1775
and 1778 (Figure 4.26). Other significant output came from Lough Vein (2032
tonnes) and Thorngill East End (832 tonnes) further west.

4.4.2.5 1800-1824
Production within the study area increased considerably in the period 1800-1824,
with growing output from the Black Burn and Tees mines now supplementing the
increasing concentrations within the South Tyne and Nent catchments. Output is
again dominated by the Nent mines, in particular Hudgill Burn Mine (24464 tonnes)
and Grassfield Mine (10259 tonnes) in the middle catchment. Additional clusters of
moderate output occur in the upper catchment around Nenthead, as well as in the
lower catchment around Thorngill (Figure 4.26).
The distribution within the South Tyne is marked by a line of fairly low producing
mines following the course of the main river between its source and the middle
catchment near Garrigill (Figure 4.27). A cluster of higher output mines is then
located extending north onto Middle Fell and towards the watershed with the Nent.
Significant mines in this catchment again include Tyne Bottom Mine (3440 tonnes)
and Crag Green’s Sun Vein Level (3548 tonnes), as well as Flow Edge Mine (5488
tonnes) and Holyfield Mine (2511 tonnes) further to the north.
Crossfell Mine in the headwaters of the Black Burn catchment produced 4369
tonnes between 1806 and 1815, while the nearby Long Katelock Mine produced
5855 tonnes between 1807 and 1820 (Figure 4.28). This period also saw output of
1236 tonnes from Slaty Sike Mine, located immediately over the watershed near the
headwaters of the upper Tees (Figure 4.29). Elsewhere in the Tees catchment only
Teesside (421 tonnes) and Nether Hearth Mine (300 tonnes) recorded production of
any significance, located around the confluence of the River Tees and Trout Beck.
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4.4.2.6 1825-1849
The distribution of mine outputs during the period 1825-1849 was very similar to that
of the preceding interval, with the Nent dominating output with a large number of
high producing mines (Figure 4.26). Hudgill Burn Mine (24806 tonnes), Gallygill
Syke Mine (4854 tonnes) and Grassfield Mine (2370 tonnes) form the core of a
cluster of high output mines within the middle catchment. In the upper catchment a
group of 12 mines with recorded output are centred on Nenthead, with notable
production from Rampgill (1626 tonnes) and Longcleugh (3951 tonnes) in particular.
Output in the lower catchment is again centred on Thorngill and Blagill.
Productive mines within the South Tyne again largely follow the course of the main
river as far as the middle catchment (Figure 4.27). Tyne Bottom and Holyfield
continue as the highest producing mines in the catchment, with 3302 and 5613
tonnes respectively. A cluster of newly productive mines along the tributary stream
of Garrigill Burn also forms during this period, including Whitesike and Bentyfield.
Production within the Black Burn catchment is dominated by the first recorded
outputs from Rotherhope Fell Mine (Figure 4.28). This mine is located in the lower
reaches of the catchment and recorded 12333 tonnes between 1827 and 1849, the
second highest total output for any mine within the study area for this period. In
contrast, there were eight mines with recorded output in the Tees catchment,
distributed towards the summit of Cross Fell to the northwest and around the
confluence of the River Tees and Trout Beck (Figure 4.29). However, only Slaty
Sike Mine (2166 tonnes), Teesside Mine (751 tonnes) and Nether Hearth Mine (338
tonnes) had ore output above 200 tonnes.

4.4.2.7 1850-1874
The period between 1850 and 1874 saw both the highest total combined study area
ore output (136092 tonnes) and the highest frequency of operating mines with
recorded production values (n=100). The majority of high producing mines are again
within the Nent, especially in the upper catchment (Figure 4.26). Longcleugh (22993
tonnes), Smallcleugh (4515 tonnes) and Middlecleugh (4839 tonnes) mines were all
producing significant quantities of ore upstream of Nenthead, while Caplecleugh
(4605 tonnes), Rampgill (8160 tonnes) and Carrs and Hanging Shaw (9355 tonnes)
mines formed a similar cluster of high producing mines immediately downstream.
Production in the middle Nent catchment was dominated by output from Brownley
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Hill Mine (12894 tonnes), although with numerous small to moderate sized mines
also operating in the area.
The distribution of productive mines within the South Tyne area shows the overall
pattern that is fairly typical for this catchment, with a high number of mines (n=50)
but with very few of these mines producing large amounts of ore (Figure 4.27). A
cluster of mines producing over 4000 tonnes are located along Garrigill Burn in the
middle catchment, including Browngill (4764 tonnes) and the Bentyfield Mine levels
(4353 tonnes). Other mines of note include Dowke Burn (3775 tonnes) in the upper
catchment and Ashgill Fields (1160 tonnes) and Guttergill (1054 tonnes) in the
middle catchment.
The Black Burn catchment contains only five mines with recorded production during
this period, although only one of these has output above 400 tonnes (Figure 4.28).
Rotherhope Fell Mine in the lower catchment recorded 25145 tonnes between 1850
and 1874, the highest output of any single mine in the entire study area. Recorded
production from the Tees catchment came from 15 mines, with notable clusters
again around the headwaters of the main river and in the middle catchment around
the confluence with Trout Beck (Figure 4.29). The highest producing mine was
Green Hurth Mine (1958 tonnes) in the lower catchment. The concentration of mines
in the upper catchment was again along the ridge separating the Tees and Black
Burn catchments.

4.4.2.8 1875-1899
The data for 1875-1899 clearly demonstrates the declining significance of the lead
mining industry from this period onwards, with only 43 mines recording production
and their total output being less than from any other period in the 19th century.
Output within the Nent catchment is again focused in the upper catchment around
Nenthead, although changes in the recording practices partway through this period
mean that the exact pattern of output is difficult to reconstruct (Figure 4.26).
Although this adds some uncertainty to the exact source of specific extraction
activities, the Nenthead area clearly still remained the core of a number of high
producing mines. Elsewhere in the Nent catchment there was moderate output from
a number of mines in the middle catchment, especially Guddamgill (1799 tonnes)
and Brownley Hill (1560 tonnes), as well as small scale production in the lower
catchment.
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Although the South Tyne catchment contains 16 mines with recorded output for this
period, the returns again suggest that the majority were low producing operations
(Figure 4.27). The main exception is the concentration of mines along Garrigill Burn,
including Browngill Mine (1491 tonnes), Bentyfield Mine (439 tonnes), and Garrigill
Old Groves Cross Vein (286 tonnes).
Only two mines are recorded as still producing ore during this period in the Black
Burn catchment; Rotherhope Fell Mine in the lower catchment (3939 tonnes) and
Cashwell Mine in the upper catchment (3124 tonnes) (Figure 4.28). A similar decline
is visible in the upper Tees catchment, with only seven mines now recorded as
producing ore output and most of this being well below 1000 tonnes (Figure 4.29).
The one mine in the Tees catchment that was producing high levels of ore during
this period was Green Hurth Mine in the lower catchment (15786 tonnes).

4.4.2.9 1900-1924
The decline in mining operations deepened dramatically in the early decades of the
20th century, with only six entries recording output between 1900 and 1924.
However, the combined recording of output from the Nenthead area as a single
entry may hide the actual number of operational mines. Output from the aggregated
‘Nenthead Mines’ totalled 6628 tonnes within this period, with additional significant
output within this catchment coming from Nentsbury Mine (3952 tonnes) further
downstream (Figure 4.26). In comparison, only Crossgill Head Mine in the South
Tyne catchment had any documented output during this period (8 tonnes) (Figure
4.27).
The two mines recorded as productive in the late 19th century within the Black Burn
catchment continued to document output into the 20th century (Figure 4.28). The
Vielle Montagne Company took over the lease for Rotherhope Fell Mine in 1900 and
output here increased significantly as a result (Fairbairn, 1993), with a total recorded
output of 10568 tonnes between 1900 and 1924. Cashwell Mine in the upper Black
Burn catchment experienced declining output but still recorded 569 tonnes during
the same period. In the Tees catchment, Green Hurth was the only mine to record
any output during this period, with just 224 tonnes of ore output (Figure 4.29).
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4.4.2.10 1925-1948
Between 1925 and 1948 only two mines were recorded as operating within the
entire study area. In the Nent catchment, Nentsbury Mine recorded 31682 tonnes of
ore output between 1925 and 1938, representing the highest total output from any
single mine for any of the 25 year periods (Figure 4.26). Rotherhope Fell Mine in the
lower Black Burn catchment also continued to produce high levels of ore during the
same period, with a total output of 12980 tonnes prior to the closure of the mine in
1948 (Figure 4.28).
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Figure 4.25: Total study area lead ore output by individual mine location for 25 year intervals between 1700 and 1948.
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Figure 4.26: Nent catchment lead ore output by individual mine location for 25 year intervals between 1700 and 1948. The numbered mine locations refer to the named mines shown on Figure 4.09.
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Figure 4.27: South Tyne catchment lead ore output by individual mine location for 25 year intervals between 1700 and 1948. The numbered mine locations refer to the named mines shown on Figure 4.10.
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Figure 4.28: Black Burn catchment lead ore output by individual mine location for 25 year intervals between 1700 and 1948. The numbered mine locations refer to the named mines shown on Figure 4.11.
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Figure 4.29: Upper Tees catchment lead ore output by individual mine location for 25 year intervals between 1700 and 1948. The numbered mine locations refer to the named mines shown on Figure 4.12.
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4.5 Chapter summary
The nature and intensity of lead mining operations within this area of the North
Pennines has varied considerably through both space and time, with marked
differences between the four study catchments. These results are of significance
because they provide valuable insights into the intensity of historical landscape
disturbance and sediment production. Notable concentrations of mapped lead
mining features were identified towards the northeast and east of the study area,
especially within the upper reaches of the Nent and eastern portion of the South
Tyne catchments. Densities were typically lower within the Black Burn and Tees
catchments but with groupings around the headwaters of the two catchments and in
the middle Tees close to the confluence with Trout Beck. The percentage of the
catchment area impacted by mining was much greater in the Nent (4%) than in any
of the other catchments (≤1%) or the study area as a whole (1.5%).
The nature and extent of mining-related disturbance was explored further through
the classification of the mapped mining features into five broad classes (extractive,
infrastructure, processing, smelting and waste). The geomorphic impacts of these
different classes varies considerably (Table 4.1), with the extractive, processing and
waste generally being the most significant in terms of localised landscape
disturbance. Within the overall study area features within the waste class covered
the largest spatial area, followed by extractive and then processing features, with
this pattern also being broadly observed within each individual catchment area.
A total of 465 individually named mine workings were identified within the overall
study area, with 156 (34%) of these within the South Tyne catchment, 128 (28%) in
the Nent, 101 (22%) in the Tees and 80 (17%) in the Black Burn catchment.
However, when the spatial extent of each catchment is considered it is again clear
that the Nent was the most intensively mined area, with 4.36 named mines per km2,
compared to 2.19 per km2 for the Tees, 2.17 per km2 for the South Tyne and 1.62
per km2 for Black Burn.
Documentary research into the named mines within the study area (Table 3.5)
identified recorded lead ore output values for only 30% of the individually named
workings. This is likely to be due to a combination of factors, including that certain
mines relate to unproductive trials, that individual mine records were aggregated
with other named mine locations or that the documentary evidence of ore production
has not survived to the present day. The consequence of this is that the ore output
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records collated for this project almost certainly represent a very conservative
estimate of total production, especially for the period prior to 1845 when statutory
government recording of mineral statistics was introduced. The data that are
available recorded a total output from all named mines of 443454 tonnes between
1700 and 1948, representing an average of over 1788 tonnes of lead ore per year.
Temporal variation in ore output from the study area mines shows numerous
fluctuations in production during the period 1700-1948, reflecting a combination of
factors including variability in mine productivity, the national and international
context of the lead industry and the differential survival of primary records. A marked
increase in production is visible from the second half of the 18th century onwards,
probably due to both the burgeoning of the industry and the increased survival of
documentary records after this time. Clear peaks in production are found in c.1820,
1845-55 and 1930, with the study area mines producing a combined total of over
8500 tonnes in a single year at their zenith in 1849. Comparison with the available
data for the entire UK (Table 3.5) shows that, despite representing production from a
relatively small area, the mines within the study catchments accounted for an
average of 5.90% of the entire UK output between 1845 and1913 (Figure 4.16).
Temporal variation in study area output largely followed the broader national
context, with a steady decline in the lead industry throughout the later 19th century
followed by a brief revival in c.1922-1939. This decline demonstrates that the
ultimate fate of the North Pennines mines was inextricably linked to both internal
factors, such as the exhaustion of readily accessible high quality ore bodies, and
broader national and international influences, such as competition from newly
emerging foreign markets.
Spatial variability in mine outputs also shows a number of interesting patterns, with
the Nent having the highest production but from the smallest catchment area and
therefore again demonstrating the greatest intensity of impact. There were clear
concentrations of high producing areas in the middle and upper Nent, in the middle
reaches of the South Tyne, along the watershed between the Black Burn and Tees
catchments, and in the lower Black Burn catchment. Although in general the study
area contained a high number of small, low producing mines and a much smaller
number of very high producing mines, there was also some variation in this pattern.
For example, the Nent had a high proportion of medium and high producing mines,
whilst the South Tyne has a much higher number of low producing mines. Linking
this spatial variation in mining to the temporal output data allows changes in
production through time to be linked to precise locations within the landscape. An
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example of this is that the peak in output identified in the 1920s-30s can be almost
exclusively linked to production from just Rotherhope Fell and Nentsbury mines.
There are undoubtedly some limitations with the data and methods used in this
reconstruction of spatiotemporal variation in lead mining. Problems with the mapping
data include the limited coverage of the NMP data for the Tees and Black Burn
catchments and that the mapped features are generally only loosely datable based
on their morphology and relative stratigraphy. Significant issues also exist with the
reconstruction of ore outputs through time, with a definite bias towards detailed
recording practices from the mid-19th century onwards. This variability in recording
methods and document survival rates means that output from earlier periods has
undoubtedly been underestimated. However, despite these limitations, the work has
developed a much more detailed understanding of variation in mining operations,
which is of considerable value for research into the lead industry within this area and
as a basis from which to estimate potential landscape impacts.
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Chapter 5.

Mining-age sediment release and

coupling with upland river systems
5.1 Introduction
Waste sediments are generated and mobilised at various stages during the overall
mining process (Figure 1.2). Primary waste generation occurs during the initial
mining of the ore material, whether through opencast surface workings or
subterranean extraction via shafts or level portals. Secondary waste is created
through the processing of the extracted material to separate the valuable ore from
the uneconomic country rock, a stage typically referred to as ore dressing or
washing. Tertiary waste is then also produced during the smelting of the ore to
isolate the saleable metal from associated impurities. The reconstruction of
spatiotemporal variation in ore outputs outlined in Chapter 4 provides a detailed
record of the changing lead mining industry but not a direct measure of associated
waste sediment release to the wider landscape. Methods for translating the
historical and archaeological evidence for lead mining into estimated waste
sediment yields consequently need to be developed. This chapter outlines the
results of the analyses aimed at estimating variation in the magnitude of mine waste
production (Section 5.2), waste storage (Section 5.3) and the significance of
potential geomorphic coupling linkages between the mines and the main river
channels (Section 5.4).
The use of the ore output records from Chapter 4 for estimating associated mine
waste sediment volumes are first outlined (Section 5.2.1), including the analysis of
digitised mine plans and records from selected Weardale mines which include both
the linear distance mined and corresponding total ore outputs. Waste sediment
volumes generated through hushing, a large-scale surface hydraulic mining
technique, are then quantified through the analysis of high resolution DEMs derived
from airborne lidar data (Section 5.2.2). The scale of additional waste sediment
generation during ore smelting procedures is also estimated using the ratio between
documented lead ore (galena) and lead metal records (Section 5.2.3).
In mining landscapes, spoil heaps essentially act as anthropogenic sediment
storage landforms, at least temporarily removing mine waste from the active
sediment transport system. The volume of mine waste still stored within spoil heaps
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in the present landscape has therefore been estimated using additional digital
terrain analysis of lidar DEMs (Section 5.3). The wider potential for mine waste
sediments to be transported from the mine site to the main river systems has then
been assessed through the use of a simple sediment connectivity model (Section
5.4). This approach allows the significance of the key sediment source locations, in
the form of the mine sites themselves, to be assessed in terms of their likely
coupling with the river channels. Finally, the potential limitations of the various
approaches employed within this chapter are considered in Section 5.5 before the
overall chapter is summarised in Section 5.6.

5.2 Quantifying waste sediment outputs associated with mining
5.2.1

Constructing ore to waste sediment conversion factors

Quantifying the amount of waste sediment generated during the initial extraction and
dressing phases of mining is complicated by a range of factors, most notably
variability in the productivity of individual mineral veins and the efficiency of the
mining techniques involved. Nevertheless, generalised estimates of the ratio of ore
to waste sediment can be constructed based on knowledge of the average grade of
the local ore bodies. The average grade across the entire North Pennine Orefield is
approximately 10% galena to 90% waste host rock (Palumbo-Roe and Colman,
2010). This means that the waste generated from the total North Pennine lead
production of c.4 million tonnes could have been as much as c.36 Mt, although the
actual waste output was probably considerably lower due to selective mining and
subterranean waste storage. However, this ratio represents a general rule-of-thumb
conversion based on a ‘typical’ ore body within the North Pennines context.
Attempts to construct more precise estimates of ore to waste ratios are hindered by
a lack of available data. The bargaining system of payments that predominated in
the North Pennines meant that miners working mineral veins were typically paid at a
set rate per weight of ore extracted during a specified length of time or number of
fathoms excavated (Hunt, 1970). Since miners employed in dead work, such as the
driving of new levels in search of a mineral vein or the construction of drainage
tunnels, were not expected to be extracting large volumes of ore, they were instead
paid at a fixed rate per fathom mined (Harvey and Downs-Rose, 1987). Despite both
of these arrangements indicating that the linear distance excavated by the miners
must have originally been recorded by the mine lease holders, overall data relating
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to total mined distances are rarely documented, at least partially due to the
frequency in which the details of the bargains changed.
In order to allow for periodic adjustments due to changes in vein productivity, the
terms of the bargains between the mine lease holders and the partnerships of
miners were renegotiated at regular intervals. This prevented the miners from
obtaining high payments for relatively little work when they encountered especially
rich mineral veins, but conversely rewarded their effort in times of low productivity or
for conducting unproductive dead work. Isolated examples of bargain books
covering short periods of activity at certain mines do survive but not consistently
enough to be of direct value for quantitative analysis. Similarly, the formal system of
mine reporting instituted by the government between 1845 and 1913 focused
predominantly on the recording of lead ore outputs rather than excavated distance
or total volume.
The exception to this is a group of 37 mines in Weardale for which both overall ore
production and total mined development distance in fathoms are recorded (Dunham,
1944). These mines were all operating within the period 1818-1876 but represent a
wide range of production sizes, from Cammock Isle Mine with an ore output of just
48 tonnes to Burtree Pasture Mine with a total output of 147396 tonnes (Table 5.1).
Recorded linear distances excavated within these mines also varied considerably,
from just 35 fathoms (64 m) for Thorney Brow Mine up to 20709 fathoms (37873 m)
for Burtree Pasture Mine. Together, these Weardale mines had a mean ore output
value of 10666 tonnes and mean development distance of 2822 fathoms (5161 m).
No similar records documenting total linear distance excavated alongside the ore
output were identified for mines within the study catchments. However, a series of
detailed mine plans do survive, recording the location and extent of subterranean
levels. Once digitised and scaled appropriately, these plans allowed the linear
development distances for a further nine mines to be calculated, including five mines
in the Nent catchment and four in the South Tyne. The mines covered by these
plans varied in their scale of production from Browngill (Thortergill) Mine with a total
output of just 383 tonnes and a mapped development distance of 861 fathoms (1574
m), up to the plan jointly covering Grassfield and Greengill Mines with a combined
output of 6860 tonnes and development distance of 6752 fathoms (12347 m). The
study area mines had a mean ore output value of 7952 tonnes and mean
development distance of 3540 fathoms (6475 m).
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Table 5.1: Ore output and linear distance excavated for selected Weardale and study area mines

Mine
Weardale mines
Killhope
Cowhaust
Wellhope
Puddingthorn
Guinea Groove
Claypath and Greenfield
Scraithead
Lodgegill
Langtaehead
Ashgillhead
Deepcleugh
Broadsike
Lodgesike
Groovehead / Craig's Level
Ireshopeburn
Breconsike
Burtree Pasture
Sedling
Blackdene and Elmford
Levelgate
Earncleugh
Middlehope
Slitt
Siders
Cammock Isle
Westernhope
Swinhope
Greenlaws
Groverake
Wolfcleugh
Boltsburn
Thorney Brow
Stanhopeburn/ West Pasture
Crawley
Yew Tree
Harehope Gill
Pikestone
Study area mines
Bentyfield
Blagill
Browngill (Thortergill)
Cowperdyke Head
Dowgang
Galligill Syke
Grassfield & Greengill
Holyfield
Nentsberry

Source

Active
years

Lead ore
(tonnes)

Distance
mined (m)

Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)
Dunham (1944)

1818-1876
1847-1876
1825-1876
1831-1860
1818-1857
1823-1859
1818-1847
1843-1871
1818-1860
1840-1854
1832-1865
1834-1856
1838-1871
1827-1876
1818-1872
1836-1876
1818-1876
1818-1876
1818-1875
1818-1866
1818-1827
1818-1864
1818-1876
1818-1837
1847-1871
1818-1861
1821-1861
1818-1876
1828-1876
1818-1847
1818-1876
1836-1842
1868-1876
1818-1846
1820-1825
1818-1845
1818-1859

25704.03
2513.71
491.77
159.52
3136.55
706.15
7828.67
11487.46
2034.13
1684.61
897.17
690.91
1556.59
5449.08
2261.73
5923.57
147396.34
10569.97
27007.63
15867.65
113.80
16085.09
41349.17
225.56
47.75
3196.49
331.23
23508.35
4718.54
330.22
24106.80
261.12
1911.19
3631.36
77.22
752.89
613.69

11629.34
4877.41
1720.90
210.31
2627.99
2024.48
3646.63
5056.63
1175.92
310.90
2573.12
254.20
1152.14
6389.83
3273.55
2776.12
37872.62
3626.51
12611.40
7531.00
1104.60
7659.01
12468.76
894.28
5021.88
5883.25
896.11
17715.59
6671.46
2106.78
13101.52
64.01
2101.29
2006.19
267.00
643.74
1007.67

Mine plan (1860)
Mine plan (n.d.)
Mine plan (1827)
Mine plan (1863)
Mine plan (1877)
Mine plan (1863)
Mine plan (1863)
Mine plan (1828)
Mine plan (1942)

c.1830-1886
c.1820-1885
c.1768-1882
c.1848-1873
c.1859-1889
c.1819-1902
c.1737-1877
c.1793-1881
c.1737-1938

2367.60
1612.17
383.25
848.40
2796.50
8025.47
13412.27
5862.98
36255.51

4214.60
9120.79
1574.15
2968.32
12257.86
2772.48
12347.25
4123.97
8891.08
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Comparison of the amount of lead ore obtained per linear metre excavated between
the Weardale and study area mines does show a similar pattern, albeit based on a
relatively small data set (Figure 5.1). The histograms for both data sets show that
the majority of mines were producing less than 2.25 tonnes of lead ore per linear
metre excavated. Within the Weardale mines there are two clear peaks present
within these lower output mines, including one for mines producing less than 0.75
tonnes of lead ore per metre excavated and a second between 2 and 2.25 tonnes.
Only Ashgillhead Mine in Weardale produced an average greater than 5 tonnes of
lead ore per metre excavated. The median ore output per metre excavated for the
study area mines was 0.55 tonnes, compared to 1.19 tonnes for the Weardale
mines and 1.12 tonnes for the combined data.

Figure 5.1: Histograms of lead ore output per metre of mined development distance, for
selected mines within the study area (left) and Weardale (right)

The combination of lead ore outputs and mined distances allows the total volume of
excavated material to be estimated based on the standard dimensions of a mine
tunnel in the North Pennines. Dunham (1944) states that a typical lead mine
development fathom would range between 6 ft by 6 ft by 3 ft (3.06 m3) and 6 ft by 6
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ft by 4 ft (4.08 m3). These values therefore provide an upper and lower range for
calculating the total volume of a mine tunnel, which can subsequently be adjusted
using the standard bulk densities for rock (2.65 t/m3) and Pb (11.36 t/m3) to obtain
the total estimated excavated rock mass (see Section 3.4.1).
The results of this conversion for the Weardale mines provide total rock waste
outputs that range between 224 and 133991 tonnes for the lower average tunnel
dimensions (3.06 m3) and 318 to 189935 tonnes for the upper average tunnel
dimensions (4.08 m3). This equates to a mean total waste rock mass of either 20422
or 28045 tonnes for the Weardale mines, depending on which tunnel dimensions are
applied. In comparison, the study area mines range between 6888 and 53678 for
the lower average tunnel dimensions and 9213 to 71785 for the upper average
tunnel dimensions. The mean total waste rock mass values for the study area mines
are 26866 and 36430 tonnes, again depending on the size of the mine levels.
By using the average of these two tunnel dimensions, the estimated ratio of ore to
waste rock can be calculated and compared to the generalised ratio suggesting that
lead ore values in the North Pennines represent approximately 10% of the total
excavated mass of material (Palumbo-Roe and Colman, 2010). When all of the 46
mines are included in the analysis, 16 mines (35%) recorded lead ore output as 10%
or less of their total mass, based on an average of the percentages for the low and
high tunnel dimensions (Figure 5.2). This compares to 28 mines (61%) recording
lead ore output as 25% and 45 mines (98%) as 50% or less of their total excavated
mass of material.
The data also indicate considerable variability in the estimated percentage
relationship of lead ore to waste rock, presumably mainly due to differences in vein
productivity. For example, 16 mines recorded total lead ore outputs of less than
1000 tonnes but their corresponding values of ore as a percentage of total
excavated mass vary between 0.2% and 48.7%. Some mines also record much
higher percentages of lead ore than would typically be expected, suggesting either
the presence of easily accessible and extremely productive ore bodies or that the
entire length of mined ground has been underestimated. Examples of this would be
Burtree Pasture, Nentsberry and Thorney Brow mines which all record lead ore
percentages of over 47% relative to total excavated mass and Ashgillhead Mine
which has an estimated average ore percentage of 53%.
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Figure 5.2: Comparison of lead ore output values and corresponding estimated percentages of
total mined rock mass, based on the sample mines from Weardale and the study area. The
range for each data point represents the difference in total mass based on whether the upper
3
3
(4.08 m ) or lower (3.06 m ) average tunnel dimension values are applied.

Despite the variability apparent in the data, the form of the graph in Figure 5.2 does
suggest that as the lead ore output from a mine increases there is a tendency for the
estimated percentage of the overall mined volume that the ore represents to also
increase. This pattern is possibly due to the mines with low output often being
speculative operations in search of new mineral veins. In many cases such
speculative mines could be worked for long distances with little or no significant
reward. The mines with high output percentage values may instead represent
examples where the productive ground was reached quickly, either because the
location of the vein was already suspected due to its presence in adjacent workings
or simply as a result of good fortune. In these cases the workings could be targeted
more precisely, resulting in lower overall development distances for relatively high
ore outputs.
For the total excavated extent of a lead mine to be of value for estimating waste
sediment mass there obviously has to be a relationship between the documented
ore outputs and their corresponding waste rock mass values. When these variables
are plotted against one another using the data from the 46 mines for which total
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excavated masses have been calculated, the result is a fairly strong positive
relationship (R2 = 0.73) (Figure 5.3). The value of this relationship is that when the
regression equation is applied to ore outputs from all other mines within the study
catchments it can be used to estimate their potential waste rock outputs.

Figure 5.3: Relationship between lead ore output and total average estimated rock waste for the
2
46 sample mine sites. The regression equation indicates a fairly strong positive relationship (R
= 0.73), allowing the estimation of waste for the other unsampled study area mines.

When this regression equation is applied to all of the mines within the study
catchments the estimated total mine waste output is 2558325 tonnes, equivalent to
a total mined development amount of 3001779 tonnes. In terms of overall
percentages, this means that the recorded lead ore output represents 15% of the
estimated total excavated mass, with the mine waste therefore equalling 85%.
Although slightly different from the 10% ore to 90% waste figures proposed by
Palumbo-Roe and Colman (2010) for the entire North Pennine Orefield, these
values appear to indicate a similar scale of ratio.
The estimated waste rock outputs calculated for the individual study catchments
using the regression equation shown in Figure 5.3 do, however, demonstrate a
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considerable amount of internal variability. The Nent catchment again dominates
with an estimated total waste output of 1009757 tonnes (Figure 5.4, Table 5.2). The
South Tyne catchment has the second highest total waste output (971291 tonnes),
followed by the upper Tees (425188 tonnes) and Black Burn (262999 tonnes). This
ranking is noticeably different from the original ore output values for each of the
catchments, which had the Nent as the highest producing area (263432 tonnes),
followed by Black Burn (76186 tonnes), South Tyne (69112 tonnes) and upper Tees
(34724 tonnes). Interestingly, this indicates that despite having the second highest
recorded ore output the Black Burn area has the lowest estimated waste sediment
impact. Conversely, the South Tyne had the second lowest ore output but second
highest estimated waste sediment impact. This is reflected in the estimates of ore
output as a percentage of total mined amount, with Black Burn having the highest
ore to waste ratio (29%), followed by the Nent (21%), upper Tees (8%) and South
Tyne (7%) (Table 5.2).
The reason for this pattern is that the number of mines operating within these
catchments is different. Although the overall ore production from the Nent was
significantly higher than that for the South Tyne, the number of mines operating was
lower, with 128 mines in the Nent catchment compared to 156 mines in the South
Tyne. This again suggests that the mines in the Nent were generally more
productive than those in the South Tyne, as discussed in Chapter 4. A similar
situation occurs for the Black Burn and Tees catchments, with the Black Burn mines
(n = 80) having more than twice the ore output of the Tees mines (n = 101) but from
a lower number of named mine sites.
The significance of this for the estimation of waste outputs is that the data for the
mines with recorded development distances suggests that mines with higher ore
output typically have proportionally lower waste output. The constant intercept value
of 14672 in the regression equation in Figure 5.3 means that even mines producing
very little lead ore will have considerable volumes of estimated waste. This situation
reflects the fact that miners would typically have to excavate a substantial volume of
rock before a mineral vein was even encountered, meaning that even relatively
barren mines would generate significant yields of waste. Therefore based on the
available data, the fewer but more productive mines in the Black Burn catchment
actually record a lower total waste volume than the more numerous but less
productive mines in either the South Tyne or upper Tees.

214

Figure 5.4: Total ore outputs and estimated mine waste volumes for the study catchments,
calculated from the regression equation shown in Figure 5.3

Table 5.2: Summary table of estimated mine waste and total development volumes for
individual catchments and overall study area

Total ore
output
(tonnes)

Estimated
mine waste
(tonnes)

Estimated total
development
(tonnes)

Ore as
percentage of
total mass (%)

Nent

263432

1009757

1273189

21

South Tyne

69112

971291

1040403

7

Black Burn

76186

186813

262999

29

Upper Tees

34724

390464

425188

8

Total area

443454

2558325

3001779

15

Catchment

One of the significant consequences of this relationship is that when the estimated
waste outputs are plotted as proportional symbols for each individual mine, the
pattern becomes far more spatially diffuse than when the equivalent is done for lead
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ore outputs (Figure 5.5, cf. Figure 4.24, Chapter 4). The implication of this is that the
use of ore outputs as a direct proxy for waste sediment release is likely to represent
a significant underestimation of total waste volumes. Mines with low ore outputs
would have still extracted considerable volumes of waste rock in search of mineral
veins, meaning that waste sediment loads may have been high despite the recorded
lead output being negligible. Equally, the mines with no recorded output could still
have been producing considerable volumes of waste sediment, even though the
ground itself proved unproductive.
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Figure 5.5: Spatial variation in total estimated waste output from individual mines (1700-1948), displayed as graduated symbols
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5.2.2

Waste sediment volumes from earlier opencast mining operations

Records relating to ore production in the 18th and early 19th centuries are relatively
sparse compared with those from 1845 onwards, when statutory government
recording was introduced (Chapter 4). This situation will at least partially reflect the
significant increase in mining activity during the peak decades of the mid- to late-19th
century. However, there is undoubtedly also a bias in the availability of documentary
data from earlier periods, due to a combination of factors including a pre-1845 lack
of compulsory production recording and the patchy survival of any earlier documents
which did happen to record mine outputs. Nevertheless, analysis of the archaeology
of the area does provide an insight into the intensity of mining operations during
earlier periods, particularly in terms of surface mine workings.
The spatial distribution of surface archaeological remains relating to mining
operations has already been discussed in Section 4.2, including variation in the
density of surface features between the different study catchments. Translating this
spatial variation into quantified sediment volumes from defined time periods is
challenging for many of the mapped features, due primarily to the difficulty in
assigning firm dates to relatively undiagnostic extractive features. However, hushes
represent one category of surface feature that can be broadly dated and which are
known to have had significant impacts on the surrounding landscape.
Hushing was typically conducted for one of three purposes; prospection for new ore
deposits, exploitation of known ore deposits or reworking of wastes from
subterranean workings (Cranstone, 1992; Fairbairn, 1992). The large earthwork
hushes characteristic of the North Pennines mainly relate to the first two of these
functions, with the morphology of the hush and its relationship to mapped mineral
veins often indicating whether it was originally for prospection or extraction (Figure
5.6). The process of large-scale hushing in the area is thought to mainly date from
the late 17th century to the early 19th century, with Bainbridge (1856) stating that the
practice had largely ceased and was usually prohibited in mining leases by the
1840s. This decline was at least partly due to the damage caused to nearby land
and watercourses by the hushing process, including the creation of huge surface
gullies and the mobilisation of large quantities of waste sediment (Figure 5.7). On
Alston Moor, the last examples to be producing ore were probably Greengill and
Redgroves hushes in c.1820-30 (Fairbairn, 1992), with this date therefore providing
an approximate terminus ante quem for the mapped hushes within the study area.
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Figure 5.6: Example of mapped hushes within the upper Tees catchment. The straight, narrow
Hard Hill hushes run perpendicular to the main trend of mineral veins and were clearly
prospection hushes. In contrast, the large irregular hushes of Hunter's Vein, Swathbeck,
Henrake and Dunfell all run parallel to the mineral veins and reflect extraction hushes (aerial
photography © Getmapping, 2000).

Figure 5.7: Field photograph of Dunfell Hush in the upper Tees catchment (facing east). The
scale of impact of the hushing process on the local landscape can be clearly seen in the
foreground. Cow Green Reservoir, the lowest point in this study catchment (Figure 2.13) can be
seen at the middle top of the photograph.
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More precise dating of the hushes is rarely achievable, with only a small number of
examples mentioned in surviving lease documents. The hushes at Smittergill in the
Black Burn catchment can be linked to leases of 1803 and 1821, although these are
thought to be amongst the most recent grants permitting hushing to take place on
Alston Moor (Fairbairn, 1992). Output is recorded from the hushes at Greengill in the
Nent catchment between 1745 and 1777, with further intermittent records through
until 1839. A lease also existed for the Redgroves Hush area prior to 1736 but it is
likely that most of the actually hushing here took place between c.1790 and 1832.
Aside from these three examples, ascertaining exact working dates of other hushes
in the study area has not proved possible.
In total, 120 hushes were recorded within the study catchments through a
combination of the mapping of surface features described in Chapter 4 and
additional documentary research into the occurrence of hushing within the North
Pennines (e.g. Forster, 1883 (reprinted 1985); Hunt, 1970; Raistrick and Jennings,
1989; Hutton, 2002). Spatial variation between catchments is again apparent, with
59 hushes (49%) within the South Tyne catchment, compared with 30 for the Nent
(25%), 17 for the upper Tees (14%) and only 14 for Black Burn (12%) (Figures 5.8
and 5.9).

Figure 5.8: Frequency of hushes identified within each study catchment
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Figure 5.9: Distribution of mapped hushes within the study catchments (n=120). The outline
extent of available airborne laser scanning (ALS) data coverage is shown for reference. Labels
on the map refer to those used in the text below.

In the South Tyne catchment, noticeable densities of hushes are located along Little
Gill, a tributary of Ash Gill in the upper catchment (Figure 5.9; A), as well as on the
west facing slopes of Middle Fell and Flinty Fell (B). This second cluster of hushes
continues over the watershed into the Nent catchment, including the group of large
hushes around Greengill, Grassfield and Dowgang (C). Smaller hushes are also
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found to the east of Nenthead (D) and further downstream around Thorngill (E). The
distribution in the Tees catchment is more diffuse, although with a grouping of
hushes along the east facing slopes of the Pennine escarpment, including Dunfell,
Henrake, Swathbeck and Hunter’s Vein hushes (F) (Figure 5.6). This grouping
extends across the watershed into the Black Burn catchment, including the hushes
at Long Katelock, Cross Fell and around Bulman Hills (G). Apart from these hushes
in the upper reaches, the other main grouping within the Black Burn catchment is
limited to an area on the eastern slopes around Smittergill and Birchy Bank (H).
The morphological characteristics of the mapped hushes provide an indication of
variation in the spatial impact of this particular method of surface extraction (Figure
5.10; Tables 5.3 and 5.4). Mapped hushes within the overall study area range in
length from just 0.01 km up to 1.75 km, with a mean length of 0.30 km. Hush widths
vary from less than 0.01 km to 0.42 km and have a mean value of 0.07 km. Although
containing the highest number of hushes, the South Tyne hushes are on average
shorter and narrower than those within the Black Burn and upper Tees catchments.
The median length and width values for the Nent are similar to the other catchments
but the range of hush dimensions is noticeably higher. This is mainly due to the
presence of a number of very large hushes at Greengill, Grassfield and Dowgang,
all of which reach over 1 km in length and 200 m in width. Isolated large hushes are
present in the other catchments, such as Redgroves Hush in the South Tyne and
Dunfell Hush in the upper Tees, but not in as high a density as the Nent.
The overall slope of the mapped hushes is generally between c.6 and 10 degrees,
although with some outliers as steep as 15-20 degrees. Variations in slope angle
between catchments are likely to reflect the physical controls of the local topography
rather than deliberate planning on the part of the miners. Likewise, differences in the
mean elevations of hushes are almost certainly just the result of the overall
characteristics of the different catchments and the location of the mineral veins.
Although the median area of the mapped hushes is similar between catchments,
there are important differences with respect to the total impact this extraction
method has had on each area. The total area covered by hushes is highest within
the Nent catchment at 451388 m2, compared to only 297351 m2 for the South Tyne,
despite this catchment having almost twice as many hushes. The hushes within the
Tees catchment covered an area of 122201 m2 and those within Black Burn an area
of just 70583 m2. These results again reflect the presence of very large hushes
within the Nent in particular, with 80% (359630 m2) of the total area covered by
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these features within this catchment actually only relating to eight individual hushes
in the vicinity of Greengill, Dowgang, Grassfield and Long Cleugh. The presence of
a limited number of very large hushes can also be identified within the other
catchments. For example, the area covered by the large hush at Redgroves
represents 20% (60207 m2) of the total hush area within the South Tyne catchment,
Dunfell and Henrake hushes together comprise 44% (54112 m2) of the Tees hush
area and Crossfell North represents 21% (14813 m2) of the total hush area for the
Black Burn. In total, 941523 m2 has been affected by hushing, representing 0.5% of
the entire study area extent.
The volumes of the hushes were calculated based on the reconstruction of a
hypothesised pre-hush land surface and the differencing between this surface and
the modern topography (Section 3.4.2.1). This analysis utilised digital terrain models
(DTMs) produced from airborne lidar data and so was restricted to the coverage
extent of these data sets, meaning that direct volume estimates could only be made
for 78 of the 120 hushes (65%). However, when these calculated volumes were
plotted against the corresponding measured hush areas there was a strong positive
relationship with an R2 value of 0.884 (Figure 5.11). The hush volumes for the
remaining 42 hushes (35%) were therefore estimated using their measured area
values and the regression equation in Figure 5.11.
The variation in calculated hush volumes largely reflects the trends seen in the
mapped hush areas, as would be expected given the close relationship indicated in
Figure 5.11. The cluster of very large hushes along the Nent means that this
catchment has the highest total calculated volume (1368357 m3), as well as the
highest mean hush volume (45612 m3). The South Tyne has the second highest
total hush volume (544939 m3) but second lowest mean volume (9236 m3),
reflecting the high number of relatively small hushes within this catchment. In
contrast, the Tees has the second lowest total hush volume (337238 m3) but second
highest mean volume (19838 m3), due to the hushes in this catchment being fewer
in number but of a comparatively larger size. The Black Burn catchment has the
least number of hushes and consequently the lowest total volume (121400 m3) and
lowest mean volume (8671 m3). These values equate to a total estimated hush
volume for the entire study area of 2371934 m3. The majority of the large hushes in
the study catchments were within the coverage area of the airborne lidar data,
meaning that most of the input data for this total result comes from hush volumes
that were calculated directly rather than estimated using the regression equation
(Table 5.5).
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Figure 5.10: Main morphological characteristics of the mapped hushes
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Table 5.3: Summary statistics of all mapped hush characteristics

Area (m2)

Volume (m3)

Length (m)

Width (m)

Slope (degrees)

Mean elevation (m AOD)

Count

120

78

120

120

120

120

Min

74

80

15

6

3

294

Max

80517

405018

1748

419

20

756

Mean

7846

27583

303

69

9

547

Std. Dev

13455

61296

287

79

4

94

Sum

941523

2151438

36352

8240

N/A

N/A

Table 5.4: Hush area and volume summary statistics by catchment

Area (m2)
Nent

Area (m2)
South Tyne

Area (m2)
Black Burn

Area (m2)
Upper Tees

Area (m2)
Total area

Volume (m3)
Nent

Volume (m3)
South Tyne

Volume (m3)
Black Burn

Volume (m3)
Upper Tees

Volume (m3)
Total area

Count

30

59

14

17

120

30

30

7

11

78

Min

408

74

998

574

74

80

88

164

953

80

Max

80517

60207

14813

36162

80517

405018

111021

36992

178050

405018

Mean

15046

5040

5042

7188

7846

45612

13504

9030

28615

27583

Std. Dev

21683

8696

3874

8625

13455

88412

23277

12608

52761

61296

Sum

451388

297351

70583

122201

941523

1368357

405107

63209

314764

2151438
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Figure 5.11: Relationship between measured hush area and calculated volume based on digital
terrain analysis of airborne lidar data

Table 5.5: Summary of directly calculated and estimated hush volumes

Category

Count

Total area (m2)

Total volume (m3)

Hushes with calculated volume

78

797944

2151438

Hushes with estimated volume

42

143579

220496

120

941523

2371934

Total

Translating these volumes into actual sediment mass totals requires estimates of
the bulk density of the hushed material to be made. Hushing differs from
subterranean workings in that the surface overburden has to first be removed before
the mineral vein can be exposed and extracted. The result is that the sediment
released by the hushing process will be of variable character, depending on whether
it is the overburden or underlying rock that is currently being worked. Calculation of
the mass of material generated through hushing is therefore based on the proportion
of different overburden materials within each hush area, the typical depth of these
superficial deposits and their average bulk density values (as described in Section
3.4.2.1. The results of this conversion indicate that the total mass of material
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released by hushing in the entire study area is approximately 4614288 tonnes.
When analysed by individual catchment it is again clear that the process has been
most significant within the Nent, with a total of 2849055 tonnes for this area alone.
The South Tyne has the second highest total (934752 tonnes), followed by the
upper Tees (650812 tonnes) and the Black Burn (179669 tonnes) catchments.
The magnitude of impact of hushing is not evenly distributed within each catchment
though, with the relatively small number of very large hushes mentioned earlier
clearly dominating the data set (Figures 5.12 and 5.13). For example, 34 hushes
(28%) have estimated sediment outputs of less than 1000 tonnes, while 64 hushes
(53%) have outputs of less than 5000 tonnes. At the other end of the scale,
Dowgang Hush in the Nent catchment has an individual estimated mass value of
911296 tonnes and the three main branches comprising the hushes at Greengill
have a combined value of 941908 tonnes. The largest hushes in the upper Tees
catchment are Dunfell Hush with an estimated output of 394497 tonnes and the
nearby Henrake Hush with 121462 tonnes. In the South Tyne catchment the highest
values are for Redgroves Hush (222265 tonnes) and Browngill Hush (125788
tonnes). The two main hushes within the Black Burn catchment are Birchy Bank
(62895 tonnes) and Cross Fell North (50765 tonnes). The ten highest estimated
hush sediment mass values together comprise 69% of the entire hush total, with six
of these hushes being within the Nent catchment and two each for the Tees and
South Tyne.
The scale of impact from hushing in the upper Nent, the eastern half of the upper
South Tyne and the upper Tees is clearly evident from the above data. However,
what is also of note is that the overall estimated values of sediment released by
hushing are significantly greater than those estimated from the ore outputs of named
mines (Section 5.2.1). Total output from hushing was estimated to be 4614288
tonnes, almost twice as much as the 2558325 tonnes estimated from the named ore
output data (Figure 5.14). The Nent catchment shows the greatest discrepancy
between the two data sets, with 2.82 times as much sediment estimated to have
been generated by hushing as from the recorded ore output data. The Tees
indicates a similar pattern but to a lesser degree, with hush output being 1.67 times
greater than the ore output data. In contrast, the waste sediment outputs estimated
from the ore output data for the South Tyne and Black Burn areas were both 1.04
times higher than those calculated as having originated through hushing.
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Figure 5.12: Spatial variation in estimated sediment output from individual hushes, displayed as proportional symbols
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Figure 5.13: Histogram of estimated hush mass values for the study area. The square root of
sediment mass has been used in order to reduce the overall data range for display purposes.

