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Geology has played, and continues to play, a significant role in how places in Scotland have 10 
developed.  This influence of geology is wide reaching.  It has underpinned the creation and 11 
availability of natural resources that have had a large role in guiding how and where 12 
settlements develop and economic growth (Smith et al. 2023, Ch. 17, this volume).  Geology 13 
has also shaped the physical appearance of our present-day landscape – different rock 14 
types weathering and eroding in response to successive glaciations and long-term 15 
geomorphological processes (Press and Siever 1998) – and it underpins the diversity and 16 
richness of derived soils and biodiversity in Scotland (Dobbie et al. 2011).  All of these have 17 
shaped Scotland’s development through time and how people live and connect across the 18 
country today. The distribution of agriculture, farming and forestry, for example, all primarily 19 
reflect the underlying capability of soil and water resources, whilst the industrial development 20 
of the Midland Valley in the 18th century was a direct result of the accessibility of mineral 21 
resources and adjacent natural trading ports.  Similarly, from the second half of the 20th 22 
century, the exploitation of North Sea oil resources has had a major impact on the economy 23 
and development of former market/fishing port settlements in Shetland, Easter Ross, Angus 24 
and Aberdeen and the oil refining plants at Grangemouth, Stirlingshire and Mossmorran in 25 
Fife.  26 

As a result, geology not only underpins Scotland’s natural environment and heritage, but it 27 
has also strongly influenced how places and communities have developed and the nation’s 28 
social heritage.   This pervasive influence of geology was recognised as early as 1882 by 29 
Archibald Geikie in his work Geological Sketches where he states, “probably few readers 30 
realise to how large an extent the events of history have been influenced by the geological 31 
structure of the ground whereon they have been enacted”. Geikie makes the point that 32 
geology provides not only a physical framework of natural resources and landscape 33 
development, but it is also a key influence in determining how humans interact with places.   34 

This chapter provides a series of examples as to how geology has influenced the 35 
development of places in Scotland and continues to do so.  In particular, the chapter looks at 36 
the contribution of geology to the development and population growth of the Midland Valley 37 
through the industrial revolution, and the imprint this has had on the present-day 38 
environment. The second part of the chapter explores some of the emerging ways that 39 
geology can help build resilient places and infrastructure under climate change.  40 

 41 
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Central Scotland today is home to ca. 3-4 million people – holding the majority of the nation’s 44 
population (Scottish Government 2020a), in part due to the growth and wealth from its former 45 
industrial development.  In geological terms, the Midland Valley of Scotland comprises the 46 
relatively low-lying part of central Scotland and is bounded to the north and south by the 47 
Highland Boundary Fault and Southern Upland Fault, respectively (Cameron and 48 
Stephenson 1985).  Carboniferous aged rocks, comprising of repeating sequences of 49 
mudstone, siltstone, sandstone and limestone, with coal, ironstone and seatearths underlie a 50 
major part of the Midland Valley (see Chapter 10 this volume) including Ayrshire, Glasgow, 51 
Lanarkshire, the Lothians and parts of Fife and Stirlingshire.  Superficial deposits of glacial 52 
and marine, estuarine, deltaic and alluvial origin overlie these rocks across the region to 53 
varying extent and thicknesses, reflecting a range of glacial and post-glacial depositional 54 
processes (Browne and McMillan 1989).  55 

These rocks played a fundamental role in the industrial development and population growth 56 
of the region, providing accessible resources of coal, ironstone, oil shale and limestone as 57 
well as building stone.  Superficial deposits across the region have been heavily exploited by 58 
excavation of brick pits and sand and gravel pits.   The development of iron and steel 59 
production and subsequent heavy engineering industries in central Scotland during the 18th 60 
and 19th centuries were in large part due to the existence of these resources (Smith et al. 61 
2023, Ch. 17, this volume).   At their peak, Scottish coal fields within the Midland Valley 62 
produced approximately 44 million tonnes annually (Younger 2001).   63 

The major oil extraction and refining industry developed in the central Midland Valley in the 64 
1850s to produce oil and paraffin wax from the West Lothian Oil Shale Formation reaching 65 
its peak in 1913 and producing 27.5 million barrels of crude oil. This led to huge increases in 66 
the population (up to 900%) of some West Lothian villages. The industry gradually declined 67 
after the First World War and closed in 1963. The red shale waste heaps (or bings) remain a 68 
striking part of the West Lothian landscape today, creating specialist ecological habitats and 69 
many have been repurposed for recreational activities (Harvie 2005; Almond Valley Heritage 70 
Trust 2021).  71 

These industries and the mining of the Carboniferous geology, were for many decades the 72 
backbone of Scotland’s economic development until as recently as the middle of the 20th 73 
century.  The premier example of this is Glasgow.  The development of the Glasgow 74 
conurbation and its prominence as an industrial city in Scotland was based largely on the 75 
combination of: (1) the proximity of the River Clyde offering easy transport; and (2) mineral 76 
extraction from numerous and easily accessible coal and ironstone seams of the 77 
Carboniferous geology.  By the 18th Century, Glasgow became the third most important port 78 
in the UK, after London and Liverpool, with imports of tobacco, cotton, coffee, rum and sugar 79 
(Glasgow City Council 2014).  From 1732 onwards, the establishment of ironworks and 80 
forges, predominately in the East End of the city, increased the local demand for coal and 81 
ironstone at the expense of the export trade. Modification of the River Clyde throughout the 82 
18th and 19th centuries enabled it to become deep enough to accommodate the largest 83 
commercial vessels thus allowing easy import of raw materials and export of finished goods 84 
(Bowie 1975). In this period, Glasgow became a centre of heavy industry renowned for ship 85 
building (based on the River Clyde), railway engineering, iron and steel manufacture and 86 
cotton spinning. At one time, the world’s largest cyanide and chromium works were located 87 
in Glasgow.  By 1800, the population of Glasgow had grown to 84,000; reflecting the 88 
gathering momentum of the industrial revolution (Browne et al. 1986). Across the whole 89 
Glasgow conurbation, the trend of increasing population and commercial success continued 90 
well into the 20th Century.  91 
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Similar industrial growth was seen across the River Clyde catchment and wider parts of the 92 
Midland Valley through the 18th and 19th centuries with the advent of the railways, which 93 
enabled transport of raw materials to the ports. Motherwell, for example, remained a small 94 
hamlet to the southeast of Glasgow until it became a railway junction with a direct link to 95 
Glasgow. The creation of excellent transport routes led to the development of a number of 96 
major iron and steel works in the town, and a wide range of other heavy engineering in the 97 
area, building everything from munitions, to bridge components, and trams.  Similarly, 98 
Coatbridge emerged as a settlement following the construction of the Monklands Canal in 99 
1788 to transport coal from the North Lanarkshire coalfield to Glasgow.  By 1869, the 100 
Gartsherrie Ironworks at Coatbridge had become the largest in Scotland at that time, 101 
employing 3,200 people. The arrival of the Forth and Clyde canal in 1788, and then the 102 
railways in the 1820s transformed the towns of Kirkintilloch and Wishaw, respectively, into  103 
centres of cotton weaving, iron working and boat building (East Dunbartonshire Council 104 
2014; Lanarkshire Communities 2014).  105 

With the advent of increased globalisation during the 20th century, heavy industry and mining 106 
in central Scotland declined between the 1950s and 1980s.  Since then, the regeneration of 107 
many former heavily industrialised areas in the Midland Valley has taken place, and is 108 
ongoing, with light industry and housing.   109 

Modern day impacts of this development  110 

The industrial development in the Midland Valley has left a legacy of modified landscape and 111 
watercourses, abandoned mines, infilled quarries, industrial waste and contamination; all of 112 
which influence land and water quality across the region as well as wider Scotland.  This 113 
modified landscape and the underpinning geology and ground conditions play a strong role 114 
in modern development of the region, influencing building design, preferred location of 115 
development and required remediation of land areas amongst other things.  Each of these 116 
are discussed in more detail in the following sections.     The requirement for geological 117 
understanding and ground characterisation in development approaches is growing, with sites 118 
that once would have been considered too complex and uneconomic to consider 119 
redevelopment, are increasingly being brought forward for new uses.  This is due to several 120 
drivers, including land pressure, regeneration policies and preference to develop brownfield 121 
sites over greenfield sites under Scottish Planning Policy (Scottish Government 2014).  This 122 
development planning approach aims to improve urban environmental quality and create 123 
more cohesive towns and cities without tracts of disused land.   The brownfield legacy of 124 
sites can; however, pose individual challenges for present day development which requires a 125 
detailed understanding of ground conditions to be made early on in development 126 
considerations (see Topic Box 18).  127 

Mining and subsidence 128 

As a result of the industrial development of the region, most of the Midland Valley and 129 
central Scotland is now underlain by extensive former mining operations (Younger 2001).  130 
An immediate challenge for any development work is that much of the mining legacy 131 
predated accurate record keeping.  It was not until the late 19th century that it become a legal 132 
requirement to record the extent of mine workings on abandonment plans when a mine 133 
closed.  For example, Glasgow City Council has approximately 1,000 records of abandoned 134 
mineshafts within its administrative area, which are believed to be around one third of the 135 
true number.   Recently, extensive effort has also gone into digitising available mine 136 
abandonment plans across the UK and Scotland. These data are published and available 137 
from The Coal Authority (2022).  138 
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Much of the shallow mining in the Midland Valley was carried out by partial extraction 139 
methods; bell pits; stoop and room; and longwall mining. These leave a risk of collapse of 140 
the mine workings, possible subsidence or crown hole development at the surface (Fig. 141 
18.1a), depending on the depth of the workings, the thickness of coherent rock strata above 142 
the workings, and the dip of the geological strata.   143 

Stoop and room mining was the principal method in the Midland Valley until the middle of the 144 
20th Century (Younger et al. 2002), with mineral resources being extracted in a grid like 145 
pattern – Fig. 18.1b. Miners dug straight tunnels into the mineral seam, often parallel and 146 
perpendicular to seam dip, and extracted the desired mineral as they moved forward. To 147 
prevent the collapse of the mine, roof pillars (or ‘stoops’) of the seam were left in-situ. These 148 
pillars created avenues and roadways that could either be left open once the mineral had 149 
been worked, or in some instances once the miners had reached the maximum extent of the 150 
workings, they would work backwards removing the pillars as they moved out of the mine to 151 
obtain total abstraction.   152 

As part of any development consideration in the present day, it is vital sites are carefully 153 
assessed to determine the risk of ground movements from collapsing historic mine workings 154 
and mineshafts.  Site investigation programmes require to establish the depth of mine 155 
workings present below rockhead and the ability of the overlying strata to hold the additional 156 
weight of a new building or structure (Chiverrell 2019).  A detailed appraisal of ground 157 
conditions, must also be given when constructing piled structures in areas where mine 158 
workings are present - the toe of foundation piles can impose a point load on rock, causing 159 
penetration of the workings (BSI 8004:2015+A1:2020).  Consideration is also required 160 
relative to historic mineshaft locations and risks associated with mineshaft collapse under 161 
development proposals.  The Construction Industry Research and Information Association 162 
(CIRIA) abandoned mine workings manual (C758D) provides a risk-based approach for all 163 
investigation in mining legacy issues, mitigation and remediation (Chiverrell 2019).  164 