Figure 5.14: Comparison of estimated waste sediment based on ore output data and sediment
generated by hushing for each catchment area.
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The reasons for the difference between the estimated impact of hushing and the ore
output data (Figure 5.14) are likely to relate to a combination of factors, including the
different methods of mining and the underlying data involved in the analyses. By its
very nature, the hushing process is less efficient than subterranean level mining in
that it requires substantial volumes of overburden to be removed before the ore
body is even reached. Since hushing relies on the flow of water to mobilise loosened
material, the actual overburden removed by the process would not always be
directly over the mineral vein itself, instead being at least partially determined by the
slope profile and drainage characteristics of the local topography. This could be
accounted for to a certain extent by the manual working of the ground to create
desired flow paths but these would have been difficult to control in times of heavy
rainfall. The width of the working area would also presumably need to be greater for
hushes in order to prevent the collapse of adjacent overburden material onto the
vein. Conversely, although mine levels may need to travel considerable distances to
reach the ore body, the actual volumetric impact of subterranean extraction methods
are relatively small given that the workings only need to be large enough to permit
successive access for individual miners and waggons. Very little overburden would
be removed during the process and the amount of rock waste would be kept to a
minimum by carefully following the direction of the vein where possible.
Together, these considerations mean that the typical volume of waste sediment
released by hushing is likely to have been greater than the extraction of an
equivalent length of vein via subterranean shaft or level workings. Although this
could explain the differences between the sediment estimates based on the ore
outputs and the hush volumes outlined above, there is one important caveat that
needs to be taken into consideration. The waste estimates based on the ore output
values have been calculated based on the subtraction of the production values from
the total estimated tunnel mass. However, the hush values are solely based on the
mass of the hush itself, with no adjustment for the amount of ore that was actually
extracted from the workings. This means that the hush estimates reflect the total
sediment plus the total ore resulting from the extractive process and are therefore
overestimates of the actual amount of waste. Accounting for this overestimate in a
quantitative manner is not possible as there are no records available for the total
amount of ore obtained from any of the hushes within the study area. Nevertheless,
given that the efficiency of the hushing process was typically less than subterranean
workings, it is clear that waste sediment release from hushing must have been
substantial, even if the exact quantity of material is unclear.
230

5.2.3

Additional waste sediment generation during ore smelting processes

Following extraction and dressing, the processed ore required smelting to separate
the lead metal from other associated metals and impurities. The smelting process
resulted in a discrete category of mine waste, typically formed of metallurgical slags
of varying composition (Hudson-Edwards et al., 2011). Assessing the impact of
waste from smelting requires an understanding of the nature and efficiency of the
smelting process and variability in the location of the smelt sites.
Earlier smelting generally took place locally at sites referred to as ‘bale hills’ and
comprised crude furnaces constructed on exposed hilltop locations, where the
prevailing wind was used to provide the blast to the fire (Willies, 1990; Turnbull,
2006). The locations of two such sites are suggested by place-name evidence within
the study area; at Bayle Hill c.2km to the southeast of Alston and Bayles c.2km to
the southwest (Fairbairn, 1993). From the 1570s onwards, centralised smelting sites
with ore hearths tended to replace the bale hills in Northern England. In this type of
furnace the ore and fuel were typically mixed, with the furnace being bellowsoperated and powered either by foot or later using water power. Reverberatory
furnaces were introduced during the 17th century, using coal to work the ores at a
much higher temperature and producing a better grade of lead (Powell, 2009).
However, ore hearths were generally still favoured in the North Pennines due to the
expense of using coal as a fuel in comparison to the relatively abundant sources of
peat (Turnbull, 2006). The reverberatory furnaces were instead used in this region to
roast the ore prior to smelting in the ore hearth, with this process serving to remove
some of the sulphur and antimony impurities and to cake the finer slime ores.
Waste slag resulting from the initial smelting process in an ore hearth often still
contained up to c.30% lead and so would usually be sent back to the stamp mill for
further crushing before being re-smelted in a slag hearth (Turnbull, 2006). The slag
hearth acted as a small blast furnace, heating the ore to a much higher temperature
in order to release the metal from the remaining slag. Despite this secondary stage,
the inefficiency of earlier smelting processes in particular meant that the remaining
slag often still contained high levels of metals (Lottermoser, 2011). The re-smelting
of waste material from former processing operations was a useful economic boost in
times of low mine output or national privation (Dawson, 1947).
Quantifying the efficiency of the smelting process and the resulting amount of
metallurgical waste is possible for the period 1845-1913 due to the concurrent
recording of both lead ore and lead metal values by the government mineral
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statistics (Burt et al., 1982; Burt et al., 1983a; Burt et al., 1983b). Comparison of the
resulting data sets for both the named mines within the study catchments and the
overall UK records shows a relatively close correspondence in terms of the
percentage of lead metal obtained from lead ore through smelting (Figure 5.15).
The average percentage of lead metal extracted from lead ore for the study area
mines during this period is 74%, with that for the entire UK being only slightly lower
at 73%. However, both the study area and the UK data also show some temporal
variability in percentage metal values, with an initial rise from a low of c.67% in 1845
to a level of c.74% in 1865. A notable peak in the study area data occurs in 1885
when the percentage of metal obtained rises to over 82%. The level then drops back
to below 70% again in 1895 before rising to fluctuate around 72-74%, until a final
decline at the end of recording in 1913. The general trend towards increasing metal
percentages during the early decades of this period is likely to reflect the improved
efficiency in both dressing and smelting techniques that was being driven by the
introduction of new technological advancements. Dissimilarities between the study
area and UK data sets are therefore probably the result of differential timing in the
uptake of new processing techniques, combined with inherent variability in the
composition of the worked ore bodies.
Smelter efficiencies for earlier periods are generally poorly recorded, especially in
comparison to the annual records between 1845 and 1913. However, Dunham
(1944) quotes earlier figures for the percentage recovery of lead metal on Alston
Moor as being 57.6% for the period 1666-1687, 57.3% for 1748-1755 and 58.3% for
1790-1796. Considered together these records suggest a marked improvement in
metal recovery between 1796 and 1845 of nearly 10%, again probably the result of
increased smelting and dressing efficiencies. Records for the intervening period are
scarce, but the accounts for the East Cross Fell and Long Kate Lock mines in 1835
record the sale of ore based on an average value of 75% lead metal (Smith and
Murphy, 2011). This potentially suggests that the improvements in efficiency largely
took place in the early years of the 19th century, although additional records would
be required to confirm this.
The value of knowing example smelter efficiencies is that this allows the amount of
waste produced during the smelting process to be estimated. The total annual mine
ore outputs were therefore adjusted to equivalent lead metal totals by using
averaged recovery values of 57.8% for the period 1700-1799 and 73.6% for the
period 1800-1938. The difference between the total ore output and the estimated
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lead metal total was then taken to be the resulting quantity of waste. Although this
obviously represents a rather crude approximation of the amount of lead metal
obtained for years when there was no direct data available, it does at least take into
consideration the temporal variation in efficiency rates between the 18th and 19th
centuries. The results of this calculation suggest a total of 321672 tonnes of lead
metal and 121782 tonnes of associated metallurgical smelter waste for all mines
within the study area during the period 1700-1948 (Figure 5.16). This equates to a
total of 72894 tonnes of metallurgical waste from mines in the Nent catchment,
20195 tonnes from Black Burn, 19511 tonnes from the South Tyne and 9182 tonnes
from the Tees.

Figure 5.15: Annual percentage of lead metal obtained from lead ore for the period 1845-1913.
The graph displays the combined data for the study area and for the overall UK lead industry.
Data are derived from Burt et al. 1982; Burt et al. 1983a; Burt et al. 1983b.

Despite these results providing an indication of the approximate amount of
metallurgical waste that originated from mines within each of the study catchments,
it does not necessarily follow that the waste was actually deposited in these
locations. Although there would have been a preference to minimise transport costs
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by using a smelt mill as close to the dressing floors as possible, there were several
historical reasons why this was not always the case. The high silver content of some
of the lead ores in the North Pennines led to the mines in the Alston Moor area
being declared Mines Royal as early as 1279 (Fairbairn, 1993; Dunham et al.,
2001). Under this designation, the king received a proportion of the ore and the
money resulting from the sale of the ore, whilst providing funding for a refiner to
separate the silver from the lead. This refinement furnace was most likely based in
one of the major northern cities, probably Carlisle, with Fairbairn (1993) suggesting
that the later practice of smelting lead ore outside of Alston Moor began at this time.

Figure 5.16: Estimated quantities of lead metal and smelter waste output, 1700-1948.

A more typical reason for ore being smelted at a location some distance away from
the actual mine site relates to the ownership of the mine lease. Large mine owners
or companies would often construct their own mills in order to smelt the ore from
mines within their leasehold area. The result could often therefore be that it would
be cheaper to transport ore to a smelt mill that is some distance away but which is
owned by the mine company, rather than to pay higher rates for an independent mill
close to the mine location.
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This pattern can be clearly seen when the location of the smelt mills known to have
processed ore from the mines within the study area are plotted. There are four
documented smelt mills within the study area; Nenthead Mill and Blagill Mill in the
Nent catchment, Tynehead Mill in the upper South Tyne catchment and Cash Burn
or Crossfell Mill in the upper Black Burn catchment, close to the watershed with the
upper Tees (Figure 5.17). However, there are an additional 20 mill sites that are
recorded as having smelted ore from the study area mines on at least some
occasions (Fairbairn, 1993, 2009; Smith and Murphy, 2011) (Figure 5.18). For
example, although it can be broadly stated that the Teesdale mines would have
generally sent their ore to the smelt mills further down the Tees or across the
escarpment in the Eden valley, it is not possible to assign actual total quantities of
ore to each individual mill location. Ore from individual mines can in some instances
be linked to specific smelt mills for certain years of operation but the estimated total
waste quantities cannot be assigned to specific locations in the same way as was
possible for the mine or hush locations.
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Figure 5.17 (left): Distribution of known smelt mills within the study area
Figure 5.18 (right): Distribution of smelt mills known to have smelted ore from mines within the study area
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5.3 Quantifying waste storage volumes and sediment residuals
5.3.1

The role of spoil heaps as sediment storage landforms

The specific treatment and method of disposal of solid mine wastes varied through
time, depending on the type and scale of mining involved, the characteristics of the
local surface topography and any prevailing legislation relating to the disposal of
mine sediments. In earlier periods, it was common practice for the waste material
from mining to be dumped directly into neighbouring watercourses, including both
the rock waste resulting from the working of unproductive ground and the waste
generated during surface processing (Bainbridge, 1856). Following a government
enquiry into the industrial pollution of rivers in 1868 (Rivers Pollution Commission,
1874) and the subsequent passing of the Rivers Pollution Prevention Act in 1876
(Glen, 2012), the careful disposal of mine wastes became a legal requirement for
mine operators. How closely this law was adhered to in remote areas such as the
North Pennines remains largely unclear though, with later court cases between mine
companies and land owners suggesting that at least the appropriate maintenance of
surface spoil heaps remained a problem through into the early 20th century
(Robertson, 2012).
In carefully organised mining operations, waste resulting from the working of
unproductive ground was disposed of underground in formerly excavated tunnels
when possible. The rock waste (‘deads’) that was brought to the surface would be
typically dumped in distinct spoil heaps known as ‘dead heaps’. The material that
was extracted for processing, referred to in the 19th century as ‘orey stuff’,
comprised a mixture of lead ore, gangue minerals and associated rock waste.
Following processing on the dressing floors, the secondary waste sediments that did
not find their way into the rivers would be dumped in separate tailings heaps, also
referred to as ‘cutting heaps’. The relationship between the extraction, processing
and waste disposal stages of mining operations can be clearly seen in the 1828
London Lead Company estate map for Nenthead (Figure 5.19). The plan shows
separate ‘dead heaps’ for rock waste and ‘cutting heaps’ for the tailings produced
during ore processing, as well as the various features relating to the dressing floors,
including bouse teams, a crushing mill and a network of tramways.
The significance of waste heaps from a geomorphological perspective is that they
essentially act as sediment storage landforms, albeit landforms that have been
created through anthropogenic activity rather than natural depositional processes.

237

These waste heaps remove mine sediments from the broader sediment transfer
system, at least temporarily preventing their transport to the main river network and
out to the wider catchment. In common with sediment storage landforms produced
through natural depositional processes the disconnectivity in sediment flux caused
by waste heaps is a combination of both the initial deposition of sediment within
these landforms and the impedance of surface transfer caused by these features
acting as catchment ‘buffers’ (Fryirs et al., 2007a; Fryirs et al., 2007b; Fryirs, 2013).
The influence of landscape features derived from anthropogenic activity on
catchment-scale sediment linkages is now widely acknowledged (Latocha, 2009b,
2014) and typically requires a detailed record of the distribution and morphometric
characteristics of the landforms in question (Latocha, 2009a).
To further investigate the significance of mine waste landforms within the study
catchments, spoil heaps were therefore extracted as a distinct feature class from the
results of the mapping of mining related features outlined in Chapter 4. This subset
was derived primarily from the results of the National Mapping Programme (NMP)
survey, due to this data set covering all time periods and so being more
comprehensive than the First Edition OS map data. However, the NMP survey did
not cover the entire study area and so additional mapping based on available aerial
photography had to be conducted to account for this (see Section 3.2.2). Although
dressing waste was mapped as a separate feature by the NMP where it could be
identified, it was not usually possible to distinguish rock waste heaps from those
relating to processed tailings waste using the airborne data sets available.
Classification into waste rock or tailings has important implications for the physical
properties of the sediments, such as grain size and angularity, which themselves
influence the magnitude of geomorphic processes. However, for the purposes of this
analysis the features had to remain grouped into a single ‘spoil heaps’ category, with
the potential limitations of this approach being discussed below (Section 5.5.).
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Figure 5.19: Extract from the London Lead Company 1828 estate map of Nenthead (NRO 3410/LLC/Plans/2/1, 1828) showing the surface features relating to
Rampgill and Caplecleugh Mines. The River Nent flows from right to left (southeast to northwest) through the centre of the map, in close proximity to both the
dressing floors and waste heaps.
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In total, 999 spoil heaps were identified within the study area, including 483
(48.35%) within the South Tyne catchment, 353 (35.34%) for the Nent, 100
(10.01%) for the Tees and 63 (6.31%) for Black Burn (Figures 5.20 and 5.21). The
distribution of spoil heaps predictably shows marked similarities to the spatial
pattern of all mapped lead mining features and named mines outlined in Chapter 4.
Within the South Tyne catchment the density of spoil heaps was particularly
concentrated on the eastern slopes of the middle catchment around Middle Fell
(Figure 5.21; A) and Flinty Fell (B), as well as around the headwaters of the upper
catchment (C). Smaller groupings are also located to the north of the catchment on
the south facing slopes of Scarberry Hill and Park Fell (D). The distribution within the
Nent was more dispersed throughout the overall catchment, but with notable
concentrations of very large spoil heaps in the upper catchment immediately
upstream and downstream of Nenthead (E). Within the upper Tees catchment, spoil
heaps are found in high densities in the middle catchment close to the confluence
with Trout Beck (F), as well as in the upper catchment towards the watershed with
Black Burn (G). This concentration of spoil heaps continues north into the
headwaters of Black Burn and Cash Burn (H), with further notable groupings in the
middle catchment around Birchy Bank (I).

Figure 5.20: Frequency of spoil heaps mapped within each of the study catchments
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Figure 5.21: Distribution of mapped spoil heaps within the study catchments (n=999). The
outline extent of available airborne laser scanning (ALS) data coverage is shown for reference.
Labels refer to those used in the text.

The mapped spoil heaps range considerably in size and the extent to which they
have affected the different catchment areas. The total area covered by spoil heaps
is highest within the Nent catchment at 283554.95 m2, compared to only 162180.35
m2 in the South Tyne, despite the Nent having 130 fewer mapped spoil heaps. The
spoil heaps within the upper Tees catchment have a combined area of 52341.10 m2,
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compared with 34757.63 m2 for the Black Burn area. The mean individual spoil heap
area is highest within the Nent catchment (803.27 m2), primarily due to the presence
of several very large individual dumps (Figure 5.22; Table 5.6). For example, six
spoil heaps within the Nent have an area of over 10000 m2, together comprising
over 50% of the total spoil heap area for this catchment. A similar situation occurs
within the South Tyne, with over 25% of the total spoil heap area originating from
just six individual dumps. Large spoil heaps are fewer in number in the Black Burn
and Tees catchments but their relative contribution is higher, due to the lower
frequency of mapped features. The two largest spoil heaps in the Tees catchment
contribute 10.72% of the total area for this catchment, while the single largest spoil
heap in the Black Burn catchment comprises 30.75%.
The volumes of the spoil heaps were calculated using a similar method to that
applied to the hushes, involving the reconstruction of a hypothesised pre-spoil land
surface and the differencing between this surface and the modern topography. The
analysis was again restricted to the spatial coverage of the airborne lidar data, with
direct volume calculations therefore only being made for 820 of the 999 spoil heaps
(82.08%). Plotting the volume calculations against the spoil heap areas indicated
another strong positive relationship, this time with an R2 value of 0.879 (Figure
5.23). The volumes for the remaining 179 spoil heaps were therefore estimated
using their measured area values and the regression equation in Figure 5.23. Since
over 82% of spoil heaps were within the coverage area of the airborne lidar digital
terrain model, most of the feature volumes were calculated directly rather than
estimated using the regression equation (Table 5.7).
The total estimated spoil heap volume for all of the study catchments combined is
1161893 m3. The Nent catchment has the highest total volume of spoil heaps
(787721 m3) and the highest mean individual volume (2232 m3), due to the presence
of several very large spoil heaps in the vicinity of Nenthead. The South Tyne has the
second highest total spoil heap volume (246883 m3) but the lowest mean individual
spoil heap volume out of any of the study catchments (511 m3). This reflects the
high number of relatively small spoil heaps within the South Tyne catchment area.
The Tees has the second lowest total spoil heap volume (72007 m3) and the second
lowest mean individual volume (720 m3). The spoil heaps within the Black Burn
catchment have the lowest total volume (55282 m3) but the second highest mean
individual spoil heap volume (877 m3), primarily due to the presence of one very
large spoil heap at Long Katelock in the upper catchment.
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Table 5.6: Spoil heap area and volume summary statistics by catchment

Area (m2)
Nent

Area (m2)
South Tyne

Area (m2)
Black Burn

Area (m2)
Upper Tees

Area (m2)
Total area

Volume (m3)
Nent

Volume (m3)
South Tyne

Volume (m3)
Black Burn

Volume (m3)
Upper Tees

Volume (m3)
Total area

Count

353

483

63

100

999

347

389

33

51

820

Min

2

2

6

8

2

0.01

0.03

0.15

0.04

0.01

Max

33701

9203

10687

5615

33701

216719

23334

3058

6577

216719

Mean

803

336

552

523

533

2263

542

315

562

1262

Std. Dev

3337

875

1484

931

2139

15335

2273

683

1410

10141

Sum

283555

162180

34758

52341

532834

785108

210853

10397

28647

1035005
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Figure 5.22: Area and calculated volume characteristics of the mapped spoil heaps within each
study catchment

Figure 5.23: Relationship between measured spoil heap area and calculated volume based on
digital terrain analysis of airborne lidar data

244

Table 5.7: Summary of directly calculated and estimated spoil heap volumes

Category

Count

Total area (m2)

Total volume (m3)

Spoil heaps with calculated volume

820

465911.73

1035005.22

Spoil heaps with estimated volume

179

66922.30

126887.28

Total

999

532834.03

1161892.50

The spoil heap volumes were converted into sediment mass totals using the
average of the bulk densities of mine wastes taken from six previous studies (1.755
tonnes/m3) (see Section 3.4.2.2). The results of this conversion indicate that the
total mass of mine waste sediment stored as spoil heaps within the present
landscape of the entire study area is approximately 2039121 tonnes. The
overwhelming majority of this spoil is located within the Nent catchment, with a total
mass of 1382450 tonnes that represents 68% of the entire study area total. The
South Tyne has the second highest total with 433280 tonnes (21%), followed by the
Tees with 126373 tonnes (6%) and Black Burn with 97019 tonnes (5%).
Variation in the size distribution and spatial location of spoil heaps within each
catchment is clearly evident (Figures 5.24 and 5.25). For example, 452 of the 999
spoil heaps (45%) have an estimated sediment mass of less than 500 tonnes, while
542 spoil heaps (54%) have a mass of less than 1000 tonnes. The seven largest
individual spoil heaps are within the Nent catchment, with six in the vicinity of
Nenthead and one in the middle catchment at Hudgill Burn Mine. Together, these
seven spoil heaps have a combined estimated mass of 1140350 tonnes,
representing 56% of the total spoil heap mass from the entire study area. The
largest spoil heap in the Black Burn catchment is the aforementioned tip at Long
Katelock Mine (48763 tonnes), with the other heaps within this catchment being of a
small to moderate size. There are five spoil heaps in the South Tyne catchment with
mass estimates above 25000 tonnes, four located in the middle catchment around
Garrigill and one further north at Nattrass. The largest spoil heap in the Tees
catchment is located at Green Hurth Mine in the lower reaches (21121 tonnes), with
the remainder being of small to moderate size.
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Figure 5.24: Spatial variation in estimated sediment storage within individual spoil heaps, displayed as proportional symbols
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Figure 5.25: Histogram of estimated spoil heap mass values for the study area. The logarithm of
sediment mass has been used in order to reduce the overall data range for display purposes.

5.3.2

Processing waste from dressing floors

Areas of dressing waste were mapped in addition to discrete spoil heaps by the
NMP survey and the coverage extended using recent aerial photography as part of
this project. These features relate to areas of processing waste sediments that were
spatially distributed rather than being stockpiled into individual waste tips. In total, an
area of 353477 m2 of dressing waste was recorded across the entire study area,
with clear concentrations in the upper Nent, to the east of the South Tyne and along
the watershed between the Tees and Black Burn catchments (Figure 5.26).
Over 54% of the dressing waste was identified in the Nent catchment (193051 m2),
with the majority located around Nenthead (Figure 5.26; A) and in the vicinity of the
Greengill hushes (B) (Figure 5.27). The Black Burn catchment contains 70996 m2 of
mapped dressing waste (20%), with most of this being located in the headwaters
around Crossfell and Cashwell mines (C). The South Tyne catchment contains
51992 m2 of dressing waste, with particular concentrations on the western slopes of
Flinty Fell (D) and at Fletcheras Rake above High Hundybridge (E).
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Figure 5.26: Distribution of mapped dressing waste within the study catchments (n=464). Labels
refer to the areas mentioned in the text.

The Tees catchment contains the least amount of mapped dressing waste with only
37439 m2 (11%). This primarily includes the southern continuation of the waste from
the Crossfell mines (F) and groupings around Swathbeck and Dunfell hushes in the
upper catchment (G), as well as smaller areas near Nether Hearth and Green Hurth
mines along the middle reaches (H). The number of mapped features within each
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catchment is also of interest, with the South Tyne containing the highest number
(189), followed by the Nent (187), the Black Burn (67) and the Tees (21). This again
demonstrates that the South Tyne catchment was typically dominated by a high
number of small-scale mining operations, whilst the Nent had a lower number of
mines but of greater extent and intensity.

Figure 5.27: Number (left) and total area (right) of mapped dressing waste features within each
study catchment.

The relatively sparse distribution of dressing waste is likely to relate to difficulties in
classifying waste rock from tailings using only remotely sensed data sets. The areas
that have been identified as dressing waste are those where there are spatially
extensive areas of waste that do not form pronounced heaps. All waste heaps have
instead been classified as ‘spoil heaps’ unless there is particular evidence to
suggest that they comprise tailings rather than rock waste. The mapped spoil heaps
discussed above will therefore include both rock waste tips and tailings dumps,
since these categories cannot be easily distinguished without detailed and extensive
field surveys.
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One consequence of this is that because the dressing waste features are typically
extensive spreads of waste sediments with no clear topographic expression, their
volume cannot be quantified using the same digital terrain analysis approach
applied to the spoil heaps. To still provide a sensible approximation of the amount of
sediment stored within these areas of dressing waste, a general depth estimate of
0.5 m was applied to calculate the volume of material, which was then multiplied by
the same bulk density value used for the spoil heaps (1.755 tonnes/m3). This depth
value was based on dressing waste visible in exposures observed during field
surveys and is likely to represent a conservative estimate of overall mean volumes.
The use of the same bulk density value to calculate sediment mass is justified in the
absence of additional supporting data.
These calculations suggest that there is approximately 176739 m3 of sediment still
stored within the entire study area as dressing waste, equivalent to 310176 tonnes
of material (Table 5.8). The individual catchment totals reflect the ranking by overall
mapped area discussed above, with the Nent containing the highest estimated
amount (169402 tonnes), followed by Black Burn (62299 tonnes), South Tyne
(45623 tonnes) and the upper Tees (32852 tonnes).

250

Table 5.8: Summary statistics for the mapped dressing waste features

Catchment

Count

Minimum
Area (m2)

Maximum
Area (m2)

Mean
Area (m2)

Std Dev
of area (m2)

Area
sum (m2)

Volume
sum (m3)

Mass sum
(tonnes)

Nent

187

2

36397

1032

4164

193051

96525

169402

South Tyne

189

1

4866

275

612

51992

25996

45623

Black Burn

67

4

34581

1060

4599

70996

35498

62299

Upper Tees

21

19

15120

1783

3153

37439

18719

32852

Total

464

1

36397

762

3291

353477

176739

310176
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5.3.3

Unmeasured residual between production and storage volumes

When the total spoil heap and dressing waste sediment storage estimates are
compared with the total estimated waste based on the ore output and hush data, the
scale of mine waste that is unaccounted for can be calculated (Figure 5.28; Table
5.9). The total waste production estimate for the entire study area is 7172613
tonnes, compared to a total sediment storage estimate of 2349297 tonnes. This
suggests that the mine wastes stored in surface sediments represent only ~33% of
the total estimated waste generated by the mining operations, with the remaining
4823316 tonnes (67%) being unaccounted for. It should be noted that the estimated
waste totals from the smelting process have not been included in this residual
calculation due to the difficulties in assigning smelt waste to specific catchment
areas (Section 5.2.3). However, when the total estimated waste outputs from
smelting are included the resulting difference is negligible, representing a ~0.5%
reduction in the percentage of stored waste compared to that originally produced.
Although broadly similar, there are some notable differences between the residual
proportions when analysed by individual catchment area. The Black Burn catchment
has the highest proportion of mine wastes stored as surface spoil heaps and
dressing waste (43%), with only 207165 tonnes of unaccounted for waste. The Nent
contains the second highest proportion of mine wastes stored as surface sediments
(40%) but because of the high output for this catchment it also has the highest
amount of unaccounted for waste (2306960 tonnes). The spoil heaps and dressing
waste within the South Tyne catchment represent 25% of the total mine waste,
equating to 1427140 tonnes of unaccounted for waste material. The Tees has the
lowest proportion of waste stored as surface sediments (15%), meaning that 85% of
the waste (882050 tonnes) remains unaccounted for within the catchment area.
An important additional point to consider in this analysis is the relationship between
the different types of mine workings and the mapped spoil storage landforms. The
overwhelming majority of spoil heaps will relate to mining via subterranean level,
small-scale opencast workings or the waste from secondary dressing processes. In
comparison, hushes are rarely associated with large spoil heaps due to the nature of
the extraction process involved. The hushing process utilised the controlled release
of impounded water to mobilise loosened sediment, rock and ore along the path of
the hush channel. A grate at the hush terminus would be typically used to collect the
denser ore material that had sunk to the bottom of the load during the downstream
flow. The waste sediment would be carried in either suspended or bedload transport
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depending on its size and would exit the hush along the downstream drainage path.
This would result in a high proportion of the waste sediment being directly coupled
with the downstream channel network. In situations where the transport capacity of
the hush flow was insufficient to transport the sediment, the waste sediment would
be deposited either along the hush itself or as an outlet fan, with these deposits then
being susceptible to further reworking and downstream transport during later
hushing operations or post-abandonment erosion. The ore material would often
have been dressed close to the site of the hush, resulting in the creation of waste
tailings, but any tips resulting from this process would have been substantially
smaller than if they had also included the original overburden and rock waste
(Figure 5.29).
The main implication of this point is that the spoil heap mass totals probably largely
relate to extraction via underground workings, where the waste material was
removed and carefully stockpiled on the surface, rather than from hushing. This
means that the spoil heap totals are actually more usefully compared to the
estimated waste sediment totals based on the mine ore outputs and excluding the
hush sediment totals. When these values are compared the spoil heaps within the
entire study area account for 92% of the total mine waste estimated from the ore
outputs. However, analysis of the equivalent results for the individual catchments
reveals a high degree of variability between areas. The Black Burn catchment
sediment storage accounts for 85% of the ore output waste total for this area, while
the values for the South Tyne and Tees are 49% and 41% respectively. In contrast,
the sediment storage total for the Nent is actually 54% higher than the total amount
of waste estimated based on the ore outputs from mines within this catchment.
These values strongly support the argument that the waste estimates based on the
ore output data represent a significant underestimate of total waste volumes from
underground mining, due primarily to a relative absence of earlier output records
and inaccurate recording of mined distances (see Section 5.4.). The discrepancies
between the spoil heap totals and the ore output totals therefore potentially provide
an indication of the scale of earlier unrecorded mining activities within each
catchment, with the Nent appearing to again significantly dominate the other areas.
Using these values to directly quantify earlier operations is problematic, however,
due to additional factors such as the differential treatment of waste and the
centralisation of dressing or smelting activities. For example, this latter factor may
contribute to the high spoil totals within the area around Nenthead, which acted as a
central processing plant and smelt mill from as early as 1737 (Fairbairn, 1993).
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Figure 5.28: Comparison of combined estimated waste sediment extraction and sediment storage totals for each study catchment
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Table 5.9: Summary of estimated waste sediment extraction and sediment storage totals for each study catchment

Catchment

Waste
sediment
based on
production
statistics
(tonnes)

Sediment
output from
hushing
(tonnes)

Total
waste
output
(tonnes)

Spoil
heap
storage
(tonnes)

Dressing
waste
storage
(tonnes)

Total
storage
(tonnes)

Total storage
as %
of total waste
output (%)

Total
unmeasured
residual
(tonnes)

Residual
as % of
total waste
output (%)

Nent

1009757

2849055

3858812

1382450

169402

1551852

40

2306960

60

South Tyne

971291

934752

1906043

433280

45623

478903

25

1427140

75

Black Burn

186813

179669

366483

97019

62299

159318

43

207165

57

Upper Tees

390464

650812

1041275

126373

32853

159225

15

882050

85

Total area

2558325

4614288

7172613

2039121

310176

2349297

33

4823316

67
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Figure 5.29: Oblique aerial photograph and airborne lidar hillshaded DTM of Redgroves Hush
(Photograph (NMR_20678_52) and lidar data © English Heritage). Despite being the largest hush
within the South Tyne catchment and having displaced an estimated 222265.03 tonnes of
material, there are no substantial spoil heaps at the hush outlet, suggesting much of the
sediment has been dispersed into the wider stream network.
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5.4 Evaluating mine-channel coupling relationships using a
sediment connectivity index
5.4.1

Catchment-scale patterns of sediment connectivity

The above sections have demonstrated that sensible estimates of the residual
between the amount of waste sediment generated by lead mining and that still
stored in spoil heaps can be calculated. To further investigate the significance of the
residual waste in terms of wider geomorphic impacts, it is important to also consider
the range of possible sediment transfer pathways and the degree of coupling
between source and sink locations. Some of the waste will have been stored
underground as part of the more carefully organised mining operations (PalumboRoe and Colman, 2010). Later reprocessing of spoil heaps to extract remaining lead
or additional metals such as zinc will also have reduced tips relative to their original
size (Dawson, 1947). However, large quantities will have undoubtedly reached the
river systems, either through direct dumping or subsequent erosion and
remobilisation, with this conclusion receiving substantial support from both
contemporary accounts (Bainbridge, 1856; Rivers Pollution Commission, 1874) and
through analyses of dispersal patterns of contaminated sediments within heavily
mined catchments (Macklin et al., 1997; Macklin et al., 2006; Hudson-Edwards et
al., 2008).
The deliberate disposal of mine wastes into the local river systems therefore
appears to have been a common occurrence, at least prior to the introduction of
later 19th century legislation. A clear example of this can be identified from
examination of a 1:2500 First Edition Ordnance Survey map sheet for the study area
dated to 1861. At Caplecleugh Firestone Level in the upper Nent catchment, two
tramways can be seen extending away from the mine entrance, with one leading to
a large spoil heap and the second terminating directly at the western bank of Old
Carr’s Burn (Figure 5.30A). Along with Middle Cleugh Burn and Long Cleugh Burn,
this stream forms the headwaters of the main River Nent. Recorded ore output from
Caplecleugh Firestone Level during the period 1700-1948 was low (389.35 tonnes)
but any waste sediment input was likely to reach the main trunk system due to the
low sediment storage capacity of this relatively steep and narrow tributary valley.
The reason for the separate tramway connected to the stream bank is unclear,
although the proximity of the mine to a road leading to Nenthead could suggest that
the ore was sent there for processing and smelting. Some initial dressing of the
extracted material may have therefore taken place close to the mine entrance in
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order to reduce unnecessary waste in transported loads, with the separated
dressing waste being dumped directly into the nearby stream for convenience.
The potential for waste sediments from mines within the study area to have reached
the river systems via unplanned or indirect transport mechanisms is reliant to a large
extent on the location of the mine in relation to the rivers and the characteristics of
the surrounding landscape. For example, the spoil heaps at Bloomsberry Mine in the
middle Nent catchment are immediately adjacent to the main river channel and can
be seen to directly adjoin an area of river gravels on the First Edition OS map of
1861 (Figure 5.30B). The likelihood of waste sediments from this mine reaching the
main river channel therefore appears very high, either through incidental dispersal
during the initial dumping of the waste or through subsequent erosion and
remobilisation. Mines that are directly connected with the rivers in this way are likely
to have contributed far more waste to the downstream sediment load than mines
that are physically separated from the rivers, either through distance or the presence
of topographic barriers. However, to actually compare the likely degree of
connectivity between each different mine site and the main river network, a
quantitative analysis method was required. The sediment connectivity index known
as the Index of Connectivity (IC) that was developed by Borselli et al. (2008) and
refined by Cavalli et al. (2013) has therefore been used to quantify the potential
degree of sediment connectivity between mine sites and the river channel network
(see Section 3.5 for full description of method).

258

Figure 5.30: First Edition OS map sheet from 1861 showing (A) Caplecleugh Mine Firestone
Level, with one tramway taking mine waste to a northwestern spoil heap and the second
leading directly to the stream bank of Old Carr’s Burn, and (B) Bloomsberry Mine, where the
spoil heaps can be seen to directly abut an area of mapped river gravels along the floodplain of
the main river Nent.
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The sediment connectivity index was applied using the four main rivers as the model
target features, meaning that each IC pixel value represents the potential sediment
coupling between that particular location and the nearest trunk channel. This
approach was selected over the modelling of connectivity to the study area outlets
(i.e. the South Tyne downstream of Alston in the north and the Tees input at Cow
Green Reservoir to the southeast) as this latter method would have overlooked
internal catchment variation in sediment input to the main rivers. The results of the
sediment connectivity index for the overall study area are shown in Figure 5.31, with
summary statistics relating to the IC values within each study catchment provided in
Table 5.10.
The IC value scale is dimensionless and ranges between – ∞ and + ∞, with higher
values indicating greater sediment connectivity. Overall IC values for the entire
study area range between -6.66 and 2.60, with a mean of -3.92 and standard
deviation of 0.98, with these values being broadly comparable to the results of other
published studies that have utilised the same connectivity index (Table 5.11). The
mean IC values for each stream order have been provided for reference, based on a
modelled flow network produced in ArcGIS (Table 5.12). As would be expected
given the methodological emphasis on hydrological flow paths and hillslope
characteristics, the overall IC index results show that steep areas close to the main
rivers have greater sediment connectivity than remote locations in the headwaters of
lower order tributaries. However, it is also apparent that there are significant
differences between the patterns of sediment connectivity within each of the four
river valleys.
The Nent has a relatively homogenous pattern of sediment connectivity, with much
of the catchment displaying high IC index values, particularly on the floodplain areas
and the lower valley slopes (Figure 5.31; A). This pattern can be explained by the
morphology of the Nent catchment, which is narrow and elongated along the primary
drainage direction and with relatively steep hillslopes immediately adjacent to the
main channel throughout much of the drainage area. The mean slope of the Nent
valley is also slightly higher than in each of the other study catchments (Chapter 2;
Table 2.1). Since these catchment characteristics equate to higher average slope
values and shorter flow paths, they influence both the upslope and downslope
components of the index calculation and therefore result in higher overall IC values.
As a consequence, the Nent has the highest mean IC score (-3.49) and the lowest
IC standard deviation (0.84), suggesting that sediment delivery in this valley is
generally more efficient than for the other catchment areas (Table 5.5; Figure 5.32).
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Figure 5.31: Map showing the results of the index of connectivity (IC) computed with reference to the four main river channels. Labels refer to locations
discussed within the corresponding text.
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Table 5.10: IC sediment connectivity index summary statistics for the study catchments

Catchment

Minimum

Maximum

Mean

Standard deviation

First quartile

Median

Third quartile

Nent

-6.06

2.60

-3.49

0.84

-3.94

-3.57

-3.17

South Tyne

-6.65

2.23

-3.96

0.99

-4.62

-4.13

-3.47

Black Burn

-6.31

2.55

-3.84

0.93

-4.47

-4.05

-3.36

Upper Tees

-6.66

2.48

-4.2

0.98

-4.85

-4.39

-3.73

Total Area

-6.66

2.60

-3.92

0.98

-4.57

-4.05

3.42

Table 5.11: Comparative IC sediment connectivity index summary statistics for other published studies in upland or mountainous catchments

Source

Study location

Catchment

IC Minimum

IC Maximum

IC Mean

IC Std. Dev.

(Borselli et al., 2008)

North Tuscany, Italy

Bilancino

-9.60

3.70

-

-

(Cavalli et al., 2013)

Upper Venosta valley, Eastern Alps, Italy

Gadria / Strimm

-5.51 / -6.48

2.65 / 2.15

-2.41 / -2.59

0.62 / 0.94

(D'Haen et al., 2013)

Taurus Mountains, SW Turkey

Büğdüz

-12.62

-0.24

-

-

(López-Vicente et al., 2013)

Estaña, Central Pre-Pyrenees, Spain

Estanque de Arriba

-9.00

-0.14

-5.00

-

(Messenzehl et al., 2014)

Engadine, Switzerland

Val Müschauns

-6.34

2.62

-2.35

0.69

(Sougnez et al., 2011)

Sierra de la Torrecilla, Murcia, SE Spain

'Tor1'

-4.64

3.81

-

-
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Figure 5.32: Histograms of calculated IC values for each of the study catchments
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Table 5.12: Mean IC values by stream order for the overall study area

Stream Order

Mean IC value

1st order

-3.83

2nd order

-3.70

3rd order

-3.59

4th order

-3.46

5th order

-3.48

6th order

-2.30

The South Tyne catchment has a much more heterogeneous pattern of sediment
connectivity, with obvious variation between the main valley and the various tributary
sub-catchments (Figure 5.31). The overall catchment has a mean IC value of -3.96
and a standard deviation of 0.99, reflecting the generally lower sediment
connectivity but greater degree of index variability. Sediment connectivity values
along the main South Tyne valley are high, especially in the steep, narrow upper
catchment (B), the constricted reaches of the middle catchment (C) and the broad
floodplain areas between the Black Burn confluence and Alston (D). Values are also
moderately high along the north facing slopes of Rotherhope Fell (E), where
transport potential is elevated due to a combination of steep slopes and numerous
well-connected tributary streams, such as Dry Burn and Slaggie Burn.
Modelled sediment connectivity in other areas of the catchment is, however,
markedly lower. The tributary valleys of Ash Gill to the east (F) and Cross Gill to the
west (G) of the upper catchment both have noticeably lower overall IC values, with
the exception of the stream paths themselves. Similarly, the west facing slope of
Middle Fell above the main B6277 road in the lower catchment (H) also has reduced
connectivity values when compared with other nearby areas at similar elevations.
These low connectivity zones can again be explained by the morphology of the
catchment in these areas. The tributary valleys in the upper catchment are both
characterised by relatively large sub-catchment areas with low overall slopes and
relatively high surface roughness, resulting in increased sediment transport path
lengths. The area to the west of Middle Fell marks the location of a sharp drainage
divide, with slopes to the south draining directly down to the South Tyne along short
flow path lengths but those to the north taking a more circuitous drainage route
along Nattrass Gill. The consequence of these characteristics is that the hillslopes in
264

these areas are largely decoupled from the main South Tyne and so sediment
delivery is therefore greatly reduced, with the exception of direct transport along the
tributary streams themselves.
The Black Burn catchment has a mean IC value of -3.84 and a standard deviation of
0.93, suggesting a pattern of sediment connectivity that is intermediate between that
for the Nent and South Tyne valleys. Connectivity values on the valley floor and the
lower slopes close to the Black Burn channel are very high along its entire length,
due primarily to steep valley sides resulting in short flow path lengths (Figure 5.31;
I). Additional areas of high connectivity are found throughout the headwaters
draining north from Cross Fell (J), in the middle catchment around Greencastle (K)
and across much of the lower catchment downstream of the confluence with
Aglionby Beck (L). This indicates effective coupling of mobilised sediment between
these locations and the main channel.
The western slopes of the middle Black Burn catchment typically have moderate
levels of sediment connectivity, including the tributary valleys of Smittergill Burn (M),
Aglionby Beck and Rowgill Burn (N). In these areas the tributary channels
themselves have high connectivity values but the surrounding hillslopes have
moderate values due to relatively shallow gradients and longer flow paths to the
main river channel. The main area of low sediment connectivity is the upper Cash
Burn tributary valley, above the Whin Sill outcrop at Cash Burn waterfall (O). IC
values in the upper reaches of this tributary are noticeably reduced as a result of the
low slope angle and long flow path length, suggesting that coupling relationships
between this area and the main Black Burn channel are relatively ineffective.
Overall sediment connectivity in the Tees catchment is considerably lower than in
the other catchment areas, with a mean IC value of -4.2 and standard deviation of
0.98. The pattern of connectivity within this catchment shows a high degree of
spatial variation, again dependant on the topographic characteristics of the local
landscape (Figure 5.31). As would be expected, IC values are highest along the
main valley floor and nearby adjacent hillslopes. In the upper reaches of the River
Tees, the area of high connectivity is fairly extensive, incorporating all of the
headwater channels and slopes between Cross Fell to the north and the Hard Hill
ridge to the south (P).
Further downstream around Crossgill Pants and Calvert End (Q) the IC values are
noticeably higher to the north of the river than to the south, caused by a marked
asymmetry in the across valley profile. The hillslopes to the north are much steeper
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and typically have a shorter path length than the corresponding southern drainage
area. This suggests that sediment connectivity pathways from these northern slopes
are likely to be significantly more effective. Following a reduction in connectivity
values located south of Tyne Head and caused by a broad area of relatively flat
ground, the high IC values along the valley floor continue southeast along the Tees.
Notable trends in this area include a tendency for the asymmetrical profile to
continue, due to northern slopes typically having a steeper profile than those to the
south, and for a general reduction in the width of the high connectivity area as a
result of the broader, flatter downstream valley floor (R).
The Tees catchment is also notable for having large areas where the modelled
connectivity values are very low; suggesting that sediment coupling between these
locations and the main river channel is limited (Figure 5.31). With the exception of
the drainage channels themselves, the sub-catchment to the south of the Tees,
formed by Trout Beck (S) and its tributaries Moss Burn and Rough Sike, has
consistently low IC values. This is a consequence of the sub-catchment having a
relatively low gradient, long flow paths leading to the main channel and high surface
roughness caused by locally variable hillslope topography. Similar flow path lengths
and roughness characteristics are encountered to the northeast of the catchment
area around the tributary stream of Crook Burn (T), which has equally low
corresponding IC values. The significance of this spatial variation is that, although
sediment connectivity along the River Tees valley is generally high, the efficiency of
transport processes in the sub-catchments away from the main channel is likely to
be considerably lower.

5.4.2

Quantifying potential mine-channel sediment connectivity

The connectivity index results discussed above provide a quantitative measure of
likely spatial variation in sediment connectivity between different locations within the
study catchments, based on the physical characteristics of the terrain surface.
Overlaying the location of the known lead mines onto this connectivity map allows
the coupling potential of each site to be considered in detail, with this relationship
representing a proxy measure of how efficient the transfer of waste sediments
between the mine location and the main river channels was likely to be. Since this
connectivity measure is based solely on physical topographic attributes it does not
consider deliberate anthropogenic transfer of mine wastes, such as the direct
dumping of sediment into river systems. As such, the results should be considered
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as being representative of background levels of geomorphic connectivity at each
mine location and therefore mainly indicative of incidental mining-age sediment
transfer or post-depositional remobilisation of mine wastes.

5.4.2.1 River Nent
The cluster of high producing lead mines in the upper Nent valley around Nenthead
is located in an area of very high IC values, where the steep slopes and short flow
path lengths to the main river are likely to result in effective sediment transport
processes (Figure 5.33). This includes the significant quantities of waste estimated
to have been produced by the Smallcleugh, Middlecleugh, Rampgill, Carrs and
Hanging Shaw mines, as well as numerous smaller output operations. Further
downstream, the Nentsbury and Nentsbury Haggs mines together produced
considerable volumes of ore and are also located immediately adjacent to the River
Nent in an area of very high IC values. In contrast, the high estimated waste outputs
from Brownley Hill and Guddamgill are in areas with lower connectivity values, being
located further away from the channel along the Gudham Gill tributary valley.
Hudgill Burn Mine is the single highest producing mine in the Nent catchment for the
period 1700-1948 but is actually located in an area predicted to have relatively low
sediment connectivity. This means that although a high proportion of waste is likely
to have been generated by this mine, the efficiency of the coupling relationship with
the main river is fairly limited, with the exception of the main Hudgill Burn tributary
stream itself. The cluster of low producing mines further downstream at Thorngill are
in an area of relatively high IC values, due primarily to the steep gradient of the
Blagill Burn tributary valley and the proximity of the mines to the main Nent channel.
The largest hushes within the Nent valley are located on the northeast facing slopes
of the middle and upper catchment. Although the single largest example at
Dowgang Hush is actually within a general area of low modelled sediment
connectivity, the central hush channel itself can be clearly identified as a highly
efficient sediment transport route. The Greengill and Grassfield hushes further
northwest originate in an area of low IC values towards the South Tyne watershed
but have well-developed high connectivity downslope channels leading to their outlet
on the main valley floor. Direct sediment connectivity pathways between these large
hushes and the River Nent can be clearly identified on the results of the IC index
model, suggesting a very high degree of sediment coupling. The smaller hushes
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around the headwaters of the Nent catchment are located on the higher slopes
further away from the main valley and so generally have lower connectivity values,
with the exception of the clearly visible hush channels for the Long Cleugh and
upper Scaleburn hushes.
The largest spoil heaps within the Nent catchment are located in the upper
catchment around the Nenthead mine workings. The large spoil heaps around the
Smallcleugh and Middlecleugh mines are in an area of very high IC values close to
the confluence of the various headwater streams of the River Nent. The Rampgill,
Hillersdon and Caplecleugh tips together contain over 450000 tonnes of estimated
mine waste and are all located immediately adjacent to the main river channel in
areas of high sediment connectivity. The largest single spoil heap in the entire
catchment contains c.380341 tonnes of mine waste and is again located in an area
of very high IC values just downstream of the confluence between Gudham Gill and
the main River Nent. This spoil heap is adjacent to the Bloomsberry mine waste
heaps shown in Figure 5.30B, which also overlay an area of very high IC values,
reinforcing the hypothesis that these tips were highly coupled with the main river.
The high IC values for all of these spoil heaps suggests that the potential for waste
sediment from these locations to reach the river channels is high, either during their
initial deposition or through subsequent reworking.
Additional large spoil heaps in areas of high sediment connectivity within the Nent
catchment are the tip adjacent to the Nentsbury and Nentsberry Haggs workings
(19357 tonnes) and the cluster of waste heaps on the broad area of floodplain
around Blagill. Elsewhere the spoil heaps are either large but in areas of relatively
low sediment connectivity, such as the Hudgill Burn spoil heaps, or comprise a
dispersed pattern of smaller spoil heaps in low to moderately connected areas.
Although it has not been possible to reconstruct the volume of waste attributable to
each smelt mill, it is also worth noting that the Nenthead smelt mill is in an area of
very high IC values and therefore waste from this smelter was potentially highly
connected with the main River Nent.
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Figure 5.33: Map showing the results of the index of connectivity (IC) for the Nent catchment (top), with the key mining features and estimated waste
quantities based on the ore outputs shown for reference (bottom).
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5.4.2.2 River South Tyne
The highest producing mines within the South Tyne catchment are generally located
in the middle reaches, with particular concentrations throughout the eastern tributary
valleys (Figure 5.34). Tyne Bottom Mine has the highest recorded output and is
located close to the main river channel in an area of high IC values, suggesting a
high degree of sediment coupling. To the north of this on the opposite bank is a
cluster of moderately high producing mines that includes Crag Green, Fletcheras
and Cowper Dyke Heads mines, all of which are located partway up the hillslopes
overlooking the main valley. The steep slopes and relatively direct drainage pattern
between these locations and the valley floor indicates the potential for efficient
sediment coupling with the main river, which is reflected in the high IC values for
these mines.
The Garrigill Burn sub-catchment located to the east of Garrigill is characterised by
lower overall IC values, caused primarily by longer flow paths when compared to the
straight transport pathways available on the hillslopes draining directly to the South
Tyne. The drainage network within this sub-catchment is, however, clearly
identifiable as higher connectivity values, with the mine sites at Whitesike and
Bentyfield being directly adjacent to the efficient transport pathway provided by
Garrigill Burn. The grouping of mines further north on the west-facing slopes of
Middle Fell includes Nattrass, Farnberry, Flow Edge and Guttergill, all of which have
moderate to low recorded ore output for the period 1700-1948. These mines are all
located within the sub-catchment of Nattrass Gill, which forms a relatively low slope,
high roughness drainage area typified by much lower IC values. Mine wastes from
these operations are likely to have been poorly coupled with the main valley, with
the exception of sediment directly entering the tributary stream network itself.
Mines within the upper South Tyne catchment are largely concentrated along the
path of the main river and so generally have high corresponding connectivity values.
The mines located between Dosey to the south and Howgill Syke to the north are all
either on the valley floor itself or along the lower slopes close to the main river,
resulting in the potential for very efficient sediment transport. Even though the output
from these mines was low, their spatial location suggests that their waste
contribution to the overall sediment load of the South Tyne could have been
relatively high. Conversely, the isolated workings within the tributary valleys of Cross
Gill to the west and Ash Gill to the east were much less connected to the main valley
and are likely to have had far less of an impact on the main river.
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The mapped hushes within the South Tyne catchment are mostly within areas
estimated to have relatively low connectivity with the main river channel. The largest
example at Redgroves Hush is on the northern slopes of the aforementioned
Nattrass Gill sub-catchment, which has noticeably lower IC values than nearby
areas. The cluster of hushes around Fletcheras extends from the poorly connected
upper reaches of the Nattrass Gill sub-catchment onto the southwest facing slopes
that drain directly down to the South Tyne, resulting in a varied pattern of modelled
sediment connectivity. The hushes within the Garrigill Burn sub-catchment are
largely restricted to the upper reaches and tributary streams, such as Brown Gill and
Souther Gill. Although the overall Garrigill Burn area has low IC values, the hush
channels are clearly identifiable in the model as highly connected sediment
pathways.
Dense groupings of hushes are also located in the upper Ash Gill catchment to the
east and the upper Cross Gill catchment to the west. These hushes display a similar
pattern to those in the Garrigill Burn catchment, being situated within areas of low
overall connectivity but with clearly defined sediment transport pathways along the
central line of the hush features themselves. The only hushes within general areas
of high connectivity in the South Tyne catchment are located at Calvert and Tyne
Boggs in the upper reaches and at Ashgill Fields close to the confluence with Ash
Gill. These are fairly small hushes but are located on the lower slopes in close
proximity to the main channel of the South Tyne.
The spoil heaps within the South Tyne catchment generally follow the dispersed
pattern of the named mine locations within this valley, in contrast to the larger
nucleated spoil heaps located within the Nent catchment. This means that their
relationship to spatial variation in sediment connectivity largely follows that of the
named mines described above. The spoil heaps in the sub-catchment areas of
Nattrass Gill, Cross Gill, Ash Gill and Garrigill Burn are generally in areas of lower IC
connectivity, with the exception of certain tips immediately adjacent to the main
tributary streams. Examples of this would be Wellhope Knott Mine in the upper Ash
Gill catchment and Whitesike and Bentyfield mines along Garrigill Burn. Small
clusters of medium-sized spoil heaps are located on the steep slopes immediately
adjacent to the main river in the middle reaches of the valley. This pattern continues
upstream along the main South Tyne valley, with a high number of small but highly
connected spoil heaps leading south to the headwaters around Tynehead. The
smelt mill at Tynehead is located in an area of very high sediment connectivity,
being situated on steep slopes immediately adjacent to the main South Tyne River.
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Figure 5.34: Map showing the results of the index of connectivity (IC) for the South Tyne catchment (top), with the key mining features and estimated
waste quantities based on the ore outputs shown for reference (bottom).

272

5.4.2.3 Black Burn
Mining operations within the Black Burn catchment were dominated by Rotherhope
Fell Mine in the lower reaches, which produced 64965.29 tonnes of ore between
1700 and 1948 (Figure 5.35). The location of this mine is also highly significant,
being situated immediately adjacent to the main Black Burn channel and with the
sediment connectivity index results indicating that the area around the mine was
highly coupled with the main river channel. The proximity to the confluence of Black
Burn and the South Tyne is also of importance, with any sediment load from
Rotherhope Fell mine likely to reach the South Tyne channel and potentially
influence downstream locations.
Small-scale named workings are located in the middle catchment, with Birchy Bank
and Smittergill Foot being located in highly connected areas directly bordering the
main Black Burn channel. Smittergill Head Mine is located further to the west on the
higher slopes away from the main valley and so has a correspondingly low
connectivity value. However, the mine is situated immediately adjacent to the
Smittergill Burn tributary channel which is marked by a high degree of downstream
connectivity, suggesting that any sediment reaching this stream would have been
carried down to the main river.
The majority of the other named mine workings within the Black Burn catchment are
located in the upper reaches along the watershed with the upper Tees valley. The
Crossfell North and Long Katelock mines are situated within an area of high IC
values amongst the headwaters of the Black Burn drainage area and are therefore
likely to have been highly connected to the main river. However, the Crossfell South,
Crossfell East and Cashwell mines are all located within the upper Cash Burn subcatchment area, which is characterised by much lower IC values. In this area the
longer flow paths and relatively low catchment gradient means that direct sediment
connectivity is considerably reduced, with the exception of the main tributary
streams themselves. The Cash Burn smelt mill, also known as Crossfell Mill, is
located within this same area of low sediment connectivity, suggesting that the
overland transport of waste sediments from the smelting processes carried out here
would be limited.
The mapped hushes within the Black Burn catchment are mainly located within the
middle and upper reaches of the valley. In the upper catchment, a group of hushes
are located in the highly connected headwaters of the main Black Burn channel,
including those at Crossfell North, Long Katelock and the Bulman Hill Trials. The
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other hushes within the upper catchment are the examples at Cross Fell / Rake
Moss and Corn Rigg Sike, both within the headwaters of the Cash Burn subcatchment. Although these hushes are within a general area of low IC values which
is suggestive of reduced sediment connectivity, the hush channels themselves can
be identified and seen to be directly connected to the upper tributaries of Cash Burn.
A series of five hushes are located on the eastern slopes of the middle catchment,
including the Smittergill and Smittergill Hills hushes and the three Birchy Bank
hushes slightly further downstream. These hushes are all located on steep slopes
close to the main Black Burn channel and are therefore within an area of high IC
values. The hushes all appear to extend directly onto the narrow floodplain of the
Black Burn channel itself, which is indicative of a direct hydrological connection
between these opencast channels and the river and therefore strong sediment
coupling relationships. The smaller hushes at Smittergill Head and Gamblesby Fell
are both higher up the western slopes of the middle catchment in areas of
significantly lower IC values.
Spoil heaps within the Black Burn catchment again closely follow the distribution of
named mines and their corresponding patterns of modelled sediment connectivity.
The main spoil heaps for the Rotherhope Fell Mine are actually located on the
higher slopes close to the mid- and high level entrances where IC values are
generally lower. Although the processing areas adjacent to the low level are in an
area characterised by very high sediment connectivity values due to their proximity
to the main Black Burn channel, they are not associated with large spoil heaps. This
potentially suggests that any mine waste from these lower workings has already
been dispersed along the river. Elsewhere in the catchment, large spoil heaps are
associated with the highly connected mine workings at Crossfell North and Long
Katelock amongst the upper reaches of the main Black Burn channel. These
headwater reaches also contain numerous other, smaller spoil heaps associated
with the other Crossfell, Ardale Head and Bulman Hill workings. Large spoil heaps
are also located at Cashwell and Crossfell East mines in the upper Cash Burn subcatchment but these are associated with areas of much lower sediment connectivity.
Smaller spoil heaps are found dispersed throughout much of the rest of the
catchment area, with one notable cluster to the west of Greencastle Tarn. These
spoil heaps appear to follow a mineral vein from the catchment boundary in the east
to the floodplain of Black Burn to the west, with the tips on the lower slopes likely to
be highly connected with the main river system.
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Figure 5.35: Map showing the results of the index of connectivity (IC) for the Black Burn catchment (top), with the key mining features and estimated
waste quantities based on the ore outputs shown for reference (bottom).
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5.4.2.4 River Tees
The highest producing mine within the upper Tees catchment is Green Hurth mine,
located in the lower reaches close to the outlet at Cow Green Reservoir (Figure
5.36). Although situated over 1km to the northwest of the main Tees channel, the
mine is within an area of relatively high IC values as a consequence of the steep
northern slopes and the proximity to the tributary stream of Greenhurth Sike. A
group of moderately high producing mines are located further upstream near the
confluence with Trout Beck, including Teesside, Hardshins and Metal Band mines.
These mines are all either on the lower terrace slopes or directly on the valley floor
and so have very high corresponding IC values. Waste sediments mobilised from
these mines are likely to have been highly coupled with the main Tees channel, due
mainly to the short flow path lengths required to transport sediment to the river. A
line of low producing mines can be traced extending north from this location towards
the South Tyne catchment, including Tyne Green and Lady’s Vein mines. IC values
in the vicinity of these mines are lower but they are adjacent to a steep tributary
stream that could potentially have provided an efficient sediment transport pathway.
Connectivity values in the upper Tees catchment are generally high and waste
sediments from the mines in this location are therefore likely to have been efficiently
coupled with the main river. Slaty Sike Mine to the north of the Tees had the second
highest recorded output for the catchment and is located in an area of high
connectivity adjacent to the Slate Sike tributary stream. The workings at Hunter’s
Vein to the south are in an equivalent position on the opposite side of the valley. The
Crossfell workings also extend across the watershed from the Black Burn catchment
into the upper Tees valley, although sediment connectivity at this location is slightly
lower due to the longer flow paths.
Areas within the Trout Beck sub-catchment are less well connected to the main river
system as a result of the relatively gentle gradient, high surface roughness and long
flow pathways typical of this tributary. The workings at Nether Hearth and
Overhearth mines are, however, close to the prominent streams of Trout Beck and
Rough Sike respectively. This means that any sediment mobilised from these mine
locations could have been directly coupled with the main Tees valley if it reached
these concentrated flow pathways.
Hushes are distributed throughout the northern half of the upper Tees catchment
area and cover a wide range of connectivity scenarios. The Hunter’s Vein hushes in
the headwaters of the upper catchment are highly connected to the River Tees as a
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result of the steep slopes and proximity to the main channel. Swathbeck and Hard
Hill (North) hushes are both further away from the main river but are also highly
coupled due to their direct connection to tributary streams draining into the Tees.
Further downstream, the small hushes at Tyne Green and Hardshins in the middle
catchment are located on the steep lower slopes close to the valley floor, indicating
that sediment excavated from these features would almost certainly have entered
the main river. A group of hushes are also located in the upper reaches of the Crook
Burn sub-catchment, including those at Clargill Burn, Scraith Head and Yad Moss.
These hushes are over 3km away from the main Tees channel and are within a
catchment characterised by low channel gradients and highly localised topographic
variability, resulting in very low corresponding IC values. The Green Hurth hushes
further to the south are close to the main channel but still only in an area of
moderately high connectivity.
The largest hushes are within the Trout Beck catchment and include Dunfell Hush,
Henrake Hush and the southern extension of Hard Hill Hush in the upper reaches
and Nether Hearth and Dodgen Pot Sike hushes further downstream towards the
confluence with the Tees. Overall IC values within this entire area are considerably
lower for the reasons outlined above. However, the central drainage paths within the
large hushes can be easily identified within the IC index results as areas of high
sediment connectivity. This suggests that although the general area in which these
hushes are located is poorly connected with the main river, sediment mobilised
along the hush channels themselves is likely to have been highly coupled with the
broader drainage network.
The distribution of spoil heaps again largely reflects the location of mine workings
with recorded output discussed above, although with some notable exceptions. A
group of spoil heaps is located to the east of the Tees in the lower catchment and
represents additional workings associated with the main Green Hurth mine situated
further to the east. These tips are closer to the main river and so have higher IC
values than the waste heaps at the main Green Hurth site. A number of spoil heaps
have also been identified throughout the Crook Burn sub-catchment, associated with
named mines with no recorded production at Scraith Head and Crook Burn. These
tips are all within a broad area of very low sediment connectivity, suggesting that the
likelihood of waste from these features reaching the main channel is low. A similar
group of dispersed spoil heaps is located on the highly connected northern slopes of
the upper catchment, associated with additional workings around the Crossfell West
and Slaty Syke mines.
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Figure 5.36: Map showing the results of the index of connectivity (IC) for the River Tees, with the key mining features and documented ore outputs
overlain.
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5.4.2.5 Variation in sediment connectivity between mining categories
The accurate spatial record generated by the mapping discussed in Chapter 4
allows the direct comparison of individual categories of mining features with their
underlying sediment connectivity characteristics. Summary statistics of the IC pixel
values extracted from each of the individually mapped features within each of the
three main categories are provided in Table 5.13, along with histograms showing
variation in connectivity between the groupings (Figure 5.37). The named mines
have the highest mean IC value (-3.21), suggesting that they are, on average, more
connected with the main river channels than either the spoil heaps or hushes. The
IC values for this category incorporate the full mapped extent of all surface remains
at each named mine, including spoil heaps, and therefore represents overall
connectivity scores per mine site. When analysed separately, the spoil heaps have a
slightly lower mean IC value (-3.63) but lower standard deviation than the overall
named mine areas. Interestingly, the mean IC value for the hushes (-3.88) is lower
than for the other categories and with a lower standard deviation (0.77). This is
reflected in the histogram for the hushes, which has a distribution of IC values that is
noticeably lower and less widely spread than for the named mines or spoil heaps
(Figure 5.37). The median IC values for all categories are, however, higher than the
overall study area average (4.05) (Tables 5.10 and 5.13).
A one-way analysis of variance (ANOVA) was conducted to determine if the mean
IC values between each category of mining feature were statistically significant. The
results indicate that there is a statistically significant difference between categories
(F(2,1192) = 13.19, p = .000002). Independent t-tests were subsequently run
between the pairwise category combinations to further explore the significance of
the differing IC mean values. The results showed that the named mine sites had
statistically significantly higher IC connectivity than either spoil heaps (t(197) = 3.88,
p = 0.0001) or hushes (t(257) = 6.17, p = .000000003). The IC connectivity values
for spoil heaps were statistically significantly higher than those for the mapped
hushes (t(188) = -4.05, p = 0.00007).

Table 5.13: IC sediment connectivity index summary statistics for the main mine site categories

Category

Min.

Max.

Mean

Std. Dev

Named mines
Hush
Spoil heap

-5.29
-5.01
-5.54

0.78
-1.55
1.23

-3.21
-3.88
-3.63

0.99
0.77
0.88

First
quartile
-3.98
-4.60
-4.28

Median
-3.17
-4.01
-3.74

Third
quartile
-2.73
-3.28
-3.19
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The connectivity of the mines to the main rivers also needs to be considered in
terms of the volume of waste sediment that has been generated by each category of
mining feature. Figure 5.38 shows a scatter graph of the estimated waste sediment
output against the mean IC index value for each individual mapped feature within
the study area, differentiated by feature category. These values are based on the
mean of all IC raster cell values within each of the mapped features. This graph
again clearly shows that the range of mean IC values for the spoil heaps and named
mines is noticeably wider than that for the hushes, which are restricted to mean IC
values below -1.5. It is also apparent that the range of estimated waste sediment
volumes for the hushes is far greater than for the other categories, again suggesting
that even though they appear to be less coupled the amount of sediment generated
was typically higher. However, the features from each category that have high IC
values generally appear to have relatively low estimated waste sediment outputs,
with the exception of some individual named mines and associated larger spoil
heaps. The clustering of the named mine waste outputs around c.125 on the y-axis
is due to the intercept value of 14672 tonnes applied by the regression equation
used to estimate waste production from ore outputs (Section 5.2.1).

Figure 5.37: Distribution of calculated IC values for the main categories of mining features.
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Figure 5.38: Comparison between the estimated amount of waste sediment and the
corresponding mean IC value for each mapped mine or mining feature.

To further explore the variation in connectivity between the different mine feature
categories, the overall IC index results were reclassified into six classes based on
an equal interval classification with a class width of 2 (Figure 5.39). This approach to
partitioning the IC model results into a relative classification scheme has been
successfully utilised by Tarolli and Sofia (2016) and allows the results to be grouped
into specific intervals reflecting the degree of coupling predicted by the model.
Comparison of the grouped results shows that the majority of estimated sediment
output from mapped features within all categories are located within the low (-6 - -4),
medium/low (-4 - -2) or medium/high (-2 - 0) connectivity classes (Figure 5.40). The
main variation is for the hushes, which have a much higher percentage of calculated
waste sediment located within areas classified as low connectivity (36%) and a
lower percentage within areas classified as medium/high connectivity (1%).
Percentages for the medium/low connectivity class are broadly similar for all feature
categories, ranging from 63% for hushes and for named mines to 67% for spoil
heaps. Only 0.1% of the estimated waste sediment from the mapped spoil heaps is
attributable to areas with a mean IC value in the high connectivity class (0-2),
compared with 0.6% for the named mines and none of the hushes.
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Figure 5.39: Map showing the results of connectivity index (IC) reclassified into six classes.

These results all suggest that the coupling of waste sediments with the main river
channels is, on average, highest for the overall mine sites, followed by the spoil
heaps and then lowest for the hushes. The proximity of many of the named mines
and spoil heaps to either the valley floor or to steep slopes adjacent to large tributary
streams explains their relatively high connectivity values. In these contexts,
sediment delivery processes would probably have been relatively efficient, with any
mobilised mine waste deposited on the surface having the potential to reach the
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main river systems. However, the trend for lower connectivity values from the
mapped hushes is of particular interest as this suggests that, at least in terms of
their modern topography, these features were relatively inefficient at transporting
sediment to downstream locations. Initially, this conclusion appears counterintuitive
given that the purpose of a hush was to mobilise excavated sediment in a
downslope direction and is at odds with historic accounts recording the extensive
damage caused to local rivers by this extraction process. One of the main reasons
for these results is that hushing was a managed process, involving extensive
artificial water management systems which are now largely dysfunctional, and the
periodic controlled release of retained water to flush loosened surface sediments
from the hush channel. The efficiency of hushes in terms of sediment mobilisation
and transfer was therefore to a large degree the result of their contemporary
management, rather than simply their topographic landscape position. However,
there are other potential reasons for this pattern of results, including the specific
algorithm used to generate the IC model, the morphology of the mining features
themselves and the method used to extract the IC values to the mapped polygons.
These points will now be discussed in detail as part of the consideration of the
potential limitations of the mining-age sediment estimates.

Figure 5.40: Percentage of sediment waste per feature category attributable to each IC class.
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5.5 Limitations of the mining-age sediment estimates
5.5.1

Uncertainties associated with waste sediment conversion estimates

Although the attempt to reconstruct waste sediment volumes based on ore outputs
provides a useful insight into the possible scale of mine waste generation (Section
5.2.1), there are a number of uncertainties associated with the methodology that
need to be considered. These relate primarily to two main considerations; the quality
of the input data used to construct the regression equation and how representative
mine tunnel volumes are of the entire waste sediment volume associated with the
mining extraction process. The sample of 46 mines used to construct the regression
equation represents approximately 10% of the overall number of named mines
within the study area (n=465). However, only nine of these mines are from within the
study area itself, with the remainder being from Weardale further to the east of the
North Pennine Orefield. The absolute and percentage development values do show
a similar distribution for both the study area and Weardale data sets (Figures 5.2
and 5.3) but additional sample mines from the study area would ideally be required
to fully ensure similarity between the areas.
The calculation of total mined volume is reliant on the measured development
distance being correct, but the data for some of the mines appears to indicate that
this may not always be the case. For example, the results for some of the mines
suggest that lead ore comprised ~40-50% of the total excavated material, which
appears extremely high even for a very productive ore body. Given that the amount
of lead ore is unlikely to have been overstated, the inference here is that the
development distance was not accurately documented. The effect of this potential
limitation would be to underestimate the volume of waste generated by the 46 mine
workings in question, and by extrapolation the waste from all of the unsampled
mines within the study area. This underestimation of waste volumes may explain
why some of the high producing mines appear to have relatively low volumes of
waste output calculated by the regression equation. For example, Rotherhope Fell
Mine in the Black Burn catchment produced 64965 tonnes of lead ore but had a
calculated waste volume of only 86394 tonnes, suggesting that ore comprised 43%
of the total excavated amount. Nevertheless, without additional data it is difficult to
ascertain whether these figures are realistic or if they represent a significant
underestimate of total volumes.

284

The development distances and mine plans used to construct the regression
equation relate to subterranean excavation of ore-producing mine levels. However,
there were other mine infrastructure features that were never intended to produce
large quantities of ore but which would have generated considerable amounts of
waste, such as the excavation of drainage tunnels or ventilation shafts. Some of the
drainage tunnels in the North Pennines were massive undertakings, for example the
Nent Force Level extended for over 7km but was primarily designed to drain
adjacent workings rather than extract ore itself (Wilkinson, 2001). Similarly, the mine
levels which were used to extract ore had to be interspersed with numerous vertical
shafts to provide ventilation and additional drainage conduits. The length of these
shafts is unlikely to have been recorded on the Weardale data and although these
shafts are typically marked on the study area mine plans, without associated
knowledge of the depth of the workings their volume could not be quantified.
The treatment of the excavated material subsequent to initial extraction also needs
to be considered if variation in waste sediment release is to be fully understood.
Some of the excavated rock waste would have been deposited in other abandoned
mine tunnels in order to reduce the unnecessary effort of transporting the material to
the surface (Palumbo-Roe and Colman, 2010). The result of this would be that not
all of the waste rock would have reached the surface to be released to the wider
landscape, meaning that the waste estimates may actually be overestimated in
some situations. However, quantifying the proportion of rock waste that was
deposited in this manner is not possible without extensive subterranean surveys. A
further point is that the ore output values relate to the volume of galena obtained
after the dressing of the excavated material but prior to the smelting process. This
does not affect the volume calculations themselves but from the later 18th century
onwards ore dressing facilities became increasingly centralised, meaning that the
secondary waste generated through this processing stage may have been in a
different location from the initial extraction site (Fairbairn, 1993). As with the other
potential limitations, quantifying the significance of this factor is not possible without
additional primary data.

5.5.2

Uncertainties associated with hush volume calculations

There are a number of potential uncertainties associated with the results of the hush
volume calculations (Section 5.2.2) that need to be considered alongside the
potential overestimation due to a lack of corresponding ore output data. These can
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be broadly divided into potential errors due to the input data and methods used to
construct the volume estimates and limitations in terms of how representative the
results are of total levels of earlier mining.
The hush volume calculations are based on an estimation of a pre-hush ground
surface defined by the triangulation between elevation points spaced around the
hush perimeter. This approach is necessary in the absence of additional data about
the nature of the pre-hush land surface but it does assume that a flat topography
existed before the hushing process occurred. If existing streams or gullies were
present in these locations prior to the hush then the total calculated volumes are
probably overestimating the actual proportion of sediment that resulted from the
hushing process itself. Since one method of early prospection was to search stream
beds for visible ore material it is likely that such streams existed in at least some of
the hush locations. This suggestion receives some support from the presence of
visible depressions along the line of the hush even in the modelled pre-hush land
surface (for example see Figure 3.5). However, this could plausibly indicate either
the presence of a drainage pathway prior to the hushing process or that the
mapping of the hush has not quite defined the full extent of the extraction area in
some instances. For example, there may have been some surface working of the
general area prior to the main channel being hushed, leading to a topographic
depression that would not be captured by the mapping or the subsequent volume
calculations.
The input data used for the calculations also has limitations that need to be
considered. The airborne lidar data used in the modelling of the pre-hush surface
and subsequent volume calculations had a 1m spatial resolution and there will be
some error associated with the resulting output values, although this is likely to be
negligible given the scale of the features in question. A more significant conceptual
issue is that the airborne lidar data provides a record of the modern (c.2008-2010)
topography, rather than the land surface immediately after the hushing ceased. As a
result the calculations return the total volume of material excavated from the hush
during both the mining extraction itself and through subsequent erosion processes.
The post-abandonment reworking and erosion of mine sites is considered in more
detail in Chapter 6. However, to fully refine these volume estimates the rate of
erosion within an abandoned hush would need to be directly determined and then
used to adjust for the likely amount of post-abandonment change.
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The conversion of the hush volumes into sediment mass values was based on the
typical depth and average bulk density values of the main superficial deposit types,
combined with the average bulk density of rock for the remaining volume below the
overburden deposit (see Section 3.4.2.1). These values were all based on published
examples but in reality the depth of overburden and the exact bulk density
characteristics of the deposits will vary considerably throughout the study area.
Although this implies a level of ambiguity about whether the exact sediment mass
values have been properly characterised, it represents a best approximation in the
absence of more detailed data.
Alongside the technical limitations of the data and methods used in the volume
calculations are broader issues relating to how representative the results are of the
total levels of pre-1845 mining in the area. One of the main issues is a lack of
precise dating for most of the hushes in the study area, meaning that the majority of
sites can only really be loosely assigned to the broad period between the late 17th
century and c.1840. The implications of this are that it is not possible to accurately
relate individual hush sediment outputs to specific time intervals in the same way as
was done for the documented ore outputs.
Hushing represents the most significant form of opencast extraction in terms of the
size of individual surface features but there are numerous other smaller-scale
extractive features throughout the study area. The spatial distribution and extent of
these features has been considered in Chapter 5 but the total volume of sediment
mobilised from these other opencast extraction processes cannot be calculated
using the same methods. This is primarily due to the way in which these features
have been mapped by the NMP, with numerous small extractive features often
grouped together within one large area polygon. Individual feature extents are
instead required in order to generate perimeter points and volume estimates,
particularly when the features are of a much smaller size. Alternative approaches
would either require the mapping of each individual extractive feature or the use of
automated feature extraction techniques to isolate features and construct volume
estimates, both of which were beyond the scope of this current study.

5.5.3

Uncertainties associated with smelt waste estimates

Although the quantity of metallurgical waste generated by each mine has been
estimated, there is considerable ambiguity over the location of the actual smelt mills
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in which this waste was produced (Section 5.2.3). A limited number of documentary
records do exist which link individual mine outputs from given time periods to a
particular smelt mill. However, these are not detailed or extensive enough to
incorporate output from all of the mines throughout the entire study period. This
inability to assign metallurgical waste to individual locations within the landscape
represents a significant limitation to the overall reconstruction of mine-related source
to sink sediment pathways. The estimation of the quantity of metallurgical waste
generated by the smelting process also has limitations, most notably the use of
averaged metal content values across extended time periods of mining. There will
undoubtedly be localised spatial and temporal variation in the metal content
obtained due to the particular characteristics of the different ore bodies and the
changing efficiencies of the individual dressing floors or smelt mills. However,
without additional highly detailed records, such as those obtained for the period
1845-1913, this represents the best approximation achievable with the available
data.
The smelter waste heaps can lead to contamination of the wider landscape through
both particulate mobilisation and leaching of metals in precipitation (Maskall et al.,
1995; Blake et al., 2007). However, an important additional factor is that the solid
smelter waste, in the form of metallurgical slags, represents only one aspect of the
damaging impact of the original smelting process. There are numerous documented
accounts relating to damage caused by the toxic fumes produced by the smelters
during operation, with the mine companies having to frequently recompense farmers
who had lost livestock close to the mills (Raistrick and Jennings, 1989). One
reaction to this was the construction during the late 18th and early 19th century of
long arched flues leading from the smelter to a chimney stack typically built high up
on the moorland overlooking the smelt mill. These flues served the dual purpose of
transporting the noxious fumes away from the inhabited valley floor whilst also
allowing the remaining metallic dust particles to settle out of the smoke (Burt, 1984).
These solid particles, referred to as ‘fume’, were then periodically collected and the
additional lead extracted for sale.
The significance of this is that the estimates of particulate waste represent only one
component of the potential impact of the smelting process, with the location of the
smelter and flue chimney important additional considerations. Previous studies have
demonstrated that the dispersal of airborne contaminated particles from smelters
depends on a range of factors including the height of the chimney, the duration of
smelting operations and the local topography and wind direction (Mackay et al.,
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2013; Mills et al., 2014). However, without being able to assign the mine outputs to
particular smelters it is not possible to fully investigate the implications of airborne
smelt pollution generated by ore from the study area mines.

5.5.4

Uncertainties associated with sediment storage estimates and residual
calculations

The limitations of the waste storage estimates (Section 5.3) relate primarily to
potential issues with the method of calculating the volume and mass of the tips,
combined with broader questions about their dating and long-term stability. The
calculation of the spoil heap volumes involved the triangulation of a hypothesised
pre-mining land surface across perimeter elevation points extracted from airborne
lidar DEMs, using a similar method to that employed for the hush volume estimates.
The limitation of this method is that it assumes that a land surface with a uniform
slope existed prior to the mine waste being dumped to form the spoil heap. In the
absence of detailed information about the form of the pre-spoil topography this
assumption is necessary but variation in the original topography may mean that
certain spoil heap volumes are either under- or overestimated. Similarly, the volume
calculations for areas of dressing waste were based on a single representative
depth value of 0.5 m. Although this value was based on field observations of
dressing waste deposits there is likely to be considerable variation between different
areas and deposits which have not been fully accounted for by this approach.
The conversion of the spoil heap and dressing waste volumes into sediment mass
values was based on a single bulk density value averaged from a number of
published studies (Section 3.4.2.2). This was necessary in the absence of detailed
field samples from the spoil heaps within the study catchments but there will
undoubtedly be significant variation in actual bulk density values. The variation in
sediment properties will principally relate to whether the spoil heap is comprised of
primary rock waste, tailings resulting from the dressing of extracted material, or a
combination of the two. The rock waste will typically be composed of larger grain
sizes with higher particle density but lower bulk density due to increased void ratios.
In comparison, tailings are essentially crushed rock and so will have a smaller grain
size but higher bulk density due to reduced voids between particles. The finer grain
sizes of tailings means that they will generally be more susceptible to postabandonment erosion and reworking than coarser rock waste.
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Despite rock waste and tailings deposits having these general characteristics, there
will also be significant internal stratigraphic heterogeneity within individual tips,
based on the nature of the rock being mined and the processing techniques used at
any given time (Figure 5.41). As previously mentioned, it was not possible to classify
the tips into rock waste or tailings categories based on the available data and they
were therefore all grouped together as spoil heaps. This means that the mass
estimates have to be considered as approximations in the absence of further data
relating to the sediment characteristics of individual spoil heaps.

Figure 5.41: Internal stratigraphic heterogeneity in sediment properties seen in the side wall of
a gully incised into a tailings heap at Whitesike Mine, South Tyne catchment. The inclined
bedding parallel to the slope is typical of waste dumping.

A broader limitation of the spoil heap sediment storage estimates is that precise
dating of the waste tips is problematic due to the long history of mining activities in
the North Pennines and the relatively undiagnostic morphology of these landforms.
Some spoil heaps can be fairly securely related to documented mining operations
due to their spatial relationship to a level entrance or nearby shaft workings.
However, in many other cases the tips could relate to a number of mine entrances
or to a time period of operations covering many centuries, making relating the spoil
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heap mass estimates to ore output records from specific time periods not usually
possible. This means that at least some of the calculated spoil heap waste will relate
to mining operations that are within the period 1700-1948 but undocumented, or
even from pre-18th century mining activities.
One additional limitation is that, as with the hush volumes, the calculated spoil heap
totals are based on a recent airborne lidar DEM and are therefore a record of the
modern scale of these features. Spoil heaps are not static features within the
landscape but instead will have often been significantly modified since their original
deposition. This modification can either be through intentional alterations, such as
reprocessing to extract additional minerals or reshaping as part of subsequent
landscaping operations, or through post-depositional erosion processes. Since the
rate and intensity of geomorphological processes on former mining lands are often
significantly higher than for equivalent pristine areas (Toy and Hadley, 1987), the
amount of post-abandonment change is often considerable. This again indicates
that the calculated spoil heap values may actually be conservative estimates of the
original amount of stockpiled waste. The post-abandonment changes to mine sites
will be considered in more detail in Chapter 6.

5.5.5

Uncertainties associated with the sediment connectivity index

The IC sediment connectivity index is a morphometric model that utilises digital
elevation data to represent variation in the linkages between different parts of a
catchment (Section 5.4). The calculated IC value for a particular location is reliant on
a combination of the upslope contributing drainage area and the downstream flow
path to the nearest feature of interest, each weighted by components relating to
slope gradient and topographic surface roughness (see Section 3.5). However,
since the sole input data set is a digital elevation model, the index focuses
exclusively on the influence of topographic characteristics on sediment transfer
pathways and is primarily concerned with processes involving hydrological
connectivity. Additional factors, such as vegetation cover or sediment type, are not
included as part of the model calculations, despite being important considerations
when assessing overall coupling relationships. The exclusion of these factors from
consideration, as with the use of a modern DEM to model a historical landscape
scenario, is necessary in the absence of detailed contemporary data sets. The main
consequence of this is that the index is essentially a static, point-in-time structural
connectivity model that does not address temporal variability in sediment transfer
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patterns due to functional (i.e. process-driven) change. Incorporating frequencymagnitude distributions of sediment detachment, transport and deposition is a
fundamental stage in the development of a fully representative sediment
connectivity framework (Bracken et al., 2015).
This limitation of the IC connectivity model was acknowledged by the original
authors (Cavalli et al., 2013) who argue that, although variation in process-driven
temporal change is largely absent from the model results, the focus on topographic
attributes still provides a useful spatial characterisation of likely sediment transfer
pathways. Other studies that have utilised the same index have drawn similar
conclusions. For example, Messenzehl et al. (2014) conclude that the IC index
displays good correspondence with their field based sediment transfer results when
considered at the scale of the overall catchment area. However, the lack of
integrated consideration of variation in the magnitude and frequency of specific
process-driven change in the model meant that some of the localised results were
either incorrect or not fully explained by the D up and D dn components of the
algorithm. This suggests that the consideration of catchment-scale patterns of IC
index results discussed above is valuable in understanding broader variability in
sediment connectivity, but that the extraction of localised results for specific
individual mining features would require further detailed field verification.
An additional limitation of the model is that it does not consider sediment
detachment potential at the source site, just the structural controls on sediment
transfer, despite the scale and mechanisms of sediment detachment being crucial in
determining broader patterns of connectivity (Bracken et al., 2015). This is
understandable since the focus of the index is on the transfer of sediment through a
catchment, rather than the assessment of potential for initial erosion, mobilisation
and transport. However, the specific characteristics of the mine waste, for example
the grain size distribution or degree of surface armouring, will have a significant
influence on the level of sediment transfer potential, even if the waste is located in
an area deemed to have high structural connectivity. An example of this would be
the large spoil heaps at Teesside Mine in the middle Tees catchment, which are
located directly adjacent to the main river channel and so have high corresponding
IC values. Nevertheless, the spoil heaps are generally composed of rock waste of a
large grain size and field investigations demonstrated minimal evidence for
extensive sediment transfer between these tips and the River Tees (Figure 5.42).
Ideally, the IC connectivity model should therefore be combined with either
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extensive field investigations or a modified model that also considers localised
variation in sediment character and mobilisation potential.
The result that hushes are generally less efficient sediment transfer landforms than
spoil heaps can be largely explained by the lack of integrated anthropogenic or
geomorphologic process consideration within the model. Hushes often cover a large
spatial area extending from the upper hillslopes down to the valley floor and
therefore cover a range of connectivity scenarios as modelled by the IC index. The
upper sections of the hushes in particular often have low modelled connectivity due
primarily to the long flow path lengths between these locations and the river
channels. Despite the central gully of the large hushes usually being identified by
the model as a preferential flow path with higher connectivity values, this is often
outweighed by the broader pattern of low connectivity results for the overall hush
extent in upper hillslope contexts. This problem is exacerbated by the limitations of
the 5m resolution DEM used as input for the model, which is large compared to the
width of many of the hushes and so underestimates the role that hush side walls are
likely to play in delivering sediment to the main channel. Although this latter point
could be avoided if a higher resolution airborne lidar DEM was available for the
entire study area, hushes are still likely to have lower connectivity values because
the model only considers feature morphology rather than historical functioning.

Figure 5.42: Spoil heaps at Teesside Mine. These are located in an area of high IC values but
fieldwork suggests limited coupling with the river due to the nature of the mine waste.

As previously discussed, hushing involved the controlled release of large flows of
water to mobilise previously loosened overburden and rock material from the hush
floor. The use of carefully designed gullies and controlled releases of water would
undoubtedly have resulted in a very high degree of connectivity between the hushes
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and the broader stream network, as evidenced by contemporary accounts and the
lack of large spoil heaps at hush exits. The inability of the IC model to reflect this
high connectivity is because there is no scope within the algorithm to account for
specific process-driven change, whether by natural geomorphic processes or human
action. Essentially, the IC model results are reflecting the potential for sediment
transport from locations within a DEM of the modern land surface, based solely on
topographic characteristics and without consideration of specific transport
processes. This reinforces the suggestion by Messenzehl et al. (2014) that
comprehensive assessments of sediment connectivity should ideally take both a
landform (i.e. process) and pixel-based approach.
Despite the assumptions outlined above, the IC model is a very valuable indicator of
catchment-scale spatial variation in patterns of coupling between hillslopes and river
channels. One additional consideration is that although the IC model focuses
specifically on coupling between source locations and river channels, any transport
of mine wastes can be of significance given the potential for these sediments to
often also be important archaeological deposits or containing high levels of trace
metal contaminants. Development of a more rigorous model would require additional
input data relating to non-topographic transport parameters, such as vegetation
cover, as well as information about the nature of the mobilised sediments
themselves. Where possible the modelled connectivity relationships should also be
validated through targeted field investigations.

5.5.6

Quantifying the significance of uncertainties in sediment estimates

Translating the various uncertainties discussed above into actual quantified errors
that can be assigned to the different stages of the waste calculations is complicated
by a lack of comparative data. Errors associated with the estimation of waste
sediment volumes from mine ore output data are particularly problematic, primarily
due to the accuracy of such historical data sets being unclear and largely untestable
(Table 5.14). The key sources of error for this stage of the analysis are likely to be a
lack of output data from earlier (pre-1845) periods of mining and the difficulty in
incorporating waste volumes from unproductive mines into the overall calculations.
This can be demonstrated by the fact that a total of 465 named mines were
recorded within the overall study area but documented ore production was only
identified for 141 of these mines (Chapter 4).

294

The discrepancy between the number of named and productive mines will be
partially due to some of the ore outputs having either never been recorded or the
output documents having not survived through to the present day. However, lead
mining was always a speculative business and many of the mines with no recorded
output will also have been unsuccessful ventures which yielded little or no ore. The
significance of this is that these unsuccessful mines are not directly accounted for
within the overall waste calculations but may well have generated a considerable
amount of waste sediment. Actually quantifying the amount of waste sediment
produced by these unproductive mines was not possible with the available data, with
targeted field and subterranean surveys of unproductive mines being required to
resolve this aspect of the calculations. Nevertheless, although the actual magnitude
of this source of error cannot be quantified, one resulting implication is that the
waste totals discussed above (Section 5.2) are likely to represent a significant
underestimate of the entire amount of extraction-related waste sediment.
Other sources of potential error in the waste sediment estimates relate to
inaccuracies associated with the mapping of mining features and the subsequent
calculation of sediment volumes (Table 5.15). These issues relate to the estimation
of sediment production by hushing (Section 5.2.2) and the assessment of the role of
spoil heaps and dressing waste deposits in the long-term storage of mine wastes
(Section 5.3). The aspects of these errors which are associated with measurement
accuracy have been assessed wherever possible (Table 5.15), with the results
indicating that the significance of these errors is likely to be considerably less than
those associated with the ore output calculations discussed above. However,
extensive additional and as yet unavailable data would be required to fully quantify
error associated with these potential issues. These ambiguities, combined with the
inability to quantify error associated with the historical aspects of the work, mean
that no attempt could be made to generate a comprehensive quantitative error
assessment of the overall calculations. Obtaining the data necessary to better
understand the errors associated with such estimates of mining-age sediment
production is highly recommended as an avenue for future research.
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Table 5.14: Summary of errors associated with ore to waste conversion estimates

Source of error

Accuracy of original
production figures
Measured mined
distances (historical
data)
Measured mined
distance (mine
plans)
Comparability of
sample mines to
others in the study
area

Waste generated
by mines with no
production figures

Description
Errors associated with how accurately mine
outputs were originally recorded and
reported. For earlier periods (pre-1845) the
magnitude of this error is likely to have
been far more significant.
Errors associated with how accurately the
mined distances reported in Dunham 1944
were originally measured.
Errors in the original surveying that formed
the basis of the mine plans used in the
analysis.
The sample of 37 mines from Weardale and
9 mine plans used in the analysis may not
be representative of all mines in the study
area.
Completely unrecorded mines cannot be
accounted for by definition. However, there
were 465 named mines in the study area
and only 141 of these had recorded
production. This will be due to a
combination of earlier workings for which
production figures have not survived and
unsuccessful trials which did not yield any
ore. Although the remaining 324 mines had
no recorded production they will have still
generated waste sediments, which
therefore remain unaccounted for.

Base units

Possible approach to resolving error

Indicative error

Mass (t)

Unquantifiable –
no comparative data

Unknown

Length (m)

Unquantifiable –
no comparative data

Unknown

Length (m)

Unquantifiable –
no comparative data

Unknown

Length (m)
/ Mass (t)

Obtain additional mine plans (if possible) to test how
representative the sample is.

Unknown

Mass (t)

A maximum estimate could be derived by multiplying
the intercept value from the regression equation
(Figure 5.3) by the number of named mines with no
6
production. This results in an additional 4.75 x 10
tonnes of waste sediment. However, many of these
mines are likely to be small-scale trials and so this
method is probably not representative. Direct field
measurement of some of the additional mines,
ideally including subterranean surveys, would help
to establish typical volumes.

Unknown, but
potentially within
the range of 0
(min) to 185%
(max) if based
on the
regression
equation in
Figure 5.3.
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Table 5.15: Summary of errors associated with mapping and volume calculations

Source of error

Description

Base units

Mapping of
hushes

Errors associated with the initial
mapping of the hushes as part of
the National Mapping Programme
(NMP)

Area (m )

Calculation of
hush volumes
using ALS

Errors associated with the use of
the ALS DEM to calculate the hush
volumes.
Errors associated with the use of
the area/volume regression
equation to estimate volumes from
hushes outside the ALS coverage
area.

Volume
3
(m )

Estimation of
hush mass

Errors associated with the use of
approximate overburden depth and
standardised bulk density values

Mass (t)

Mapping of
spoil heaps

Errors associated with the initial
mapping of the spoil heaps as part
of the National Mapping
Programme (NMP)

Area (m )

2

2

Possible approach to resolving error
A 10% random sample (n=12) of hushes were remapped and
their area values compared to those from the original NMP
data. This resulted in an average area difference of ±7%
between the two data sets. However, the NMP had access to
several additional sources of high resolution imagery, meaning
that their mapping is likely to have better defined the shape and
size of the features in question. This error value is therefore
likely to represent a conservative (i.e. maximum) estimate.
Errors with the volume estimates calculated from the airborne
laser scan data will primarily relate to (1) errors in mapping
(discussed above), (2) the spatial resolution of the DEM and (3)
the vertical accuracy of the ALS data. In the absence of higher
resolution contemporary DEM data the influence of spatial
resolution could not be directly explored. However, the
significance of (3) was assessed by using a typical vertical error
value of ±0.15 m (Devereux and Amable, 2009) to add random
variation to the ALS heights. All of the volume estimates were
then recalculated and the values compared to the original
results. This approach suggests that the influence of ALS height
errors is likely to be relatively negligible (~±0.1%).
Overburden depths and bulk densities were based on published
examples of approximate representative values for the region
(Figure 3.6). Direct field measurements from the study area
hushes would provide more accurate values and therefore
reduce potential errors.
The NMP mapping was all conducted by the same remote
sensing analysts and using equivalent data sets. Therefore the
conservative ±7% error value defined for the hush mapping can
also be assumed for errors associated with the mapping of the
spoil heaps.

Indicative error

< ±7%

~0.1%

Unknown

< ±7%
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Calculation of
spoil heap
volumes using
ALS

Errors associated with the use of
the ALS DEM to calculate the spoil
heap volumes.
Errors associated with the use of
the area/volume regression
equation to estimate volumes from
spoil heaps outside the ALS
coverage area.

Volume
3
(m )

See section above discussing errors associated with hush
volumes.

The mass estimate was based on the average of six published
bulk density values for mine waste (Table 3.6). An approximate
error for this stage can be calculated using the standard
deviation of these values, which suggests an error of ±11.85%.
Ideally a sample of bulk density values from spoil heaps located
within the study area would be obtained for comparison.
The NMP mapping was all conducted by the same remote
sensing analysts and using equivalent data sets. Therefore the
conservative ±7% error value defined for the hush mapping can
also be assumed for errors associated with the mapping of the
dressing waste.

~0.1%

Estimation of
spoil heap mass

Errors associated with the use of
standardised bulk density values

Mass (t)

Mapping of
dressing waste

Errors associated with the initial
mapping of the dressing waste as
part of the National Mapping
Programme (NMP)

Area (m )

Estimation of
dressing waste
volumes

Dressing waste volumes were
based on a typical depth of deposit
of 0.5 m derived from field
observations. The actual depth is
likely to vary considerably between
different areas.

Volume
3
(m )

Field measurement of a representative sample of dressing
waste depths would be required to quantify the magnitude of
this error.

Unknown

Mass (t)

The mass estimate was based on the average of six published
bulk density values for mine waste (Table 3.6). An approximate
error for this stage can be calculated using the standard
deviation of these values, which suggests an error of ±11.85%.
Ideally a sample of bulk density values from dressing waste
located within the study area would be obtained for comparison.

±11.85%

Estimation of
dressing waste
mass

Errors associated with the use of
standardised bulk density values

2

±11.85%

< ±7%
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5.6 Chapter summary
This chapter was aimed at developing quantified estimates of the waste sediment
volumes generated during historical lead mining operations and their likely degree of
coupling with the main river channels. Records detailing the linear distance mined
alongside the amount of ore obtained are scarce but analysis of the examples that
could be traced demonstrate a fairly strong positive relationship (R2 = 0.73) between
estimated waste sediment output and ore production. Application of this regression
equation to all other mines with recorded ore production within the study catchments
indicates that total waste output was approximately 2558325 tonnes. Waste output
was highest within the Nent catchment (1009757 tonnes), followed by the South
Tyne (971291 tonnes), Tees (425188 tonnes) and Black Burn (262999 tonnes). This
pattern is of particular interest because of how it differs from the catchment ranking
of ore production discussed in Chapter 4, with the number of mines operating clearly
being of more significance in determining overall waste output than simply the
magnitude of ore production. For example, the South Tyne had the second lowest
ore production figures but the second highest estimated waste output, due primarily
to the large number of mines operating in this catchment. This indicates that even
relatively barren mines could generate significant yields of waste sediments and
therefore have considerable impacts on the surrounding landscape.
Estimates of landscape disturbance due to hushing suggest that this method of
opencast extraction was of even more significance than subterranean mining, at
least in terms of the amount of waste sediment that was mobilised. The 120 hushes
within the study area released approximately 4614288 tonnes of sediment to the
wider catchments, 1.8 times as much as the estimate from subterranean mining
based on ore production statistics. The Nent was again the catchment that appears
to have been most significantly affected by this extraction process, with much of this
sediment being derived from a relatively small number of very large hushes,
including those at Dowgang, Greengill and Grassfield. The significant scale of waste
production by hushing is primarily due to the inefficiency of this method of mining
relative to the driving of subterranean levels. Hushing requires substantial volumes
of overburden to be removed before the ore body can even be exposed and worked.
When combined with contemporary accounts recording widespread damage caused
to surrounding fields and watercourses, these results indicate that the scale of
sediment release from hushing would have been considerable, especially during the
peak period of the practice between the late 17th and early 19th centuries.
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Additional waste sediments were also generated during the smelting of the lead ore
(galena) to extract the saleable metal. The centralisation of smelting operations at
widely dispersed smelter sites means that it is not possible to link specific mine
outputs to spatially-located smelter waste estimates. However, the concurrent
recording of lead metal and lead ore totals during the later 19th century means that
total smelt waste estimates can be reconstructed. Approximately 121782 tonnes of
metallurgical smelter waste were generated from the total amount of recorded ore
output from mines within the study area. Although the magnitude of waste from this
stage of the workflow is relatively small, the airborne dispersal of heavily
contaminated particles meant that their environmental impact could still be severe.
To further investigate the magnitude of waste sediment release to the wider
landscape, the scale of sediment storage landforms within the study area were also
quantified. This analysis recorded an estimated sediment storage total of 2349297
tonnes, comprising 2039121 tonnes as spoil heaps and 310176 tonnes as spatially
extensive areas of dressing waste. Comparison of the sediment storage estimates
with the total amount of waste sediment estimated to have originally been generated
by the mining operations allows the calculation of the unmeasured residual.
Approximately only 33% of the total estimated waste generated by the mining
operations can be accounted for by the remaining sediment storage landforms, with
the remaining 4823316 tonnes (67%) being unaccounted for.
This residual amount is potentially indicative of how much mining-related sediment
has been dispersed to the wider catchment since its initial production. However,
there are several important additional considerations that add uncertainty to these
calculations. The majority of spoil heaps will relate to mining via subterranean level
or from secondary dressing procedures. In contrast, large spoil heaps are rarely
associated with hushes, the waste from which would typically be dispersed
downstream during the hushing process itself. When the sediment storage values
are compared directly with the waste estimates based on the ore outputs alone, it
suggests that only 8% of the original waste remains unaccounted for. This unlikely
scenario strongly indicates that the waste estimates based on the ore output data
represent a significant underestimate of the total waste volumes, primarily due to a
relative absence of earlier output records. A clear illustration of this is that the results
for the Nent suggest that the sediment storage total is actually 54% higher than the
total amount of waste that was originally generated by underground mining. Despite
these uncertainties, the analysis does provide a valuable insight into the potential
scale of waste sediment release and variation due to different mining procedures.
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Catchment-scale spatial variation in patterns of coupling between mine locations
and river channels was clearly evident in the results of the sediment connectivity
model. Comparison of the modelled connectivity values for the main categories of
mine site indicate that, on average, the overall extent of mapped mines are more
connected to the river channels than spoil heaps or hushes. Overall connectivity
values are highest within the Nent, largely as a result of the relatively narrow, steepsided catchment morphology. Connectivity within the other three catchments is high
along the steep slopes adjacent to the main rivers but markedly lower along the
flatter tributary valleys, especially for the upper South Tyne and Tees. These
patterns of connectivity are especially significant when compared to the distribution
of mine sites (Figures 5.33 – 5.36). For the Nent catchment, the cluster of high
producing mines and substantial spoil heaps around Nenthead are all within an area
of high connectivity, as is the large hush at Dowgang. Although the estimated scale
of waste output from the mines within the South Tyne was generally lower, the
numerous mines and spoil heaps along the main South Tyne valley are also within
areas of high modelled connectivity. In contrast, the mines and hushes located
along the tributary valleys are relatively poorly connected with the main river, due to
a combination of low slopes, long flow paths and high surface roughness.
Production in the Black Burn catchment was dominated by Rotherhope Fell Mine,
located in an area of high connectivity close to the main river channel. The Birchy
Bank workings and hushes in the middle catchment were also highly connected to
the main channel, as were those located along the headwaters around Cross Fell.
Additional production was mainly restricted to the poorly connected tributary of Cash
Burn. The distribution of mines along the middle and upper reaches of the Tees are
generally well connected with the main channel, as is the highest producing mine at
Green Hurth in the lower catchment. The workings within the Trout Beck tributary
catchment are considerably less well connected, including Netherhearth and
Overhearth mines and the hushes at Dunfell, Henrake and Hard Hill.
Although there are numerous uncertainties associated with the reconstruction of
waste sediment outputs associated with historical lead mining (Section 5.5), the
findings of this chapter demonstrate that, given certain assumptions, sensible
quantitative estimates can be made. These results are of considerable value in
developing a better understanding of spatial and temporal variability in miningrelated sediment release and associated geomorphic impacts.
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Chapter 6.