The effect of these ground conditions is seen today in issues of subsidence and the 165 
programme of works often required to stabilise significant areas.  Glasgow began to respond 166 
to the challenges of abandoned shallow mining in the 1980s by instituting a programme of 167 
site investigation and infill grouting of shallow workings.  This was principally designed to 168 
preserve the built heritage of typical tenements; but has since extended to other areas and 169 
building types that are underlain by the shallow mine workings of coal and ironstone, but 170 
also in limestone, sandstone, fireclay and alum shale. This has led to an extensive 171 
programme of grouting across parts of the city – Fig. 18.2.    Angled holes designed in a grid 172 
target the underlying geological seam and inject a grout mix comprising pulverised fuel ash, 173 
cement and sometimes sand under low pressure to fill the voids in the abandoned workings.  174 
The grout, when set, has no great strength, but acts as a void filler to prevent the roof 175 
material in the workings from collapsing. Recently, expanding grouts – foamed concrete and 176 
polymer resin – have been utilised to prevent flow down open roadways, and in one case, 177 
actually lift a damaged building structure back nearer to original level. This latter effect is 178 
only possible where the workings are very shallow (less than 2m below foundation level), 179 
and for a rigid building structure. 180 

Landfill, mine and ground gas 181 

The potential for ground gas is another factor which has resulted from the history of 182 
exploitation of superficial deposits and mining operations through the Midland Valley.  183 

Assessing the potential for ground gas is a key component of ground investigation and 184 
geological considerations in any development works in the Midland Valley, as well as across 185 
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many other regions of Scotland.  The former mining and quarrying activities across the 186 
Midland Valley left a network of abandoned underground features.  Historically these were 187 
often used for the direct disposal of various wastes and by-products from the industrial 188 
processes; and there are now significant volumes of made ground across the region of 189 
unrecorded provenance; and also, as a direct result of general upfilling of land as part of 190 
development phases.  Other post-industrial features such as disused former railway cuttings 191 
or quarry features were also commonly infilled and utilised for waste disposal purposes too.  192 

All of these features and processes require to be regarded as potential sources of landfill or 193 
ground gas such methane (CH4), carbon dioxide (CO2) and hydrogen sulphide (H2S); which 194 
can also be found in organic rich soils (peat) and rocks.   195 

The term ‘mine gas’ is used specifically to refer to methane, hydrogen sulphide, carbon 196 
dioxide and carbon monoxide gases released from coal seams and the surrounding bedrock. 197 
Changes in oxidation state of the coal seam and strata, lead to the stored gas desorbing into 198 
the air or groundwater within surrounding fractures or voids spaces within the rock. This 199 
happens when the coal is mined, or a borehole or foundation solution is advanced into an 200 
intact seam.  It can also occur when unworked seams above and below a worked seam are 201 
disturbed by ground movements; or when the mine workings are dewatered leading to a 202 
change in oxidation state. Abandoned mines can continue to release mine gases such as 203 
methane until the workings are completely flooded or the gas reserve is depleted 204 
(Department of Energy and Climate Change 2011). 205 

Landfill, ground and mine gases can be harmful to human health in specific circumstances if 206 
they reach the ground surface and accumulate in insufficiently ventilated or protected 207 
buildings. This was evidenced in the Gorebridge incident in Midlothian within central 208 
Scotland in 2013-14, where gas ingress from mine workings occurred to residential buildings 209 
and caused demonstratable health effects (National Health Service (NHS) Lothian 2017; 210 
RSK-Scottish Government 2019; BSI 8485:2015+A1:2019).   211 

As part of site development considerations, it is vital that risks from ground and mine gas are 212 
well understood. Depleted oxygen levels should also be considered in the context of ground 213 
and mine gas.  This involves understanding the geological conditions of a site and made 214 
ground presence, the nature of the coal seams present, any contamination present; 215 
expected changes in groundwater level and climate change influences; and how the 216 
development proposals could influence conditions and potentially create pathways.  If a risk 217 
from ground or mine gas is identified, risk assessments may be undertaken as part of a 218 
ground investigation approach; this may include ground gas monitoring.  There is much 219 
published guidance on this subject; however common approaches that follow a multiple lines 220 
of evidence approach are outlined in CIRIA C665 (Wilson et al. 2007), BSI 221 
8485:2015+A1:2019 and BSI 8576:2013 and specific to mine gas as set out by CL:AIRE 222 
(Contaminated Land: Applications in Real Environments) (2021).  This enables the level of 223 
risk, and any remedial or counter measures required to manage the risk, to be well 224 
understood and designed appropriately for the proposed development scenario (Card et al. 225 
2019).   226 

Soil and Land Contamination 227 

Soil is a vital part of a sustainable environment. It underpins a wide range of essential 228 
environmental, social and economic functions from the growth of food, to supporting forestry 229 
and controlling the quality and quantity of water flow (Dobbie et al. 2011).  It can also be an 230 
important store of carbon and underpin a number of internationally important habitats in 231 
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Scotland.  Soil quality is defined as the ability of soil to carry out these functions (Dobbie et 232 
al. 2011).  233 

Soil is primarily composed of decomposed vegetative matter; weathered material derived 234 
from the underlying geological bedrock; and superficial materials deposited by rivers or 235 
glaciers over millennia. The chemical composition of soil is ultimately determined by these 236 
and other factors such as topography, climate, biological action and atmospheric deposition 237 
(McBride 1994, Dobbie et al. 2011).   238 

As soil parent material, geology plays an important role in determining soil geochemistry 239 
(Rawlins et al. 2003). However, in urban and developed environments, the concentrations of 240 
chemical substances are often elevated as a result of atmospheric and terrestrial urban 241 
pollution, transport, industry and the nature of urban ground, which is typically disturbed and 242 
in-filled and bears little relation to the soil of the surrounding rural environment (Birke and 243 
Rauch 2000; Mielke et al. 2000; Fordyce et al. 2005; Johnson et al. 2011).  Hence, urban 244 
soil chemistry is a combination of the natural soil composition plus the anthropogenic 245 
(human-made) contribution (Johnson and Ander 2008).    246 

In Scotland, the industrial history of the Midland Valley is imprinted on the environmental 247 
quality of soils in the region and also the chemistry of groundwater and surface water bodies 248 
in some areas.  A recent study by the BGS demonstrates the combined contribution of 249 
geology, urbanisation and industry to soil chemistry in the River Clyde catchment in the 250 
Midland Valley (Fordyce et al. 2017; 2019).  Systematic surveying of topsoil (0 – 20 cm) 251 
across the region revealed that median chromium concentrations (Cr, 102 mg kg–1) in 252 
Glasgow were higher than in many other UK cities due to the presence of volcanic bedrock 253 
in the area, as well as the history of chromite metal ore processing in the city, as follows.  254 

In rural parts of the Clyde catchment, higher Cr concentrations (> 166 mg kg-1) in topsoil are 255 
associated with the outcrop of the Silurian–Devonian mafic volcanic rocks in the south-east 256 
of the catchment and with the more mafic components of the Clyde Plateau Volcanic 257 
Formation to the south-west of Glasgow (Fig. 18.4).  This is because in the natural 258 
environment, Cr is typically associated with mafic and ultramafic igneous rocks, and 259 
concentrations are commonly higher in organic-rich rocks such as black shale and coal than 260 
in other sedimentary lithologies (Gonnelli and Renella 2013). Higher values of Cr (> 144 mg 261 
kg-1) are also present in the south-east of the Clyde catchment associated with coniferous 262 
forestry and opencast coal mining; and correspond to high-manganese (Mn) soil, suggesting 263 
retention of chromium in secondary Mn-oxides in this low-pH environment.  264 

By contrast, within the urban areas of the Clyde catchment, anthropogenic activities have 265 
had a significant influence on the present-day geochemistry of the soils. High topsoil Cr 266 
values (> 173 mg kg-1) are associated with made ground and industrial sites in Milngavie and 267 
Renfrew–Paisley–Johnstone; with the Moffat Mills distillery/former paper mill in Airdrie; the 268 
former iron pit/works at Calderbank in Coatbridge and at Beith. Elevated values are reported 269 
also at Ravenscraig, Motherwell, which was the largest steel mill in Europe until it closed in 270 
1992 (Fig. 18.4). Rutherglen in south-east Glasgow was home to the world's largest 271 
chromite ore processing plant during the 19th Century, which operated until 1968. Chromite 272 
ore processing residues (COPR) were extensively used as landfill material around south-273 
east Glasgow, and it is estimated that 2,500,000 tons (dry weight) were deposited in the 274 
area during the lifetime of the factory (Farmer et al. 1999). Consequently, Cr concentrations 275 
are significantly elevated (> 173–4286 mg kg–1) in topsoil in these parts of the city (Fig. 276 
18.4).  277 

https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref9
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref60
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref38
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref50
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref51
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref44
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref31
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Efforts to remediate the COPR-waste sites in Glasgow have been extensive in recent years, 278 
and  are ongoing;  including the lining and diverting of water courses away from the known 279 
areas of waste deposition, in-situ chemical treatments with calcium polysulphide and 280 
capping/containment of the waste materials to reduce infiltration and mitigate the impacts on 281 
soil and water quality and human interaction, as part of major urban regeneration 282 
programmes in the East End of Glasgow (Bewley & Sojka 2013) (Fig. 18.5).    283 

Overall, the results of the BGS geochemical survey show that the concentrations of several 284 
chemical substances are elevated (1.1–2.1 times, based on median values) in urban soil 285 
relative to the rural background, as a result of the long history of urbanisation and 286 
industrialisation in the region. These include arsenic (As), copper (Cu), chromium (Cr), 287 
molybdenum (Mo), nickel (Ni), lead (Pb), antimony (Sb), vanadium (V) and zinc (Zn) (Fig. 288 
18.6). In addition, higher soil calcium (Ca) and pH in urban areas, relative to rural soil, is 289 
indicative of the presence of building rubble, slag and made-ground materials such as 290 
concrete in city soil, which is generally calcareous in nature (Fig. 18.6). This is a typical 291 
indicator suite of parameters that is symptomatic of urban anthropogenic pollution, found not 292 
only in Glasgow and the Clyde catchment, but in other cities in the UK and elsewhere (Birke 293 
and Rauch 2000; Fordyce et al. 2012). This demonstrates that even 40 years after the 294 
decline in major industry in Scotland, understanding and managing the legacy of 295 
urban/industrial pollution remains key a key component to planning future places. 296 

Indeed, land can be contaminated by a variety of substances that pose immediate or long-297 
term risks to human health and the environment.  Contaminants can range from asbestos, 298 
polycyclic aromatic hydrocarbons (PAHs), solvents, oil, petrol and heavy metals to 299 
radioactive substances. The sources of contaminants are not just restricted to industrial 300 
processes: others may include agricultural activities, inadequate waste management and 301 
disposal, deposition from the atmosphere and everyday activities such as petrol distribution 302 
and dry cleaning (Scottish Environment Protection Agency 2022a).   303 

Today, there is a much greater appreciation of the environmental impacts of industry and 304 
these are monitored, controlled and regulated by a comprehensive collection of legislation - 305 
including the Controlled Activities Regulations and the Environmental Liability Regulations 306 
(Scottish Environment Protection Agency 2009) and the Pollution Prevention and Control 307 
(Scotland) Regulations 2012.  The contaminated land regime, implementing the provisions of 308 
Part IIA of the United Kingdom Environmental Protection Act 1990 came into force in 2000 in 309 
Scotland (Contaminated Land (Scotland) Regulations, 2000).  This provides a framework to 310 
inform policies, procedures and decisions around the management and remediation of 311 
contaminated land (Scottish Executive 2006).   Under Part IIA contaminated land is defined 312 
as ‘any land which appears to be in such a condition, by reason of substances in, on or 313 
under the land, that either significant harm is being caused or there is a significant possibility 314 
of harm being caused to human health or the environment’. In total across the whole of 315 
Scotland, it is estimated that approximately 67,000 sites (82,034 hectares) could be affected 316 
by land contamination, and so require inspection under Part IIA regulation or alternatively to 317 
be dealt with as part of the planning system (Scottish Environment Protection Agency 2009).    318 

The contaminated land regime follows the “suitable for use” approach as the most 319 
appropriate way to deal with the legacy of contaminated land, recognising that the risks from 320 
contamination are site specific and depend greatly on the proposed usage of the site, as well 321 
as many other factors including underling geology (Scottish Executive 2006).  Risk exists 322 
when a source (a contaminant) and a receptor (e.g. people, groundwater, rivers, ecology or 323 
the wider environment) both exist at a site with a pathway linking the two; termed a pollutant 324 
linkage.  This site-specific risk assessment approach requires a comprehensive 325 

https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref4
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref9
https://www.cambridge.org/core/journals/earth-and-environmental-science-transactions-of-royal-society-of-edinburgh/article/soil-metalmetalloid-concentrations-in-the-clyde-basin-scotland-uk-implications-for-land-quality/633AA5DA7973F653BB3D2B186E192E4A/core-reader#ref40
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understanding of the geology and unique conditions at a development site to best 326 
understand the source(s), pathway(s) and receptors(s) and extent of remedial treatment 327 
required to ensure that human health and the environment are no longer at risk. Therefore, 328 
these assessments often involve environmental geoscience expertise to ascertain natural 329 
and anthropogenic influences on land quality and likely contaminant behaviour and mobility.  330 
.   331 

Surface water and groundwater quality   332 

Surface and groundwater resources are, like soils, key components of a resilient and 333 
sustainable environment, and they underpin ecosystems and a range of industries in 334 
Scotland.   During the former industrial development of the Midland Valley abstraction of 335 
groundwater was extensive; this dewatering enabled the mineral seams to be worked.  One 336 
estimate puts the total volume of groundwater being pumped from mines in the lower Clyde 337 
catchment alone around 1950 at 215 ML per day (Ó Dochartaigh et al. 2007).  Groundwater 338 
in the Midland Valley today is used mainly for agriculture.  In Fife and East Lothian this is 339 
largely for irrigation, and in the south and west of the Midland Valley largely for sheep and 340 
cattle (Ó Dochartaigh et al. 2011). Groundwater abstraction for dairy farming is particularly 341 
widespread in Ayrshire.  342 

The natural groundwater quality in the Carboniferous aquifers is generally good where it 343 
doesn’t intercept mine workings (Ó Dochartaigh et al. 2011).  However, in areas close to 344 
mine workings or former direct disposal of industrial waste, the natural baseline chemistry of 345 
groundwater and surface water resource is often altered.  For example, in Glasgow the 346 
presence of COPR has led to observation of Cr concentrations in surface water up to 6.7 mg 347 
L-1 and in groundwater up to 169 mg L-1 in some cases (Whalley et al. 1999; Farmer et al. 348 
2002, Palumbo-Roe et al. 2017).  Existing UK Environmental Quality Standards for 349 
freshwater receiving waters range from 0.0081 mg L-1 (surface water) to 0.0375 mg L-1 350 
(groundwater) for total dissolved Cr for ‘good’ environmental status (Scottish Environment 351 
Protection Agency 2014; 2019). River-bed sediments are also shown to have been affected 352 
by pollution in the region - a regional geochemical survey of the Clyde catchment finding up 353 
to 3561 mg kg-1 Cr in urban stream-bed sediments in Glasgow (Fordyce et al. 2004).   354 

Although all deep mining in the region has now ceased, it continues to be the biggest 355 
influence on the hydrogeology of the Carboniferous aquifers in the Midland Valley (Ó 356 
Dochartaigh et al. 2011).   Ferruginous mine waters are the most common source of 357 
pollution, and these are predominantly associated with flooded deep mine workings, 358 
particularly coal mines, in the Carboniferous aquifers of the Midland Valley (Younger 2001;  359 
Smith et al. 2023, Chap. 17, this volume). The lowering of water levels and exposure of rock 360 
strata to air during mine dewatering meant iron pyrites and marcasite, both sulphides of iron, 361 
which are present in the Carboniferous strata, could be oxidised to form ferric and ferrous 362 
sulphates, sulphuric acid and ferric oxide.  A systematic survey of baseline groundwater 363 
chemistry in Scotland undertaken between 2005 and 2011 by the BGS and the Scottish 364 
Environment Protection Agency (SEPA), showed the occurrence of this ferruginous 365 
groundwater chemistry in the Midland Valley aquifers, particularly from the Coal Measures 366 
and Clackmannan Groups, where the groundwaters are suspected to intercept abandoned 367 
mine workings.   These groundwaters are generally low in dissolved oxygen and show high 368 
concentrations of bicarbonate (HCO3), Calcium (Ca), sulfate (SO4), iron (Fe) and 369 
manganese (Mn) with evidence of pyrite oxidation within the mined areas (Ó Dochartaigh et 370 
al. 2011; MacDonald et al. 2017). 371 

Monitoring of water levels has occurred in many mines since dewatering was stopped in 372 
Scotland, particularly since the early 1990s.  Groundwater rebound occurs over decades; the 373 
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rates decreasing over time after initially very high rates.  At Polkemmet Colliery in West 374 
Lothian, groundwater rebound was estimated to still be occurring at up to 10 m per year 375 
some ten years after dewatering stopped in 1984 (Chen et al. 1999). There are now around 376 
150 abandoned mines where mine water is still pumped or, more commonly, discharged by 377 
gravity flow to the surface in Scotland (Ó Dochartaigh et al. 2011), and 13 treatment centres 378 
where mine water discharge is treated (The Coal Authority 2020). Most of the flows are now 379 
small, less than 5 L per second, however the ongoing management and treatment centres 380 
required highlights the ongoing influence of the geology and former development to the 381 
groundwater chemistry in the area and how the resource is now used and managed 382 
regionally (Smith et al. 2023, Chap. 17, this volume).  A database of these mines is 383 
maintained by the Coal Authority (Environment Agency 2021).  384 

 385 

 386 

Topic box 18.  Regeneration of vacant and derelict land – the role of geological 387 
expertise and research 388 

The legacy of Scotland’s industrial past means that today almost a third of the Scottish 389 
population lives within 500 meters of a derelict site (Scottish Vacant and Derelict Land 390 
Survey 2019). In deprived communities the figure increases to 55%.  Scotland’s National 391 
Planning Framework promotes re-use of brownfield land in preference to greenfield sites; 392 
with the planning system having a key role in tackling land contamination across Scotland 393 
(Scottish Government 2014; 2018a).  The benefits of redeveloping vacant and derelict land 394 
are multi-fold, as it helps to: improve environmental quality through remediation of any 395 
legacy contamination; develop more compact future urban forms with shorter travel 396 
distances and lowered transport emissions; healthier and spatially better-connected 397 
communities, which can attract further investment; and restoration of urban biodiversity. For 398 
example, the conversion of former claypits on the banks of the Forth and Clyde Canal in 399 
North Glasgow, Hamilton hill to a Local Nature Reserve, now provides accessible green 400 
space for recreation and biodiversity in an inner-city area (Scottish Canals 2022). However, 401 
the development of brownfield sites is complex and extensive investment in remediation of 402 
the sites is often required before construction and new development can begin.   403 

Analysis of the take-up of vacant and derelict land gives an indication of the size of the 404 
challenge of brownfield development in places such as Glasgow.   Around 939 hectares, or 405 
0.54%, of the total available land in Glasgow is classed as vacant or derelict (Scottish 406 
Vacant and Derelict Land Survey 2019).  In recent years an average of 30-40 hectares of 407 
vacant and derelict land were reclaimed and brought back into use in Glasgow. Across the 408 
whole of Scotland, vacant and derelict land still extends to some 11,037 hectares (Scottish 409 
Vacant and Derelict Land Survey 2019).  Bringing this land across Scotland back into use for 410 
environmental, social and economic benefits, takes significant technical expertise.  411 
Understanding the geology, ground conditions, gassing regime and any contamination 412 
present (soil, ground, surface water) is pivotal.  Geological and geotechnical expertise is 413 
essential to be able to appropriately assess ground-related risks (e.g. contamination, ground 414 
movement, ground gas, etc.) and inform appropriate building design and ground remediation 415 
or protection measures.  Looking ahead, geologists will also increasingly need to be able to 416 
identify how changes in climate will alter these risks and the mitigation and engineering 417 
approaches required.  418 

The Sighthill Transformation Regeneration Area (TRA) in Glasgow City (one of five TRAs 419 
currently in the city) is a ready example of the level of geological expertise and input required 420 
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in developing these sites.  Sighthill is one of the largest brownfield development projects 421 
happening in the UK, and it will provide around 1000 new homes, a new park, education 422 
centre, businesses and a local community centre – Fig. 18.7.   Redeveloping this 50-hectare 423 
site will cost in total around £250 million once both the required ground remediation work 424 
and new infrastructure are complete (Glasgow City Council 2022).  Several phases of 425 
ground investigation and input of geological expertise were required to develop a sufficiently 426 
detailed appreciation of the geological constraints of the site for the development proposals 427 
and the contamination source-pathway-receptor relationships.  This site characterisation was 428 
then used to design effective remedial solutions across the site which were suitable for use 429 
planning requirements.  Multiple lines of evidence, including drilling new boreholes, soil and 430 
water sampling, groundwater and ground gas monitoring have been required. The first 431 
phase of remediation of the site involved managing around 1 million cubic metres of soil 432 
material whilst remediation and stabilisation of residual waste chemicals and hydrocarbons 433 
at the site were completed (Glasgow City Council 2022). 434 

 435 

 436 

The role of geology in future opportunities for low carbon places 437 

The role of geology in influencing the development of Scotland is clear – from industrial 438 
growth, to the challenges in the modern-day development within the country.  In the Midland 439 
Valley in particular, geology will undoubtedly continue to influence the development of this 440 
region – not only through complex ground conditions which have resulted from the former 441 
mining in the region, but the geology and industrial legacy also offer potential opportunities 442 
for the future in developing new low carbon technology.  There will be a continued need for 443 
geological expertise and new research to harness these opportunities and inform 444 
appropriate regulation. 445 