Post-abandonment mine sediment

reworking and morphological change
6.1 Introduction
The scale of waste sediment production and release during the active period of lead
mining in the North Pennines was undoubtedly very high (Chapter 5). However, it is
also important to consider the long-term legacy effects of the industry in terms of the
ongoing erosion of abandoned mine sites and the contribution of these eroded
sediments to the overall upland sediment cascade. The form and condition of the
surface mine remains have, in many cases, altered significantly since their initial
abandonment (Barnatt and Penny, 2004). These post-abandonment changes are
due to a range of factors including deliberate anthropogenic alteration, such as the
reprocessing or landscaping of spoil heaps, and the influence of natural processes
of erosion and sediment transport. Importantly, the rates of these geomorphic
processes are often markedly higher in areas where intensive mining has taken
place than for un-mined landscapes, due primarily to a combination of the disturbed
nature of the land surface, the physical character of the waste sediments and the
impact of high levels of contaminants on vegetation growth rates (Toy and Hadley,
1987). This situation is especially pertinent in historic mining landscapes, such as
the North Pennines, where the mining activities took place prior to the introduction of
widespread environmental regulations and restoration controls in the later 20th
century (Soulliere and Toy, 1986).
Understanding the rates and causes of ongoing post-abandonment changes to
former mines is of immediate concern for geomorphologists and archaeologists
alike, but recent research into quantifying these changes has actually been limited.
This chapter therefore aims to address this knowledge gap through the detailed
analysis of the post-abandonment changes that have occurred at Whitesike and
Bentyfield Mines; a pair of adjacent lead mines located in the upper reaches of
Garrigill Burn in the South Tyne catchment. The analysis initially focuses on the
longer-term changes that have taken place since the abandonment of the mines in
the late-19th century, based on a time series of historic maps and aerial photographs
(Section 6.2). Shorter-term (c. 3 year) recent morphological changes are then
considered through the use of topographic change detection between an airborne
laser scanning (ALS) survey from 2009 and an Unmanned Aerial Vehicle (UAV)
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survey undertaken in 2012 (Section 6.3). Finally, contemporary high resolution
morphological changes are quantified through the analysis of repeat terrestrial laser
scanning (TLS) conducted on an approximately monthly basis between September
2012 and March 2014 (Section 6.4). Wherever possible, the geomorphic drivers of
recorded morphological change have been identified and discussed in order to
make the results from these two sample mines applicable to other actively eroding
mine sites in similar upland environments.

6.2 Assessing

long-term

post-abandonment

morphological

change (1868 – 2010)
6.2.1

Identifying large-scale morphological changes

Long-term surface changes at Whitesike and Bentyfield mines were identified
through the analysis of a time series of historic maps and aerial photographs
covering the period from 1868 to 2010. These sources were used to highlight
differences in surface morphology that could help understand the nature and
magnitude of large-scale changes at the mines since their abandonment.

6.2.1.1 1868 - 1900
The 1:2500 scale First Edition Ordnance Survey (OS) map of this area dates from
1868 and shows the mines as they existed towards the end of their main operational
life (Figure 6.1). The map shows the complex arrangement of surface features
relating to the main stages of the mining activity, including level entrances, waterpowered dressing machinery, spoil heaps and transport infrastructure (see Section
2.5 for a full description). The scale of anthropogenic management of Garrigill Burn
is also clearly apparent, with the stream being routed beneath extensive stretches of
culvert, especially in the vicinity of the Bentyfield dressing floors.
The First Revision OS map (1899-1900) records the two mines as being ‘disused’,
indicating that large-scale operations had ceased at some time between 1868 and
1899 (Figure 6.1). Despite this, the detail on the map indicates that the majority of
the key surface features were still present at the mines at the turn of the 20th
century, suggesting that the abandonment had been fairly recent. Much of the
above-ground infrastructure at the Whitesike dressing floors can still be identified,
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including tramways, bouse teams, a water wheel to power an ore crusher and even
elevated wooden water channels termed ‘launders’ but marked as an aqueduct on
the historic map. The hachures depicting the large tailings heaps to the west of
Whitesike are less detailed than on the 1868 map but appear to indicate broadly the
same form and extent. There are also no major visible changes to the other spoil
heaps at the two mines.
One of the main aspects of change between the 1868 and 1899 maps relates to the
limestone quarry located to the north of Bentyfield Low Level. The limestone from
quarries such as this was used to produce lime for agricultural improvement, with
pastoral farming being an important additional strand to the local economy. The
1899 First Revision map is the first source to show the presence of the limestone
quarry on the north bank of the stream, connected by a track to a lime kiln further to
the west. However, the lack of a quarry on the earlier 1868 map does not
necessarily indicate that it was not already in existence at this date, with the
presence of the lime kiln on the earlier map strongly suggesting that some quarrying
was already taking place. It is possible that the quarrying was relatively small-scale
until after 1868, with the extraction having been abandoned by the time of the 1899
map, or that the quarry existed but was simply overlooked when the First Edition
survey was being conducted.
The second major difference between these maps is a change to the course of
Garrigill Burn as it flows through Bentyfield Mine. On the 1868 map the stream was
almost entirely covered by a culvert as it flowed through the dressing floor area of
the mine, with tramways and processing machinery being visible above where the
stream course should continue. By 1899, sections of the culvert have clearly
disappeared and intermittent stretches of stream channel can be identified west of
the Bentyfield mine shop. The tramways extending west from Bentyfield Level and
aspects of the dressing infrastructure are also no longer present. These newly
exposed sections of channel are more sinuous than those visible elsewhere on the
earlier map and are marked by hachures indicating steep adjacent banks. These
characteristics strongly suggest that the change is due to the collapse of the
overlying culvert and the adjacent drystone retaining walls that would have
supported it. The sinuosity of the channel is likely to indicate that the stream has
started to erode its banks and return to a more ‘natural’ planform in the absence of
the constricting stone retaining walls.
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Figure 6.1: Time series of historic maps for Whitesike and Bentyfield Mines, 1868 – 1982
(Historic OS maps © Crown Copyright and Landmark Information Group Limited 2014)
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6.2.1.2 1900 - 1958
The OS National Grid map dating from 1953-57 is noticeably less detailed than the
earlier County Series maps from the 19th century, making definite identification of
morphological changes more difficult (Figure 6.1). The dressing floor infrastructure
at both Whitesike and Bentyfield is still present and appears to be broadly
consistent, as does the overall form and scale of the main spoil heaps. The course
of Garrigill Burn also appears to be comparable with that recorded on the 1899-1900
map. However, examination of a vertical aerial photograph from 1958 suggests that
there are significant inaccuracies in the 1950s mapping and that it may just be a
copied version of the earlier County Series map that has simply been transferred to
the post-war National Grid imperial map system.
The resolution of the 1958 aerial photograph is relatively low but the general form of
the Whitesike dressing floors and spoil heaps do appear to be similar to the earlier
maps (Figure 6.2). In contrast, the course of Garrigill Burn shows major
discrepancies, with most of the large culverted sections no longer being present.
The aerial photograph instead shows that there are only two narrow crossing points
of Garrigill Burn as it flows through the Whitesike Mine area, located either side of
the upper dressing floor. The large areas of culverted stream visible on the earlier
mapping at Bentyfield Mine have also disappeared, with only three narrow remnants
still surviving; one opposite the limestone quarry, a second adjacent to the western
dressing floor and a third upstream close to the mine shop. The channel planform in
the Bentyfield area again appears more sinuous than on earlier maps. The apparent
collapse of the culverted sections and increased sinuosity of the stream suggests
that considerable channel modification has taken place between 1900 and 1958,
especially in the upstream reaches of the valley.

6.2.1.3 1958 - 1982
The OS National Grid map from 1978-82 is extremely stylised in appearance and
identifying definite changes from earlier sources is again problematic (Figure 6.1).
However, analysis of an aerial photograph from 1976 indicates that only four
culverted sections of stream were still in existence by this date, with the
westernmost example from Whitesike having collapsed (Figure 6.2). The higher
resolution of the photograph shows that the channel has widened considerably since
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1900, especially around the lower dressing floor at Whitesike and throughout the
upper reaches of Bentyfield Mine.
The general form of the spoil heaps at the two mines appears similar but there are
clear signs of erosion at several locations. Narrow (<2 m) gullies can be seen on the
slopes of the Whitesike tailings heaps and a series of sheep tracks are visible
extending up the western slopes of the main Bentyfield dump. Whether this erosion
had occurred in the immediate decades leading up to 1976 is unclear due to the
lower resolution of the earlier mapping.

6.2.1.4 1982 - 2010
Changes occurring at the two mines over the last three decades are recorded by a
number of higher resolution data sets including an oblique aerial photograph from
1999 (Figure 6.3), a vertical aerial photograph from 2009 (Figure 6.4a) and the
modern OS mapping from 2010 (Figure 6.4b).
Two of the remaining culverted sections of Garrigill Burn collapsed in the period
between the 1976 and 1999 aerial photographs. The culverted crossing opposite the
Whitesike dressing floors was not present in the later photograph, meaning that the
stream has continued as a surface feature throughout the entirety of Whitesike Mine
from at least 1999. The culverts opposite the limestone quarry and immediately
downstream of the mine shop at Bentyfield are still visible but that adjacent to the
central dressing floor also disappeared in the intervening period. Although the
covered section downstream of the mine shop is marked on the 1:10,000 OS map
from 2010, this actually collapsed prior to the 2009 aerial photograph, indicating that
the map date in this case is again indicative of the publication of the source rather
than date of survey. The arrow marked to the east of the Bentyfield mine shop on
the 2009 aerial photograph indicates the location of a new wooden bridge crossing
installed as part of the 2012 consolidation works discussed in Section 2.5.
Other changes that can be identified since the 1976 aerial photograph relate to the
stability of the river banks and spoil heaps. The channel planform at Whitesike Mine
in particular appears to have altered between 1976 and 2009, with the widening of
the channel through the collapse of large areas of bank in the upstream reach, a
marked reduction in the length of retaining wall north of the upper dressing floor by
c.15m and the erosion of the south bank adjacent to the lower dressing floor (Figure
6.5). The Bentyfield reach of the channel is less clearly defined on the 1976
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photograph but it does appear to have eroded its banks quite significantly around
the central dressing floor and at the location of the aforementioned culverted section
west of the mine shop.
The main Bentyfield spoil heap remained relatively stable between 1976 and 2009,
with only minor changes to the course of eroded sheep tracks and areas of
vegetation cover. However, the morphology of the unvegetated tailings heaps to the
west of Whitesike Mine appear to have been altered much more significantly (Figure
6.6). The slopes to the northeast show evidence for small-scale modification and
concentrated erosive overland flow in the form of narrow rills. In contrast, the slopes
to the southwest show the progressive development of a number of very large
gullies. Small gullies are visible in this location on the 1976 and 1999 aerial
photograph but these appear to be relatively limited in width and depth. The same
area on the 2009 photograph shows a single large gully measuring over 9m in
maximum width and with a steep western scarp that extends continuously from the
crest of the slope to the base. At least four shallower parallel gullies measuring c.1m
in width can also be identified further to the south. The base of the main gully is
located directly to the west of the culvert outlet that transports Garrigill Burn beneath
the tailings heaps, meaning that any material eroded from the slope will have been
deposited directly into the stream.
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Figure 6.2: Vertical aerial photographs from 1958 (top) and 1976 (bottom), showing discrepancies with equivalent contemporary mapping (Photographs © English
Heritage, NMR catalogue numbers RAF/58/2655/F22/13 and OS/76215/183). The landslide scarp is discussed in more detail in Section 8.4.2.2.1.
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Figure 6.3: Oblique aerial photograph from 11 January 1999 showing Whitesike and Bentyfield Mines viewed from the northwest. The inset image shows the
Whitesike dressing floors with Garrigill Burn now entirely uncovered by culvert. (Photograph © English Heritage, NMR catalogue number 17212/31).
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Figure 6.4: Modern 1:10,000 scale OS map (top) and vertical aerial photograph (2009) of Whitesike and Bentyfield Mines. (Map data © Crown Copyright and
Database Right (2015), Ordnance Survey / Edina Digimap. Photograph © English Heritage)
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Figure 6.5: Areas of significant bank erosion identified at Whitesike Mine between 1976 and 2009 (Photographs © English Heritage)
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Figure 6.6: Slope erosion and gully development on the Whitesike tailings heaps between 1958 and 2009 (Photographs © English Heritage)
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6.2.2

Quantifying the scale of longer-term morphological changes

Documenting large-scale morphological differences within a time series of historic
maps and aerial photographs provides a valuable insight into the nature and
potential causes of change but it is equally important to attempt to quantify the scale
of change that has occurred. Quantifying the amount of morphological variation
between different dates allows the estimation of rates of change, which can be
particularly informative when the processes driving the change can also be
identified. However, obtaining quantitative values for the scale of the morphological
changes recorded in Section 6.2.1 is complicated by the variable quality of the
available data sets; a common problem with the use of such sources for
reconstructing historical change (Hooke and Kain, 1982). Additional complications
with the use of historic maps include the masking influence of vegetation, which
influences the ability of surveyors to accurately record the margin of a feature, and
the fact that areal changes such as these are only 2D and can therefore mask
significant vertical topographic change.
Generally, the aerial photographs provide the highest resolution source of
information but the low resolution of the 1958 imagery means that deriving accurate
quantitative areal values from this date is not possible. The 1976 aerial photograph
is of better quality but was clearly taken during a very dry period (09/12/1958) when
the stream was barely flowing, making identification of definite bank edges
problematic in many areas. The 1999 aerial photograph is oblique and with
pronounced shadows and so is only of real value for highlighting qualitative change.
Due to these limitations the decision was taken to restrict the assessment of longerterm quantitative change to the analysis of spoil heap areal extent based on the
historic mapping, an approach also used by Sypula (2014) in his assessment of 20th
century anthropogenic changes in the Silesian Uplands of Poland. The higher
resolution quantitative analyses discussed below in Sections 6.3 and 6.4 will then be
used to develop more rigorous estimates of rates of change that can be extrapolated
back to the entire post-abandonment lifespan of the mines.
Figure 6.7 shows the changing areal extent of the four main spoil heaps surrounding
Whitesike and Bentyfield Mines between 1868 and 2010, based on the digitisation of
these features from a time series of five historic maps. Spoil heap one relates to
High Shieldhill level and spoil heap two is recorded as being waste from either
Thorter Gill or Browngill level. Although these levels are not strictly part of the
Whitesike and Bentyfield workings they have been included in the analysis in order
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to provide a broader context to the results. Spoil heap three is the main Bentyfield
Mine waste dump and spoil heap four covers the tailings heaps to the west of
Whitesike Mine.
The results show quite contrasting patterns of change for the different spoil heaps.
Spoil heap one (High Shieldhill) shows a gentle but fairly continuous decline in area
between 1868 and 1953-57, followed by an increase in extent from this date until
2010. The pattern for spoil heap two (Thorter Gill / Browngill) is less pronounced but
with a similar decline in area by the 1950s, followed by an increase through until the
present day. Spoil heap three (Bentyfield) shows the most varied pattern of change,
with the spatial extent increasing slightly between 1868 and 1900, followed by a
decrease until the 1950s, a sharp increase to 1978-82 and a final decline back to
the 1950s level by 2010. Spoil heap four (Whitesike tailings) shows a continuous
decline in spatial extent between 1868 and 2010.
The variation in the results is likely to be due to a combination of factors including
increasing waste output during post-1868 workings, differential erosion rates and the
accuracy of the available data sets. The sharp changes recorded on the 1953-57
and 1978-82 maps are almost certainly due to the stylised appearance of these
maps relative to the much more detailed County Series surveys, as discussed in
Sections 6.2.1.2 and 6.2.1.3. As a result, extracting quantitative values from such
stylised surveys is extremely problematic and the broadly contemporary aerial
photographs for these map dates do not show such pronounced variation in spoil
heap form or extent.
When the 1950s and 1970s data are removed from the analysis and the spatial
extent values extrapolated between 1900 and 2010 (the dashed lines on Figure 6.7),
the overall trends become more understandable. Spoil heap one shows a decrease
in extent between 1868 and 1900, followed by a slight increase through until 2010,
resulting in a net overall decrease in spatial extent of 222 m2. Spoil heap two
actually shows a net increase in spatial extent throughout the same period of 200
m2. The main Bentyfield dump (spoil heap three) records a slight increase in spatial
extent between 1868 and 1900, followed by a decrease in extent until 2010, creating
a net decrease in spoil heap area of 552 m2. The tailings heaps at Whitesike (spoil
heap four) show the most pronounced change, with a continuous decline in mapped
area resulting in a net overall decrease of 1814 m2.
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Figure 6.7: The changing areal extent of the four main spoil heaps surrounding Whitesike and
Bentyfield Mines based on a time series of five historic maps (1868-2010). The spoil heap
extents are shown overlain on a 2009 aerial photograph (top) and as area values plotted against
map date (bottom). Error bars are indicated by corresponding semi-transparent areas, based on
accuracy values quoted in Sutherland (2012) and derived from Ordnance Survey (2004), Oliver
(2005) and Ryan (1999). The dashed lines on the graph show the continuation between 18991901 and 2010, with the change for the problematic 1953-57 and 1978-82 data sets omitted.
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Although superficially these results suggest that the Whitesike, Bentyfield and High
Shieldhill spoil heaps all experienced net erosion during the period 1868 – 2010,
there are important caveats to consider when extracting quantitative trends from
such analyses. With the exception of the Whitesike tailings heaps, the net change
values are all relatively small and are comfortably within the likely accuracy and
error margins for the different OS map series (Sutherland, 2012). The second issue
relates to the nature of change and the method of survey involved in each map
series. A decrease in spatial extent does not necessarily equate to actual sediment
loss through erosion, with alternative potential causes including an increase in
vegetation obscuring the actual extent of the feature or general ambiguities in where
the spoil heap margin actually occurs. This latter point is particularly an issue for
bench-style spoil heaps, such as the main Bentyfield dump, which run directly
parallel to adjacent hillslopes and with no clear boundary between the two. The
significant variation in recorded area values for the Bentyfield spoil heap is likely to
be the result of such mapping ambiguities.
Similarly, visual examination of the mapped extent of the Whitesike tailings heaps
shows that the decrease in spatial extent between 1868 and 1900 is at least partially
due to the earlier map recording the full extent of the spoil heap as extending much
further east towards the dressing floors. This map evidence suggests that the
position of the road was moved further to the west at some point between 1868 and
1900, being constructed on top of an area of earlier tailings waste. Nevertheless, the
spatial extent of these tailings heaps does continue to decrease fairly consistently
through until 2010, suggesting that there has been an overall net reduction in spoil
heap area. There is no evidence for these waste heaps having been deliberately
modified or reprocessed in the 20th century and so this decline is likely to be due to
natural processes of erosion and sediment transport; a conclusion that receives
support from the identification of major slope modifications due to gullying in this
location between 1976 and 2010 (Figure 6.6).

6.2.3

Summary of longer-term changes at Whitesike and Bentyfield Mines

Analysis of historic maps and aerial photographs depicting Whitesike and Bentyfield
mines between 1868 and 2010 has indicated that the main longer-term
morphological changes relate to alterations in the course of Garrigill Burn as it flows
through the mined area and the progressive modification of some of the waste
heaps. The heavily managed and culverted channel of Garrigill Burn appears to
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have begun to revert to a more natural, sinuous course almost immediately after the
mines were abandoned, with areas of the covered Bentyfield channel having already
become exposed by 1900. By the 1950s, most of the culverted sections of channel
had collapsed, with only five narrow stream crossings still in existence. This process
of riparian modification continued into the later 20th century, with extensive areas of
bank erosion and the collapse of further mining-era channel management structures
by the time of the 1976 aerial photograph. Only two culverted sections of stream
remained by 1999, with the eastern example collapsing at some point prior to 2009
and being replaced by a wooden footbridge in 2012. Although difficult to quantify
due to the variable resolution of the available data sets, these trends strongly
suggest that fluvial processes linked to the flow of Garrigill Burn through the centre
of the two mines are the dominant drivers of large-scale, long-term morphological
change.
Although the main Bentyfield spoil heap appears to have remained relatively stable
during the period 1868 – 2010, there has been significant modification of the
western slope of the tailings heaps located to the west of Whitesike Mine since at
least the mid-20th century. The resolution of the 1958 aerial photograph is fairly low
but there do not appear to be any major gullies visible on the western slopes. In
contrast, the 1976 photograph shows the development of a series of narrow gullies
extending from the southern crest to the culvert outlet carrying Garrigill Burn
beneath the spoil heaps. By 2009 the main central gully had deepened and widened
significantly, with a corresponding extension of the smaller parallel gullies to the
southwest.
The development of pronounced concentrated flow paths and major profile
modification on the Whitesike tailings heaps rather than the main Bentyfield spoil
heap is almost certainly the result of the characteristics of the slopes in each
location. At Bentyfield the slopes of the main spoil heaps are generally well
vegetated and field observations indicate drainage from the hillslopes to the south is
typically directed along existing depressions marking the route of 19th century leats.
The Whitesike tailings heaps are almost entirely unvegetated, with the exception of
the plateau above the slopes to the north and east. The Whitesike tailings heaps
have a steeper mean slope angle (34°) than the Bentyfield spoil heap (27°) with
undercutting and effective coupling at the toe of the tailings maintaining steep slopes
and sediment flux. The significance of this spoil heap erosion and the coupling of the
eroded sediments with the wider stream network will be discussed in more detail
below in relation to the quantification of higher resolution topographic change.
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6.3 Quantifying short-term morphological change using airborne
laser scanning and UAV survey (2009 – 2012)
Previous studies have successfully quantified large-scale changes to mining
landscapes using a range of methods, including analysis of historic maps (Wójcik,
2013; Szypula, 2014) and remote sensing imagery (Demirel et al., 2011a; Demirel et
al., 2011b; Kincey et al., 2014). However, these approaches typically provide
quantified values as changes in spatial area rather than as measures of volumetric
difference. Where volumetric change detection techniques have been applied, these
have tended to focus on quantification of topographic changes occurring within
recent active mining areas using coarse resolution DEMs (90m) derived from
satellite-borne sensors (Emel et al., 2014), or the analysis of broader changes to the
fluvial geomorphology of an area impacted by intensive historic mining (Ghoshal et
al., 2010). Quantitative assessments of volumetric change occurring at abandoned
mines themselves are rare and have typically involved the digital reconstruction of
an approximate historic land surface based on the recording of relict features still
surviving in the modern landscape (Martín Duque et al., 2015). These approaches
are valuable for understanding large-scale change but are not of sufficient resolution
to detect the smaller topographic changes that are required to fully inform a detailed
process-based sediment budget. The remainder of this chapter therefore focuses on
the higher resolution, shorter-term analysis of volumetric changes taking place on
multi-annual (this section) and sub-annual (Section 6.4) timescales.

6.3.1

Overall quantified change at Whitesike and Bentyfield Mines, 2009-2012

Quantitative short-term morphological change at Whitesike and Bentyfield mines
was evaluated through comparison of digital elevation models (DEMs) derived from
an airborne laser scanning (ALS) survey conducted on 20th April 2009 and an
unmanned aerial vehicle (UAV) survey flown on 5th September 2012; an interval of
3.38 years. Change detection between these dates focused on the creation of a
DEM of Difference (DoD) generated using the method proposed by Wheaton et al.
(2010). This approach includes the application of a fuzzy inference system to
estimate spatial variability in elevation uncertainty and a spatial coherence filter to
update

uncertainty

probabilities

based

on

local

neighbourhood

change

characteristics (see Section 3.7.3 for a description of the method). The results of the
two surveys are shown in Figure 6.8 as both colour-shaded DEMs and slope
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surfaces, with the overall DEM of Difference showing measured topographic change
between April 2009 and September 2012 displayed in Figure 6.9.
The overall change detection results for the period 2009 to 2012 show that much of
the area covering the two mines is dominated by relatively small-scale (c.0.1 - 0.3
m) increases in elevation. This can be seen particularly clearly in the elevation
change distribution graph for the DEM of Difference (Figure 6.10), which shows a
major peak in elevation change values at c.0.2 m. The likely cause of this
background pattern of increased elevation change is that the two data sets were
captured at different times of year and using different survey techniques. The ALS
data were captured in April, when temperatures in the North Pennines are typically
still relatively low and the increased summer growth of the local grass species is yet
to occur. The UAV survey was conducted in early September, towards the end of
the main growing season when vegetation stands are generally appreciably higher.
The peak in elevation differences between c.0.1 and 0.4 m are consistent with the
typical stand heights of the calaminarian and calcareous grassland species known
to be present at Whitesike and Bentyfield mines (Rodwell, 1992; Natural England,
2000; Averis et al., 2004).
The main problem resulting from the influence of seasonal vegetation height on
recorded elevation change is that the DoD cannot be used to provide an automatic
estimate of net topographic change across the entire mine area. The recorded net
change for the entire DoD is actually positive and suggesting that the overall volume
has increased by 3,981 m3 (Figure 6.10). This is a common problem with DEMbased change detection, especially when data are derived from photogrammetric
methods such as Structure from Motion (Javernick et al., 2014), as is the case for
the 2012 UAV elevation model. Since the 2012 DEM is produced using a passive
remote sensing technique based on aerial images obtained by the UAV, it includes
all above ground features such as vegetation and therefore provides a digital
surface model (DSM). In contrast, ALS is an active remote sensing technique which
allows at least some penetration of the vegetation canopy and is therefore capable
of generating a digital terrain model (DTM) following point cloud classification.
However, it should be noted that the ground penetration of airborne laser scanning
can still be very limited in areas of low, dense vegetation such as those encountered
in many upland environments (Luscombe et al., 2015). The general increase in
elevation values across much of the entire mine area is therefore likely to be due to
a combination of increased vegetation heights at the time of the second survey,
compounded by the differing nature of the two methods of data capture.
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Figure 6.8: Digital surface model (DSM) and slope derivative surface resulting from the airborne lidar survey in 2009 (top) and the unmanned aerial
vehicle (UAV) survey from 2012 (bottom). Airborne laser scanning data © English Heritage.
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Figure 6.9: Overall DEM of Difference (DoD) between the April 2009 and September 2012 surveys, overlain on the UAV orthophoto mosaic from 2012. Negative
elevation changes (e.g. erosion) are displayed as shades of red and positive elevation changes (e.g. deposition) as shades of blue. The boundary of the DoD is
defined by the area of the Scheduled Monument extent within which the UAV data quality was sufficient, with all large above ground features (e.g. trees, fences)
having been masked out.
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Figure 6.10: Elevation change distribution for the volumetric changes recorded by the 20092012 DEM of Difference (left) and net volumetric change for the entire DoD area (right)

6.3.2

Spatial variation in the significance of geomorphological processes

The influence of seasonal vegetation growth may preclude the simple calculation of
overall elevation change statistics for the survey area but valuable information
regarding the significance of different geomorphological processes can be obtained
through the detailed visual analysis of the resulting change image. The results for
Whitesike and Bentyfield Mines are first considered separately before the overall
significance of the different geomorphological processes for the entire area is
discussed.

6.3.2.1 Whitesike Mine
The 2009 – 2012 DEM of Difference for Whitesike Mine records large areas of bank
erosion concentrated along the central reach of Garrigill Burn, suggesting that this
process has dominated the topographic change occurring in this area (Figure 6.11).
This bank erosion is focused particularly along the north bank opposite the upper
dressing floor and along the northern limit of the lower dressing floor further
downstream on the south bank. The distribution of bank erosion on both the inner
and outer bends in this area can be explained by the geometry of the stream
channel. The main area of bank collapse (-31.38 m3) is located immediately
downstream of a narrow engineered section of channel adjacent to the upper
dressing floor. During high flows the stream is forced through this engineered
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section, increasing the flow velocity and leading to greater erosion of the
unprotected banks immediately downstream of the retaining walls. The bank erosion
adjacent to the lower dressing floor further downstream (-21.97 m3) is located
opposite an area of bedrock bank to the north, meaning that during high flows the
southern bank comprising loose dressing waste deposits is far more prone to
erosion. In total, bank erosion accounts for 62.40 m3 of negative topographic change
at Whitesike Mine in the period from April 2009 to September 2012.
Apart from two relatively shallow areas of diffusive slope erosion located to the west
of the mine above the main exit culvert and totalling -1.91 m3 of elevation change,
the other main process at Whitesike appears to be the surface scour of the former
processing areas. Three irregular but discrete areas of surface scour can be
identified extending across the northern half of the upper dressing floor, as well as a
broad area of scour covering much of the northern portion of the lower dressing
floor. The scour across the upper dressing floor appears to have been caused by
the main stream breaching its banks during particularly high flows and creating a
secondary episodic diversion channel, combined with additional overland runoff
draining from the higher ground to the east (Figure 6.12). The flow then re-entered
the main channel via a chute at the western end of the surviving retaining wall, with
additional erosion being apparent in this location (Figure 6.13). The scour across the
lower dressing floor is likely to have been the result of the stream being forced out of
its main channel during high flows at a point where there is a pronounced stream
bend bordered by a constricting northern bedrock bank.
The total amount of elevation change resulting from surface scour is relatively low,
with only 10.92 m3 of erosion across the upper dressing floor and 2.99 m3 of erosion
from the lower dressing floor. However, its significance lies in the fact that this
process is eroding the stratified archaeological deposits of the former processing
areas of the mine and contributing to the ongoing collapse of the adjacent retaining
walls. These dressing floors are specifically mentioned as one of the key
components of the site that led to its designation as a scheduled monument (English
Heritage, 2015b). Protecting the dressing floor by preventing Garrigill Burn from
leaving its main channel and eroding the surface deposits was one of the primary
aims of the 2012 consolidation scheme implemented by the North Pennines AONB
management group (Johnson and Wright Ltd, 2007; Newson, 2012). The pattern of
change occurring after these consolidation works were complete was assessed as
part of the higher resolution monthly terrestrial laser scanning surveys and is
discussed in detail in Section 6.4.
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Figure 6.11: DEM of Difference (DoD) for the period 2009 - 2012 for Whitesike Mine, showing quantified areas of identified topographic change differentiated by
3
their likely associated geomorphic drivers. Value labels represent the volumetric elevation difference in m . Processes shown in the legend also refer to Figures
6.14 and 6.16 and so may not all be present on the map.
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Figure 6.12: Photograph taken in 1999 showing the overland flow of flood waters across the
surface of the upper dressing floor at Whitesike Mine (Photo courtesy of Don Borthwick).

Figure 6.13: Photograph taken in April 2012 showing Garrigill Burn in high flow. The water can
be seen leaving the main channel via a breach in the drystone retaining wall and re-entering the
channel shortly downstream via a chute at the western end of the upper dressing floor. The
retaining wall was repaired as part of the 2012 consolidation works at the site. Flow direction is
towards the trees in the distance (Photo courtesy of Don Borthwick).
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6.3.2.2 Bentyfield Mine
The 2009 – 2012 change detection results for Bentyfield Mine again suggest that
bank erosion has been one of the dominant geomorphic processes driving
topographic change (Figure 6.14). Discrete examples of bank erosion are clustered
in the upstream area close to the mine shop and further downstream on the north
bank adjacent to the limestone quarry. The actual amount of topographic change
recorded in each of these cases is relatively small (totalling -32 m3), with the
exception of one particularly large area (-22 m3) of bank failure located on the outer
bend of the north bank immediately downstream of the mine shop. Alongside the
release of eroded sediments to the main stream channel, this bank location is of
particular significance due to the presence of earlier archaeological structural
features which are gradually becoming exposed (see Section 6.4.2.2.4).
Topographic changes to the western end of the main Bentyfield spoil heap have
also clearly occurred between the 2009 and 2012 surveys. The most spatially
extensive changes relate to areas of slope erosion on the north facing slope of the
spoil heap. Three discrete areas of erosion can be detected, two on the upper slope
measuring -12 m3 and -1 m3 respectively, and a third area towards the toe of the
slope measuring -3 m3. Field inspection revealed these areas to be characterised by
a lack of vegetation cover and with a relatively shallow, smooth surface interspersed
by occasional narrow terraces. These characteristics, combined with the lack of
evidence for any channelised flow in the form of rills or gullies, strongly suggests
that the erosion here has been caused by a combination of relatively slow diffusive
slope processes such as soil creep and slope wash. The lack of a deposition fan at
the base of the slope indicates that the eroded sediments are likely to have entered
the stream, suggesting a high degree of slope-channel coupling.
The small area of erosion at the toe of the slope is of particular concern as this
indicates erosion taking place at the southeastern corner of the only section of
culvert still surviving at Bentyfield Mine. Evidence from both the longer term change
detection (Section 6.2) and from other mines in similar settings indicates that these
culvert structures are particularly vulnerable to collapse, especially when adjacent
slopes or banks are being eroded. The collapse of such structures is of obvious
concern for the long-term management of these mines as archaeological sites but
also has the potential to weaken the surrounding stream bank, leading to further
channel instability and erosion (Figure 6.15).
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Figure 6.14: DEM of Difference (DoD) for the period 2009 - 2012 for Bentyfield Mine, showing quantified areas of identified topographic change differentiated by
3
their likely associated geomorphic drivers. Value labels represent the volumetric elevation difference in m . Processes shown in the legend also refer to Figures
6.11 and 6.16 so may not all be present on the map.
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Figure 6.15: Time series of photographs from Clargill Mine in the upper South Tyne catchment
(NY76973723), showing the collapse of a section of culvert and the subsequent erosion of the
destabilised stream banks. The remaining section of culvert at Bentyfield Mine has the potential
to fail in a similar manner if ongoing adjacent erosion is not prevented. Flow direction is away
from the photographers (2006 and 2013 photographs courtesy of Don Borthwick).
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The other change that can be identified on the slopes of the main Bentyfield spoil
heap is the collapse of sections of slope through mass movements. Four individual
failures occurred, or at least deepened, between 2009 and 2012, resulting in a total
elevation change of -9 m3. Further downslope of these failures is an area of
increased elevation change marking the location of the deposition of the eroded
material. Interestingly, the DoD recorded 16 m3 of deposition at this location which is
almost twice the amount recorded as having eroded from the slopes above. This
discrepancy can most likely be explained by this mass deposition occurring on a low
streamside bench that extends northwards towards the stream, with some overbank
deposition of stream sediments also occurring here following periods of high flow. A
second contributing factor is likely to be that the mass movements are part of a
much larger slow moving landslide that extends across a significant section of slope.
This landslide appears to be a rotational failure, with the toe of the slope
experiencing both rotational uplift and superficial sediment deposition. The nature
and rate of change at this location will be discussed in Section 6.4.2.2.1.

6.3.2.3 Tailings heaps – Whitesike and Bentyfield Mines
The First Edition OS map of 1868 shows that the waste heaps to the west of the
main Alston road were served by tramways extending from both Whitesike and
Bentyfield Low levels and a separate route direct from the Whitesike dressing floors
via a culvert beneath the road. This suggests that the heaps are comprised of both
rock waste (‘deads’) from both of the mines and dressing waste (‘tailings’) from the
Whitesike processing areas. Due to this joint origin and their spatial separation from
the rest of the site by the main road, these heaps are being discussed as a separate
survey area. The name ‘tailings heaps’ has been applied due to the primary
characteristics of the visible surface sediments. However, there is likely to be
significant heterogeneity in their internal stratigraphy and sediment properties.
The 2009 – 2012 DEM of Difference for the tailings heaps shows an interesting
pattern of change that relates to both identifiable geomorphological processes and
the limitations of the data sets employed (Figure 6.16). The most prominent features
are the series of three parallel gullies on the west-facing slope of the western heap.
The northern gully is particularly large, measuring over 32.5 metres in length from
upper scarp to toe and with a maximum width of over 14.5 metres. The two smaller
gullies to the south each measure approximately 30 metres in length and with
maximum widths of c. 6 metres. The amount of sediment eroded from these
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Figure 6.16: DEM of Difference (DoD) for the period 2009 - 2012 for the tailings heaps to the
west of Whitesike Mine, showing quantified areas of identified topographic change
differentiated by their likely associated geomorphic drivers. Value labels represent the
3
volumetric elevation difference in m . Processes shown in the legend also refer to Figures 6.11
and 6.14 so may not all be present on the map.
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features in the 3.38 year interval between the two surveys is very high, with 191 m3
eroded from the main gully, combined with 42 m3 and 45 m3 from the two smaller
southern gullies. This provides a total of 278 m3 of erosion caused by gullying alone
on these tailings heaps between 2009 and 2012, or 82 m3 of sediment loss per year.
These gullies were already clearly visible on the 2009 airborne laser scanner data,
with the major changes by 2012 appearing to be caused by a combination of
headward expansion and significant lateral sidewall erosion, especially in the upper
portion of the main gully. The presence of areas of increased elevation on the lower
gully slopes does suggest that some of the eroded sediment is being deposited on
the gully floor and so not immediately coupled with the stream. However, this is only
likely to be temporary storage, with the eroded sediments being periodically flushed
from the gully floor during heavy rainfall events. The significant overall volume of net
sediment loss from the gullies again highlights the high degree of connectivity
between sediments eroded from the slopes and the main channel of Garrigill Burn,
which is located directly at the base of the gullies.
The western slopes surrounding the gullies show an overall decrease in elevation
totalling -334 m3. This is in marked contrast to the change recorded on the slopes
located to the northeast of the main central ridge, which show a more complicated
pattern of erosion and deposition. The upper slopes to the northeast record an
irregular area of slope erosion (-66 m3) that field inspection suggests is caused by a
combination of diffuse slope wash and soil creep. However, this is bounded to the
west by a broader area of increased elevations measuring 163 m3 that is more
difficult to fully account for. The increased elevations recorded at the base of the
slope are likely to be caused by the deposition of eroded sediments from further
upslope as well as stream sediments that have been transported through the culvert
extending beneath the main road. The increased elevations across much of the
adjacent east-facing slopes cannot be easily explained from a geomorphological
perspective though and instead probably highlight inaccuracies in the DEM data for
this area.
The likely cause of these potential DEM inaccuracies relates to the nature of the
terrain in this location. Despite being unobscured by vegetation, the slopes of the
tailings heaps are steep (𝑥𝑥̅ = 38.62°) and therefore elevation errors in both the ALS
(Huising and Gomes Pereira, 1998) and SfM DEM (Westoby et al., 2012) are likely
to be high. The SfM DEM in particular is likely to be especially inaccurate as this
technique relies on imagery with consistent lighting (Hugenholtz et al., 2013;
Micheletti et al., 2015). Unfortunately, the UAV images obtained for the tailings
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heaps actually contain a sharply contrasting pattern of shadows across the slopes of
the tailings heaps, caused by a combination of the steep slopes and surrounding
coniferous woodland. The pronounced but localised DEM error visible close to the
northern culvert (see Figure 6.16) is likely to be due to spurious data resulting from
the water surface of Garrigill Burn. The implications of these potential errors are
that, although the 2009 – 2012 DoD clearly shows the type of geomorphic
processes that have been causing change, the volumetric estimates representing
the magnitude of these changes have to be treated with caution for the tailings heap
area. Uncertainties associated with the DEM construction and change detection
methods employed in these analyses are considered further in Chapter 7.

6.3.3

Summary of short-term changes at Whitesike and Bentyfield Mines

The change detection analysis has highlighted areas of topographic change
between the 2009 and 2012 surveys; the form and location of which has then been
used to interpret which geomorphological processes are causing these elevation
changes. Figure 6.17 displays the relative contribution of each identified process to
overall surface volumetric change for the entire Whitesike and Bentyfield area. The
data suggest that diffuse slope processes, such as slope wash, creep and ravel
have been the most significant drivers of topographic change, resulting in 419 m3 of
erosion. However, this interpretation needs to be treated with caution as the majority
of this diffusive slope change (400 m3) was recorded within the tailings heaps area
where DEM errors are likely to be at their highest. The accuracy of this slope
process change result will be considered in more detail through comparison with the
higher resolution monthly TLS monitoring outlined below (Section 6.4).
Gully formation and development is clearly another important process contributing to
the erosion of steep unvegetated slopes. Although the exact volume of eroded
sediment has potentially been influenced by the DEM inaccuracies mentioned
above, the change detection analysis suggests that approximately 278 m3 of
sediment have been eroded from the tailings heap area through gullying. That
definite gullies have not been identified elsewhere in the survey area is likely to be
due to the other slopes being typically much shorter and lower angled. Where
slopes of comparable steepness are encountered, such as those on the Bentyfield
spoil heaps, these are generally far more vegetated than the tailings heaps and so
less prone to the development of concentrated erosive flow paths (Haigh, 1980).
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Bank erosion is the third most significant process causing change across the overall
mined area, with 94 m3 of erosion recorded during the period 2009 to 2012. Areas of
bank erosion can be identified throughout the entire length of Garrigill Burn as it
flows through the centre of the two mines. However, the majority of the measured
volumetric difference originates from just three bankside locations; adjacent to the
lower dressing floor (-22 m3) and opposite the upper dressing floor (-31 m3) at
Whitesike Mine and immediately downstream of the Bentyfield mine shop (-22 m3).
The reasons behind the locations of these areas of bank erosion will be explored
further as part of the higher resolution TLS monitoring results (Section 6.4).

Figure 6.17: Relative contribution of each geomorphological process to overall surface
volumetric change between 2009 and 2012. Red bars indicate negative change (erosion) and
blue bars indicate positive change (deposition).