Going forward, legacy mine workings and the circulating groundwater resource could offer a 446 
potential resource for heat recovery and storage in central Scotland, coinciding with areas of 447 
greatest population density and existing fuel poverty. Mine water heat schemes can be 448 
feasible for groups of homes, or large industrial buildings, if high flow rates can be sustained 449 
– depending on the permeability and transmissivity created by the old mine workings and the 450 
surrounding strata. Smith et al. (2023, Ch. 17, this volume) provides more discussion of the 451 
potential for this heat resource and storage within Scotland. Shallow geothermal energy, 452 
which is based on heat derived from both deep (< 200 m) within the earth and from solar 453 
energy absorbed by the ground, and then distributed via groundwater systems is another 454 
potential source of renewable energy for the future.  A range of shallow geothermal 455 
technologies are being developed to extract and transfer this heat energy for use in homes 456 
and businesses which could be applicable in Scotland. In most cases, this involves use of 457 
boreholes or an underground closed loop, plus a heat pump.  Other, wider, low carbon 458 
approaches and opportunities which are enabled by geology, exist in Scotland such as the 459 
potential use of former oil field infrastructure and geological reservoirs in the North Sea to 460 
support Carbon Capture, Utilisation and Storage (CCUS) technologies.   461 

These illustrate a few of the ways in which geology is likely to continue to play an important 462 
influence in how society interacts with places. 463 

Geology will be an important part of how we develop a low carbon economy going forward 464 
and significant research is ongoing to better understand these opportunities.  465 

 466 
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The role of geology in building resilience to climate change 467 

As well as having been a significant influence on development and industry, geology makes 468 
a substantial contribution to how we can build resilience to climate change.  This is an area 469 
of growing research in order for key geological controls and processes to be better 470 
understood.  This section of the chapter explores in more detail some of the emerging and 471 
increasing ways that geological inputs are considered in environmental management and 472 
infrastructure design. 473 

Infrastructure resilience 474 

Slope Instability  475 

During the glaciations of the Quaternary Period, glacial erosion in upland areas of Scotland 476 
steepened and lengthened slopes; while retreating ice deposited a mantle of sediment on 477 
valley sides.   These processes resulted in many slopes in Scotland being left in an unstable 478 
state, and the resulting mass movement processes have affected both rock slopes (in the 479 
form of rock slides, mountain slope deformation, and rockfall) and sediment covered hillsides 480 
(predominantly as debris flows).  Dating of large rock slides and rock falls show that the 481 
majority occurred within a few millennia of local deglaciation (Ballantyne 2019).  Most rock 482 
slopes today are largely stable, although intermittent small rockfall events are still recorded, 483 
such as on Lochnagar in April 2000 (Watson et al. 2001).  Debris flows are also far less 484 
frequent now than in immediate post glacial times; however, they remain a relatively 485 
common occurrence on steep upland slopes and understanding debris flow risk is a key part 486 
of infrastructure resilience in Scotland, particularly in relation to transport and cabling.    487 

The conditions that influence current debris flow activity are slope angle (generally >30°); the 488 
presence of source sediment (glacial sediments, talus slopes, regolith, or material 489 
accumulated in gullies); and saturation of sediments, usually by prolonged and / or intense 490 
rain, leading to a reduction in effective stress and resulting instability.  Milne et al. (2015) 491 
observed that factors such as slope length and sediment texture (e.g. a greater proportion of 492 
coarse sandy material) influences the magnitude and spatial frequency of debris flows in 493 
Scotland. 494 

Impact to infrastructure  495 

A large proportion of the debris flow events in Scotland occur in remote areas away from 496 
large settlements and built-up areas.  Reports of housing or buildings being affected are 497 
rare, although there are exceptions.   A rainfall-induced debris flow caused structural 498 
damage to a house in the Ochil Hills in November 1984 (Jenkins et al.1988), and one of a 499 
series of debris flows in August 2004 had a substantial impact on a residential property in 500 
Cairndow, Argyll (Winter et al. 2006).   More recently, houses in Glengyle were evacuated 501 
when a number of damaging debris flows affected the area around Loch Katrine in August 502 
2019.  503 

The energy and transport infrastructure that connects Scotland’s communities frequently has 504 
to pass through steep terrain, and therefore includes segments with greater exposure to 505 
debris flow hazard.  The Scottish debris flow events of August 2004 are a particularly notable 506 
example of the impact on road infrastructure.   During that month intense and long-lasting 507 
rainfall, which in places reached 300% of the 30-year average for August, resulted in a large 508 
number of debris flows in the Scottish hills, including a small number that intersected the 509 
trunk (strategic) road network (Winter et al. 2005; 2006).   The intense rain generated 31 510 
individual debris flows in Glen Ogle, Stirlingshire on the 18th August; of which two traversed 511 
the A85 road, trapping 20 vehicles and resulting in helicopter airlift rescue of 57 motorists 512 
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and passengers (Milne et al. 2009) (Fig. 18.8).   Debris flows also blocked the A83 at Glen 513 
Kinglas and Cairndow in Argyll on the 9th August, and the A9 north of Dunkeld on the 11th 514 
August.  515 

The events of August 2004 prompted the Scottish Road Network Landslides Study (Winter 516 
et al. 2005; 2009).  This body of work included a GIS-based hazard assessment 517 
(incorporating analyses of geological, topographical and land use datasets), from which a 518 
hazard ranking exercise was undertaken to identify sites where measures to reduce 519 
exposure and / or hazard should be prioritised.  One of highest-ranking sites identified in the 520 
study is the A83 at the Rest and Be Thankful in Glen Croe – a glacially breached valley 521 
where glaciogenic sediment on steep slopes contributes to ongoing slope activity (Finlayson 522 
2020).   Debris flows have caused road closures at this site on multiple occasions over the 523 
past 15 years.  While there have been no major injuries, these road closures have been 524 
associated with considerable economic impacts in the area because of the large vulnerability 525 
shadow (geographical area over which impacts are experienced) that is cast when the route 526 
is not passable (Winter et al. 2018).  For example, the losses associated with a debris flow 527 
event in 2007 were estimated to be in the region of £80,000 per day, totalling £1.2 million 528 
over the 15-day closure.  Measures to reduce exposure and hazard at the Rest and Be 529 
Thankful have included: advisory leaflets in the local area; ‘wig wag’ warning signs (where 530 
flashing lights are activated during forecast or actual heavy rain); installation of debris flow 531 
fences; and temporary use of a relief road (the Old Military Road) (Winter 2016).  Debris flow 532 
catch pits have also been installed, and in 2020 Transport Scotland initiated a review to 533 
assess different options to improve the longer-term resilience of the A83 Rest and Be 534 
Thankful route.    535 

Events related to rainfall-induced slope activity have also had severe impact on rail 536 
infrastructure.  Tragically, one incident led to three fatalities when gravel from a crest drain 537 
system, together with eroded debris from surrounding ground, was washed onto the track by 538 
a cutting near Carmont, Aberdeenshire in August 2020, causing a train to derail (Rail 539 
Accident Investigation Branch 2021).   Other derailments have occurred where trains have 540 
struck rainfall-induced debris flows sourced from natural slopes above the tracks on Stob 541 
Coire Sgriodian by Loch Treig in June 2012, and at Loch Eilt near Glenfinnan in 2018 (Rail 542 
Accident Investigation Branch 2018; Freeborough et al. 2019).   543 

Although Britain’s railway network is reported as one of the safest in Europe many of the 544 
earthworks and drainage were designed and constructed in a different time (up to 150 years 545 
previously), and have become subject to increased frequency and severity of extreme 546 
weather events in recent years (Haines 2020; Hearn 2021).  With many thousands of 547 
kilometres of track, this presents a significant challenge for asset managers.    Additionally, a 548 
number of Rail Accident Investigation Branch (RAIB) reports have identified that landslide 549 
material affecting tracks originates from slopes outside the Network Rail boundary (Rail 550 
Accident Investigation Branch 2014).  These slopes, known as Outside Party Slopes (OPS), 551 
can include cuttings, embankments, and natural slopes and are owned or managed by an 552 
external party.  One approach to help give a national overview of the potential landslide 553 
hazard originating from OPS has been the development of a landslide susceptibility model 554 
for the entire railway network in Great Britain (Freeborough et al. 2016; 2019).  555 

Future resilience and approaches 556 

Climate projections suggest that Scotland will see an increase in the frequency and intensity 557 
of heavy rainfall events (UK Climate Projections 2018).   Such changes are likely to influence 558 
the frequency and distribution of debris flow events.   Improved understanding of the nature 559 
and distribution of sediment on slopes will be important in future hazard assessments.   This 560 
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is highlighted by a damaging debris flow that occurred at Loch Ailort in August 2016, where 561 
local ‘pockets’ of sediment in generally ice-scoured terrain provided source material for the 562 
failure (Palamakumbura et al. 2021).   New mapping approaches employing geoanalytical 563 
and geostatistical techniques alongside remote sensing datasets and field observations 564 
provide one possible solution to improving our understanding of spatial sediment distribution 565 
on such hillslopes (e.g. Williams et al. 2020).  At the same time, new strategies for detecting 566 
early signs of slope instability are being developed, such as terrestrial laser scanning 567 
(Sparkes et al. 2018).  One approach that has shown particular promise at the A83 Rest and 568 
Be Thankful site, is the use of vector tracking analysis on live-streamed time-lapse imagery; 569 
which picked up precursor slope movement from images prior to a larger debris flow event 570 
(Khan et al. 2021). 571 

In addition to onshore slope instability, recent multibeam surveys of Scottish sea lochs have 572 
identified a number of subaqueous mass movements (Stoker et al. 2010; Carter et al. 2020) 573 
(Fig. 18.9).  The sea lochs of western Scotland have similarities with the fjords of Norway, 574 
Alaska and Canada where submarine landslides have led to loss of life and damage to 575 
infrastructure (such as cables and pipelines) (Longva at al. 2003; Carter et al. 2014).  There 576 
is uncertainty surrounding the triggers for the subaqueous mass flow events identified so far 577 
in Scottish sea lochs, although factors such as glacier retreat, degassing of biogenic 578 
sediments, and anthropogenic activity have been discussed (Carter et al. 2020).  Currently, 579 
the small database limits our understanding of the extent and nature of subaqueous 580 
landslides in the near-shore environment, although new surveying will improve this picture.         581 

 582 

Water management and resilience 583 

Managing water in a changing environment 584 

The management of surface water in Scotland, including flooding, is a significant and well-585 
known challenge for responsible authorities.   Scotland’s climate has already changed over 586 
the last century, and it now has drier summers and wetter winters (Critchlow-Watton et al. 587 
2014). The future projected climate changes and intensification of rainfall patterns will further 588 
extend these challenges (UK Climate Projections 2018).  Development in the future will 589 
increasingly need to find ways to mitigate and adapt to climate change.  The latest National 590 
Flood Risk Assessment carried out by SEPA in 2018 predicts the number of properties 591 
exposed to surface water flooding will increase from 210,000 to 270,000 by 2080 under a 592 
1:200 year event scenario (Scottish Environment Protection Agency 2018, Scottish 593 
Government 2021a). Therefore, climate change is driving an increased exposure in flood 594 
risk.  595 

Changes in how we use land and how we manage it, will also have an important role in 596 
determining water resilience and how we need to manage water resources (Critchlow-597 
Watton et al. 2014).  The densification of towns and cities (see Topic Box 18) is, for 598 
example, adding to pressure on surface water drainage systems that are already at capacity 599 
(Scottish Environment Protection Agency 2021). As result, urban areas in Scotland in 600 
particular face mounting challenges with surface water drainage and related flooding. 601 
Concerted effort across all sectors through the planning process will be required to ensure 602 
that new development is appropriately sited and designed in order to create future 603 
sustainable places (Scotland’s Infrastructure Commission 2020). 604 

The Flood Risk Management (Scotland) Act 2009 has meant a lot of progress has been 605 
made in Scotland in understanding the impact of flooding and how it can be managed 606 
(Scottish Environment Protection Agency 2022b).  Integrated water management 607 
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approaches at a catchment-level are supported by the development of Scotland’s River 608 
Basin Management Plans under the Water Framework Directive (Water Environment and 609 
Water Services (Scotland) Act. 2003).  Increasingly, stakeholders are looking at how blue-610 
green infrastructure; and how natural flood management approaches can help support water 611 
management in Scotland and improve climate resilience (Scottish Government 2020b; 612 
Scotland’s Infrastructure Commission 2020; Scottish Environment Protection Agency 2021). 613 
Geology plays an important role in the effectiveness of these approaches, as discussed in 614 
the following sections of this chapter.  615 

Sustainable drainage 616 

Surface water drainage systems, also referred to as Sustainable Drainage Systems (‘SuDS’) 617 
or Blue Green Infrastructure, manage rain and surface water in a way that mimics natural 618 
drainage. In doing this, SuDS aim to reduce surface water flooding, improve water quality 619 
and protect and enhances both the built and natural environment (Scottish Government 620 
2018b).  The systems achieve this by either storing or re-using surface water at source, or 621 
reducing flow rates to watercourses.   622 

As a result of rising surface water management pressures, particularly in urban areas, SuDS 623 
schemes are now mandatory for managing surface water drainage from all new 624 
developments in Scotland (Water Environment and Water Services (Scotland) Act 2003).  625 
This helps support an approach of no new water (or surface water connections) draining into 626 
the combined sewers network (Scottish Water 2017). 627 

SuDS come in a range of forms, including: retention systems or wetlands that delay the 628 
discharge of surface water; vegetated swales that remove pollutants from surface water prior 629 
to discharge to watercourses or aquifers; permeable pavements and green roofs; and 630 
infiltration trenches and soakaways that mimic natural recharge, allowing water to soak into 631 
the ground. Often a SuDS design will use several of these techniques in a management 632 
chain.  Of the 767 SuDS sites in Scotland at the end of 2001, the most widely used were 633 
filter drains, infiltration trenches and permeable pavements (Wild et al. 2002) and this 634 
persists to present day (McDonald 2018). 635 

Infiltration SuDS are encouraged by authorities in Scotland where there will be no adverse 636 
impact on water quality and where local ground conditions allow.  These drainage systems 637 
directly infiltrate surface water to the subsurface, giving the overall advantage of reducing 638 
the amount of surface water to be managed. However, it is important the systems do not 639 
inadvertently lead to an increased risk of groundwater flooding, negatively impact water 640 
quality, or incur ground instability issues.   For example, within post-industrial brownfield 641 
sites, which many development proposals relate to, there is a risk of mobilising contaminants 642 
still present in the ground to groundwater or surface water through the drainage design, 643 
which requires detailed consideration. Site investigation and site-specific risk assessment 644 
help identify the risks associated with this; and whether remediation and/or a modified SuDS 645 
design is required as part of development proposals (Woods-Ballard et al. 2015).  646 

Contaminated runoff from certain land-uses can also cause water pollution through drainage 647 
schemes without appropriate mitigation; for example, hydrocarbons present in runoff from 648 
lorry parks or chemical usage within industrial settings could cause contamination of 649 
underlying groundwater. The SEPA assess acceptability of pollution risk from SuDS through 650 
the authorisation process under the 2011 Water Environment (Controlled Activities) 651 
(Scotland) Regulations (CAR). 652 

The geology and setting of any site need to be understood, in order to ensure infiltration 653 
drainage systems are implemented only where the ground conditions are appropriate, and in 654 



 
The role of geology in developing places 

which the systems can perform well and can be easily maintained (British Geological Survey 655 
2015; Woods-Ballard et al. 2015). For example, to reduce groundwater flooding risks, 656 
infiltration-based schemes should not be installed where the groundwater level is within a 657 
metre of the base of the infiltration component, even after periods of prolonged wet weather.    658 
For infiltration-based SuDS to work effectively, the topsoil and the underlying geology need 659 
to be free draining.   If they are used on less suitable, lower permeability ground, this can 660 
result in failure of the system causing it to flood and removing any benefits from pollution 661 
attenuation (Wild et al. 2002). Geotechnical engineers and engineering geologists often 662 
support drainage specialists in considering site constraints such as ground stability and the 663 
infiltration capacity of the subsurface.   An important consideration in the Midland Valley area 664 
due to the mining legacy, is also the potential or SuDS schemes to increase the rate of rise 665 
in mine water levels and stability implications.   666 

Natural flood risk management  667 

With growing recognition of the limitations and costs of traditional flood management 668 
approaches in the face of climate change, ‘Natural’ flood risk management (NFM) is another 669 
approach in which there has been interest and application over the last decade. NFM 670 
promotes a catchment-wide approach to interventions aimed at reducing surface runoff (e.g. 671 
tree planting), and slowing the flow of water in rivers (e.g. re-meandering). Policies such as 672 
the European Union (EU) Water Framework Directive and the Flood Risk Management 673 
(Scotland) Act 2009 have driven these new approaches across the UK (Rouillard et al. 674 
2015), along with guidance on implementation (e.g. Scottish Environment Protection Agency 675 
2015).  676 

There are now over 94 NFM projects in the UK, but evidence for NFM effectiveness remains 677 
low (Dadson et al. 2017) given uncertainties in quantifying the impacts of interventions at 678 
large scales and how catchments respond under different conditions. Overcoming these 679 
challenges will require a better understanding of both surface and sub-surface hydrological 680 
processes at the catchment scale, and how these respond to human pressures such as land 681 
use change and climate change. 682 

Geology plays a fundamental role in controlling catchment hydrological processes, 683 
influencing the evolution of soils, how catchments store and release water, and the geometry 684 
of river networks. While NFM interventions such as tree planting cannot significantly alter 685 
these geological controls, understanding how they interact, and which controls dominate 686 
where, is a key question for NFM implementation. The efficacy of tree planting or other 687 
changes in land management to control runoff generation is likely to be highly dependent on 688 
soil type and underlying geology. Recent efforts to produce NFM ‘opportunity maps’ have 689 
therefore drawn on geological information to assist with broad scale NFM planning 690 
(Environment Agency 2018), although at relatively low resolution.  691 

These interactions between catchment land use change and geology are being explored in 692 
the Eddleston experimental NFM catchment located in the Scottish Borders. This is one of 693 
the UK’s largest and longest running NFM pilot sites where interventions including tree 694 
planting, river re-meandering, holding ponds and in-stream woody debris dams have been 695 
put in place (Black et al. 2021). Research in the catchment has demonstrated the 696 
importance of geology in controlling catchment runoff mechanisms and the implications this 697 
has for NFM implementation. At the catchment scale, experiments using tracers to 698 
investigate the sources of water in rivers during storm events have highlighted the 699 
importance of water already stored in the catchment (within soils and rocks) in storm runoff, 700 
and suggest that soils and geology have greater influence than forest cover on the fraction of 701 
rapid runoff (Fig. 18.10) (Peskett et al. 2021). These findings correspond with work in other 702 
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Scottish catchments suggesting that soils and underlying superficial deposits are the 703 
dominant control on the time taken for water to reach rivers, even in areas with steep slopes 704 
(Soulsby et al. 2006; Tetzlaff et al. 2007).  705 

At the site level, experiments in Eddleston have shown that while trees have impacts on 706 
infiltration, their impacts on water storage and groundwater dynamics are small and sensitive 707 
to the underlying soil type and geology (Peskett et al. 2020). Research in the catchment has 708 
also demonstrated how geological structure influences the interaction between hillslope 709 
runoff and floodplain groundwater dynamics, which is important for planning NFM 710 
interventions on flood plains (Ó Dochartaigh et al. 2018). These findings are particularly 711 
interesting in a Scottish context, given that they highlight the importance of sub-surface flow 712 
and groundwater even in catchments situated on poorly permeable bedrock that are 713 
common across Scotland. They also highlight the need to consider geological factors in 714 
other contemporary areas of Scottish policy, such as plans to increase tree planting to 715 
18,000 ha per year in 2024-5 and new regional scale partnerships for integrated land use 716 
planning that help deliver national climate change targets (Scottish Government 2020c).  717 

Role of geology in sustainable future places 718 

This chapter provides an illustration to some of the ways in which geology has, and 719 
continues to, play a significant role to the development of Scotland’s infrastructure, cities and 720 
catchments.  It has also been a founding influence on our industries and cultural heritage.  721 

Geologists provide an important contribution and knowledge base to informing future 722 
sustainable development. Reducing emissions and managing effects of climate change will 723 
require transformative approaches in how we plan future development and in how we 724 
manage the built and natural environment. To achieve vibrant low carbon places, Scotland’s 725 
national planning framework and local development plans will have to make complex 726 
choices over the next several decades around how we use resources (Scottish Government 727 
2021b).   728 

Maintaining and improving environmental quality will be important for ensuring resilient 729 
ecosystems, communities and economies.  How we use land will also be an important cause 730 
of environmental change.  Scotland’s geology has underpinned the huge diversity of 731 
landscapes, soil, habitats and natural resources that we observe today.  It will continue to 732 
play a significant role in creating future resilient and sustainable places.   733 
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Acknowledgements  762 

Figure captions 763 

Fig. 18.1 – a: Areas of subsidence near Broxburn, West Lothian. These crown holes have 764 
been caused by strata collapsing into shallow ‘stoop and room’ workings in the Broxburn 765 
Shale (image UKRI © British Geological Survey); b: Stoop and room workings in limestone, 766 
Gorebridge, Mid Lothian (image UKRI © British Geological Survey). 767 

Fig. 18.2 – A programme of drilling and grout filling shallow mine workings in a residential 768 
area of Glasgow City (image © Glasgow City Council).  769 

Fig. 18.3 – Soil sampling is used to inform management and remediation design strategies 770 
for contaminated land (image © Scottish Environment Protection Agency). 771 

Fig. 18.4 – Map of total chromium concentrations in the River Clyde catchment and Glasgow 772 
conurbation topsoil (from Fordyce et al., 2019, UKRI © British Geological Survey. Contains 773 
Ordnance Survey data © Crown copyright and database rights 2021. Ordnance Survey 774 
Licence No. 100021290). 775 

Fig. 18.5 – Recent in-situ remediation soil washing and stabilisation works in the East End of 776 
Glasgow prior to new development on formerly impacted industrial sites (image © Glasgow 777 
City Council). 778 