The recorded contribution of other processes to significant topographic change at
the mines is relatively limited. Surface scour occurs across extensive spatial areas
of the dressing floors at Whitesike Mine but the actual volumetric loss due to this
process is only -14 m3. Mass movements can be detected on the northern slope of
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the Bentyfield spoil heap, resulting in -9 m3 of negative elevation change and 16
m3 of downslope positive elevation change. The net imbalance between the positive
and negative elements of this process is likely to be due to broader rotational slope
movements elevating the toe of the slope and influencing the overall summary
statistics.
The overall net volumetric change for all identified processes combined across the
entire area is -797 m3, equivalent to 236 m3 of erosion per year between 2009 and
2012. Even if the potentially inaccurate diffusive slope erosion category is removed
from the analysis the results still indicate that the overall net change at the mines is
negative and therefore erosional. The net erosion occurring at the mines is
understandable since all of the identified processes causing change except one are
erosional in character (Figure 6.17). This predominately erosional environment can
be explained by the nature of the mine sites and the degree of coupling between the
sources of erosion and the system outlet (Garrigill Burn). The mines straddle
Garrigill Burn in a relatively steep, narrow valley. Erosion occurs mainly on the
banks and hillslopes immediately adjacent to the stream, with very few intervening
areas of floodplain on which eroded sediments could be deposited and stored.
Instead, in most cases, the sediments eroding from the identified source locations
are directly coupled with the stream.
The presence of both lateral and mid-channel bar deposits at various locations
along the stream course indicates that at least some temporary channel storage is
taking place. However, the rate of change of these within-channel sediments has not
been assessed as part of this change detection assessment due to the relative
inability of the two survey methods to penetrate the water surface and a lack of
information about the flow conditions at the time of each data capture. Therefore the
net change discussed in this section only relates to coupling between the hillslopes
and the channel itself, rather than the actual net sediment export via the main
stream outlet to the west of the tailings heaps.
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6.4 Quantifying high resolution (monthly) morphological change
using repeat terrestrial laser scanning
The change detection between the 2009 airborne laser scanning and 2012 UAV
surveys has provided a useful insight into morphological changes taking place at
Whitesike and Bentyfield mines over a three year period. This section aims to further
develop understanding of high resolution topographic change at the two mines
through repeat terrestrial laser scanning at a much higher temporal frequency, with
scans captured approximately monthly between September 2012 and March 2014.
The justification for this detailed analysis is twofold. Firstly, uncertainties surrounding
the accuracy of the input DEMs used in the 2009 – 2012 change detection analysis
mean that the geomorphic significance of the calculated volumetric change statistics
is uncertain. Higher resolution analysis using a single survey method (TLS) provides
the opportunity to validate the earlier quantitative estimates of geomorphic process
rates and morphological change. The second limitation of the 2009 – 2012 change
detection is that it represents change measured from only two surveys spaced 3.38
years apart. Although this is a short time period when considered in terms of the
entire post-abandonment lifespan of the mine workings, it may actually be
aggregating a significant amount of geomorphological process variation into one
change output. As Lindsay and Ashmore (2002) demonstrate, estimates of
volumetric change are often negatively biased due to local compensation of
erosional and depositional processes occurring in the same location between repeat
topographic surveys. This means that process changes occurring between even
moderately spaced repeat survey dates can often result in overall volumetric change
estimates being significantly underestimated, or at least the full range of contributing
processes misunderstood.
The increased spatial and temporal resolution TLS monitoring (see Section 3.8 for
methods) therefore provides a unique opportunity to obtain a detailed understanding
of the rates, causes and consequences of topographic change on abandoned
mines. The results of the change detection analyses will again be considered
separately for Whitesike Mine (Section 6.4.1), Bentyfield Mine (Section 6.4.2) and
the western tailing heaps (Section 6.4.3). Overall patterns of change across the
entire area will then be related to the potential drivers leading to variation in the
rates of geomorphic change (Section 6.4.4).
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6.4.1

Whitesike Mine

6.4.1.1 Full area DEM change detection
The TLS surveys successfully captured a detailed record of the main topographic
features present at Whitesike Mine (Figure 6.18). However, analysis of the change
detection results for the overall area was complicated by the influence of seasonality
in vegetation growth on the recorded elevations. The pairwise monthly change
detection results are shown in Figures 6.19 and 6.20, as graduated scale rasters
with 0.1 m colour bands covering the entire elevation range and stretched scale
rasters with an elevation range of ±2 standard deviations respectively. The
graduated display method allows large-scale changes to be more easily identified
and visual estimates of their quantity to be made. The stretched method typically
reveals far more detail relating to small-scale topographic changes, which is of
significant benefit when interpreting high resolution change detection results.
The change detection results clearly show a background decrease in elevation on
the vegetated hillslopes either side of Garrigill Burn between September 2012 and
March 2013, followed by an increase in elevations until September 2013. These
areas then experience a general decrease in elevation until the final survey in March
2014. The cause of these background elevation changes is undoubtedly the
seasonal growth of the local grassland species, which can be observed in the six
monthly time series of photographs in Figure 6.21.
The influence of vegetation cover on the recording of accurate TLS ground
measurements is already widely acknowledged (Day et al., 2013a, 2013b; Pirotti et
al., 2013a), including the presence of seasonality in the magnitude of positional error
due to changes in vegetation stand height and canopy density during the growing
season (Jalonen et al., 2014). Developing rigorous methods to filter vegetation from
TLS point clouds is an active area of recent research (Brodu and Lague, 2012;
Lague et al., 2013), but is particularly problematic in areas of low, dense vegetation,
which typically result in large areas of occlusion and minimal ground returns
(Guarnieri et al., 2009; Coveney and Fotheringham, 2011; Fan et al., 2014).
In this study, the TLS point clouds were filtered using the terrain filter function in
RiScan Pro, which uses an iterative grid-based algorithm to isolate above-ground
laser returns (see Section 3.8.2). However, the quality of such filtering algorithms
tends to be especially limited in areas with sloping terrain or anthropogenic
structures, where sharp elevation differences between points can often relate to
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actual ground variation rather than occlusion due to vegetation (Pirotti et al., 2013b).
Therefore the terrain filter was followed by an additional stage of manual removal of
retained vegetation points and the re-inclusion of misclassified points. This process
has proved effective in areas of sparse vegetation but has clearly not been able to
accurately capture the actual ground surface in areas of low, dense vegetation.
The reasons behind the limitations of the filtering process were tested through the
analysis of two 4x4 m sample plots; one located in an area of relatively bare ground
with only minimal vegetation and the other in an area with dense grass cover (Figure
6.22). The monthly distribution of raw unfiltered TLS points for the unvegetated
sample plot shows only minimal variation in elevation values. In contrast, the
vegetated plot shows considerable seasonal variation in elevation distributions. This
is to be expected given the cyclical nature of vegetation growth but what is apparent
is that the TLS surveys were not achieving any ground hits at all from this plot during
the peak growing season (c. June – October).
The implication of not achieving any actual ground hits during certain months is that
any filtering process applied to these point clouds can only either retain points
relating to the lowest recorded elevations, which will actually still be part of the
vegetation structure, or will return extensive areas with no accepted data points.
This problem therefore precludes the application of straightforward DEM differencing
procedures to calculate volumetric change values for the entire survey area.
In order to still obtain meaningful volumetric results from the TLS surveys, features
that could be definitely identified as topographic change, rather than the result of
variation in vegetation cover, were digitised from the overall 18 month change
detection raster. Subset areas were then selected for further detailed monthly
change analyses. This approach is similar to the budget segregation method utilised
by Wheaton et al. (2013), in which the various geomorphic mechanisms of change
are identified and individually quantified in order to generate a detailed volumetric
sediment budget. The digitisation was guided by visual examination of the UAV
orthophoto from September 2012 and the fixed point photographs taken during the
subsequent monthly field surveys. The overall DEM of Difference covering the
period from September 2012 to March 2014 for Whitesike Mine is shown in Figure
6.23, along with an associated interpretative geomorphological map.
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Figure 6.18: Results of the TLS survey of Whitesike Mine from September 2012, displayed as a colour-shaded DEM (top) and slope raster (bottom)
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Figure 6.19: Pairwise change detection results between the 14 individual survey dates for Whitesike Mine (09/12 – 03/14), displayed as graduated scale rasters with 0.1 m colour bands covering the entire elevation range. Sequence is
read from left to right and row by row.
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Figure 6.20: Pairwise change detection results between the 14 individual survey dates for Whitesike Mine (09/12 – 03/14), displayed as stretched scale rasters with an elevation range of ± 2 standard deviations. Sequence is read from left
to right and row by row.
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Figure 6.21: Field photographs of Whitesike Mine taken between April and September 2013,
showing the significant growth of dense grass cover during the summer months on the
hillslopes adjacent to Garrigill Burn (images are taken facing east).
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Figure 6.22: Location of the two 4x4 m sample test plots used to examine the influence of
vegetation cover on the ability to obtain ground returns (top). The box plots display the monthly
elevation distribution of raw unfiltered points within the vegetated (middle) and unvegetated
(bottom) sample plots.
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Figure 6.23: DEM of Difference representing total elevation changes during the period September 2012 to March 2014 for Whitesike Mine (top) and accompanying interpretative geomorphological map (bottom).
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The main topographic changes identified through this analysis relate to the erosion
of the banks of Garrigill Burn as it flows through Whitesike Mine. Considerable areas
of bank erosion were recorded along the northern edge of the lower dressing floor
and along both banks immediately upstream of this area. One particularly large area
of bank erosion was identified directly opposite the retaining wall bordering the
upper dressing floor, which had itself experienced two major collapses during the
survey period. Smaller areas of bank erosion were also identified further upstream
of the dressing floors, particularly on the south bank in front of the former mine shop.
The only other significant change that was identified was a cluster of three areas of
erosion on the slopes surrounding the main exit culvert to the west of the mine. Field
inspection suggests that these are likely to have been caused by relatively smallscale slope processes, such as creep, wash and ravel. The location of the erosion is
consistent with similar erosion recorded as having taken place during the 2009 –
2012 airborne change detection analysis (Section 6.3.2.1). The magnitude of
volumetric change associated with these identified processes will be further
discussed in Section 6.4.1.3, following consideration of monthly variation in process
significance across three detail analysis subset areas.

6.4.1.2 Subset area change detection
The problems associated with the influence of dense vegetation cover on ground
elevation measurements meant that monthly quantitative variation in topographic
change across the entire survey area could not be reliably extracted from the overall
DoD. However, these densely vegetated areas are also the most stable parts of the
mined extent and predominantly reflect areas of little or no topographic change. The
areas of change discussed above (Section 6.4.1.1) are therefore likely to represent
the majority of the large-scale topographic variation occurring at the mine during the
survey period. In order to further explore temporal variation in process significance,
three subset areas at Whitesike Mine were also selected for more detailed analysis.
The selection of these subset areas was guided by the location of identifiable
change recorded from the overall DoD, as well as the areas deemed to be of highest
geomorphological and archaeological significance. The three selected areas are
shown on Figure 6.23 and include the lower dressing floor, the upper dressing floor
and a large area of bank erosion identified opposite the surviving retaining wall of
Garrigill Burn.
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6.4.1.2.1 Lower dressing floor
The dressing floors at Whitesike Mine are amongst the most significant
archaeological elements of the overall Scheduled Monument area (English Heritage,
2015b). The importance and original layout of the lower dressing floor is discussed
in detail in Section 2.5.5.1, including an original photo of the area from c.1895. The
primary concern for the ongoing stability of this area prior to the start of the TLS
monitoring was due to the presence of scour lines in the surface of the dressing floor
and associated damage to the left bank of Garrigill Burn (Newson, 2012). The cause
of this existing damage was interpreted to be the presence of temporary runoff
channels that were activated during particularly high stream flows, causing surficial
erosion of the dressing floor as well as damage as the flood flows re-entered the
main channel. This process is likely to be the cause of the surface scour identified in
this location in the 2009 – 2012 change detection analysis (Section 6.3.2.1).
Field photographs of the lower dressing floor are shown in Figure 6.24. The results
of the TLS survey are then shown in Figure 6.25, followed by the monthly (Figures
6.26 and 6.27) and total 18 month (Figure 6.28) change detection results. These
results actually indicate that there has been negligible change on the surface of the
dressing floor itself during the period from September 2012 to March 2014. The
irregular areas of elevation decrease to the southwest and southeast just reflect the
seasonal changes in the height of the grass stand in this location, as can be clearly
seen in the monthly change results. Minor elevation changes that can be identified
towards the east of the dressing floor represent the slight movement of individual
stones, most likely the result of human disturbance caused by the frequent dog
walkers that visit the area. The actual elevation change caused by this activity is
minimal but the overall change results are suggesting that some damage is
occurring to the low wall to the east of the area, which marks the likely location of
the former crushing mill wheel pit. This is used as a direct walking route to reach the
upper dressing floor on the second terrace and should be monitored for further
degradation.
The central area of the dressing floor is almost entirely unvegetated but displays no
evidence for any surface scour lines or any other process causing measureable
topographic change. This suggests that either the 2012 consolidation works have
successfully stabilised the upstream channel and prevented the damaging
temporary flood channels from re-activating, or that a rainfall event of sufficient
magnitude has not occurred during the 18 month TLS monitoring window.
346

Figure 6.24: Field photographs of the Whitesike Mine lower dressing floor, showing the location
of the detail change detection analysis subset area. Photo A shows the dressing floor viewed
from the west and Photo B from the east, with both photos taken in July 2013.
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Figure 6.25: Results of the TLS survey of the lower dressing floor at Whitesike Mine from
September 2012, displayed as a colour-shaded DEM (top) and slope raster (bottom)
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Figure 6.26: Pairwise change detection results between the 14 individual survey dates for the lower dressing floor at Whitesike Mine, displayed as graduated scale rasters with 0.1 m colour bands covering the entire elevation range.
Sequence is read from left to right and row by row.
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Figure 6.27: Pairwise change detection results between the 14 individual survey dates for the lower dressing floor at Whitesike Mine, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations. Sequence is
read from left to right and row by row.
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Figure 6.28: DEM of Difference representing total elevation changes during the period
September 2012 to March 2014 for the lower dressing floor at Whitesike Mine (top) and
accompanying interpretative geomorphological map (bottom).
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Although the TLS surveys have not revealed any significant evidence for surface
erosion, there has been considerable change to the northern and western banks of
the dressing floor where it meets Garrigill Burn (Figure 6.28). The majority of the
north-eastern upstream bank of the dressing floor has experienced substantial
erosion, with a mean bank recession rate of 0.4 m and maximum recession value of
0.9 m. Additional erosion has also occurred further downstream to the west,
resulting in a mean recession rate of 0.45 m and maximum recession of 1.2 m.
Although the downstream recession rates are slightly higher, these occur across a
smaller area than those further upstream. Together, this equates to an overall mean
bank recession rate for the entire lower dressing floor of 0.43 m over the full 18
month monitoring period.
Linear measurements of bank recession are useful but the actual volume of
sediment eroded is obviously also dependent on the height of the bank in different
places. The volumetric results of the change detection analysis indicate that 5 m3 of
sediment was eroded from the lower dressing floor as a result of bank erosion
during the period from September 2012 to March 2014. This is equivalent to a
monthly average of 0.3 m3 over the entire 18 month interval. The use of erosion
rates calculated by averaging change between widely spaced survey dates is
common practice but can mask significant internal temporal variation in process
activity. In this case, the high temporal resolution of the TLS surveys allows a more
detailed consideration of how erosion rates have varied through time.
The volumetric changes resulting from bank erosion of the lower dressing floor for
each survey interval are shown in Figure 6.29, displayed as net change per day in
order to account for uneven time periods between survey dates. These results
immediately show that the overwhelming majority of bank erosion took place during
the May to June 2013 survey interval and are mirrored by the visual changes
apparent in the time series of change detection results (Figures 6.26 and 6.27).
Over 3.5 m3 of lower dressing floor bank erosion was recorded during this one
month, equivalent to c. 0.1 m3 of erosion per day. The other survey intervals all
record substantially less bank erosion, although the period between November 2012
and May 2013 does appear to show more activity than other months. This pattern of
change suggests that the bank erosion recorded at the lower dressing floor was
highly episodic and likely to be predominantly the result of a single episode of
erosion, probably during a high intensity storm, rather than the slower progressive
erosion of the bank during normal background stream flow.
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Figure 6.29: Net volumetric change per day resulting from bank erosion of the lower dressing
floor. Data are shown for each of the individual survey intervals and for total change across the
entire monitoring period.

The change detection results also suggest that there has been considerable
variation in the elevation of the channel bed immediately north of the lower dressing
floor. The time series of DoDs indicate what is likely to be episodic aggradation and
degradation of the channel bed, presumably relating to the transport of channel
sediments along Garrigill Burn. As mentioned previously, within-channel elevation
changes have not been quantified as part of this study due to the very low point
densities resulting from the inability of the laser scanner to penetrate the water
surface. This low point density leads to the potential for interpolation errors, which
make quantifying elevation changes problematic. Despite this potential limitation, a
lateral boulder berm deposit can be identified adjacent to the main area of bank
erosion to the northeast of the dressing floor (see geomorphological map on Figure
6.28). The location of this feature immediately below the main area of bank erosion
suggests that at least some of the deposit may be composed of eroded dressing
floor bank sediments. This feature appears on all of the monthly surveys and so
elevation changes here have been quantified as part of the overall analyses.
The volumetric change detection results for the lateral boulder berm deposit record
3.2 m3 of erosion having occurred between September 2012 and March 2014. This
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is equivalent to c.0.2 m3 of erosion per month over the entire 18 month period.
Examination of volumetric changes to the berm deposit between each survey
interval again reveal significant temporal variation in recorded erosion rates (Figure
6.30). The major episode of change again occurred between the May and June
2013 surveys, when a total of 2.9 m3 of erosion was recorded, corresponding to
approximately 0.1 m3 of erosion per day. Aside from a minor peak in erosion
between November 2012 and January 2013, most of the other recorded interval
changes to the boulder bar were relatively small (<0.0025 m3 of change per day).

Figure 6.30: Net volumetric change per day resulting from erosion of the lateral boulder berm
deposit adjacent to the lower dressing floor. Data are shown for each of the individual survey
intervals and for total change across the entire monitoring period.

Although the change detection recorded no evidence for surface scour due to
erosive flood flows, the lower dressing floor is definitely being damaged quite rapidly
through episodic bank erosion. The significance of the erosion of the dressing floor
and the adjacent berm deposit is not simply related to its volumetric contribution to
the annual sediment load of Garrigill Burn. Field inspection identified evidence for a
sequence of earlier stratified dressing floor deposits, including the presence of a
flagstone working floor (Figure 6.31). Erosion of this bank is therefore clearly
damaging important archaeological deposits, with further long-term monitoring
strongly recommended.
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Figure 6.31: Field photograph of the eroding north bank of the lower dressing floor at Whitesike Mine and adjacent boulder berm deposit. Earlier stratified dressing
floor deposits are clearly visible in the bank section, including a flagstone floor that has been actively damaged through bank erosion during the TLS monitoring
period. The photograph orientation is facing southwest.
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6.4.1.2.2 Upper dressing floor
The stability of the upper dressing floor was highlighted as being of even greater
concern than the lower dressing floor by the hydrological assessment carried out in
advance of the consolidation works (Newson, 2012). This was because flood waters
had been observed leaving the main channel at the upper (eastern) end of the
dressing floor, before flowing across the surface and re-entering the stream via a
gully at the western extent. The irregular area of erosion visible on the DEM of
Difference for the 2009 – 2012 change detection analysis (Figure 6.11) probably
reflects surface scour caused by these flood flows. To address this problem, the
consolidation works repaired two c.2 m breaches in the left bank retaining wall that
forms the northern limit of the upper dressing floor. These collapsed sections of wall
had created a boulder block cascade within the main channel, significantly reducing
flood conveyance and leading to concern over additional future wall collapses. It
should be noted that this wall repair actually had to be repeated a second time
shortly after the initial consolidation in 2011, due to the subsequent collapse of the
recently repaired section following heavy rainfall in early 2012 (J. Charlton, North
Pennines AONB, 2012, pers. comm., 27 April).
Field photographs of the upper dressing floor analysis area are shown in Figure
6.32. The results of the TLS survey conducted following completion of the repair
works to the upper dressing floor are shown in Figure 6.33, followed by the monthly
(Figures 6.34 and 6.35) and total 18 month (Figure 6.36) change detection results.
The results again indicate that there was relatively little topographic change across
the main surface area of the dressing floor. The broad irregular areas of elevation
change visible on the dressing floor surface relate to areas of seasonal vegetation
change, as delimited on the geomorphological map in Figure 6.36. The exception to
this are two small areas of erosion visible to the northwest of the dressing floor,
located towards the base of a broad gully that has been identified as the re-entry
point for flood waters returning to the main Garrigill Burn channel (Newson, 2012).
The form and location of this erosion suggests that it is caused by the scouring of
the gully surface during the drainage of flood waters from the upper dressing floor.
The magnitude of topographic change caused by the scouring of this location is
relatively small, however, with only 0.4 m3 of erosion being recorded during the
entire monitoring period. This is equivalent to just c.0.02 m3 of erosion per month
during this 18 month period. Analysis of the quantitative outputs of the monthly
change results for this area show a similar highly episodic trend to the temporal
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variation in erosion recorded for the lower dressing floor (Figure 6.37). The period
between May and June 2013 saw a significant peak in erosion rates, with over 72%
(0.3 m3) of the entire recorded scour occurring during this one month. Change
throughout the remaining monitoring period was considerably lower, although with a
sustained period of moderate scour occurring from October 2012 to March 2013.

Figure 6.32: Field photographs of the Whitesike Mine upper dressing floor, showing the location
of the detail change detection analysis subset area. Photo A shows the dressing floor viewed
from the north and Photo B from the east, with both photos taken in December 2013.

357

Figure 6.33: Results of the TLS survey of the upper dressing floor at Whitesike Mine from
September 2012, displayed as a colour-shaded DEM (top) and slope raster (bottom)
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Figure 6.34: Pairwise change detection results between the 14 individual survey dates for the upper dressing floor at Whitesike Mine, displayed as graduated scale rasters with 0.1 m colour bands covering the entire elevation range.
Sequence is read from left to right and row by row.
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Figure 6.35: Pairwise change detection results between the 14 individual survey dates for the upper dressing floor at Whitesike Mine, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations. Sequence is
read from left to right and row by row.
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Figure 6.36: DEM of Difference representing total elevation changes during the period
September 2012 to March 2014 for the upper dressing floor at Whitesike Mine (top) and
accompanying interpretative geomorphological map (bottom).
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Figure 6.37: Net volumetric change per day resulting from surface scour of the upper dressing
floor. Data are shown for each of the individual survey intervals and for total change across the
entire monitoring period.

The other major morphological change that occurred at the upper dressing floor
during the TLS monitoring period was the collapse of two sections of adjacent
retaining wall (Figure 6.38). The upstream (northeast) collapse measured c. 2.75 m
wide and the downstream (southwest) collapse measured c.4 m wide. Although
these changes represent the collapse of archaeological structures rather than the
erosion

of

stratified

sediments,

there

were

significant

geomorphological

3

consequences. The collapses introduced c. 4 m of boulder-sized stones into the
adjacent stream channel, creating two partial boulder blockages that affected the
flow of Garrigill Burn. Analysis of the pairwise change detection results for each of
the survey intervals indicates that the major changes to the wall again occurred
between May and June 2013, with the data indicating that both wall sections
probably collapsed at approximately the same time (Figure 6.39). This pattern again
suggests that the majority of recorded change across the Whitesike Mine area is
occurring at approximately the same time, as a result of low frequency, high
magnitude trigger events. The timing of these recorded changes in May to June
2013 suggests that the changes potentially relate to the presence of high intensity
summer storms, a hypothesis that will be explored further in Section 6.4.4.
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Figure 6.38: Collapsed sections of the drystone retaining wall adjacent to the upper dressing
floor as seen in a field photograph from September 2013 (top) and the overall 18 month DEM of
Difference (middle). The relationship between the collapsed sections and the dGPS measured
bed elevation profile of Garrigill Burn is shown in the associated line graph (bottom).

363

Figure 6.39: Net volumetric change per day resulting from collapse of the retaining wall
adjacent to the upper dressing floor. Data are shown for each of the individual survey intervals
and for total change across the entire monitoring period.

Although the majority of elevation change undoubtedly occurred between May and
June 2013, examination of the TLS point cloud for the north facing elevation of the
wall indicates that the collapses were actually slightly more complicated and
progressive in nature (Figure 6.40). The upstream section of wall can already be
seen to have a slight overhang in the upper courses at the start of the monitoring
period, with initial small-scale changes occurring between November 2012 and
March 2013. These changes are not visible on the pairwise DoDs as the upper
courses remain in place, meaning that the surface elevation recorded on the DEM
has not actually changed by this point. A larger collapse then occurs between March
and May 2013, which is detected on the surface as an area of elevation decrease
measuring c. 1.5 m3 in width. The major collapse does then occur between May and
June 2013, with subsequent minor widening and additional collapse of this breach
being recorded between September 2013 and January 2014.
The downstream wall collapse was less progressive in nature, with the point cloud
elevations indicating minimal change prior to the major collapse between May and
June 2013. Following this event, the results indicate some small-scale additional
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movement of the collapsed blocks at this end of the wall throughout the remainder of
the survey period but with no further major morphological changes.
The major wall changes occurring in May – June 2013 suggest that the collapses
were the result of the same trigger event(s) that led to other large topographic
changes across the mine area. However, this does not explain why the wall
breaches occurred in the specific locations recorded, with this information potentially
being of value for guiding longer-term consolidation plans.
The upstream collapse occurred immediately opposite the point at which the extant
section of adjacent, north bank retaining wall terminates. Upstream of this location
the stream flow is restricted through a narrow c.2 m wide channel between two
surviving drystone retaining walls. At the downstream end of this passage there is a
pronounced downward step in the long profile of the bedrock bed of the stream
(Figure 6.38). Field examination suggests that the restricted flow through this narrow
channel, followed by the step in bed profile, has caused scour at the base of the
southern retaining wall and led to the undermining of the drystone structure. Once
the lower courses had been undermined the structure would become unstable,
increasing the likelihood of a major collapse, such as the one that occurred in May –
June 2013. In contrast, the downstream collapse occurred towards the lower end of
the surviving wall extent. This collapse can probably therefore be explained by the
general instability caused by having only one end bonded into the remainder of the
upstanding wall.
These collapses occurred within only c.14 months of this section of wall having been
reconstructed as part of the 2012 consolidation works, which themselves were a
repair of earlier structural works carried out in 2011. This pattern of change raises
significant questions regarding the methods used to conserve structural remains on
abandoned mine sites and their long-term efficacy, a point that will be discussed
further in Chapter 7.
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Figure 6.40: Extracts from the TLS point clouds showing the progressive collapse of sections of the north facing elevation of the upper dressing floor retaining wall. Sequence is read from top to bottom, column by column.
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6.4.1.2.3 Bank collapse
The final subset area examined at Whitesike Mine was a large area of bank erosion
located opposite the two retaining wall collapses discussed above. This tall (>3 m)
bank is composed of a combination of natural hillslope sediments and mine waste
deposits, with the latter being particularly prominent in the upper c.1 m of the
western end of the bank (Figure 6.41). The results of the pairwise change detection
between each survey interval are shown in Figures 6.42 and 6.43, with the total 18
month change detection output and geomorphological map shown in Figure 6.44.
The overall DoD indicates that much of the bank in this subset area experienced
erosion within the 18 month monitoring window, with only a small area of increased
deposition in the centre of the bank and along an elongated deposit at the
downstream end. The monthly change detection results indicate that this erosion
occurred through three discrete large-scale events, with smaller-scale surface
change taking place between these dates (Figure 6.45). The largest change
occurred within the first monitoring interval (September – October 2012), when 13.9
m3 of material was eroded from the upper and mid-slope sections of bank.
Approximately 1.2 m3 of this material was recorded as being deposited at the toe of
the bank, meaning a net loss of sediment of 12.7 m3 in just one month. The second
large change occurred between November 2012 and January 2013, when 4.8 m3 of
material was eroded from the bank, with most of this sediment originating from a
single collapse located at the junction between the bank and the extant northern
retaining wall. This collapse occurred directly opposite the location of the later
upstream collapse of the southern retaining wall.
The third major change occurred between May and June 2013, resulting in a net
loss of 7.6 m3 of material from the northern stream bank during this one month
interval. Interestingly, the morphological changes that were recorded during this
interval are of a very different character to those recorded in the two earlier events.
The earlier changes were the result of large mass movements originating from the
upper portion of the bank, including what appears to be the collapse of some
overhanging areas of turf. In contrast, the changes recorded between May and June
2013 are largely restricted to the lower and mid-slope areas and to a broader area of
downstream surface lowering immediately adjacent to the stream. These changes
are suggestive of the direct erosion of the lower stream bank during high flows and
the removal of material that had been deposited at the toe of the slope through
previous mass failures.
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Figure 6.41: Field photograph showing the north bank opposite the upper dressing floor
following the major collapse that occurred between September and October 2012 (top). The
UAV image shows the aerial view of the bank area as it appeared in early September 2012, prior
to the collapse (middle). The results of the TLS survey of the bank prior to collapse are also
shown, displayed as a colour-shaded DEM (bottom left) and slope raster (bottom right)
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Figure 6.42: Pairwise change detection results between the 14 individual survey dates for the bank collapse north of the upper dressing floor at Whitesike Mine, displayed as graduated scale rasters with 0.1 m colour bands covering the
entire elevation range. Sequence is read from left to right and row by row.
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Figure 6.43: Pairwise change detection results between the 14 individual survey dates for the bank collapse north of the upper dressing floor at Whitesike Mine, displayed as stretched scale rasters with an elevation range of ± 2
standard deviations. Sequence is read from left to right and row by row.
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Figure 6.44: DEM of Difference representing total elevation changes during the period
September 2012 to March 2014 for the main area of bank erosion at Whitesike Mine (top) and
accompanying interpretative geomorphological map (bottom).
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Figure 6.45: Net volumetric change per day resulting from bank erosion of the north bank
opposite the upper dressing floor at Whitesike Mine. Data are shown for each of the individual
survey intervals and for total change across the entire monitoring period.

The magnitude-frequency characteristics of morphological change identified from
this area of bank are consistent with other published studies, which suggest that
bank erosion occurs primarily through a combination of mass failure, fluvial
entrainment and subaerial processes (Hooke, 1979; O'Neal and Pizzuto, 2011). The
two large-scale changes occurring in September – October 2012 and November
2012 – January 2013 indicate erosion of bank material through mass failure, with
some of this material being temporarily stored at the toe of the slope. In contrast, the
large-scale May – June 2013 episode of erosion occurred through direct fluvial
erosion, resulting in the direct entrainment of material from the toe of the slope and
its transport downstream. These large events were interspersed by much smallerscale change across the entire bank face as a result of slower subaerial processes,
such as creep, freeze/thaw and surface wash (Couper and Maddock, 2001). Of the
c.27.3 m3 of net erosion that occurred at this one area of bank during the entire 18
month monitoring period, 17.5 m3 (64%) was the result of just two mass movement
events and 7.6 m3 (28%) was the result of one episode of fluvial erosion. The
remaining 2.2 m3 (8%) of net change was due to higher frequency but lower
magnitude subaerial erosion processes combined with small-scale fluvial erosion.
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6.4.1.3 Summary of changes at Whitesike Mine
Combining the full Whitesike Mine results with the individual subset area analyses
allows the overall pattern of morphological change at the mine to be assessed and
quantified. Total change from all processes identified within the mine area is clearly
erosional, with 62.3 m3 of net erosion having been recorded (Figure 6.46). The
dominant process resulting in morphological change is undoubtedly bank erosion,
which accounted for 53.5 m3 (86%) of all erosion during the 18 month monitoring
period. This process was especially prominent within the central area surrounding
the two dressing floors, with 51% of this bank erosion originating from the single
area of bank collapse discussed in Section 6.4.1.2.3. A small amount of deposition
was recorded at the toe of the stream banks, resulting in a net positive elevation
increase for this process of 1 m3. The toe deposits that had been recorded during
earlier survey intervals were largely removed during the large-scale changes that
occurred in May - June 2013.
Other processes identified at Whitesike Mine included the collapse of two sections
of drystone retaining wall next to the upper dressing floor, which resulted in 3.6 m3
of boulder-sized stones being introduced into Garrigill Burn, and the erosion of a
lateral bar deposit adjacent to the lower dressing floor, which accounted for 3.4 m3
of net erosion. The majority of the hillslopes bordering Whitesike Mine are heavily
vegetated but small-scale erosion (2.4 m3) was recorded on the unvegetated slope
above the main western culvert transporting Garrigill Burn under the main Alston
road. The processes causing this change are difficult to distinguish but are likely to
be due to a combination of various subaerial slope processes, such as soil creep,
slope wash and small patch failures. A small area of surface scour was also
recorded towards the west of the upper dressing floor. Although this only resulted in
net erosion of 0.4 m3, its location suggests that it is the result of flood flows draining
from the surface of the upper dressing floor, which are known to have caused
significant scour in the past.
Temporal variation in the magnitude of elevation changes occurring at Whitesike
Mine are shown in Figures 6.47 and 6.48, as both net volumetric change per survey
interval and as change per day for each interval respectively. Only three intervals
out of the entire 14 interval data set recorded the occurrence of net deposition (June
- August 2013, October - November 2013 and January - March 2014), with the
remainder all indicating predominately erosional change. The first survey interval
(September – October 2012) recorded 13.8 m3 of erosion, 22% of the total net
373

change for the entire period. Analysis of the individual mapped features suggests
that this was a consequence of the large initial bank collapse outlined above
(Section 6.4.1.2.3). Over 61% of the erosion recorded in the November 2012 –
January 2013 survey interval is also attributable to a single mass movement of
material from this same bank area.
The main period of change across the entire mine was undoubtedly between May
and June 2013, when most processes and areas show a definite peak in erosion.
When all processes are combined, this one month interval accounts for 35.4 m3 of
erosion, or 57% of the total recorded change. Since many of the identified
processes reflect direct fluvial erosion by Garrigill Burn, the likelihood is that these
changes occurred due to a significant flood event(s) during May - June 2013,
although this hypothesis will be considered in more detail below (Section 6.4.4).
These results suggest that large-scale morphological changes at Whitesike Mine are
driven by low frequency, high magnitude events, interspersed by episodic mass
failures (e.g. bank collapses) and background slower, diffuse erosion processes.
Understanding this pattern of change is of value for guiding future consolidation
works on abandoned mines and the design of associated monitoring programmes.

Figure 6.46: Net volumetric change for the entire September 2012 - March 2014 survey period
for Whitesike Mine, distinguished by geomorphological process type.
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Figure 6.47: Net volumetric change for each survey interval resulting from all processes
combined at Whitesike Mine. Data are shown for each of the individual survey intervals and for
total change across the entire monitoring period.

Figure 6.48: Net volumetric change per day resulting from all processes combined at Whitesike
Mine. Data are shown for each of the individual survey intervals and for total change across the
entire monitoring period.
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6.4.2

Bentyfield Mine

6.4.2.1 Full area DEM change detection
The TLS surveys of Bentyfield Mine generated a detailed record of the overall
topography of the mined area and its key surface features (Figure 6.49). However,
analysis of the overall change detection results for the entire 18 month survey period
indicated that, as at Whitesike Mine, the majority of recorded changes were due to
variation in vegetation growth rather than actual topographic changes (Figure 6.50).
Although preventing the straightforward calculation of total quantified change, this
situation again suggests that the majority of the site has been relatively stable, with
active erosion and deposition only occurring in a limited number of locations. The
overall DEM of Difference was therefore again used to identify the location and
magnitude of topographic changes, with detailed subset analysis areas then used to
assess temporal variation in higher resolution rates of change. This section will
focus on the results of the full area mapping from Bentyfield. The subset areas will
then be considered separately in Section 6.4.2.2, before the changes across the
entire mined area will be summarised in Section 6.4.2.3.
Changes recorded across the Bentyfield Mine area include a broader range of
processes than those identified at Whitesike Mine. Bank erosion is again prominent
throughout much of the survey area, especially in the upper section to the east of
the limestone quarry. The recorded areas of bank erosion, excluding the subset
areas, totalled 20.8 m3 of erosion, with only 3 m3 of downslope deposition identified,
equalling a net erosion of 17.7 m3. Changes to the main channel bed have again not
been quantified as part of this analysis due to a lack of laser point penetration of the
water surface. However, the erosion of lateral bars located adjacent to the channel
in the centre of the mine area was recorded, resulting in 0.2 m3 of net sediment loss.
The lower slopes adjacent to Garrigill Burn also displayed evidence for other
processes, including gullying, mass movements, scour and diffuse slope erosion in
the form of soil creep, wash and ravel. Gullying of the lower slopes was largely
restricted to the north bank of the stream opposite the dressing floor subset area.
These gullies were relatively narrow (< 1 m) but showed evidence of incision and
both headward and lateral expansion during the 18 month monitoring period.
Several of the gullies showed evidence for small deposition fans at their downslope
outlet, although the overall net change from this process was erosional, with a net
sediment export of 0.3 m3.
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The recorded mass movements were clustered on the lower slopes of the southern
spoil heap and generally represent small failures (<10 m2) that resulted in a
combined net erosion of 0.3 m3. However, there was an area containing one
particularly large mass movement and associated smaller superficial failures, which
will be considered in more detail in a separate section (Section 6.4.2.2.1).
Evidence for surface scour was limited in spatial extent to a small area at the
eastern end of the extant culvert across Garrigill Burn. Although the magnitude of
this process is limited, resulting in net erosion of only 0.9 m3, the location of the
scour in relation to the culvert is of concern. The scour is mainly occurring at the
junction between the culvert and the stream bank, with a small but pronounced
mass movement also located on the lower spoil heap slopes immediately to the
south. The erosion of the corner of this culvert has the potential to lead to the
destabilising of the structure and its eventual collapse, as occurred at Clargill Mine
between 2006 and 2013 (Figure 6.15).
Evidence for additional slope erosion resulting from slower, more spatially diffuse
processes, such as soil creep or slope wash, was recorded in various locations
throughout the central section of the mined area. Particular concentrations were
identified on the unvegetated surfaces around the crushing mill wheel pit and
dressing floor area. The actual recorded magnitude of this process was again
relatively low, resulting in net erosion of just 1.6 m3 during the entire 18 month
survey period. However, the presence of compression ridges on the hillslope to the
northwest and across much of the southern spoil heap suggests that soil creep is
occurring on a larger scale. Although these features could be identified, the
volumetric magnitude of change was not quantified due to the problem of vegetation
growth affecting vertical elevation change values.
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Figure 6.49: Results of the TLS survey of Bentyfield Mine from September 2012, displayed as a colour-shaded DEM (top) and slope raster (bottom)
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Figure 6.50: DEM of Difference representing total elevation changes during the period September 2012 to March 2014 for Bentyfield Mine (top) and accompanying
interpretative geomorphological map (bottom). Detailed geomorphological maps for the individual subset analysis areas are included in Section 6.4.2.2.

379

6.4.2.2 Subset area change detection
The detailed analysis of temporal variation in topographic changes at Bentyfield
Mine has focused on four subset areas (Figure 6.51):
-

a section of north-facing slope on the main southern spoil heap

-

the north-facing slope of the western dressing floor

-

the south-facing stream bank upstream of the crushing mill area

-

the south-southeast facing stream bank downstream of the mine shop

These areas were selected to cover a range of geomorphological processes and
archaeological features, in order to further explore any temporal variation in process
rate and magnitude during the overall 18 month monitoring period. The following
sections therefore discuss the analysis of the results from these four subset areas
and their significance for developing understanding of high resolution topographic
change at abandoned mines.

6.4.2.2.1 Southern spoil heap (mass movements)
The north-facing slope of the southern spoil heap at Bentyfield Mine displayed
evidence for a range of geomorphological processes, including diffuse slope erosion
due to soil creep, wash and ravel, small-scale failures and the direct fluvial erosion
of the toe of the slope by Garrigill Burn. There was, however, one section of slope
located between the surviving culvert and the western dressing floors that had clear
evidence for a much larger mass movement. The longer term change detection
suggests that a landslide has been active in this location for a considerable length of
time, with a large scarp already visible on the 1976 aerial photograph (Figure 6.2)
and several small failures detected on the 2009 – 2012 airborne change detection
analysis (Figure 6.14).
The character of the spoil heap slope in this location can be seen in the
corresponding field and aerial photographs (Figure 6.52) and the results of the TLS
survey from September 2012 (Figure 6.53). The majority of the upper slope was
vegetated with a dense low grass cover in September 2012, although with a notable
area of unvegetated ground marking a previous superficial failure in the upper
central portion of the subset area. A larger area of unvegetated slope is also located
further to the west of the subset area, directly above the extant culvert. A large main
scarp can be easily detected approximately 3-12 m below the crown of the slope,
with at least four minor scarps lower down. The slope in this location is relatively
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steep (c.25-30°) but with a pronounced profile convexity starting approximately 12 m
below the crest and extending down to the base. The toe of the slope terminates
directly at the bank of Garrigill Burn, with only a small area of floodplain located
towards the east.
The pairwise monthly change detection results are shown in Figures 6.54 and 6.55,
with the overall DoD and interpretative geomorphological map for the entire 18
month monitoring period shown in Figure 6.56. These change detection results
appear to show two distinct scales of morphological change taking place; the
slumping of a large portion of the entire spoil heap slope and the smaller-scale
mobilisation of surficial deposits from the base of the slope. The overall change
detection DoD for the entire period clearly shows a significant area of reduced
elevation immediately below the main scarp, representing the downslope
displacement of the main body of the landslide. Vertical elevation decreases
immediately adjacent to the main scarp are in the region of c.0.25 – 0.35 m over 18
months, or an average of c. 0.01 - 0.02 m per month.
The main body of the landslide can be identified below the exposed surface of
rupture as an irregular area of raised slope forming a large profile convexity and with
numerous compression ridges oriented approximately perpendicular to the slope
angle. The back-tilted slope facets below the main scarp, combined with the convex
profile of the lower slope and corresponding compression ridges, strongly suggests
that this is a rotational rather than translational landslide (Whitworth et al., 2005;
Gunn et al., 2013).
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Figure 6.51: UAV orthophoto of Bentyfield Mine showing the location of the four subset analysis areas
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Figure 6.52: Field photograph (top) and UAV aerial image (bottom) showing the location of the
southern spoil heap detail subset area at Bentyfield Mine. The UAV imagery was captured at the
start of the monitoring period in September 2012, while the field photograph was taken in March
2014 during the final survey. The main scarp is highlighted with a red dashed line. Garrigill Burn
flows from left to right (east to west).
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Figure 6.53: Results of the TLS survey of the southern spoil heap subset area at Bentyfield Mine
from September 2012, displayed as a colour-shaded DEM (top) and slope raster (bottom)
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Figure 6.54: Pairwise change detection results between the 14 individual survey dates for the southern spoil heap subset area at Bentyfield Mine, displayed as graduated scale rasters with 0.1 m colour bands covering the entire
elevation range. Sequence is read from left to right and row by row.
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Figure 6.55: Pairwise change detection results between the 14 individual survey dates for the southern spoil heap subset area at Bentyfield Mine, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations.
Sequence is read from left to right and row by row.
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Figure 6.56: DEM of Difference representing total elevation changes during the period
September 2012 to March 2014 for the southern spoil heap subset area at Bentyfield Mine (top)
and accompanying interpretative geomorphological map (bottom).
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Whether the displacement has occurred along the interface between the bedrock
and overlying spoil or along a failure surface within the spoil itself is unclear from the
field evidence. However, an area of bedrock outcrop can be identified towards the
base of the slope, visible on the field photograph in Figure 6.52. This potentially
suggests that the failure surface may be related to the mass of spoil dumped on top
of relatively shallow colluvium covered bedrock.
The use of TLS for quantifying the rate of displacement of slow moving landslides in
the absence of visible reference points such as rocks (Prokop and Panholzer, 2009)
or tree trunks (Conner and Olsen, 2014) is extremely problematic. Similarly, the use
of volumetric differencing to quantify the magnitude of change can be significantly
influenced by the presence of vegetation on the landslide surface (Syahmi et al.,
2011). There are no fixed objects visible on the spoil heap slope to guide the
measurement of displacement vectors and the monthly DoDs clearly show the
presence of seasonal fluctuations in background elevations due to vegetation
growth. Therefore precise measures of the rate of movement of this landslide cannot
be obtained using the TLS data alone.
Nevertheless, to obtain approximate movement estimates the level of downslope
displacement between minor scarps was manually measured from shaded relief
images of the September 2012 and March 2014 DEMs. These measurements
indicate an average downslope displacement distance of between 0.2 and 0.35 m
for the main body of the landslide over an 18 month period, suggesting that this is a
slow moving but active failure. However, these values have to be considered
approximate due to the potential for remodelling of scarp edges through collapse
rather than just downslope movement. The monthly DoDs also indicate that the
temporal movement of the main body of the landslide was not evenly distributed
across the 14 survey intervals, with the majority of the change occurring between
September 2012 and January 2013 (Figure 6.54 and 6.55).
Two discrete smaller surficial failures can be distinctly seen towards the base of the
slope, immediately above the southern bank of Garrigill Burn. Field inspection of
these failures showed them to be the result of the separation of large (>20 m2) areas
of turf and the removal of the underlying substrate through subsequent erosion.
Large areas of increased elevation can be detected immediately below the failures,
suggesting that at least some of the eroded material has been deposited on the
edge of the bank rather than reaching the stream itself. The cause of these failures
is likely to be due to the uplift of the front of the main body of the landslide during
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rotational movement, leading to the shearing off of the turf segments under
gravitational forcing. The presence of a stable but unvegetated scar of similar size
immediately to the east suggests that this is a long term repetitive process occurring
at the base of the slope.
Over the total 18 month monitoring period, net volumetric changes resulting from the
erosion of the lower slope around these failures equals 6.8 m3, of which 6.5 m3 can
be attributed to the superficial failures and 0.3 m3 to the erosion of the basal slope
through direct fluvial action. These values are significantly less than the 33.7 m3 of
surface lowering recorded for the entire landslide area, although the magnitude of
this overall value is clearly influenced by vegetation change. As a result, the
discussion of temporal variation in surface change is restricted to analysis of the
superficial failures rather than the entire slope.
Quantification of the change recorded between each of the survey intervals for these
shallow failures reveals an interesting pattern of temporal variation throughout the
18 month monitoring period (Figures 6.54, 6.55 and 6.57). The main period of
volumetric change was between September 2012 and January 2013, with the initial
large collapse occurring within the first survey interval. This initial collapse resulted
in the deposition of a large amount of sediment below the failures, although still with
a net loss of material (-1.2 m3). The eastern failure then experienced a secondary
collapse between October and November 2012, followed by further erosion between
November 2012 and January 2013. Both failures then remained relatively stable
through until May 2013, with only minor intervening morphological changes.
The lower slope changes occurring between May and June 2013 resulted in a net
erosional loss of 0.5 m3, although with the DoDs indicating that this did not relate to
the main failure source areas. Instead, the changes within this month were the result
of the erosion and remobilisation of the material that had been deposited at the base
of the slope during the earlier 2012 failures. This strongly suggests that the driver of
the May-June 2013 change was direct fluvial erosion by Garrigill Burn itself, rather
than slope processes associated with the mass movement. Following these
changes the results indicate that the lower slope remained relatively stable until the
end of the monitoring period in March 2014.
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Figure 6.57: Net volumetric change per day resulting from processes recorded on the southern
spoil heap at Bentyfield Mine. Due to problems distinguishing small-scale background
slumping from vegetation change, the results are restricted to only show lower slope processes
including shallow mass movement failures and associated bank erosion. Data are shown for
each of the individual survey intervals and for total change across the entire monitoring period.

6.4.2.2.2 North-facing slope of western dressing floor
This subset analysis area focused on the western extent of the main dressing floor
at Bentyfield Mine, located to the west of the surviving crushing mill wheel pit. A
number of surface features can be identified in this area on the First Edition OS map
of 1868, which are likely to represent the location of processing machinery such as
buddles and settling tanks. Garrigill Burn was entirely enclosed within a covered
culvert between the Bentyfield mine shop and a short exposed section downstream
of the dressing floor, all of which has since collapsed. The present condition of this
area of dressing floor can be seen in Figure 6.58, with an area of waste deposits
partially separated from the main southern spoil heap by an upslope retaining wall.
The analysis of this area focused on the changing condition of the unvegetated,
north-facing slope of the surviving dressing floor deposits, which at its toe now forms
the southern bank of Garrigill Burn. Although the slope is steep (c. 30°) rather than
vertical, the direct connectivity of the toe of the slope with the stream channel means
that it comprises both a hillslope and river bank context.
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In order to fully quantify the lateral recession of the slope rather than simply vertical
elevation differences, the change detection analyses were conducted on point
clouds that had been rotated to be normal to a vertical plane fitted through the main
slope orientation (see Section 3.8.2). This approach is recommended when
analysing high resolution change along near-vertical slopes or stream banks
(Wawrzyniec et al., 2010; O'Neal and Pizzuto, 2011). The monthly (Figure 6.59 and
6.60) and total 18 month (Figure 6.61) change detection results are therefore
images oriented facing the slope normal direction and with difference values
highlighting lateral change.
Total net change from the entire slope is erosional, with an overall loss of 0.7 m3 of
material during the 18 month monitoring period, equivalent to an average monthly
export of 0.04 m3. This is equivalent to a net lateral slope retreat of 0.01 m a-1.
However, the DoD results revealed a complex pattern of change caused by several
geomorphic processes operating at a range of spatial and temporal scales (Figure
6.62). The highest magnitude change was caused by the development of a series of
gullies extending across much of the slope face. The two main gullies each measure
between 1.6 and 2 m in width, extending from the slope crest to the toe and with
internal minor scarps suggesting smaller-scale failures. The depth of these large
gullies is generally < 0.4 m, although with considerable internal variability. Three
small gullies, one to the west and two towards the east are noticeably narrower (<
0.5 m wide) but have still incised to a depth of c.0.15 m in places. Areas of
increased material are present at the base of the gullies, suggesting at least
temporary deposition as outlet fans. In total, net volumetric change from the
recorded gullies accounts for 0.4 m3 of erosion over the 18 month monitoring period.
Gullying accounted for the majority of sediment loss from the upper section of slope
but bank scour through direct fluvial erosion was responsible for much of the change
at the base of the slope. The majority of this fluvial entrainment occurred towards
the west of the slope, with large limestone blocks protecting the eastern section and
creating a platform on which slope material was deposited. However, erosion along
the slope immediately above these limestone blocks suggests that episodic scour
also occurs in this location during particularly high stream flows. In total, direct fluvial
entrainment through bank scour accounted for 0.2 m3 of erosion over 18 months.
This included the direct erosion of the bank face and the remobilisation of sediment
that had been previously deposited at the base of the aforementioned gullies.
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Figure 6.58: Field photograph (A) showing the north-facing slope of the Bentyfield dressing floor. The results of the TLS survey from March 2014 are shown below
as a slope raster (B). Garrigill Burn flows from left to right (east to west).
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Figure 6.59: Pairwise change detection results between the 14 individual survey dates for the dressing floor slope subset area at Bentyfield Mine, displayed as graduated scale rasters with 0.1 m colour bands covering the entire
elevation range. Sequence is read from top to bottom, column by column.
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Figure 6.60: Pairwise change detection results between the 14 individual survey dates for the dressing floor slope subset area at Bentyfield Mine, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations.
Sequence is read from top to bottom, column by column.

394

Figure 6.61: DEM of Difference representing total elevation changes during the period September 2012 to March 2014 for the dressing floor slope subset area at
Bentyfield Mine (top) and accompanying interpretative geomorphological map (bottom).
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Figure 6.62: Net volumetric change for the entire September 2012 - March 2014 survey period
for the dressing floor slope at Bentyfield, distinguished by geomorphological process type.

Evidence for diffuse, small-scale slope erosion resulting from subaerial processes
has been detected across much of the remainder of the exposed slope face. The
overall magnitude of erosion caused by this grouped category of slower rate slope
processes is less than that from gullying or direct fluvial scour but still accounted for
0.2 m3 of sediment loss over 18 months. This combination of high magnitude
change caused by gullying and direct fluvial entrainment and lower magnitude
change resulting from spatially extensive subaerial processes fits with previous
analyses of river bank erosion processes (Hooke, 1979), although with gullying
replacing mass failures due to the more inclined angle of the slope compared with
typical near-vertical bank studies. However, the relatively high sediment yield
attributed to subaerial processes suggests that these are not simply preparatory
processes that weaken the slope face prior to fluvial erosion, but can actually be a
significant cause of erosion in their own right. This finding is consistent with similar
high resolution monitoring studies of river bank erosion processes (Couper and
Maddock, 2001).
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The slow rate of change resulting from the various diffusive processes encapsulated
within the blanket term ‘subaerial erosion’, means that identifying the presence and
relative contribution of individual processes is not usually possible. Although this
was largely the case for the dressing floor slope at Bentyfield, there was one
subaerial process which could be clearly identified as occurring during winter 2012.
Extensive needle ice development was apparent on the exposed convex slope
towards the west of the subset area during a field visit on 4th December 2012
(Figure 6.63). The formation of the needle ice caused detachment of the surface
particles, with patches of exposed smooth underlying substrate indicating where the
detached sediment had been removed from the slope through sliding and toppling
failure mechanisms (Lawler, 1993). The contribution of needle ice development to
subaerial bank erosion in upland environments is widely acknowledged and can
lead to pronounced hysteresis in channel sediment yields (Prosser et al., 2000).