Fig. 18.6 – Box and whisker plots showing the 10th, 25th 50th 75th and 90th percentiles of 779 
parameter distributions in rural topsoil collected over Devonian–Carboniferous rock types 780 
and in the River Clyde catchment and Glasgow conurbation topsoil (Modified from Fordyce 781 
et al. 2019). 782 

Fig. 18.7 – Aerial image of ongoing development works in 2021 at the Sighthill 783 
Transformation and Regeneration Area (TRA) in the centre of Glasgow City (image © 784 
Glasgow City Council).   785 

Fig 18.8 – A photograph of one of the debris flows that trapped motorists on the A85 road in 786 
Glen Ogle in August 2004 (image UKRI © British Geological Survey). 787 
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Fig 18.9 – An image showing a subaqueous landslide in Holy Loch, western Scotland (image 788 
UKRI © British Geological Survey).  789 

 790 

Fig 18.10 – The figure shows different runoff components (derived from isotope and 791 
geochemical tracer data) during a storm in streams from three contrasting sub-catchments in 792 
the Eddleston pilot. Middle Burn and Shiplaw are very similar, glacial till dominated, paired 793 
catchments, although Middle Burn has much higher forest cover. Longcote is a steeper 794 
catchment with very low forest cover, limited glacial till. Data from this storm and other 795 
storms sampled during the research suggested that forest cover has some impact on 796 
reducing rapid runoff of rainfall from storm events, but geology and associated overlying 797 
soils have a greater impact even in steep catchments on poorly permeable bedrock.  (from 798 
Peskett et al. 2021). 799 

 800 

 801 

References 802 

Almond Valley Heritage Trust. 2021. All About Shale Oil. Access Date December 2021.  803 
www.scottishshale.co.uk. 804 

Ballantyne, C.K. 2019. After the ice: Lateglacial and Holocene landforms and landscape 805 
evolution in Scotland. Earth and Environmental Science Transactions of the Royal Society of 806 
Edinburgh, 110, 133-171. 807 

Bewley, R.J.F. and Sojka, G. 2013. In situ deliverability trials using calcium polysulphide to 808 
treat chromium contamination at Shawfield, Glasgow. Technology Demonstration Project 809 
Bulletin, 30, London: Contaminated Land: Applications in Real Environments (CL:AIRE).  810 

Birke, M. and Rauch, U. 2000. Urban geochemistry: investigations in the Berlin metropolitan 811 
area. Environmental Geochemistry and Health, 22, 233–248. 812 

Black, A., Peskett, L. et al. 2021. Natural flood management, lag time and catchment scale: 813 
Results from an empirical nested catchment study. Journal of Flood Risk Management, 814 
e12717, https://doi.org/10.1111/jfr3.12717 815 

British Geological Survey (BGS). 2015. Infiltration Sustainable Drainage Systems (SuDS) 816 
Map. https://www.bgs.ac.uk/datasets/infiltration-suds-map/  817 

British Standard Institute (BSI). 2015. BS 8004:2015+A1:2020 Code of practice for 818 
foundations. British Standards Institution, 30 June 2015, pp112. 819 

British Standards Institute (BSI). 2015. BS 8485:2015+A1:2019 Code of practice for the 820 
design of protective measures for methane and carbon dioxide ground gases for new 821 
buildings. British Standards Institution, 2015. 822 

Browne, M.A.E., Forsyth, I.H. and McMillan, A.A. 1986. Glasgow, a case study in urban 823 
geology. Journal of the Geological Society of London, 143, 509–520  824 

Browne, M. A. E. & McMillan, A. A. 1989. Quaternary geology of the Clyde valley. Research 825 
Report SA/89/1. Keyworth: British Geological Survey.  826 

Bowie, J. 1975. The History of the Port. Port Glasgow, Port Glasgow Burgh Council. 827 

http://www.scottishshale.co.uk/
https://scholar.google.com/scholar?q=Bewley+R.+J.+F.+&+Sojka+G.+2013.+In+situ+deliverability+trials+using+calcium+polysulphide+to+treat+chromium+contamination+at+Shawfield+Glasgow.+Technology+Demonstration+Project+Bulletin+30.+London:+Contaminated+Land:+Applications+in+Real+Environments+(CL:AIRE).
https://doi.org/10.1111/jfr3.12717
https://www.bgs.ac.uk/datasets/infiltration-suds-map/


 
The role of geology in developing places 

Cameron, I.B. and Stephenson, D. 1985. British regional geology: The Midland Valley of 828 
Scotland. 3rd edn. Reprint 2014. Keyworth, Nottingham: British Geological Survey. pp 147. 829 

Card, G., Lucas, J. and Wilson, S. 2019. Risk and reliability in gas protection design – 20 830 
years: Part 1. Ground Engineering, Technical Paper.  831 

Carter, G.D., Cooper, R., Gafeira, J., Howe, J.A. and Long, D. 2020. Morphology of small-832 
scale submarine mass movement events across the northwest United 833 
Kingdom. Geomorphology, 365, 107282. 834 

Carter, L., Gavey, R., Talling, P. and Liu, J. 2014. Insights into submarine geohazards from 835 
breaks in subsea telecommunication cables. Oceanography, 27, 58–67. 836 

Chen, M., Soulsby, C. and Younger, P. L. 1999.  Modelling the evolution of mine water 837 
pollution at Polkemmet Colliery, Almond catchment, Scotland. Quarterly Journal of 838 
Engineering Geology and Hydrogeology, 32, 351-362.  839 

Chiverrell, P.D. 2019. CIRIA Abandoned mine working manual (C785D). Construction 840 
Industry Research and Information Association (CIRIA). pp 546.  ISBN: 978-0-86017-765-4. 841 

CL:AIRE. 2021. Good practice for risk assessment for coal mine gas emissions. CL:AIRE, 842 
Buckinghamshire. ISBN 978-1-905046-39-3. 843 

Contaminated Land (Scotland) Regulations. 2000. SSI 2000/178. 844 
https://www.legislation.gov.uk/ssi/2000/178/contents/made  845 

Critchlow-Watton, N., Dobbie, K.E. et al. (eds) 2014. Scotland’s State of the Environment 846 
Report. Scotland’s Environment Web. http://www.environment.scotland.gov.uk/    847 

Dadson, S., Hall, J. et al. 2017. A restatement of the natural science evidence concerning 848 
catchment-based ‘natural’ flood management in the UK. Proceedings of the Royal Society, A 849 
473, 20160706. https://doi.org/10.1098/rspa.2016.0706 850 

Department for Energy and Climate Change (DECC). 2011. Update of Estimated Methane 851 
Emissions from UK Abandoned Coal Mines. Commissioned research report, written by WSP 852 
Environment & Energy, published by DECC, 2011, pp 37. 853 

Dobbie, K.E., Bruneau, P.M.C. and Towers, W. (eds) 2011. The State of Scotland’s Soil. 854 
Natural Scotland. www.sepa.org.uk/land/land_publications.aspx  855 

East Dunbartonshire Council. 2014. Heritage. Accessed October 2021. 856 
http://www.edlc.co.uk/heritage/local_history/local_history__heritage/towns__villages.  857 

Environment Agency, 2018. Mapping the potential for Working with Natural Processes – 858 
technical report ,SC150005. Environment Agency, Bristol. 859 

Environment Agency. 2021.  Mine waters: challenges for the environment. Environment 860 
Agency report, pp 22. https://www.gov.uk/government/publications/mine-waters-challenges-861 
for-the-water-environment.  862 

Environmental Protection Action. 1990. 863 
https://www.legislation.gov.uk/ukpga/1990/43/contents  864 

European Water Framework Directive (EU WFD). 2000. Accessed 26 July 2022, https://eur-865 
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0060 866 

https://www.legislation.gov.uk/ssi/2000/178/contents/made
http://www.environment.scotland.gov.uk/
http://www.sepa.org.uk/land/land_publications.aspx
http://www.edlc.co.uk/heritage/local_history/local_history__heritage/towns__villages
https://www.gov.uk/government/publications/mine-waters-challenges-for-the-water-environment
https://www.gov.uk/government/publications/mine-waters-challenges-for-the-water-environment
https://www.legislation.gov.uk/ukpga/1990/43/contents


 
The role of geology in developing places 

Farmer, J.G., Graham, M.C. et al.1999. Assessment and modelling of the environmental 867 
chemistry and potential for remediative treatment of chromium-contaminated land. 868 
Environmental Geochemistry and Health, 21, 331–337.  869 

Farmer, J.G., Thomas, R.P., Graham, M.C., Geelhoed, J.S., Lumsdon, D.G. and Paterson, E. 870 
2002. Chromium speciation and fractionation in ground and surface waters in the vicinity of 871 
chromite ore processing residue disposal sites. Journal of Environmental. Monitoring, 4, 872 
235e243.  873 

Finlayson, A. 2020. Glacial conditioning and paraglacial sediment reworking in Glen Croe 874 
(the Rest and be Thankful), western Scotland. Proceedings of the Geologists' Association, 875 
131,138-154. 876 

Flood Risk Management (Scotland) Act. 2009. Accessed 26 July 2022, 877 
https://www.legislation.gov.uk/asp/2009/6/contents 878 

Fordyce, F.M., O Dochartaigh, B.E.O., et al. 2004. Clyde tributaries: Report of Urban Stream 879 
Sediment and Surface Water Geochemistry for Glasgow. British Geological Survey, CR/04/ 880 
037N 169pp. 881 

Fordyce, F.M., Brown, S.E., et al. 2005. GSUE: urban geochemical mapping in Great Britain. 882 
Geochemistry, Exploration, Environment, Analysis, 5, 325–336.  883 

Fordyce F.M., Everett, P.A., Bearcock, J.M. and Lister, T.R. 2019. Soil metal/metalloid 884 
concentrations in the Clyde Basin, Scotland, UK: implications for land quality. The 885 
Geosciences in Europe’s Urban Sustainability: Lessons from Glasgow and Beyond (CUSP). 886 
Earth and Environmental Science: Transactions of the Royal Society of Edinburgh, 108, 191–887 
216. 888 

Fordyce, F.M., Everett, P.A., Bearcock, J.M., Lister, T.R., Gowing, C.J.B., Watts, M.J. and 889 
Ellen, R. 2017. Soil Geochemical Atlas of the Clyde Basin. British Geological Survey Report, 890 
OR/14/032.  891 

Fordyce F M, Nice S E, et al.  2012. Urban Soil Geochemistry of Glasgow. British Geological 892 
Survey Report, OR/08/002. 893 

Freeborough, K.A., Diaz Doce, D., Lethbridge, R., Jessamy, G., Dashwood, C., Pennington, 894 
C. and Reeves, H.J. 2016. Landslide hazard assessment for National Rail Network. 895 
Advances in Transportation Geotechnics 3. The 3rd International Conference on 896 
Transportation Geotechnics (ICTG 2016) Procedia Engineering, 143, 689–696. 897 

Freeborough, K., Dashwood, C., Diaz Doce, D., Jessamy, G., Brooks, S., Reeves, H. and 898 
Abbott, S. 2019. A national assessment of landslide hazard from Outside Party Slopes to the 899 
rail network of Great Britain. Quarterly Journal of Engineering Geology and 900 
Hydrogeology, 52, 312-319. 901 

Geikie, A. 1882. Geological Sketches at Home and Abroad. Macmillian publishers, 353-390. 902 

Glasgow City Council. 2014. History of Glasgow. Accessed October 2021. 903 
http://www.glasgow.gov.uk/index.aspx?articleid=2943  904 

Glasgow City Council. 2022. The Sighthill Transformation Regeneration Area. Accessed 16 905 
January 2022. https://www.glasgow.gov.uk/index.aspx?articleid=18395  906 

Gonnelli, C. and Renella, G. 2013. Chromium and Nickel. In: Alloway, B. E. (ed) Heavy metals 907 
in soils, Environmental Pollution Series 22. Netherlands: Springer.  908 

http://dx.doi.org/10.1023/A:1006788418483
http://dx.doi.org/10.1144/1467-7873/05-069
https://scholar.google.com/scholar_lookup?title=Soil+Geochemical+Atlas+of+the+Clyde+Basin&publication+year=2017&author=Fordyce+F.+M.&author=Everett+P.+A.&author=Bearcock+J.+M.&author=Lister+T.+R.&author=Gowing+C.+J.+B.&author=Watts+M.+J.&author=Ellen+R.
http://www.glasgow.gov.uk/index.aspx?articleid=2943
https://www.glasgow.gov.uk/index.aspx?articleid=18395
https://scholar.google.com/scholar_lookup?title=Heavy+metals+in+soils&publication+year=2013&author=Gonnelli+C.&author=Renella+G.&author=Alloway+B.+E.


 
The role of geology in developing places 

Haines, A. 2020. Resilience of rail infrastructure. Interim report to the Secretary of State for 909 
Transport following the derailment at Carmont, near Stonehaven, Network Rail, UK. 910 

Harvie B. 2005. West Lothian Local Biodiversity Action Plan Oil Shale Bings. West Lothian 911 
Council and Scottish Natural Heritage, Livingston. 912 

Hearn, G.J. 2021. Getting the basic ground model right in engineering practice. Quarterly 913 
Journal of Engineering Geology and Hydrogeology, 54. 914 

Jenkins, A., Ashworth, P.J., Ferguson, R.I., Grieve, I.C., Rowling, P. and Stott, T.A. 1988. 915 
Slope failures in the Ochil hills, Scotland, November 1984. Earth Surface Processes and 916 
Landforms, 13, 69-76. 917 

Johnson, C.C., Demetriades, A., Locutura, J. and Ottesen, R.T. (eds) 2011. Mapping the 918 
chemical environment of urban areas. Oxford: Wiley-Blackwell.   919 

Johnson, C.C. and Ander, E.L. 2008. Urban geochemical mapping studies: how and why we 920 
do them. Environmental Geochemistry and Health, 30, 511–540.  921 

Khan, M.W., Dunning, S. et al. 2021. Low-Cost Automatic Slope Monitoring Using Vector 922 
Tracking Analyses on Live-Streamed Time-Lapse Imagery. Remote Sensing, 13, 893. 923 

Lanarkshire Communities. 2014. History of Lanarkshire Communities. Accessed October 924 
2021. http://www.lanarkshire.com/lanarkshire-communities 925 

Longva, O., Janbu, N., Blikra, L.H. and Bøe, R. 2003. The 1996 Finneidfjord slide; seafloor 926 
failure and slide dynamics. In: Locat, J., Mienert, J., Boisvert, L. (eds) Submarine Mass 927 
Movements and Their Consequences. Springer, Netherlands, 531–538. 928 

MacDonald, A.M., Ó Dochartaigh, B. É. and Smedley, P.L. 2017. Baseline groundwater 929 
chemistry in Scotland's aquifers. British Geological Survey Report, OR/17/030. 930 

McBride, M.B. 1994. Environmental chemistry of soils. Oxford: Oxford University Press.  931 

McDonald R.K. 2018. Sustainable Urban Drainage Systems (SUDS) in Scotland: 932 
Assessment of Monitoring and Maintenance within Local Authorities and Scottish Water. 933 
ClimateXChange publication, pp19.  934 
https://www.climatexchange.org.uk/media/3239/sustainable_urban_drainage_systems_in_sc935 
otland.pdf 936 

Mielke, H.W., Gonzales, C.R., Smith, M.K. and Mielke, P.W. 2000. Quantities and associations 937 
of lead, zinc, cadmium, manganese, chromium, nickel, vanadium, and copper in fresh 938 
Mississippi delta alluvium and New Orleans alluvial soils. Science of the Total Environment, 939 
246, 249–259. 940 

Milne, F.D., Werritty, A., Davies, M.C.R. and Brown, M.J. 2009. A recent debris flow event 941 
and implications for hazard management. Quarterly Journal of Engineering Geology and 942 
Hydrogeology, 42,.51-60. 943 

Milne, F.D., Brown, M.J., Davies, M.C.R. and Cameron, G. 2015. Some key topographic and 944 
material controls on debris flows in Scotland. Quarterly Journal of Engineering Geology and 945 
Hydrogeology, 48,212-223. 946 

NHS Lothian. 2017. Carbon Dioxide Incident in Gorebridge Midlothian, April 2014. Final 947 
Report of the Incident Management Team. 948 

http://dx.doi.org/10.1002/9780470670071
http://dx.doi.org/10.1007/s10653-008-9189-2
http://www.lanarkshire.com/lanarkshire-communities
https://scholar.google.com/scholar_lookup?title=Environmental+chemistry+of+soils&publication+year=1994&author=McBride+M.+B.


 
The role of geology in developing places 

Ó Dochartaigh, B.É., Archer, N.A.L. et al. 2018. Geological structure as a control on 949 
floodplain groundwater dynamics. Hydrogeology Journal, 27, 703–716, 950 
https://doi.org/10.1007/s10040-018-1885-0 951 

Ó Dochartaigh, B.É., Smedley, P.L., MacDonald, A.M., Darling, W.G. and Homoncik, S. 952 
2011. Baseline Scotland: groundwater chemistry of the Carboniferous sedimentary aquifers 953 
of the Midland Valley. British Geological Survey Report, OR/11/021.  954 

Ó Dochartaigh B.É., Graham, M.T. and MacDonald A.M. 2007. A summary of groundwater 955 
work within the Clyde Basin project, 2005-06. British Geological Survey Report, IR/07/042. 956 

Palamakumbura, R., Finlayson, A., Ciurean, R., Nedumpallile-Vasu, N., Freeborough, K. and 957 
Dashwood, C., 2021. Geological and geomorphological influences on a recent debris flow 958 
event in the Ice-scoured Mountain Quaternary domain, western Scotland. Proceedings of the 959 
Geologists' Association, 123, 456-468. 960 

Palumbo-Roe, B., Banks, V.J., Bonsor, H.C., Hamilton, E.M. and Watts, M.J. 2017. 961 
Limitations on the role of the hyporheic zone in chromium natural attenuation in a 962 
contaminated urban stream. Applied Geochemistry, 83, 108-120, 963 
https://doi.org/10.1016/j.apgeochem.2017.02.011  964 

Peskett, L., MacDonald, A. et al. 2020. The impact of across-slope forest strips on hillslope 965 
subsurface hydrological dynamics. Journal of Hydrology, 581, 124427, 966 
https://doi.org/10.1016/j.jhydrol.2019.124427 967 

Peskett, L.M., Heal, K.V., MacDonald, A.M., Black, A.R. and McDonnell, J.J. 2021. Tracers 968 
reveal limited influence of plantation forests on surface runoff in a UK natural flood 969 
management catchment. Journal of Hydrology. Regional Studies, 36, 100834, 970 
https://doi.org/10.1016/j.ejrh.2021.100834 971 

Pollution Prevention and Control (PPC). 2012. Pollution Prevention and Control (Scotland) 972 
Regulations 2012 (PPC 2012) https://www.legislation.gov.uk/ssi/2012/360/contents/made  973 

Press, F. and Siever, R. 1998. Understanding Earth. 2nd edn. W. H. Freeman and Company 974 
publishing.  975 

Rail Accident Investigation Branch. 2014. Class investigation into landslips affecting Network 976 
Rail infrastructure between June 2012 and February 2013.  Rail Accident Investigation 977 
Branch, Department for Transport, Report 08/2014. 978 

Rail Accident Investigation Branch. 2018. Landslip and derailment at Loch Eilt, north-west 979 
Scotland, 22 January 2018.  Rail Accident Investigation Branch, Department for Transport, 980 
Report 10/2018. 981 

Rail Accident Investigation Branch. 2021.  Derailment of a passenger train at Carmont, 982 
Aberdeenshire, 12 August 2020.  Rail Accident Investigation Branch, Department for 983 
Transport, Interim Report IR1/2021.   984 

Rawlins, B.G., Webster, R. and Lister, T.R. 2003. The influence of parent material on top soil 985 
geochemistry in eastern England. Earth Surface Processes and Landforms, 28, 1389–1409. 986 

Rouillard, J.J., Ball, T., Heal, K.V., and Reeves, A.D. 2015. Policy implementation of 987 
catchment-scale flood risk management: Learning from Scotland and England. 988 
Environmental Science & Policy, 50, 155–165, https://doi.org/10.1016/j.envsci.2015.02.009 989 

https://doi.org/10.1007/s10040-018-1885-0
https://doi.org/10.1016/j.apgeochem.2017.02.011
https://doi.org/10.1016/j.jhydrol.2019.124427
https://doi.org/10.1016/j.ejrh.2021.100834
https://www.legislation.gov.uk/ssi/2012/360/contents/made
https://doi.org/10.1016/j.envsci.2015.02.009


 
The role of geology in developing places 

RSK-Scottish Government. 2019. Research project to investigate prevalence of CO2 from 990 
disused mineral mines and the implications for residential buildings. Scottish Government 991 
report, pp 198.  992 

Scottish Canals. 2022. The Claypits Local Nature Reserve. Accessed January 2022. 993 
https://www.scottishcanals.co.uk/placemaking/north-glasgow/the-claypits-local-nature-994 
reserve/  995 

Scotland’s Infrastructure Commission. 2020. A Blueprint for Scotland: Phase 1 key findings 996 
report. pp 137, https://infrastructurecommission.scot/page/key-findings-report 997 

Scottish Environment Protection Agency (SEPA). 2009. Dealing with contaminated land: a 998 
review of progress 2000-2008. Scottish Environmental Protection Agency Report pp 38, 999 
https://www.sepa.org.uk/media/28314/dealing-with-land-contamination-in-scotland.pdf  1000 

Scottish Environment Protection Agency (SEPA) 2014. The Scotland River Basin District 1001 
(Standards) Directions 2014. Scottish Environment Protection Agency, Stirling. 1002 

Scottish Environment Protection Agency (SEPA) 2015. SEPA Natural Flood Management 1003 
Handbook. Scottish Environment Protection Agency, Stirling. 1004 

Scottish Environment Protection Agency (SEPA). 2018. National Flood Risk Assessment 1005 
2018. Accessed 16 January 2022, https://www.sepa.org.uk/data-visualisation/nfra2018/  1006 

Scottish Environment Protection Agency (SEPA) 2019. Environmental Quality Standards 1007 
and Standards for Discharges to Surface Waters: Supporting Guidance (WAT-SG-53). 1008 
Scottish Environment Protection Agency, Stirling. 1009 