Figure 6.63: Field photographs of a section of the dressing floor slope at Bentyfield Mine,
showing erosion due to needle ice development. Sediment transfer has occurred through
sliding and toppling failure mechanisms during the subsequent ablation of the needle ice.

Temporal variation in volumetric change is shown in the monthly pairwise DEMs of
Difference (Figures 6.59 and 6.60) and as quantified net change per day for each
survey interval in Figure 6.64a. A significant peak in erosion is recorded for the
period between October and November 2012, followed by a pronounced increase in
deposition between January and March 2013. A further significant increase in
surface elevation was recorded between December 2013 and January 2014.
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Although evidence for actual erosion processes can be identified on the DoDs for
these periods, there also appears to be a change in overall background slope
elevations, especially when the stretched DoD rasters are examined (Figure 6.60).
These trends could plausibly be explained by spatially extensive changes to the
surface sediments, such as the vertical displacement of particles due to winter
freeze-thaw processes. A supporting argument in favour of this hypothesis is that
both of the significant surface elevation increases occurred during colder, winter
survey intervals when ice formation is likely to have been most abundant (Figure
6.64b). However, it is also possible that they are the result of very small registration
errors between the monthly point clouds. Although registration errors following the
MSA adjustment for this subset area were very small (<5 mm), the lateral shift of a
point cloud by this amount could still account for fairly significant volumetric changes
between data sets. This is especially pertinent when analysis is focusing on the high
spatial resolution comparison of localised small-scale processes, as with the
dressing floor subset area. The inability of the selected method of change detection
to consider such small-scale offset errors will be considered further in Chapter 7.
Despite the potential influence of point cloud registration errors on volumetric
change measurements, visual inspection of the monthly DoDs does indicate much
higher process intensity between May and August 2013. Between May and June
2013 all of the gullies on the main slope face experienced deepening and smallscale widening, with notable internal failures within the two largest gullies. A broader
area of negative elevation change along the base of the western end of the slope
indicates the direct fluvial entrainment of material by Garrigill Burn. Further
modification of the two main gullies then occurred between June and August 2013
but with deposition processes dominating at the toe of the slope. Together, these
results suggest that large-scale process change occurred between May and June
2013 due to concentrated runoff along pre-existing gullies and through direct stream
erosion, indicating a high intensity rainfall event(s). The subsequent changes in
June to August are likely to indicate that the gully morphology was still unstable
following the earlier erosion but that eroded material was collecting at the base of
the slope with little fluvial entrainment.
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Figure 6.64: (A) Net volumetric change per day resulting from erosion of the dressing floor
slope subset area at Bentyfield Mine. Data are shown for each of the individual survey intervals
and for total change across the entire monitoring period. (B) Daily temperature range at Alston
Springhouse Park for the corresponding time period, clearly showing fluctuations around
freezing from late November 2012 to early April 2013. Vertical dashed lines represent TLS
survey dates, vertical dotted lines indicate dates when field visits occurred but no TLS data
were collected.
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6.4.2.2.3 South-facing stream bank upstream of crushing mill
The second stream bank analysed in detail as a separate subset area is located on
the north bank immediately upstream of and opposite the former crushing mill at
Bentyfield Mine. This area was again part of the culverted dressing floor used to
process ore extracted from Bentyfield Level approximately 90 m to the east. The
present condition of this area can be seen in Figure 6.65, with the bank comprising
probable debris from the dressing floors, including fine grained processing waste,
frequent small stones (< 50mm) and some outcrops of limestone bedrock towards
the base of the slope. A small drystone retaining wall is located immediately to the
west of the subset area, with a vertical alignment of loose stones approximately 9
metres in from the eastern edge potentially also representing an earlier structural
feature.
Monthly pairwise DEMs of Difference are displayed in Figures 6.66 and 6.67, with
the total change detection results and geomorphological interpretation shown in
Figure 6.68. These results again represent change that has been quantified in
relation to point clouds that have been rotated to be normal to the overall bank
alignment. The difference values therefore reflect lateral bank recession rather than
vertical elevation changes, although both still allow the calculation of volumetric
change statistics. Total net change from the entire slope is erosional, with an overall
loss of 1.6 m3 of material during the 18 month monitoring period, equivalent to an
average monthly export of 0.1 m3. Net lateral retreat for the entire area of slope was
0.01 m a-1.
The DoD for the total survey period highlights marked spatial variation in the
magnitude of erosion occurring across the upper portion of the bank (Figure 6.68).
Noticeably greater topographic changes were recorded for the western c.11 m
section than for the remaining c.19 m eastern area, which only experienced minor
changes on the upper slopes. The likely reason for this is that there is a slight but
noticeable change in bank aspect at this junction, with the western section facing
towards the southwest and the eastern section facing south-southeast. The
dominant wind direction for this area is from the southwest, suggesting that the
directional influence of wind and associated rainfall is having a greater impact on
process magnitude occurring on one part of the bank.
The actual processes causing the topographic changes on the upper slope include
mass movements (bank collapses), diffuse subaerial slope erosion and the
displacement of individual surface stones through gravitational failure (Figure 6.69).
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Diffuse subaerial slope erosion, although resulting in only slight depth changes,
occurs across much of the western section of bank and in total accounts for 0.8 m3
of erosion over the 18 month period. Discrete mass failures were largely focused
towards the western extent of the bank area and included the collapse of
overhanging blocks of turf from the top of the slope and the mass failure of
combined turf and stones from a small shelf immediately above the channel margin.
A c.2 m collapse of this turf shelf also occurred towards the base of the slope at the
eastern end of the area. In total, mass movements accounted for 0.7 m3 of erosion
during the entire 18 month period. Not all of the sediment eroded from the upper
slope actually reached the channel, with large areas of slumped bank material
beneath the areas identified as subaerial erosion and discrete areas remaining
below the larger mass failures. However, the net change due to these processes
was again erosional, with a combined loss of 0.6 m3 even after the deposition areas
have been considered.
One of the reasons for this net erosional loss from the upper slopes is that the lower
slopes have been clearly influenced by direct fluvial erosion. This process is likely to
include both the fluvial entrainment of deposited material that has been eroded from
higher up the slope, as well as direct scour of the lower bank during high flows. The
evidence for this bank scour due to direct fluvial action is an area of net erosion
occurring across the majority of the base of the entire slope, with this process
accounting for 1 m3 of erosion during the 18 month period.
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Figure 6.65: Field photograph (A) showing the south-facing slope located upstream of the Bentyfield crushing mill. The results of the TLS survey from September
2012 are shown below as a slope raster (B). Garrigill Burn flows from right to left (east to west).
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Figure 6.66: Pairwise change detection results between the 14 individual survey dates for the south-facing slope upstream of the crushing mill, displayed as graduated scale rasters with 0.1 m colour bands covering the entire elevation
range. Sequence is read from top to bottom, column by column.
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Figure 6.67: Pairwise change detection results between the 14 individual survey dates for the south-facing slope upstream of the crushing mill, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations.
Sequence is read from top to bottom, column by column.
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Figure 6.68: DEM of Difference representing total elevation changes during the period September 2012 to March 2014 for the south-facing slope located upstream
of the Bentyfield crushing mill (top) and accompanying interpretative geomorphological map (bottom).
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Figure 6.69: Net volumetric change for the entire September 2012 - March 2014 survey period
for the south-facing slope upstream of the Bentyfield crushing mill, distinguished by
geomorphological process type.

The results of temporal variation in change for this subset area are shown in Figure
6.70, displayed as net volumetric change per day for each of the individual survey
intervals. These results appear to indicate a cyclical pattern of change, with an
interval dominated by net erosion being followed by one experiencing net
deposition. This pattern is also visible on the stretched DoD rasters resulting from
the pairwise change detection analyses (Figure 6.67). Although there are possible
geomorphological explanations for certain months showing overall elevation
changes, such as expansion and contraction during freeze-thaw processes, this
trend appears to continue throughout the entire survey period. The cause of these
changes is therefore likely to be the influence of slight registration errors on the
quantification of high resolution volumetric change.
The registration accuracy of the 14 point clouds used in this analysis was again very
high (5.7mm), meaning that the monthly data sets are well matched. This accuracy
has been further checked through the manual inspection of elevation values within
areas identified as experiencing minimal geomorphic change, with the results
consistently showing variation to be within the MSA registration threshold. However,
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even small-scale positional offsets within this registration threshold could easily
result in the pattern of volumetric change displayed in Figure 6.70. This is due to the
results for this area focusing on the high resolution analysis of minor topographic
changes, meaning that the influence of even small-scale positional error is much
more apparent. This finding again questions the suitability of the fuzzy inference
system based change detection methodology employed in this study (Wheaton et
al., 2010) for the recording of very small-scale topographic changes from high
resolution data sets. The limitations of this change detection approach and potential
alternatives will be discussed in more detail in Chapter 7.

Figure 6.70: Net volumetric change per day resulting from erosion of the south-facing slope
upstream of the Bentyfield crushing mill. Data are shown for each of the individual survey
intervals and for total change across the entire monitoring period.

Despite the limitations of using the repeat surveys to derive monthly volumetric
change outputs, visual examination of the pairwise DEMs of Difference does reveal
when the major topographic changes occurred (Figures 6.66 and 6.67). Between
September 2012 and January 2013 a series of mass failures began to develop
towards the west of the slope, revealed by minor slumping and small discrete
collapses. These failures increased in extent markedly between January and March
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2013, with broader areas of diffuse subaerial erosion also extending across the
southwest facing aspects.
Major alteration to the lower slope and channel margin then occurred between May
and June 2013, with significant erosion along the entire length of the bank. The
location of this change at the base of the slope suggests that it was due to direct
fluvial entrainment, again as a result of particularly high and erosive stream flow
during this one month interval. Deposition along this lower slope during the following
period (June to August 2013) potentially reflects the transport and temporary
storage of sediment eroded from upstream locations during the preceding high flow
event. Subsequent changes were largely restricted to the development of a mass
failure towards the top of the western section of slope, with minor precursors
between August and October 2013, followed by a major collapse between October
and November 2013. Interestingly, the failed mass of turf and sediment was
deposited immediately below the source location and remained here throughout the
rest of the survey period. A limited amount of topographic change then occurred at
the base of the slope between November 2013 and March 2014, as well as several
other small failures from higher up the slope face. These results suggest that the
overall slope is relatively stable and only experiences significant change during
major flow events. One reason for this is that the base of the slope is protected by
vegetation and large boulders (Figure 6.65), which reduces coupling with the stream
and exerts a strong basal endpoint control.

6.4.2.2.4 South-southeast facing stream bank downstream of mine shop
The final subset area for Bentyfield Mine is a section of south-southeast facing
stream bank located immediately downstream (southwest) of the mine shop. On the
1868 First Edition OS map, this site is located between two tramways within the
large culverted area linking Bentyfield Level to the east with the dressing floors and
spoil heaps to the west. The present condition of the area is shown in Figure 6.71,
with the bank comprising a mixture of fine grained processing waste and ‘natural’
sandy silt hillslope material. Although the base of the slope directly meets the
stream towards the east, a narrow boulder deposit separates the western extent
from Garrigill Burn during low flow conditions. The partial remains of an east-west
aligned drystone wall are exposed in the eastern section of bank. The end of a
second wall is visible at the western extent of the structure, suggesting the presence
of an earlier building which extends northwards beneath the present ground surface.
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Monthly pairwise DEMs of Difference are displayed in Figures 6.72 and 6.73, with
the total change detection results and geomorphological interpretation shown in
Figure 6.74. Total net change from the entire slope is again erosional, with an
overall loss of 1.4 m3 of material during the 18 month monitoring period, equivalent
to an average monthly export of 0.08 m3. Net lateral retreat for the entire area of
slope was 0.02 m a-1. The processes causing this net erosional change were again
varied, including mass movements and spatially diffuse subaerial erosion across the
upper section and direct fluvial entrainment and scour of the lower bank.
The process leading to the highest magnitude of change was mass movement
failures, accounting for 1.1 m3 of erosion over 18 months (Figure 6.75). These
failures occurred particularly in the upper and mid-slope sections towards the west,
with far fewer examples identified to the east. One failure that is of particular
concern from an archaeological perspective is that located around the western end
of the aforementioned stone structure. This erosion is especially severe around the
base of the northward turn of the structure and field inspection suggests that it is
damaging the lower courses of wall in this location. The date and function of the
structure is unclear but its proximity to the mine shop suggests it could potentially be
an earlier phase of bunkhouse or an associated building such as a workshop or dry.
Evidence for lower magnitude but spatially extensive diffuse subaerial slope erosion
has been recorded across large areas of the bank face, concentrated especially to
the west and in smaller clusters further east. The total erosional change attributed to
this process was 0.4 m3 over the entire 18 month period. Large areas of slightly
increased elevation indicate that some of the eroded sediment has been deposited
below the source locations. Nevertheless, when the combined erosion from mass
failures and diffuse subaerial slope erosion is compared to the volume of slumped or
deposited material recorded, the overall net change is still erosional (-0.7 m3).
The other main process identified as causing change in this location was direct
fluvial entrainment and scour at the base of the bank, resulting from direct contact
with Garrigill Burn during high or erosive flows. Erosion due to this process occurred
across much of the lower portion of bank and accounted for a total of 0.7 m3 of
sediment loss. A band of particularly concerning scour was located along the base
of the east-west aligned stone structure which is partially exposed in the bank
section. Field inspection again indicates that this erosion is damaging the lower
courses of the wall and if allowed to continue could result in the collapse of a
potentially significant archaeological feature.
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Figure 6.71: Field photograph (A) showing the south-facing slope downstream of the Bentyfield mine shop. The results of the TLS survey from September 2012 are
shown below as a slope raster (B). Garrigill Burn flows from right to left (east to west).
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Figure 6.72: Pairwise change detection results between the 14 individual survey dates for the south-facing slope downstream of the Bentyfield mine shop, displayed as graduated scale rasters with 0.1 m colour bands covering the
entire elevation range. Sequence is read from top to bottom, column by column.
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Figure 6.73: Pairwise change detection results between the 14 individual survey dates for the south-facing slope downstream of the Bentyfield mine shop, displayed as stretched scale rasters with an elevation range of ± 2 standard
deviations. Sequence is read from top to bottom, column by column.
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Figure 6.74: DEM of Difference representing total elevation changes during the period September 2012 to March 2014 for the south-facing slope located
downstream of the Bentyfield mine shop (top) and accompanying interpretative geomorphological map (bottom).
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Figure 6.75: Net volumetric change for the entire September 2012 - March 2014 survey period
for the south-facing slope downstream of the Bentyfield mine shop, distinguished by
geomorphological process type.

Temporal variation in volumetric change is again shown as monthly pairwise DEMs
of Difference (Figures 6.72 and 6.73) and as quantified net change per day for each
survey interval (Figure 6.76). The cyclical nature of the results again suggest that
there is some background variation due to minor registration errors between data
sets, even though the MSA registration accuracy was very high (6 mm). These
errors mean that the small-scale monthly volumetric change values displayed in
Figure 6.76 have to be treated with a degree of caution. However, clear patterns of
geomorphic change can be identified from within the data that provide valuable
insights into temporal variation in process significance.
The first major morphological changes occurred between November 2012 and
January 2013 when a series of large mass failures occurred across the bank face.
One cluster of failures was located towards the western extent of the survey area,
with a second located further east and including the large collapse around the base
of the partially exposed stone structure. Smaller failures then occurred across the
full extent of the area between January and May 2013, especially in the middle and
upper sections of bank. Interestingly, the net loss of material resulting from these
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failures remained relatively low, due to a significant proportion of the eroded
sediment being deposited towards the base of the bank rather than directly entering
the stream.
Substantial morphological changes to the lower bank then occurred between May
and June 2013, resulting in the highest magnitude change recorded during the
entire 18 month period. These changes were largely restricted to a band of erosion
within the lower c.0.6 m of bank, although with additional erosive changes occurring
at higher elevations towards the west. The pattern of these changes strongly
suggests that they were the result of direct fluvial erosion by Garrigill Burn, again
implying that an especially large flow event occurred within this survey interval. The
extensive erosion recorded during this month was therefore likely to be due to the
remobilisation of sediment that had previously been deposited during earlier mass
failures, as well as the direct scour of the basal bank itself. The following survey
interval (June to August 2013) shows evidence for further small-scale failures and
diffuse subaerial erosion, as well as the deposition of material along the base of the
bank. However, after this date the bank remained relatively stable, with only minor
periodic modification of the basal deposits adjacent to Garrigill Burn.

Figure 6.76: Net volumetric change per day resulting from erosion of the south-facing slope
downstream of the Bentyfield mine shop. Data are shown for each of the individual survey
intervals and for total change across the entire monitoring period.
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6.4.2.3 Summary of changes at Bentyfield Mine
Combining the full Bentyfield Mine results with the individual subset area analyses
again allows the overall pattern of morphological change at the mine to be assessed
and quantified (Figure 6.77). Overall volumetric change at the mine is undoubtedly
erosional, with 31.50 m3 of net erosion recorded from all processes combined over
the 18 month monitoring period. As with Whitesike Mine, the dominant process
leading to morphological change was bank erosion. When all bank processes are
combined, including areas of positive elevation indicating deposition, the net change
due to bank erosion was 21.2 m3, or 67% of the overall net volumetric change. Bank
erosion was particularly prominent to the east of the mined area, with the detailed
subset area analyses indicating that it was due to a combination of different subprocesses operating at varying scales of magnitude and frequency. The findings
were in agreement with previous studies which have suggested that bank erosion is
typically the result of mass failures, diffuse subaerial processes and direct fluvial
entrainment (Hooke, 1979). The relatively high erosion rates recorded from diffuse
subaerial erosion also supports the argument by Couper and Maddock (2001) that
these processes can be erosive rather than simply preparatory to fluvial erosion.
Mass movements (excluding bank failures) were the second most significant
process causing morphological change at Bentyfield, contributing 6.8 m3 (22%) of
erosion to the overall net volumetric change. The most significant example of this
process was the large landslide on the north-facing slope of the main spoil heap.
The landslide itself is slow moving and not of immediate threat to the main channel.
However, uplift of the toe during rotational movement is introducing moderate
amounts of sediment to the stream through shallow basal failures.
Other processes causing smaller amounts of change across Bentyfield Mine
included diffuse slope processes, such as soil creep, wash and ravel, small areas of
surface scour, gullying on the lower hillslopes and the erosion of lateral bar deposits
adjacent to the main stream channel. Although unquantified in terms of their
volumetric impact, the DEMs of Difference also recorded evidence for ongoing
erosion due to tracks used by the sheep that are periodically grazed across the
area. These were particularly prominent between the southern spoil heap and the
north bank via the central stream culvert and along two routes extending southwest
from the wooden bridge below the mine shop. Although surface change due to the
development of these sheep tracks was minimal, the potential for damage to the
extant culvert due to the western route remains a possibility.
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Figure 6.77: Net volumetric change for the entire September 2012 - March 2014 survey period for Bentyfield Mine, distinguished by geomorphological process type.
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Understanding temporal variation in the magnitude of volumetric change at
Bentyfield Mine was complicated by a number of factors. Firstly, the problem of
vegetation growth influencing recorded elevation changes and the much larger size
of the Bentyfield survey area (18905 m2 compared to only 6539 m2 for Whitesike)
meant that the full area analyses were restricted to just the first and last surveys
(October 2012 and March 2014). Intervening patterns of change were therefore
reliant on the results of the four subset analysis areas. However, the results for the
three stream bank / hillslope subset areas suggest that the small errors (≤ 6 mm)
associated with the point cloud registration were influencing the quantitative monthly
change results. This limitation is due to the scale of changes being detected at these
subset areas and the specific change detection methodology employed, a point that
will be discussed in more detail in Chapter 7.
Nevertheless, visual examination of the monthly DEMs of Difference for the subset
areas did highlight clear process-related temporal variation in volumetric change.
The main period of change across all of the subset areas was undoubtedly between
May and June 2013, indicating consistency with the results for Whitesike Mine. This
period of high magnitude change was especially prominent for locations close to
Garrigill Burn, for example the lower stream banks and hillslopes, or where the
change was driven by concentrated flow paths, as with the gullies incising into the
western dressing floor. These results again strongly suggest that a significant rainfall
event occurred between May and June 2013, resulting in extensive surface runoff
and high stream levels. In contrast, the temporal frequency of other process change
was less clearly defined. The results suggest that mass movements and diffuse
erosion processes occurred intermittently, presumably due to a wider range of
contributing factors, such as gravitational forcing and longer term antecedent
weather and hydrological conditions.
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6.4.3

Tailings heaps – Whitesike and Bentyfield Mines

The waste heaps to the west of the main B6277 road were originally connected to
Whitesike Level, Bentyfield Low Level and the Whitesike dressing floors via a
system of tramways. Due to the connection of the heaps to workings at both mines
and their physical separation from the rest of the site by the B6277 road, they are
being considered as a separate survey area. As mentioned previously, the
landforms are being referred to as ‘tailings heaps’ due to the primary character of
the surface sediments across much of the area. However, there is known to be
considerable internal stratigraphic heterogeneity within the dumps due to the
combined origin of the waste deposits (Figure 5.30).
The modern character of the tailings heaps can be seen in Figure 6.78, with the
results of the September 2012 TLS survey shown in Figure 6.79. The plateau at the
top of the heaps to the south and east is under relatively dense vegetation cover,
including a mixture of grasses and occasional isolated small trees. The main tailings
heaps area to the north and west is almost entirely unvegetated, including the
central ridge separating the west and northeast facing slopes. Garrigill Burn flows
west from Whitesike Mine through a culvert underneath the main road, before being
exposed for a short (<10 m) distance prior to flowing through a second culvert
beneath the western tailings heap.
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Figure 6.78: Field photographs facing downstream (A) and upstream (B) and UAV vertical aerial
image (C) showing the tailings heaps located to the west of Whitesike Mine. The UAV imagery
was captured at the start of the monitoring period in September 2012, while the field
photographs were taken in March 2014 during the final survey. Garrigill Burn can be seen
flowing from right to left (east to west) through a culvert underneath the main tailings heaps on
the UAV image.
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Figure 6.79: Results of the TLS survey of the tailings heaps from September 2012, displayed as
a colour-shaded DEM (top) and slope raster (bottom)
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6.4.3.1 DEM change detection
Monthly DEMs of Difference are displayed in Figures 6.80 and 6.81, with the total
change detection results and geomorphological interpretation shown in Figure 6.82.
Total net volumetric change from the tailings heaps, excluding areas of vegetation
change, recorded 165.7 m3 of erosion over the 18 month monitoring period,
equivalent to 9.2 m3 per month or 110.5 m3 a-1. There were a range of processes
that could be identified as having caused changes to the morphology of the tailings
heaps, relating to both natural geomorphological processes and surface disturbance
by humans and animals.
The single process causing the overwhelming majority of topographic change on the
tailings heaps was gullying of the western slopes, which accounted for 158.8 m3 of
erosion or 96% of the total net erosional loss (Figure 6.83). Four distinct gullies were
identified, including one major gully in the centre of the western slope and three
much smaller examples further west. By March 2014, the main gully had an overall
length of 32.7 m, a maximum width of 9.9 m and a maximum depth of c.2.9 m. This
single large gully accounted for 156.7 m3 of sediment loss over the 18 month
monitoring period, which was equivalent to 95% of the total net erosion from the
entire tailings heaps (Figure 6.84). Changes to the three smaller gullies identified to
the west only resulted in a combined net loss of 2.1 m3 of sediment.
Broader areas of diffuse erosion processes were visible across the majority of the
rest of the tailings heaps, indicating that the unvegetated slopes are experiencing
change due to spatially extensive, small-scale slope processes such as soil creep
and slope wash. This interpretation receives support from the presence of clearly
defined compression ridges at various locations across the tailings heaps. In total,
diffuse slope processes accounted for 7.2 m3 of erosion over the entire 18 month
monitoring period. Additional small-scale changes were attributed to the influence of
animal and human activity on the tailings heaps. A rabbit burrow was clearly
detectable to the north of the heaps, resulting in 0.06 m3 of erosion at the burrow
entrance and 0.4 m3 of deposition in the form of an external fan. A series of animal
tracks also criss-crossed the western slope of the spoil heap, creating small terraces
either side of the gullies. Human disturbance occurred in the form of a number of
ski-bike tracks to the north of the tailings heaps, along with associated footprints
leading back up the slope face. None of the animal or human tracks resulted in a
quantifiable net volumetric change to the slopes but the presence of these features
could be of significance in terms of sensitising the slopes to future erosion.
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Figure 6.80: Pairwise change detection results between the 14 individual survey dates for the tailings heaps, displayed as graduated scale rasters with 0.1 m colour bands covering the entire elevation range. Sequence is read from left
to right and row by row.
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Figure 6.81: Pairwise change detection results between the 14 individual survey dates for the tailings heaps, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations. Sequence is read from left to right and
row by row.
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Figure 6.82: DEM of Difference representing total elevation changes during the period
September 2012 to March 2014 for the tailings heaps (top) and accompanying interpretative
geomorphological map (bottom). The gully profile indicated on the upper image refers to the
cross-sections displayed on Figure 6.88.
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Figure 6.83: Net volumetric change for the entire September 2012 - March 2014 survey period
for the tailings heaps, distinguished by geomorphological process type.

Figure 6.84: Elevation change distribution of volumetric change for the tailings heaps. Red bars
indicate elevation changes originating from within the main gully, grey bars indicate all other
recorded elevation changes.
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Since 95% of all volumetric change on the tailings heaps was attributable to the
main gully, consideration of temporal variation in erosion rates will focus on changes
to this one landform. The total net volumetric output from the gully for each of the
survey intervals is shown in Figure 6.85. These results indicate that small-scale
changes occurred between September and November 2012, followed by a
moderately large erosion event (29.5 m3) between November 2012 and January
2013. The gully then continued to experience a relatively small net loss of sediment
prior to a major erosion episode between May and June 2013, when 119 m3 of
volumetric change was recorded. This single monthly change represents 76% of the
total net change to the gully throughout the entire monitoring period. Following this
major erosive change the results for June to September 2013 indicate a net
increase in surface elevation, suggesting an overall import of sediment to the gully
system. Recorded volumetric changes to the gully between October 2013 and
March 2014 then remained low, indicating a period of relative stability.

Figure 6.85: Net volumetric change per day resulting from erosion of the tailings heaps. Data
are shown for each of the individual survey intervals and for total change across the entire
monitoring period.
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Detailed analysis of the monthly DEMs of Difference allows these volumetric change
values to be related to actual morphological development of the gully form and
extent (Figures 6.86 and 6.87). Between September and November 2012 the gully
form remained relatively stable, with only small-scale topographic change due to
minor slumping and animal movement. The central section of the gully then appears
to have collapsed at some point between November 2012 and January 2013, with
small-scale changes also occurring at the head of the gully. The lack of a deposition
fan below this collapse indicates that most of the eroded sediment was deposited
directly into Garrigill Burn, either immediately after the failure or during subsequent
transport occurring prior to the January 2013 survey.
Although the quantitative net change results then indicate only moderate erosion
between January and May 2013, the DoDs actually show that the gully underwent
considerable internal modification. Between January and March 2013 the upper half
of the gully experienced significant erosion of the side walls and gully head,
although the eroded material was almost all deposited on the central floor of the
gully itself. Even more extensive cross-sectional and headward enlargement
occurred between March and May 2013, with a large proportion of the eroded
material again being deposited on the central gully floor. Two of the smaller gullies
to the west of the main gully also experienced pronounced erosion during this
survey interval, although these are not included within the volumetric totals in Figure
6.85. The apparent discrepancy between the net volumetric change statistics and
the DEMs of Difference for the period from January to May 2013 is therefore due to
the temporary storage of the eroded material on the gully floor. This pattern
indicates that although the gully morphology saw major changes, the net export of
sediment from the overall gully system to Garrigill Burn was relatively small.
The major erosion event between May and June 2013 involved considerable
changes to the gully morphology. The central and lower sections of gully
experienced significant incision and lateral expansion through collapse of the side
walls (Figure 6.88). An additional area of collapse occurred along the southern face
of the upper gully section. The lack of any evidence for downslope deposition of
sediment on the gully floor, strongly suggests that all of the eroded material reached
the stream. The substantial net sediment loss for this monthly interval therefore
appears to be due to both the flushing of material that had previously been
deposited on the gully floor between January and May 2013, and additional primary
erosion of the gully through incision and cross-sectional expansion. This pattern of
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change can be clearly identified on the cross-sectional profiles of the gully from
November 2012 to June 2013 shown in Figure 6.88.
Analysis of the DoDs indicates that the net increase in surface elevations recorded
in the volumetric totals between June and September 2013 is probably due to issues
with occlusion in the laser scan data. The headward expansion of the gully between
January and June 2013 meant that some additional sediment was undoubtedly
entering the gully from outside of the main survey extent. Field inspection revealed
the source of this material to be from a narrow incising gully that had developed to
connect the upper surface of the tailings heaps with the head scarp of the main
gully. Although this feature was clearly apparent on the ground it was not visible
from the scanner locations used for the tailings heaps area. The second major
source of sediment deposition during this period was along the southern side wall of
the gully. The DoDs indicate that this material originates from additional erosion of
the southern side wall between June and August 2013. However, the major collapse
between May and June had altered the gully morphology so significantly that this
area was now almost entirely occluded from the main scan position. The
consequence of this was that the scanner was recording the effect of the erosion, in
the form of a deposition area on the lower slopes, but not the actual source of the
erosion which was out of view. The result of this is a misleading net increase in
volumetric totals that is actually due to altered scan geometry and occlusion.
The relative stability recorded in the net volumetric outputs between September
2013 and March 2014 is partially reflected in the DEMs of Difference. The DoDs for
September to November 2013 do show only minor changes taking place to the
surface of the gully during this time period. However, the results for November 2013
to March 2014 indicate that a significant amount of sediment was collecting along
the edges of the gully floor due to ongoing erosion of the side walls. The
discrepancy is again the result of the eroded material being stored on the gully floor
and therefore not influencing the overall net volumetric change for the gully system.
This comparison between the net volumetric totals (Figure 6.85) and the
corresponding morphological changes to the gully form (Figures 6.86 and 6.87)
reinforces the argument for having high temporal resolution survey intervals when
quantifying geomorphological change (Lindsay and Ashmore, 2002). Coarsely
spaced survey intervals would have recorded similar net volumetric changes but
would not have captured the internal alteration of the gully morphology shown during
early 2013. The importance of these internal changes is that they essentially
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generate a large but temporary store of colluvial sediment that has the potential to
create a significant spike in net sediment yield during a subsequent heavy rainfall
event. Recording such changes, even if they have no net influence on contemporary
short-term sediment yields, can help to explain the magnitude and frequency of
larger-scale events. This in turn can help to predict when significant downstream
problems, such as the influx of high volumes of heavily contaminated sediment, may
occur.
The pattern of spatial and temporal change recorded for the gully system on the
tailings heaps is consistent with previous studies of gullying on abandoned mine
sites. The location of the gullies can probably be explained by a combination of the
slope aspect facing towards the west, which is the dominant direction of prevailing
rainy winds, and the lack of a stabilising vegetation cover, both of which increase the
likely occurrence of erosion via concentrated flow paths (Haigh, 1980; Nyssen and
Vermeersch, 2010). The monthly surveys from the tailings heaps clearly indicate
that the highest sediment yields occurred between May and June 2013. In their
analysis of gullying on eroding coal waste deposits in Indiana, Olyphant et al. (1991)
also recorded that >70% of the total annual sediment yield was discharged between
May and September. The explanation for this was again linked to temporal variation
in process significance on the waste heaps. During the cooler winter months, freezethaw processes loosened the surface of the gully and led to an accumulation of
sediment on the gully floor. This prepared sediment was then rapidly flushed from
the gully floor during the large convective storms occurring in late spring, leading to
sediment yields in May and June that were disproportionate to the actual levels of
rainfall. Further scour and sediment entrainment then continued throughout the
summer during additional large rainfall events (Olyphant et al., 1991). This same
pattern of surface preparation and gully floor temporary storage during winter,
followed by rapid sediment export during late spring is clearly identifiable in the data
from the Whitesike tailings heaps.
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Figure 6.86: Results of the TLS surveys of the main gully on the western slope of the tailings heaps, displayed as a time series of DEM slope models for the fourteen survey dates. Data are displayed in the ArcScene 2.5D perspective
environment, with the viewer positioned facing and slightly above the slope. Sequence is read from left to right and row by row.
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Figure 6.87: Change detection results for the main gully on the western slope of the tailings heaps, displayed as stretched scale rasters with an elevation range of ± 2 standard deviations. Data are displayed in the ArcScene 2.5D
perspective environment, with the viewer positioned facing and slightly above the slope. Sequence is read from left to right and row by row.
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Figure 6.88: Cross-sectional modification of the main gully profile between November 2012 and June 2013, displayed as changes between each of the four survey
intervals covering this period. The location of the cross-section is shown on Figure 6.82.
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6.4.4

Causes of large-scale short-term geomorphological change

The primary focus of this chapter has been on developing a quantitative
understanding of the rates of surface morphological change at abandoned mines
and the geomorphological processes that are driving these changes. Detailed
analysis of the factors leading to temporal variation in the magnitude of each
process is beyond the scope of this study. However, the TLS change detection
results consistently indicated a significant peak in erosion across the entire mined
area during the monthly interval from May to June 2013. The magnitude of the
topographic changes that occurred during this month was so great that
understanding the causes of this episode could potentially help to develop better
monitoring procedures and consolidation approaches. This section therefore intends
to explore the potential causes of this large-scale change through the analysis of
Met Office weather data from the station at Alston Springhouse Park (NY 707462)
(UK Meteorological Office, 2012). This weather station is located 5.8 km northwest
of the fieldwork site and at an elevation of 320 m AOD, which is approximately 120
m lower than Whitesike Mine. Summary graphs of the weather data for the period
01/07/2012 to 01/04/2014 are displayed in Figure 6.89, including rainfall (A),
temperature (B), snow depth (C) and wind speed (D). Mean daily wind direction data
are displayed in Figure 6.90, alongside comparable higher resolution mean hourly
data from the weather station at Great Dun Fell (NY710322, 847 m AOD).
The majority of the large-scale topographic changes identified during the May –
June survey interval were situated close to the main stream channel of Garrigill Burn
or along concentrated flow paths such as gullies. This spatial patterning suggests
that the changes were due to a particularly elevated stream flow resulting from a
heavy rainfall event(s). This interpretation is supported by the Environment Agency’s
records from their Alston gauging station, which indicate that the highest river level
ever recorded for the South Tyne occurred on the 18th May 2013 (2.85 metres)
(Environment Agency, 2015). Analysis of the corresponding Met Office data does
indicate moderately high rainfall on both the 18th and 19th May 2013, with 29.1 and
33.5 mm of rainfall recorded respectively (Figure 6.89a). However, several much
higher rainfall events also occurred at other times throughout the survey interval but
without causing such widespread and significant erosion. This indicates that the
relationship between rainfall intensity measured at the nearest station and
geomorphological effectiveness cannot be simply correlated, which suggests other
contributing factors need to be considered.
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Figure 6.89: Daily weather station data from Alston Springhouse Park between 01/07/2012 and
01/04/2014, including rainfall (A), temperature range (B),snow depth (C) and wind speed (D).
Vertical dashed lines represent TLS survey dates, vertical dotted lines indicate dates when field
visits occurred but no TLS data were collected. The May-June 2013 interval when most of the
topographic changes were recorded is highlighted in yellow for reference.
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Rainfall during the preceding few weeks leading up to the 18th May had been fairly
regular in occurrence but at relatively low levels (< 10 mm per day). This appears to
preclude the hypothesis that persistent heavy antecedent rainfall immediately prior
to the 18th May event had led to ground saturation. The weather station at Alston
only provides aggregated daily records but other sources of information do indicate
that it rained persistently all day on the 18th May, suggesting that rainfall duration
could potentially have been an additional contributing factor (M. Newson, Tyne
Rivers Trust, 2015, pers. comm., 10 September).
Interestingly, other reports from the region have also noted that the level of flood
damage resulting from this event was particularly significant, even though the actual
magnitude of recorded rainfall was only moderately high (Renyard, 2014a, 2014b,
2014c). One factor potentially contributing to this situation was the exceptional
rainfall that occurred during 2012. The nine months from April 2012 to December
2012 were wetter than the equivalent period for any other year on record, with
overall rainfall levels for 2012 making it the wettest year on record for County
Durham since 1980 (Durham County Council, 2013). The flood investigation report
for County Durham confirms that, although the May 2013 flood damage was
extensive here too, there were very few highly significant rainfall events and that
general rainfall levels were relatively normal for the time of year (Durham County
Council, 2013). The conclusion from this post-May 2013 investigation was that the
flooding was due to surface run-off from ground that was still saturated from the
exceptional rainfall in late 2012. This hypothesis is supported by the rainfall data
from Alston (Figure 6.89a), which shows the May 2013 event to be the first largescale event occurring after the very wet weather in late 2012.
Although the contribution of the 2012 rainfall to levels of ground saturation may
partially explain the geomorphological effectiveness of the May 2013 event, analysis
of the data from the Alston weather station suggests that other trends in the
antecedent weather conditions may have also contributed to the impacts of the
storm. The Met Office data indicates that temperatures at Alston were still regularly
fluctuating below zero through until early May 2013 (Figure 6.89b), meaning that
free-thaw processes would have been active until relatively late in the year. The
snow pack also remained until late in 2013, with significant depths of lying snow (>
50 mm) still present until late March (Figure 6.89c). An important additional
consideration is that these data relate to weather conditions close to the main valley
floor at an elevation of 320 m AOD, while Whitesike and Bentyfield Mines are
located between approximately 420 and 460 m AOD. At this increased elevation the
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snow pack would have been greater and lasted longer than at the main weather
station location. This point was confirmed through the inability to collect TLS survey
data on April 10th 2013 due to the presence of extensive snow across the mine area.
The implications of the fluctuating cold weather and late snow pack are that these
conditions would have had a significant influence on the ground surface prior to the
main rainfall event on 18th May. Repeated freeze-thaw cycles disturb and loosen the
ground surface, generating a temporary store of sediment that can be easily
mobilised during subsequent rainfall and runoff. The melting of the snow pack in late
April would in turn have contributed to the saturation of the groundwater zone,
reducing infiltration capacity ahead of the heavy rains in May. The combined effect
of these conditions and the ground saturation resulting from the 2012 rainfall would
have been to both prepare the surface sediments for further erosion and increase
the magnitude of potentially erosive overland runoff. The consequences of this can
be identified in the change detection results through the large increase in sediment
yields for this month, combined with the preponderance of evidence for erosion due
to concentrated flow and elevated stream levels.
Wind speeds were relatively high during April and early May but were negligible on
the 18th and 19th May when the heavy rainfall occurred (Figure 6.89d). This suggests
that although aeolian processes may have played an earlier preparatory role in
sensitising surface sediments to erosion, they did not directly contribute to the largescale changes occurring in mid-May. However, the direction of the dominant winds
in this area is likely to explain some of the spatial variability, with previous studies of
having found that erosion rates are significantly higher on slopes which face the
dominant wind direction (Nyssen and Vermeersch, 2010).
The dominant wind direction for this area originates from the southwest, meaning
that slopes facing this direction will have greatest exposure to incoming oblique rain
(Figure 6.90). The two areas of the mines where recorded changes are likely to at
least partially result from the aspect of the slope are at the tailings heaps (Section
6.4.3) and the south-facing stream bank upstream of the Bentyfield crushing mill
(Section 6.4.2.2.3). The results for the tailings heaps indicate that the west-facing
slopes have experienced far greater erosion than the northeast-facing slopes, which
are sheltered from the dominant wind direction. Similarly, the southwest-facing
section of the Bentyfield stream bank recorded greater morphological change than
the adjacent southeast-facing section, despite the character of the bank sediments
being the same. These results imply that although wind was not the principal force
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causing the large-scale erosion in May 2013, the dominant direction of prevailing
winds is likely to have contributed to the spatial distribution of the resulting changes.
These results have indicated that the major topographic changes recorded during
May 2013 are likely to be the consequence of a moderately high rainfall event
occurring following sediment preparation due to antecedent freeze-thaw processes
and ground saturation due to exceptional rainfall in 2012 and recent snow melt. This
temporal pattern of change has also been identified in previous assessments of
erosion rates from mine waste deposits, with the highest sediment yields typically
occurring in May and June due to heavy rains mobilising sediment that has
previously accumulated during winter freeze-thaw conditions (Olyphant et al., 1991).
The increased erosion occurring on certain slope aspects also suggests that wind
direction and intensity is another preparatory factor, even though the actual wind
speeds during the 18th May storm were very low. These results imply that the
majority of geomorphological change at abandoned mines in temperate climates is
likely to occur in late spring to early summer, when heavy rainstorms impact upon
saturated surfaces that have been sensitised to erosion during winter freeze-thaw
and snow melt conditions. However, the exact timing and spatial distribution of
large-scale changes are likely to result from a far more complicated and interrelated
set of contributing factors, including antecedent weather conditions, local
topography, vegetation cover and land use.

Figure 6.90: Mean wind direction for Great Dunfell (left) and Alston Springhouse Park (right)
between 01/09/2012 and 31/03/2014. The Great Dunfell data are included for comparative
purposes due to this station recording more detailed hourly wind measurements.
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6.5 Chapter summary
This chapter has explored the nature and rates of post-abandonment morphological
change occurring at historical metal mines in upland areas, based on the analysis of
Whitesike and Bentyfield mines in the South Tyne catchment, North Pennines. A
series of nested scales of analysis have been employed to explore the significance
of changes occurring at different temporal and spatial resolutions, including the
detection of post-abandonment changes taking place over long-term (> 100 years),
short-term (3 years) and very short-term (monthly) timescales.
Analysis of a time series of historic maps and aerial photographs has indicated that
the primary longer-term (1868 – 2010) changes relate to the course of the stream
flowing through the centre of the mined area and the form of some of the larger
waste heaps. Almost immediately after the cessation of mining, the main channel of
Garrigill Burn began to revert to a more natural, sinuous course. By the mid-20th
century most of the culverted sections had already collapsed and extensive bank
erosion had further modified the course of the stream. By 2010, only one short (c.10
m) section of culvert remained at Bentyfield Mine, with the streamside retaining
walls also in disrepair throughout much of the area. The other main long-term
change was the significant modification of the tailings heaps to the west of Whitesike
Mine, primarily through the development of pronounced gullies on the west-facing
slopes. These gullies appear to have initiated at some point prior to 1976, with the
main central gully in this location having then deepened and widened considerably
by 2009. The other large spoil heaps throughout the mined area appear to have
remained relatively unchanged, primarily due to the presence of stabilising
vegetation cover.
Short-term (2009 – 2012) change detection analyses indicate that the overall net
volumetric change for the mined area is negative, with a total erosional change of
797 m3 or 236 m3 a-1. The geomorphic process recorded as contributing the most
significant proportion of this change was diffuse slope erosion (419 m3), primarily
from the west-facing slopes of the Whitesike tailings heaps. However, the values
from this area need to be treated with caution due to the potential for errors
associated with the 2012 UAV DEM. Gully formation and development was another
significant process causing change during this period, again especially on the
unvegetated western tailings heaps. Approximately 278 m3 of sediment were eroded
from gullies during this ~3 year period, equivalent to 82 m3 a-1. Bank erosion was
identified as the third most significant process causing change, with 94 m3 of erosion
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recorded across the two mines between 2009 and 2012 (28 m3 a-1). This bank
erosion occurred throughout the mined area but with particularly significant
collapses occurring adjacent to the lower dressing floor (22 m3) and opposite the
upper dressing floor (31 m3) at Whitesike Mine and downstream of the mine shop at
Bentyfield Mine (22 m3). Other geomorphic processes were identified from the
change detection analyses, including surface scour and mass movements, but their
relative contribution to overall volumetric change was much lower.
The monthly terrestrial laser scanning (TLS) surveys conducted between September
2012 and March 2014 have allowed high resolution patterns of change to be
identified, including the analysis of seasonal variation in the magnitude of different
geomorphic processes. The overall pattern of change at Whitesike Mine was clearly
erosional, with 62.3 m3 of net erosion recorded over 18 months (41.5 m3 a-1).
Analysis of the change detection results suggests that fluvial processes are the
dominant causes of topographic change at Whitesike, with bank erosion accounting
for 53.5 m3 (86%) of all recorded erosion. Most of this bank erosion was located
close to the two dressing floors and in similar areas to those recorded by the 20092012 change detection analyses. The collapse of two sections of drystone retaining
wall also introduced 3.6 m3 of boulder-sized stones into Garrigill Burn. Although the
volumetric significance of this contribution is low, these walls are an important
component of the structural heritage of the site. The magnitude of topographic
changes occurring between different survey intervals showed considerable temporal
variability, with the majority of all recorded change (35.4 m3 or 57%) occurring
between May and June 2013.
Overall topographic change at Bentyfield Mine between 2012 and 2014 was also
negative but was only approximately half the net yield from Whitesike Mine, with a
total of 31.5 m3 of erosion recorded over the 18 months of monitoring (21 m3 a-1)
(Figure 6.91). Bank erosion was again the dominant process leading to significant
morphological change, contributing 21.2 m3 (67%) of the total amount of erosion.
This bank erosion was particularly prominent in the upper (eastern) reaches of the
mined area and resulted from a combination of mass failures, diffuse subaerial slope
processes and direct fluvial entrainment. Mass movements were the second most
significant process at Bentyfield, contributing 6.8 m3 (22%) of net erosion. Although
the overall magnitude of this process is relatively low, the analysis did highlight a
large slow moving landslide on the north-facing slope of the main spoil heaps, which
is continuing to contribute sediment to the stream through shallow basal failures.
Temporal variation in sediment yields at Bentyfield was again considerably biased
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towards the May – June 2013 survey interval, therefore showing consistency with
the pattern of changes identified at Whitesike.
The tailings heaps to the west of the site are typically associated with Whitesike
Mine but actually served Bentyfield Mine as well and so have been treated as a
separate analysis area. Despite representing only 8% of the total survey area, these
tailings heaps accounted for 64% of the total net volumetric change, with 165.7 m3
of erosion recorded over 18 months (110.5 m3 a-1) (Table 6.1). The main process
causing this change was the development of a large gully on the west-facing slopes
of the tailings heap; the same location recorded as showing considerable change
during the 2009-2012 analysis. This single gully recorded 156.7 m3 of sediment loss
over the 18 month period, which was equivalent to 95% of the total net erosion from
the entire tailings heaps. Analysis of temporal trends in gully morphology showed a
complex pattern of lateral and headward erosion, temporary colluvial storage, gully
incision and sediment export. However, the majority of change again occurred
during a major erosion event in May - June 2013, during which 119 m3 of erosion
took place within a single month. Importantly, Garrigill Burn flows through a culvert
directly beneath the tailings heaps, meaning that any sediment eroded from the
slopes is directly coupled with the stream and the wider South Tyne catchment.
Total net change for all areas considered together equates to 259.5 m3 of erosion
from an area of 27588 m2. The breakdown of this total volume into individual
geomorphic processes shows that slope processes have actually dominated overall
change, although this is almost entirely due to the large gully on the western slopes
of the tailings heaps (Figure 6.92). Bank erosion is the second most significant
process contributing to surface change, resulting in 79.7 m3 of erosion distributed
throughout the Whitesike and Bentyfield areas. A wide range of other slope and
fluvial processes have been identified but the magnitude of change resulting from
these has been limited in comparison.
All areas displayed the highest magnitude of change during the May to June 2013
survey interval. Analysis of corresponding weather data indicates the presence of a
rainfall event on 18th May which caused significant flooding throughout Northern
England. Although rainfall levels were only moderately high, it appears that the
ground was still saturated as a result of record rainfall in 2012 and recent snowmelt
in spring 2013. These results suggest that large-scale morphological changes at
abandoned mines are primarily driven by low frequency, high magnitude events,
interspersed by episodic mass failures and slower, diffuse erosion processes.
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Figure 6.91: Comparison of total net volumetric change from each of the main survey areas
during the period from September 2012 to March 2014, based on the results of the repeat
terrestrial laser scanning.