Scottish Environment Protection Agency (SEPA). 2021. The River Basin Management Plan 1010 
for Scotland 2021-2027, pp 25, https://www.sepa.org.uk/environment/water/river-basin-1011 
management-planning/publications/  1012 

Scottish Environment Protection Agency (SEPA). 2022a. Scottish Environment Protection 1013 
Agency Regulations: contaminated land. Accessed 15 January 2022, 1014 
https://www.sepa.org.uk/regulations/land/contaminated-land/#one 1015 

Scottish Environment Protection Agency (SEPA). 2022b. Flooding: developing our 1016 
knowledge. Accessed 16 January 2022, 1017 
https://www.sepa.org.uk/environment/water/flooding/developing-our-knowledge/ 1018 

Scottish Executive. 2006. Environmental Protection Act 1990 - Part IIA Contaminated Land: 1019 
statutory guidance edition 2, https://www.gov.scot/publications/environmental-protection-act-1020 
1990-part-iia-contaminated-land-statutory-guidance/pages/66/ 1021 

Scottish Government, 2014. Scottish Planning Policy, Scottish Government. 1022 
https://www.gov.scot/publications/scottish-planning-policy/ 1023 

Scottish Government, 2018a. Climate Change Plan: third report on proposals and policies 1024 
2018-2032.  1025 

Scottish Government 2018b. Surface water management planning: guidance, 1026 
https://www.gov.scot/publications/flood-risk-management-scotland-act-2009-surface-water-1027 
management-planning/  1028 

Scottish Government. 2020a. Population Estimates Summary (Current Geographic 1029 
Boundaries). Accessed: 15 January 2022, https://statistics.gov.scot/  1030 

https://www.scottishcanals.co.uk/placemaking/north-glasgow/the-claypits-local-nature-reserve/
https://www.scottishcanals.co.uk/placemaking/north-glasgow/the-claypits-local-nature-reserve/
https://infrastructurecommission.scot/page/key-findings-report
https://www.sepa.org.uk/media/28314/dealing-with-land-contamination-in-scotland.pdf
https://www.sepa.org.uk/data-visualisation/nfra2018/
https://www.sepa.org.uk/environment/water/river-basin-management-planning/publications/
https://www.sepa.org.uk/environment/water/river-basin-management-planning/publications/
https://www.sepa.org.uk/regulations/land/contaminated-land/#one
https://www.sepa.org.uk/environment/water/flooding/developing-our-knowledge/
https://www.gov.scot/publications/environmental-protection-act-1990-part-iia-contaminated-land-statutory-guidance/pages/66/
https://www.gov.scot/publications/environmental-protection-act-1990-part-iia-contaminated-land-statutory-guidance/pages/66/
https://www.gov.scot/publications/scottish-planning-policy/
https://www.gov.scot/publications/flood-risk-management-scotland-act-2009-surface-water-management-planning/
https://www.gov.scot/publications/flood-risk-management-scotland-act-2009-surface-water-management-planning/
https://statistics.gov.scot/


 
The role of geology in developing places 

Scottish Government. 2020b. Towards a robust, resilient wellbeing economy for Scotland: 1031 
Report of the Advisory Group on Economic Recovery, pp 77, 1032 
https://www.gov.scot/publications/towards-robust-resilient-wellbeing-economy-scotland-1033 
report-advisory-group-economic-recovery/documents/ 1034 

Scottish Government, 2020c. Securing a green recovery on a path to net zero: climate 1035 
change plan 2018–2032 - update. Scottish Government. 1036 

Scottish Government 2021a. Water-Resilient Places: A Policy Framework for Surface Water 1037 
Management and Blue-Green Infrastructure. February 2021, pp25, 1038 
https://www.gov.scot/publications/water-resilient-places-policy-framework-surface-water-1039 
management-blue-green-infrastructure/documents/ 1040 

Scottish Government. 2021b. Scotland 2045 - Fourth National Planning Framework draft.  1041 

Scottish Vacant and Derelict Land Survey. 2019.  Scottish Government Statistics, 1042 
https://www.gov.scot/publications/scottish-vacant-derelict-land-survey-2019/  1043 

Scottish Water. 2017. Surface Water Policy: Standard advice note and process guidance, 1044 
SWSWP1 01/17, pp 8. Accessed 16 January 2022. 1045 

Smith, M., Butler, P., Gillespie, M.R., Hazeldine, S., Jones, D., Monaghan, A.A. and Rice, 1046 
C.M. 2023. Scotland’s mineral, water and energy resources: building a low carbon future.  In: 1047 
SMITH, M. and STRACHAN, R. A. (eds) The Geology of Scotland. 5th edn. Geological 1048 
Society, London, [DOI for chapter].  1049 

Soulsby, C., Tetzlaff, D., Rodgers, P., Dunn, S.M. and Waldron, S. 2006. Runoff processes, 1050 
stream water residence times and controlling landscape characteristics in a mesoscale 1051 
catchment: An initial evaluation. Journal of Hydrology, 325, 197–221, 1052 
https://doi.org/10.1016/j.jhydrol.2005.10.024 1053 

Sparkes, B., Dunning, S.A., Lim, M. and Winter, M.G. 2018. Monitoring and modelling of 1054 
landslides in Scotland: characterisation of slope geomorphological activity and the debris 1055 
flow geohazard. Published Project Report PPR 852. Transport Research Laboratory, 1056 
Wokingham. 1057 

Stoker, M.S., Wilson, C.R., Howe, J.A., Bradwell, T. and Long, D., 2010. Paraglacial slope 1058 
instability in Scottish fjords: examples from Little Loch Broom, NW Scotland. Geological 1059 
Society, London, Special Publications, 344, 225-242. 1060 

Tetzlaff, D., Soulsby, C. et al. 2007. Conceptualization of runoff processes using a 1061 
geographical information system and tracers in a nested mesoscale catchment. Hydrological 1062 
Processes, 21, 1289–1307, https://doi.org/10.1002/hyp.6309 1063 

The Coal Authority 2020. Coal Authority's Frances scheme in Dysart, Scotland Accessed 1064 
January 2022. https://www.gov.uk/government/news/coal-authority-upgrades-vital-mine-1065 
water-treatment-scheme-in-scotland  1066 

The Coal Authority. 2022. Interactive map viewer of Mine abandonment plans. Accessed 15 1067 
January 2022, https://mapapps2.bgs.ac.uk/coalauthority/home.html  1068 

The Water Environment (Controlled Activities) (Scotland) Regulations. 2011. Accessed 26 1069 
July 2022. https://www.legislation.gov.uk/ssi/2011/209/contents/made  1070 

UK Climate Projections. 2018. UK Climate Projections. Met Office. (Accessed: 10/05/2021), 1071 
https:// www.metoffice.gov.uk/research/approach/collaboration/ukcp/.  1072 

https://www.gov.scot/publications/towards-robust-resilient-wellbeing-economy-scotland-report-advisory-group-economic-recovery/documents/
https://www.gov.scot/publications/towards-robust-resilient-wellbeing-economy-scotland-report-advisory-group-economic-recovery/documents/
https://www.gov.scot/publications/water-resilient-places-policy-framework-surface-water-management-blue-green-infrastructure/documents/
https://www.gov.scot/publications/water-resilient-places-policy-framework-surface-water-management-blue-green-infrastructure/documents/
https://www.gov.scot/publications/scottish-vacant-derelict-land-survey-2019/
https://doi.org/10.1002/hyp.6309
https://www.gov.uk/government/news/coal-authority-upgrades-vital-mine-water-treatment-scheme-in-scotland
https://www.gov.uk/government/news/coal-authority-upgrades-vital-mine-water-treatment-scheme-in-scotland
https://mapapps2.bgs.ac.uk/coalauthority/home.html
http://www.metoffice.gov.uk/research/approach/collaboration/ukcp/


 
The role of geology in developing places 

Water Environment and Water Services (Scotland) Act. 2003. Accessed 16 January 2022, 1073 
https://www.legislation.gov.uk/asp/2003/3/contents 1074 

Watson, A., Pottie, J. and Duncan, D. 2001. Forty‐one UK snow patches last until winter 1075 
2000/01. Weather, 56, 404-407. 1076 

Whalley, C., Hursthouse, A., Iqbal-Zahid, P., Vaughan, H. and Durant, R. 1999. Chromium 1077 
speciation in natural waters draining contaminated land, Glasgow UK. Water, Air and Soil 1078 
Pollution, 112, 389-405. 1079 

Wild, T.C., Jefferies, C. and D’Arcy, B.J. 2002. SuDS in Scotland – the Scottish SuDS 1080 
database, SNIFFER Final Report number SR(02)09. SNIFFER, SEPA,University of Abertay. 1081 

Williams, C., Finlayson, A., Palamakumbura, R., Kearsey, T., Cornillon, S., Whitbread, K. 1082 
2020. Mapping surface rock exposures to enhance geohazard susceptibility assessment: a 1083 
random forest approach. EGU General Assembly Conference Abstracts, p. 5017. 1084 

Wilson, S., Oliver, S., Mallet, H., Hutchings, H,. and Card, G. 2007. CIRIA Assessing risks 1085 
posed by hazardous ground gases to buildings (C665). Construction Industry Research and 1086 
Information Association (CIRIA). pp 202.  ISBN: 978-0-86017-665-7. 1087 

Winter, M.G. 2016. A strategic approach to debris flow risk reduction on the road 1088 
network. Procedia Engineering, 143, 759-768. 1089 

Winter, M.G., Macgregor, F. and Shackman, L. 2005. Scottish road network landslides 1090 
study, 119 p. The Scottish Executive, Edinburgh. 1091 

Winter, M.G., Heald, A.P., Parsons, J.A., Shackman, L. and Macgregor, F. 2006. Scottish 1092 
debris flow events of August 2004. Quarterly Journal of Engineering Geology and 1093 
Hydrogeology, 39, 73-78. 1094 

Winter, M. G., Macgregor, F. and Shackman, L. 2009. Scottish Road Network Landslides 1095 
Study: Implementation, 278 p. Transport Scotland, Edinburgh. 1096 

Winter, M.G., Shearer, B., Palmer, D., Peeling, D., Peeling, J., Harmer, C. and Sarpe, J. 1097 
2018. Assessment of the Economic Impacts of Landslides and Other Climate-Driven Events. 1098 
TRL Published Project Report PPR878. 1099 

Woods-Ballard, B., Wilson, S., Udale-Clarke, H., Illman, S., Scott, T., Ashley, R., Kellagher, 1100 
R. 2015. The SuDS Manual (C753). Construction Industry Research and Information 1101 
Association (CIRIA), pp964. ISBN: 978-0-86017-759-3.  1102 

Younger, P.L. 2001. Mine water pollution in Scotland: nature, extent and preventative 1103 
strategies. The Science of the Total Environment, 265, 309-326. 1104 

Younger, P.L., Banwart, S.A. and Hedin, R.S., 2002. Mine water hydrology. In Mine 1105 
Water (pp. 127-270). Springer, Dordrecht. 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

https://www.legislation.gov.uk/asp/2003/3/contents


 
The role of geology in developing places 

 1112 

 1113 

 1114 

 1115 

 1116 

 1117 