Table 6.1: Comparison of 2012 – 2014 surface volumetric change and survey area size

Mine area

Total net

Percentage of

Size of area

Percentage of

change (m3)

total change (%)

(m2)

total area (%)

Whitesike

-62.3

24

6538.9

24

Bentyfield

-31.5

12

18905.3

68

Tailings heaps

-165.7

64

2144.0

8

Total area

-259.5

100

27588.2

100
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Figure 6.92: Net volumetric change for the entire September 2012 - March 2014 survey period for the total combined area including Whitesike and Bentyfield Mines
and the tailings heaps, distinguished by geomorphological process type.
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Chapter 7.

Discussion: Metal mining sediment

budgets and their significance
7.1 Introduction
The overall aim of this research was to quantify spatial and temporal variability in
landscape disturbance and sediment production by historical metal mining. This
chapter presents a series of quantitative sediment budgets representing miningrelated sediment dynamics both during the active period of historical mining (Section
7.2) and through post-abandonment reworking (Section 7.3). These sediment
budgets are based on the schematic budget shown in Figure 1.2 and are each
linked to a discussion of spatial and temporal variability in the magnitude of
sediment production at each scale of analysis. To place these results within the
broader context of mining-related landscape impacts, the wider significance of the
research will then be discussed in Section 7.4.

7.2 Sediment production during historical mining operations
Quantifying the amount of waste sediment generated by historical mining operations
is fundamental to understanding the distribution, timing and magnitude of wider
mining-related geomorphic impacts. However, reconstructing patterns of mine waste
sediment production and dispersal during the active period of mining operations is
complicated by a relative lack of historical records documenting the quantity and
treatment of waste material. Previous attempts to quantify mine waste production
have been largely restricted to studies focusing on placer mining; an opencast
method in which minerals are hydraulically sorted from amongst poorly consolidated
alluvial deposits. This method of extraction allows the volume of waste sediments to
be directly calculated from the opencast landforms that remained after mining
ceased (Nelson and Church, 2012), or more rarely from primary records of
displaced sediment volumes kept by the mining companies (Knighton, 1987).
Estimating the amount of sediment produced by metal mining in other contexts,
such as the North Pennine Orefield, is complicated by the varied nature of the
mining operations and the relative lack of records documenting the scale of waste
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outputs. Spatial variability in the distribution and intensity of surface disturbance due
to mining operations can be categorised based on the type of activity which
historical mining landforms represent (Chapter 4). Ore output statistics can provide a
useful proxy data set to understand broad-scale temporal variability in the intensity
of mining activities (Chapter 4). However, these records typically only document the
amount of metal ore produced and so do not provide direct quantification of actual
mining-related sediment yields (Dennis et al., 2009). This current study therefore set
out to establish a method for estimating sediment production volumes based on a
combination of ore output statistics, an ore-to-waste scaling ratio and digital terrain
analysis of surface mining landforms (Chapter 5). Patterns of mine sediment transfer
and channel coupling were then assessed through the application of a sediment
connectivity model (Chapter 5).

7.2.1

Spatiotemporal variability in mining-related landscape disturbance

The character and intensity of historical lead mining in the study catchments has
varied considerably through both space and time, which in turn has direct
implications for the scale and timing of mining-related sediment production and
release (Chapter 4). Spatial variability in mineral extraction is obviously largely
constrained by the location of productive and accessible ore bodies, meaning that
the density of mining-related landforms in the study area closely parallels the
distribution of mapped mineral veins (Figure 4.23). However, the geomorphological
impacts of mining are largely related to the degree of connectivity between mine
sediments and river channels (Miller, 1997), meaning that spatial variability in the
distribution of surface disturbance is best considered in relation to this context.
The National Mapping Programme (NMP) recorded 12371 individual features
relating to lead mining from the ~80% of the study area which it covered,
representing an average of 78.5 features per km2 (Table 4.2). Both the NMP data
and the mapping of lead mining features from the 1859-1895 First Edition Ordnance
Survey (OS) maps record a similar distribution across the study area. Significant
concentrations of lead mining landforms were identified towards the northeast and
east of the area, especially within the Nent and eastern portion of the South Tyne
catchments. Overall densities within the Black Burn and Upper Tees areas were
markedly lower, although with sizeable concentrations around the headwaters of
each catchment, as well as around Rotherhope Fell Mine in the lower reaches of
Black Burn and at the confluence of the River Tees and Trout Beck (Figures 4.1 and
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4.2). This pattern is reflected in the corresponding proportion of each catchment that
has been disturbed by mining, with 4% of the Nent area relating to surface mining
features, compared with only 1% for the South Tyne, 0.8% for Black Burn and 0.7%
for the Upper Tees.
The classification of mapped mining features into broad categories representing the
type and stage of operation they represent provides useful additional information
regarding the nature and extent of surface disturbance. Variation in the relative
significance of these categories differed between catchment areas, but with the
waste category generally being the most frequently encountered and spatially
extensive (1.18 km2) (Figures 4.6 and 4.7). Features relating to the extractive (0.75
km2) and processing (0.3 km2) classes also covered large areas of each catchment,
reflecting the importance of these stages in the overall mining workflow. In contrast,
the infrastructure class was widespread throughout the entire study area but had a
limited spatial footprint (0.08 km2), whilst the smelting operations were concentrated
at only four centralised smelt mill locations: Nenthead, Blagill, Tynehead and Cash
Burn (0.01 km2).
The geomorphic impacts of these different classes vary considerably, with the
extractive, processing and waste categories generally being of most significance in
terms of localised sediment production and dispersal (Table 4.1). Extractive features
generate considerable volumes of waste sediment alongside the desired ore
material and, depending on the nature of the mining process, can lead to significant
surface disturbance (Palumbo-Roe and Colman, 2010). The extracted material is
then either stockpiled in features associated with the waste class, or sent for
processing to further refine the ore prior to smelting. In the context of historical
mining, this processing stage typically involved the generation and release of large
volumes of highly contaminated fine sediment to the wider catchment (Rivers
Pollution Commission, 1874).
Features relating to the smelting class tend to occur at discrete, centralised
locations within the landscape and generate considerably less waste sediment.
However, the environmental impacts of the smelting process could be extensive,
due to the potential for the airborne transport of heavily contaminated fine particles
across large areas (Kettles and Bonham-Carter, 2002; Mills et al., 2014). Features
relating to the infrastructure class include structures that were utilised as part of the
mining workflow but that had little direct geomorphic impact in terms of their ground
footprint. However, certain infrastructure features, such as tramways and roads,
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controlled the redistribution of mine sediments to different areas of the landscape
and should therefore be considered as important anthropogenic transport pathways.
Linking the documentary research to the spatial database of mining features
discussed above resulted in a total of 465 named mines within the overall study area
(Section 4.2.2). When the distribution of named mines was related to the individual
catchments it was again apparent that the Nent was the most intensively mined area
relative to its size, with an average of 4.36 named mines per km2. In comparison,
the Tees recorded 2.19 named mine workings per km2, compared with 2.17 for the
South Tyne and only 1.62 for Black Burn.
Significantly, however, only 141 (30%) of the named mines could be linked to actual
documented ore production figures. The relatively low proportion of named mines
with recorded production is likely to relate to a combination of factors, including
differential survival of documentary records and that many of the named mines
relate to unsuccessful trial workings. The implications of this for overall sediment
estimates are discussed in detail below (Section 8.3) but it essentially means that
the quantified mine outputs almost certainly represent an underestimate of total
production levels. Nevertheless, although documented ore outputs could only be
identified for 30% of the named mines within the study area, it is likely that this
subset represents the most significant and productive mines operating within the
peak period of historical lead mining. Therefore the production data do provide an
invaluable, albeit partially complete, insight into temporal variability in annual lead
ore outputs between 1700 and 1948.
When combined, the results of the mapping analysis and documentary research into
mine outputs provide a unique insight into spatiotemporal variation in mining
operations and intensities. Analyses of detailed output trends at 25 year intervals
indicate that the Nent and lower South Tyne catchments dominated production
during the 18th century (Figures 4.25 – 4.29). Peak output continued to be from
mines in the middle and upper Nent during the early 19th century, although with a
concurrent overall increase in the number of productive mines operating throughout
all of the catchment areas. The period from 1850-1874 saw the Nenthead mines
again producing the highest combined output from the overall study area, but with
Rotherhope Fell Mine in the lower Black Burn catchment also now recording
comparable levels of lead ore. The later 1800s saw the consolidation of recorded
production into far fewer individual mines; a pattern that was to continue and
develop into the 20th century. By the 1920s, production was almost exclusively
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limited to output from Rotherhope Fell and Nentsberry mines, indicating that direct
mining impacts contemporary with this date would be largely restricted to these
locations and their downstream catchment areas. These findings are of particular
geomorphological significance for understanding associated landscape impacts,
such as the timing and location of the influx of high volumes of mine sediments to
river systems and the associated onset of channel planform adjustment (Section
7.4.1).

7.2.2

Quantifying the magnitude and significance of mine waste production

Translating mapped mine sites and ore output statistics into estimated waste
sediment volumes was achieved through the application of an empirically derived
ore-to-waste scaling relationship and the use of digital terrain model (DTM) analyses
to quantify the volume of selected categories of surface mining features (Chapter 5).
This novel quantitative approach to investigating mine sediment production allows
the construction of historical mining-related sediment budgets for both the overall
study area (Figure 7.1) and for each individual catchment (Figure 7.2).
When the results for the overall study area are analysed it is apparent that hushing
was the dominant process leading to the production of mining-related waste
sediments (Figure 7.1). Hushing resulted in an estimated 4.6 Mt of mobilised
sediment, compared with only 2.6 Mt derived from subterranean mining associated
with the documented ore production statistics. These two primary sources of mine
waste sediments contributed a combined estimate of 7.1 Mt of material to the overall
study area. Waste sediments produced during the subsequent smelting of the lead
ore were also calculated but could not be securely assigned to locations within the
study area and so were excluded from the sediment budget analysis, as discussed
in Section 5.2.3. Although this represents an unmeasured quantity within the
sediment budget, the impact of the smelt waste volumes on the overall residual
amount is negligible (~0.5%) and it was therefore deemed an appropriate method to
employ.
The dominance of hushing as the key process leading to the production of mine
waste sediments can be explained by the relative inefficiency of this method of
extraction when compared to subterranean adit mining. Hushing involved the use of
a controlled flow of water to remove vast quantities of overburden and rock waste
that had been previously loosened through hand excavation (Cranstone, 1992).
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Repeated hushing over long periods resulted in the huge surface gullies (‘hushes’)
that are characteristic of the North Pennine mining landscapes. The removal of the
overburden as well as the excavated rock mass meant that the total amount of
waste produced by this method of opencast mining was considerable. Although this
undoubtedly represents an inefficient method of ore extraction, from a sediment
delivery perspective, hushing was an extremely effective method of transporting
waste sediments to river channels (Figure 7.1).
The relative lack of large sediment fans around the outflow of the mapped hushes in
the study area confirms that the majority of the waste sediments produced by
hushing have been dispersed into the wider stream network. This point is further
supported by contemporary historical accounts describing the widespread damage
caused to land and watercourses by the hushing process; issues which ultimately
led to the practice being prohibited in most mining leases by the 1840s (Bainbridge,
1856). Accounts from Alston Moor indicate an approximate terminus ante quem for
hushing of c.1820-30 (Fairbairn, 1992), with Greengill and Redgroves hushes likely
to be the last working examples. However, more precise dating of individual hushes
is rarely possible since they are rarely subjected to archaeological excavation and
are unlikely to contain domestic refuse necessary for tight dating. Most hushes are
therefore assumed to date to a broad period between the late 17th and early 19th
centuries. This means that although hushing is known to be the most significant
process generating large volumes of waste sediments, the actual date in which
these sediments were produced can only be loosely assigned.
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Figure 7.1: Sediment budget representing the estimated magnitude of anthropogenic sediment production and storage processes for the entire study area during
the total period of historical analysis (1700 – 1948). All values in bold are in tonnes. Percentage values indicate the proportion of the total net output.
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Figure 7.2: Sediment budgets for each of the four study catchments, representing the estimated magnitude of anthropogenic sediment production and storage
processes during the total period of historical analysis (1700–1948). All values in bold are in tonnes. Percentage values indicate the proportion of total net output.
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Mapping of the waste heaps and the associated calculations to estimate their
resulting mass is an important stage in the overall sediment budget analysis. These
spoil heaps represent long-term storage landforms, albeit ones which are subject to
modification through later anthropogenic activity and ongoing erosion processes
(Section 7.3). The importance of including storage landforms within any
consideration of mining-related sediment dynamics is that these features can have a
significant impact on the amount and pattern of waste actually reaching the river
systems. For example, a high producing mine may have generated large volumes of
associated waste sediments, but if these sediments were stockpiled in nearby stable
spoil heaps then the actual geomorphic impact on the fluvial system would be
limited. The results for the overall study area indicate that spoil heaps (~2 Mt) and
dressing waste (~310000 t) account for a combined sediment storage total of 2.3 Mt,
representing ~33% of the total sediment produced by hushing and subterranean
mining operations (Figure 7.1). Since very few hushes are associated with large
spoil heaps, the overwhelming majority of these recorded waste heaps will relate to
mining via subterranean level, small-scale opencast workings or from secondary ore
processing.
When the net difference between sediment production and sediment storage is
calculated for the overall study area the result is a large residual of ~4.8 Mt tonnes
of sediment. Although there are uncertainties associated with the calculation of this
residual value (Section 5.5), the approach does provide a useful approximation of
the overall magnitude of mining-related sediment release during the period from
1700 to 1948. The key value of these calculations is that they provide quantifiable
estimates of the amount of waste sediments potentially entering the local river
systems as a result of mining operations; estimates that can now be linked to
specific spatial locations and time periods.
The individual sediment budgets for each separate catchment area demonstrate
considerable variability in terms of overall sediment yields and the internal
significance of different sediment production and storage processes (Figure 7.2).
The sediment budget for the Nent largely reflects that for the overall study area, with
hushing being the dominant source of mining-related sediment production and
contributing ~2.8 times more sediment than subterranean mining sources. Even
though there are numerous high producing mines around Nenthead, the dominance
of hushing can be explained by the presence of several extremely large hushes
along the southern side of the Nent valley, including Dowgang, Greengill and
Grassfield. Combined spoil heap and dressing waste storage within the Nent was
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high (1551852 t) but there was still a large residual amount of sediment totalling
2306960 tonnes which is likely to have been dispersed along the main river channel.
This residual amount from the Nent represents ~48% of the total residual sediment
from the entire study area, again emphasising the elevated intensity of mining within
this catchment.
The sediment budget for the South Tyne catchment indicates that the waste
sediment estimate resulting from the ore output records (971291 t) was slightly
higher than that for hushing (934752 t). This reflects the high number of moderately
productive mines and relatively few large hushes within this area of the South Tyne
catchment. The net output from this area was 1427140 tonnes, approximately 30%
of the overall study area residual amount. The form of the Black Burn sediment
budget is very similar to that of the South Tyne but with much lower estimated
sediment volumes for all processes. Sediment production from subterranean mining
(179669 t) again slightly exceeds that from hushing (186813 t), primarily due to the
limited number of large hushes relative to the number of named mines. The Black
Burn catchment has a combined sediment storage total of only 159318 tonnes,
which results in an overall net residual of 207165 tonnes.
In contrast, the sediment budget for the Upper Tees is more consistent with that of
the Nent and the overall study area, being dominated by sediment production from
hushing (650812 t) rather than from subterranean mining (390464 t). This can be
explained by the presence of several large hushes in the upper part of the
catchment, including the Dunfell, Henrake, Swathbeck and Hunter’s Vein hushes,
combined with a relatively low number of named productive mines. Storage
landforms within the Upper Tees catchment are relatively limited (159226 t),
resulting in an overall net output residual of 882050 tonnes.
The sediment budgets described above provide quantitative information about the
nature and magnitude of the mining-related processes which resulted in historical
sediment production and release. However, the efficiency of sediment delivery
mechanisms between these source locations and the river channels is also of
fundamental importance in determining the distribution and significance of
associated fluvial impacts. Deliberate disposal of mine sediments into river channels
was common prior to the introduction of legislation in 1876, which placed restrictions
on the treatment of waste material from mining operations (Rivers Pollution
Commission, 1874; Glen, 2012). The potential for mine wastes to have reached the
river systems via incidental rather than deliberate transport mechanisms is largely
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reliant on the degree of coupling between the mine location and the river channels,
which is in turn related to the physical characteristics of the local terrain. These
coupling relationships were therefore explored through the application of a sediment
connectivity model (Section 5.4).
The modelled pattern of sediment connectivity varies considerably both between
and within individual catchment areas (Figure 5.31). In addition to being the
catchment most intensively disturbed by historical metal mining, the Nent also has
the highest mean connectivity value, suggesting that sediment delivery in this valley
is generally more efficient than in the other catchment areas. This can be largely
explained by the relatively narrow valley width and steep hillslopes resulting in short
and effective flow paths to the main river channel. The high producing mines and
large spoil heaps around Nenthead in particular are located within an area of
especially high modelled sediment connectivity (Figure 5.33). Similarly, although the
large hushes on the north-facing slopes of the upper Nent valley originate in areas
of low connectivity, they each exhibit well-developed high connectivity downslope
channels leading to their outlet on the valley floor. This pattern of modelled
connectivity, combined with the lack of large outlet spoil heaps, again demonstrates
the importance of hushing in delivering mined sediments to the main river channels.
Modelled connectivity within the South Tyne catchment was far more heterogeneous
than the Nent, with high values along the main valley axis but markedly lower
modelled connectivity in the large tributary valleys to the southwest and east (Figure
5.34). Many of the small to moderate producing mines are located in areas of high
connectivity along the main valley floor, suggesting efficient coupling between
sediments mobilised from these locations and the main river. The clusters of
productive mines in the Garrigill Burn and Nattrass Gill tributary catchments are
generally in areas of much lower modelled connectivity. Despite this, locations close
to these main tributary streams are identifiable as areas of higher connectivity; a
point which has important implications for the consideration of post-abandonment
change at Whitesike and Bentyfield mines discussed below (Section 7.3). The
numerous hushes located on the west-facing slopes of the South Tyne catchment
are generally in areas of low modelled connectivity. However, field inspection of
Redgroves Hush, which is located in an area of low connectivity, revealed only
small-scale waste heaps at the hush outlet (Figure 5.29). This strongly supports the
conclusion that the carefully managed hushing process was an efficient sediment
delivery mechanism.
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Lead mining in the Black Burn catchment was dominated by production from
Rotherhope Fell Mine, located in an area of high modelled connectivity immediately
adjacent to the main river channel (Figure 5.35). The location of this mine in the
lower reaches of the catchment suggests that its impact on Black Burn itself would
have been relatively limited. Instead, the highly connected waste sediments from
this location would have soon been transported to the South Tyne, potentially
influencing the substantial mining-related channel transformation observed at ‘The
Islands’ sedimentation zone immediately downstream of the confluence (Macklin
and Lewin, 1989). Documented output from other locations within the Black Burn
catchment was largely limited to workings close to the watershed with the Upper
Tees. This includes the highly connected hushes and mines at Crossfell North and
Long Katelock, as well as the poorly connected workings in the headwaters of Cash
Burn. The hushes at Smittergill and Birchy Bank in the middle reaches of the
catchment are of particular significance due to their high modelled connectivity
values and their location upstream of an area of documented 19th – 20th century
channel transformation. Coarse sediment input from these hushes has been
suggested as the cause of the recorded downstream floodplain sedimentation
(Macklin, 1997).
The Upper Tees catchment has the lowest modelled sediment connectivity within
the overall study area, primarily due to the large and relatively disconnected tributary
sub-catchments of Trout Beck and Crook Burn (Figure 5.36). The high producing
mine at Green Hurth in the lower catchment is located on steep slopes close to the
main channel and therefore recorded a high degree of connectivity. Similarly, the
cluster of mines in the middle catchment around the confluence with Trout Beck and
the workings in the upper reaches of the Tees were also in areas of high predicted
connectivity. The large hushes at Dunfell, Henrake and to the south of Hard Hill are
all in areas of low modelled connectivity but are again associated with minimal
waste deposits, suggesting that much of the hushed material has been dispersed to
the river system. This discrepancy between the modelled sediment connectivity and
the obvious efficiency of the hushing process has already been discussed above
(Section 5.5.5) and relates to the specific characteristics of the model and the
method of extracting representative values for each hush. Further recommendations
for improving estimates of sediment connectivity from hushes are provided below
(Section 8.4).
The application of a sediment connectivity model has provided valuable insights into
the potential degree of coupling between quantified mine sediment source locations
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and the main river channels. Although primarily analysed in relation to sediment
release associated with the active period of historical lead mining in the North
Pennines, these patterns of sediment connectivity are also of relevance when
considering the nature and magnitude of post-abandonment change.

7.3 Drivers and rates of post-abandonment change at abandoned
historical mines in upland landscapes
7.3.1

Processes and rates of surface change at abandoned mines

Erosion and sediment transfer rates are generally significantly higher in former
mining landscapes than in comparable un-mined areas (Lusby and Toy, 1976;
Tarolli and Sofia, 2016), meaning that quantifying the interactions between
abandoned mines and geomorphic processes is of fundamental importance for
understanding the overall upland sediment cascade. Although numerous studies
have attempted to quantify erosion rates on former mine sites (Toy and Hadley,
1987), previous research has tended to focus on either the role of individual
geomorphological processes (e.g. Davies and White, 1981) or particular surface
characteristics (e.g. Nyssen and Vermeersch, 2010). This approach has limited our
ability to fully understand the relative contribution of the wide range of different
processes and surface characteristics influencing erosion rates at abandoned mine
sites. Chapter 6 therefore outlined the results of investigations into surface change
occurring at Whitesike and Bentyfield mines since their abandonment in the late 19th
century; analyses that have significantly increased understanding of the drivers and
rates of change at abandoned mines in upland landscapes.
Total net change at Whitesike and Bentyfield during the 18 month period of TLS
monitoring was overwhelmingly erosional (-260 m3). When this volumetric change is
converted to a mass value using the average bulk density of 1.755 t m-3, the results
indicate that the mined area contributed ~455 tonnes of sediment to Garrigill Burn
during this period, equivalent to 304 t a-1. The sediment budget constructed from the
TLS monitoring results (Figure 7.3) displays the relative contribution of the different
geomorphic drivers of change and highlights the importance of certain erosional
processes. Gullying accounted for ~62% (281 t) of all of the recorded erosion from
the overall survey area, followed by bank erosion with ~31% (140 t). Of the other
erosion processes identified during the monitoring work, only diffuse slope erosion
(22 t) and mass movements (13 t) recorded more than 10 t of mass loss.
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Figure 7.3: Sediment budget for the total 18 month TLS monitoring period (09/2012 – 03/2014) for the combined area at Whitesike and Bentyfield mines. All values
in bold are in tonnes. Percentage values indicate the proportion of the total net output. N.B. individual storage processes have been combined into overall slope
and channel process groupings.
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When post-abandonment changes are analysed for each mining area individually it
is clear that there is considerable spatial variability in process significance (Figure
7.4). Although overall net change at each area was erosional, the magnitude of
erosion was far greater for the tailings heaps (291 t) than for either Whitesike (110 t)
or Bentyfield (55 t) mines. This was despite the tailings heap survey area being just
2144 m2, compared with 6539 m2 for Whitesike and 18905 m2 for Bentyfield. The
substantial amount of erosion from the tailings heaps is primarily the result of the
progressive development of the large gully system discussed in Section 6.4.3.
Importantly, changes to this gully were detected at each of the nested temporal
scales of analysis discussed in Chapter 6, suggesting that it has acted as a
significant source of eroding sediments for a considerable amount of time. Recorded
deposition on the tailings heaps was minimal (0.7 t) due to the direct connection
between the base of the tips and the main channel of Garrigill Burn.
Previous studies utilising both field- and modelling-based approaches have shown
that, where environmental and material conditions are appropriate, erosion along
rills and gullies formed by concentrated overland flow is a significant process in the
erosion of mine deposits (Haigh, 1980; Hancock and Willgoose, 2004; Hancock et
al., 2008a). Fieldwork monitoring of spoil heaps in particular has indicated that
erosion on slopes containing gullies develops at a faster rate than adjacent slopes
affected only by sheetwash and rill erosion, sometimes even up to an order of
magnitude greater (Esling and Drake, 1988). The same study by Esling and Drake
(1988) suggests a change in process regime as the spoil heap evolves over time,
with sheetwash dominating sediment erosion soon after the spoil was deposited,
then channelized flow following later once either vegetation has become established
or the surface has become armoured with coarse clasts.
Although gullying was the most significant process for the tailings heaps, changes
identified at Whitesike and Bentyfield mines were dominated more by processes
associated with the main channel of Garrigill Burn (Figure 7.4). Bank erosion was
the process leading to the greatest amount of TLS recorded erosion at both
Whitesike (94 t) and Bentyfield (46 t). This bank erosion involved both individual
large-scale collapses and slower progressive erosion due to diffuse subaerial
processes (Sections 6.4.1.2.3 and 6.4.2.2.2-4). The assessment of both long-term
(1868-2010; Section 6.2) and short-term (2009-2012; Section 6.3) change also
highlighted bank erosion as an ongoing cause of substantial surface change. These
results clearly indicate that fluvial processes, including gullying and bank erosion,
dominate surface change far more than slope processes, such as mass movements.
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Figure 7.4: Sediment budgets for the separate TLS survey areas at Whitesike and Bentyfield
mines and the tailings heaps, representing total recorded net change over the 18 month
monitoring period (09/2012–03/2014). All values in bold are in tonnes. Percentage values
indicate the proportion of the total net output. N.B. individual storage processes have been
combined into overall slope and channel process groupings.
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The ability of streams to directly erode abandoned mine waste through basal
undercutting or bank erosion is acknowledged in the published literature, although
the rates of erosion from this process have not typically been quantified. In their
study of Parc Mine in North Wales, Gao and Bradshaw (1995) highlight bulk erosion
by the Nant Gwydyr stream as one of the main processes causing spoil heap
erosion, particularly during the severe 1964 storm which mobilised a considerable
amount of sediment and prompted the setting up of a reclamation programme to
stabilise the site. Basal undercutting was also highlighted as one of the processes
resulting in peaks in erosion rates during the monitoring of spoil heaps at Waun
Hoscyn, Gwent (Haigh, 1980). In addition, field visits to several other mines in the
North Pennines have clearly demonstrated that the direct fluvial erosion of spoil
heaps is a prominent factor in mobilising former mining sediments (Figure 7.5).
Mass movements were another significant process at Bentyfield Mine in particular,
resulting in ~13 t of erosion during the 18 month TLS monitoring period. The largest
example of this process was the substantial landslide on the north-facing slope of
the main Bentyfield spoil heap, which monitoring revealed to be a relatively slow
moving rotational failure (Section 6.4.2.2.1). Although the downslope displacement
of the overall landslide was gradual, uplift of the toe during rotational movement is
introducing moderate amounts of sediment into Garrigill Burn through shallow basal
failures. Net change on this slope is again erosional, primarily due to the base of the
landslide being directly adjacent to the stream channel and therefore with little
capacity for long-term sediment storage. This area of mass movement therefore
represents a continuous long-term but small-scale supply of sediment to Garrigill
Burn and the wider stream network.
Research into mass movements on mine waste heaps increased dramatically
following the Aberfan disaster of 1966, in which the catastrophic failure of a colliery
spoil tip generated a flow slide that led to the deaths of 144 people, including 116
children. Subsequent investigations determined that the failure was triggered by
increasing pore-water pressure from natural aquifers in the sandstone underlying
one of the tips (Siddle, 1986). This artesian pressure triggered a rotational landslide
which then disintegrated into a rapid flow slide comprising c.100000 m3 of material
(Bishop, 1973; Bentley and Siddle, 1996). The research into rapid mass movements
occurring on mine waste deposits that was prompted by the Aberfan disaster
understandably focused in particular on the causes and consequences of failures on
active or recent colliery tips (Bentley and Siddle, 1996). Flow slides were found to be
a particularly common occurrence following the initial failure itself (Eckersley, 1985;
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Bentley et al., 1998), largely due to the lack of compaction of the stockpiled mine
waste (Bishop, 1973). Slower-moving debris slides, rapid outburst failures and
channelised debris flows were also identified as additional, albeit slightly less
frequent, transport mechanisms (Siddle et al., 1996; Nyssen et al., 2012).

(a)

(b)

Figure 7.5: Photographs showing the direct fluvial erosion and undercutting of spoil heaps by
stream channels at Crossgill Mine (a) and Wellhopeknot Mine (b), South Tyne catchment, North
Pennines. At Crossgill Mine the bench-style spoil heap parallel to the stream has been laterally
eroded by at least 5 m along its entire 70 m length since it was originally deposited. At
Wellhopeknot Mine the erosion is more localised but still includes areas of undercutting and
bank collapse measuring over 4 m in length and up to 1 m deep.

461

Although such rapid mass failures are commonly associated with colliery tips, similar
failures do also occur on waste heaps resulting from metal mining (Shakesby and
Whitlow, 1991; Blight and Fourie, 2005). An especially vulnerable component of the
infrastructure associated with waste from metal mining is the dam that is commonly
used to impound tailings resulting from mineral processing. Numerous later 20th
century examples of tailings dam failures and associated floods have been
recorded, with one common occurrence being the liquefaction of the mine tailings
and the widespread dispersal of the flow failure deposit (Rico et al., 2008). The
cause of the tailings dam breach in each case varies but can relate to either internal
dam instabilities due to poor construction techniques (Grimalt et al., 1999) or
external forcing mechanisms, such as rapid snowmelt or heavy rainfall (Macklin et
al., 2003). The environmental implications of tailings dam collapses can be
considerable, with polluted water and sediments potentially being dispersed over
vast areas and leaving a long-term legacy of heavily contaminated land (Simón et
al., 1999).
Large-scale rapid failures of mine waste deposits are thankfully relatively rare.
However, lower magnitude, higher frequency mass movements, such as the
example at Bentyfield Mine, are known to also represent a significant geomorphic
process. In their study of erosion rates on former mining sites, Esling and Drake
(1988) recorded small (<2.4 m2) landslide scars on 434 steep interfluve areas along
27 spoil banks in a single year. Sediment traps at the base of one of these slopes
measured total erosion nearly four times greater than at other slopes not affected by
landsliding. These observations enabled the authors to calculate that landslides
contributed approximately 11% of the overall annual sediment yield, excluding
sediment from gully erosion which was not quantified as part of their study.
Diffuse slope erosion was recorded across large areas of Whitesike and Bentyfield
mines by both the short-term (2009-2012) and high resolution TLS (2012-2014)
monitoring results. The magnitude of change caused by slope erosion across the
overall area was relatively low (21.6 t; Figure 7.3) but the spatially extensive nature
of these diffuse processes meant that they affected all of the three individual survey
areas to a similar degree (Figure 7.4). Spatially extensive slope erosion is typically
the result of one or more diffusive processes; such as wind erosion, sheetwash, soil
creep, ravel and freeze-thaw. Actually identifying the relative contribution of these
different drivers of diffuse change is extremely difficult, unless the processes
themselves can be actually observed in the field. The only diffuse process identified
with certainty during the field monitoring was freeze-thaw, with needle ice
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development and sediment detachment clearly visible on a section of the dressing
floor slope at Bentyfield Mine during December 2012 (Figure 6.63). Needle ice
sediment detachment followed by dispersal due to sliding and toppling mechanisms
is recognised as a relatively common process in upland catchments, often resulting
in seasonal variations in corresponding sediment yields (Lawler, 1993; Prosser et
al., 2000).
Although freeze-thaw was the only diffuse slope process directly identified as part of
this study, previous researchers have explored the contribution of other processes,
including wind erosion, sheetwash and soil creep. Factors affecting the significance
of wind as a driver of mine waste erosion typically relate to the local environmental
setting (e.g. dominant wind direction and strength, rainfall intensities, aspect) and
the grain size of the mine waste (Toy and Hadley, 1987). In their study of the former
Pb-Zn-Cu mine at West Chiverton in Cornwall, Merrington and Alloway (1994)
calculated that aerial deposition was the dominant transfer mechanism for heavy
metals from the tailings heaps, accounting for between 53 and 75% of the total
estimated quantities of metals released. Davies and White (1981) measured
atmospheric transport of metal contaminated sediment around a former lead mine at
Cwmsymlog in Wales, UK. Sampling of the dispersed sediment and the spoil heaps
themselves suggested that most of the tailings heaps were of a sufficiently small
particle size to move by saltation, with finer fractions being capable of also moving in
suspension. Johnson et al. (1978) conducted similar monitoring and found that
dustfall gauge measurements were highest in the immediate vicinity of the spoil
heaps and that metal levels beyond 500m from the mine boundary were comparable
with background values, suggesting this was the approximate limit of atmospheric
transport.
Wind erosion was not identified by the monitoring techniques or directly observed
during field visits and is therefore likely to be of only limited significance at Whitesike
and Bentyfield. This is probably due to a combination of factors, including the wet
upland climate enhancing particle cohesion and the relatively confined nature of the
mine setting within a steep narrow valley. However, there will be some areas of the
site which are more exposed and therefore potentially susceptible to wind erosion,
such as the west-facing slopes of the tailings heaps.
Sheetwash is another diffuse slope process that contributes to the slope erosion
recorded across Whitesike and Bentyfield mines, especially during periods of
intense or prolonged rainfall. Sheetwash erosion rates on spoil heaps are controlled
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by factors such as the depth of overland flow, sediment load, slope aspect,
vegetation cover and the material properties of the sediments (e.g. density,
permeability, surface roughness) (Esling and Drake, 1988). In their field study of the
erosion of spoil heaps on a former mining site in Iowa, USA, Esling and Drake
(1988) found that sheetwash and raindrop impact were the dominant processes
acting on the spoil slopes. Similarly, Toy (1989) collected field measurements over a
four year period at a reclaimed coal mine in Wyoming, USA, to quantify erosion
rates from sheetwash processes. This study did record higher overall surface
lowering rates due to sheetwash on former mining slopes (-4.1mm) than on
comparable natural hillslopes (-2.7mm). However, the difference between these
values was within the error range of the measurement technique used in the study
and so the ability to draw firm conclusions was limited.
The gravitational movement of sediments through soil creep has been recognised
as an important diffuse erosion process in upland areas such as the North Pennines
(Anderson and Cox, 1986; Donoghue, 1986). The process has also been identified
on former mining sites, although without many quantitative studies actually being
conducted due to the difficulty of directly measuring rates of creep. Palumbo-Roe
and Colman (2010) suggest that this process can cause significant sediment
movement and can occur through natural slope adjustment or as a result of
anthropogenic action; for example, reclamation attempts at former mining sites or
changes to land-use practices. Similarly, Esling and Drake (1988) argue that the
downhill tilting of many of their erosion pins suggests that soil creep is an important
sediment transport mechanism on abandoned spoil heaps but provide no
quantitative data to assess its magnitude in relation to other erosion processes.
The other notable trend visible in each of the post-abandonment sediment budgets
(Figures 7.3 and 7.4) is the lack of sediment storage relative to the magnitude of
recorded erosion. A total of just 16.4 t of deposition was recorded across the entire
mined area, representing only ~3.5% of the eroded material. This can largely be
explained by the proximity of the mine remains to Garrigill Burn and the
corresponding lack of available storage areas on which eroded sediments could be
deposited. Since proximity to water was an important requirement for many aspects
of historical mining operations, this level of sediment connectivity is likely to be fairly
typical of many other metal mines in similar upland landscapes. This high degree of
coupling between the eroding mine sediments and the stream channel has
important implications for the mobilisation of heavy metal contaminants to the wider
environment; a point that will be discussed further in Section 7.4.2.
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7.3.2

Temporal variability in erosion rates at abandoned mines

The results of the 18 months of field monitoring at Whitesike and Bentyfield mines
indicated considerable temporal variability in the magnitude of recorded erosion,
with a pronounced peak in May-June 2013. Comparison with local weather data
indicated that this was the consequence of a rainfall event on 18th May, which also
caused extensive flood damage elsewhere in Northern England (Section 6.4.4).
Although the rainfall levels were actually relatively moderate, this was the first
significant storm impacting on ground still saturated by recent snow melt and
antecedent rainfall. The event caused extensive erosion across the entire mined
area, with especially large-scale changes occurring close to the main channel of
Garrigill Burn and along pre-existing concentrated flow paths.
Olyphant et al. (1991) argue that low frequency, high magnitude rainfall events
occurring in late spring are particularly effective at increasing sediment yields from
abandoned mines, due to a combination of direct erosion and the flushing of
previously eroded colluvial sediments from the slopes. Although the results from
Whitesike and Bentyfield clearly fit this pattern, it should be noted that high intensity
storms occurring at any time of year can result in a dramatic increase in erosion
rates at abandoned mines (Evans et al., 2000). High intensity storms such as these
can dominate patterns of annual erosion, with Smith and Olyphant (1994) recording
over 50% of the annual sediment yield from an abandoned coal mine in the midwestern USA as being produced by only 15% of the annual storms.
High intensity storms are not the only source of intra-annual variation in erosion
rates, however, with the magnitude of other specific geomorphic processes being
highly dependent on seasonal conditions. For example, the formation of needle ice
occurs when temperatures regularly fluctuate around freezing and is especially
common during winter months in temperate landscapes, such as the North
Pennines (Lawler, 1993). As discussed above (Section 7.3.1; Figure 6.63), this
process was identified at Bentyfield Mine during December 2012 and caused the
disturbance of a large section of north-facing slope.
Similarly, seasonal fluctuations exist in the susceptibility of mine (and non-mine)
sediments to wind erosion and aeolian transport. Fine sediments are particularly
prone to dispersion by wind when dry but in general the moist, cool climate of the
UK reduces these conditions by encouraging particle cohesion (Palumbo-Roe and
Colman, 2010). However, during dry, windy periods of weather atmospheric
deposition rates can increase significantly, particularly when the surface layer of a
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mine area has been disturbed through mechanical disruption (e.g. trampling or
grazing) (Johnson et al., 1978). This temporal variation can often also be attributed
to seasonal conditions, with field monitoring of spoil heaps at a disused tin mine in
the Tamar catchment, Devon, showing that wind-borne atmospheric transport
dominates during the summer months (June-August) and surface water runoff
processes dominate during the winter months (November-February) (De Munck et
al., 2008). Although wind erosion was not directly observed during the monitoring at
Whitesike and Bentyfield, this process could explain some of the minor peaks in
erosion that are not attributable to summer rainfall events.
Seasonal trends in temperature and precipitation undoubtedly influence the
occurrence and magnitude of erosion at abandoned mines. However, the results
from Whitesike and Bentyfield also highlighted several examples where substantial
surface morphological changes occurred in the absence of obvious atmospheric
trigger factors. For example, although the majority of large-scale bank collapses
occurred during the 18th May rainfall event discussed above, the most significant
collapse actually occurred between the September and October 2012 survey
intervals (Figures 6.42 and 6.43). Rainfall during this period was moderate and it is
likely that the large collapse was the result of preparatory destabilisation of the bank
during earlier high flow events. Unfortunately this was the first survey interval of the
monitoring period and so no time series data are available to fully understand the
precursory mechanisms leading up to the collapse.
The detailed time series from the gully system on the west-facing slope of the
tailings heaps provides a good example of the interactions between internal
topographic adjustment and external environmental trigger factors (Figures 6.86 and
6.87). The period recording the greatest amount of change was again the May-June
2013 survey interval, in which the majority of the gully experienced considerable
morphological adjustment. This included significant incision along much of the gully
floor, including a maximum depth change of >1.4 m occurring within the upper gully
area during this one month interval. Similarly, the prominent gully sidewall collapse
between November 2012 and January 2013 is likely to relate to external forcing in
the form of a large rainfall event in late November 2012. Other changes are likely to
be the result of freeze-thaw and snow melt, especially the extensive widening of the
upper gully profile during January and May 2013. However, it is also clear from the
TLS results that small-scale changes were taking place throughout the year, in
between the major erosional changes due to seasonal influences. These low
magnitude changes appear to be due to a combination of small-scale sidewall
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collapses, downslope gravitational movement of eroded colluvial sediments and
animal activity. These results suggest that temporal variation in post-abandonment
erosion is primarily driven by large-scale external environmental influences,
including seasonality in weather patterns and events. However, it is also clear that
low magnitude changes are occurring throughout the year and these have an
important preparatory role in determining temporal fluctuations in sediment yields.

7.3.3

Estimating total post-abandonment sediment release

The change detection analyses outlined in Chapter 6 and discussed above provide
a detailed understanding of the post-abandonment changes taking place at
Whitesike and Bentyfield mines. To make the results from these two adjacent mines
in the South Tyne catchment applicable to the overall study area, the recorded net
surface change was scaled up to cover the total area of recorded mining remains
reported in Chapter 4, adjusted to allow for the areas outside of the main NMP
mapping coverage. Since there is likely to be significant variability in erosion rates
between mines located in different areas and with differing surface characteristics,
this approach obviously represents a first approximation of the total annual miningrelated erosion rate. However, in the absence of complimentary data from additional
mines it is used to demonstrate the potential significance of ongoing sediment
production from abandoned mines.
Extrapolating the fieldwork results out from Whitesike and Bentyfield to the entire
study area indicates that the total annual erosion rate from all abandoned mines is
potentially in the region of 31594 t a-1 (Table 7.1). Approximately 45% of this
estimated erosion (12703 t a-1) is likely to come from the Nent catchment, where the
density of mapped mining remains was highest. Estimated post-abandonment
erosion in the Upper South Tyne catchment, including that actually measured at
Whitesike and Bentyfield, is 8034 t a-1 (28%). The annual erosion rates for Black
Burn (2714 t a-1; 15%) and the Upper Tees (1846 t a-1; 12%) are markedly lower,
reflecting the noticeably smaller areas covered by mining remains in these
catchments.
To better understand the relative significance of sediment production during the
active period of mining (Chapter 5) and that resulting from post-abandonment
erosion of mining remains (Chapter 6), the estimated erosion rates discussed above
were again scaled up to reflect the ~100 year period since large-scale mining
ceased in the North Pennines. The use of a standard 100 year interval again
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involves a considerable level of approximation, primarily due to actual postabandonment timescales varying considerably between mines and the assumption
that weather conditions during the period of monitoring at Whitesike and Bentyfield
can be considered typical. However, the aim of this step is to provide a coarse
approximation of the significance of the different aspects of mining-related sediment
release and so the assumptions contained within the methods are considered
justified given the available data.
When compared to the estimated sediment production from the active period of
mining it is clear that the projected post-abandonment erosion totals are
considerable but generally still significantly less than the output resulting from
mining itself (Table 7.1; Figure 7.6). The projected 100 year post-abandonment
erosion rate for Whitesike and Bentyfield represents ~38% of the amount of waste
sediment estimated to have been produced during the active period of mining for
these sites. The value for the Upper Tees is very similar to that for Whitesike and
Bentyfield, with the amount of post-abandonment waste being ~39% of the
estimated mine production waste. The corresponding figures for the South Tyne
(56%) and Nent (55%) are similar to each other, suggesting that the 100 year postabandonment erosion totals for these areas are approximately half of the total
mining age sediment production. In contrast, the value for Black Burn (204%) is
significantly different. The high value for Black Burn reflects the comparatively large
area of mapped mine workings relative to the number of named mines actually
recorded as producing ore outputs. This pattern reinforces the validity of the
approach to assessing mining-related landscape impacts which incorporates both
spatial variation in surface mining disturbance (Chapter 4) and the reconstruction of
estimated waste sediment outputs from documented ore statistics (Chapter 5).
One important additional point to consider is that, although these results suggest
that the scale of sediment production during historical mining operations outweighs
current post-abandonment estimates, the processes leading to post-abandonment
sediment release are still ongoing. By projecting the results into the future using the
annual erosion rates, the approximate time until the two sediment production values
become equal can be estimated. This approach suggests that, within the next
century, the post-abandonment erosion of mining remains in the Nent (~82 years)
and South Tyne (~78 years) catchments will have contributed as much sediment as
during the main period of active mining. The corresponding estimate for the Upper
Tees (~154 years) is far higher, reflecting the greater difference between the
historical and post-abandonment sediment estimates. In contrast the same
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approach suggests that sediment production through post-abandonment reworking
in the Black Burn catchment actually exceeded that from historical mining operations
~51 years ago. Together, these values produce an overall study area average which
also indicates that post-abandonment sediment production across the entire area
will have exceeded historical values during the next ~70 years.
Although these estimates contain numerous assumptions and the absolute
timescales are undoubtedly imprecise, they do indicate that post-abandonment
reworking of abandoned mines is a large-scale and persistent source of sediment
production in upland landscapes. The initial mining operations themselves were a
considerable source of waste sediments, but they also caused disturbance to the
land surface that generated a legacy effect of long-term enhanced erosion rates.
These findings strongly justify the need to better understand the rates and drivers of
erosion at abandoned metal mines in order to develop appropriate and effective
future mitigation strategies.
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Table 7.1: Estimates of the scale of post-abandonment mine erosion based on extrapolation of the fieldwork results from Whitesike and Bentyfield mines
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Figure 7.6: Comparison of estimated sediment release from historical mining operations (17001948) and sediment production due to subsequent post-abandonment erosion over the last 100
years, based on the projected figures shown in Table 7.1.

7.4 Wider significance of mine-related sediment production
The above sections clearly demonstrate that the results of this research are of
considerable value for the information they provide regarding the magnitude and
drivers of mining-related sediment production, both during the active period of
historical mining and through processes of post-abandonment erosion. However, the
results are also of wider significance in terms of providing quantitative data that can
directly inform research into broader landscape issues associated with intensive
historical metal mining. This section will illustrate this using three distinct research
themes relating to mining impacts and legacies: the role of mine sediments in driving
upland channel change; contaminant release from eroding legacy mine sediments;
and the archaeological implications of the erosion of abandoned historical mine
sites.
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7.4.1

Mine sediments and upland channel change

The response of a river system to an influx of mine sediments varies between
passive dispersal and active transformation, with these states representing the two
end members of a continuum of channel change (Lewin and Macklin, 1987).
Passive dispersal occurs when the mine sediments are transported alongside the
natural sediment load and without causing disruption of the current fluvial system.
Although the overall system remains undisturbed during passive dispersal, there can
be considerable internal variation in dispersal patterns due to differences in the
availability of floodplain storage areas and the initial character of the stream. In
contrast, active transformation occurs when the input of large volumes of mine
sediments lead to threshold crossing events in which the system has to adjust to a
new state of geomorphic equilibrium (Schumm, 1979; Lewin and Macklin, 1987;
Brunsden, 2001). This adjustment often involves fundamental changes to system
morphology, including modifications to channel gradient, cross-sectional geometry,
sinuosity and planform pattern (Miller, 1997) (Section 1.3.1).
Variation in the response of a river to the input of mine sediments is a function of
both the initial character of that particular system and the magnitude of the sediment
input (Lewin et al., 1977). Fluvial response often varies at the reach-scale,
depending on levels of slope-channel coupling and the distribution of sediment
inputs (Taylor et al., 2000; Harvey, 2001; Foulds and Macklin, 2006; Harvey, 2007).
Spatial and temporal variation in mine inputs can therefore significantly influence the
location and timing of channel changes, in the same way that variation in slopechannel coupling relationships of natural sediment sources affects the sensitivity of
a landscape to geomorphic change (Thomas, 2001; Harvey, 2002).
The detailed record of spatiotemporal variation in mining-related sediment
production developed in this thesis allows the distribution, magnitude and timing of
mine sediments entering the rivers to be estimated in a systematic way for the first
time. Integrating detailed quantitative data relating to mine sediment inputs
represents an important development from earlier approaches, which were largely
reliant on the use of ore production statistics from large areas as a proxy for
localised waste sediment inputs. Linking this quantitative data to the numerous
existing studies which have documented upland channel planform changes
associated with mine sediment inputs allows the nature and timing of fluvial
responses to large sediment inputs to be better understood. This can be
demonstrated with reference to the River Nent at Blagill; a well-documented site of
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flood-related channel metamorphosis associated with historical metal mining
sediment inputs (Macklin, 1986a, 1997).
Historical channel changes at Blagill have been documented from 1775 onwards
and related to recorded flood events, lichenometric dating and trace metal analyses
(Macklin, 1986a, 1997). These studies indicate that the river in this location
remained a single-thread channel with low sinuosity until sometime between 1840
and 1861. The OS map of 1861, however, shows significant transformation of the
floodplain, with extensive areas of active gravel and the change to a multi-thread
channel system. Lichenometric dating of channel bars indicates that this braiding
initially began in the upstream section of the reach, with the coarse gravel then
moving downstream as an intermittent sediment wave between 1896 and 1948. By
the 1950s, incision and a reduction in sediment supply had led to the rationalisation
of the system back to a single channel planform (Macklin, 1986a, 1997) (Figure 7.7).
The initial metamorphosis from a single-thread to a multi-thread channel with
extensive areas of gravel deposition was likely triggered by a documented series of
high magnitude floods in the 1840s (Macklin, 1986a). However, upstream metal
mining had already provided a considerable volume of sediment to the Nent by this
date, thereby sensitising the fluvial system to the large-scale morphological changes
triggered by the floods. The ongoing supply of coarse mine waste sediments
throughout the later 19th and early 20th centuries maintained the braided planform at
Blagill until after the cessation of large-scale mining near Nenthead in c.1948.
Similar patterns of mining-related river planform metamorphosis and readjustment
have been identified in numerous other upland catchments within the North
Pennines and elsewhere (Lewin et al., 1977; Aspinall et al., 1986; Macklin and
Aspinall, 1986; Lewin and Macklin, 1987; Wishart, 2004).
The role of metal mining in supplying the coarse bedload material necessary to
instigate and maintain the channel and floodplain changes recorded at Blagill is
clearly established. However, previous studies have not been able to actually
quantify the likely amount of sediment entering the Nent upstream of Blagill, or the
various source locations which these sediments relate to. Similarly, estimates of the
timing of mine sediment input in this catchment have been reliant on using the
number of mines in operation over long (multi-decadal) intervals, rather than annual
sediment production estimates linked to individual named and geolocated mines.
The data generated by this thesis therefore can significantly enhance the contextual
mining-related information associated with the observed channel planform changes.
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Figure 7.7: Channel change at Blagill, River Nent, based on a time series of historical and modern maps from 1775 to 2011. The Blagill reach shows clear evidence
th
for the crossing of the meandering-braided system threshold due to large volumes of mine waste inputs during the 19 century, followed by channel incision and a
th
return to a single channel planform in the later 20 century, as discussed in detail by Macklin (1986, 1997). The 1953-57 OS map appears to be a direct copy of the
earlier 1919-26 map, with aerial photographs examined by Macklin (1986) indicating that the river had actually reverted to a single channel form by this date.
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The area upstream of Blagill in the Nent catchment incorporates the most intensively
mined section of the entire study area (Figure 7.8). A total of 40 named mines with
documented lead ore outputs were recorded within this upstream catchment area,
with a combined production total of ~255000 tonnes between 1700 and 1948
(Figure 7.9 A). Output from these 40 mines resulted in an estimated ~859000
tonnes of waste sediment, with particular concentrations in the upper catchment
around Nenthead and on the southern hillslopes. Significantly, the majority of this
area of the upper Nent is dominated by high values of modelled sediment
connectivity (Section 5.4), suggesting effective coupling between mine sediment
sources and the river channel.
The area upstream of Blagill also included some of the largest hushes in the study
area, including those at Dowgang, Greengill and Grassfield (Figure 7.8). In total,
hushing within this upstream catchment produced an estimated 2.75 Mt of sediment,
with most of this extraction occurring prior to c. 1820-30 (Fairbairn, 1992). The lack
of large sediment deposits at the outlets of these hushes suggests that most of the
hushed waste material will have reached the River Nent. Although large spoil heaps
and areas of dressing waste have been identified throughout this upstream
catchment area, these only account for a combined storage total of ~1.5 Mt of
sediment. When the estimated waste production and storage totals are compared, a
net residual of ~2.1 Mt tonnes of unaccounted for sediment remains, which is likely
to represent the approximate amount of sediment input to the Nent in this area
between 1700 and 1948 (Figure 7.9 A). This mine waste originates from an area of
just 23.1 km2, indicating an estimated average sediment release of ~91000 t km-2, or
367 t km-2 a-1.
Comparison of temporal variation in the amount of active gravel recorded on the
Blagill floodplain (Figure 7.9 B) and the timing of estimated mine waste outputs
(Figure 7.9 C) provides valuable information regarding the response and recovery
rate of the Upper Nent to inputs of mine sediment. Apart from two significant peaks
in production in 1737 and 1769, documented output during the 18th century was
relatively low. However, most of the hushes are likely to date from this approximate
period and so the actual pre-1800 mine sediment total was probably far higher.
Recorded production then increased considerably from c.1819 onwards, with
notable peaks in 1820, 1830 and 1854, before declining steadily throughout the
remainder of the 19th century. Early 20th century output in the upstream catchment
area continued to be low, although records of production were suspended during
and immediately following the First World War, resulting in a lack of documented
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output for this period. Lead ore output increased moderately during the 1920s and
1930s, before final production was recorded in 1938. However, zinc production in
this area did continue through until c.1950, contributing an additional but
unquantified amount of waste sediment from metal mining.
Maps of Blagill from 1775 and 1820 recorded no areas of active gravel on the
floodplain (Figure 7.9 B). Although such early maps are often stylised and lacking
detail (Hooke and Redmond, 1989), the single-thread form of the channel does
suggest a stable river in dynamic equilibrium (Macklin, 1986a). This interpretation is
supported by the observation that the field boundaries on the 1820 map extend right
up to the edge of the river channel, suggesting that only a very narrow gravel area
was present at this date. However, by 1859-68 the extent of active gravel on the
floodplain was considerable (>43200 m2), reaching a peak of >46300 m2 in 1926
before declining steadily through to just ~6500 m2 in 2011. Comparison between
these figures and the mine waste time series suggests there was a lag of
approximately 75-100 years between the onset of the large-scale decline in
upstream metal mining (c.1850 onwards) and the corresponding decline in the
extent of active gravel areas on the Blagill floodplain (c.1926-1948 onwards).
The recovery rate of a fluvial system impacted by large volumes of mine waste
sediments will vary considerably, depending on the individual catchment
characteristics and the specific nature of the mining activities themselves. For the
Nent, the lag can be largely explained by two interconnected factors. Firstly, metal
mining in the upstream catchment continued through until c.1950, albeit at a
reduced intensity. This meant that there would have been a continuing supply of at
least some mine waste entering the River Nent even after large-scale mining had
ceased. Secondly, metal contamination associated with the continuing supply of
mine sediments prevented vegetation from colonising and therefore stabilising the
floodplain deposits (Macklin, 1997).
The results of this thesis allow the distribution, timing and magnitude of mine
sediment production to be quantified at a resolution not previously available to
studies of mining-related upland channel planform change. Future work linking this
information to documented patterns of channel change will allow the response and
recovery rates of fluvial systems impacted by large volumes of mine waste
sediments to be better understood, especially when the results can be integrated
with documented historical flood events and trace metal analysis of mining-age
floodplain deposits.
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Figure 7.8: Distribution of recorded lead mining features upstream of the Blagill reach analysis area, including proportional symbols representing the estimated
magnitude of sediment for each mining-related landform. The upstream catchment area has been modelled using a 5 m resolution NextMap DTM.
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Figure 7.9: (A) Estimated sediment totals associated with the different classes of mining
features for the Blagill upstream area, with the colours corresponding to those shown on Figure
7.8. (B) The active gravel area recorded for each of the time series intervals displayed in Figure
7.7. Dashed lines represent map dates for which no gravel area was recorded. (C) The
corresponding estimated mine waste output from all mines operating upstream of the Blagill
reach during the period 1700-1948. N.B. due to the problem of assigning dates to hushes, the
mine waste totals shown in (C) only relate to those derived from named mines with documented
ore outputs.
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7.4.2

Contaminant release from eroding mine sediments

The release and long-term redistribution of contaminants represents an additional
significant legacy of mining-related sediment production, both during active metal
mining operations and through post-abandonment sediment reworking (Section
1.3.2). Approximately 90% of metal contaminants in former mining catchments are
associated with sedimentary rather than aqueous forms (Hudson-Edwards et al.,
2008), therefore making understanding of patterns of erosion and sediment transfer
of fundamental importance in predicting potential catchment-scale variability in
contaminant flux.
Previous studies have tended to focus on spatial and stratigraphic variability in
contaminated sediments which have already reached the fluvial corridor (Miller,
1997; Lord and Morgan, 2003; Dennis et al., 2009). In contrast, although the
importance of abandoned mines as ongoing source locations of sedimentary
pollution has been recognised in the recent literature (Mayes et al., 2009;
Mighanetara et al., 2009; Gozzard et al., 2011), these studies have largely
concentrated on the broad-scale characteristics and distributions of mine sites (e.g.
Mayes et al., 2015). Intra-site spatial and temporal variability in the causes and rates
of erosion on abandoned mines has remained poorly understood, despite these
factors being of central significance in understanding trends in associated
contaminant release. The fieldwork monitoring at Whitesike and Bentyfield (Chapter
6) has attempted to address this by recording detailed patterns of postabandonment erosion and sediment transfer and thereby significantly improving
understanding of the role of mines as ongoing hillslope sediment source locations.
The value of the monitoring work at Whitesike and Bentyfield for understanding
patterns of contaminant release can be demonstrated through comparison with the
results of a portable X-ray fluorescence (pXRF) survey undertaken in September
2014. XRF surveys have been widely used for recording contamination of alluvial
sediments in heavily mined catchments (Hürkamp et al., 2009b; Peinado et al.,
2010), as well as in the archaeological prospection and characterisation of former
mine sites (Dunster et al., 2012; Dungworth et al., 2013; Dungworth, 2014).
However, when used to assess spatial variation in surface contaminant levels
across an individual abandoned mine, XRF results can also be used to highlight
intra-site variability in the potential for significant point source pollution (Brewer et
al., 2011). These XRF results are especially useful for understanding contaminant
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flux when they can be correlated with data relating to patterns and rates of surface
erosion, as in the case of Whitesike and Bentyfield.
The survey measured surface sediment contaminant levels at 105 locations across
Whitesike and Bentyfield mines, as well as 5 stream samples taken downstream of
the mines along Garrigill Burn. The survey used a Niton XLT792 XRF analyser
operating in bulk soil mode and with the measurement analysis time set to 120
seconds, as recommended by Shuttleworth et al. (2014). The accuracy of the
internal calibration was checked daily using analysis of appropriate certified
reference material (CRM, Till 4), with the concentrations for Pb and Zn all being
within ±10% of the reference values. A 20% subsample (n=22) were randomly
selected for additional comparative laboratory analyses using ICP-OES.
The results of the XRF survey display considerable spatial variability in surface
metal levels across the mined area, with notable hotspots for both lead (Pb) and
zinc (Zn). Pb levels are particularly elevated in the vicinity of the lower dressing floor
of Whitesike Mine, with values here reaching the maximum recorded level of
~78000 mg kg-1 (Figures 7.10 and 7.11). Another area of very high Pb
concentrations was recorded further upstream around the Bentyfield dressing floor
and crushing mill, in this case extending across both banks of Garrigill Burn. The
third main area of high Pb concentrations was located on the unvegetated slopes of
the tailings heaps to the west of Whitesike Mine. These values are markedly lower
than those on the dressing floors but are still in the region of 10-15000 mg kg-1.
Smaller concentrations of relatively high Pb levels can be found elsewhere across
the mined area, including in the sediments immediately adjacent to the tunnel
entrances at Whitesike Mine and Colonel’s Level. Significantly, ~85% of all samples
taken across the mined area were in excess of all available recommended soil
guideline values for Pb (Macklin et al., 2006).
The spatial distribution of Zn concentrations shows marked similarities to those for
Pb, with a notable concentration of very high levels around the Whitesike lower
dressing floor, including the maximum recorded value of ~70000 mg kg-1 (Figures
7.12 and 7.13). The Bentyfield dressing floor area also recorded high levels of Zn
within the surface sediments, with smaller hotspots again identified in sediments
adjacent to the main mine level entrances. Zn levels measured on the tailings heaps
to the west were consistently high (>10000 mg kg-1), presumably partly reflecting the
fact that these waste heaps were never subsequently reprocessed to extract zinc,
as occurred at other locations in the study area (Dawson, 1947).
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Figure 7.10: Lead (Pb) concentrations recorded during the XRF survey of Whitesike and Bentyfield Mine in September 2014, displayed as proportional symbols
(top) and as a modelled (interpolated) continuous surface (bottom).
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Figure 7.11: Graph of downstream variation in Pb concentrations at Whitesike and Bentyfield mines, based on the results of the XRF survey from September 2014.
The locations of the key mining features are indicated for reference. The main XRF survey area relates to the extent shown on Figure 7.10.
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Figure 7.12: Zinc (Zn) concentrations recorded during the XRF survey of Whitesike and Bentyfield Mine in September 2014, displayed as proportional symbols (top)
and as a modelled (interpolated) continuous surface (bottom).
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Figure 7.13: Graph of downstream variation in Zn concentrations at Whitesike and Bentyfield mines, based on the results of the XRF survey from September 2014.
The locations of the key mining features are indicated for reference. The main XRF survey area relates to the extent shown on Figure 7.12.
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Comparison of the XRF results with those obtained from the TLS monitoring of the
same area enables conclusions to be drawn about the nature and timing of
contaminant release from abandoned mines (Figure 7.14). Total contaminant flux
was estimated based on the magnitude of surface change for each of the identified
geomorphic processes (Section 7.3.1) and the average XRF value for the
corresponding area. This approach suggests that there was a net export of
approximately 4.7 tonnes of Pb and 2.2 tonnes of Zn during the 18 month monitoring
period.
The tailings heaps were the primary source of eroding sediments across the mined
area, due primarily to the development of the large gully system on the west facing
slope. The ~290.8 tonnes of sediment eroded from these tailings heaps over the 18
month monitoring period represent a significant volume of material but are of
particular additional concern due to the corresponding high levels of both Pb and Zn
in the surface sediments. Gullying across the overall survey area released an
estimated 3.26 t of Pb and 1.2 t of Zn during the 18 month monitoring period, with
the majority of this originating from the western tailings heaps (Figure 7.14).
Sediments eroded from these tailings heaps are directly coupled with Garrigill Burn,
meaning that these contaminants are likely to be widely dispersed.
The main concentrations of both Pb and Zn levels were located across the lower
dressing floor at Whitesike Mine (Figures 7.11 and 7.13), reflecting the nature of the
processing activities that took place in this area. Although the TLS monitoring
revealed the upper surface of the dressing floor to be relatively stable, extensive
lateral erosion of the deposits by Garrigill Burn was recorded (Section 6.4.1.2.1).
This process is of particular concern since the highest XRF levels for both Pb and
Zn (>70000 mg kg-1) from the entire mined area originated from bank samples in this
location. Therefore although the magnitude of sediment release from this location
was far less than from the tailings heaps, the impact in terms of contaminant
dispersal may still be considerable. A similar situation is found further upstream at
the Bentyfield dressing floor, where high levels of Pb and Zn have been recorded in
areas experiencing moderate but persistent rates of erosion (Sections 6.4.2.2.2–4).
Across the overall study area, bank erosion contributed 25% (1.15 t) of the total Pb
release and 34% (0.76 t) of the total estimated zinc release (Figure 7.14).
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Figure 7.14: Budget diagram showing approximate contaminant flux resulting from each of the
different geomorphic processes identified as causing surface change at Whitesike and
Bentyfield mines during the period 09/2012 – 03/2014. Values are based on mean XRF values for
Pb (top) and Zn (bottom). Values in bold are in tonnes and percentages relate to the proportion
of the total net output.
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The significance of these findings relates to their importance for the particular river
catchment in question, as well as the information they provide which allows more
general conclusions to be drawn about sedimentary contaminant flux from
abandoned mines. Garrigill Burn has been highlighted as one of the key tributaries
contributing heavy metals to the River South Tyne and causing an exceedance of
Water Framework Directive (WFD) guidelines for freshwater metal levels (Atkins Ltd,
2010). Previous sampling by the Environment Agency has demonstrated that point
source metal discharges from mine adits at Whitesike and Bentyfield are significant
during low flow conditions but have also hypothesised that sedimentary sources,
both point and diffuse, become of greater importance during high stream flows
(Peter Aldred 2013, pers. comm., 6 December). The TLS monitoring work at these
mines has been able to record the rates, timing and likely drivers of sediment input
into Garrigill Burn in unprecedented detail. By relating these results to the XRF
survey results, understanding of the likely sources of sedimentary contaminants is
greatly enhanced. These results therefore provide an invaluable link between the
initial source location release of contaminated sediments from abandoned mines
and existing studies focusing on the wider catchment implications of historical
mining-related contamination (e.g. Foulds et al., 2014).

7.4.3

Post-abandonment mine erosion and the archaeological agenda

Abandoned historical metal mines are an important aspect of our industrial
archaeological heritage which needs to be conserved for future generations
(Stratton and Trinder, 1989; White, 1989; Barnatt and Penny, 2004). Despite this,
the rates at which abandoned mines are being eroded and their cultural significance
lost have remained poorly understood, especially in dynamic upland landscapes
where erosion processes tend to be most active (Jones et al., 2004). The collapse of
structural features associated with historical mining operations represents one of the
most recognisable and high profile issues for industrial heritage management.
However, in contrast to geomorphological studies of abandoned mines in which
sediment delivery to stream channels is often of paramount importance, any erosion
or reworking of surface deposits is typically of significance for archaeologists since it
disturbs the internal stratigraphic integrity of the site.
Previous attempts to understand and limit change on threatened upland industrial
archaeological sites have been driven by a combination of overarching
characterisation programmes, such as the Monuments at Risk Survey (Darvill,
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1986a; Stratton, 1990; Darvill and Fulton, 1998), the use of designated statutory
protection schemes (Breeze, 2006; Department for Culture Media and Sport, 2010)
and informal research by a wide network of highly knowledgeable local mining
history organisations (Bick, 1994; NAMHO, 2015). Targeted assessments of erosion
at abandoned mines have focused on point-in-time surveys, either due to specific
perceived threats (Hunt and Ainsworth, 2007; Ainsworth and Burn, 2009) or in the
aftermath of high magnitude storm events (Middleton, 2012).
Archaeological monitoring of eroding industrial sites has been largely limited to the
industry-specific strand of English Heritage’s ‘Heritage at Risk’ register; an annual
listing of those sites deemed most at risk of damage (English Heritage, 2015a). This
programme

involves

the

annual

field

walkover

inspection

of

threatened

archaeological sites and the use of qualitative category definitions to rank its
condition (English Heritage, 2014). The key limitations of all of these approaches are
that they are typically only carried out by archaeologists, with little involvement by
geomorphologists, and that they are largely reliant on qualitative and subjective
assessments involving no quantitative survey measurements. These issues mean
that, although the archaeological significance of change can be identified, the actual
drivers and rates of change are often overlooked or misunderstood. This in turn
restricts the ability to design and implement appropriate conservation schemes.
The repeat surveys at Whitesike and Bentyfield mines (Chapter 6) demonstrate both
the limitations of existing approaches to archaeological monitoring and the
considerable value of the methodologies employed in this study. Whitesike and
Bentyfield were on English Heritage’s ‘at risk’ register from 1998 until 2012, when
they were removed following the implementation of an extensive programme of
consolidation works (Section 2.5.6.1). The consolidation works at these mines were
preceded by a detailed geomorphological assessment (Newson, 2012), but
importantly this was only based on a point-in-time investigation rather than repeat
monitoring. The results of the subsequent TLS monitoring as part of this study
clearly indicate that the consolidation works were limited in their success, primarily
because they did not fully understand the causes and rates of erosion at the site.
A clear example of these limitations was observed along a section of the retaining
wall of Garrigill Burn, located immediately adjacent to the upper dressing floor of
Whitesike Mine. This wall was repaired twice in 2012 as part of the consolidation
works but had already collapsed in the same two sections by May 2013 (Section
6.4.1.2.2). The TLS monitoring indicated that the likely cause of these collapses was
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the scouring of the base of the wall by the stream and the progressive undermining
of the drystone blocks. However, no additional strengthening techniques were used
at the base of the wall during the consolidation works, which instead focused on the
management of flows across the top of the upper dressing floor. The main area of
wall collapse has continued to expand substantially since monitoring work ceased
(Figure 7.15), with other upstream sections now also showing early signs of basal
scouring and structural instability (Figure 7.16).
The results from the lower dressing floor at Whitesike Mine provide another example
of the value of long-term repeat monitoring to understand patterns of change and
inform archaeological conservation. The consolidation works had again focused on
the management of overland flows across the top of the lower dressing floor, which
it was assumed had been causing scouring of the archaeologically significant
dressing floor deposits (Johnson and Wright Ltd, 2007; Newson, 2012). Although
evidence of small-scale surface scour was detected by the 2009-2012 change
detection (Section 6.3.2.1), the magnitude of this erosion was minimal in comparison
to the extensive lateral bank erosion of the dressing floor deposits by Garrigill Burn
(Section 6.4.1.2.1). This bank erosion resulted in the exposure and partial loss of
important stratified archaeological deposits, including a newly exposed flagstone
layer which presumably relates to an earlier processing floor surface (Figure 6.31).
This study has demonstrated that the combined use of archival ALS data, UAV
photogrammetry and repeat TLS surveys provides an effective methodology for
monitoring the nature and causes of change at important archaeological sites.
Furthermore, the monthly frequency and length of the monitoring programme have
allowed temporal variation in erosion rates to be quantified to a unique level of
detail. However, it is acknowledged that the survey methods and frequency
employed by this study require a significant investment of time and money and
therefore cannot be applied extensively across numerous archaeological sites.
Nevertheless, the results of the work provide an important contribution to
archaeological heritage management for a number of complementary reasons.
Firstly, where resources and experience are available, this study has developed an
effective methodology for how to approach the quantitative assessment and
interpretation of change on archaeological sites. Although primarily focused on
abandoned mines in upland landscapes, these methods would be equally applicable
to a range of other site types in differing environments.
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Secondly, several of the methods used in this study are of sufficiently low cost that
they could be extended to numerous sites by either professional archaeologists or
local enthusiasts. For example, UAV systems are becoming an increasingly
affordable option for archaeological field surveys (Chiabrando et al., 2011), with a
corresponding increase in the availability of low-cost or open-source SfM software
packages (Verhoeven, 2011; Westoby et al., 2012; Green et al., 2014; Smith et al.,
2015). The results have also emphasised the value of repeat field photography
taken from fixed-point locations across an archaeological site. When taken at
regular temporal intervals, these images can provide semi-quantitative information
regarding the magnitude and timing of specific erosion events. This approach is
capable of recording ongoing changes either in place of metric survey methods or
after the main period of monitoring has ceased.
Finally, the results of the field monitoring at Whitesike and Bentyfield have provided
invaluable information regarding the drivers and rates of change on abandoned
historical mines that can be extrapolated out to other mines in comparable
landscapes. Given similar high resolution assessments of other abandoned mines in
contrasting locations, the relative significance of the different physical and
environmental factors influencing the erosion of upland archaeological sites could be
established. Once this baseline information has been gathered, the results could
potentially help to inform and enhance the efficacy of conservation works without the
need for additional detailed monitoring. The condition of archaeological sites will
never remain static and unchanging (Bapty, 2000). However, the causes of changes
can undoubtedly be better understood, their occurrence predicted to a certain extent
and, under certain circumstances, their impacts minimised. Such an outcome will
require archaeologists and geomorphologists to more openly engage with each
other’s disciplines in order to fully understand the range of issues facing the longterm stability of abandoned historical mines.
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Figure 7.15: Photograph of the collapsed section of drystone retaining wall adjacent to the
upper dressing floor at Whitesike Mine, taken in December 2015 (photo courtesy of Don
Borthwick). The collapse has expanded considerably since the TLS monitoring period ended in
March 2014 (c.f. Feature 1 on Figure 6.38).

Figure 7.16: Photograph taken in December 2015 showing the undermining of a section of
drystone retaining wall upstream of the upper dressing floor at Whitesike Mine (photo courtesy
of Don Borthwick). This same process preceded the large-scale collapse of another section of
wall further downstream during the TLS monitoring period (Section 6.4.1.2.2).
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7.5 Chapter summary
This study aimed to quantify spatial and temporal variability in landscape
disturbance and sediment production resulting from historical lead mining, focusing
on both the main active period of mine operations (1700-1948) and postabandonment reworking. Hushing was the dominant process leading to the
production of mine wastes (Figure 7.1). However, there was marked spatial variation
in process significance, with hushing dominating in the Nent and Upper Tees but
waste from documented subterranean mining being greater within the South Tyne
and Black Burn catchments (Figure 7.2). Sediment storage in the form of spoil
heaps and areas of dressing waste are important components of the overall miningrelated sediment cascade but were consistently less than the amount of sediment
originally produced. The resulting residual sediment totals are likely to approximately
represent the magnitude of waste sediment that has reached the rivers, although
with pronounced spatial variability in the strength of mine-channel coupling
relationships.
Analysis of post-abandonment changes at Whitesike and Bentyfield mines provided
valuable insights into the processes causing erosion of abandoned historical mines
and their relative significance. The TLS monitoring in particular allowed the
reconstruction of patterns of surface morphological change at a spatial and temporal
scale which had previously not been achieved. Net recorded change at these mines
contributed an estimated ~303.5 t a-1 to Garrigill Burn, an important tributary of the
Upper South Tyne. The overall sediment budget for the mines indicates that gullying
accounted for ~62% of all recorded erosion, followed by bank erosion at ~31%
(Figure 7.3). However, there was pronounced spatial variability in the significance of
the different geomorphic processes, with gullying prevalent on the unvegetated
tailings heaps but bank erosion, mass movements and diffuse slope erosion
dominating elsewhere.
Post-abandonment erosion rates also demonstrated pronounced temporal variation,
with a low frequency, high magnitude rainfall event in May 2013 leading to a
significant peak in erosion across the entire survey area. This event led to extensive
bank collapses, small-scale mass movements and gullying of the tailings heaps, as
well as the collapse of 19th century retaining walls adjacent to the main stream.
Smaller-scale changes did, however, occur throughout the rest of the survey period,
due to a combination of environmental factors (e.g. freeze-thaw processes), the
downslope gravitational movement of colluvial sediments and a limited amount of
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damaging animal activity. These results suggest that temporal variation in postabandonment erosion is primarily driven by large-scale rainfall events, although with
intervening low magnitude changes due to seasonal weather trends and other
specific localised factors.
In addition to the inherent value of providing detailed quantification of mining-related
sediment production, the results of this thesis are of considerable wider significance
for a number of additional distinct research themes. Spatial and temporal variation in
the magnitude of historical mine waste production is of fundamental importance for
understanding the response and recovery rate of a river system to the influx of large
volumes of sediment. Previous studies have typically had to relate observed channel
changes to ore output statistics aggregated across large areas or time periods,
limiting understanding of the significance of trends in the distribution and timing of
sediment source locations. The results of this thesis provide high resolution baseline
data on mine-related sediment sources which can now be used to re-evaluate
patterns of fluvial response to intensive historical mining.
The insights into the drivers and rates of post-abandonment change at former mine
sites developed in this thesis also have important wider implications for both
research and management. Although abandoned mines are known to represent
significant ongoing sources of heavy metal contaminants, intra-site variability in the
causes and rates of sedimentary contaminant flux are poorly understood. Linking
the results of the TLS monitoring of Whitesike and Bentyfield to an XRF survey of
the surface sediments allows the identification of key sources of contaminant
release; the findings of which are of direct relevance for other abandoned mines in
similar upland settings. Similarly, the results of the fieldwork at Whitesike and
Bentyfield provide complementary information regarding the continued erosion of an
important archaeological site. In addition to illustrating the range of threats facing the
continued survival of abandoned mines, these results have important implications
for how industrial sites in upland areas can be effectively monitored and managed in
the future.
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Chapter 8.

Conclusions

8.1 Summary of research
Historical metal mining has caused extensive disturbance of upland catchments and
the release of highly contaminated waste sediments, leading to significant
downstream impacts on the fluvial system. Despite this, the actual magnitude of
mine-related sediment production is generally poorly constrained and often with
limited understanding of localised spatiotemporal variability in the sources of mine
sediments. Similarly, although erosion rates in intensively mined landscapes are
known to be typically higher than in unmined areas, knowledge of the drivers and
rates of post-abandonment change at historical mines has been limited. This study
therefore set out to address these research gaps by quantifying spatial and temporal
variability in landscape disturbance and sediment production resulting from historical
lead mining. The focus of the research included consideration of both the peak
period of historical metal mining (1700 – 1948) and subsequent post-abandonment
reworking and erosion of mine sediments. The research utilised a nested scale
approach to the analysis, including both overall and individual consideration of four
contiguous sub-catchments within the North Pennines, UK, as well as detailed
examination of two case study mines at Whitesike and Bentyfield.

8.2 Key findings and original contributions to knowledge
Objective 1: To reconstruct spatiotemporal variability in the intensity of mining
activities using a combination of existing archaeological data sets, mapping of
mining-related features and documentary research into recorded lead ore outputs
Reconstructing spatial and temporal trends in the intensity of historical metal mining
was a fundamental stage in developing a rigorous assessment of mine sediment
production and, by extrapolation, potential associated landscape impacts. Mapped
mining-related features highlighted considerable spatial variation between different
areas (Chapter 4). The density of mining operations within the Nent catchment
was markedly higher than elsewhere. A pattern of generally low densities of
surface disturbance interspersed with localised foci of intensive mining
operations characterised much of the South Tyne, Black Burn and Upper Tees
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catchments. These trends were reflected in the distribution of the 465 named mines
within the study area, with the Nent having almost twice the spatial density of
documented mines than any of the other catchments.
Classifying the mapped mining features into groups associated with different
aspects of the mining workflow provided insights into variation in the nature of
surface disturbance. Features relating to the deposition of waste sediments
were the most frequent and spatially extensive, indicating that a considerable
source of mine wastes are still located within the modern landscape. Evidence for
ore extraction and processing was also abundant, with the geomorphic impact of
these stages of mining being significant due to their historical role in mobilising vast
quantities of waste sediments. The spatial extent of features associated with mine
infrastructure was limited, although the importance of this aspect of mining in
redistributing both ore and waste sediments is still considerable. Smelting was
restricted to only four locations but documentary evidence suggests that ore from
the mines was actually distributed far more widely throughout Northern England.
Relating the named mines to documentary records allowed spatial and temporal
variation in levels of ore production to be analysed. Ore production figures were
identified for 30% of the named mines, resulting in a total recorded lead ore
production between 1700 and 1948 of 443454 tonnes. Trends in documented
output broadly follow those for the overall UK lead industry, indicating that a
combination of both local factors and national concerns were jointly responsible for
temporal fluctuations in production. The 18th century was characterised by the
gradual development of large-scale mining operations and the intensification of
workings in the Nent valley. The early to mid-19th century saw a rapid increase in the
number and spatial distribution of productive mines. As the industry dwindled,
production became consolidated into fewer spatially isolated, large-scale workings.

Objective 2: To estimate the scale of waste sediment release associated with lead
mining operations using ore to waste scaling ratios and digital terrain analysis of
surface mine workings
Accurate quantification of mine waste sediment production represents an area of
considerable uncertainty within current understanding of the geomorphological
impacts associated with historical metal mining. Empirically derived ore-to-waste
scaling relationships and digital terrain analysis of surface mining features were
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therefore used to provide realistic estimates of waste sediment production totals
(Chapter 5). Although there are numerous uncertainties associated with these
calculations (Section 5.5), the result does provide a useful approximation of the
overall magnitude of mining-related sediment release to the local river channels.
Hushing was identified as the primary source of mining-related sediments,
resulting in ~4.61 million tonnes of mobilised sediment across the entire study
area. In contrast, waste sediment estimates based on subterranean mining
totalled ~2.56 million tonnes. The prominence of hushing as the key process
leading to the production of high volumes of waste sediments relates to the
inefficiency of this extraction method relative to adit mining. The lack of large
deposition fans at the outlets to most of the mapped hushes strongly suggests that
the majority of waste sediments produced by hushing were dispersed into the wider
stream network during the active period of mining.
Spoil heaps and dressing waste deposits represent long-term storage landforms
which need to be considered within any mining-related anthropogenic sediment
budget analysis. The results of the digital terrain analyses suggest that ~2.35 million
tonnes of mine sediments are still stored as surface deposits within the study
catchments. The net difference between the estimated mine sediment
production and sediment storage totals was therefore a residual of >4.82
million tonnes.
Linking these waste sediment estimates to the reconstruction of spatiotemporal
variability in the intensity of mining (Objective 1) allows sediment source outputs
from specific areas and time periods to be quantified for the first time. The mine
operations generating these waste sediments can be linked to specific source
locations and timings, providing detailed and spatially focused estimates of
mine sediment production which have not previously been available to
studies of upland channel planform change.

Objective 3: To investigate variation in potential geomorphic coupling linkages
between historical lead mines and the main river channels using a sediment
connectivity index
Contemporary accounts suggest that the deliberate disposal of waste sediments
from mining into local river systems was common practice, at least prior to the
introduction of later 19th century legislation (Bainbridge, 1856; Rivers Pollution
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Commission, 1874; Glen, 2012). In contrast, the potential for mine wastes to have
reached the rivers via incidental physical transport mechanisms is instead reliant on
the degree of geomorphic coupling between the sources of mine sediments and the
river channels. The application of a sediment connectivity model indicated
considerable variability in the amount of coupling both between and within individual
catchment areas (Chapter 5).
The Nent had the highest modelled mean connectivity value, largely due to the
relatively narrow valley width and steep hillslopes resulting in short and effective
flow paths to the main river channel. Modelled connectivity within the other
catchments was far more heterogeneous than the Nent, primarily due to the
larger size and morphology of these areas and the presence of distinct tributary subcatchments.
Comparisons of the spatial locations of mapped mining features indicated
statistically

significant

differences

in

the

average

sediment

connectivity

characteristics for named mines, hushes and spoil heaps. The proximity of many
mines and spoil heaps to either the valley floor or to steep slopes adjacent to
tributary streams explains their higher connectivity values. The lower average
connectivity values for hushes relates to the extensive spatial area covered by many
of the larger examples, including upper hillslope sections as well as valley floor
outlets. This meant that although the central gully of the hush was typically identified
as a preferential flow path with high connectivity values, the overall average values
were appreciably lower. Superficially, this result is in marked contrast to the
qualitative observations that depositional landforms associated with hushes are
limited and that this form of extraction was therefore an efficient method of sediment
dispersal. These results indicate that structural sediment connectivity models
are valuable indicators of catchment-scale variability in patterns of coupling
between sediment sources and river channels, but the lack of integration of
process-driven change means that care needs to be taken when interpreting
quantitative model outputs.

Objective 4: To assess long-term post-abandonment morphological changes
occurring at two case study lead mines (Whitesike and Bentyfield) during the period
1868-2010 using historic maps and aerial photography
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Large-scale morphological changes at Whitesike and Bentyfield during the period
1868-2010 were primarily the result of erosion linked to the changing flow patterns
of Garrigill Burn and the progressive profile modification of certain mine waste heaps
(Chapter 6). The channel of Garrigill Burn, as with many lower order streams
adjacent to historical metal mines, was heavily managed and culverted during
the active period of mining. However, the stream began to revert to a more
natural, sinuous course almost immediately after the mines were abandoned,
with large sections of previously culverted channel already exposed by c.1900. The
collapse of structural remains associated with the former management of the stream
was followed by extensive bank erosion throughout the 20th century, meaning that
only one culverted section of channel has survived through to the present day.
The main spoil heap at Bentyfield Mine has remained relatively stable since the
mine was abandoned, with no major morphological changes apparent on either the
historic maps or aerial photographs. In contrast, there has been significant
modification of the tailings heaps located to the west of Whitesike Mine since at
least the mid-20th century. Narrow gullies in the unvegetated western slopes of the
tailings heaps developed at some time between 1958 and 1976, with the main
central gully having deepened and widened significantly by 2009. The erosion of
these tailings heaps is of specific importance due to the presence of Garrigill Burn at
the base of the slope and the resulting high degree of connectivity between
highly contaminated eroded mine sediments and the wider stream network.

Objective 5: To quantify short-term (monthly to multiannual) post-abandonment
morphological change at Whitesike and Bentyfield mines using terrestrial and
airborne laser scanning and a UAV survey
Erosion rates are known to be generally significantly higher in former mining
landscapes than in comparable un-mined areas (Toy and Hadley, 1987; Tarolli and
Sofia, 2016). However, previous research into the erosion of abandoned mines has
tended to focus on individual geomorphological processes or surface characteristics
(e.g. Davies and White, 1981; Nyssen and Vermeersch, 2010), meaning that overall
post-abandonment sediment budgets cannot be constructed. The methods used in
this study quantify surface change across the entire mine area at a level of spatial
and temporal resolution which has not previously been attempted. The results allow
the

relative

significance

of

different

geomorphic

processes

and

surface

morphologies to be assessed at both monthly and annual timescales (Chapter 6).
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Overall topographic change recorded by the TLS surveys at Whitesike and
Bentyfield was erosional, with approximately 455 tonnes of eroded sediment
reaching Garrigill Burn during the 18 month monitoring period (~3.03.5 t a-1).
Gullying was the most significant process, accounting for 62% (~281 t) of all
of the recorded erosion and primarily concentrated in the major gully system on
the west facing slopes of the tailings heaps. Bank erosion accounted for a further
31% (~140 t) of sediment loss and occurred throughout the mined area, including
both large-scale collapses and erosion due to diffuse subaerial processes. Other
erosion processes were identifiable from the TLS results but only diffuse slope
erosion and mass movements recorded more than 10 t of change during the 18
month period. The importance of gullying and bank erosion in driving extensive
morphological change at these mines correlates well with the results of both
the longer-term analysis (Objective 4) and the 2009-2012 airborne change
detection. However, DEM inaccuracies associated with pronounced shadowing on
the tailings heaps means that the quantitative results of the UAV survey have to be
treated with caution.
Large-scale morphological surface changes at abandoned mines are primarily
driven by high magnitude, low frequency rainfall events. The pronounced peak
in the magnitude of recorded erosion at Whitesike and Bentyfield in May 2013 was
the result of a rainfall event of moderately high intensity, impacting on ground still
saturated from antecedent snow melt and rainfall conditions. Convective storms
occurring in late spring are often particularly damaging, due to a combination of
direct erosion and the flushing of colluvial sediments eroded from the slopes during
preceding winter months, with this temporal trend having also been noted by
previous authors (Olyphant et al., 1991; Smith and Olyphant, 1994). These high
magnitude events are interspersed with smaller-scale erosion due to a combination
of seasonal weather conditions, ongoing gravitational movement of colluvial
sediments and intermittent mechanical disruption through land-use practices such
as animal grazing. Therefore, although large-scale changes are typically linked to
high intensity weather events, frequent low magnitude surface changes play an
important preparatory role in determining overall temporal fluctuations in
sediment yields at abandoned mines.
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Objective 6: To construct two sets of sediment budgets based on the results of
objectives 1-5; one for the active period of lead mining and another representing
post-abandonment erosion
Multiple sediment budgets were constructed based on the results of the analysis of
both the active period of lead mining and of post-abandonment surface change
occurring at Whitesike and Bentyfield mines (Chapter 7). The overall sediment
budget associated with the active period of historical mining emphasised the
importance of hushing as the dominant process leading to sediment production
within the overall study area. However, sediment budgets for the individual
catchments highlighted considerable spatial variation. Hushing dominated within
the Nent and Upper Tees but waste estimates from subterranean mining were
more significant for the South Tyne and Black Burn valleys.
The sediment budgets relating to post-abandonment change at Whitesike and
Bentyfield quantitatively compared the significance of different geomorphic
processes across each of the main mining areas. This reaffirmed the conclusion that
gullying was the dominant process leading to post-abandonment erosion,
especially on the unvegetated slopes of the tailings heaps. Bank erosion was the
dominant process across much of the rest of the survey area, although with several
other processes influencing surface change within both the slope and channel
domains. Related budgets based on estimated contaminant flux suggest that the
sediment mass totals correspond to a net export of ~4.7 t of Pb and 2.2 t of Zn
between September 2012 and March 2014.
Importantly, the results of the sediment budget analysis could also be used to
compare the relative contribution of sediment production during historical mining
operations to that caused by post-abandonment erosion (Section 7.3.3). Scaling up
the results from Whitesike and Bentyfield to cover all mapped mines within the study
area indicated that the amount of post-abandonment erosion during a
representative 100 year period was still only approximately half of the mining
age sediment production total. This result emphasises the significance of
sediment production during historical mining operations but also suggests that, if
current erosion rates continue, post-abandonment sediment yields are likely to
have exceeded historical values during the next ~70 years. Although this
estimate contains several necessary assumptions and the timescales remain
approximate, it further demonstrates that abandoned mines are an ongoing and
large-scale source of contaminated sediments.
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8.3 Limitations of the research
8.3.1

Quantification of historical sediment production

The limitations of the reconstruction of historical sediment production estimates
have been outlined in detail in Section 5.5 and summarised in Tables 5.14 and 5.15.
These limitations primarily relate to uncertainties associated with the input data used
in the waste estimate calculations (Section 5.5.1), as well as measurement errors
associated with the volumetric calculation of surface mining features (Section 5.5.2
– 5.5.4). The application of a sediment connectivity index has provided useful
insights into likely spatial variation in coupling between mining-related sediments
and river channels, but the method employed also has a number of potential
limitations, which were discussed in Section 5.5.5.
Although the majority of the potential sources of error associated with the
reconstruction of historical sediment production could not be quantified due to a lack
of comparative data (Section 5.5.6), certain general conclusions can be drawn about
the relative significance of the different uncertainties. The key sources of error in the
historical calculations are likely to relate to incomplete mine production records,
especially for earlier (pre-1845) periods, and the largely unquantified contribution of
waste sediments from unproductive mines. Importantly, however, both of these
sources of error imply that the waste estimates provided in this study represent
underestimates of the total amount of mining-related sediment production. The final
residual values can therefore be considered a minimum approximation of the total
amount of historical sediment production by lead mining.
Directly resolving the magnitude of these uncertainties was not possible with the
available data but the mapping of surface disturbances caused by mining activities
has provided an alternative and complementary assessment of mining-related
landscape impacts (Chapter 4). Future work should aim to refine the quantitative
waste estimates through the integration of additional historical data sets, the
subterranean survey of a sample of mine tunnels to improve the validity of the oreto-waste regression equation and field validation of the connectivity model results.

8.3.2

Post-abandonment mine erosion and sediment release

The limitations of the quantification of post-abandonment erosion at Whitesike and
Bentyfield mines primarily relate to errors associated with the different survey
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techniques and the method of DEM-based change detection that was employed.
Absolute accuracies for ALS data are typically within the range ±0.15 m, although
this varies depending on specific ground cover and slope characteristics (Aguilar et
al., 2010). The elevation error associated with the construction of the UAV structurefrom-motion (SfM) DEM was 0.22 m. The registration of the two point clouds
resulting from these surveys was achieved to a standard deviation error of 0.08 m.
Although these errors are all relatively low, there will undoubtedly be some
inaccuracy in the calculated volumetric change results due to the influence of spatial
variability in such input data errors. These errors are likely to be especially high in
areas of steep topography or inconsistent lighting, where the SfM technique in
particular will be of reduced accuracy (Hugenholtz et al., 2013). This error can be
identified in the results for the western tailings heaps, which show a systematic
elevation offset that almost certainly relates to UAV DEM errors (Section 6.3.2.3).
Errors associated with the repeat TLS surveys are markedly lower than those from
the combined ALS and UAV change detection. The stated accuracy of the VZ-1000
scanner used for the monitoring is 8 mm (1.s.d at 100m range), with an equivalent
precision value of 5 mm at the same distance (RIEGL, 2013). The co-registration of
the monthly TLS data sets is also significantly better, typically achieving a standard
deviation error of <10 mm. The final resolution of the TLS DEMs was 0.05 m for the
full area analyses and 0.02 m for the subset areas, both of which were far higher
than the 0.5 m resolution DEMs produced from the UAV and ALS surveys.
Errors in the input DEMs utilised in change detection analyses are typically
accounted for in some way by the method of change detection employed. The
change detection method selected for this study thresholds cell values based on
their estimated elevation uncertainty, before applying a spatial coherence filter at a
specified confidence interval (Wheaton et al., 2010) (Section 3.7.3). The advantages
of this technique are that it incorporates variation in ground and survey data
characteristics into the change estimates and that it retains small-scale process
changes that are typically removed by conservative minimum level of detection
thresholding. However, the results of the TLS monitoring for this study highlighted
that the spatial coherence filter was retaining >90% of all change cells due to the
high point densities and low surface roughness. One consequence of this was that
the method was overlooking small-scale registration errors between monthly point
clouds, which could explain the cyclical pattern of small-scale changes in some of
the TLS results. Nevertheless, the implications of this limitation for the current study
are minimal due to the relatively large scale of topographic change being recorded.
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8.4 Recommendations for future research
There are a number of avenues of future research which this study has indicated
would be particularly valuable for further developing understanding of mining-related
sediment production and impacts. Whilst this study was restricted to consideration of
the mining of lead ore only, future work should look to broaden the focus to include
the extraction and processing of other metals and minerals. With respect to the
analysis of sediment production contemporary with historical mining operations,
there is also a clear need to further refine the scaling relationship between ore
production statistics and associated waste sediment volumes. This would enable
more accurate estimates of waste sediment production to be made and therefore
reduce potential errors within the overall sediment budget calculations. Valuable
approaches to achieve this would be the inclusion of additional mine abandonment
plans and the direct recording of mined extents via subterranean surveys, for
example using handheld laser scanners (James and Quinton, 2014).
Hushing was identified as the ore extraction process responsible for the most
significant amount of waste sediment mobilised to the wider landscape. However,
there are several aspects of this method of hydraulic mining which remain poorly
understood, including the dating of the hushes, the precise techniques of operation
and the rates of post-abandonment erosion. Constraining the dating of hushing in
particular is crucial to reconstructing patterns of mine sediment release and
associated geomorphological impacts. Although the nature of the hushing process
means that they are unlikely to contain abundant artefactual material, accurate
dating could be achieved through luminescence dating of associated deposits, such
as upcast material used in the construction of the hush dams (Bailiff et al., 2015).
A further profitable research direction would be to re-analyse the timing and patterns
of river channel planform change in light of the detailed record of spatiotemporal
variation in mining-related sediment sources generated by this study. Integrating this
high resolution sediment source data with observed channel changes in
corresponding catchments will allow the response and recovery rates of fluvial
systems impacted by large volumes of mine waste sediments to be better
understood (e.g. Section 7.4.1). These analyses would be particularly effective if
combined with additional complementary data already utilised by previous authors,
such as lichenometric dating and trace metal analysis of mining-age floodplain
deposits (Macklin, 1986a, 1997). Morphometric sediment connectivity indices, such
as that employed by this study, are also undoubtedly of considerable value for
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understanding historical patterns of sediment transfer and coupling between mines
and river channels. However, there is a definite need for further research into the
field validation and parameterisation of such connectivity models, especially when
they are being applied in situations where anthropogenic activities, such as hushing,
may have altered standard topographic patterns of sediment transfer (Tarolli and
Sofia, 2016). For example, in future studies the connectivity of hushes could
perhaps be considered in terms of their endpoint location adjacent to the stream,
rather than as average connectivity across the entire landform.
The monitoring at Whitesike and Bentyfield has generated a detailed record of the
drivers and rates of topographic change at these two abandoned historical mines.
However, there is a need to extend such monitoring to additional sites to establish
how representative the results of this study are of abandoned mines in alternative
upland settings. As part of this extended monitoring, the opportunity to refine
particular field and data processing methodologies should be taken, including
improving methods of geomatics data integration and change detection. In
particular, the validity of the method of assigning uncertainty to elevation change
estimates developed by Wheaton et al. (2010) should be more thoroughly tested
through error analysis involving a wider range of field conditions and data sets.
Monitoring results obtained from several different abandoned mines would provide
invaluable baseline information which could form the basis of more generic erosion
susceptibility models. For example, heuristic multi-criteria evaluation (MCE)
methods of erosion susceptibility modelling typically utilise empirically-derived
weighting factors to differentiate input parameter significance and have been
successfully applied in both geomorphological and archaeological contexts
(Baillifard et al., 2003; Kamp et al., 2008; Reeder et al., 2012; Antoniou, 2013).
Developing such models to specifically consider erosion rates at abandoned
historical mines could provide an effective tool for understanding and managing
patterns of ongoing change and would be of value to a wide range of stakeholders.
In a more general sense, this study has demonstrated that the interrelationships
between metal mines and their surrounding landscapes are complex, multi-faceted
and multi-scalar. Mining landscapes, both historically and in terms of their ongoing
legacy effects, are of direct relevance to a wide range of academic disciplines and
practitioners. Any future research therefore ideally needs to be based on an
interdisciplinary approach, incorporating the knowledge, methods and priorities of
geomorphologists, ecologists and archaeologists alike.
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